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PERTANIKA JOURNAL OF TROPICAL AGRICULTURAL 
SCIENCE

About the Journal

Overview
Pertanika Journal of Tropical Agricultural Science is an official journal of Universiti Putra Malaysia. It is an open-
access online scientific journal. It publishes the scientific outputs. It neither accepts nor commissions third party 
content.

Recognised internationally as the leading peer-reviewed interdisciplinary journal devoted to the publication of original 
papers, it serves as a forum for practical approaches to improving quality in issues pertaining to tropical agriculture 
and its related fields. 

Pertanika Journal of Tropical Agricultural Science currently publishes 6 issues per year (January, February, May, 
June, August, and November). It is considered for publication of original articles as per its scope. The journal publishes 
in English and it is open for submission by authors from all over the world.

The journal is available world-wide.

Aims and scope
Pertanika Journal of Tropical Agricultural Science aims to provide a forum for high quality research related to tropical 
agricultural research. Areas relevant to the scope of the journal include agricultural biotechnology, biochemistry, 
biology, ecology, fisheries, forestry, food sciences, genetics, microbiology, pathology and management, physiology, 
plant and animal sciences, production of plants and animals of economic importance, and veterinary medicine.

History
Pertanika was founded in 1978. Currently, as an interdisciplinary journal of agriculture, the revamped journal, 
Pertanika Journal of Tropical Agricultural Science now focuses on tropical agricultural research and its related fields.

Vision
To publish journals of international repute.

Mission
Our goal is to bring the highest quality research to the widest possible audience.

Quality
We aim for excellence, sustained by a responsible and professional approach to journal publishing. Submissions are 
guaranteed to receive a decision within 90 days. The elapsed time from submission to publication for the articles 
averages 180 days. We are working towards decreasing the processing time with the help of our editors and the 
reviewers.

Abstracting and indexing of Pertanika
Pertanika Journal of Tropical Agricultural Science is now over 47 years old; this accumulated knowledge has resulted 
in Pertanika Journal of Tropical Agricultural Science being abstracted and indexed in Journal Citation Reports (JCR-
Clarivate), SCOPUS (Elsevier), BIOSIS, National Agricultural Science (NAL), Google Scholar, MyCite and ISC.

Citing journal articles
The abbreviation for Pertanika Journal of Tropical Agricultural Science is Pertanika J. Trop. Agric. Sci.

Publication policy
Pertanika policy prohibits an author from submitting the same manuscript for concurrent consideration by two or 
more publications. It prohibits as well publication of any manuscript that has already been published either in whole 
or substantial part elsewhere. It also does not permit publication of manuscript that has been published in full in 
proceedings.
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Code of Ethics
The Pertanika journals and Universiti Putra Malaysia take seriously the responsibility of all its journal publications to 
reflect the highest publication ethics. Thus, all journals and journal editors are expected to abide by the journal’s codes 
of ethics. Refer to Pertanika’s Code of Ethics for full details, available on the official website of Pertanika.

Originality
The author must ensure that when a manuscript is submitted to Pertanika, the manuscript must be an original work. 
The author should check the manuscript for any possible plagiarism using any program such as Turn-It-In or any other 
software before submitting the manuscripts to the Pertanika Editorial Office, Journal Division.

All submitted manuscripts must be in the journal’s acceptable similarity index range:
≤ 20% – PASS; > 20% – REJECT.

International Standard Serial Number (ISSN)
An ISSN is an 8-digit code used to identify periodicals such as journals of all kinds and on all media–print and 
electronic. All Pertanika journals have an e-ISSN.

Pertanika Journal of Tropical Agricultural Science: e-ISSN 2231-8542 (Online).

Lag time
A decision on acceptance or rejection of a manuscript is expected within 90 days (average). The elapsed time from 
submission to publication for the articles averages 180 days.

Authorship
Authors are not permitted to add or remove any names from the authorship provided at the time of initial submission 
without the consent of the journal’s Chief Executive Editor.

Manuscript preparation
For manuscript preparation, authors may refer to Pertanika’s INSTRUCTION TO AUTHORS, available on the 
official website of Pertanika. 

Editorial process
Authors who complete any submission are notified with an acknowledgement containing a manuscript ID on receipt 
of a manuscript, and upon the editorial decision regarding publication.

Pertanika follows a double-blind peer review process. Manuscripts deemed suitable for publication are sent to 
reviewers. Authors are encouraged to suggest names of at least 3 potential reviewers at the time of submission of 
their manuscripts to Pertanika, but the editors will make the final selection and are not, however, bound by these 
suggestions. 

Notification of the editorial decision is usually provided within 90 days from the receipt of manuscript. Publication 
of solicited manuscripts is not guaranteed. In most cases, manuscripts are accepted conditionally, pending an author’s 
revision of the material.

The journal’s peer review
In the peer review process, 2 or 3 referees independently evaluate the scientific quality of the submitted manuscripts. 
At least 2 referee reports are required to help make a decision.

Peer reviewers are experts chosen by journal editors to provide written assessment of the strengths and weaknesses of 
written research, with the aim of improving the reporting of research and identifying the most appropriate and highest 
quality material for the journal.

Operating and review process
What happens to a manuscript once it is submitted to Pertanika? Typically, there are 7 steps to the editorial review 
process:
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1. 	 The journal’s Chief Executive Editor and the Editor-in-Chief examine the paper to determine whether it is 
relevance to journal needs in terms of novelty, impact, design, procedure, language as well as presentation 
and allow it to proceed to the reviewing process. If not appropriate, the manuscript is rejected outright and 
the author is informed.

2. 	 The Chief Executive Editor sends the article-identifying information having been removed, to 2 or 3 
reviewers. They are specialists in the subject matter of the article. The Chief Executive Editor requests that 
they complete the review within 3 weeks.

	 Comments to authors are about the appropriateness and adequacy of the theoretical or conceptual 
framework, literature review, method, results and discussion, and conclusions. Reviewers often include 
suggestions for strengthening of the manuscript. Comments to the editor are in the nature of the significance 
of the work and its potential contribution to the research field.

3. 	 The Editor-in-Chief examines the review reports and decides whether to accept or reject the manuscript, 
invite the authors to revise and resubmit the manuscript, or seek additional review reports. In rare instances, 
the manuscript is accepted with almost no revision. Almost without exception, reviewers’ comments (to the 
authors) are forwarded to the authors. If a revision is indicated, the editor provides guidelines to the authors 
for attending to the reviewers’ suggestions and perhaps additional advice about revising the manuscript.

4. 	 The authors decide whether and how to address the reviewers’ comments and criticisms and the editor’s 
concerns. The authors return a revised version of the paper to the Chief Executive Editor along with specific 
information describing how they have answered’ the concerns of the reviewers and the editor, usually in a 
tabular form. The authors may also submit a rebuttal if there is a need especially when the authors disagree 
with certain comments provided by reviewers.

5. 	 The Chief Executive Editor sends the revised manuscript out for re-review. Typically, at least 1 of the 
original reviewers will be asked to examine the article.

6. 	 When the reviewers have completed their work, the Editor-in-Chief examines their comments and decides 
whether the manuscript is ready to be published, needs another round of revisions, or should be rejected. If 
the decision is to accept, the Chief Executive Editor is notified.

7. 	 The Chief Executive Editor reserves the final right to accept or reject any material for publication, if the 
processing of a particular manuscript is deemed not to be in compliance with the S.O.P. of Pertanika. An 
acceptance notification is sent to all the authors.

	 The editorial office ensures that the manuscript adheres to the correct style (in-text citations, the reference 
list, and tables are typical areas of concern, clarity, and grammar). The authors are asked to respond to 
any minor queries by the editorial office. Following these corrections, page proofs are mailed to the 
corresponding authors for their final approval. At this point, only essential changes are accepted. Finally, 
the manuscript appears in the pages of the journal and is posted on-line.
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Foreword
Welcome to the third issue of 2025 for the Pertanika Journal of Tropical Agricultural 
Science (PJTAS)! 

PJTAS is an open-access journal for studies in Tropical Agricultural Science 
published by Universiti Putra Malaysia Press. It is independently owned and 
managed by the university for the benefit of the world-wide science community.

This issue contains 21 articles: four review articles; two short communications; 
and the rest are regular articles. The authors of these articles come from different 
countries namely Afghanistan, Bhutan, Indonesia, Japan, Malaysia, Nigeria, 
Taiwan, Thailand and Vietnam.

A regular article entitled “Development of Herbal Tea Product Based on Crossandra 
infundibuliformis and Justicia betonica Leaves for Functional Drink: Antioxidant 
Activity, Sensory Evaluation, and Nutritional Value” aims to determine antioxidant 
activity in extracts, including sensory evaluation of herbal tea products from both 
Crossandra infundibuliformis and Justicia betonica. Leaf extracts were taken to 
determine total extractable phenolic content (TPC), total extractable flavonoid 
content (TFC), and antioxidant activity, including compound contents, using the 
high-performance liquid chromatography (HPLC) technique. The results showed 
that C. infundibuliformis extract exhibited a higher activity value for TPC, TFC, 
and antioxidant activity than J. betonica. Moreover, the C. infundibuliformis and 
J. betonica leaf extracts contained eight and nine types of phenolic and flavonoid 
compounds, respectively. Further details of this study are found on the page 719.

A selected article entitled “Effect of Solid-State Fermentation on Nutritional Value 
of Pineapple Leaves” assessed how pineapple leaves, often discarded as waste, 
were valorised using solid-state fermentation (SSF) to enhance their nutritional 
value for animal feed. This study investigated the enrichment of pineapple leaf 
nutritional values using SSF. The process parameters such as fermentation time, 
inoculum type and size, additional carbon source and particle size were optimized 
using the one-factor-at-a-time (OFAT) method. SSF proved to enhance the nutrient 
content of pineapple leaves, offering an alternative nutrient source for animal feed. 
The detailed information of this article is available on the page 767.

i



A study by Norlyiana and team entitled “Bazzania spiralis Extracts Exhibit 
Effective Toxicity and Oviposition Deterrence against Bemisia Tabaci” analyzed 
the insecticidal potential of crude methanol extracts from the liverwort B. spiralis 
against B. tabaci. The silverleaf whitefly, B. tabaci, is a major agricultural pest 
that has developed resistance to many synthetic pesticides, necessitating the 
search for effective, eco-friendly alternatives. The results indicate that B. spiralis 
extracts may serve as a natural alternative to synthetic pesticides for managing 
B. tabaci. However, further studies are required to isolate the active compounds, 
evaluate their effectiveness under field conditions, and assess their environmental 
persistence and impact on beneficial insects. Full information on this study is 
presented on the page 1055.

We anticipate that you will find the evidence presented in this issue to be 
intriguing, thought-provoking and useful in reaching new milestones in your own 
research. Please recommend the journal to your colleagues and students to make 
this endeavour meaningful.

All the papers published in this edition underwent Pertanika’s stringent peer-
review process involving a minimum of two reviewers comprising internal as well 
as external referees. This was to ensure that the quality of the papers justified the 
high ranking of the journal, which is renowned as a heavily-cited journal not only 
by authors and researchers in Malaysia but by those in other countries around the 
world as well.

We would also like to express our gratitude to all the contributors, namely the 
authors, reviewers and Editorial Board Members of PJTAS, who have made this 
issue possible. 

PJTAS is currently accepting manuscripts for upcoming issues based on 
original qualitative or quantitative research that opens new areas of inquiry and 
investigation.

Editor-in-Chief
Mohamed Thariq Hameed Sultan

ii



Journal homepage: http://www.pertanika.upm.edu.my/

TROPICAL AGRICULTURAL SCIENCE

e-ISSN: 2231-8542   © Universiti Putra Malaysia Press

Pertanika J. Trop. Agric. Sci. 48 (3): 667 - 683 (2025)

Article history:
Received: 12 July 2024
Accepted: 02 September 2024
Published: 16 May 2025

ARTICLE INFO

E-mail addresses:
gs64207@student.upm.edu.my (Subashini Pallianysammy)
n_azira@upm.edu.my (Noor Azira Abdul-Mutalib)
ungkufatimah@upm.edu.my (Ungku Fatimah Ungku Zainal 
Abidin)
norkhaizura@upm.edu.my (Nor Khaizura Mahmud Ab Rashid)
nurulhawa@upm.edu.my (Nurul Hawa Ahmad)
*Corresponding author

DOI: https://doi.org/10.47836/pjtas.48.3.01

Review Article

Home-based Foods in Malaysia: A Food Safety Perspective

Subashini Pallianysamy1,4, Noor Azira Abdul-Mutalib2,3,  
Ungku Fatimah Ungku Zainal Abidin2, Nor Khaizura Mahmud @ Ab Rashid1,3 
and Nurul Hawa Ahmad1,3*
1Department of Food Science, Faculty of Food Science and Technology, Universiti Putra Malaysia, 43300 
Serdang, Selangor, Malaysia 
2Department of Food Service and Management, Faculty of Food Science and Technology, Universiti Putra 
Malaysia, 43300 Serdang, Selangor, Malaysia
3Laboratory of Food Safety and Food Integrity, Institute of Tropical Agriculture and Food Security, Universiti 
Putra Malaysia, 43300 Serdang, Selangor, Malaysia
4Food Safety and Quality Division, Ministry of Health, 62675 Putrajaya, Malaysia

ABSTRACT
Home-based food businesses are trending among the new generation of food entrepreneurs, 
particularly during and after the COVID-19 pandemic. This review aims to provide a general 
scenario of home-based food businesses in Malaysia, possible contamination sources associated 
with home-based food and foodborne pathogens that can be linked to common food in Malaysia. 
Home -based food business is an integral part of food supply chain sells through local markets, 
online platforms, delivery services or direct pick up whereby food safety is a critical component 
to be taken care of. This review paper explores initiatives by Ministry of Health in order to create 

awareness and safety measures in different level 
of food business. This review also highlights 
current home-based food guidelines in Malaysia 
and the knowledge, practice, and attitude (KAP) 
linked to food operators in Malaysia. This paper 
also synthesizing current research associated 
with KAP food handlers and provides insights 
of future direction of improving food safety 
systems particularly for home-based food 
business. 

Keywords: Food safety, home-based food business, 
home-based food, KAP study
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Subashini Pallianysamy, Noor Azira Abdul-Mutalib, Ungku Fatimah Ungku Zainal Abidin, Nor Khaizura Mahmud @ Ab Rashid and 
Nurul Hawa Ahmad

INTRODUCTION 

A home-based food (HBF) business is any business that sells products from their home 
(Mason et al., 2011). HBF can be operated by the business owner, individually or with 
workers (Dahari et al., 2019). Home-based Food Guidelines by the Ministry of Health, 
Malaysia, defines home-based food as “food prepared at home for selling purposes.” 

The booming of HBF businesses is evident, especially during the COVID-19 pandemic 
(Tarmazi et al., 2021). Following the Malaysian government's Movement Control Order 
(MCO), most people are confined at home and face many outdoor restrictions. MCO has 
caused many economic activities to slow down, consequently forcing many people to lose 
their occupations. Nevertheless, some unemployed have started HBF to meet their financial 
need in line with the great demand of consumers looking for food delivery services during 
MCO. In 2024, Malaysia's online food delivery revenue will reach USD 2.77 billion, with 
an expected increase of up to USD 4.63 billion in market volume by 2029 (Statista, 2024). 

The Malaysian government has introduced numerous initiatives, such as PRIHATIN 
and PENJANA Economic Stimulus Package, to facilitate HBF business. Pemulih NewBiz 
Financing Fund allocated RM50 million in 2022 via Agro Bank to support new HBF 
businesses (Gimino, 2022). However, the dine-in operation has resumed in Malaysia during 
the transition period from pandemic to endemic state. Nevertheless, the emergence of 
e-commerce and social media has caused HBF's business to grow sustainably, particularly 
for individuals needing household income (Lee, 2021).

Malaysia’s economy is recovering momentum post-MCO, but the global inflation 
crisis has tremendously altered consumer purchasing behavior. The National inflation rate 
increased to 3.2% in December 2022, as reported by the Department of Statistics Malaysia 
(2021). More retail owners shifted their businesses to home-based settings to minimize 
operation costs (Zhang et al., 2022). One of the possible reasons for HBF operators to 
sustain their business operations at home could be because they may feel that it is still 
more practical and accommodating to generate income (Zhang et al., 2022). Considering 
numerous initiatives by the Malaysian government to support solo entrepreneurs, including 
HBF operators, it can be anticipated that these initiatives may accelerate the growth of 
HBF in the future (Topimin & Hashim, 2021). 

Unfortunately, many foodborne outbreaks are linked to home-based food (Azanza et 
al., 2018; Byrd-Bredbenner et al., 2013). In May 2020, 48 illnesses and one death were 
reported in the northeast state of Malaysia due to the consumption of a local dessert called 
pudding buih (bubbled pudding). The egg-based pudding was most likely contaminated 
with Salmonella as raw egg white was used. Furthermore, there is no cooking step prior 
to consumption (“Puding Buih food poisoning," 2020). Affected individuals bought the 
delicacy via an online platform operated by HBF traders. A recurrent episode of pudding 
buih food poisoning occurred in 2022, where in this case, the home-prepared dessert was 
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sold at a local stall. This incident affected two children (“Food poisoning: samples of 
pudding buih sent to a lab for analysis," 2022). 

On top of that, major food poisoning cases have been reported in Malaysia between 
May and July 2024. In May 2024, 65 primary school students in Kedah were sick after 
consuming flat noodle soup (“Sixty-five Sungai Petani primary school pupils suffer food 
poisoning," 2024). About a month later, two deaths (a two-year-old girl and a 17-year-old 
male) and 22 illnesses were reported due to spoiled fried noodles and eggs in Selangor. 
Eighty-two suffer food poisoning symptoms from consuming fried noodles and eggs. 
Meanwhile, in Johor, breaded fried chickens sold in a school canteen have been implicated 
in causing food poisoning symptoms to 90 students and nine staff members (“Batu Pahat 
school canteen ordered shut over food poisoning – Johor exco," 2024). Lastly, a typhoid 
outbreak in Kelantan has affected ten high school students with abdominal pain, vomiting, 
and diarrhea (Abdullah, 2024). A mass screening of 1000 individuals led to three food 
handlers being identified as the source of the outbreak (“Three food handlers identified as 
the source of the typhoid outbreak at Kelantan school," 2024). 

Although the etiologic agents of these foodborne illnesses were not fully reported, the 
implicated foods might have been contaminated with foodborne pathogens that otherwise 
can be inactivated by proper cooking procedures or controlled via hygienic handling 
and appropriate storage conditions. Given that the home environment may not optimally 
support food preparation, handling, or storage safety protocols (Farias et al., 2020), and 
food safety practices heavily rely on HBF operators, a more sustainable approach is 
needed by immersing food safety culture in HBF business. Food safety culture fosters 
human behavioral changes toward food safety practices (Global Food Safety Initiative, 
2018). This concept covers many aspects of food safety, including the first-in-first-out 
principle of raw materials, cleaning and sanitation, record keeping, and allergen control. 
Food safety culture adopts the mentality of ‘this is the right thing to do,” which is greatly 
aligned with Sustainable Development Goals (SDGs) of responsible consumption and 
production (SDG 12). By quality education (SDG 4), partnerships for goals (SDG 17), 
and good health and well-being (SDG 3), food safety culture can be fostered via strategic 
efforts from government, private, and community segments in reducing food poisoning 
cases in Malaysia.  

POSSIBLE CONTAMINATION SOURCES OF HOME-BASED FOOD 

Raw Materials

Perishable goods such as fruits, vegetables, meat, poultry, and dairy products have a short 
shelf-life. Maintaining perishable goods in a cold environment can minimize the risk of 
foodborne illnesses, delay the growth of spoilage microorganisms and maintain product 
quality. Limited cold storage spaces at home may yield an excessive load of refrigerators and 
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freezers, which consequently prevent the cold storage environment from being maintained 
below 4℃ and -18℃, respectively (United States Department of Agriculture [USDA], 
2023). Bulk storage of perishable goods may increase the risk of microbial proliferation. 
Malaysia is a tropical country where the indoor temperature can range between 21℃ to 
37℃, with high humidity and high solar irradiation (Gou et al., 2018). Thawing meat, 
poultry and seafood by submerging frozen products in a kitchen sink or basin at ambient 
conditions can cause proliferation of foodborne pathogens and spoilage microorganisms 
(USDA, 2023). With the upward trajectory of global warming, Malaysia likely will continue 
to face heat wave threats that could increase the risk of foodborne pathogen growth.

Dry ingredients such as anchovy, flour, rice, spices, and dried fruits may have a longer 
shelf life than perishable goods. However, bacterial spores and mycotoxins are commonly 
found in dry ingredients (Tanushree et al., 2019). Spores and mycotoxins can survive 
cooking temperatures. Bacterial spores may germinate after cooking and proliferate in 
finished products if not stored properly (Navaneethan & Effarizah, 2023). Mycotoxins are 
potent etiologic agents, and a small number of mycotoxins (ppm or ppb level) can cause 
severe health symptoms. Obtaining raw materials from reputable suppliers may mitigate 
the risk, but suppliers only consider bulk purchases, which can be a limiting factor for 
HBF's business. Extreme weather conditions and uncontrolled relative humidity are major 
determinants of mold contamination in dry goods (Tanushree et al., 2019).

Cross-contamination

Cross-contamination occurs when a contaminated entity encounters an uncontaminated 
entity. Three possible routes for cross-contamination could happen at home kitchens: 
contamination from food-to-food, person-to-food, and surface-to-food. For instance, 
food-to-food cross-contamination may occur when raw meat and poultry are stored with 
ready-to-eat foods. Raw juices may spread on cooked or ready-to-eat food if placed or 
stored near one another without proper control. Food handlers who have poor hygiene can 
cause person-to-food cross-contamination. Food handlers who handle raw ingredients and 
ready-to-eat food without hand washing can transfer foodborne pathogens to ready-to-eat 
foods. Surface-to-food contamination is likely to happen when the same utensils, such as a 
chopping board and knife, are simultaneously used for raw meat and poultry and ready-to-
eat fresh salad vegetables (Kirchner et al., 2021). A study by Borrusso and Quinlan (2017) 
found that contamination of foodborne pathogens was significantly associated with unsafe 
or unsanitary conditions of home kitchens in Philadelphia, with 45% of home kitchens 
detected with multiple foodborne pathogens such as Escherichia coli, Staphylococcus 
aureus, Salmonella, Campylobacter, and Listeria monocytogenes.

Consumers commonly use food delivery services to shuttle food items from merchants 
to end customers due to several accommodating factors (Keeble et al., 2020). A generalized 
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framework of food delivery service in Malaysia has been extensively described by Ahmad 
and Zainal (2021), demonstrating a triad connection between customers, food delivery 
services, and merchants. There are multiple activities involved between each connection 
point, such as how customers order food via online platforms and how e-hailing riders 
deliver food to customers’ doorsteps. Most importantly, many instances within those 
activities can introduce cross-contamination, which may put HBF businesses at risk. First, 
improper HBF food packaging may cause spills, allowing cross-contact with unsanitary 
delivery bags or vehicle surfaces. Furthermore, most riders use self-owned vehicles, and 
the sanitary conditions of the vehicles and reusable delivery bags heavily rely on the rider's 
self-inspection and food safety self-awareness. Secondly, cross-contamination may occur 
when non-food items, food items, raw foods, and cooked foods are not well segregated in 
a delivery bag. For instance, tempering frozen raw foods may cause leakage of raw juice 
and cross-contact with cooked foods. Lastly, cross-contamination could be attributed 
merely to the deliverers' lack of food safety knowledge, practices, and attitude, most likely 
due to noncompulsory food safety training for riders (Hishamudin et al., 2024). On top of 
cross-contamination incidences, food safety risk for HBF may be escalated when foods 
are exposed to time-temperature abuse conditions. 

Kitchen Space and Layout 

Urban housing development in Malaysia is largely focused on low-medium income 
earners. The size of affordable housing is between 614 to 1195 square feet for apartments 
and ≤1900 square feet for landed houses (Construction Industry Development Board 
Malaysia, 2020). It strongly suggests that the home kitchen has limited space and may 
not be sufficient to establish specific food preparation, handling, packaging, and storage 
zones. The home kitchen also serves as a communal space for school, work, laundry and 
social activities. The home kitchen is accessible to family and nonfamily members and pets 
so they can roam around freely. Owing to heterogeneous resident profiles and the many 
ways that kitchen areas are used, foods prepared by HBF operators can pose food safety 
risks due to a variety of sources of cross-contamination (Wills et al., 2015). In addition to 
space, the home kitchen design and layout vary depending on the user. Coordination of 
kitchen cabinets, appliances, and waste containers (hazardous or nonhazardous) is based 
on the homeowner's preference, which may not be ideal for hygienic design. 

In terms of premise setting, Food Standards Australia and New Zealand require that 
kitchen layout and space are enough for people to work without contaminating food and 
to separate cooked food away from raw food (Food Standards Australia and New Zealand, 
2021). In EU countries, Mihalache et al. (2022) proposed a ‘food safety triangle’s kitchen 
design that may support food hygiene practices, contrasting with an ergonomic kitchen 
design. The food safety triangle design consists of a handwashing sink, countertop and 
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stove, with the distance between each apex less than 1 m. Although more studies are needed 
to correlate kitchen design with food safety practices, it can be inferred that ideal kitchen 
design should minimize cross-contamination during food preparation and handling. 

POSSIBLE FOODBORNE PATHOGENS ASSOCIATED WITH HOME-
BASED FOOD

Malaysia has various local cuisines, predominantly consisting of rice and wheat-based 
food as carbohydrate sources and fish, egg, and chicken as protein sources (Goh et al., 
2020). Guidelines for food poisoning investigation in Malaysia (Food Safety and Quality 
Division, 2024) have outlined potential foodborne pathogens that could be tested according 
to the type of common foods in Malaysia (Table 1). Salmonella remains a major concern 
in Malaysia because many food poisoning episodes have been associated with it.

Table 1 
Foodborne pathogens that can be associated with foods commonly consumed in Malaysia
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Cereal and 
grains

White rice / /
Fried rice / /
Roti canai ǂ / /
Noodle / /
Pasta / /

Poultry  

Fried chicken / /
Chicken 
nugget

/ /

Chicken ball / /
Chicken 
frankfurter

/ /

Steamed 
chicken

/ /

Chicken in 
broth

/ / / /

Chicken 
gulai ǂ

/ / /
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Food 
group Specific food
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Egg

Hard/Half 
boiled egg

/

Fried egg /
Salted egg /
Egg gulai ǂ /

Meat

Meatball / /
Sausage / /
Meat in broth / / / /
Meat gulai ǂ / / /

Seafood

Fishball / /
Dried/Salted 
fish

/ /

Fried fish / /
Fish gulai ǂ / /
Cockles / /

Vegetables Ulam ǂ /
Kerabu ǂ /
Stir-fry 
vegetables

/

Milk
UHT/
pasteurized 
milk

/ /

Pudding / /

Note. ǂRoti canai: Malaysian flatbread; Gulai: spicy/mild stew that may use spices, condiments, or coconut 
milk; ulam: traditional/common vegetables that can be eaten raw or boiled; kerabu: pickled salad that may 
incorporate shredded coconut, seafood (cockles/squid), or beef tripe. *The limit of detection (LOD) of 
Salmonella, Vibrio cholerae, and Vibrio parahaemolyticus is 0.04 CFU/g and limit of quantification (LOQ) 
of Bacillus cereus, Escherichia coli, Staphylococcus aureus is 100 CFU/g according to Food Safety and 
Quality (2019); LOD and LOQ of Listeria monocytogenes are according to ISO 11290-2:2017; no specified 
LOQ for Clostridium perfringens stated in FSQ (2019), but a maximum of 1-log increase is permitted 
during Ready-to-Eat meat and poultry production based on United States Department of Agriculture Food 
Safety Inspection Service (2021)

Table 1 (continue)
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HOME-BASED FOOD OPERATORS AND HANDLERS 

Food handlers from various food services play an important role in food safety because 
they may introduce pathogens into foods during production, processing, distribution, and 
preparation (Azanza et al., 2019). Food handlers are individuals directly involved in food 
preparation, come into contact with food or food contact surfaces, and handle packaged or 
unpackaged food or appliances in any food premises (Act 281, Food Act 1983). According 
to Malaysian Food Hygiene Regulations 2009, every personnel defined as a food handler 
shall undergo food handler training provided by a recognized school of food handler 
training and must be vaccinated for the Typhoid vaccine. These requirements also apply 
to home-based food handlers, but awareness of these requirements among home-based 
food operators and handlers is still questionable. Therefore, studies conducted where food 
handlers became the main target of most researchers because they were the key players 
determining and controlling the best practices of food hygiene in food establishments. 

Given the dynamic nature of their HBF businesses, Razak et al. (2022) suggested 
introducing a specific category for home-based food handlers under the Food Hygiene 
Regulations 2009. Such regulation may mitigate home-based operators' reluctance to 
register and follow food safety recommendations to save costs. Another issue that can 
be mitigated includes hiring foreign part-time workers who do not possess legal working 
permits, as they are willing to accept low wages (Abd Rahim et al., 2017). Illegal foreign 
workers may not be eligible for Typhoid vaccination, which can increase the risk of 
spreading diseases. Helpers among acquaintances who are not committed to full-time home-
based operators should also be considered as food handlers. Sick food handlers may be in 
contact with food preparation, cooking, or packaging due to ignorance of good hygienic 
practices. In this sense, measuring their knowledge and awareness is highly important, 
especially for home-based food handlers. Food poisoning is a public health problem in 
Malaysia and among the top five communicable diseases in Malaysia, which spread through 
contaminated food, water and food handlers. Thus, there is a need to ensure that the HBF 
operators understand standard food safety protocols and adhere to requirements by the 
Malaysia Ministry of Health to protect public health. 

Food Safety Awareness

In Malaysia, the data on food poisoning cases related to home-based food are lacking. 
Furthermore, not all food poisoning cases are being reported. So, the exact number of 
food poisoning incidents associated with home-based food is unknown. Most home-based 
food businesses do not have a business license, and consumers do not know the level 
of hygiene being practiced by home-based food handlers. Therefore, further studies on 
the safety of the food produced from home-kitchen have been conducted from various 
perspectives to improve the service and safety of the food produced from home kitchens. 
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Customers sometimes rely on testimonies to drive their purchasing decisions because there 
is no accessible tool or guideline to assess the safety and cleanliness of home-based food 
(Iblasi et al., 2016). 

Unlike HBF, the food industry in Malaysia must execute food safety assurance programs 
such as Good Manufacturing Practice (GMP), Hazard Critical Control Points (HACCP), 
ISO 22000, or Makanan Selamat Tanggungjawab Industri (MeSTI). In particular, MeSTI 
is designed for small and medium enterprises (SMEs) to meet food safety requirements 
minimally in compliance with the Food Hygiene Regulations 2009. Under the MeSTI 
scheme, food manufacturing premises must be physically audited, given free consultation 
by Ministry of Health (MOH) officers, approved for operation and monitored after a year 
of certificate issuance (Food Safety and Quality Division, 2023). In addition, MOH has also 
introduced Bersih, Selamat dan Sihat (BeSS) recognition to encourage food premises such 
as food kiosks, cafeterias, school canteen, and restaurants, practice food safety standards 
and promote healthier food options (Food Safety and Quality Division, 2024). Apart from 
this, MOH initiated the Trust MyCatering Certification, which recognizes that the catering 
industries comply with food safety elements under the Food Hygiene Regulations 2009 
(Food Act 1983). This certification is also applicable to HBF operators who are doing 
catering business using home kitchens as their business facilities.  

Halal certification is a major concern in Malaysia's food and beverage industry 
and worldwide. It ensures religious compliance, safety, and hygiene compliance. Halal 
Certification boosts sales and influences customers' purchasing decisions (Yusuf et al., 
2017). No halal certification is provided for home-based food products, yet claims of 
halal home-based food are mushrooming on social media. This statement can create 
misunderstandings and confusion among customers, thus causing food safety awareness 
to be prejudged. 

In 2020, MOH conducted a pilot project on home-based food operators in Malaysia. 
A total of 114 out of 410 (27.8%) home-based food operators were approved after going 
through the approval process from MOH (Figure 1). All participants were briefed on the 
food safety requirements, and the MOH officers verified their kitchens before approval 
was granted (Ministry of Health, 2021). There are several reasons why participants who 
enrolled in the pilot project were unable to be listed under MOH. Some of the reasons 
include i) HBF operators could not fulfill all requirements from MOH, ii) low commitments 
from the HBF operators who did not respond to do corrective actions to get approved, 
iii) HBF just a hobby or temporary business to get extra income for some operators, as 
they may acquire a permanent job after the pandemic was over. Therefore, MOH has 
taken necessary steps to educate and regulate home-based food operators in Malaysia by 
encouraging them to register themselves under a database system called Fosim Domestic 
to monitor them effectively. 



676 Pertanika J. Trop. Agric. Sci. 48 (3): 667 - 683 (2025)

Subashini Pallianysamy, Noor Azira Abdul-Mutalib, Ungku Fatimah Ungku Zainal Abidin, Nor Khaizura Mahmud @ Ab Rashid and 
Nurul Hawa Ahmad

Ministry of Health Malaysia (MOH) has taken the initiative to educate home-based food 
operators by providing them with specific guidelines for home-based food operators. The 
Ministry of Health launched a new home-based food listing scheme to encourage home-
based food operators to comply with the Food Act 1983 and Food Regulations 1985; Food 
Hygiene Regulations 2009. Under this guideline, all the home-based food operators are 
required to undergo Food Handlers training, get vaccinated for typhoid, implement all the 
food safety measures as in the guidelines, and perform self-monitoring according to the 
home-based food operator checklist. In 2021, home-based food safety guidelines were also 
published in the same year as the main reference document for the listing scheme (Ministry 
of Health, 2021). HBF operators listing specifically initiated to formalize activities as well 
as food safety control measures. While food safety assurance program implementation may 
be challenging to HBF operators, relevant food safety standards need to be implemented by 
HBF operators because any violations by HBF will be treated as any other food handlers 
and compounded according to the Food Act 1983.

Food safety surveillance is crucial in ensuring that food prepared, sold, or imported into 
the market meets the standards set by the Food Act 1983. Routine food safety monitoring 
is conducted by MOH, in which ready-to-eat foods collected from food premises are 
commonly tested for the presence of foodborne pathogens, including Bacillus cereus, 
Staphylococcus aureus, Salmonella, and Escherichia coli. Microbiological analyses 
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Figure 1. Recognition for home-based listing in the pilot project in Malaysia (Food Safety     
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are conducted in accredited laboratories and are performed according to respective ISO 
methods (Standards Malaysia, 2024). On top of routine monitoring, a large-scale seasonal 
inspection such as food stalls and bazaars during Ramadan (Muslim’s fasting month) is also 
conducted. In 2022, for instance, the Food Safety and Quality Division (FSQD) undertook 
national-level enforcement, given the increased volume and variety of food sold. Out of 
12,934 premises inspected, 38 were ordered to shut their operations due to incompliance 
with the regulations (Food Safety and Quality Division, 2022). 

Knowledge, Attitude, and Practice (KAP)

Knowledge, attitude, and practice (KAP) is survey-based research and the most common 
method used to evaluate the relationship between knowledge, attitude, and practice of food 
handlers in various fields of the food business. Food safety knowledge and attitudes are 
the most important cognitive factors that can influence food safety practices, and multiple 
studies use KAP models to study correlations between food safety knowledge and attitude 
(Baser et al., 2017; Lim et al., 2016). In Malaysia, KAP studies have been conducted on 
food handlers in all kinds of food service industries, as illustrated in Table 2. 

Although food safety knowledge is important to prevent foodborne illness in home 
kitchens, approximately 50% of the reported studies on food handlers were not necessarily 
translated into practice (da Cunha et al., 2019). As mentioned in Food Hygiene Regulations 
2009, food handlers in Malaysia must undergo training. However, further studies need 
to be conducted on the effectiveness of the training provided and evaluate the attitude of 
home-based food handlers towards food safety. Several studies also show that the level 
of knowledge did not solely contribute to or influence the level of attitude (Ahmed et al., 
2021). These findings revealed that there could be other factors, including environment, 
job satisfaction, and the relationship between employees and supervisors in a proper food 
establishment. Therefore, sociodemographic profiles that influence the variables should 
also be extended to other factors. 

Researchers could utilize cross-sectional studies to compare the knowledge, attitude, 
and self-reported practices (KAP) of food safety assessments focusing on food handlers 

Table 2 
Example of knowledge, attitude and practice (KAP) score of food handlers in different food service facilities 
in Malaysia

Sectors Knowledge (mean) Attitude (mean) Practice (mean)
Cafeterias at residential colleges ~57.8% ~76.9% ~66.5% 
Hospitals <90% <70% <35%
Restaurants or kiosk <84% <82% <77%
Hawker centers <84.1% <67.9% <74%

Note. Scores between 0 to 40: poor, 41 to 70: fair, 71 to 80: Good
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in food service industries (Nee & Sani, 2011; Lee et al., 2017). Cross-sectional studies 
are conducted involving a certain group of people at one point in time. Cross-sectional 
studies involve face-to-face interviews, online surveys through Facebook, WhatsApp, and 
Instagram, or self-reported survey questionnaires distributed by survey companies (Amodio 
et al., 2022). The sample size varies based on population, location, and time frame needed 
to complete the survey. Relevant studies (Amodio et al., 2022) are mostly self-reported, 
based on what is being answered by the respondents, which may be reported differently 
from actual practice. It may be fit for other food businesses. However, for home-based food 
businesses, it is suggested to conduct a qualitative study in the explanatory method to study 
in detail the nature of the business and other contributing factors since home-based food 
businesses are considered a new emerging business that needs to be explored to provide 
new insight into the business for necessary actions. Because KAP studies are self-reported 
data, the findings of KAP studies can be further validated using microbiological assessment 
of home-based food produced. Observation via online or physical demonstration can be 
used to evaluate hygienic practices more effectively. The findings of the KAP study are 
valuable input towards improving existing training modules. 

CONCLUSION

Summary

The home-based food business (HBF) is considered part of the food supply chain. Past 
incidents have revealed that food handlers in Malaysia still lack food safety knowledge, 
have an inadequate understanding of handling raw materials and have poor hygiene 
practices. Various factors, including home-kitchen size, layout, location, and usage, can 
also be considered contributing factors. Yet, there are still limited studies that can strongly 
correlate the factors mentioned and the contamination sources of home-based food. 
Home-based food guidelines by the Ministry of Health, Malaysia, are designed to equip 
HBF operators with a basic knowledge of hygienic food preparation. Given that the HBF 
operators have various sociodemographic backgrounds, it is critical to measure their level 
of understanding to comply with the current requirements. 

Future Perspective and Recommendations

Nowadays, greater internet literacy and accessibility allow customers to purchase food 
from HBF businesses from the comfort of their smartphones. HBF operators no longer 
wait for walk-in customers because e-hailing companies can deliver the food to their 
customers' doors. With this ongoing demand, HBF operators can reach a larger market 
size and generate more income. HBF also plays a critical role as one of Malaysia's food 
supply chain niches. Nevertheless, there is no scheduled monitoring or inspection of HBF 
operations via the voluntary HBF listing scheme of the Ministry of Health Malaysia. One 
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approach that may mitigate the risk of foodborne illness for HBF business is establishing 
a set of maximum limits covering kitchen occupancy, food preparation and storage 
capacity, and revenue range. Once the maximum limits have been reached and sustained 
over a reasonable period, regulatory bodies can urge HBF businesses to convert their 
businesses to a commercial scale because commercial food businesses abide by existing 
food laws and regulations in Malaysia. To do this, HBF operators must be listed in the 
scheme. An appropriate enforcement approach must also be designed so that it is feasible 
for the authorities to carry out the policy and straightforward enough for HBF operators 
to understand it.
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ABSTRACT
Managing density is critical in farming sandfish (Holothuria scabra), significantly affecting their 
growth and survival. Larval sandfish are initially reared in high-density fiber tanks, but as they 
develop into juveniles, they require larger and more spacious tanks to support growth. This study 
observes and analyzes the growth performance of H. scabra juveniles reared in concrete tanks 
with a diet of Ulva lactuca. Approximately 200 hatchery-produced sandfish juveniles, aged 40 
days with a mean length of 1.03 ± 0.43 cm, were reared in Netlon cages (16 m²) and placed in 
a large concrete tank with sandy sediment. They were fed weekly with 500 g of macroalgae U. 
lactuca. During the first 30 days, the juveniles showed slight growth to 3.20 ± 0.93 cm, further 
increasing to 4.82 ± 1.08 cm and 4.89 ± 1.13 cm at 60 and 90 days of rearing, respectively. The 

specific growth rate (SGR) calculated on day 90 
was 1.75 ± 0.21% day⁻¹, and the survival rate 
recorded was 41%. In conclusion, the use of 
Netlon cages demonstrated positive results in 
sandfish growth and their suitability for sandy 
sediment conditions at the bottom of the tank, 
replicating their natural habitat. Additionally, 
the findings indicate that feeding sandfish with 
seaweed powder from the U. lactuca species 
contributes to improved growth.

Keywords: Holothuria scabra, juveniles, sandfish, 
Ulva lactuca
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INTRODUCTION

Holothuria scabra (H. scabra) (Jaeger, 1833) is generally known as sandfish (sea 
cucumber), which was listed as an endangered (EN) species under the International 
Union for Conservation of Nature (IUCN) Red List due to its declining wild stock in the 
natural habitat (Barclay et al., 2017; Han et al., 2016). The market prices of sea cucumber 
are slightly higher compared with other marine species because of demand and a limited 
number of wild stocks. Over the years, the increasing demand for high-market-value sea 
cucumbers has led to overexploitation in their natural habitat. Some cases of extinction 
have been reported in the original habitat (Wolfe & Byrne, 2022). Normally, sea cucumbers 
are popular for extraction and use as medicinal supplements, especially in Southeast Asia. 
It is believed that one of the nutritional benefits of sea cucumber is its ability to cure 
internal bleeding and improve health (Pangestuti & Arifin, 2018). There was a study that 
reported the presence of antimicrobial steroidal sapogenins in sandfish is an active agent 
that can actively fight against bacteria such as Aeromonas hydrophila, Escherichia coli, 
Enterococcus sp., Klebsiella pneumoniae, Pseudomonas aeruginosa, Salmonella typhi, 
Staphylococcus aureus, Vibrio harveyi, and fish-borne mold, Aspergillus sp. (Adam et al., 
2022; Nugroho et al., 2022). 

Meanwhile, in Japan and China, sea cucumbers are a delicacy served as a luxury and 
exotic food, especially during festivals. The composition of sandfish that is high in protein 
content (43.23% to 48.27%) and low in fat (4.6% to 5.66%) makes it an option as an exotic 
food besides serving as a medicinal treatment (Rasyid et al., 2020). A culture technique 
for sea cucumber was introduced in Japan for the Stichopus japonicus to address the over-
exploitation of sea cucumber and support its conservation (Imai et al., 1950). Later, the 
culture of sea cucumber was developed to other species from families of Holothuroidea 
and Stichopodidae, such as H. scabra (Militz et al., 2018), H. fuscogilva (Arriesgado et 
al., 2022), Stichopus horrens (Hu et al., 2013) and Stichopus vastus (Sulardiono et al., 
2012), all of which were studied according to market value and demand. According to the 
Food and Agriculture Organization of the United Nations (FOA) (2018), the aquaculture 
world produced 130,000 metric tonnes of Apostichopus japonicus, which would increase 
to 205,000 metric tonnes in 2016. Increasing global production trends are one of the factors 
that increase the supply of sea cucumbers throughout the year to meet the supply-demand.

The nursing technique of sea cucumber is quite different from that of other marine 
species because of its life cycle. Preparing nursing sea cucumber seeds requires technology 
and some modifications for seed growth, depending on their life cycle phases. After the 
eggs are fertilized, they will self-develop to become larvae known as auricularia, with algae 
as their main food, such as Isochrysis sp. (Abdelaty et al., 2021), Nannochloropsis sp. and 
Chaetoceros calcitrans (Abidin et al., 2019). However, until today, the study of the culture 
of sea cucumbers is still in progress due to issues of low survival rate reported, especially 
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at the metamorphosis and pentactula stages (Yu et al., 2022). Furthermore, there are some 
issues of grow-out and broodstock maturation: sea cucumber growth and declining weight 
when induced in a tank (Sembiring et al., 2018). 

After the eggs fully hatch, the larvae auricularia swim in the water and undergo a 
metamorphic phase to transform from larvae to adults (pentactula) within 20–30 days. 
The newly adult pentactula sinks and attaches to the substrate in the tank to complete its 
development and transform to become a juvenile. Early rearing of larvae and juveniles is 
the most critical phase and requires a solution to address the issue of their low survival rate. 
The study of algae concentration fed on larvae was done by Militz et al. (2018), where it 
was reported that the larvae quality depended on the larvae concentration and water quality. 
Meanwhile, the study of food nutrition and rearing density was conducted by Lavitra et 
al. (2009), demonstrating that the extracts of S. latifolium provided the best survival rate 
for juveniles of sandfish, where the rearing density suggested is between 300 and 450 
individuals m–2. Recent research by Mahiyuddin et al. (2024) found that juveniles showed 
improved growth rates when reared at lower densities and fed Spirulina. Besides, a study 
of nursing was also carried out by Lavitra et al. (2015), showing that the high mortality 
was caused by the crab (predator), Thalamita crenata, where it was suggested to employ 
covered pens for protection against predators.

According to Rakotonjanahary et al. (2016), using marine sediment to nurse sandfish 
juveniles showed positive results during the study period. This study aims to obtain and 
observe the survival rate and growth performance of juvenile sandfish fed with Ulva lactuca 
in cages and the use of marine sediment at the bottom layers to create an environment 
similar to their natural habitat.

MATERIALS AND METHODS

Preparation for Concrete Tank
This study was conducted in a concrete 
nursery tank with a total area of a tank of 100 
m² (10 m × 10 m) and a total volume of water 
of 40 tonnes. Netlon cage was set up in a tank 
with a total area of 16 m² (8 m × 2 m), where 
it was covered with marine sediment from the 
finest sediment and mud at a ratio of 50:50 at 
the bottom of the tank at 20 cm depth (Figure 
1). The total height of the cage is 60 cm; 20 
cm of the wall cage was planted at the bottom 
of the tank. The tank was covered with a 70% 
sunshade net.

Figure 1. The Netlon cage used for this experiment 
(8 m × 2 m)
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Specific Growth Rate and Survival Rate with Ulva lactuca Diet

The juveniles of sandfish were produced by inducing the broodstock using the algae bath 
method. Meanwhile, these wild broodstock were collected from Desaru, Johor (southern 
part of Peninsular Malaysia). The larvae were reared in the tank until they developed into 
the juvenile stage, fed with Chaetoceros sp. Next, approximately 200 individuals of the 
same batch juveniles aged 40 days with a mean length of 1.03 ± 0.43 cm were collected 
and nursed in the tank, with a stocking density of 13 individuals per square meter. Water 
quality (salinity, alkalinity, temperature, ammonia, nitrate, and dissolved oxygen) was 
taken weekly, and the juveniles were fed weekly with seaweed powder U. lactuca at 31.25 
gm–2 (500 g/week/cage). Water exchange in the tank was done every two days at 30% of 
the total volume. Sampling was done on the first week of every month by recording the 
different lengths of the sandfish juveniles. A number of 50 individuals were collected for 
every sampling session. At the end of this study, the specific growth rate (SGR) and survival 
rate (SR) of juvenile sandfish were estimated based on Indriana et al. (2017). 

RESULTS AND DISCUSSION 

Based on Table 1, the juveniles had a mean length of 1.03 ± 0.43 cm at the beginning of 
the experiment. After the first month (30th day) of rearing in a cage, the mean length of 
juveniles showed a threefold growth from the initial length to 3.2 ± 0.93 cm, with a specific 
growth rate of 3.83 ± 0.56% day-1. Sampling for the second month (60th day) showed the 
mean length of juveniles increased four times from initial size to 4.82 ± 2.57 cm, where 
the specific growth rate is 2.58 ± 0.25% day-1. The juveniles continued growing in the 
third month (90th day) (Figure 2) of rearing when the mean length reached 4.89 ± 1.13 
cm, with a specific growth rate of 1.75 ± 0.21% day-1. However, in the last month of the 
experiment (120th day of rearing), the mean length dropped to 3.40 ± 1.16 cm, and the 
specific growth rate also declined to 1.03 ± 0.12% day-1 across the rearing period. Based 
on the result, the highest mean length was recorded in the third month after the 90th day 
of rearing. Meanwhile, the best specific growth rate was recorded on the first month of 
rearing (30th day), which was 3.77% per day. The survival rate of epibenthic juveniles of 
sandfish in the cage declined by more than 50% across the rearing period.

Table 1 
Survival rate, mean length (cm), and specific growth rate of juvenile sandfish

Rearing days Mean length
(cm)

Specific growth rate
(%/day)

Survival rate
(%)

Mortality rate
(%)

0 1.03 ± 0.43 0
30 3.20 ± 0.93 3.83 ± 0.56
60 4.82 ± 1.08 2.58 ± 0.25
90 4.89 ± 1.13 1.75 ± 0.21

120 3.40 ± 1.16 1.03 ± 0.12 41 59
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Figure 2. The increased size and length of juveniles on day 90 of rearing

The initial number of individual 
juveniles reared was 200 individuals. 
On the 120th day of rearing, the number 
of juveniles left was 82, with a survival 
rate and mortality rate of 41% and 59%, 
respectively. Based on Table 2, the average 
water parameter of the tank during the 
experiment was 31.4°C ± 1.9°C, where 
salinity was recorded at 31.53 ± 2.20 ppt due 
to dry season, alkalinity was at pH 8.10 ± 

Table 2 
Water parameters along with the rearing period 
of sea cucumber Holothuria scabra

Parameter Mean ± SD
Salinity (ppt) 31.53 ± 2.20
pH 8.10 ± 0.09
Temperature (°C) 31.40 ± 1.90
Ammonia < 0.05
Nitrate < 0.05
Dissolve oxygen (ppm) 4.47 ± 0.45

0.09, and dissolved oxygen was 4.47 ± 0.45 ppm. Meanwhile, the test for ammonia (NH3) 
and nitrate (NO2) were below 0.05 ppm. Generally, there are no wide variations or drastic 
changes in the water parameters or their rearing period.

The result of the present study shows the survival rate is similar to the study of the 
effect of food quality and rearing density juveniles of sandfish by Lavitra et al. (2009), 
which was within 34% to 66% survival rate in an eight-week trial period, while the 
control test (without any artificial food supply) had dropped to 7% survival rate. Research 
for optimizing the growth of H. scabra juveniles during the nursery phase was done by 
(Rakotonjanahary et al., 2016), who reported that the use of marine sediment substrate and 
tilapia in co-culture resulted in better performance after seven weeks of rearing from an 
initial mean weight of 0.03 g to the highest weight of 9.01 ± 4.23 g in seven weeks. This 
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suggested that rearing juveniles of sandfish requires an artificial diet and marine sediment 
to enhance the growth of juveniles.

According to Robinson et al. (2013), the study of the role of sand as substrate and 
dietary component for juvenile sea cucumber H. scabra was confirmed to have a positive 
effect on juvenile growth when sand is provided as a substrate; this is proven when the 
growth was observed to be positive, and the survival rate was 100% when sand was used 
as substrate in the tank, compared with sandfish reared in bare tanks. Based on the results 
and other studies, using marine sediment as substrate is necessary to provide similarity of 
its natural habitat and shelter for nursing the sandfish. The substrate at the bottom inhibits 
the sandfish from developing, completing its life cycle, and transforming into its final 
stage. Generally, adult sandfish have a special characteristic: the burying behavior based 
on the tank's feeding cycle and temperature conditions. Wolkenhauer (2008) demonstrated 
that the sandfish was active between 13:00 and 22:00 and became passive between 01:00 
and 09:00, which is attributable to the temperature condition. It indicates that temperature 
was significantly and positively correlated to the sandfish feeding and burying behavior. 
Moreover, sandfish could act as bioremediation in the tank and sea pen by consuming 
unused organic deposits.

The positive growth performance was also supported by Ulva lactuca as the main food 
source for juveniles. Sandfish need to be fed artificial food in a controlled system to support 
their nutrient and protein requirements. A food test study by Lavitra et al. (2009) showed 
that sandfish fed with Sargassum latifolium resulted in the best growth rate of more than 
50% compared with that when fed with Thalassia hemprichii, Thalassodendron ciliatum, 
Syringodium isoetifolium, and organic biofilm. From the present study's findings, sandfish 
can digest and absorb nutrients from seaweed after the seaweed is fully decomposed on 
the sediment. Normally, based on observation, seaweed requires 2–4 days to decompose 
and form a layer at the bottom. Furthermore, a study on feeding sandfish with seagrass 
Cymodocea sp. registered growth in length and weight (Arnull et al., 2021).

Lavitra et al.’s (2010) study reported that water temperature does not affect the survival 
of endobenthic sandfish. However, it predominantly affects their growth (high temperature 
> 30°C), which favors greater growth. However, sandfish are known to survive at 39°C; 
they turn weak when the temperature reaches 41°C and eventually die. Compared with 
water parameters in this study, the water temperature was slightly high at 31.4°C ± 1.9°C, 
which is a good range for promoting the growth of juveniles of sandfish. However, the 
declining growth performance after the 90th day of rearing may be attributable to the 
competition among sandfish juveniles with other marine organisms, such as gastropods, 
for food and space. Gastropods are widely found in tanks after three months of rearing, 
and their presence may affect the growth of juvenile sandfish, which needs further study.
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CONCLUSION 

Utilizing marine sediment as a substrate and incorporating U. lactuca into the diet of 
sandfish juveniles can significantly enhance their survival and growth. Sandfish juveniles 
at 0.5–1.0 cm sizes can be introduced to U. lactuca as an alternative diet when commercial 
seaweed powders, such as Sargassum, are unavailable. Furthermore, in-tank sandfish 
farming offers a more robust solution compared to pen culture in addressing the challenges 
posed by climate change, ensuring a more sustainable and resilient aquaculture practice.
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ABSTRACT
This review paper aims to provide a comprehensive overview of hormonal profiling in post-partum 
dairy buffaloes, elucidating its significance in reproductive management, milk production, and 
overall herd health. We discuss the hormonal changes occurring during the post-partum period, 
factors influencing these changes, current methods of hormonal assessment, and their applications 
in reproductive and productive efficiency. Furthermore, we address challenges and gaps in existing 
research and propose future directions for advancing hormonal profiling techniques in dairy buffalo 
management. 

Keywords: Dairy buffalo, oestradiol, hormone profiling, post-partum, progesterone

INTRODUCTION

Importance of the Post-partum Period in Dairy Buffalo

The buffalo has earned the nickname “The Black Gold” due to its high worth and potential 
for growth and progress (Bilal et al., 2006). The buffalo (Bubalus bubalis) exhibits a 
reproductive cycle influenced by the seasons. During the late summer and early autumn, 

their sexual activity is triggered by the 
reduction in daylight hours (short days), 
as stated by Sethi et al. (2021). Their 
reproductive success heavily influences the 
profitability of dairy herds. Reproductive 
efficiency directly impacts the milk each 
cow produces during their time in the 
herd. It, in turn, affects the profitability and 
lifespan of the cow within the herd.
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The post-partum phase is crucial in animal reproduction, and its length affects 
reproductive effectiveness. Following parturition, it is typical for an animal to experience 
a lack of cyclicity. However, if this time persists for an extended duration, it becomes 
problematic and diminishes the animal’s reproductive effectiveness (Sethi et al., 2021). 
Animals experience a delay in returning to their normal reproductive cycle due to low 
energy levels, depleted body reserves, and post-partum diseases. The typical process of 
follicular growth involves the stages of follicular recruitment, deviation, selection, growth, 
and ovulation. If any of these processes fail, the post-partum period will be prolonged.

Overview of Hormonal Changes During the Post-partum Period 
Post-partum buffaloes experience hormonal changes, specifically in oestradiol (E2) and 
progesterone (P4) levels, which affect the quality of oocytes and influence reproductive 
stages, including oestrous, anoestrous, and cystic pathologies (Kumar et al., 2015). In 
Jaffarabadi buffaloes, the level of progesterone in the blood decreases before giving birth 
and reaches its highest point on the day of calving. In contrast, cortisol levels are highest 
when giving birth, and Prostaglandin F2α Metabolite (PGFM) dramatically increases after 
parturition, as stated by Dhami et al. (2019). The initial post-partum phase can result in 
a negative energy balance (NEB) because of metabolic stress generated by reduced feed 
intake of dry matter and heightened energy requirements during calving and the onset of 
lactation. 

Significant variations in E2 concentrations have been observed in serum and follicular 
fluid, suggesting ongoing follicular development and regression in anoestrous animals. 
The reduced E2 levels in cystic animals are likely due to insufficient luteinizing hormone 
(LH) levels (Wathes et al., 2007). Reported P4 levels align with existing literature, showing 
a decrease during oestrous (Honparkhe et al., 2008). Dhami et al. (2019) documented a 
notable decline in plasma P4 levels and a simultaneous increase in E2 levels during calving. 
Subsequently, both hormones decreased in the early post-partum period, followed by an 
increase between days 30–60 post-partum, coinciding with the return of ovarian follicles 
and corpus luteum (CL) formation. Additionally, Dhami et al. (2019) observed a significant 
rise in plasma cortisol levels on the calving day compared to seven days before and after, 
indicating heightened stress during calving. 

This review paper aims to determine and study the hormones involved, the changes in 
hormones, and the factors influencing hormonal profiles in post-partum dairy buffaloes. It 
will also provide strategies and future directions in the hormonal profiling of dairy buffaloes.

HORMONAL INVOLVED IN POST-PARTUM DAIRY BUFFALOES

Ovarian Hormone (Progesterone)
Progestogens are a class of hormones with comparable physiological functions, with 
P4 being the most significant. P4 regulates the oestrous cycles. Studies by Ahmad et al. 
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(1977), Mondal and Prakash (2003), and Mondal et al. (2003) have consistently found 
that the peripheral plasma P4 profile in buffalo closely resembles that of cattle. The study 
conducted by Saqib et al. (2021) demonstrated that P4 significantly impacts metabolic 
status, stress levels, milk supply, and reproductive cyclicity. During the post-partum period, 
there is a change in P4 levels. Ahmad et al. (1977) stated that P4 levels exhibit synchronous 
fluctuations with the expansion and regression of CL in cycling buffalo because CL is the 
origin of P4. Batra et al. (1979) reported that P4 levels regularly increase in animals who 
successfully conceive but fall three days before the second oestrous in those who fail to 
conceive. The decrease in P4 levels varies depending on when the CL regresses. 

Besides that, according to Srivastava et al. (1999), the peripheral plasma P4 levels can 
vary throughout the seasons. In hotter months, P4 levels are lower during oestrous, and 
the mid-luteal phases compared to cooler months. Rao and Pandey (1982) propose that 
lower P4 levels during summer lead to reduced oestrous expression and lower conception 
rates. Terzano et al. (2012) discovered a substantial increase in P4 levels throughout the 
summer in comparison to winter. Extended exposure to high temperatures might increase 
the levels of P4 in the peripheral plasma because of the activity of the adrenal cortex 
caused by stress (Abilay et al., 1975). Furthermore, P4 levels may differ depending on an 
individual’s nutritional state (Ronchi et al., 2001). Insufficient nourishment in buffaloes, 
compounded by elevated ambient temperatures, may result in an extended period of 
reproductive dormancy.

Ovarian Hormone (Oestradiol)

Oestrogens, particularly E2, are endogenous hormones synthesized by the ovary and 
conveyed by carrier proteins. They influence the central nervous system, resulting in the 
manifestation of oestrous behaviour in females. The E2 profile in buffalo peripheral plasma 
is comparable to that in cattle. Riverine and swamp buffaloes have similar E2 profiles 
during the oestrous cycle (Mondal et al., 2006). The higher levels of E2 in milk compared 
to plasma have led to an investigation of whether the mammary gland is responsible for 
absorbing E2 or if the hormone is partially produced inside the mammary tissue. The levels 
of E2 in the ovarian follicular fluid are markedly higher than in the peripheral circulation 
(Palta et al., 1998). There is a positive correlation between the E2 levels and the size of 
the follicle. A study by Palta et al. (1998) found that the level of E2 in large follicles is 
considerably greater than in medium follicles, whereas medium follicles have higher E2 
levels than small follicles. However, Parmar and Mehta (1994) found that the medium-
sized follicles had considerably elevated levels of E2 compared to small and large follicles.

Weather conditions also influence the level of E2 plasma (Ronchi et al., 2001). A study 
by Rao and Pandey (1983) revealed that E2 levels were lower during the summer months 
compared to the colder months when examining several seasons (hot-dry, hot-humid, warm 
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and cold). Rao and Pandey (1982) determined that the main reason for a higher occurrence 
of silent oestrous during the summer is the decreased peak levels of E2 during oestrous, 
along with decreasing levels of P4.

Pituitary Hormone (Prolactin)

The rise in peripheral plasma prolactin levels during the summer season, in contrast to 
the winter season, has been linked to the impact of photoperiod on the functioning of 
prolactin in the pineal glands, as shown by various studies (Mondal et al., 2006). Besides 
photoperiod, the surrounding temperature significantly affects the prolactin levels. The 
diurnal fluctuations in prolactin levels were more obvious in summer than in winter, mostly 
because of the greater difference in ambient temperature between morning, noon, evening, 
and night. Increased prolactin levels during the summer seasons are believed to interfere 
with the reproduction cycle and fertility. The reason for this is that prolactin has a direct 
effect on the synthesis of ovarian steroids by altering the quantity of LH receptors. Besides 
that, it also obstructs the regular release of LH from the brain and prevents the beneficial 
effects of oestrogen on LH secretions (Mondal et al., 2006). Singh and Madan (1993) 
demonstrated that lactation influenced prolactin levels. It was noted that non-lactating 
buffaloes had higher levels of prolactin throughout the summer compared to lactating ones 
and vice versa during winter. Furthermore, observations have shown that parity influences 
peripheral prolactin levels, with multiparous buffaloes exhibiting higher levels on the day of 
oestrous compared to primiparous buffaloes. Research by Mondal et al. (2006) demonstrated 
that the quantities of prolactin in milk are more substantial compared to those in plasma, 
suggesting a possible transfer of prolactin from plasma to milk.

Pituitary Hormone (Follicle Stimulating Hormone)

Follicle-stimulating hormone (FSH) promotes the follicle's development and oestrogen 
production by granulosa cells in the ovarian follicles. The highest levels of FSH coincided 
with LH and lasted six to nine hours (Seren et al., 1994). Nevertheless, they noticed that the 
highest peak of FSH occurs on the tenth day after oestrous, and the last increase is shown 
on the fourth and fifteenth days after oestrous. After the simultaneous increase of FSH 
and LH before ovulation, LH levels quickly return to their original levels, and FSH levels 
gradually decline (Kaker et al., 1980). It has been noted that a reduction in the secretion 
of LH is associated with the cessation of dominance and the end of the follicular wave, 
resulting in the absence of ovulation. Weather conditions also influence FSH levels (Prakash 
et al., 1997). Studies by Janakiraman et al. (1980) have demonstrated that levels of FSH are 
significantly higher during the oestrous and luteal phases in the peak breeding seasons in 
Surti buffaloes compared to the equivalent phases in the medium and low breeding seasons. 
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Pituitary Hormone (Luteinizing Hormone)

LH is essential for evaluating ovarian activity, as its surge prior to ovulation is responsible 
for the follicular wall's rupture and the egg's release. The radioimmunoassay (RIA) or 
enzyme-linked immunosorbent assay (ELISA) technique has been used to clearly identify 
a pre-ovulatory LH increase in buffalo. Like cattle (Rahe et al., 1980), the LH levels in 
the peripheral blood stay normal for the whole oestrous cycle. The time interval between 
the highest point of E2 hormone and the highest point of LH hormone has been recorded 
to be 14–15 hours. However, the duration of LH peak has been estimated to be around 
6–12 hours in Mediterranean Italian buffaloes (Seren et al., 1994). Besides that, Terzano 
et al. (2012) reported an 8-hour interval between the LH surge and the onset of oestrous. 

Like other animals, buffalo have changes in peripheral LH levels due to seasonal 
variations. Rao and Pandey (1983b) showed that LH levels peak on the day of oestrous 
during cooler months as opposed to hotter months. The variation in LH production in 
response to E2 can be explained by the failure of the hypothalamohypophyseal axis to 
consistently enhance LH secretion. Terzano et al. (2012) found that the frequency and 
amplitude of pulses during the follicular phase exhibit a considerable increase in winter 
compared to summer seasons. Terzano et al. (2012) discovered that in the summer, the 
absence of ovarian activity and the lack of pre-ovulatory surge are linked to reduced levels 
of basal LH. However, Kaker et al. (1980) stated that the average peak of LH levels during 
ovulation was similar in hot and cool months. The occurrence of silent oestrous during 
summer can be ascribed to the reduction in the maximum level of LH and the decrease in 
the P4 level (Rao & Pandey, 1982).

Thyroid Hormone

Thyroid hormones (TH) are involved in the complex hormonal process that regulates 
steroidogenesis in the ovary. Jorritsma et al. (2003) revealed a correlation between lower 
triiodothyronine (T3) levels, reduced E2 levels, and decreased oestrous expression. 
Female animals may experience reproductive issues because of abnormal thyroid function. 
According to Mutinati et al. (2010), TH directly impacts ovarian function in cattle by 
influencing the activity of granulosa and thecal cells. Additionally, TH has a substantial 
effect on the growth of embryos in cattle before and after implantation. Keisler and 
Lucy (1996) found that artificially induced hypothyroidism negatively affects the rate of 
conception in dairy cattle. A study by Ghuman et al. (2011) found that even a small amount 
of thyroid activity in lactating buffaloes can impact their fertility.

Adrenal Hormone (Cortisol)

Cortisol quantifies the overall stress levels in animals (Sampath et al., 2004). The decrease 
in stress is probably linked to an increase in blood P4 levels. Saqib et al. (2021) discovered 
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a negative correlation between cortisol and P4 levels. Therefore, it verifies the different 
functions of the hypothalamus-pituitary-adrenal and hypothalamus-pituitary-gonadal axes. 
The findings of Saqib et al. (2021) are consistent with the observations made by Mishra 
et al. (2007), which showed a gradual decrease in blood cortisol levels as the number 
of post-partum days increased. During the day of oestrous, the cortisol levels in the 
peripheral plasma reach their highest point because of stress caused by excessive physical 
activity and the tension related to the oestrous cycle. Saqib et al. (2021) discovered that 
dairy buffaloes in the later stages of lactation experience enhanced metabolic function, 
productivity, and reproductive performance while also experiencing decreased stress levels. 
It demonstrates their capacity to adjust to metabolic, productive, reproductive, and stress-
related requirements following parturition.

Insulin-like Growth Factors 

Insulin-like growth factor-I (IGF-I) plays a crucial role in the hormonal alterations in 
mammary gland output following parturition. The liver synthesizes IGF-I in response to 
growth hormone (GH) and is crucial in regulating development and lactation (Renaville 
et al., 2002). Multiple IGF-binding proteins (IGFBP) that efficiently suppress IGF activity 
(LeRoith et al., 2021). In addition, GH opposes the impact of insulin on the body and 
triggers the secretion of IGF-I. Antagonizing insulin leads to a nutritional partitioning 
effect, which promotes lean tissue formation and milk secretion (Lucy, 2008). According to 
Scaramuzzi et al.  (2006), GH, IGF-I, and insulin can improve the function of gonadotropin 
receptors, hence increasing the effectiveness of gonadotropin action. Every hormone could 
directly influence the ovary by attaching to certain hormone receptors. Metabolic functions 
like lactation are linked to reproductive processes through a hormonal pathway involving 
GH, IGF-I, and insulin.

Challenges and Limitation

All hormones face the challenge of the weather. For example, weather conditions can impact 
plasma E2 levels (Mondal et al., 2006). When comparing E2 levels across different seasons, 
it was shown that E2 levels were lower during the summer months and the cooler months 
(Rao & Pandey, 1983). They determined that the main reason for a higher occurrence of 
silent oestrous during the summer is the decreased peak levels of E2 during oestrous, along 
with decreasing concentrations of P4.

Furthermore, variables like limited energy intake, decreased body reserve, and post-
partum disorders might hinder the process of uterine involution and subsequently delay 
the restoration of cyclicity. Hence, parturition and the subsequent period are crucial in 
resuming reproductive function and returning to the normal reproductive cycle (Dhami 
et al., 2019). An uncomplicated calving process increases the likelihood of a quick return 
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to normal ovarian activity after giving birth. Besides that, it is preferable to have a short 
NEB. Fertility can be influenced by various factors related to nutrition, management, and 
the environment (Parmar et al., 2012). The transitional period and early post-partum phase 
impose biochemical and physiological stress.

HORMONAL CHANGES IN POST-PARTUM DAIRY BUFFALOES

Changes in Progesterone and Oestradiol

In dairy buffaloes, ovarian hormones like P4 and E2 play an important role in determining 
the oestrous cycle. During the post-partum period, dairy buffaloes undergo substantial 
physiological and hormonal changes. In the early post-partum stage, there is typically an 
NEB produced by metabolic stress due to a decrease in the amount of dry matter intake 
(DMI) and an increase in energy needs during calving and the start of lactation (Mishra 
et al., 2007; Saqib et al., 2021). The P4 and E2 synthesis patterns may often appear 
antagonistic, but both are needed for oestrous and ovulation in the buffalo ovarian cycle.

The P4 profiles can be categorised into three basic patterns: normal cycle, prolonged 
luteal function, and delayed ovulation (McCoy et al., 2006). Others have reported that there 
are six types of different ovulatory activities based on P4 profiles during post-partum which 
are normal, delayed or anovulation, cessation or cyclicity, prolonged luteal phase, short 
luteal phase, and irregular profiles (Opsomer et al., 1998). When calving, the levels of P4 
and E2 decreased gradually to their lowest levels, indicating full luteolysis, as shown in 
Figure 1. The P4 levels decline progressively from the time of calving to the post-partum 

Figure 1. Hormone PGFM, P4 and E2 during the transition period (Mattos et al., 2004; Wiltbank et al., 
2016)
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period, reaching their minimum point on day 6 (Bahga, 1989) to day 15 (El-Belely et al., 
1988). It suggests that the CL of pregnancy has fully regressed. Patel et al. (2020) proposed 
an extended duration of 3 to 29 days for the complete regression of CL. The decline of 
CL after calving, as shown by P4 levels on the third day after calving, did not show any 
variation between milked buffaloes and suckled, according to Arya and Madan (2001). 
P4 levels remain at a basal level for a varied period of post-partum, but there may be a 
temporary increase before the resumption of cyclic activity. In late lactation and post-partum 
stages, buffaloes exhibited improved blood metabolite, P4, and stress levels. The level of 
P4 rises and falls in sync with the growth and decline of the CL since CL is the source of 
P4 in cycling bovine (Ahmad et al., 1977). 

E2 plays a crucial role in activating the gonadotrophin surge involving the release 
of GnRH from the hypothalamus and the LH and FSH surge from the anterior pituitary 
gonadotrophin cells leading to ovulation (Boer et al., 2011). It is well known that E2 is 
secreted and synthesized by granulosa cells. During post-partum, E2 levels in the blood 
experienced a considerable decline within the first 24–72 hours. Arya and Madan (2001) 
stated that basal levels were measured between 2 to 7 days after calving. After this time 
frame, the levels only had minor fluctuations until day 45 post-partum. Tiwari et al. (1995) 
showed that the amounts of E2 were higher in buffaloes that were milked compared to 
those who were suckled. The fluctuations in overall oestrogen levels seen in non-cycling 
buffaloes during the initial 75 days post-partum are likely indicative of cycles of follicular 
growth and atresia (Terzano et al., 2012).

Challenges and Limitation

The transition phase, which encompasses the period from late gestation to early post-partum 
and lasts 6 to 8 weeks, can lead to metabolic disturbances that directly and indirectly impact 
fertility. Challenging transitions during this period can adversely affect future reproduction 
(Chapinal et al., 2012). Inadequacies in either the nutritional or non-nutritional aspects of 
management elevate the likelihood of periparturient metabolic disorders and viral diseases, 
leading to a decrease in eventual fertility. 

P4 and E2 are essential for post-partum dairy buffaloes as they significantly impact 
oestrous expression and fertility. Inadequate levels can impede the regularity of reproductive 
cycles and the ability to conceive, affecting reproduction’s overall success. Besides that, 
dairy buffaloes may have P4 insufficiency after parturition during low breeding seasons. 
It can harm their reproductive efficiency, resulting in silent oestrous and lower conception 
rates. These effects are evident from the analysis of milk P4 profiles. The reason for this 
is the insufficient performance of the CL in producing optimal levels of P4. E2 is pivotal 
in initiating the gonadotrophin surge and ovulation and promoting oestrous behaviour. 
Consequently, E2 indirectly coordinates the timing of mating and ovulation (Taher & 
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Hussain, 2022). According to Wathes et al. (2007), the hormonal levels needed for regular 
oestrous cycles and the return of fertility after calving are gradually returned. Lastly, Failure 
to recognize oestrous might lead to increased days open, resulting in severe economic losses.

METHODS OF HORMONAL ASSESSMENT

Blood Hormone Assays

Monitoring reproductive cycles and diagnosing the cause of poor reproductive performance 
in dairy animals is imperative to measuring P4 and E2. There is a need for assays that are 
easily accessible, can be replicated, provide precise results, and do not involve the use of 
radiation to measure the levels of P4 and E2 in blood. The dependability and precision 
of radioimmunoassay (RIA) have made it the preferred method for measuring hormones 
in dairy buffalo serum, establishing it as the gold standard. RIA presents potential health 
hazards, has a restricted lifespan, and produces hazardous waste. Using radioactive isotopes 
in RIA comes with several constraints. Skenandore et al. (2017) propose that ELISA 
could serve as a feasible alternative. However, it is worth noting that this method may be 
influenced by various components present in the sample. Sample materials can disrupt 
enzymeimmunoassay (EIA) methods instead of hormones being tested (Tate & Ward, 2004). 
Liquid chromatography tandem-mass spectrometry (LC-MS/MS) is the most advanced 
method for measuring steroid levels in serum. However, it can be costly, time-consuming, 
and requires specialized expertise, limiting accessibility. Tahir et al. (2013) propose that the 
chemiluminescence-immunoassay (CLIA) represents a contemporary approach to hormone 
analysis. Navarro et al. (2022) found that CLIA is more sensitive, faster, and cheaper. P4 
levels are commonly measured in human medicine. CLIA’s advanced automation enables 
a high volume of daily analyses, resulting in cost-effectiveness and decreased reliance on 
human intervention.

Milk Hormone Assays

Milk P4 levels in dairy cows are commonly measured in developed countries to minimize 
the need for stressful procedures like blood collection, rectal palpation and ultrasound 
inspection (Wu et al., 2014). Monitoring hormonal changes during bovine pregnancy 
requires assessing sex hormones in milk (Regal et al., 2012). Measuring P4 in milk presents 
challenges in sample preservation and varying milk fat content (Comin et al., 2005). 
However, it offers a simple sampling method. LC-MS/MS is highly regarded for its ability 
to detect steroids with precision, sensitivity, and accuracy. Electro-spray-ionization linked to 
tandem mass spectrometry (ESI-MS/MS) is commonly employed for steroid identification 
in many applications (Regal et al., 2012). Typically, endogenous hormones are non-polar 
and difficult to ionize using ESI. Derivatization techniques are employed to modify the 



704 Pertanika J. Trop. Agric. Sci. 48 (3): 695 - 718 (2025)

Dayang Ayu Syamilia Che Roi and Noor Syaheera Ibrahim

chemical structure of analytes, facilitating their ionization (Higashi & Shimada, 2004; 
Regal et al., 2012). Other methods for measuring hormones in milk include ELISA, RIA, 
and GC-MS, in addition to LC-MS/MS. ELISA is a solid approach technique for testing 
ovarian cyclicity. This method helps to accurately determine the periods of oestrous and 
post-breeding, providing the advantages of accuracy and ease of use. A study by Jouan et 
al. (2006) discovered that using RIA acquired the most dependable data. As previously 
said, RIA is considered the benchmark. However, it poses risks to human health. Gas 
chromatography-mass spectrometry (GC-MS) methods offer superior sensitivity and 
selectivity compared to immunoassays. Nevertheless, these methods usually need laborious 
derivatization procedures. Thus, Santen et al. (2007) regarded the combination of GC-MS 
and LC-MS/MS as the most precise methodology.

Applications of Hormonal Profiling in Dairy Buffalo Management

Buffalo has historically been criticized for having a poorer reproductive capacity than Bos 
taurus cattle. Their extended generation gap, caused by lengthy calving intervals (Singh et 
al., 2000), has been considered a significant barrier impeding genetic advancement in this 
species. The calving interval in buffalo is influenced by reproductive issues on the female 
side and management practices. The importance of CL, a temporary endocrine structure 
on the ovary, in regulating animal reproductive cycles has been well established (Diaz 
et al., 2002). P4, produced by the CL, is a reliable indicator of luteal function in dairy 
cows. It can be measured in milk or blood. E2 impacts the central nervous system and 
can influence oestrous behaviour. Measuring milk P4 and E2 levels is a straightforward 
and efficient method for monitoring oestrous, ovarian dysfunction, embryonic death, and 
pregnancy, particularly in rural settings (Osman et al., 2010). Monitoring P4, oestrogen, 
total protein, cholesterol, calcium, and phosphorus levels in hormone profiling helps assess 
dairy buffaloes' reproductive status and health (Patel et al., 2020). Additionally, it can detect 
hormone misuse, assist in veterinary control and ensure food safety.

Challenges and Limitation

Limitations exist in hormonal profiling for dairy buffalo management. These limitations 
include the possibility of misdiagnosis caused by non-functioning or cystic ovaries. 
Accurate diagnosis may require multiple milk samples (Osman et al., 2010). Sampling, 
stress effects, hormone fluctuations, and post-partum diseases can complicate the process 
(El-Belely et al., 1988).  Buffaloes’ aggressive temperament and size make handling and 
sampling challenging. Insufficient CL activity can lead to decreased P4 levels, which can 
impact reproductive performance and the ability to detect silent oestrous. Various factors 
hinder the widespread adoption of hormone profiling, such as budget constraints, farmers’ 
hesitancy to disclose production levels and high costs.
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FACTORS INFLUENCING HORMONAL PROFILES

Various factors were documented during this review. Figure 2 summarizes factors 
influencing the hormonal profiles in dairy buffaloes. Some additional challenges and 
limitations were presented.

Figure 2. Schematic diagram of factors influencing the hormonal profiles in dairy buffaloes

Dry Period

The dry period is when cows are not milked before calving. Traditionally, this period lasts 
approximately six to eight weeks (Kok et al., 2019). The dry period serves several tasks. 
The primary purposes are to administer antibiotics to cows with persistent subclinical 
mastitis (Bradley & Green, 2001), provide a period of rest for the cow before giving birth 
to the next calf (Kok et al., 2017), and optimize milk production in the subsequent lactation. 
A dry period can be regarded as a directly observed economic characteristic of practical 
importance in dairy farming. The reduction in dry period length lowers milk production 
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after giving birth. However, several researchers observed enhanced milk production in cows 
either through shortened (Pezeshki et al., 2007) or wholly eliminated dry period (Andersen 
et al., 2005). 

During the dry period, cows exhibited favourable alterations in their hormone profile, 
characterized by reduced cortisol levels and higher antioxidant status. The alterations led to 
a rise in milk production during the initial phases of lactation (Bogolyubova et al., 2021). 
Mollo et al. (2021) stated that the duration of the dry period affects the hormone profile in 
dairy cows (Figure 2). They found that shorter dry periods are linked to increased levels 
of insulin-like growth factor-I and a faster resumption of ovarian cyclicity, ultimately 
improving milk output. A shorter dry period does not affect reproductive performance other 
than accelerating the return of ovarian cyclicity and improving milk production.

Animal Management

Effective management is crucial for successfully bringing up buffaloes during the summer 
months. This weakness is further intensified during the hotter season, as seen by Rensis and 
Scaramuzzi (2003). It is characterized by less apparent signs of oestrus that last a shorter 
duration. Buffaloes typically display oestrus mainly during the nighttime or early morning 
hours, sometimes unnoticed by many farmers. Traditional methods of observation are 
inadequate for identifying oestrus in these animals (Beg & Totey, 1999), leading to longer 
mating durations in the warmer months. Implementing breeding management approaches 
such as controlled internal drug release (CIDR) and Ovsynch protocols substantially impacts 
plasma progesterone levels in buffaloes but does not affect cholesterol and protein profiles 
(Savalia et al., 2014). Mondal et al. (2010) noted that buffalo management can influence 
hormone profiles during the oestrous cycle. Factors such as stress from physical activity and 
oestrous can alter buffalo's cortisol, T3, and T4 levels. Physical activity includes vigorous 
handling, excessive crowding, and demanding labour. 

Diseases

Post-partum infections can affect hormone levels in dairy buffaloes, which can, in turn, 
affect ovarian function and reproductive efficiency. Ketosis, a serious condition, decreases 
milk production while lactation (Fiore et al., 2018). Mastitis hampers reproductive success 
by triggering a systemic immune response and hormonal changes (Risco & Dahl, 2018). 
According to Wang et al. (2021), it has been found that this phenomenon can cause delays 
in the reproductive cycle, decrease pregnancy rates, and elevate the risk of abortion. 
Mastitis can cause damage to follicles, hinder oocyte development, and decrease ovulation 
capability; it prolongs the time between oestrous cycles, reduces the luteal phase, and 
impacts embryo development (Edelhoff et al., 2020).
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Environmental Factors

Environmental conditions directly influence the neuroendocrine system in buffalo. Buffaloes 
are highly vulnerable to thermal stress, particularly when exposed to direct sunlight, due 
to their limited ability to cool themselves through sweat glands, which are present in low 
numbers. Due to their sparse hair coat, they have minimal protection (Cockrill, 1993). The 
situation is further intensified by high relative humidity (Misra et al., 1963). Thermal stress 
induces hyperprolactinemia, decreased frequency of LH, impaired follicle development, 
and reduced synthesis of oestradiol in anoestrus buffaloes (Heranjal et al., 1979), resulting 
in ovarian inactivity. 

The manifestation and strength of oestrus and heat in buffaloes are diminished during 
the summer compared to winter, exhibiting a daily pattern (Madan & Prakash, 2007). 
Increased ambient temperature also reduces the length of oestrus and the manifestation 
of oestrus symptoms (Upadhyay et al., 2007). The amount of plasma progesterone and 
its cyclic fluctuations significantly impact oestrus expression, primarily caused by the 
cyclic changes in the corpus luteum (Bachlaus et al., 1979). The hot months resulted in 
low levels of progesterone, oestradiol, and luteinizing hormones in buffaloes, reducing 
oestrus expression and low conception rates (Rao & Pandey, 1982, 1983). The study 
conducted by Upadhyay et al. (2007) found that during the summer season, the level of 
follicle-stimulating hormone in buffaloes was lower compared to the breeding season. It 
suggests that the main reason for the reduced reproductive efficiency of buffaloes during 
the summer is temperature-related stress.

Nutritional Factors

Typically, dietary factors are commonly associated with post-partum hormonal alterations 
in bovines. However, diet is merely one of the factors contributing to the seasonal nature 
of buffalo reproduction (Zicarelli, 1997). According to Cockrill (1993), it is considered a 
challenge to the development of buffalo. In Egypt, around 36.5% of non-pregnant buffaloes 
had ovarian inactivity, likely caused by probable nutritional inadequacy (Heranjal et al., 
1979). Buffaloes frequently suffer from malnutrition due to the scarcity of nutrients, 
particularly protein, as tropical forages get lignified throughout the summer months. In 
addition, elevated temperature also results in a reduction in the amount of food consumed, 
which is a crucial aspect of the animal's ability to regulate heat (Rahe et al., 1980). The 
species may experience a decline in body condition and encounter various reproductive 
limitations due to nutritional restrictions and reduced voluntary feed intake during heat 
stress.
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Genetic-species Breed

Cruz (2007) identifies the Murrah, Mediterranean, Jaffarabadi, Nili-Ravi, Surti, Kundi, 
Mehsana, Bhadawari and Nagpuri as the leading buffalo breeds in Asia. According to 
Harun-Or-Rashid et al. (2019), there are no significant differences in oestrogen and P4 levels 
on day 0 of the oestrous cycle among local, crossbred, Nili-Ravi and Murrah (Figure 3). 
Earlier, Arora and Pandey (1982) observed that baseline P4 levels during oestrous ranged 
from 0.1 to 0.3 ng/ml, stabilising around 1 ng/ml for the subsequent 3-4 days. Mondal et 
al. (2010) found that plasma P4 levels in buffaloes during the oestrous cycle ranged from 
0.30 ± 0.06 to 1.94 ± 0.03 ng/ml.

Puberty is initiated by the release of GnRH from the brain, which subsequently 
increases the secretion of LH. GnRH is vital in regulating LH release, follicular 
development, and steroid hormone production. Harun-Or-Rashid et al. (2019) observed 
no significant variations in the duration of the oestrous cycle among local, crossbred Nili-
Ravi and Murrah (Figure 3). Mujawar et al. (2019) found that Marathwadi buffaloes have 
an oestrous cycle duration of 21.25 ± 2.37 days. Various factors, including environmental 
conditions, nutrition, and abnormalities in ovarian hormones, can affect the duration of 
the oestrous cycle. 

 
Figure 3. Comparative analysis of ovarian characteristics in several buffalo breeds: (Left) progesterone and 
(Right) oestrogen levels. Results indicated there is no significant difference (p > 0.05) (Harun-Or-Rashid et 
al., 2019)

Challenges and Limitation

Based on the schematic diagram (Figure 2), buffalo hormonal profiles face difficulties 
with irregularities in P4, E2, and cortisol levels, as well as metabolic disruptions. Buffalo 
fertility can be negatively affected by factors, including oxidative stress. In addition, lower 
LH levels during the oestrous cycle, particularly in warmer months caused by heat stress, 
impede the initiation of oestrous and reproductive success (Madan & Prakash, 2019). 
Inconsistent post-partum ovarian activity can result in low P4 levels, leading to conditions 
like anoestrous, abnormal cycles, and silent heat behaviours (Souza et al., 1997).
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In tropical climates, silent heat frequently occurs, which is strongly associated 
with deficits in management and nutrition, specifically in terms of energy, protein, and 
minerals (Vale et al., 1988). Furthermore, it is commonly acknowledged that post-partum 
luteal phases with low progesterone levels might considerably affect the hypothalamic-
pituitary-gonadal axis activation (Cable & Grider, 2020). Common irregularities in the 
oestrous cycle often disrupt fertility. These include shortened or prolonged cycles, silent 
heat, dysfunctional or persistent CL, inactive ovaries, or ovarian dystrophy. Disturbances 
like these can hinder heat detection, resulting in lower conception rates and a longer post-
partum period. In addition, an NEB during a post-partum period can suppress the quantity 
and frequency of LH pulses, affecting the stimulation of milk letdown (Souza et al., 1997).

STRATEGIES FOR OVERCOMING CHALLENGES IN HORMONE 
PROFILING OF DAIRY BUFFALOES

The steroid hormone serves as the principal biomarker indicating the reproductive condition 
of female animals. Existing methodologies for evaluating the hormone progesterone 
rely primarily on (enzyme) immunoassays; however, these methods are very expensive 
for routine screening programs due to their associated labour costs and the necessity for 
laboratory infrastructure and equipment (Posthuma-Trumpie et al., 2009). It is crucial 
to know the hormone profiles in dairy buffalo as they have a significant impact on 
reproductive and production systems. When a dairy animal does not conceive within an 
optimal timeframe, the farmer faces substantial economic problems, resulting in reduced 
calf production and milk yield (Bisen et al., 2018). Therefore, it is crucial to enhance the 
buffaloes' reproductive capabilities managed by small-scale farmers by applying assisted 
reproductive technologies (Ghuman & Dhami, 2022). Several strategies have been 
proposed, indicating that hormone profiles in buffaloes can be evaluated by delving deeper 
into the latest innovations in diagnostic tools and data analytical techniques. 

High-performance liquid chromatography (HPLC), gas chromatography, and mass 
spectrometry represent the analytical methodologies employed to measure progesterone 
levels in milk (Jang et al., 2017). Applying these methodologies requires extensive sample 
preparation, a huge financial investment, and skilful personnel adept at operating the 
laboratory staff to yield the desired outcomes. Limitations such as read-out times, sensitivity, 
and specificity are inherent drawbacks of lateral flow technology and ELISA kits, which 
have been used to detect milk progesterone (Wu et al., 2014). Daems et al. (2017) recently 
introduced a Surface Plasmon Resonance (SPR) biosensor to identify progesterone in dairy 
milk. This SPR is a competitive inhibition assay with a 0.5 ng/mL detection threshold. 
Nevertheless, SPR requires a high cost, and it remains a laboratory-centric technique that 
needs integration with automated milking systems for optimal monitoring (Jang et al., 
2017). However, no deployable sensors are available for the on-site assessment of hormone 
levels in milk. 
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Enzyme-linked immunosorbent assay (ELISA) is a widely used assay methodology 
for identifying and quantifying various biological entities due to its remarkable sensitivity 
and specificity (Song et al., 2023). Frequently, this technique needs the use of substantial 
and costly laboratory apparatus, which poses challenges for rapid execution at the point-
of-care (POC). To enhance portability and user-friendliness, a portable diagnostic system 
using a Raspberry Pi imaging sensor can rapidly detect progesterone in milk samples, as 
Jang et al. (2017) outlined. Compared to conventional ELISA assays for progesterone 
and a commercially accessible plate reader, the proposed POC device demonstrated 
superior performance metrics while significantly improving portability and simplifying the 
operation, thus eliminating the requirement for skilful laboratory personnel. The POC reader 
stands as the sole readily usable portable instrument available to farmers for monitoring the 
progesterone levels in their herd’s milk for various reproductive assessments, effectively 
addressing a gap with considerable market implications (Jang et al., 2017). Despite all the 
pros, POC devices need additional validation across a variety of environmental settings 
to guarantee stable performance within different agricultural systems. 

FUTURE DIRECTION

Prospective investigations in hormonal profiling involve integrating endocrinology, cutting-
edge agricultural technologies and data science. This amalgamation has the potential to yield 
a lasting influence on reproduction and productivity across various environmental contexts. 
Furthermore, subsequent studies are recommended to prioritise advancing diagnostic tools 
that incorporate artificial intelligence, ensuring they are economically viable and accessible 
to small-scale farmers, particularly in developing nations such as India and Pakistan, where 
dairy buffaloes constitute a significant sector of the dairy industry. 

CONCLUSION

Ovarian steroid hormones P4 and E2 are pivotal for regulating the oestrous cycle and 
fertility in dairy buffaloes. Post-partum buffaloes undergo hormonal changes characterized 
by decreased P4 and E2 levels. These changes are because of reduced DMI and increased 
energy demands. Normal oestrous cycles and ovulation rely on the appropriate levels of 
these hormones. Levels of P4 can vary, which can affect the regularity of the menstrual 
cycle, the duration of luteal function, and the timing of ovulation. E2 triggers the 
gonadotropin surge needed for ovulation. 

Proper nutrition and health management during the transition from late gestation to 
early post-partum is important to avert metabolic disturbances that may impact fertility. 
Optimal hormone levels are pivotal for preventing silent oestrous and enhancing conception 
rates. Monitoring P4 and E2 levels is required in diagnosing reproductive issues. Methods 
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such as RIA can have potential health and environmental risks. ELISA, LC-MS/MS and 
CLIA are safer and most cost-effective alternatives.

Optimizing milk production and ensuring sufficient rest are key considerations 
when managing the 6-8 weeks dry period before calving. Managing buffaloes during hot 
seasons is crucial because their sensitivity to heat impacts the ability to detect oestrous 
and hormone levels. Mastitis, ketosis, and environmental factors like heat and humidity 
can disrupt hormonal balance and decrease fertility. Nutritional deficiencies further impair 
reproductive health during heat stress. It is important to address reproductive challenges 
through precise hormonal monitoring and improved management practices to enhance 
reproductive efficiency and productivity in dairy buffaloes. Genetic factors do not directly 
influence hormone levels.
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ABSTRACT
Crossandra infundibuliformis and Justicia betonica, belonging to the Acanthaceae family, are well-
known medicinal herbs in India, Sri Lanka, and Thailand. This study aims to determine antioxidant 
activity in extracts, including sensory evaluation of herbal tea products from both herbs. Leaf extracts 
were taken to determine total extractable phenolic content (TPC), total extractable flavonoid content 
(TFC), and antioxidant activity, including compound contents, using the high-performance liquid 
chromatography (HPLC) technique. The herbal tea products were prepared for sensory evaluation 
using the 9-point hedonic scale. The selected tea formula was studied for physicochemical properties 
and nutritional value. The results showed that C. infundibuliformis extract exhibited a higher activity 
value for TPC, TFC, and antioxidant activity than J. betonica. Moreover, the C. infundibuliformis and 
J. betonica leaf extracts contained 8 and 9 types of phenolic and flavonoid compounds, respectively. 
The T2 formula of herbal tea provided the highest sensory evaluation. It showed moisture and water 
activity contents of less than 7% and 0.6, while the nutritional value provided energy, protein, 
carbohydrates, sugar, vitamins A and B2, sodium, β-carotene, calcium, iron, and ash. Therefore, C. 
infundibuliformis and J. betonica can be produced as herbal tea for being a source of antioxidants.

Keywords: Antioxidants, Crossandra infundibuliformis, functional drink, herbal tea, Justicia betonica

INTRODUCTION
The trend of consuming healthy food and 
drink products has recently become very 
popular worldwide, including in Thailand. 
According to Patathananone et al. (2023), 
consumers are increasingly aware of the 
importance of consuming healthy food and 
raw materials from vegetable groups and 
herbs, which serve as a source of numerous 
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biological substances for producing healthy food products. Herbal tea ranks among the 
top three most popularly consumed beverages globally, with an increasing market for 
functional food products in many countries (Salazar-Campos et al., 2023). Herbal tea is a 
healthy beverage in the same form and method of consumption as tea. It is also convenient 
for making and drinking, providing many functional properties that benefit consumers 
(Phakamus et al., 2018). Crossandra infundibuliformis and Justicia betonica, native to 
tropical Asia and Africa, spread throughout India, Sri Lanka, and Thailand (Eapen et al., 
2019; Hari et al., 2022). Crossandra infundibuliformis is a local plant in Thailand that 
belongs to the Acanthaceae family. 

Researchers use this plant's fresh and dried leaves for their hepatoprotective, antioxidant, 
antibacterial, antifungal, and anticandidal properties (Hari et al., 2022). According to Naik et 
al. (2022), the J. betonica plant, a member of the Acanthaceae family, possesses analgesic, 
antimalarial, antioxidant, antimicrobial, and anti-inflammatory properties. In Thailand, these 
plants have been traditionally utilized in Thai folklore medicine for therapeutic purposes. 
They were often prepared as herbal extracts or boiled in water to create a drink believed 
to alleviate coughs, act as a tonic, and counteract toxins in the blood. (Kanchanapoom et 
al., 2004; Wong-arun et al., 2014). Thai folklore medicine has been useful in both healing 
fields in ancient times, but the application of these herbs in functional drinks remains 
unexplored. Furthermore, the combination of both herbs could possibly produce superior 
functional properties and be beneficial for consumers, particularly antioxidant properties. 

Therefore, this study aims to develop herbal tea products as a source of antioxidant 
drinks from both herbs, focusing on the leaf part in the developing stage, which is ideal 
for the development of herbal tea. It will be achieved by determining antioxidant activity, 
including identifying phenolic and flavonoid compounds in both extract herbs and 
evaluating consumers' sensory experience. Hence, the prototype product can be used to 
create a nutritious and functional drink containing herbs that are appealing to the general 
consumer, benefiting entrepreneurs and consumers. Furthermore, the insights gained from 
this research can be used for commercial applications further.

MATERIALS AND METHODS

Chemicals

The determination chemicals for antioxidant activities and High-Performance Liquid 
Chromatography (HPLC) analysis were purchased from Sigma-Aldrich, Seelze, Germany. 
The other chemicals used as analytical grades are from Merck, Darmstadt, Germany; LAB-
SCAN, Dublin, Ireland, and Fisher Scientific, Leicestershire, England.

Plant Materials and Preparation

The developing stage of all plant leaves was purchased directly from farmers: C. 
infundibuliformis and J. betonica from Chai Nat, Thailand, and Pandanus amaryllifolius 
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from Nakhon Pathom, Thailand. Then, the leaves were rinsed using tap water, allowed to 
drain, and air-dried for 5-8 days until the moisture content reached 8-10% (w/w) following 
traditional methods (Ruangyuttikarn et al., 2013). Finally, they were stored in a sealed, 
dry container for future analysis.

Sample Extraction

C. infundibuliformis and J. betonica dried leaves were ground by blender into a fine powder 
and passed through a sieve with 60 meshes. Afterward, both leaf powders were soaked in 
hot water at a temperature of 98±1°C with a ratio of 1 per 10 (w/v) for a duration of 1 hr. 
The liquid should be strained using three layers of gauze and then passed through filter 
paper (Whatman No. 4). Both filtrated samples were dried in freeze-dried form and kept 
at 4°C (Ruangyuttikarn et al., 2013) for further study.

Determination of Total Extractable Phenolic Content (TPC), Total Extractable 
Flavonoid Content (TFC), and Antioxidant Activity

The determination of TPC for both extracts was done using a modified Folin-Ciocalteu 
by the method of Tan and Kassim (2011), and the standard curves were generated using 
gallic acid and stated as milligrams of gallic acid equivalent per gram of dried extract (mg 
GAE/g dried extract). The TFC was determined using the aluminum chloride colorimetric 
method (Imam et al., 2011) with some modifications, was determined using catechin as 
the standard and expressed as milligrams of catechin equivalent per gram of dried extract 
(mg CE/g dried extract). 

The antioxidant activity consisting of DPPH, ABTS, and FRAP was determined. 
The 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging activity was assessed in both 
extracts based on the DPPH assay (Raj et al., 2016). The determination of 2,2’-azino-bis 
(3-ethylbenzothiazoline-6-sulphonic acid [ABTS]) radical scavenging using the ABTS 
assay (Pereira et al., 2014) with some modifications and the ferric ion-reducing antioxidant 
power (FRAP) was determined with some modifications of the method of Tan & Chan 
(2014). The activity was quantified by comparing the results with a calibration curve using 
gallic acid as a standard and expressing as milligrams of gallic acid equivalent per gram 
of dried extract (mg GAE/g dried extract).

Determination of Phenolic and Flavonoid Compounds Using High-performance 
Liquid Chromatography (HPLC) Technique

The quantitative phenolic and flavonoid compounds of C. infundibuliformis and J. betonica 
extracts were measured by HPLC. The determination of the compounds was completed 
using the HPLC system (Shimadzu, Kyoto, Japan) equipped with an Inersil C18 (250×4.6 
mm, GL Sciences, Japan) column. The mobile phase solvent A is composed of 2% (v/v) 
acetic acid in water, while solvent B consists of 100% (v/v) acetonitrile. The column 
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temperature was controlled at 30ºC, and solvent A was programmed, keeping a consistent 
flow rate of 1 ml/min while gradually increasing the proportion of solvent B from 5% 
to 90% over 75 min. (Liaudanskas et al., 2014). Gallic acid, catechin, chlorogenic acid, 
caffeic acid, epicatechin, ferulic acid, quercetin, protocatechuic acid, p-hydroxybenzoic 
acid, vanillic acid, p-coumaric acid, rutin, caffeine, syringic acid, vanillin, synaptic acid, 
myricetin, and trans-cinnamic acid were used as standard agents.

Preparation of Herbal Tea

Five formulas of the herbal tea prepared from C. infundibuliformis, J. Betonica, and P. 
amaryllifolius dried leaves at the following ratios: 4:1:0 (T1), 3:1:1 (T2), 2:2:1 (T3), 1:3:1 
(T4), and 0:4:1 (T5). All samples were grounded and sifted through a 60-mesh sieve, then 
soaked in hot water at 85±2ºC for 4-5 min before being taken to the panelists.

Sensory Evaluation of Herbal Tea 

The sensory acceptability of herbal tea products was assessed based on appearance, color, 
odor, flavor, astringent test, and overall liking. This study used regular consumers for the 
tested panelists. Each sample was coded with three-digit codes and served randomly (10 
ml/sample) to the panelists, and the panelists were provided drinking water between sample 
tests. A 9-point hedonic scale was used to assess the sensory attributes of product samples 
(Meilgaard et al., 2007). The rating scale extended from 1 (strongly dislike) to 9 (strongly 
like) and was evaluated by 50 panelists. This research was considered for ethical approval 
in human research by the Human Research Ethics Committee, Rangsit University (COA. 
No. RSUERB2023-069).

Physicochemical Properties of the Selected Herbal Tea

The selected herbal tea product was analyzed for its physicochemical properties, including 
color values, water activity (aw), and moisture content (%) (Association of Official 
Analytical Chemists [AOAC], 2019).  

Nutritional Value of the Selected Herbal Tea

The selected herbal tea sample underwent analysis to determine its energy content, proximate 
compositions, and nutritional value. These included protein, fat, fiber, carbohydrates, ash, 
sugar, β-carotene, vitamins A, B1, and B2, and mineral contents of sodium, calcium, and 
iron. The analysis method used was outlined in the AOAC (2019).

Statistical Analysis

The data was collected to determine the variance analysis (ANOVA) to set up experimental 
research. The mean comparison was performed using Duncan's multiple-range tests and 
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the t-test. The data was evaluated for statistical significance at a confidence level of 95% 
(p˂0.05) using suitable statistical software.

RESULTS AND DISCUSSION

TPC, TFC, and Antioxidant Activity of the C. infundibuliformis and J. betonica Leaf 
Extracts

The TPC, TFC, and the activity of antioxidants determined using DPPH, ABTS, and FRAP 
assays in C. infundibuliformis and J. betonica leaf extracts are shown in Table 1. This 
experiment uses the developing leaves of both plants to develop herbal tea as a source of 
antioxidants. Generally, the stage of plant leaves for making herbal tea was reported to 
be highly antioxidant in the developing stage of leaves (Chan et al., 2013). The findings 
indicated that the TPC, TFC, and antioxidant activity of the C. infundibuliformis leaf 
extract was significantly higher than that of the J. betonica leaf extract. It may be due to 
the difference in type and composition, including the quantity of bioactive compounds in 
plant leaves that lead to antioxidant activity, especially phenolic and flavonoid compounds 
(Phakamus et al., 2018). In general, phenolic compounds contribute as primary antioxidants, 
whereas flavonoids serve as primary and secondary antioxidants (Lim et al., 2007). Patil et 
al. (2014) found that the methanol extract of C. infundibuliformis leaves contain high levels 
of phenolic (98.52 mg of gallic acid/g of extract) and flavonoid (84.59 mg of rutin/g of 
extract) while, the methanol extract of the entire J. betonica plant was observed to have an 
inhibitory concentration 50 (IC50) of free radical formation at 31.1%, which corresponds to 
1671 μg/ml (Manokari et al., 2019). Moreover, the result showed that C. infundibuliformis 
leaf extract was found to have higher TPC and TFC (177.46±3.11 mg GAE/g dried extract 
and 254.81±1.78 mg CE/g dried extract) than Thunbergia laurifolia leaf extract, herbal 
tea in Thailand, which was reported with the TPC and TFC as 123.68±2.94 GAE/g dried 
extract and 62.83±2.85 mg CE/g dried extract (Junsi et al., 2017). 

Table 1 
TPC, TFC, and antioxidant activity of Crossandra infundibuliformis and Justicia betonica leaf extracts

Activities Leaf extracts
Crossandra infundibuliformis Justicia betonica

TPC (mg GAE/g dried extract) 177.46±3.11a 115.88±4.19b

TFC (mg CE/g dried extract) 254.81±1.78a 48.54±1.62b

DPPH (mg GAE/g dried extract) 7.50±0.02a 4.45±0.16b

ABTS (mg GAE/g dried extract) 23.40±0.91a 12.42±0.89b

FRAP (mg GAE/g dried extract) 45.32±0.86a 20.17±0.22b

Note. TPC = Total extractable phenolic content, TFC = Total extractable flavonoid content, GAE = Gallic 
acid equivalent, CE = Catechin equivalent, a-b mean within the given range is significantly different 
(p<0.05), values presented are in the form of mean ± standard deviation (n = 3)
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Furthermore, Nor and Mohd (2013) reported that the TPC of the ethanol extraction from 
shoots of the green tea and black tea resulted in 80.27±0.61 and 76.93±1.72 mg GAE/g 
of dry sample weight, which showed the lower TPC than C. infundibuliformis leaf 
extract. However, compared to other research, it highlighted the challenge of reaching 
a solid conclusion about TPC, TFC, and antioxidant determination in individual plants 
when using different factors. Generally, variations in TPC and TFC contents, as well as 
antioxidant activity, can be influenced by several factors such as planting location, extract 
preparation and determination, and leaf development stage (Pyankov et al., 2001; Stein et 
al., 2016). The C. infundibuliformis and J. betonica leaf extracts demonstrated the highest 
antioxidant activities in the FRAP assay, followed by the ABTS and DPPH assays. The 
use of boiled water at 98±1°C in this study likely aided in solubilizing and extracting 
antioxidant compounds from the plant cell structure by disrupting their polarity. This 
made it easier to measure these compounds using the FRAP and ABTS assays, whereas 
the DPPH assay was better suited for detecting lipophilic compound groups (Xiao et al., 
2017). Cheng et al. (2023) added that the use of hot water extraction ranging from 5 to 
120 minutes on various teas, including green, Oolong, black, and scented teas, improved 
extraction efficiency with increasing water temperature. The study indicated that the 
highest levels of antioxidants were obtained, particularly at 100ºC. These circumstances 
can potentially degrade antioxidant compounds that are sensitive to heat (Sharma et al., 
2015), and they could impact a greater number of compounds with strong heat tolerance 
in the sample, making them suitable for tea production. Hence, these results suggest that 
C. infundibuliformis and J. betonica leaves are suitable sources of antioxidants.

Phenolic and Flavonoid Contents of C. infundibuliformis and J. betonica Determined 
by HPLC
The study utilized HPLC to analyze the phenolic and flavonoid compounds in leaf extracts 
of C. infundibuliformis and J. betonica. The analysis involved using 18 standard compounds 
reported and found in tea and herbal plants (Chandrasekara & Shahidi, 2018; Shaik et al., 
2023; Tungmunnithum et al., 2018). The quantification of compounds is based on their 
respective standard calibration curves (Table 2). The results found that the leaf extract of 
C. infundibuliformis contained eight phenolic and flavonoid compounds in descending 
order: chlorogenic acid, myricetin, protocatechuic acid, gallic acid, vanillin, caffeic acid, 
epicatechin, and p-coumaric acid. On the other hand, the leaf extract of J. betonica contained 
nine compounds: myricetin, sinapic acid, ferulic acid, gallic acid, protocatechuic acid, 
chlorogenic acid, p-coumaric acid, trans-cinnamic acid, and vanillic acid. The type and 
content of compounds containing phenolic and flavonoid substances influence various 
biological activities, particularly antioxidant activity. 

The study found that the quantity of bioactive compounds in C. infundibuliformis leaf 
extract was generally higher, but the variety of compounds was less than in J. betonica 
leaf extracts. Furthermore, the findings of this research indicate that the leaf extract of 
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C. infundibuliformis contains chlorogenic acid and myricetin as its major components. 
According to Liang and Kitts (2016), chlorogenic acid has been identified as a potent 
antioxidant. Barzegar (2016) noted myricetin as one of the most significant flavonoids 
in food with the highest antioxidant activity. In addition, both extracts contain bioactive 
compounds that offer not only antioxidants but also other biological activities, such as gallic 
acid, caffeic acid, protocatechuic acid, and sinapic acid, reported to demonstrate properties 
that fight inflammation, cancer, tumors, mutations, and it also protects the nervous system 
and has antibacterial effects (Chen, 2016; Sato et al., 2011). However, both extracts reported 
some bioactive compounds as not detected (ND). The effect in phenolic and flavonoid 
profiles may be due to several factors, such as plant preparation and extraction, the limit 
of quantitation (LOQ) of equipment, and the form of the standard compound referenced 
in the experiment (Tungmunnithum et al., 2018).

Sensory Qualities of Herbal Tea

The sensory attributes of the herbal tea made from dried leaves of C. infundibuliformis and 
J. betonica, including appearance, color, odor, flavor, astringent test, and overall liking, were 

Table 2 
Phenolic and flavonoid contents of Crossandra infundibuliformis and Justicia betonica leaf extracts 
determined by HPLC

No. Compounds Contents (mg/g extract)
Crossandra infundibuliformis Justicia betonica

1 Gallic acid 0.70±0.01 0.39±0.01
2 Protocatechuic acid 2.19±0.04 0.35±0.02
3 p-Hydroxybenzoic acid ND ND
4 Catechin ND ND
5 Chlorogenic acid 37.41±0.04 0.31±0.04
6 Caffeine ND ND
7 Vanillic acid ND ND
8 Caffeic acid 0.43±0.05 ND
9 Syringic acid ND ND
10 Epicatechin 0.33±0.01 ND
11 Vanillin 0.63 ± 0.02 0.13±0.02
12 p-Coumaric acid 0.04±0.01 0.17±0.03
13 Ferulic acid ND 0.91±0.03
14 Sinapic acid ND 0.53±0.06
15 Rutin ND ND
16 Myricetin 9.46±0.14 2.85±0.01
17 Quercetin ND ND
18 Trans-cinnamic acid ND 0.14±0.01

Note. ND = Not detected, Values presented are in the form of mean ± standard deviation (n = 3)
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assessed and are shown in Figure 1. The P. amaryllifolius dried leaves (10%) were used in 
this experiment to improve the overall odor and flavor. It is well-known that a characteristic 
of this herb is used in Southeast Asian cuisines for food and beverage flavorings (Bhatt 
et al., 2021). Our preliminary tests revealed that added P. amaryllifolius mixed with C. 
infundibuliformis and J. betonica dried leaves in herbal tea formulas seemed to exhibit 
more consumer acceptability. The results of sensory acceptability from the consumer test 
showed a ranged score of each attribute between neither like nor dislike and moderate 
scales. The acceptability scores differed significantly (p<0.05) for all attributes except for 
the astringent test. Moreover, the scores indicated that the panelists preferred the herbal 
tea from formula T2 more than the other formulas. It aligns with the panelists' comments 
indicating that the T2 tea has a better flavor and odor. This phenomenon may be due to the 
ratio of leaves in herbal tea products, in which the T2 tea contains most C. infundibuliformis 
leaves (C. infundibuliformis: J. betonica: P. amaryllifolius, 3:1:1). In addition, the T2 
tea can provide benefits for consumers who drink this herbal tea for health, which is the 
previous analysis result of antioxidant activity, which showed that the C. infundibuliformis 
leaf extract provides more antioxidant activity than J. betonica leaf extract. Therefore, the 
herbal tea product from the T2 formula was selected to assess the physical and chemical 
properties and nutritional values.

Figure 1. Sensory quality of the five formulas of herbal tea

Note. a-b mean within the given range is significantly different (p<0.05), values presented are in the form of 
mean ± standard deviation (n = 50)

Physicochemical Properties of the Selected Herbal Tea

The physicochemical properties of the selected herbal tea, C. infundibuliformis, and J. 
betonica leaf powders are shown in Table 3. The analysis of the color values revealed that 
the selected herbal tea powder did not display a significant difference (p≥0.05) compared 
to C. infundibuliformis leaf powder. This result may be due to the ratio of leaf content 
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in the selected tea formula, which contained 
the highest content of C. infundibuliformis 
compared with other leaf powders. Moreover, 
the moisture content in all leaf samples was 
below 7%, which follows the criteria outlined 
in the notification of the Ministry of Public 
Health on tea from plants in Thailand (Thai-
Food and Drug Administration, 2021) that 
specify the dried tea must have a moisture 
content less than 10% by weight. Furthermore, 
it was found that the water activity (aw) content 
of all samples was less than 0.6. Thus, these 
conditional properties of the dried leaf powder, 
especially the selected tea product, could help 
to prevent the growth of some microorganisms 
that cause deterioration in the product.

Nutritional Values of the Selected Herbal 
Tea

The nutritional values of the selected herbal 
tea are detailed in Table 4. Analyses revealed 
that the product provided 334.07 kcal of total 

Table 3 
Physicochemical properties of the leaf powder

Contents Leaf powder
Selected tea Crossandra infundibuliformis Justicia betonica

Color values
L* 42.41±0.22b 42.72±0.49b 44.70±0.40a

a* -2.69±0.18a -2.78±0.13a -6.39±0.16b

b* 24.13±0.45b 21.05±0.18c 29.73±0.49a

Water activity (aw) 0.55±0.01b 0.55±0.00b 0.56±0.00a

Moisture content (%) 6.72±0.03b 6.46±0.03c 6.85±0.03a

Note. a-b mean within the given range is significantly different (p<0.05), values presented are in the form of 
mean±standard deviation (n = 3)

Table 4 
Nutritional values of the selected herbal tea

Nutrition information Quantities
(per 100 g of 

powdered tea)
Total energy (kcal) 334.07
Total energy from fats 
(kcal)

18.99

Total fat (g) 2.11
Saturated fat (g) 0.75
Cholesterol (mg) ND
Protein (g) 19.60
Total Carbohydrate (g) 59.17
Dietary fiber (g) 41.58
Sugar (g) 1.22
Sodium (g) 0.08
Vitamin A (mg) 2.44
β-Carotene (mg) 14.62
Vitamin B1 (mg) <0.03
Vitamin B2 (mg) 0.34
Calcium (mg) 1,541.01
Iron (mg) 10.03
Ash (g) 12.03

Note. ND = not detected

energy per 100 g of powder and contained protein, carbohydrates, sodium, sugar, and 
ash at 19.60 g, 59.17 g, 85.31 mg, 1.22 g, and 12.03 g, respectively. The result showed 
that the product revealed various nutrients such as vitamin A, vitamin B2, β-carotene, 
calcium, and iron. The β-carotene is a substance that can be turned into vitamin A and acts 
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as an antioxidant. It is used in the food industry to provide natural color (Liyanaarachchi 
et al., 2021). Vitamin A acts as an antioxidant and has been found to protect against 
Deoxyribonucleic acid (DNA) damage caused by reactive oxygen species (ROS), which is 
linked to the development of cancer (Fagbohun et al., 2023). Furthermore, Ca is the most 
prevalent stored nutrient in the human body and is crucial for living organisms because 
of its vital involvement in a variety of functions (Szlacheta et al., 2020). Fe has also been 
identified as a crucial trace element for nearly all living organisms, as it plays a crucial 
role in different metabolic activities, such as DNA creation, respiration, and photosynthesis 
(Rout & Sahoo, 2015). Moreover, herbal tea contains plant-based nutrients and is low in 
calories, sugar, and salt, making it suitable for a healthy diet. As a result, herbal tea can 
provide beneficial nutrients that are appropriate for customers.

CONCLUSION

The research showed that the leaf extract from C. infundibuliformis showed greater TPC, 
TFC, and antioxidant activity when compared to the leaf extract from J. betonica. In 
addition, C. infundibuliformis leaf extract found 10 phenolic and flavonoid compounds, 
ranked from high to low contents as follows: chlorogenic acid, myricetin, protocatechuic 
acid, gallic acid, vanillin, caffeic acid, rutin, epicatechin, syringic acid, and p-coumaric 
acid, while J. betonica leaf extract found 15 compounds, which are as follows: myricetin, 
sinapic acid, ferulic acid, gallic acid, rutin, p-hydroxybenzoic acid, protocatechuic acid, 
chlorogenic acid, epicatechin, p-coumaric acid, trans-cinnamic acid, vanillic acid, vanillin, 
catechin, and syringic acid, respectively. The T2 formula of herbal tea with mixing C. 
infundibuliformis and J. betonica dried leaves and P. amaryllifolius at 3:1:1 provided the 
highest sensory evaluation of the appearance, color, odor, flavor, and overall linking. The 
nutritional value of selected herbal tea (T2) is the most accepted formula, providing energy, 
protein, carbohydrates, sugar, vitamin A, B2, sodium, β-carotene, calcium, iron, and ash. 
At the same time, the moisture and water activity contents of the product showed less than 
7% and 0.6, respectively. This experiment supported using both herbs as herbal teas for 
functional drinks. However, the study of the potential single or combined leaf activity that 
affects other functional properties such as anti-inflammatory, antimicrobial, anti-diabetic, 
and anti-dote should be further investigated both in vitro and in vivo.
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ABSTRACT
Colocasia and Xanthosoma are widely distributed in humid tropical areas and primarily found in 
moderate to high rainfall areas. In Indonesia, Colocasia esculenta var. antiquorum (eddoe taro) 
and Xanthosoma undipes (beneng banten taro) are prominent taro. However, traditional vegetative 
propagation methods often result in limited phenotypic diversity. Gamma irradiation of embryogenic 
calli presents a promising approach to induce genetic diversity for taro improvement. This study 
aimed to assess the radiosensitivity of Indonesian taro explants to gamma-ray irradiation by 
determining the LD50 value and evaluating the impact of the gamma 60Co irradiation dose on the 
proliferation and growth of taro embryogenic calli. The research adopted a completely randomized 
factorial design, encompassing eight treatments of Gamma 60Co radiation dose ranging from 0 to 
27.5 Gy, combined with two treatment media variations on callus formation, with 12 repetitions 
each. The results showed that gamma-ray irradiation affected callus formation, embryogenic callus 
proliferation, and the number of globular phases of somatic embryos in both explants. The LD50 

for Colocasia esculenta explants was determined 
to be 7.23 Gy, while that for Xanthosoma 
undipes explants was 12.84 Gy. These findings 
underscore the significant effect of gamma-
ray irradiation on explants, elucidating its 
potential to induce mutations and augment 
genetic diversity in orphan crop species such as 
Indonesian taro.

Keywords: Araceae, asparagine, browning, callus, 
Colocasia, malt extract, somatic embryo, Xanthosoma
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INTRODUCTION

The aroids plant family comprises more than 120 genera and 3750 species, and it is widely 
distributed in humid tropical regions with medium to high rainfall (Vaneker & Slaats, 
2012). In addition to their use as ornamental plants, they play a crucial role in horticulture 
as secondary staples in Asia, the Pacific Islands, and Central South America. Taro is one of 
the edible aroids found in Indonesia. They serve as staple and functional foods due to their 
rich starch, fiber, potassium, vitamin C, proteins, glucomannan, and other micronutrients 
(Cahyanti et al., 2024). Furthermore, taro can thrive in various soil types, including well-
drained, dry, and regions with high rainfall (Chaïr et al., 2016; Cahyanti et al., 2022; 
Chaïr et al., 2016). Some taros in Indonesia are derived from the Alocasia, Colocasia, and 
Xanthosoma genera. 

Colocasia esculenta (L.) Schott var. antiquorum, commonly known as eddoe taro, is 
widely grown in Indonesia owing to its high productivity and delicious tuber taste. The 
plant has light-green petioles, purple upper parts, and cylindrical tubers (Maretta et al., 
2020). Tubers are highly nutritious, containing 3.45% protein, 0.31% fat, 6.07% water, 
2.14% ash, 88.03% carbohydrates, and 2.87% fiber (Fidyasari et al., 2017). This taro is 
also a suitable crop for areas prone to drought as it has good adaptation mechanisms to 
groundwater fluctuations (Hidayatullah et al., 2020). However, the plant is susceptible to 
pest attacks, particularly leaf pests, such as grasshoppers (Jayaprakas & Harish, 2022).

The Indigenous beneng banten taro (X. undipes K. Koch) is a valuable agricultural 
commodity in Indonesia, characterized by its large tuber size and high protein and 
carbohydrate content. It has the potential to be used in various food products and can 
contribute to food security. The flour contains 82.56% carbohydrates, 3.4% protein, 0.28% 
and 0.8% fat, and the leaves have been used as a tobacco substitute (Rostianti et al., 2018; 
Susilawati et al., 2021). As a relatively new domesticated crop, beneng banten taro has 
yet to undergo significant genetic improvement beyond its wild counterpart (Alghifari et 
al., 2023).

Despite their nutrient density, historical importance, and wide adaptability, most taro 
are classified as orphan crops, necessitating genetic improvement. The development of a 
new cultivar relies on the use of taro germplasm, which demonstrates high genetic diversity 
and genetic distance. Vegetative propagation in taro leads to a limited range of phenotypic 
diversity. Prana (2007) noted that traditional crossing methods for breeding C. esculenta 
cultivar take a long time, with plants taking six to eight months to flower after planting. 
Therefore, enhancing the genetics of taro varieties is not without its challenges, but it is 
essential for creating new cultivars with promising yields.  

An effective strategy for enhancing genetic diversity in taro involves the application 
of ionizing radiation, such as gamma rays, to induce mutagenesis in embryogenic calli. 
Gamma-ray irradiation can cause deletions or aberrations in deoxyribonucleic acid 
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(DNA) owing to its interaction with high-energy electromagnetic radiation. This method 
is advantageous because embryogenesis originates from individual cells, thus minimizing 
the formation of chimeric mutants and allowing selection at the cellular level. Gamma 
rays are important in mutation breeding and in vitro mutagenesis to develop the desired 
plant traits and increase genetic variability among radiation sources. Gamma-ray mutation 
induction in embryogenic calli has been applied to enhance temperature resistance in wheat 
(Triticum aestivum L.) and to produce 19 putative mutant plantlets of the Dewata variety, 
which are believed to be tolerant to high temperatures (Setiawan et al., 2015). Nurilmala 
et al. (2017) induced somaclonal variation in C. esculenta (L.) by exposing shoot explants 
to gamma irradiation with an LD50 of 10 Gy, resulting in up to 51% genetic diversity 
compared to the parents.

The first step in plant breeding using mutation techniques is to optimize the radiation 
dose and target radiosensitivity. The radiosensitivity of a plant to gamma-ray irradiation 
can be evaluated by determining its lethal dose of 50% (LD50). LD50 is the radiation that 
can cause the death of 50% of the exposed plant population. Gamma irradiation has been 
carried out in vitro shoots of cocoyam (Xanthosoma sagittifolium L. Schott) with an LD50 
of 8.7 Gy for the white flesh tuber and 7.6 Gy for the red flesh tuber (Ndzana et al., 2008). 
Seetohul et al. (2008) showed that 20 Gy of gamma irradiation was lethal to shoot explants 
of C. esculenta (L.). Gamma-ray irradiation doses can positively and negatively affect a 
given plant. This study aimed to determine the radiosensitivity of two types of taro explants 
to gamma-ray irradiation and to examine the effect of the irradiation dose on the growth 
of embryogenic calli.

MATERIALS AND METHODS

Explant Materials and Sample Preparation

The explants used were aseptic plantlets of eddoe taro (Colocasia esculenta var. 
antiquorum) and beneng banten taro (Xanthosoma undipes K. Koch) obtained from Tissue 
Culture Laboratory 3, Department of Agronomy and Horticulture, Faculty of Agriculture, 
IPB University. The explant was the leaf base of a taro shoot, measuring 10×5×1.5 mm.

Each explant was planted on callus initiation with MS basic media composition 
(Murashige & Skoog, 1962) enriched with 500 mg L-1 malt extract (Merck, Germany), 
200 mg L-1 l-asparagine (Merck, Germany), 1000 mg L-1 cefotaxime antibiotic (Cetaxime, 
Indonesia), and two levels of plant growth regulator (PGR) addition, TDZ (PhytoTech 
Labs, USA) and picloram (PhytoTech Labs, USA). Eddoe taro explants were planted on 
media with the addition of 13.57 µM picloram and 9.04 µM picloram+ 6.81µM TDZ. In 
comparison, beneng banten taro explants were planted on basic media with PGR added 
in the form of 4.52 µM picloram+ 6.81µM TDZ and 9.04 µM picloram+ 6.81µM TDZ.
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The explants were cultured for three weeks before irradiation to ensure that the taro 
explants were at the active growth stage for irradiation treatment. Selection was carried out 
on green and aseptic explants that had uniform growth before being treated with irradiation. 
Explants were planted in disposable petri dishes measuring 90×90×15 mm, with an explant 
density of 12 explants per petri dish.

Gamma Ray Irradiation Treatment 

Gamma-ray irradiation was performed at the Research and Technology Center for 
Application of Isotope and Radiation, National Research and Innovation Agency of the 
Republic of Indonesia, using a 60Co gamma-ray irradiator (Gamma Chamber 4000 Å, 
Bhabha Atomic Research Centre, India). An irradiation experiment was conducted with 
60Co gamma-ray irradiation at 0 (control), 2.5, 5, 7.5, 10, 12.5, 17.5, and 27.5 Gy; the dose 
rate used was 2.25 Gy/min.

Explant Regeneration 

The irradiated explants were then transferred to a new medium with the same composition 
at a rate of one explant per bottle. Explants were transferred less than 24 h after irradiation 
to replace the medium that was thought to be toxic to plant cells due to irradiation. Planted 
explants were stored in a culture room at 23 ± 2°C and a light intensity of 1000 lx. Culture 
bottles containing explants were maintained by spraying 96% alcohol into the culture 
bottles every week.

Explant growth was observed every week for eight weeks after irradiation, with the 
variables being the percentage of explant survival after irradiation, color and condition of 
the explant after irradiation, percentage of callus, time for callus formation, percentage 
embryogenic callus, number of somatic embryos (in the globular phase), time for somatic 
embryo formation, and efficiency of embryogenic callus formation.

This study used a completely randomized design (CRD) with two factors, two 
combinations of treatment media, and eight combinations of irradiation doses with 12 
repetitions in one repetition consisting of one culture bottle with one taro explant; thus, 
there were 192 observation units for each taro. The data were tested using F-test analysis 
at the α=5% level using Minitab 17 software. The F-test results showing a real effect were 
further tested using Tukey's range test at the α=5% level. LD50 calculations were performed 
using CurveExpert Professional 2.7.3 software.

RESULTS

Response to Gamma Irradiation

Different gamma-ray doses significantly influenced the formation of calli and somatic 
embryos (Table 1). Callus formation was observed four weeks after irradiation. Interestingly, 
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media treatment did not significantly affect callus formation, unlike the irradiation dose, 
which considerably influenced the percentage of callus formation. The control treatment 
successfully produced 100% explants with calluses for both taro. In eddoe taro (C. esculenta 
var. antiquorum) explants, an irradiation dose of 17.50 Gy produced a low callus percentage 
of 20.83%. In contrast, beneng banten taro (X. undipes) explants, irradiation doses above 
12.50 Gy resulted in low callus percentages of 29.17% (17.50 Gy) and 16.67% (27.50 
Gy). Beneng banten taro explants receiving irradiation of 2.50 — 12.50 Gy still formed 
callus well, with over 85% exhibiting callus. In contrast, this treatment produced a callus 
percentage of over 33% for eddoe taro.

Table 1  
Effect of gamma dose on callus initiation and regeneration in taro

Gamma 
doses 
(Gy)

Eddoe taro (C. esculenta var. antiquorum) Beneng banten taro (X. undipes)

Callus 
formationa 

(%)

EC
inductionb 

(%)

Number 
of SEc

(g) 
(x̄)

% 
EECd

Callus 
formationa 

(%)

EC
inductionb 

(%)

Number 
of SEc

(g) 
(x̄)

% EECd

0.00 100.00 a 95.83 a 8.44 a 95.83 100.00 a 100.00 a 24.13 a 100.00
2.50 70.83 ab 50.00 b 4.00 b 66.67 87.50 a 66.67 ab 7.80 b 88.89
5.00 66.67 ab 41.67 b 2.46 bc 71.44 87.50 a 66.67 ab 5.83 b 80.01
7.50 58.33 bc 37.50 bc 1.85 bc 81.82 100.00 a 62.50 abc 6.03 bc 83.33

10.00 70.83 ab 29.17 bc 1.92 c 70.00 95.83 a 58.33 bc 6.00 bc 82.35
12.50 33.33 bc 16.67 bc 2.00 c 57.15 91.67 a 41.67 bcd 3.30 cd 90.92
17.50 20.83 c 16.67 bc 0.88 c 80.03 29.17 b 25.00 cd 1.13 d 100.00
27.50 25.00 c 4.17 c 0.50 c 50.06 16.67 b 8.33 d 0.50 d 66.64

F-Value
Gamma 
doses

** ** ** ** ** **

%CV 25.55 27.47 50.55 19.88 25.92 64.07

Note. (**) has a very significant effect, numbers followed by the same letter in the same column, CV: coefficient 
of variance, and variables show no significant difference based on Tukey's Studentized Range (HSD) (p < 
0.05). aCallus formation was observed in the fourth week after irradiation. bEmbryogenic callus induction was 
observed at the eighth week after irradiation. cNumber of somatic embryo (globular phase) was observed in the 
eighth week after irradiation. dEfficiency of embryogenic callus formation: %EC induction/% callus formation 
100% at the eighth week after irradiation 

The induction of embryogenic calli in beneng banten taro and eddoe taro explants 
was significantly influenced by the level of gamma-ray irradiation. In beneng banten taro 
explants, a decrease in the ability to induce embryogenic calli below 50% occurred at 
medium to high doses of irradiation (12.50 — 27.50 Gy), with only 8.33% of embryogenic 
calli formed at 27.50 Gy. All doses of irradiation on eddoe taro explants reduced the ability 
of the explants to form embryogenic calli, with a low dose (2.50 Gy) reducing the ability 
by 50% and a high dose (27.50 Gy) producing only 4.17% embryogenic calli. However, 
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the efficiency of embryogenic callus induction in both explant types was greater than 50% 
at all irradiation doses. Even at 17.50 Gy, 100% of the calli produced by beneng banten 
taro explants induced embryogenic calli in the eighth week after irradiation. The highest 
irradiation dose (27.50 Gy) for eddoe taro explants reduced the efficiency of embryogenic 
callus induction by up to 50%.

The dose of gamma irradiation significantly affected the number of somatic embryos 
produced by taro explants in the globular phase eight weeks after irradiation. The average 
number of somatic embryos per explant decreased as the gamma irradiation dose increased. 
The ability of beneng banten taro and eddoe taro explants to produce somatic embryos 
decreased by 75% compared to that of the non-irradiated treatment. Even though the 
high-dose irradiation (27.50 Gy) still produced an average number of somatic embryos per 
explant in all taro explants, it was significantly lower than the low to medium irradiation 
doses (2.50 — 12.50 Gy) in beneng banten taro and the low dose (2.50 Gy) in eddoe taro.

Figure 1. The condition and heatmap of green beneng banten taro (X. undipes) and eddoe taro (C. esculenta 
var. antiquorum) explants at eight weeks after irradiation

Note. Yellow bar = Beneng banten taro, White bar = Eddoe taro, Bar = 5 mm
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All explant outcomes varied depending on the radiation dose administered after eight 
weeks of exposure (Figure 1). The control group appeared healthier and greener in color 
than the other treatment groups. Explants treated with 2.50 — 12.50 Gy of radiation 
displayed various changes in appearance, such as the callus becoming crumbly or compact, 
the color of the explant becoming paler, and cell death marked by browning in some parts. 
In contrast, explants exposed to more than 12.50 Gy of radiation experienced browning 
and cell death in nearly 80% of samples.

Radio-sensitivity of Taro Explants

The results of this study on the effect of irradiation on taro explant survival are shown 
in Figure 2. The data revealed that the percentage of explant survival decreased as the 
irradiation dose increased for both taro. Specifically, gamma irradiation at 12 Gy suppressed 
the growth of beneng banten taro explants by nearly 50%, whereas a dose of 7.5 Gy 
suppressed the growth of eddoe taro explants by 50%. However, it is important to note that 
complete explant death did not occur even at the highest dose level, as 21.59% of beneng 
banten taro explants and 12.50% of eddoe taro explants remained viable after treatment 
with 27.50 Gy of irradiation. The differences between control and treated explants were 
found to be statistically significant (p≤0.05) for both types of taro, particularly between 
doses of 12.50 to 27.50 Gy for beneng banten taro and between doses of 7.50 to 27.50 Gy 
for eddoe taro. Based on these results, the estimated LD50 for beneng banten taro explants 
was 12.84 Gy, whereas the LD50 for eddoe taro explants was 7.23 Gy.

Figure 2. (A) Radiosensitivity curves of eddoe (C. esculenta var. antiquorum) and (B) beneng banten (X. 
undipes) taro at eight weeks after irradiation. Numbers followed by the same letter indicate no significant 
difference based on Tukey's Studentized Range (HSD) (p< 0.05)

DISCUSSION

The callus is a type of tissue that forms temporarily through the growth of stem cells. It is an 
undifferentiated tissue, meaning it has yet to develop into a specific tissue type. Differences 
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in callus formation may indicate changes in irradiated explants, reflecting their ability to 
survive radiation-induced cellular damage and resume growth. In this study, low doses of 
gamma irradiation support callus formation, as demonstrated in Metroxylon sagu by adding 
callus biomass in the 10 Gy gamma irradiation treatment (Riyadi & Sumaryono, 2017). 
Low doses of gamma rays have a positive effect on the growth of various plants, such as 
Hordeum vulgare L. seeds (Volkova et al., 2019) and shoot formation in bananas (Ali et al., 
2020). The positive effect of low doses of gamma irradiation on growth and development 
may be due to better mobilization of proteins and metabolites and modulation of reactive 
oxygen species (ROS) levels. There is evidence that ROS could be a crucial molecule that 
acts as a hub in various phytohormonal cascades connected to changes in phytohormone 
signaling pathways (Geras’kin et al., 2017; Sewelam et al., 2016). 

The influence of gamma irradiation on embryogenic callus induction in explants is 
thought to be related to the death of explants caused by irradiation, particularly high-dose 
irradiation. Gamma irradiation at high doses can result in cell disruption and explant 
death. However, this can also lead to creating more mutant variants through the induction 
of chromosomal and DNA damage (Agisimanto et al., 2016). Despite this, the relatively 
high efficiency of embryogenic callus induction in this study suggests that the administered 
irradiation dose did not affect the callus redifferentiation process into embryogenic calli, 
which is meristematic and has the potential to develop into somatic embryos. Litz (2004) 
emphasized the importance of limited proliferation cycles due to irradiation to ensure cell 
recovery for further development. Similarly, decreased responses to embryogenic callus 
induction following gamma irradiation have been observed in Saccharum officinarum 
(Hapsoro et al., 2018) and Agave tequilana (Valencia-Botín et al., 2020).

Somatic embryos are ideal for mutagenesis because they are derived from a single 
cell and are thus not susceptible to chimeric development. The decrease in the average 
number of globular-phase somatic embryos was attributed to a decline in the number of 
embryogenic calli that could be induced by gamma-ray irradiation. When subjected to 
high levels, gamma rays produce and accumulate ROS, which damage plant tissues (Liu 
et al., 2021). Another study found that gamma irradiation resulted in the degradation of the 
indoleacetic dehydrogenase enzyme, which is crucial for IAA synthesis. Degradation of 
this enzyme leads to a browning reaction in explants and reduces the regeneration capacity 
of the plant (Rosmala et al., 2022). Gamma irradiation also decreased the average number 
of somatic embryos in M. sagu (Riyadi & Sumaryono, 2017), Panax ginseng (Lee et al., 
2019), and Coffea spp. (Bado et al., 2021), and Catharanthus roseus (Mujib et al., 2022).

Using gamma rays as a mutational agent has benefited plant breeding and germplasm 
collection. However, high doses of gamma irradiation can hinder the development of 
living plants, such as A. tequilana (Valencia-Botín et al., 2020) and Philodendron billietiae 
(Maikaeo et al., 2024). On the other hand, it can also promote a broader range of genetic 
diversity, as observed in Typhonium flagelliforme (Sianipar et al., 2017), Etlingera elatior 
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(Azzahra et al., 2018), Vanilla planifolia (Serrano-Fuentes et al., 2022), and Zamioculcas 
zamiifolia (Beyramizadeh et al., 2023). 

Many studies have shown that the exposure of plants to high doses of radiation can 
harm their growth. It can include hindering germination and causing negative outcomes, 
such as chromosomal abnormalities, which may eventually result in plant death (Gudkov et 
al., 2019; Jan et al., 2011; Tan et al., 2023). A common indication of explant death resulting 
from irradiation is color change. During high-dose irradiation, the explant changes color 
from green to brown or black due to ROS. As mutagenic agents, gamma rays produce 
biological effects through the interactions of atoms or molecules in cells, particularly 
with water. Gamma irradiation can increase the production of reactive ROS, including 
superoxide anions, hydrogen peroxide, and hydroxyl radicals. This increase in ROS can 
trigger oxidative stress in various cellular components, resulting in chloroplast deformation, 
plasmalemma disintegration, and nuclear membrane rupture (Gill & Tuteja, 2010). The 
accumulation of excess ROS, accompanied by organelle disorganization, leads to cell 
death, which can be observed in a brownish color (Sharma et al., 2012). The browning and 
death of calli due to gamma irradiation also occur in Allium sativum L. (Maryono, 2020) 
and Amorphophallus paeoniifolius (Rivai et al., 2022).

It is crucial to determine the radiosensitivity of plants before implementing large-
scale irradiation processes. Several factors, including planting material, plant genotype, 
degree of polyploidy, cell development stage, tissue age, and post-irradiation conditions, 
influence the optimal dosage of gamma rays for mutagenesis. Therefore, conducting 
radiation sensitivity studies such as LD50 determination is essential before incorporating 
gamma rays into breeding programs (Datta, 2019; Datta, 2023). In vitro, gamma irradiation 
was conducted on cocoyam shoots (X. sagittifolium L. Schott) with an LD50 of 8.7 Gy for 
white-fleshed tubers and 7.6 Gy for red-fleshed tubers (Ndzana et al., 2008). The effective 
dose (LD30) in cultures of taro shoots (C. esculenta (L.)) was found to be 7.65 Gy, causing 
a 30% reduction in growth. Furthermore, 20 Gy gamma irradiation is lethal to taro shoot 
explants (Seetohul et al., 2008).

The present study produced a higher LD50 than previous research on taro families that 
utilized irradiation despite employing shoot base explants as the planting material. This 
difference is attributable to adding malt extract and l-asparagine to the media, which serve 
as additional carbohydrates and amino acid sources. Malt extract contains approximately 
90% carbohydrates, amino acids, and phenolic compounds, such as ferulic acid (Chaves et 
al., 2019). L-asparagine is an adaptable amino acid that participates in several biological 
processes, such as plant growth and adjustment to environmental stressors (Han et al., 
2022). In addition to inducing somatic embryos, these two components are thought to 
facilitate cell adaptation, particularly in cell walls that experience oxidative stress due 
to the induction of gamma rays. Numerous studies have shown that plant cells possess 
several mechanisms for coping with oxidative stress. These mechanisms include activating 
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and synthesizing antioxidants, enzymes, and non-enzymatic substances. Some of these 
substances can reduce the catalytic activity of transition metals, such as polysaccharides 
in cell walls and structural proteins (Gill & Tuteja, 2010; Hassinen et al., 2011; Zagorchev 
et al., 2013). Consequently, gamma irradiation at the highest dose (27.5 Gy) did not result 
in the complete death of the explants.

CONCLUSION

In this study, gamma irradiation affected the initiation and proliferation of embryogenic 
calli in eddoe and beneng banten taro plants. Specifically, the LD50 for eddoe taro explants 
was 7.23 Gy, while the LD50 for beneng banten taro explants was 12.84 Gy. Additional 
studies are necessary to investigate the effects of adding malt extract and l-asparagine on 
the survival of explants. The results showed that lower doses of gamma irradiation can 
increase explants' ability to form calluses, whereas higher doses can decrease their capacity 
to redifferentiate into globular-phase somatic embryos. Using gamma rays for mutation 
induction is a potential method for increasing genetic diversity or improving orphan crop 
plant species, such as Indonesian taro. 
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ABSTRACT
The zoonotic capability of Angiostrongylus malaysiensis was recently observed after several 
years of doubt. This parasite was found in a high burden of Malaysian rats, which is alarming. 
There is currently no effective treatment for human neuroangiostrongyliasis. Acetate: succinate 

CoA-transferase (ASCT) enzyme catalyses 
acetate production in helminth parasites. ASCT 
was classified into three subfamilies within the 
family I CoA-transferases (IA, IB, and IC). 
Acetate is an essential metabolic end product 
of many parasites, making it an attractive drug 
target since it is absent in mammalian hosts. The 
current study describes the in-silico analysis 
conducted for the identification and phylogenetic 
characterisation of A. malaysiensis ASCT and 
genetic variations between subfamilies of ASCT. 
The AmASCT was identified from the ongoing 
de novo transcriptome assembly and annotation 



748 Pertanika J. Trop. Agric. Sci. 48 (3): 747 - 766 (2025)

Quincie Sipin, Suey Yee Low, Wan Nur Ismah Wan Ahmad Kamil, Kiew-Lian Wan, Mokrish Ajat, Juriah Kamaludeen,  
Sharifah Salmah Syed-Hussain, Nur Indah Ahmad and Nor Azlina Abdul Aziz

of adult A. malaysiensis. The analysis of AmASCT physiochemical properties, multiple sequence 
alignment and phylogenetic relations with the ASCTs of other helminths are conducted using standard 
bioinformatic tools. Pairwise comparisons between subfamilies of ASCT have also been conducted 
in silico. AmASCT has the conserved regions of the family I CoA-transferases and is clustered with 
subfamily IB of ASCT. From the pairwise analysis, subfamilies IB and IC were most closely related 
between the three subfamilies. AmASCT was predicted to be overall hydrophilic and stable in a 
neutral to slightly alkaline environment within the parasite. The phylogenetic analysis confirmed 
that AmASCT belongs to subfamily IB of ASCTs. Further study on the biochemical activity of 
ASCT in A. malaysiensis is required to determine its enzymatic function.

Keywords: Acetate: succinate CoA-transferase (ASCT), acetate production, Angiostrongylus malaysiensis

INTRODUCTION

Human neuroangiostrongyliasis, caused by the rat lungworm, is a food-borne parasitic 
zoonosis distributed worldwide and endemic to Asia and the Pacific Basin. However, it has 
been reported in new regions beyond its traditional endemic range (Eamsobhana, 2014). The 
prime causative agent of human neuroangiostrongyliasis is Angiostrongylus cantonensis 
(Wang et al., 2008). Recently, A. malaysiensis, formerly known as the Malaysian strain of 
A. cantonensis, was revealed to be zoonotic after several years of doubt (Watthanakulpanich 
et al., 2021), increasing the risk of human neuroangiostrongyliasis infection. The newly 
found zoonotic capability of A. malaysiensis is alarming, given its high prevalence in 
rats in Malaysia (Low et al., 2023). There is currently no effective treatment for human 
neuroangiostrongyliasis. Current treatment focuses on alleviating pain, inflammation, 
and intracranial pressure in infected individuals (Sawanyawisuth et al., 2008; Slom et al., 
2002). Although anthelmintics have been extensively used, their effectiveness is debatable 
(Murphy et al., 2013), as they leave the disease without an efficient cure. A new, effective 
approach is needed for treating this disease.

The complex life cycle of parasites enables them to inhabit more than one host organism 
throughout their life cycle. Most parasites have a complex life cycle, including free-living 
and distinct stages inhabiting one or more host organisms. As a result, parasites are forced 
to modify their metabolism to survive in habitats where nutrients and oxygen are scarce. 
These parasites have evolved metabolic strategies that produce acetate from acetyl-CoA 
as an essential metabolic product (Tielen et al., 2002). Two pathways of acetate formation 
from acetyl-CoA have been found in parasites and are catalysed by either a cytosolic 
acetyl-CoA synthetase (ACS) or an organellar acetate: succinate CoA-transferase (ASCT). 
Furthermore, the ACS pathway has been reported only in parasitic protists (Reeves et 
al., 1977; Sánchez et al., 2000; Stechmann et al., 2008), while the ASCT pathway was 
previously found in both helminths and protists (Steinbüchel & Müller, 1986; Saz et al., 
1996; van Hellemond et al., 1998).
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To date, all acetate/succinate CoA-transferases (ASCTs) found in eukaryotes are family 
I CoA-transferases that are distinguished by the catalysis of CoA group transfer, which 
involves the presence of a glutamate residue in the enzyme's active site (Heider, 2001). 
Recently, the corresponding ASCT genes were identified and characterised in two protists, 
Trypanosoma brucei (Rivière et al., 2004) and Trichomonas vaginalis (van Grinsven et 
al., 2008), and in the helminth Fasciola hepatica (van Grinsven et al., 2009). The ASCT 
genes from the three parasites showed little sequence homology, classifying them into three 
different subfamilies of family I CoA-transferases: T. brucei in subfamily IA, F. hepatica 
in subfamily IB, and T. vaginalis in subfamily IC (Tielens et al., 2010).

Acetate is a prime candidate for developing new antiparasitic medications because it is 
a crucial byproduct of the energy metabolism of many parasites absent in their mammalian 
hosts. Identifying and characterising acetate-producing enzymes in rat lungworms is 
crucial for developing new and effective drugs to treat human neuroangiostrongyliasis. 
Here, we conducted a phylogenetic and physiochemical characterisation of the identified 
putative gene sequence of A. malaysiensis ASCT (AmASCT) obtained from our ongoing 
transcriptomic data analysis and further analysed the genetic variations among the three 
subfamilies of ASCTs.

METHODS

In-silico Analysis

Identification of Putative A. malaysiensis ASCT (AmASCT)

Putative AmASCT was identified through ongoing transcriptomic analysis of adult A. 
malaysiensis. In short, the raw RNA-seq reads obtained were subjected to quality control 
using Trimmomatic (Galaxy version 0.39) (Bolger et al., 2014) and de novo transcriptome 
assembly using Trinity (Grabherr et al., 2011). Coding regions were predicted using 
TransDecoder (Galaxy version 5.5.0) (Haas et al., 2013). Subsequently, the assembled 
transcripts and predicted coding regions were subjected to homology-based similarity 
search using BLASTx and BLASTp against the latest non-redundant protein sequence 
(nr) database in the DIAMOND alignment tool (Galaxy version 2.0.15) (Buchfink et 
al., 2014). Hmmscan (Galaxy version 3.4) (Finn et al., 2011) searches were conducted 
using the protein family database (Pfam-A) database as a query, and TMHMM software 
(Galaxy version 0.0.17) (Cock et al. 2013) was used for transmembrane domains detection. 
Trinotate (Galaxy version 3.2.2) (Grabherr et al., 2011) integrated the BLAST, hmmscan, 
and TMHMM results.

A BLASTp search (Camacho et al., 2009) using F. hepatica's ASCT gene (accession no. 
ACF06126.1) (van Grinsven et al., 2009) as a query was conducted against the nr database 
of A. cantonensis. The GenBank accession number of the top BLASTp hit was retrieved 
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and searched against the Trinotate integrated annotation results previously obtained. The 
gene sequence of the putative AmASCT was retrieved from the Trinotate result for further 
analysis.

Validation of the Obtained AmASCT

Several bioinformatic tools and molecular techniques were employed to validate the 
identified AmASCT. The initial bioinformatic validation involved utilising BLASTx search 
by using the obtained putative AmASCT gene sequence as a query against the nr database 
of F. hepatica to ensure whether the putative AmASCT is a homolog to the previously 
characterised ASCT of F. hepatica (accession no. ACF06126.1) (van Grinsven et al., 2009). 
In addition, ORFfinder in the National Center for Biotechnology Information (NCBI) 
websites (https://www.ncbi.nlm.nih.gov/orffinder/) was used to identify and analyse the 
open reading frame (ORF) of the AmASCT gene, aiding in the prediction of coding regions 
and potential functional domains.

Following the bioinformatic validation, molecular techniques were employed to 
confirm the presence of the putative AmASCT gene at the transcript and deoxyribonucleic 
acid (DNA) levels. Polymerase chain reaction (PCR), agarose gel electrophoresis, and 
Sanger sequencing were conducted. Briefly, adult A. malaysiensis worms collected from 
Low et al. (2023) were used for total ribonucleic acid (RNA) extraction using Trizol reagent 
(Thermo Fisher Scientific, USA), followed by cDNA synthesis using RevertAid™ First 
Strand cDNA Synthesis Kit (Toyobo, Japan) according to the manufacturer's instructions. 
Subsequently, the cDNA was used in polymerase chain reaction (PCR) amplification 
using a set of primers (forward: 5’-ATGCTGTGTCGGCTCTCATCC-3’ and reverse: 
5’-TTAGTCCACTTCAAGGCATC-3'). PCR was carried out in a thermal cycler with the 
cycling conditions set as follows: 94°C for 2 min, followed by 35 cycles of denaturation at 
94°C for 30 sec, annealing at 55°C for 30 sec and extension at 72°C for 1 min. The cycling 
condition was ended with a final extension at 72°C for 5 min. Next, 1.5% agarose mixed 
with 1x TAE buffer was prepared, and the PCR product was electrophoresed (400W/80V) 
for 60 minutes and visualised under a UV transilluminator. Each primer's PCR product 
and 10 µl (10 µM) were outsourced to Apical Scientific Sdn. Bhd. (Selangor, Malaysia) 
for purification and sanger sequencing.

Physiochemical Profiling of AmASCT

The putative AmASCT's gene sequence was retrieved and subjected to physiochemical 
characterisation using ExPASy’s ProtParam tool (Wilkins et al., 1999). The default 
configuration of the ProtParam tool was utilised to obtain the putative AmASCT's molecular 
mass, theoretical isoelectric point (pI), amino acid composition, aliphatic index, and grand 
average of hydropathy (GRAVY).
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Phylogenetic Analysis

Retrieval of ASCT Protein Sequences from Other Helminths

Before multiple sequence alignment and phylogenetic analysis, ASCT gene sequences 
from other helminth parasites were retrieved from the NCBI GenBank. BLASTp searches 
using previously characterised ASCTs of T. brucei (accession no. EAN79240) (Rivière et 
al., 2004), F. hepatica (accession no. ACF06126.1) (van Grinsven, 2009), and T. vaginalis 
(accession no. XP_001330176) (van Grinsven, 2008) were conducted against the nr 
database of helminth parasites. Sequences with an E value smaller than 20 (𝐸𝐸−20 ) were 
retrieved. If multiple parasites of the same species were found as a hit, only the sequence 
with the highest hit was retrieved.

Multiple Sequence Alignment and Phylogenetic Analysis

Multiple sequence alignment was conducted using the putative AmASCT obtained in this 
study, the previously characterised ASCT protein sequences of T. brucei, F. hepatica, and 
T. vaginalis, and the retrieved ASCT protein sequences from other helminth parasites. 
Multiple sequence alignment was carried out using ClustalW (Thompson et al., 1994), 
and all sequences without the conserved ExG and GxGGxxD motifs of the family I 
CoA-transferases were removed. The aligned protein sequences of ASCTs were used for 
phylogenetic tree construction through the neighbour-joining (NJ) method in Molecular 
Evolutionary Genetics Analysis version 11 (MEGA11) software (Tamura et al., 2021). 
Pairwise comparisons to infer genetic variation within and between the three subfamilies 
of the family I CoA-transferases were also performed using MEGA11 software.

RESULTS AND DISCUSSION

Identification of the A. malaysiensis ASCT Gene Sequence

The ASCT sequence of A. malaysiensis was identified from our ongoing transcriptomic 
data analysis of adult A. malaysiensis. A BLASTP search conducted against the nr database 
of A. cantonensis using the previously characterised ASCT of F. hepatica (accession no. 
ACF06126.1) resulted in one blast hit (accession no. KAE9415559.1) that could be the 
putative ASCT of A. cantonensis. The previously characterised ASCT of F. hepatica was 
used as a query since it is a helminth parasite that could have genetic information similar 
to that of A. malaysiensis. In contrast, the other previously characterised parasites, T. 
brucei and T. vaginalis, are parasitic protists. Moreover, the nr database of A. cantonensis 
was searched against this gene due to the minimal protein and nucleotide sequences of A. 
malaysiensis being available in public databases. In addition, the reference genome of A. 
malaysiensis has yet to be sequenced. In contrast, the reference genome of A. cantonensis 
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is available in the NCBI GenBank (accession no. MQTX01000177.1, Xu et al., 2019). In 
addition, A. cantonensis is closely related to A. malaysiensis, and their morphological and 
genetic information is highly similar (Chan et al., 2020; Eamsobhana et al., 2015).

The gene annotation data from the transcriptomic data analysis of A. malaysiensis were 
searched for the gene homolog to the obtained putative A. cantonensis ASCT (accession 
no: KAE9415559.1). However, no similarities were found. For this reason, the putative A. 
cantonensis ASCT (accession no: KAE9415559.1) was further used as a query protein in a 
BLASTP search against the nr database to find other homologues. The top five hits of the 
BLASTP search (accession no. KAJ1347515.1, EYC13181.1, KIH58849.1, EYC13183.1, 
and EYC13182.1) were used further to search the transcriptomic gene annotation data of 
A. malaysiensis. A gene was found to be the homolog of the accession no. EYC13181.1, 
which could be the putative A. malaysiensis ASCT (AmASCT). The complete nucleotide 
length and the open reading frame (ORF) amino acid sequence length of the putative 
AmASCT gene were 1413 base pairs (bp) and 470 amino acids (aa), respectively (Figure 
1). A BLASTP search conducted using the putative AmASCT protein sequence as a query 
revealed high similarity with a few other helminth parasites, with A. cantonensis (accession 
no. KAE9415559.1) exhibiting the highest similarity, followed by Parelaphostrongylus 
tenuis (KAJ1347515.1) and Ancylostoma ceylanicum (EYC13181). However, these 
homolog protein hits were described as hypothetical proteins because the gene has never 
been characterised in any of these helminths.

The putative AmASCTs were annotated as acetyl-CoA hydrolases or acetyl-CoA 
transferase N-terminal domains according to the protein family database (Pfam) annotation 
from the transcriptomic gene annotation data. Acetyl-CoA hydrolase (ACH) is one of the 
four known enzymes catalysing acetate formation from acetyl-CoA. The activity of ACH 
has been described in plants and animals (Hunt & Alexson, 2008; Zeiher & Randall, 1990). 
Although ACH activity has been reported in Ascaris suum parasites (de Mata et al., 1997), 
the complementary gene of this enzyme in this nematode parasite has yet to be identified. 
The CoA-transferase enzyme was previously confused with ACH in Saccharomyces 
cerevisiae (Lee et al., 1989, 1990); this enzyme was subsequently recharacterised as a 
CoA-transferase due to its minor hydrolase activity and was found to catalyse the transfer 
of the CoA moiety from succinyl-CoA to acetate, which is a particular characteristic of 
CoA-transferases (Fleck & Brock, 2009). One of the apparent characteristics of CoA-
transferases that is absent in CoA-hydrolases is the glutamate active site for the formation 
of CoA-ester intermediates via a ping-pong bibi mechanism (Heider, 2001; White & 
Jencks, 1976). When the glutamate active site was replaced, CoA-transferase was found 
to be converted into a CoA-hydrolase (Mack & Buckel, 1997).
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Figure 1. Full-length nucleotide sequence and ORF of the putative Angiostrongylus malaysiensis ASCT. 
The coding region comprises 1413 bp (green) of nucleotides and 470 aa (blue)
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Validation of The Obtained Putative A. malaysiensis ASCT

Upon conducting the BLASTx search, the putative AmASCT exhibited the ASCT gene 
of F. hepatica as the top hit, indicating a significant alignment and similarity between the 
two sequences. This BLASTx result demonstrates a high degree of homology between the 
putative AmASCT and the previously characterised ASCT gene of F. hepatica (accession no. 
ACF06126.1). The positive amplification of the AmASCT gene was confirmed through both 
PCR and agarose gel electrophoresis. Upon subjecting the PCR product to electrophoresis 
and visualising it under a UV transilluminator, a distinct and well-defined band was 
observed at the expected size, indicative of successful amplification of the AmASCT gene 
and the presence of the gene in transcript and DNA levels. In addition, the obtained Sanger 
sequencing result of the amplified PCR product confirmed the identity of the putative 
AmASCT, providing a similar representation of the coding sequence of the putative 
AmASCT obtained from the de novo transcriptome annotation of adult A. malaysiensis. 
These bioinformatic and molecular approach results validate the reliability of the obtained 
putative AmASCT gene sequence from the de novo transcriptome annotation data.

Physiochemical Profiling of AmASCT

The physiochemical properties of AmASCT were analysed to understand and predict the 
enzyme function and behaviour under different conditions. The physiochemical profiling 
of AmASCT conducted using ExPASy’s ProtParam tool revealed several crucial molecular 
characteristics of AmASCT (Table 1). The computational analysis predicted that AmASCT 
has a molecular weight of 51.33 kDA, suggesting that the enzyme has a moderate size. The 
theoretical isoelectric point (pI) of 7.74 indicates that the AmASCT is likely to be neutral 
or slightly alkaline, which suggests that AmASCT is most stable under such conditions 
within the parasite. The high aliphatic index (93.79) implies that AmASCT is enriched in 
hydrophobic amino acids and its adaptation and stability to functioning in hydrophobic 
environments. Also, the GRAVY score (-0.162) of AmASCT indicates the hydrophilic 
nature of the enzyme, contributing to its solubility in aqueous environment. Despite 
containing enriched hydrophobic amino acids as indicated by the high aliphatic index, 
the overall hydrophilicity of AmASCT may be because of the distribution of hydrophilic 
residues and charged or polar amino acids presence on its surface.

Table 1  
Physiochemical profiling of AmASCT

No. of amino 
acids

Molecular weight 
(kDA)

Theoretical 
isoelectric point (pI)

Aliphatic index GRAVY

470 51.33 7.74 93.79 - 0.162
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Retrieval of ASCT from Helminth Parasites from GenBank

The retrieved amino acid sequences of helminth parasites were subjected to BLASTP 
searches against the non-redundant helminth protein database using F. hepatica (accession 
no. ACF06126.1), T. vaginalis (accession no. XP_001330176), and T. brucei (accession 
no. EAN79240), which represent the three subfamilies of the family I CoA-transferase, 
as tabulated in Table 1. BLASTP searches revealed 15, 22 and two amino acid sequences 
of subfamilies IA, IB and IC, respectively, of the family I CoA-transferase. The retrieved 
amino acid sequence of the helminth parasites in Table 2 shows that most helminth parasites 

Table 2 
Helminth parasites and their accession numbers of the family I CoA-transferase amino acid sequences with 
E values less than  1𝑒𝑒−20  retrieved from the NCBI GenBank

Subfamily A Subfamily B Subfamily C
Ancylostoma ceylanicum 

(EYC45313)
Aphelenchoides bicaudatus 

(KAI6175034)
Bursaphelenchus 

okinawaensis 
(CAD5205821)

Nippostrongylus brasiliensis 
(VDL75362)

Caenorhabditis briggsae 
(XP_002629737)

Caenorhabditis elegans 
(NP_496144)

Meloidogyne enterolobii 
(CAD2169927)

Parelaphostrongylus tenuis 
(KAJ1371690)

Pristionchus pacificus 
(KAF8360361)

Ditylenchus destructor 
(KAI1702014)

Dracunculus medinensis 
(VDN53078)

Strongyloides ratti 
(XP_024505624)

Paragonimus westermani 
(KAF8572391)

Clonorchis sinensis 
(KAG5445983)

Opisthorchis felineus 
(TGZ64319)

Fasciola hepatica 
(ACF06126)

Fasciola gigantica 
(TPP58613)

Heterobilharzia 
americana 

(CAH8437700)
Schistosoma mansoni 

(XP_018648509)
Trichobilharzia regent 

(CAH8830533)
Strongyloides ratti 
(XP_024501800)

Caenorhabditis remanei 
(EFP07577)

Parelaphostrongylus 
tenuis (KAJ1347515)

Angiostrongylus 
cantonensis 

(KAE9415559)
Enterobius vermicularis 

(VDD96370)
Steinernema 
carpocapsae 
(TMS35399)

Litomosoides 
sigmodontis 
(VDK78337)

Toxocara canis 
(KHN81999)

Bursaphelenchus 
xylophilus 

(CAD5213378)
Acanthocheilonema 
viteae (VBB34274)

Brugia malayi 
(XP_042934641)

Pristionchus pacificus 
(KAF8362703)

Mesocestoides corti 
(VDD82102)

Taenia asiatica 
(VDK22328)
Hymenolepis 
microstoma 

(CUU98198)
Echinococcus 
multilocularis 
(CDS43154)

Rodentolepis nana 
(VDO13213)

Caenorhabditis 
remanei 

(EFO99043)
Diploscapter 
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have the CoA-transferase enzyme of subfamily IB, followed by subfamily IA and only 
two in subfamily IC. This finding is in agreement with that of Tielens et al. (2010), who 
reported that the subfamily IA is found only in trypanosomatid parasites and some metazoan 
parasites, while the subfamily IC of ASCT is usually possessed only by prokaryotes and 
fungi. On the other hand, most of the ASCT enzymes of helminth parasites were previously 
reported to be in subfamily IB of family I CoA-transferases (Tielens et al., 2010).

Multiple Sequence Alignment of Helminth ASCT

Figure 2 presents the multiple amino acid sequence alignments of the putative ASCT gene 
of A. malaysiensis obtained in this study with amino acid sequences of the ASCT gene of 
other helminth parasites retrieved from the BLASTP searches and the ASCTs of previously 
characterised parasites. The helminth parasites were grouped into subfamilies based on the 
query ASCT sequence. Note that although T. brucei and T. vaginalis are parasitic protists, 
their ASCT proteins were included in this study as references since their ASCT genes were 
previously characterised.

According to the multiple amino acid sequence alignments, all the ASCT enzymes 
of helminth parasites included in this study contained the conserved ExG and GxGGxxD 
motifs of the ASCTs in the family I CoA-transferases (Tielens et al., 2010). The subfamily 

Figure 2. Amino acid multiple sequence alignments of the conserved ExG and GxGGxxD regions of family 
1 CoA-transferases
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IAs of ASCTs have a broader SENG motif since they are grouped with the mammalian 
succinyl-CoA:3-ketoacid CoA transferase (SCOT) enzyme (Rivière et al., 2004). This 
conserved SENG motif contains the glutamate residue active site of CoA-transferase 
(Rangarajan et al., 2005). On the other hand, ASCTs in subfamily IB and subfamily IC do 
not have the conserved SENG motif but instead possess a conserved ExG motif, which is 
believed to be a constituent of the more prominent SENG motif found within subfamily 
IA (Tielens et al., 2010). All the subfamilies of ASCT have the conserved GxGGxxD 
motif, an integral component of the oxyanion hole (Rangarajan et al., 2005; Tielens et 
al., 2010). The relative position of the GxGGxxD motif to the ExG motif was consistent 
between subfamily IB and IC. However, there was a notable difference in the expression 
of subfamily IA. In subfamily IA, the ExG motif was located proximal to the N-terminal 
region, whereas the GxGGxxD motif was situated toward the C-terminal region. The 
opposite trend occurs in subfamilies IB and IC.

Phylogenetic Analysis of Helminth ASCT

The phylogenetic tree constructed from the multiple amino acid alignment of ASCTs from 
helminth parasites is presented in Figure 3. The phylogenetic tree showed that the ASCTs of 
helminth parasites consisted of two clades: subfamilies IB and IC were in the same clade, 
while subfamily IA was in the other clade. Subfamilies IB and IC were divided into two 
distinct clusters within their clades. The phylogenetic tree in Figure 2 shows that subfamilies 
IB and IC are closer to each other than to subfamily IA. The putative AmASCT obtained in 
this study clustered with the previously characterised ASCT of F. hepatica in subfamily IB.

The CoA-transferases responsible for the generation of acetate in parasites have 
been well-recognised as succinate-dependent enzymes and are thus referred to as acetate/
succinate CoA-transferases. The CoA moiety of acetyl-CoA was transferred to succinate, 
resulting in the production of acetate and succinyl-CoA. To date, all eukaryotic ASCTs 
found are family I CoA-transferases. These enzymes are distinguished by their ability to 
transfer CoA groups, which involve a glutamate residue located in the active region of the 
enzyme (Heider, 2001). The identification and characterisation of the ASCT gene have 
been conducted in the helminth parasite F. hepatica (van Grinsven et al., 2009) and two 
other protist parasites, T. brucei (Rivière et al., 2004) and T. vaginalis (van Grinsven et al., 
2008). The ASCT genes from these three parasites were found to share little homology, 
thus characterising them into three different subfamilies of the family I CoA-transferases 
(Tielens et al., 2010).

The ASCT enzymes of T. brucei were classified into subfamily IA of the family I 
CoA-transferases. ASCT in subfamily IA was found to exhibit significant homology to 
SCOT. This enzyme plays a crucial role in using ketone bodies inside the mitochondria 
of the human brain and muscle (Fukao et al., 2004). Among the three subfamilies, only 
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Figure 3. Phylogenetic tree of the ASCT gene of helminth parasites
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subfamily IA exhibited homology to enzymes present in mammals. ASCT in subfamily IA 
occurs in the aerobic mitochondria of trypanosomatids and other metazoans (Rivière et al., 
2004). The ASCT enzyme of F. hepatica was previously classified into subfamily IB and 
occurs in the anaerobically functioning mitochondria of metazoan organisms. The ASCTs 
of parasitic helminths mainly belong to subfamily IB of the family I CoA-transferases 
(Tielens et al., 2010). ASCT of T. vaginalis was classified into the subfamily IC. Unlike 
those in subfamilies IA and IB, ASCT in subfamily IC did not occur in mitochondria but in 
anaerobic hydrogenosomes (van Grinsven et al., 2008). Hydrogenosomes are membrane-
bound organelles that are involved in the production of hydrogen. These organelles are 
closely linked to mitochondria, although they develop independently in different protists 
(Cavalier-Smith & Chao, 1996).

A previous study revealed the possibility that hydrogenosomes and mitochondria are 
evolutionarily related and that hydrogenosomes have undergone evolutionary changes due 
to adaptation to anaerobic environments (Martin & Muller, 1998; Roger et al., 1996). The 
exact evolutionary relationship between mitochondria and hydrogenosomes is currently 
disputed in the academic community. ASCT coupled with the succinyl-CoA synthase 
(SCS) cycle is the only catabolic pathway identified in mitochondria and hydrogenosomes. 
Nevertheless, based on the phylogenetic tree (Figure 3), the mitochondrial ASCT of T. 
brucei in subfamily IA lacks similarity with the hydrogenosomal ASCT of T. vaginalis in 
subfamily IC, as does the mitochondrial ASCT of F. hepatica in subfamily IB. Hence, if 
both mitochondria and hydrogenosomes are evolutionarily related, it may be inferred that 
the occurrence of ASCT enzyme activity within organelles derived from endosymbiotic 
events has separately undergone convergent evolution on at least two separate occasions. 
Additionally, based on the multiple sequence alignment previously discussed in this study 
(Figure 2), there was a significant difference in the relative location of the oxyanion hole 
GxGGxxD motif and the active site ExG motif between subfamily IA and subfamilies IB 
and IC. The positioning of the two conserved motifs is the same in subfamilies IB and IC 
but different in subfamily IA (Tielens et al., 2010). This relative location of both conserved 
regions may contribute to positioning the three subfamilies in the phylogenetic tree.

Pairwise analyses were also conducted to infer genetic variations between and within 
the three subfamilies of the family I CoA-transferases. The genetic variations within 
subfamilies ranged from 0.04% to 0.85% for subfamily IA (Table 3), 0.005% to 0.78% for 
subfamily IB (Table 4), and 0.56% to 0.63% for subfamily IC (Table 5). In subfamily IA, 
the highest genetic variation between helminths was observed between Caenorhabditis 
briggsae and Opistorchis felineus (0.760%), while the lowest was observed between 
Clonorchis sinensis and Opisthorchis felineus (0.039%). In subfamily IB, the highest 
genetic variation between helminths was observed between Trichobilharzia regenti 
and P. pacificus (0.781%), while the lowest variation was observed between Fasciola 
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hepatica and Fasciola gigantica (0.005%). 
Similarly, low variation was observed 
between Angiostrongylus malaysiensis and 
Angiostrongylus cantonensis (0.005%). 
Although both C. briggsae and O. felineus 
are in subfamily IA, C. briggsae is a 
nematode helminth, while O. felineus is a 
trematode. The same is true for T. regenti 
and P. pacificus in subfamily IB; T. regenti 
is a trematode, while P. pacificus is a 
nematode. Moreover, Clonorchis sinensis 
and Opisthorchis felineus in subfamily IA 
are both trematodes. In subfamily IB, F. 
hepatica and F. gigantica are parasites of 
the same genus, similar to A. malaysiensis 
and A. cantonensis, which explains the 
slight variation observed between these 

Table 5  
Pairwise genetic variation in percentage (%) for 
helminth parasites* in subfamily IC

C.r D.p T.v
C.r
D.p 0.555
T.v 0.627 0.625

Note. C.r = Caenorhabditis remanei; D.p = 
Diploscapter pachys; T.v = Trichomonas vaginalis

Table 6  
Pairwise genetic variation between subfamilies IA, 
IB, and IC

IA IB IC
IA
IB 3.828
IC 3.651 1.933

parasites. There was high genetic variation between parasites in the subfamily IC (Table 
5). However, only two ASCT sequences of helminth parasites were found with the addition 
of the previously characterised ASCT of T. vaginalis.

A pairwise genetic comparison between the subfamilies was also conducted, where 
subfamilies IB and IC were found to be most closely related to each other, with a mean 
genetic variation between the two groups of 1.933%. Moreover, subfamily IA was found 
to have more significant genetic variation than both subfamily IB (3.828%) and subfamily 
IC (3.651) (Table 6). The three subfamilies of the family I CoA-transferases exhibit only 
remote genetic relationships. Notably, subfamilies 1B and 1C demonstrated a closer genetic 
affinity to each other than to subfamily 1A.

CONCLUSION

The putative AmASCT identified in this study possessed the ExG motif, which contains 
the active site’s conserved glutamate residue, and the conserved GxGGxxD motif, which is 
part of the oxyanion hole. Both motifs are characteristic of the family I CoA-transferases. 
The phylogenetic tree showed that the putative AmASCT gene was clustered with the 
previously characterised subfamily IB gene of F. hepatica ASCT, suggesting that the 
putative AmASCT gene is a subfamily IB gene of the family I CoA-transferase. Acetate, a 
significant byproduct of energy metabolism in many parasites but not in their mammalian 
hosts, presents an appealing opportunity to advance novel antiparasitic medications. 
Further biochemical characterisation of this enzyme in rat lungworms and other parasites 
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is crucial for further understanding its role in parasite energy metabolism for survival in 
mammalian hosts.
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ABSTRACT
Pineapple leaves, a by-product of cultivation, are generally discarded and burned at the farm 
sites before replanting. As the demand for pineapple products increases yearly, the number of 
discarded leaves also increases. Valorisation of the leaves through solid-state fermentation (SSF) 
is a sustainable waste management approach that converts the low-nutrient substrate into valuable 
resources for animal feed. This study investigated the enrichment of pineapple leaf nutritional 
values using SSF. The process parameters such as fermentation time, inoculum type and size, 
additional carbon source and particle size were optimised using the one-factor-at-a-time (OFAT) 
method. The nutrient compositions were analysed for their total protein, total phenolic, antioxidant 
activity, reducing sugar and crude fibre using Bradford, Folin–Ciocalteu, DPPH (2,2-diphenyl-
1-picrylhydrazyl), DNS (3,5-dinitrosalicylic acid) and AOAC978.10 methods, respectively. The 
optimal conditions were determined to be a 2 mm leaf particle size, 2% (w/w) Rhizopus sp. inoculum, 
and a fermentation duration of 2 days without the addition of a carbon source. Under these conditions, 
the nutrient enrichment resulted in a total protein content of 24.14 ± 0.31 mg/g, total phenolics of 
11.81 ± 0.50 mg/g, antioxidant activity of 3.17 ± 0.04 mg/g, and a reducing sugar content of 12.03 

± 0.97 mg/g. Crude fibre content decreased from 
20.37 ± 1.10% in unfermented leaves to 6.77 ± 
0.44% after fermentation, potentially improving 
nutrient digestibility due to the reduction of 
indigestible fibre. These results demonstrate 
that SSF is a promising method to enhance the 
nutrient content of pineapple leaves, offering an 
alternative nutrient source for animal feed.

Keywords: Antioxidants, nutrient content, phenolics, 
pineapple leaves, solid-state fermentation 
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INTRODUCTION

Malaysia is one of the pineapple-producing countries, with a total production of 289,763 
metric tons from a planting area of 10,567 hectares in 2021. Production increased by 16% 
compared to 2020, contributing to the country's economic growth alongside other main 
products such as palm oil and rubber (Malaysian Pineapple Industry Board [MPIB], 2022). 
Along with this economic growth, the pineapple industry generates a high amount of waste 
every year due to the high demand for pineapple products. Moreover, the increasing tons of 
waste is due to the short growth and production cycle of pineapples (de Aquino Gondim et 
al., 2023). It contributes 45%–65% of the pineapple mass, including leaves, stems, peels, 
crowns and cores (Difonzo et al., 2019). Usually, the leaf waste is managed through disposal 
methods like open burning or natural decomposition at the farm sites. These practices 
raise environmental concerns, such as emissions of greenhouse gases (carbon dioxide and 
methane) and soil erosion, highlighting the need for a more sustainable waste management 
solution (Aili Hamzah et al., 2021).  

Numerous studies have reported the chemical compositions of pineapple waste, 
including its nutritional content, volatile compounds and bioactive compounds (Baidhe et 
al., 2021; Polanía et al., 2023; Roda & Lambri, 2019). In particular, the nutrient content of 
pineapple leaves contains beneficial nutrients such as total sugar, crude fibre, crude protein, 
organic acids, phenolic content and antioxidants (Arampath & Dekker, 2019; Awasthi et 
al., 2022; Nath et al., 2023). However, despite the availability of these nutrient content, 
studies have reported that the leaves still contain high indigestible fibre and low protein 
content (Sukri et al., 2023). Current research has focused on utilising pineapple leaves 
for the production of bio-composite (Tripathi et al., 2022) and biofuel (Chintagunta et al., 
2017; Mund et al., 2022). 

Pineapple leaves should be converted using innovative approaches to increase their 
nutritional value, like protein before being utilised as animal feed for a sustainable 
agriculture system. There is an increasing demand for feed protein in animal production. 
Therefore, it is essential to explore alternative protein sources other than soybean meal (Kim 
et al., 2019). There is also a growing interest in the application of solid-state fermentation 
(SSF) using microbes such as fungi and yeast to improve the protein content of low-nutrient 
agricultural waste such as peels and pulps for animal feed production (Wang et al., 2023). 
Besides, SSF offers uncomplicated product recovery, allowing the resulting product to be 
directly utilised as animal feed (Yafetto et al., 2023). In other words, SSF can improve the 
quality of agricultural waste while effectively sustainably managing solid waste (Yazid et 
al., 2017). Therefore, SSF was used in this work to improve the nutrient content in pineapple 
leaves. The effects of different SSF parameters, including fermentation time, particle size, 
carbon source and inoculum type on the total protein, total phenolics, antioxidants, reducing 
sugar and crude fibre, were investigated.
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MATERIALS AND METHODS

Materials 

Bradford reagent, magnesium sulphate, potassium dihydrogen phosphate, sulfuric acid and 
hydrochloric acid were obtained from Sigma-Aldrich (St. Louis, USA). Folin-Ciocalteu 
reagent was purchased from Chemiz (Selangor, Malaysia). 2,2-Diphenyl-1-picrylhydrazyl 
(DPPH), bovine serum albumin (BSA), dinitrosalisylic acid (DNS) and potassium 
sodium tartrate were purchased from Macklin (Shanghai, China). Glucose, sodium 
hydroxide, gallic acid, ascorbic acid, and ethanol were procured from HmbG Chemicals 
(Hamburg, Germany). Palm oil decanter cake was collected at Banting, Selangor. Effective 
microorganisms (EM4) and Rhizopus sp. were bought from BH Farm (Perak, Malaysia) 
and Raprima (Bandung, Indonesia), respectively. Longan syrup was obtained from KBK 
Greenleaf Enterprise (Kedah, Malaysia). 

Preparation of Pineapple Leaves Powder

Pineapple leaves were collected at Sweetpine Pineapple farm in Kuantan, Pahang. They 
were dried under sunlight for three days. After that, they were cut into smaller sizes and 
dried in an oven at 70°C for 48 h. The dried leaves were ground before sieving through a 
4 mm Retsch sieve.

Solid-state Fermentation

Experiments were carried out using the one-factor-at-a-time (OFAT) method to determine 
the optimum nutrient content in the fermented pineapple leaves. In the SSF, 3% (w/w) 
of Rhizopus sp. was added in a mixture containing 50 g of 4-mm leaves sample and 3% 
(w/w) of spent coffee ground as a nitrogen source. Subsequently, 45 ml of trace elements 
consisting of 1 g/L magnesium sulphate, 2 g/L potassium dihydrogen phosphate and 0.4 
N hydrochloric acid were added to the mixture (Kupski et al., 2012). Then, 20% (w/v) of 
the bulking agent was mixed with the mixture before being incubated at 30°C for 3 days. 
The procedure was repeated at different fermentation parameters such as fermentation time 
(1–5 days), substrate particle size (2–20 mm), inoculum type (effective microorganism 4, 
palm decanter cake), inoculum size (1%–5% (w/w)), carbon source (sucrose, molasses, 
longan syrup) and carbon composition (2.5%–10% (w/w)). 

Extraction of Nutrient Content 

The nutrient content in unfermented and fermented pineapple leaves was analysed using 
5 g of sample extracted with 50 ml of 75% ethanol. The extraction process was carried 
out through incubation in an ultrasonic water bath at 40°C for 1 h (Azizan et al., 2020). 
After that, the sample was filtered using Whatman No. 1 paper, and the filtrate was used 
for further analysis.  
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Determination of Total Protein Content

The Bradford method determined the protein content (Setti et al., 2020). Briefly, 1.5 ml 
of Bradford reagent was added to 0.05 ml of the sample in a cuvette. The absorbance of 
the mixture was measured at a wavelength of 595 nm using a UV-Vis spectrophotometer 
(Thermo Scientific AquaMate 7100, USA). Bovine serum albumin (BSA) concentrations 
(0–0.14 mg/ml) were used as the standard reference.

Determination of Total Phenolic Content

The total phenolic content (TPC) was determined using the Folin–Ciocalteu method (Azkia 
et al., 2023). Briefly, 0.5 ml of the sample was added to 1 ml of 10% Folin-Ciocalteu 
solution, followed by 1 ml of 10% sodium carbonate solution. The mixture was left in the 
dark at room temperature for 2 h. The absorbance of the mixture was measured at 760 nm 
using a UV-Vis spectrophotometer (Thermo Scientific AquaMate 7100, USA). Gallic acid 
concentrations (0–0.2 mg/ml) were the standard reference. The TPC in the sample was 
expressed as gallic acid equivalents (GAE) in mg/g.  

Determination of Reducing Sugar 

Reducing sugar was determined using the dinitrosalisylic acid (DNS) method (Anigboro
 et al., 2023). Briefly, 3 ml of the sample was added to 3 ml of 1 L solution of DNS reagent 
containing 10 g DNS, 2 g phenol, 0.5 g sodium sulphite and 10 g sodium hydroxide. The 
mixture was heated in a boiling water bath for 10 min. After that, 1 ml of a 40% potassium 
sodium tartrate was added to stabilise the colour developed and allowed to cool at room 
temperature. The absorbance of the mixture was measured at 575 nm using a UV-Vis 
spectrophotometer (Thermo Scientific AquaMate 7100, USA). Glucose concentrations 
(0–2 mg/ml) were used as the standard reference. 

Determination of Antioxidant Content 

The antioxidant content was determined using a 2,2-Diphenyl-1-picrylhydrazyl (DPPH) 
assay (Buenrostro-Figueroa et al., 2017). Briefly, 100 ml of the sample was added to 3 ml 
of 0.55 mM DPPH solution. The mixture was left in the dark for 30 min before measuring 
the absorbance at 517 nm using a UV-Vis spectrophotometer (Thermo Scientific AquaMate 
7100, USA). Ascorbic acid concentrations (0-0.15 mg/ml) were the standard reference. 
The antioxidant content was expressed in ascorbic acid equivalents in mg/g.

Determination of Crude Fibre 

The crude fibre was estimated using the Association of Official Analytical Chemists (AOAC 
978.10). Briefly, 1 g of sample was boiled in 1.25% (v/v) sulphuric acid with n-octanol 
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for 30 min. The solution was filtered, and the residue was washed four times with boiling 
water. After that, the residue was boiled in 1.25% potassium hydroxide for another 30 min. 
The solution was filtered again, and the residue was washed four times with boiling water. 
The residue was transferred to a crucible, dried in an oven at 130°C for 2 h, cooled in a 
desiccator, and weighed. The crucible containing the ash was dried in a muffle furnace at 
525°C for 3 h in a desiccator before reweighing to determine the crude fibre content using 
Equation 1 (Rivera et al., 2023).

determine the crude fibre content using Equation 1 (Rivera et al., 2023). 

 

Crude fibre (%) = Weight of crucible with fibre  - Weight of crucible with ash 
Weight of sample

× 100%                                  Eq (1)        

 

Statistical Analysis 

The results were expressed as mean ± st 

	 [1]

Statistical Analysis

The results were expressed as mean ± standard deviation (SD) from duplicate experiments 
using Origin 2022 software. For group comparisons, one-way Analysis of variance 
(ANOVA) was performed using Microsoft Excel 2016 with statistical significance set at 
p<0.05. 

Table 1 
Nutrient content of unfermented pineapple leaves 
(raw)

Nutrient Content
Total protein (mg/g) 5.30 ± 0.51
Total phenolic (mg/g) 9.93 ± 0.17
Antioxidant activity (mg/g) 0.29 ± 0.10
Reducing sugar (mg/g) 6.67 ± 0.67
Crude fibre (%) 20.37 ± 1.10

RESULTS AND DISCUSSION 

The Nutrient Content of Unfermented 
Pineapple Leaves 

Table 1 shows the nutrient content of raw 
pineapple leaves before fermentation, 
which served as the control throughout this 
study. The contents of protein, phenolics, 
antioxidants and reducing sugar in the 
unfermented pineapple leaves were 5.30 
± 0.51 mg/g, 9.93 ± 0.17 mg/g, 0.29 ± 0.10 mg/g and 6.67 ± 0.67 mg/g, respectively. The 
leaves also contained high crude fibre of 20.37%. Previous studies have also demonstrated 
the low quality of unfermented pineapple waste. Pineapple pulp waste has 0.1 mg/g of 
total protein and 0.27 mg/g of antioxidants (Hemalatha & Anbuselvi, 2013). The waste 
mixture containing pulp, peel core and crown has a low phenolic content of 1.12 mg/g 
(Rashad et al., 2015). The peels and leaves have crude fibre of 13.96%–14.72% (Aruna, 
2019; Rivera et al., 2023) and 31% (Zainuddin et al., 2014), respectively. Based on the 
unfermented results, the use of pineapple waste as animal feed has limitations due to its 
low levels of beneficial nutrients.
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Effect of Fermentation Time on the Nutrient Content 

Fermentation time is one of the important process variables for accessing protein enrichment 
in the SSF method. In this study, the highest protein content (13.96 ± 0.43 mg/g) was 
achieved on day 2, monitored over 5 days of fermentation time, as shown in Figure 1. 
It represents a 2.6-fold increase compared to unfermented pineapple leaves (5.30 ± 0.51 
mg/g). Previous studies have demonstrated that extending fermentation time from 0 to 3 
days can maximise protein content up to 2.8-fold in pineapple waste containing peel and 
core using Aspergillus niger and Trichoderma viride (Omwango et al., 2013). In another 
study, the total protein content increased from 30.28 ± 3.52 mg/g to 44.08 ± 4.17 mg/g 
after 5 days of fermenting brewery spent grain with Bacillus velezensis (Zeng et al., 2021). 
Similarly, the total protein content of dehusked barley increased from 4.76 ± 0.20 mg/g 
(unfermented) to 9.50 ± 0.16 mg/g after 36 h of co-fermentation with Rhizopus oryzae 
and Lactobacillus plantarum (Wang et al., 2020). Typically, long fermentation could yield 

Figure 1. Effect of fermentation time on the nutrient content of fermented pineapple leaves. (a) Total protein 
content, (b) total phenolic content and (c) antioxidant activity. The value was expressed as the mean ± SD of 
duplicate experiments



773Pertanika J. Trop. Agric. Sci. 48 (3): 767 - 780 (2025)

Enhancing the Nutritional Value of Pineapple Leaves

optimal protein content due to fungal growth that secreted more extracellular enzymes 
during metabolism. However, a prolonged fermentation period may reach a plateau or 
even decline due to depletion of nutrients, changes in the microbial community or the 
accumulation of inhibitory by-products (Olorunnisola et al., 2018). 

Furthermore, fungal treatment through SSF releases bioactive compounds such as 
phenolics and antioxidants. This enhancement was due to the degradation of lignocellulosic 
components, which breaks open phenol rings trapped within the lignin fraction, releasing 
phenolic compounds with antioxidant activity (Buenrostro-Figueroa et al., 2017). In their 
study investigating the effect of time, the maximal release of phenolics (4.77 mg/g) and 
antioxidants (0.53 mg/g) was reported at 36 h of fermentation with A. niger. A similar trend 
was observed in the present study, with total phenolic content increasing from 9.93 ± 0.17 
mg/g (unfermented) to 14.84 ± 0.15 mg/g on day 2 of fermentation. Moreover, antioxidant 
activity on day 2 was 11-fold higher (3.17 ± 0.11 mg/g) compared to unfermented leaves 
(0.29 ± 0.10 mg/g). Extending the fermentation beyond day 2 did not result in a significant 
difference in antioxidant activity (P>0.05). Previous research has consistently shown that 
extending fermentation time enhances soluble protein, phenolic content, and antioxidant 
activity. For example, during SSF using ragi tape and black glutinous rice as substrates, 
total phenolic compounds increased from day 0 (4.65 mg/g) to day 3 (6.94 mg/g), leading 
to a 35.24% increase in antioxidant activity (Azkia et al., 2023). Similarly, co-fermentation 
with Rhizopus oryzae and Lactobacillus plantarum in dehusked barley from 0 to 36 h 
demonstrated an increase in soluble protein, phenolics, and antioxidants (Wang et al., 2020).

Effect of Substrate Particle Size on the Nutrient Content 

Figure 2 shows the effect of pineapple leaves particle sizes on the nutrient content during 
SSF. The smallest particle sizes of 2 mm resulted in the highest enrichment of total protein 
(23.19 ± 0.52 mg/g) and total phenolics (12.61 ± 0.17 mg/g). In contrast, fermentation 
with the largest particle size led to only a 1.7-fold increase in total protein (9.03 ± 0.48 
mg/g) compared to unfermented pineapple leaves (5.30 ± 0.51 mg/g). Similarly, there 
is no significant difference in antioxidant activity when using different particle sizes for 
fermentation (p>0.05). Smaller particle sizes enhance the surface area-to-volume ratio and 
improve the accessibility of the substrate to microorganisms, thereby promoting microbial 
activity and growth (Tosuner et al., 2019). Moreover, the smaller particle of the substrate 
sizes allows for better mass transfer between solid substrate and air surfaces, leading to 
a more efficient fermentation rate (Wang et al., 2023). Similarly, studies have shown that 
smaller particles favour higher nutrient enrichment, such as protein and phenolics in rice 
bran, whereas larger particles tend to generate more fungal biomass in SSF (Schmidt & 
Furlong, 2012).
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Figure 2. Effect of different particle sizes of substrate on the nutrient content of fermented pineapple leaves. 
The value was expressed as the mean ± SD of duplicate experiments

Effect of Inoculum Type and Size on the Nutrient Content 

The impact of different types of inoculums for nutrient enrichment was evaluated using 
Rhizopus sp., effective microorganism (EM) and palm decanter cake. The results showed 
that Rhizopus sp. produced the highest protein content, followed by EM and decanter cake 
(Figure 3). The results suggest that all studied microbial inoculants have the potential to 
enhance protein content in the pineapple leaves. Additionally, raw decanter cake is rich in 
Indigenous microbes, making it an effective inoculum for promoting nutrient enrichment in 
the natural substrate (Kanchanasuta & Pisutpaisal, 2016). Besides, EM contains numerous 
species of microorganisms that can improve the quality of nutrients by utilising agricultural 
waste as a natural substrate (Hidalgo et al., 2022). The effect of inoculum size, ranging 
from 1% to 5% (w/w), was also studied to determine their effects on the nutrient content. 
However, no significant difference in the total protein content was observed despite the 
varying inoculum sizes within the studied range (p>0.05). The maximum protein content 
was achieved at 2% (w/w) of Rhizopus sp. with 24.14 ± 0.31 mg/g, 3% (w/w) of EM with 
16.47 ± 1.19 mg/g and 1% (w/w) of decanter cake with 13.22 ± 0.65 mg/g, representing 
an increase of 4.5, 3.1 and 2.5 folds, respectively, compared to unfermented leaves. 
Several studies have shown the enrichment of low protein content in pineapple waste by 
SSF. The total protein content increased 4.2-fold in pineapple peels after 4 days of SSF 
using Trichoderma viride (Aruna, 2019). At the same time, a 3.5-fold increase in protein 
content was produced after 2 days of SSF of pineapple pulp by Saccharomyces cerevisiae 
(Correia et al., 2007).
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Figure 3 also demonstrates the influence of inoculum type and size on phenolic and 
antioxidant content in pineapple leaves. All tested inoculum types were able to increase 
the bioactive compounds concerning the unfermented leaves. However, the inoculum 
size did not significantly impact the levels of these compounds (p>0.05). Moreover, 
EM inoculation created favourable conditions for greater phenolic release compared to 
Rhizopus sp. and decanter cake. A recent study has also reported increased phenolic and 
antioxidant contents in the pineapple peel fermented with Rhizopus oryzae, with phenolic 
content rising from 30 to 52.70 mg GAE/g and antioxidant activity increasing from 37.02% 
to 61.46% (Rivera et al., 2023). Additionally, SSF of pineapple peel using A. niger HT3 
resulted in 1.5 times higher DPPH activity (60.28 ± 1.74%) compared to the unfermented 
peel (Casas-Rodríguez et al., 2024).

Figure 3. Effect of inoculum types and sizes on the nutrient content of fermented pineapple leaves. (a) Total 
protein content, (b) total phenolic content, and (c) antioxidant activity. The value was expressed as the mean 
± SD of duplicate experiments

Effect of Carbon Source on the Nutrient Content 

The impact of different carbon sources, including sucrose, molasses, and longan syrup, on 
nutrient enrichment in the SSF system using pineapple leaves was examined at varying 
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compositions (Figure 4). The highest yield of total protein content was achieved at 2.5% 
(w/w) sucrose with 24.41 ± 0.62 mg/g, followed by molasses (22.09 ± 1.91 mg/g) and 
longan syrup (17.17 ± 0.12 mg/g), both at 5% (w/w). The availability of sucrose serves 
to be a more efficient energy source for microorganism growth compared to longan syrup 
and molasses.  

Molasses, a by-product of the sugar industry, is a suitable co-substrate due to its rich 
carbon content, which includes sucrose (30%–35%), fructose (10%–20%) and glucose 
(10%–25%) (Jamir et al., 2021). On the other hand, longan syrup contains lower levels of 
sucrose (14.21%), fructose (3.91%) and glucose (2.77%) (Surin et al., 2014). However, 
when comparing the SSF without the addition of any carbon source, the total protein 
content (24.14 ± 0.31 mg/g) showed no significant increase, suggesting that the native 
carbon sources present in pineapple leaves may be sufficient for microbial activity under 
certain conditions. The phenolics and antioxidants did not show positive effects in the SSF 
when additional carbon sources were introduced. Instead, the reduced sugar increased 
significantly as the carbon content increased.

Figure 4. Effect of carbon types and size on the nutrient content of fermented pineapple leaves. (a) Total 
protein content, (b) total phenolic content, (c) reducing sugar, and (d) antioxidant activity. The value was 
expressed as the mean ± SD of duplicate experiments
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CONCLUSION 

The present study investigated the nutrient enrichment in pineapple leaves through solid-
state fermentation. The optimal SSF conditions, determined using the OFAT method, were 
achieved to be 2 mm particle size of pineapple leaves, 2% (w/w) Rhizopus sp. inoculum, 
and a fermentation time of 2 days without the need for an additional carbon source. Under 
these conditions, the nutrient enrichment resulted in a total protein content of 24.14 ± 0.31 
mg/g, total phenolic of 11.81 ± 0.50 mg/g, antioxidant activity of 3.17± 0.04 mg/g and 
reducing sugar of 12.03 ± 0.97 mg/g. Additionally, crude fibre was reduced from 20.37 
± 1.10% in unfermented leaves to 6.77 ± 0.44% after 2 days of fermentation. The results 
provide a potential approach to enhance the nutritional value of pineapple leaves through 
solid-state fermentation, which can be subsequently used for animal feed. Moreover, SSF 
offers a sustainable solution for improving the quality of agro-industrial waste, addressing 
solid waste management issues.
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ABSTRACT
Although timed artificial insemination programs (TAI) are widely implemented, the effectiveness 
of field CO-Synch programs is less known. A clear understanding of overall pregnancy rates (PRs) 
from controlled internal drug release (CIDR)-based TAI programs like 7-day CO-Synch (7DCOS) 
or effectiveness of various prostaglandin delivery in 5-day CO-Synch (5DCOS) is not available. 
This paper aimed to review pregnancy rates in 7DCOS and 5DCOS (with different methods of 
prostaglandin delivery). An analysis of 74 studies retrieved from Google Scholar, PubMed, and 

ScienceDirect was done. The TAI-PRs were 
expressed as Weighted TAI-PR (WTAI-PR) to 
account for different trial sizes across various 
studies. The WTAI-PR was 54.91% in cows and 
53.50% in heifers under 7DCOS, and 51.75%, 
50.38%, and 57.98% for cows and 52.84%, 
51.90%, and 58.42% for heifers treated with 
5DCOS+CIDR® with a single (25 mg), double 
(50 mg)/two simultaneous doses (25 mg each) 
or two separate doses (25 mg, 2-24 hours apart) 
of prostaglandin (PGF). Other factors like 
cyclicity at treatment initiation, breeding season, 
estrus expression before AI, and body condition 
score affected the TAI-PRs. Although two doses 
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of PGF were effective, the cost was higher due to the extra labor for handling and purchase of 
hormones. Both 5DCOS and 7DCOS showed satisfactory pregnancy rates, but progesterone device 
discomfort due to two additional days (7DCOS) are a welfare concern. There is a lack of studies 
evaluating these programs in tropical climates. Future research should focus on the effect of unique 
environmental conditions in the tropics on the success of these protocols.

Keywords: Beef cattle, CIDR, CO-synch, pregnancy rates, timed artificial insemination

INTRODUCTION

The beef production industry plays a crucial role in alleviating poverty and contributes 
to achieving food security by providing essential nutrients and high-quality proteins, 
particularly in regions where protein from other sources is limited (McAllister et al., 
2020). While one of the fundamental strategies for meeting this increasing demand is via 
the increase in the number of calves per breeding season, breeders need to optimize their 
production by reducing the cost of production (Dahlen et al., 2014). 

Timed Artificial Insemination (TAI) programs were developed to bypass the need 
for estrus detection, thereby reducing labor expenses and improving breeding efficiency 
to overcome these challenges (Colazo & Mapletoft, 2014; Sá Filho et al., 2013). The 
pioneering TAI protocol, Ovsynch, was first developed in the early 19th century and 
facilitated the use of embryo transfer and Artificial Insemination at predetermined times by 
controlling follicular dynamics, the luteal phase, and triggering synchronized ovulation of 
the dominant follicle (Bó & Baruselli, 2014; Pursley et al., 1995). This protocol is mostly 
used in intensive systems for dairy cattle, where multiple handling can be realized. However, 
it is less feasible for beef cattle to be raised in extensive systems with less controlled 
environments. Frequent handling is costly to breeders and more stressful for cattle. Thus, 
protocols involving fewer animal handlings are more practical for beef cattle (Colazo & 
Mapletoft, 2014; Geary et al., 2001). 

Timed Artificial Insemination (TAI) protocols relevant to beef cattle, such as 7-day 
CO-Synch (7DCOS) and 5-day CO-Synch (5DCOS) plus Controlled Internal Drug 
Release (CIDR), have been developed to reduce animal handling and improve practicality 
for breeders (Colazo & Mapletoft, 2014). CO-Synch protocols reduce the number of 
animal handling by injecting a second GnRH Gonadotropin Releasing Hormone (GnRH) 
concurrently at TAI (Geary et al., 2001). Although CO-Synch programs are commonly 
utilized, the variability of PRs remains a challenge. For example, TAI-PRs from 7DCOS 
ranged from 38.2 to 61.1% across studies, indicating that factors such as management 
practices, environmental conditions, and physiology of cattle significantly affect pregnancy 
outcomes (Dobbins et al., 2009). Whereas in 5DCOS, Prostaglandin F2α (PGF) is delivered 
using three methods: single dose, two separate doses, and double dose, but it is difficult to 
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determine which method is the most effective. Stevenson et al. (2011) reported pregnancy 
rates of 44.2% (for a single dose), 57.4% (for two separate doses) and 51.8% (for a double 
dose), again demonstrating the variability of pregnancy outcomes and how different factors 
affect it. This evidence shows that although various TAI programs are widely studied and 
implemented, the effectiveness of CO-Synch programs at the field level is less known. 
Moreover, a clear understanding of pregnancy rates resulting from CIDR-based TAI 
programs such as 7DCOS or the effectiveness of various PGF delivery in 5DCOS is not 
available. By clearly understanding CO-Synch protocols, breeders can identify and choose 
the most effective protocol that benefits them economically. 

However, there are practical implications that cattle breeders may face. For instance, 
one of the major practical challenges faced by breeders is enhancing reproductive efficiency 
in extensive production systems where the cost of labor for estrus detection is expensive 
and difficult to manage. Though effective, traditional breeding protocols that require heat 
detection demand a huge amount of time and labor, which can be impractical for breeders 
in extensively managed farms (Santos et al., 2022). It is particularly important in regions 
with scarce labor resources and large cattle heads. Although CO-Synch protocols may offer 
a potential solution to enhance reproductive efficiency in beef cattle, the cost of drugs, labor 
and animal handling stress remains a key concern. In addition, different AI protocols will 
have different cost implications arising from the duration of synchronization, number of 
animal handlings, and quantity of hormone used. With an increase in global meat demand, 
the beef cattle industry will have a significant role in future meat supply. Improvement in 
AI technology will be necessary for enhancing reproduction and increasing the beef cattle 
population. While such measures might have bigger implications for breeders in top beef 
exporting countries such as the United States, European Union and Brazil, technological 
transfer and use of AI by breeders in low-income countries will also become relevant 
because of increasing meat consumption in these countries. 

Therefore, this paper aims to review pregnancy rates in 7DCOS, pregnancy rates 
obtained from different methods of prostaglandin delivery in 5DCOS and other factors 
affecting TAI-PRs outside of treatments in TAI programs. 

METHODOLOGY

Literature Search Strategy

Literature was retrieved using the keywords: "Estrus Synchronization," "Timed Artificial 
Insemination," "Pregnancy Rates," 'Beef Cattle," "CO-Synch," "CO-Synch," "CIDR," 
and "Controlled Internal Drug Release." Data extraction and calculation of Weighted 
Timed Artificial Insemination Pregnancy Rates (WTAI-PRs) were carried out manually in 
Microsoft Excel. The details of the literature selection process are presented in Figure 1.
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Figure 1. Flowchart for the process of literature selection

Selection of Literature for Review

Inclusion Criteria

This review included CO-Synch programs that relied solely on GnRH and PGF, with an 
interval of five to seven days between initial GnRH and PGF. The interval duration between 
CIDR® removal and TAI must be 48 to 72 hours and 56 to 72 hours for 7DCOS and 
5DCOS, respectively. Furthermore, CO-Synch programs must exclusively utilize CIDR® 
as a P4 source. Modified 5DCOS programs (without initial GnRH with a single PGF) were 
included. Likewise, 5DCOS programs that administered two PGF2⍺ doses (25 mg each) 
concurrently, a single dose (25 mg), a double dose (50 mg) at CIDR® removal, and two 
separate doses (25 mg each) at certain time intervals (initial dose at CIDR® removal) were 
included. And lastly, the studies must be strict on beef cattle.
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Exclusion Criteria

The review excluded studies that utilized hormones other than GnRH and PGF, such as 
eCG (equine chorionic gonadotropin), estradiol benzoate (EB), and hCG (human chorionic 
gonadotropin). Similarly, studies that utilized intravaginal P4 devices other than CIDR® or 
that did not utilize any P4 device between initial GnRH and PGF were excluded.

CO-SYNCH PROGRAMS AND VARIATIONS

Beef cattle subjected to 7DCOS received an intravaginal insert (CIDR®) and GnRH at the 
initiation of synchronization. Seven days later, CIDR® was removed concurrently with an 
injection of PGF. Fixed-time AI was performed 54 to 60 hours and 48 to 72 hours after the 
CIDR® removal for heifers and cows, respectively. Cows and heifers subjected to 5DCOS 
protocol either received an initial GnRH or no GnRH concurrent with CIDR® insertion. At 
the time of CIDR® removal, cattle received either a single standard dose (25 mg), a single 
large dose (50 mg)/double dose (2 × 25 mg concurrently), or two separate (2 to 24 hours 
apart) doses of PGF on D5 (initial dose at CIDR® removal). Fixed time AI occurred 56 to 
72 hours and 60 to 72 hours, respectively, for heifers and cows following CIDR® removal. 
In both protocols, cattle received a second GnRH dose at the time of FTAI

The proestrus period, the time duration between luteolysis and Luteinizing Hormone 
(LH) surge, was found to be associated with increased TAI-PRs. Bridges et al. (2008) 
conducted a series of experiments to modify the traditional 7-day Cosynch program by 
reducing the duration of P4 device exposure from 7 to 5 days to allow an extended proestrus 
period, resulting in a 5-day Cosynch program. The authors compared TAI-PRs between 
7DCOS (proestrus = 60 hours) and 5DCOS (proestrus = 60 hours) programs in these 
experiments. Their result showed similar TAI-PRs. However, in the two other experiments, 
when proestrus duration in 5DCOS was increased to 72 hours (60 hours in 7DCOS), TAI-
PRs were 13.3% (n=223) and 9.1% (n = 400) higher than 7DCOS program (p < 0.05). An 
increased pregnancy rate in a lengthened proestrus duration in 5DCOS was a result of a 
lower incidence of ovulating immature follicles and increased gonadotropin exposure to 
the preovulatory follicle. It leads to increased estradiol concentration before ovulation, a 
key fertility determinant (Day, 2018). Estradiol is indispensable as it contributes to the 
expression of uterine genes and proteins, which are responsible for the establishment of 
pregnancy (Perry, Cushman et al., 2020). 

Variations of 7DCOS plus CIDR® Protocol

The initial goal of the 7DCOS program was to breed 48 hours after PGF injection. However, 
later studies have shown increased conception rates when artificial insemination was 
performed 54-56 hours after PGF (Bridges et al., 2012). There are several variations in 
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the interval between PGF and TAI. The 7DCOS program begins with an initial GnRH on 
D0, PGF on D7, and a second GnRH injection concomitantly on the day of TAI: 60–66 
hours (Lansford, 2018), 54–66 hours (Bridges et al., 2012) 60 hours (Bridges et al., 2008), 
72 hours (Mellieon et al., 2012; Randi et al., 2021), and 66 hours (Andersen et al., 2021) 
after the P4 device removal.

Variations of 5DCOS plus CIDR® Protocol

The increased length of proestrus (the duration between PGF and GnRH-induced LH 
surge or interval from the removal of the P4 device to GnRH/TAI) demonstrated an 
increased pregnancy rate (Bó et al., 2016; Day, 2018; de la Mata et al., 2018). To allow a 
longer proestrus, Bridges et al. (2008) modified the traditional 7DCOS by shortening the 
duration of intravaginal device exposure from 7 to 5 days, resulting in the 5DCOS protocol. 
However, this modification led to the formation of immature Corpus Luteum (5 days old) 
on the day of PGF that resists complete luteolysis. Thus, researchers proposed delivering 
two doses of PGF to completely lyse the young 5-day-old CL. As a result, there have been 
concerns among researchers that the extra handling of animals and the cost associated 
with additional PGF may discourage the implementation of the 5DCOS program. Greater 
pregnancy rates were reported for 5DCOS compared to 7DCOS. However, increased TAI 
pregnancy rates in the former failed to offset the extra cost associated with additional PGF 
dose and animal handling (Peel et al., 2010). To reduce the cost of implementing the 5DCOS 
program, Gunn et al. (2015) conducted a trial with and without a P4 device. Significantly 
lower pregnancy rates in cows without the P4 device were observed. 

Generally, 5DCOS yielded greater TAI-PRs than the 7DCOS program. Several 
biological mechanisms have been proposed for increased PRs observed in the former 
program. The reduced P4 exposure in the 5DCOS program improves the development 
of follicles. It restricts the emergence of older, less viable follicles, which results in the 
ovulation of younger, healthier follicles with good oocyte quality (Day, 2015). This 
results in more precise control of ovulation and LH surge because of tighter ovulation 
synchronization with TAI (Bridges et al., 2018). Additionally, 5DCOS supports the healthy 
development of CL, which produces a higher concentration of progesterone and is essential 
for early embryonic development and maintaining pregnancy (Lamb et al., 2006). In 
contrast, 7DCOS due to extended P4 exposure, risk of ovulating persistent follicles with 
low-quality oocytes, and weaker CL with low P4 level may lead to early embryonic loss 
and reduce PRs (Bridges et at., 2010). Although 5DCOS showed greater TAI-PRs compared 
to 7DCOS, it is suggested that the choice of protocol must be based on the local condition 
and management practices (Whittier et al., 2013).
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One or Two Doses of PGF in the 5DCOS Protocol

Several studies have investigated the need for one or two doses of PGF in a 5DCOS 
program. Studies have shown improved pregnancy rates when two doses were given six 
to eight hours apart, with an initial dose administered concomitantly at P4 device removal. 
For instance, Stevenson et al. (2011) conducted a multi-location study, which included 2420 
postpartum beef cows, to compare the effectiveness of single, double and two separate 
doses of PGF at 8-hour intervals. The highest TAI-PR was observed in cows receiving 
two PGF doses 8 hours apart, followed by doubled and single doses. A similar study by 
Kasimanickam et al. (2009) found significantly greater TAI-PRs in cows that received two 
separate doses of PGF (Dinoprost: 7 hours apart, 69.0%) compared to a single PGF dose 
(Diniprost: 52.0%) and a single dose of Cloprostenol (54.3%).

Timing of TAI in 7DCOS Protocol

The timing for TAI in the 7DCOS plus CIDR® protocol ranged from 48 to 72 hours after 
P4 device removal, with varying pregnancy rates. A comparison of FTAI-PR in postpartum 
beef cows resulting from inseminations performed 54 and 66 hours after CIDR® removal 
resulted in significantly greater PRs when inseminated at 66 hours (61 vs. 67%, p = 0.05) 
(Busch et al., 2008). Similarly, the pregnancy rate in beef cows after inseminating at 56 
and 64 hours after PGF administration was greater compared to 48 hours (p < 0.01), but 
it was not different from 72 hours (Dobbins et al., 2009). The breeding time for beef cows 
and heifers has been recommended at 60 to 66 hours and 52 to 56 hours after P4 device 
withdrawal (Johnson et al., 2010). An expert review article published by Bridges et al. 
(2012) reported an average TAI-PR of 55%, 54%, and 51% when TAI was performed at 
48, 54-66, and 72 hours, respectively, after CIDR® removal, with a range of 45 to 66%. 

Timing of TAI in 5DCOS Protocol

When 5DCOS was first developed, PR from TAI at 60 and 72 hours after CIDR® removal in 
postpartum beef cows was 56.8% and 65.3%, respectively (Bridges et al., 2008). Likewise, 
an acceptable pregnancy rate of (52% to 57%) was achieved using 5DCOS + CIDR® by 
inseminating at 72 hours after CIDR® withdrawal (Whittier et al., 2010). Whereas most beef 
heifers were observed to express estrus behaviors 24 hours before TAI occurred. Based on 
this observation, Kasimanickam et al. (2012) hypothesized that the TAI-PRs in beef heifers 
would improve if breeding were performed 56 hours after CIDR® removal instead of 72 
hours, and this was shown when the TAI-PR was 10.3% higher in heifers inseminated at 
56 compared to 72 hours after CIDR® removal.
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Comparison of Efficiency and Cost Effectiveness Between 5DCOS and 7DCOS

In general, there are some differences between 5DCOS and 7DCOS in terms of efficiency 
and cost-effectiveness (Table 1). For instance, higher pregnancy rates were observed in 
5DCOS when two PGF were given compared to 7DCOS. However, an extra PGF dose 
in 5DCOS will increase the overall cost of implementation, and there is a need to assess 
whether the extra cost offers the advantage of having higher pregnancy rates in 5DCOS 
compared to the 7DCOS program. 

Table 1 
Summary comparison of 5DCOS and 7DCOS

Parameter 5DCOS 7DCOS
Pregnancy rates Slightly higher in some studies 

(5-10%)
Moderate to high but variable

Hormonal treatments Require 2PGF Single PGF
Labor and cost Higher due to additional 

treatment
Lower, fewer animal handling

Follicular dynamics Younger dominant follicle (High 
Estradiol production)

Older dominant follicle (Low 
estradiol production)

Corpus luteum (CL) regression Complete with 2 Prostaglandin 
F2α (PGF) doses

Single PGF dose

Duration of P4 device exposure 5 Days 7 Days
Cost-effectiveness Higher cost but effective with 

two doses of PGF
Lower cost and effective with a 
single PGF dose 

PREGNANCY RATES IN CO-SYNCH PROGRAMS

Based on the inclusion and exclusion criteria, a total of 74 trials were thoroughly reviewed 
(50 on cows and 24 on heifers). Of these, 48 trials implemented the 5DCOS +CIDR® 
protocol, while the remaining 26 implemented the 7DCOS+CIDR® protocol (Figure 1). 
The TAI-PRs were expressed as weighted timed-AI pregnancy rates (WTAI-PR) to account 
for different trial sizes across various studies. It was calculated as:

WTAI-PR (%) = (Sum of weighted values/Total number of animals)	 [1]

where, weighted values = Number of Animals ⨉ TAI-PR%

The consolidated WTAI-PR for different methods of PGF delivery in 5DCOS + CIDR® 
is presented in (Figure 2, Tables 2, 3, 4, and 5). The highest WTAI-PRs were observed 
with two separate doses of PGF. Meanwhile, in the 7DCOS program, TAI-PRs between 
cows and heifers were similar (Figure 3, Table 5). Irrespective of the animal category, 
the WTAI-PRs among experimental regions varied from 53% to 58.7% for 5DCOS and 
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7DCOS programs and were similar (Figure 4). Five studies, Russia (n=2) and Canada 
(n=2), have been excluded because of regional differences (outside USA). However, their 
data was included for breed-based TAI-PRs analysis. Among the cattle breeds employed, 
WTAI-PRs varied from 53.48% to 58.11% and were similar. Table 6 and Table 7 show 
WTAI-PRs resulting from sex-sorted semen using the 7DCOS program in cows and 
heifers. The WTAI-PRs varied from 40.67% to 44.14%. However, there were no studies 

Figure 2. Weighted Timed Artificial Insemination Pregnancy Rates (WTAI-PR) in cows and heifers with 
5DCOS +CIDR® program based on different methods of Prostaglandin delivery. The numbers in the center 
of the bar indicate the total number of animals

Figure 3. Weighted Timed Artificial Insemination Pregnancy Rates (WTAI-PR) in cows and heifers with the 
7DCOS +CIDR® program. The numbers in the center of the bar indicate the total number of animals
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that employed 5DCOS for sex-sorted semen. Overall, WTAI-PR was 54.91% in cows and 
53.50% in heifers under 7DCOS, and 51.75%, 50.38%, and 57.98% for cows and 52.84%, 
51.90%, and 58.42% for heifers treated with 5DCOS plus CIDR® with a single (25 mg), 
double (50 mg)/two simultaneous doses (25 mg each) or two separate doses (25 mg, 2 to 
24 hours apart) of prostaglandin (PGF).

Figure 4. Comparison of Weighted Timed Artificial Insemination Pregnancy Rates (WTAI-PR) between 
5DCOS and 7DCOS programs across geographical locations

Figure 5. Comparison of weighted timed-AI pregnancy rates between 5DCOS and 7DCOS programs across 
cattle breeds
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Timed AI Pregnancy Rates from Various Published Reports

The Weighted Timed Artificial Insemination Pregnancy Rates (WTAI-PRs) resulting from 
single (standard), single large dose (double dose), two separate doses (2-24 hours part) 
of PGF are provided below (Table 2-4). While Table 5 shows WTAI-PRs resulting from 
7DCOS + CIDR protocol in beef cattle.

Table 2  
WTAI-PR for 5DCOS +CIDR® protocol in beef cattle using a single standard dose of PGF at CIDR® 

withdrawal

Cows

n PGF to 
AI (h)

TAI-PR 
(%)

Notes Reference(s)

277 72 52.0 25 mg Dinoprost
Kasimanickam et al. (2009)

271 72 54.3 500 μg Cloprostenol

197 72 44.2 25 mg Dinoprost Stevenson et al. (2011)

815 72 48.0 25 mg Dinoprost Bridges et al. (2012)

100 72 62.0 25 mg (Lutalyse® HighCon, Zoetis) Corpron et al. (2019)

90 66 63.0 500 μg Cloprostenol (modified 
5DCOS) Macmillan et al. (2020)

108 72 68.0

WTAI-PRs 51.75 293

Heifers

264 72 54.2 25 mg Dinoprost Peterson et al. (2011)

290 56 50.3 Modified 5DCOS (25 mg 
Dinoprost) Kasimanickam et al. (2014)

263 56 59.7 25 mg Dinoprost

408 72 50.5 Modified 5DCOS (25 mg 
Dinoprost) Cruppe et al. (2014)

415 72 54.9 25mg Dinoprost

144 56-59 63.9 Modified 5DCOS (25 mg 
Dinoprost) Ahmadzadeh et al. (2015)

293 56 54.9 25 mg Dinoprost White et al. (2016)

300 72 41.1 500 μg Cloprostenol Macmillan et al. (2020)

WTAI-PRs 52.84

Note. PGF-AI (h) = Time interval between CIDR® removal to TAI, TAI-PR (%) = Pregnancy rates to timed 
artificial insemination, 5DCOS + CIDR® = Initial GnRH + CIDR® insertion (D0), single PGF (25 mg 
standard dose on D5) at CIDR® removal, TAI of 72 and 56-72 hours (beef cows and heifers respectively) 
after CIDR® removal, Modified 5DCOS: Same as standard 5DCOS protocol except without initial GnRH 
and second PGF
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Table 3 
WTAI-PR for 5DCOS +CIDR® protocol in beef cattle using a single large dose or two standard doses (i.e., 
doubled dose) concurrently

Cows
n PGF to AI (h) TAI-PR (%) Notes Reference(s)

199 72 51.8 50 mg Dinoprost as single dose Stevenson et al. (2011)
829 72 51.0 Concurrently (2 × 25 mg each) Bridges et al. (2012)
203 72 51.0 Concurrently (2 × 25 mg each) Ahmadzadeh et al. 

(2021)
551 72 49.5 Concurrently (2 × 500 μg Cloprostenol) 

with 100 μg initial GnRH Rojas Canadas et al. 
(2023)550 72 49.6 Concurrently (2 × 500 μg Cloprostenol) 

with 200 μg initial GnRH
WTAI-PRs 50.38
Heifers
291 56 51.9 50mg Dinoprost as single dose White et al. (2016)

WTAI-PRs 51.9

Note. PGF-AI (H) = Interval from CIDR® removal to TAI (Timed-AI), TAI-PR (%) = Timed AI pregnancy 
rate, 5DCOS +CIDR® = Initial GnRH + CIDR® insertion (D0), double PGF (Either two doses of 25 mg 
concurrently or single large dose of 50mg) at CIDR® removal, TAI at 72 and 56-72 hours (for beef cows 
and heifers respectively) after CIDR® removal

Table 4 
WTAI-PRs for 5DCOS +CIDR® protocol in beef cattle using two separate doses of PGF (2 – 24 hours 
interval; initial PGF at CIDR® removal)

Cows
n PGF-AI 

(h)
TAI-PR 

(%)
PGF Delivery Notes Reference(s)

111 60 56.8 12 hours later 25 mg each Dinoprost 
Bridges et al. (2008)105 72 80.0 12 hours later 25 mg each Dinoprost 

199 72 65.3 12 hours later 25 mg each Dinoprost 
282 72 69.0 7 hours later 25 mg each Dinoprost Kasimanickam et al. 

(2009)
89 72 54.5 3 hours later 500μg Cloprostenol Johnson et al. (2009)

210 72 67.0 12 hours later 25 mg each Dinoprost Wilson et al. (2010)
881 72 52.7 2.25±0.05 hours later 25 mg each Dinoprost 

Whittier et al. (2010)
901 72 57.2 6.45±0.03 hours later 25 mg each Dinoprost 
217 72 50.3 6 hours later 25 mg each Dinoprost 

Peel et al. (2010)
216 72 51.1 12 hours later 25 mg each Dinoprost 
195 72 57.4 8 hours later 25 mg each Dinoprost Stevenson et al. (2011)
821 72 55 8 hours later 25 mg each Dinoprost Bridges et al. (2012)
911 72 58.1 6 hours later 25 mg each Dinoprost Whittier et al. (2013)
438 72 62.3 2 to 10 hours later N/A Gunn et al. (2015)
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Cows
n PGF-AI 

(h)
TAI-PR 

(%)
PGF Delivery Notes Reference(s)

100 72 71.0 7-11 hours later 25 mg each Dinoprost Corpron et al. (2019)
201 72 52.0 8 hours later 25 mg each Dinoprost Ahmadzadeh et al. (2021)
208 72 61.0 24 hours later 500μg Cloprostenol Zwiefelhofer et al. (2021)

WTAI-PRs 57.98
Heifers
298 72 62.1 6 hours later 25 mg each Dinoprost Peterson et al. (2011)
554 56 66.2 6 hours later 25 mg each Dinoprost Kasimanickam et al. 

(2012)544 72 55.9 6 hours later 25 mg each Dinoprost 
237 56 50.2 6 hours later 25 mg each Dinoprost 

(without initial GnRH) Kasimanickam et al. 
(2014)228 56 58.3 6 hours later 25 mg each Dinoprost 

(with initial GnRH)
270 72 62.6 > 4 hours later 25 mg each Dinoprost Bridges et al. (2014)
1887 56 55.5 6 hours later 25 mg each Dinoprost Kasimanickam et al. 

(2015)718 72 57.8 6 hours later 25 mg each Dinoprost 

291 56 63.6 6 hours later 25 mg each Dinoprost White et al. (2016)
153 72 66.7 24 hours later 500μg Cloprostenol Zwiefelhofer et al. (2021)

WTAI-PRs 58.42

Table 5 
WTAI-PR to 7DCOS + CIDR® protocol in beef cattle

Cows
n PGF-AI (h) TAI-PR (%) Notes Reference(s)

539 60 54.0 25 mg Dinoprost Larson et al. (2006)
365 64 44.7 25 mg Dinoprost Kasimanickam et al. (2006)
599 60 52.0 25 mg Dinoprost Kasimanickam et al. (2008)
112 60 52.7 25 mg Dinoprost

Bridges et al. (2008)111 60 66.7 25 mg Dinoprost
201 60 56.2 25 mg Dinoprost
424 54 61.0 25 mg Dinoprost

Busch et al. (2008)
427 66 67.0 25 mg Dinoprost
89 56 53.4 500 µg, Cloprostenol Johnson et al. (2009)

736 66 51.5 Fresh semen
(25 mg Dinoprost)

Bucher et al. (2009)
719 66 59.0 Frozen semen

(25 mg Dinoprost)

Table 4 (continue)
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Cows
n PGF-AI (h) TAI-PR (%) Notes Reference(s)

136 48 38.2 25 mg Dinoprost

Dobbins et al. (2009)
157 56 61.1 25 mg Dinoprost
170 64 51.8 25 mg Dinoprost
142 72 47.2 25 mg Dinoprost
209 66 67.0 25 mg Dinoprost Wilson et al. (2010)
619 60 54.6 25 mg Dinoprost Echternkamp & Thallman (2011)
906 66-72 55.1 25 mg Dinoprost Whittier et al. (2013)
773 66 54.0 25 mg Dinoprost

Mercadante et al. (2015)
383 66 60.0 Conventional semen (500 μg 

Cloprostenol)
386 66 44.0 Sexed semen (500 μg 

Cloprostenol)
WTAI-PRs 54.91

Heifers
531 60 53.0 25 mg Dinoprost Lamb et al. (2006)
109 54 47.0 25 mg Dinoprost Busch et al. (2007)
145 57.5 53.0 Without initial GnRH (25 

mg Dinoprost) Ahmadzadeh et al. (2015)

498 54 55.0 25 mg Dinoprost Mercadante et al. (2015)
433 60 54.2 Lutalyse® HighCon (25 mg 

Dinoprost) Kasimanickam et al. (2021)

WTAI-PRs 53.50

Note. 7DCOS + CIDR® = Initial GnRH + CIDR® insert (D0), PG (single PG, 25mg) on D7, TAI/GnRH: 
48–72 and 54–60 hours in cows and heifers respectively after CIDR® removal

Table 6 
Cows under 7DCOS (Sex-sorted)

n TAI-PR (%) Reference(s)
187 22.32 MacMurracy et al. 

(2020)
405 48.00 Thomas et al. (2019)
338 44.00 Andersen et al. (2021)
88 40.20 Aubuchon et al. (2022)

386 44.00 Mercadante et al. 
(2015)

276 53.30 Crite et al. (2018)
40 55.00 Crite et al. (2018)

n= 1720 WTAI-PRs 
(44.14)

Table 5 (continue)

Table 7 
Heifers under 7DCOS (Sex-sorted)

n TAI-PR (%) Reference(s)
356 36.90 Oosthuizen et al. 

(2021)
360 42.10 Oosthuizen et al. 

(2021)
78 51.30 Crite et al. (2018)

n= 794 WTAI-PRs 
(40.67)
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Table 8 
Country and experimental area climatic zones

Country Authors Climate
Virginia, USA Kasimanickam et al. (2009) Humid, Subtropical
Manhattan, USA Stevenson et al. (2011) Humid subtropical
Florida, USA Mercadante et al. (2015) Humid subtropical
Colorado, USA Bridges et al. (2012) Semi-arid
Moscow, Russia Corppron et al. (2019) Humid continental
Alberta, Canada Macmillan et al. (2020) Continental
Washington, USA Peterson et al. (2011) Temperate
Washington, USA Kasimanickam et al. (2014) Temperate
Ohio, USA Cruppe et al. (2014) Humid- continental
Idaho, USA Ahmadzadeh et al. (2015) Temperate
Washington, USA White et al. (2016) Temperate
Manhattan, USA Stevenson et al (2011) Humid subtropical
Colorado, USA Bridges et al. (2012) Semi-arid
Idaho, USA Ahmadzadeh et al. (2021) Temperate
Ohio, USA Rojas Canadas et al. (2023) Humid continental
Washington, USA White et al. (2016) Temperate
Colorado, USA Bridges et al. (2008) Semi-arid
Virginia, USA Kasimanickam et al. (2009) Humid subtropical
Manhattan, USA Johnson et al. (2009) Humid subtropical
Missouri, USA Wilson et al. (2010) Continental
Virginia, USA Whittier et al. (2010) Humid subtropical
Colorado, USA Peel et al. (2010) Semi-arid
Manhattan, USA Stevenson et al. (2011) Humid subtropical
Colorado USA Bridges et al. (2012) Semi-arid
Virginia, USA Whittier et al. (2013) Humid subtropical
Pardue, USA Gunn et al. (2015) Continental
Moscow, Russia Corpron et al. (2019) Humid continental
Moscow, Russia Ahmadzadeh et al. (2021) Humid continental
Alberta, Canada Zwiefelhofer et al. (2021) Continental
Washington, USA Peterson et al. (2011) Temperate
Virginia, USA Kasimanickam et al. (2012) Humid subtropical
Washington, USA Kasimanickam et al. (2014) Temperate
Colorado USA Bridges et al. (2014) Semi-arid
Virginia, USA Kasimanickam et al. (2015) Temperate
Washington, USA White et al. (2016) Temperate
Alberta, Canada Zwiefelhofer et al. (2021) Continental
Minnesota, USA Larson et al. (2006) Humid continental
Virginia, USA Kasimanickam et al. (2006) Humid subtropical
Virginia, USA Kasimanickam et al. (2009) Humid subtropical
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Country Authors Climate
Colorado, USA Bridges et al. (2008) Semi-arid
Missouri, USA Busch et al. (2008) Continental
Manhattan, USA Johnson et al. (2009) Humid subtropical
Virginia, USA Bucher et al. (2009) Humid, Subtropical
Manhattan, USA Dobbins et al. (2009) Humid subtropical
Missouri, USA Wilson et al. (2010) Continental
Nebraska, USA Echternkamp and Thallman (2011) Humid continental/semi-arid
Virginia, USA Whittier et al. (2013) Humid, Subtropical
Virginia, USA Whittier et al. (2013) Humid, Subtropical
Florida, USA Mercadante et al. (2015) Humid subtropical
Minnesota, USA Lamb et al. (2006) Humid continental
Missouri, USA Busch et al. (2007) Continental
Idaho, USA Ahmadzadeh et al. (2015) Temperate
Florida, USA Mercadante et al. (2015) Humid subtropical
Virginia, USA Kasimanickam et al. (2021) Humid subtropical

FACTORS AFFECTING TAI-PREGNANCY RATES

A variety of factors influence the TAI-PRs in cattle, and these can differ based on specific 
synchronization methods used, management practices, and characteristics of the cattle 
population. The meta-analysis report by Richardson et al. (2016) revealed that the body 
condition score, expression of estrus before AI, and cyclicity had the greatest influence on 
conception rates in beef cows exposed to TAI programs. Some of the key factors impacting 
TAI-PRs are discussed below. 

Body Condition Score (BCS)

The impact of BCS on reproductive performance in cattle has been extensively studied 
(D’Occhio et al., 2019; Nazhat et al., 2021; Wang et al., 2019). Body condition scores serve 
as a crucial indicator of the adipose tissue content in cattle, and it is widely acknowledged 
by both animal scientists and livestock producers as a fundamental element of dairy cow 
management and is considered a valuable tool for subjectively assessing the levels of body 
energy reserves (Pfeifer et al., 2021; Roche et al., 2009). Negative energy balance (NEB) 
affects the resumption of the postpartum ovarian cycle by impeding LH pulse frequency 
as well as decreasing blood glucose and insulin growth factor-1 (IGF-1), which altogether 
prevents E2 production by preovulatory follicles (Butler, 2001). In cows with high milk 
yield, persistent NEB increases the incidence of anestrus due to smaller dominant follicles, 
leading to insufficient E2 production to cause ovulation (Roche & Diskin, 2001). Inadequate 
body condition causes failure to resume cyclicity and prolongs the calving interval, a good 
indicator of herd productivity (Eversole et al., 2005). 

Table 8 (continue)
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Furthermore, cattle with low energy levels fail to express estrus, which is an important 
indicator of pregnancy success (Wiltbank et al., 1962). For instance, cattle with poor BCS 
at calving take longer to resume cyclicity (D’Occhio et al., 2019). The overall reproductive 
parameters such as calving rate, weaning weight, and number of calves weaned are greater 
in beef cows with BCS > 5 compared to cows with BCS < 5 (1-9 scale) (Cooke et al., 
2021). Similarly, Vedovatto et al. (2022) demonstrated greater pregnancy rates and estrus 
expression in cows with BCS < 5 than BCS < 5 in beef cattle. Furthermore, in suckling beef 
cows that were exposed to TAI, PRs were greater in high (≥ 3.5) and moderate (2.75–3.25) 
BCS compared to low (2–2.5) in 1–5 scale BCS) (Nishimura et al., 2018). It was reported 
that one of the major reasons for suckling beef cows failing to resume cyclicity after calving 
is due to inadequate BCS at calving time (Crowe et al., 2014). Whittier et al. (2013) also 
observed lower TAI-PRs for cows with BCS ≤ 4 (49.3%) compared to those > 6 (55.8%). 

Apart from BCS alone, understanding other factors that interact together to impact TAI 
outcomes is crucial in improving herd productivity. For instance, older cows with good BCS 
may fail to give satisfactory pregnancy rates due to reduced ovulation rates, inadequate 
GnRH release, and poor egg quality. Similarly, heifers with ideal BCS may not perform well 
in the tropics due to heat stress. On the other hand, an effective synchronization protocol 
coupled with good BCS may contribute positively to pregnancy outcomes. For optimizing 
breeding programs, breeders must be aware of such interactions while implementing TAI 
programs. Setiaji et al. (2023) reported that BCS and breeding season affected conception 
rates whereby, cows with BCS 3 and 4 (1 to 5 scale) had better conception rates during 
autumn, while cows with BCS of 5 showed the highest conception rates during autumn and 
winter. However, lower rates during spring and summer indicating some seasons have more 
favorable conception rates than others. Furthermore, the success of postpartum rebreeding 
is attributed to the combined effect of BCS and nutrient availability in the feed, as higher 
BCS causes increased plasma P4, which is crucial for maintaining pregnancy (Randel., 
1990; Vedovatto et al., 2022). 

Expression of Estrus Before TAI

The impact of estrus expression in cattle subjected to TAI programs has been substantially 
documented. The occurrence of estrus before TAI has a beneficial effect on pregnancy 
rates. It is attributed to its ability to modify the uterine environment, enhance the number 
of accessory sperm, improve fertilization rates, and promote embryo survival (Richardson 
et al., 2016). Additionally, sex steroids alter the composition of cervical mucus during 
estrus, facilitating the movement of spermatozoa through the cervix to achieve successful 
fertilization (Tsiligianni et al., 2011). The effect of estrus expression before TAI was revealed 
in the meta-analysis by Richardson et al. (2016), where beef cows that had exhibited estrus 
before TAI had 27% greater PRs compared to those not expressing estrus. Similarly, Cedeño 
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et al. (2020) examined the influence of estrous expression on pregnancy rates in an embryo 
transfer (ET) program and found that recipient cows that exhibited estrus had a significantly 
higher PR/ET compared to cows that did not exhibit estrus (39.0% vs. 25.0%) regardless of 
the type of treatments. They also observed higher calving rates and lower pregnancy losses 
in recipient cows that exhibited estrus. Furthermore, Sá Filho et al. (2011) demonstrated 
larger follicle size, greater ovulation rate, larger CL, and a higher P4 concentration in cows 
that expressed estrus prior to AI. This knowledge is of particular importance in programs 
that utilize expensive sex-sorted semen. By selectively distributing sex-sorted semen to 
females that exhibit estrus, the cost per pregnancy may be lowered, and pregnancy rates 
may be enhanced. In the study by Perry, Walker et al. (2020), higher conception rates for 
both conventional and sexed-sorted semen were observed in females who exhibited estrus 
in a TAI program—additionally, Bó and Cedeño. (2018) also observed greater PRs and 
lower pregnancy losses in cows displaying estrus that utilized embryos generated from 
in-vitro and in-vivo methods. Furthermore, the overall TAI-PRs in postpartum cows were 
significantly higher (p = 0.01) in cows that showed estrus behaviors before TAI compared 
to those that did not (73.0 Vs. 45.0%) (Nash et al., 2012). The results from these studies 
indicate a positive impact of estrus expression on pregnancy outcomes in a TAI Program.

The expression of estrus is dependent on several factors, irrespective of its detection 
efficiency. Estradiol from the dominant follicle plays a vital role in inducing sexual behavior 
in cattle, and it triggers luteinizing hormone surge to cause ovulation. Thus, a hormonal 
environment that supports intense estrus behaviors is closely associated with timely 
ovulation and fertilization. The interaction between BCS and estrus expression is well-
documented. Cows with higher BCS are more likely to show estrus behaviors than those 
with low BCS, which, in turn, improves their likelihood of successful breeding (Nazhat 
et al., 2021). Conversely, cows with low BCS may either fail to express estrus behaviors 
or lack intensity, resulting in reduced TAI-PRs following synchronization because of low 
energy reserve, which impacts the production of reproductive hormones. In contrast, over-
conditioned cows may suffer from metabolic disorders (Bisinotto et al., 2010).

Stage of Estrous Cycle at the Initiation of the TAI Program

The estrous cycle stage at the initiation of the TAI program can be determined by ultrasound 
examination to identify the presence or absence of CL. Additionally, transrectal palpation 
and quantification of milk or blood P4 can be used to determine the presence of CL. 
Significantly higher PRs were observed in beef heifers that possessed CL at the initiation 
of the TAI program compared to those that did not (71.3 vs. 59.0%) (Núñez–Olivera et 
al., 2022). This finding also aligns with the report of Stevenson et al. (2011), where cyclic 
lactating postpartum beef cows subjected to 5DCOS plus CIDR® protocol had greater 
TAI-PRs than those not-cycling (53.4 vs. 45.6%). They also observed that those cows 
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possessing CL at the initiation of the program were 1.5 times more likely to get pregnant. 
Similarly, the conception rate of cyclic beef cows (66.0%) was significantly higher than 
that of anestrus cows (53.0%), irrespective of the TAI protocols used (Geary et al., 2001). 
In the meta-analysis by Borchardt et al. (2020), lactating cows that had functional CL at 
the initiation of the TAI program had a 10.0% improved PR/AI. A greater TAI-PR was 
also reported by Mercadante et al. (2015) in suckling beef cows, where cows with CL 
at the initiation of the TAI program had significantly higher pregnancy rates compared 
to those that did not (66.3% vs. 39.4%, p = 0.012). The increased pregnancy rates in 
cows with CL may be due to increased endogenous P4 concentration, which improved 
ovulation synchronization and oocyte/follicle maturation, and due to a positive effect on 
the endometrium (Bisinotto et al., 2015). 

Cyclicity during protocol initiation has been closely linked to animal’s BCS. Cattle with 
BCS of 3-4 (5-scale point) are more likely to be cyclic and better respond to TAI programs. 
Furthermore, cyclicity is not only affected by BCS but also impacts how cows respond to 
hormonal treatments in TAI programs (Lucy, 2007). The likelihood of estrus rates in heifers 
synchronized using a modified 5DCOS program revealed a significant interaction between 
the presence of corpus luteum, the treatment protocol, and eCG treatment (Macmillan et al., 
2020). CL on the ovary indicates a normal estrous cycle in cattle. It serves as an important 
source of P4, which in turn improves estrus synchronization, which is one of the possible 
reasons for stimulating puberty in heifers and helps resume postpartum estrus in cows 
supplemented with P4 at the initiation of synchronization (Kasimanickam et al., 2020).

Breeding Season

The impact of TAI programs on pregnancy rates was variable across several breeding 
seasons. It suggests that the efficacy of treatment protocols depends on the breeding 
season under consideration. For instance, a significant effect of the breeding season on 
pregnancy rates was observed in suckled beef cows (Bilbao et al., 2019; Randi et al., 
2021). The conception rate for dairy cattle after the first post-calving insemination was 
lowest during the summer (Souames & Berrama, 2020) and this may be attributed to the 
increased ambient temperature leading to heat stress as it negatively impacts fertilization 
and embryo survival. Spring is commonly targeted for cattle breeding as it allows calves 
to be born in more favorable weather conditions that minimize the risks of cold stress to 
newborns and increase calf survivability (Keskin et al., 2016).

However, in tropical regions of the world, cattle breeding requires careful consideration 
of environmental, nutritional, and reproductive factors, as extreme heat and rainfall may 
negatively affect fertility. Targeting cooler and drier months of the year can help reduce 
heat stress and improve pregnancy rates. Additionally, scheduling breeding after the rainy 
season will ensure sufficient fodder availability to maintain a healthy body condition score. 
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Anestrus is a common condition among cattle in tropical regions characterized by shorter 
estrus periods, mostly occurring at night, affecting AI programs. The use of hormonal 
treatments consisting of progesterone device, GnRH, PGF, eCG, and Estradiol benzoate 
results in consistent pregnancy rates in Bos indicus cows adapted in this region and could 
be an alternative to improve breeding efficiency (Baruselli et al., 2004).

Environmental and Management Factors

Environmental and managemental factors play a vital role in TAI-PRs in beef cows by 
influencing cows’ physiology, reproductive efficiency, and overall herd fertility. Extreme 
temperature, particularly heat stress, impairs ovarian functions, reduces oocyte quality, 
affects embryo development, and lowers PRs (De Rensis & Scaramuzzi, 2003). Deficiency 
of nutrients and inadequate BCS cause a delay in estrus expression with poor response 
to synchronization, leading to reduced conception rates (Bó et al., 2002). Furthermore, 
management practices such as poor estrus detection, improper animal handling during 
synchronization and AI, and faults in semen storage or handling can lower AI success 
(Diskin & Morris, 2008). Proper herd management, optimizing nutritional requirements, 
and reducing stress are essential to enhancing TAI-PRs in beef cows.

LIMITATIONS 

Exclusive Focus on Beef Cattle

The techniques examined in this review solely relied on data obtained from beef cattle 
studies, which may restrict the results' applicability to other cow populations and breeds. 
Further studies should strive to include a broader spectrum of cattle demographics in 
conducting a more thorough and complete assessment.

Restriction to CIDR® as a Progesterone Source

The review selectively considered manuscripts that employed CIDR® as the source of 
progesterone, which may have restricted the findings' applicability to other progesterone 
devices. Future reviews could incorporate a more diverse range of progesterone devices 
to provide a more holistic understanding of the efficacy of different protocols.

Inclusion of Data from Sex-sorted Semen

Pregnancy rates resulting from sexed semen are usually lower than conventional semen. 
Thus, the inclusion of data from sexed sorted semen may have contributed nuance to the 
overall findings. Future reviews should consider adding information for non-conventional 
semen.
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Potential Biases in Reviewed Studies 

The overall WTAI-PRs reported in our review may also be limited because of potential 
biases. Firstly, the trial size of the reviewed papers ranged from a minimum of 40 to a 
maximum of 1887 across studies. The applicability of results from a small trial size may 
affect the reliability of the findings and complicate application in a larger population in the 
practical setting. Secondly, most studies reviewed were from the states of the United States 
of America, where heat stress is seasonal, unlike in the tropics, where heat stress is year-
round, which may negatively affect breeding outcomes. Thirdly, the type of cattle breeds 
used for experiments are mostly exotic or their crosses. Such results cannot be generalized 
to Bos indicus and other local breeds in tropical regions. Lastly, most reviewed studies do 
not specify the management practices of experimental animals. Therefore, our WTAI-PRs 
were unable to account for the effect of different management practices, including diet, 
humidity, and type of husbandry practices. 

DISCUSSION

This paper reviewed pregnancy rates in 7DCOS and pregnancy rates obtained from different 
methods of prostaglandin delivery in 5DCOS. Other factors besides the treatments used 
in TAI programs were also observed. A WTAI-PR of 54.91% and 53.5% in 7DCOS for 
cows and heifers were observed (Figure 3). The WTAI-PR for 5DCOS were reviewed 
separately for single, double, and two separate doses, with the results showing 51.75% 
and 52.84% (single dose), 50.38% and 51.90% (double), and 57.98% and 58.42% (two 
separate doses) for cows and heifers respectively (Figure 2). Outside of these treatment 
protocols, factors such as body condition score, breeding season, estrus expression prior 
to TAI, and cyclicity prior to treatment initiation also influenced TAI-PRs. The WTAI-PRs 
based on geographical locations of the experiment and cattle breed is shown in Figure 4 
and 5 respectively.

Although the increased length of proestrus indicated by the duration between PGF 
and GnRH-induced LH surge or the interval from the ejection of P4 device to GnRH/TAI 
should show increased pregnancy rates (Bó et al., 2016; Day, 2018; de la Mata et al., 2018), 
WTAI-PRs in both 7DCOS and 5DCOS when PGF is delivered in a single and double 
dose were comparable. It shows that reducing the number of synchronization durations 
(from a minimum of nine days in 7DCOS to eight days in 5DCOS) and CIDR® exposure 
duration (from seven days in 7DCOS to five days in 5DCOS) has no impact on TAI-PRs. 
However, two separate PGF doses had a higher WTAI-PR in 5DCOS compared to 7DCOS, 
in which PGF is always delivered as a one-time dose (single and double). Reducing the P4 
device exposure from seven days to five resulted in a young immature corpus luteum that 
resisted complete luteolysis, and two PGF doses in 5DCOS are required (Bridges et al., 
2012). However, WTAI-PR for both 7DCOS and 5DCOS were within the range reported 
for TAI-PRs (Bó et al., 2018).  
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While most evidence of PRs through CO-Synch programs is based on experimental 
research with different trial sizes, they do not truly understand the program's overall effect 
on PRs. This review employed a weighted average approach to provide a more reliable 
estimate of pregnancy rates under CO-Synch programs. This method of weighted timed 
artificial insemination accounts for the disparity in animal numbers across studies by 
dividing trial sizes in each study in the review by the sum of all the trial sizes, thereby 
enabling all the studies reviewed to have the same animal numbers. 

Beef farmers were seen to be slow in adopting AI technology primarily because of the 
labor-intensive nature of the tasks involved and the considerable time needed for detecting 
heat (Colazo & Mapletoft. 2014). Although labor can be saved with TAI programs, multiple 
doses (especially two separate) are needed to increase PRs under 5DCOS, which involves 
extra labor for animal handling and added hormonal costs. The advent of TAI programs has 
enhanced pregnancy rates because cattle are inseminated irrespective of estrus expression 
prior to AI (Colazo & Mapletoft, 2014). With two separate PGF doses in 5DCOS, TAI 
is more effective in achieving high pregnancy rates. Since beef cattle are typically raised 
in extensive systems where less time is spent monitoring them compared to dairy cattle, 
synchronization programs that depend on heat detection are not feasible (Taponen, 2009). 
Beef farmers would have to incur added costs just to improve PRs. It could lead to a further 
decrease in adoption rates of AI technology among beef producers. 

As this review focused on beef cattle, the applicability of results to other cattle breeds 
not bred for beef is limited. Focus was made on CO-Synch programs mainly because 
there is a lack of understanding of the average effect of CO-Synch programs on pregnancy 
rates in beef cattle. Additionally, CO-Synch programs are mostly implemented in beef 
cattle compared to dairy cattle (Colazo & Mapletoft, 2014). This review's applicability 
is also limited to CIDR® and no other progesterone devices such as PRID, PRID-Delta, 
and TRIU-B. CIDR® mainly due to its widespread adoption and effectiveness in releasing 
progesterone. Furthermore, CIDR® has regulatory approval and standardization, providing 
consistent synchronization outcomes in breeding programs (Klabnik & Horn, 2023).

Results obtained from our review are not applicable outside the use of conventional 
semen. Sex-sorted semen is prevalent in 7DCOS, and PRs are relatively lower than 
conventional semen in both cows and heifers. Sex-sorted semen via 7DCOS showed 
WTAI-PR of 44.14% and 40.67% in cows and heifers, respectively (Tables 6 -7). 

Despite discussing different hormonal inductions and ART such as Ovsynch, 
7DCOS and 5DCOS, these methods basically fall under ART in cattle and remain a hot 
subject, particularly in farms managed in precision and tuned to profit from high-quality 
animals. Because this is actively being pursued in two types of cattle industries (dairy 
and specialized beef cattle breeding farms), rates of use of CO-Synch protocols in beef 
cattle are understandably lower for sex-sorted semen. Our review used fewer publications 
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since publications are also far apart in dates. Although AI technology is not new, and in 
the 90 years of its use, the achievement of more than 50% PR from hormonally induced 
ovulation + AI can teach us important lessons. In this review, results of the percentage of 
PRs have been sought from data involving thousands of animals, and the highest rate for 
this protocol is settled at this point. Even in beef cattle, the focus of using ART should 
never be for common farms and/or common breeds. However, ART might be an important 
tool to quickly propagate high-quality beef cattle to impact population size and contribute 
to the industry. This review provides a guide as to when the CO-Synch protocols would 
be an important tool for the beef cattle industry and which protocols would be a choice in 
achieving higher PRs. 

Most papers that were reviewed took place in temperate and sub-tropical climates, and 
therefore, the results cannot be generalized to countries with tropical conditions (Table 
8). This review attempted to look at the application of CO-Synch protocols in the tropics, 
but this proved difficult given the lack of publications in tropical climates. Nevertheless, 
a good number of studies have been carried out in some of the states in the United States 
of America that have humid subtropical climate zones. It indicates an opportunity for 
breeders to explore the potential of CO-Synch programs in the tropics due to the closely 
related climatic zone.

CO-Synch protocols are unsuitable for extensive beef cattle farming, whereby 
the animals' body condition is determined largely by environmental factors. Careful 
management of environmental conditions such as heat stress and adequate nutrition are 
still required for intensive beef cattle farms in the tropics. In general, 7DCOS would be 
appropriate for both intensive and extensive beef farms, provided beef farmers are willing 
to invest labor and time. The employment of 5DCOS with two doses of PGF may increase 
the number of animal handlings, which may negatively impact the farm's profitability. 
Therefore, a modified version with a single-double-dosed PGF would be an alternative to 
reduce the number of animal handlings. 

While the reviewed studies show various P4-based TAI programs, it is important to note 
that these studies were conducted mostly under controlled experimental conditions that may 
not fully reflect real-world breeding environments. For instance, common tropical climate 
features such as excessive heat and humidity are not accounted which may potentially 
limit the generalizability of findings to regions where such conditions exist (De Rensis 
& Scaramuzzi, 2003). Furthermore, some studies used optimally managed herds with 
good nutrition, estrus detection, and AI techniques, which may not reflect more variable 
management practices encountered by cattle breeders. Although various P4 devices are 
available for use, this review specifically focused on CIDR (Reason cited elsewhere in this 
review) with exposure duration of either 5 (5DCOS) or 7 (7DCOS) days. However, the 
articles reviewed herein did not assess the long-term impact of CIDR devices, especially 
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for management systems that are under-resourced. Likewise, the efficacy of CIDR-based 
programs in minimizing early embryonic loss and improving PRs in tropical regions 
remains underexplored. Since the absorption rates of P4 and response to hormonal induction 
may vary under extreme heat stress, future research should aim to assess the reproductive 
performance of different P4 devices in tropical regions (Bó et al., 2002). Additionally, 
most studies focused on immediate TAI success rates without long-term follow-up on 
reproductive efficiency and health. It may result in an insufficient understanding of the 
implications of treatment protocols in real-world settings. Most studies in TAI protocols 
are focused on the effectiveness of TAI programs on PRs without studying the economic 
implications of these protocols. So, future studies should study CO-Synch protocols' cost-
effectiveness and economic efficiency.

CO-Synch protocols are not commonly employed in Malaysia, with reported lower 
pregnancy rates of 18-23.3% using the CIDR-based TAI program (Azizah et al., 2014; Malik 
et al., 2012). With the growing enthusiasm for genetic improvement in Malaysian cattle 
through AI, future studies could look at the use of CO-Synch protocols in Malaysia as the 
demand for better genetics increases. Although CO-Synch programs are predominant in 
the Western world in temperate climates, it would be a good opportunity for beef producers 
to use native beef cattle well adapted to the warm tropics like the Kedah-Kelantan and 
their crossbreeds. 

CONCLUSION 

This review examined the reproductive outcomes associated with 5DCOS and 7DCOS 
plus CIDR® protocols in beef cattle. The importance of selecting the most appropriate 
PGF administration method in the 5DCOS protocol to optimize reproductive success in 
cattle production and factors other than the protocols themselves when implementing TAI 
protocols, such as body condition, breeding season, nutritional management, and estrus 
expression before AI, were highlighted. The CO-Synch programs looked at had different 
trial sizes, and this variability did not provide a true understanding of the program's 
overall effect on PRs. Therefore, this review employed a weighted average approach. As 
beef cattle are typically raised in extensive systems where less time is spent monitoring, 
synchronization programs that depend on heat detection are not feasible for beef cattle. 
Additional costs would be incurred to employ programs like the 5DCOS with two separate 
PGF injections. The increase in economic cost for extra animal handling and hormone 
purchase might discourage adoption rates of AI technology among beef producers. Among 
the protocols presented, 7DCOS would be appropriate for both intensive and extensive 
beef farms, provided farmers are willing to invest time and labor. 
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ABSTRACT 
This study examines the effects of different pasteurisation temperatures and times on red dragon fruit 
juice's microbiological quality, physicochemical properties, and vitamin C content. Microbial analysis 
used the spread plate technique to determine total plate count (TPC) and yeast and mould count 
(YMC). Physicochemical properties were assessed through pH, titratable acidity (TA), colour, and 
total soluble solids (TSS). Vitamin C content was measured using iodometric titration. Pasteurisation 
at 80°C for 60 s achieved the lowest TPC (3.56 log CFU/mL) compared to 6 log CFU/mL in 
unpasteurised juice. All pasteurised samples showed YMC below 2 log CFU/mL, demonstrating 
effective microbial control. However, no significant differences (p > 0.05) were observed in TPC 
between 60°C and 80°C. Pasteurisation caused only slight changes in pH and TSS, with higher 
temperature (80°C) resulting in lighter juice colour, indicating potential pigment breakdown. 
Vitamin C, being heat-sensitive, decreased significantly as temperature and time increased, with a 
maximum reduction of 30.82 mg/100 mL at 80°C for 60 s. During 28 days of storage at 4°C, juice 
pasteurised at 60°C for 60 s maintained microbial loads within acceptable limits. TA increased 
slightly, and pH levels shifted from 5.05 to 4.98. TSS remained stable, while colour difference 

(ΔE) increased, indicating noticeable changes. 
Low-temperature pasteurisation (60°C for 60 
s) resulted in minimal vitamin C loss (9.36%) 
compared to 80°C (17.59%). In conclusion, 
pasteurising at 60°C for 60 s effectively balances 
microbial quality, physicochemical properties, 
and vitamin C preservation.

Keywords: Microbiological quality, pasteurisation, 
physicochemical properties, red dragon fruit,  
vitamin C
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INTRODUCTION

Red dragon fruit (Hylocereus costaricensis) is a tropical fruit endemic to Central and 
South America that belongs to the Cactaceae family (Harivainda et al., 2008). Red dragon 
fruit is rich in vitamins, minerals and antioxidants, with vitamin C being a key component 
contributing to its nutritional value (Susilo et al., 2021). Due to its health benefits and 
diverse applications in the food industry, red dragon fruit has gained global market appeal 
(Nguyen, 2020). However, the perishable nature poses significant challenges in postharvest 
handling, processing, and distribution. Factors such as microbial contamination, enzymatic 
activity, and oxidation can quickly degrade its quality and safety (Jalgaonkar et al., 2022).

Pasteurisation is a critical step in fruit juice processing to ensure microbiological 
safety and the overall quality of the product. In this context, fruit juices are pasteurised at 
different combinations of temperature (more or less than 80°C) and time (more or less than 
30 s) (Petruzzi et al., 2017). High temperatures could create structural changes and impair 
sensory attributes, emphasising the need to retain the original characteristics of the fruit 
juice.  Despite extensive studies on other fruit juices, limited research exists on the effects 
of pasteurisation specific to dragon fruit juice. Liaotrakoon (2013) investigated the impact 
of heat treatment on the physicochemical properties, microbial destruction, antioxidative 
properties and rheological parameters. This study applied thermal treatments to dragon 
fruit purees at temperatures ranging from 50 to 90°C for 0 to 60 min. In comparison to 
the initial value, heated dragon fruit purees retained a comparatively high level of vitamin 
C. During thermal treatment, the betacyanin pigment of the red-flesh dragon fruit puree 
degraded from betanin to neobetanin.

Total plate count (TPC) and yeast and mold count (YMC) provide insight into the 
microbial load in juice but do not differentiate between beneficial, pathogenic, or spoilage 
microorganisms. Therefore, high TPC and YMC values indicate potential spoilage and are 
useful for evaluating shelf life and guiding quality control measures. Research by Mandha 
et al. (2023) found that the physicochemical, microbial and qualitative parameters of 
watermelon, pineapple, and mango juices differed significantly. For example, pasteurisation 
negatively affects watermelon juice colour and significantly reduces vitamin C content after 
10 min (p < 0.05). Thus, analysing different pasteurisation times is crucial to optimise the 
quality of dragon fruit juice. In addition, evaluating the physicochemical properties after 
pasteurisation and the shelf life of the thermally treated juice is important to prove that 
pasteurisation can maintain the juice’s valuable properties. A study by Rabie et al. (2014) 
concluded that pasteurised juice stored at 4°C had a longer storage life of at least 21 days 
than fresh juice and better-preserved physicochemical properties. Storage studies are 
significant for estimating fruit juice's shelf life and pasteurised fruit juices' marketability 
over extended periods such as 90 and 180 days of storage (Wurlitzer et al., 2019).

High-temperature pasteurisation ranges from 72°C to 90°C, while low-temperature 
pasteurisation is about 63°C (Petruzzi et al., 2017). Low-temperature long-time (LTLT) 
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pasteurisation, at about 63°C, effectively removes microorganisms using less energy, 
thus supporting sustainable juice production (Myer et al., 2016). On the other hand, high-
temperature pasteurisation requires more energy due to the rapid heating and sustained 
high temperatures (Ağçam et al., 2018). Besides, studies suggested that pasteurisation 
conditions differ based on juice characteristics (Petruzzi et al., 2017). For instance, Saikia 
et al. (2016) found that watermelon juice pasteurised at 60°C for 30 s had low total soluble 
solids after refrigeration, while Ahmad et al. (2015) noted a significant decrease in vitamin 
C content in guava juice at 85°C for 60 s. In mango and watermelon juices, pasteurisation 
at 80°C for 60 s reduced TPC and YMC to below 1 log CFU/mL (Mandha et al., 2023).

Despite extensive studies analysing the pasteurisation of other juices, limited research 
exists on how temperature and time variations during pasteurisation affect red dragon 
fruit juice's quality and shelf life. The energy efficiency and sustainability of different 
pasteurisation conditions for red dragon fruit juice require further investigation. Hence, 
this study aims to evaluate the effects of both low (60°C) and high (80°C) pasteurisation 
temperatures for 30 s and 60 s on the microbiological and physicochemical quality as well 
as the vitamin C content of dragon fruit juice.

MATERIALS AND METHODS

Materials and Reagents

Fully ripened red dragon fruits from Vietnam and aluminium foil were purchased from 
Lotus, Sungai Dua (Penang, Malaysia). Buffered peptone water (BPW), plate count 
agar (PCA), and Dichloran Rose-Bengal Chloramphenicol Agar (DRBC) were obtained 
from HiMedia (Mumbai, India). Sodium hydroxide (NaOH) and ethanol were sourced 
from Classic Chemical Sdn. Bhd. (Malaysia) and phenolphthalein powder from HmbG 
Chemical (Malaysia). Potassium iodide, iodine, and soluble starch were acquired from 
R&M Chemical (London, UK) and ascorbic acid from HiMedia (Mumbai, India).

Preparation of Red Dragon Fruit Juice 

Red dragon fruits were cleaned, peeled, and sliced before being juiced using a fruit juice 
extractor (Hanabishi, Malaysia). The juice was then sieved to achieve a uniform puree. In 
the first phase, 400 mL of juice samples were divided into five beakers, with one serving 
as the control while the others were prepared for pasteurisation.

Pasteurisation of Red Dragon Fruit Juice 

Pasteurisation was conducted at 60°C and 80°C for 30 s and 60 s, following Valliere & 
Harkins (2020) with minor modifications. Four hundred millilitres of red dragon fruit juice 
were placed in a pre-sterilised 500 mL beaker covered with aluminium foil. The juice 
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sample was heated to the desired temperature in the water bath (Memmert, New York, 
US) and rapidly cooled in an ice-water bath before storage at 4°C.

Microbiological Analysis

Total Plate Count

The amount of 25 mL of red dragon fruit juice was added to 225 mL of BPW, and this 
dilution was referred to as 10-1. Serial dilutions were performed until 10-5. Spread plates 
were prepared using 0.1 mL aliquots of these dilutions on PCA and incubated at 37℃ in 
an incubator for 24 h. The colonies that had grown on the plate were counted, and CFU 
per mL were calculated. The average mean number of CFU per mL was calculated using 
Equation 1. 

Yeast and Mold Count

A volume of 25 mL of red dragon fruit juice was mixed with 225 mL of BPW, constituting 
an initial 10-1 dilution. Serial dilutions up to 10-5 were performed, and 0.1 mL aliquots of 
these dilutions were spread on DRBC agar. Next, the plates were incubated at 25℃ for 
5 days in an incubator, and the number of CFU per mL was calculated using Equation 1.

𝐶𝐶𝐶𝐶𝐶𝐶
𝑚𝑚𝑚𝑚

=
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ×  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚
 	 [1]

Physicochemical Analysis

Colour

A colourimeter (Konica Minolta CM-5, Singapore) was calibrated with white and black 
standards to analyse the juice sample's colour using CIELAB colour values: L* (brightness 
to darkness), a* (green to red), and b* (blue to yellow). Measurements were taken in 
triplicate, and equations were applied to determine chroma (C*), hue angle (h), and colour 
difference (Kong et al., 2020).

fference (Kong et al., 2020). 

 

Chroma, C* =  √𝑎𝑎 ∗2+ 𝑏𝑏 ∗2                                                          [2] 

Hue angle, h˚ = tan-1 𝑏𝑏∗
𝑎𝑎∗

                                                                  [3] 
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pH

The pH of the fruit juice samples was determined using a pH meter (Mettler Toledo, 
Darmstadt, Germany) calibrated using solutions with different pH values of 4.6, 7.2, and 
9.2. The pH meter was immersed in the juice sample, and the reading was recorded. Three 
replicates were taken for each sample.

Total Soluble Solids (TSS)

The TSS in the fruit juice samples was measured using a digital refractometer (Hanna 
Instruments, Johor Bharu, Malaysia). Before the test, the instrument was calibrated by 
placing a few drops of distilled water on the detector. Approximately one drop of fruit 
juice was dripped onto the detector, and the reading was recorded. Three replicates were 
taken for each sample.

Titratable Acidity (TA)

An amount of 5 mL dragon fruit juice samples was diluted to 50 mL of distilled water 
and titrated against 0.1 M NaOH to a pink endpoint using phenolphthalein as an indicator. 
Before that, 0.1 M NaOH was prepared by dissolving 0.4 g in 100 mL water, whereas 
1% phenolphthalein was made by diluting 1 g in 100 mL of 95% ethanol. Total TA was 
calculated using Equation 5, as described by Kong et al. (2020).

𝑇𝑇𝑇𝑇(%) = 𝑁𝑁 𝑥𝑥 𝑉𝑉1× 𝐸𝐸𝐸𝐸 .𝑊𝑊𝑊𝑊  
𝑉𝑉2 × 10

  	 [5]

where N is the NaOH normality, V1 is the NaOH volume (in mL), V2 is the sample 
volume (in ml), and Eq. Wt. is the equivalent weight of citric acid (64.04g/mol).

Vitamin C Analysis

The vitamin C content of red dragon fruit juices was analysed using the redox titration 
method described by Satpathy et al. (2020) with minor modifications, including 
standardisation using an ascorbic acid solution.

Preparation of Iodine Solution

A solution with a concentration of 0.005 mol/L was prepared. An amount of 2 g of potassium 
iodide and 1.3 g of iodine were weighed and added to a 100 mL beaker. Distilled water 
(5 mL) was added, and the mixture was swirled for a few minutes until the iodine was 
completely dissolved. The iodine solution was then transferred to a 1 L volumetric flask, 
ensuring all traces of the solution were rinsed into the volumetric flask using distilled water. 
Then, the solution was made up to the 1 L mark with distilled water.
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Preparation of Starch Indicator

A solution with a concentration of 0.5% was prepared. In a 100 mL conical flask, 0.25 g 
of soluble starch was weighed and added to 50 mL of boiled distilled water. The mixture 
was stirred to dissolve the starch and then cooled to room temperature before use.

Preparation of Ascorbic Acid Solution

An amount of 0.88 g of ascorbic acid was weighed in a 100 mL beaker and added to a 1 L 
volumetric flask to make up 1 L with the addition of distilled water. The remaining solids 
in the beaker and funnel were rinsed using small portions of distilled water to ensure all 
the ascorbic acid was transferred into the volumetric flask. 

Titration

A 20 mL sample solution was pipetted into a 250 mL conical flask, followed by 150 
mL of distilled water and 1 mL of starch indicator. The sample was titrated with a 0.005 
mol/L iodine solution until a lasting purple colour indicated the endpoint. This process 
was repeated three times with additional sample aliquots. The volume of iodine used was 
recorded, and the vitamin C content (mg/100 mL) in the juice sample was calculated based 
on the moles of iodine reacting. 

Ascorbic acid + I2 → 2 I− + Dehydroascorbic acid

Statistical Analysis 

The experimental data was analysed through one-way analysis of variance (ANOVA) 
utilising Statistical Package for Social Sciences (SPSS) software version 28.0 (IBM 
Corporation, Endicott, NY, USA). This analysis aims to assess the significance of variations 
of microbiological, physicochemical, and vitamin C analysis for unpasteurised and 
pasteurised samples. The significance level for statistical significance was 95% confidence 
(p < 0.05). All experimental data were presented in duplicate or triplicate as mean ± standard 
deviation. Post hoc comparisons were performed using Tukey's test to identify and compare 
the statistical differences within the research study.

RESULTS AND DISCUSSION

Microbiological Analysis

Table 1 shows the effect of different pasteurisation temperatures and times on the microbial 
quality of red dragon fruit juice. TPC decreased significantly (p < 0.05) to 3.89 and 3.75 
CFU/mL at 60°C for 30 s and 60 s, respectively, indicating that a longer exposure time at 
60°C leads to greater microbial reduction. Notably, a significant reduction was achieved 
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even at the shorter exposure time of 30 s, suggesting that lower temperatures for shorter 
durations can still effectively reduce microbial load. No significant difference was observed 
between 60°C (for 30 s and 60 s) and 80°C (30 s). However, pasteurisation at 80°C for 
60 s resulted in the lowest microbial load, demonstrating the combined effect of higher 
temperature and longer exposure. Mandha et al. (2023) state that higher temperatures 
enhance microbial inactivation due to enzyme denaturation and cell membrane disruption.

Microorganisms in fresh fruit juice can originate from environmental sources like 
contaminated water, soil, or animals during harvesting and cross-contamination during 
processing. Soil bacteria and fungi may adhere to fruit surfaces, transferring into the 
juice during extraction (Alegbeleye et al., 2022). The Food and Drug Administration 
(FDA) sets limits of 105 CFU/mL for TPC and 50 CFU/mL for YMC in fruit juice, and all 
pasteurised samples in this study met these standards, demonstrating effective microbial 
reduction regardless of temperature and time. These results align with previous research by 
Ferreira et al. (2022), where pasteurisation at 71°C for 30 s significantly reduced microbial 
populations in Opuntia Ficus-Indica. This research demonstrated that shorter pasteurisation 
is able to significantly extend the juices' shelf life by 22 days compared to non-pasteurised 
samples, highlighting the effectiveness of shorter pasteurisation times in microbial control. 
After pasteurisation, TPC for red, orange and white prickly pear juices was reduced 
to approximately 3.06, 3.02, and 3.04 log CFU/mL, respectively, with populations of 
Enterobacteriaceae, yeasts and moulds below detection limits, indicating high microbial 
safety. Unpasteurised samples showed 3.48 log CFU/mL of YMC, while all pasteurised 
samples had undetectable YMC. The fruit juice's high carbohydrate and nitrogen content 
supports yeast growth, but pasteurisation effectively kills these microorganisms. Yeast 
species such as Saccharomyces cerevisiae and Zygosaccharomyces rouxii are particularly 
vulnerable to heat pasteurisation, which reduces their populations below the detection limit 
of 2 log CFU/mL (Mandha et al., 2023).

Physicochemical Analysis

The effect of different pasteurisation temperatures and holding time on the physicochemical 
properties of red dragon fruit juice are presented in Table 2. Total acidity (TA) refers to the 

Table 1 
Effect of different pasteurisation temperatures and time on the microbiological quality of dragon fruit juice

Pasteurisation (temperature, time)
Unpasteurised 60 °C, 30 s 60 °C, 60 s 80 °C, 30 s 80 °C, 60 s

TPC (log CFU/mL) 6.00 ± 0.18a 3.89 ± 0.27b 3.75 ± 0.14c 3.72 ± 0.18c 3.56 ± 0.35d

YMC (log CFU/mL) 3.48 ± 0.23a < LODb < LODb < LODb < LODb

Note. TPC = Total plate count, YMC = Yeast and mold count. Values expressed as means ± standard 
deviations, Different letters within a row denote a significant difference (p < 0.05), n = 2, LOD means the 
limit of detection where the count of the colonies formed is less than 1
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amount of acid contained in a substance, and it can be observed that the acidity changes 
during pasteurisation. The unpasteurised juice maintained a TA of 0.12%, consistent 
with findings from Alim et al. (2023). TA remained stable for most pasteurised samples 
compared to unpasteurised ones except for those treated at 80°C for 60 s. Besides, TSS 
describe the concentration of all soluble compounds in a solution, predominantly sugars. 
TSS also stayed consistent between 10.4 and 10.6 °Brix across pasteurisation conditions. 
The pH was unchanged for unpasteurised and 60°C pasteurised samples, but the lowest was 
recorded at 80°C for 60 s. Pasteurisation did not significantly alter TA and TSS, aligning 
with previous findings by Mandha et al. (2023), but did significantly affect colour and pH. 
In addition, pasteurisation increased L*, a*, b*, h°, and C values, indicating brighter and 
more intense juice colour, especially at 80°C for 60 s. In this case, no ΔE value is provided 
for the unpasteurised juice sample because it serves as the reference point. The colour 
differences in the other samples are measured relative to this unprocessed state. 

According to Food Regulation 1985 (235), the acidity of fruit juice should not exceed 
3.5% w/v. In this study, all fresh and pasteurised samples remain below this regulatory 
threshold, which confirms their acceptability for consumption. The acidity decreases 
slightly as the pasteurisation temperature increases, reaching its lowest point (0.08%) at 
80°C for 60 s. Generally, fruit juices have TA within the range of 0.3% to 1.5% depending 
on the fruit type, like ripeness, with lower values typically associated with less acidic 
fruits, including red dragon fruit (Vern et al., 2023). Pasteurisation reduces acidity by 
eliminating bacteria that produce acids as byproducts during fermentation. Fruit juices can 
naturally undergo acetic acid fermentation due to the presence of microorganisms such 

Table 2 
Effect of different pasteurisation temperature and time on the physicochemical properties of red dragon 
fruit juice

Pasteurisation (temperature, time)
Unpasteurised 60 °C, 30 s 60 °C, 60 s 80 °C, 30 s 80 °C, 60 s

TA (%) 0.12 ± 0.02a 0.11 ± 0.01a 0.10 ± 0.01a 0.11 ± 0.01a 0.08 ± 0.01b

pH 5.05 ± 0.01a 5.03 ± 0.01a 5.01 ± 0.01a 4.70 ± 0.02b 4.50 ± 0.01b

TSS (°Brix) 10.60 ± 0.10a 10.40 ± 0.03a 10.60 ± 0.03a 10.50 ± 0.01a 10.60 ± 0.03a

L* 13.50 ± 0.15a 13.08 ± 0.02bc 13.43 ± 0.03a 15.77 ± 0.02bd 16.02 ± 0.01bd

a* 43.28 ± 0.01a 43.49 ± 0.01b 43.96 ± 0.01c 45.87 ± 0.01d 46.15 ± 0.01e

b* 21.44 ± 0.01a 21.72 ± 0.01b 22.44 ± 0.01c 27.14 ± 0.01d 27.53 ± 0.01e

h° 25.83 ± 0.10a 26.53 ± 0.01b 27.04 ± 0.01c 30.07 ± 0.02d 30.27 ± 0.01e

C 49.20 ± 0.10a 48.61 ± 0.02b 49.36 ± 0.02c 54.16 ± 0.02d 54.60 ± 0.01e

∆E - 0.94 ± 0.01a 1.05 ± 0.02a 6.66 ± 0.01b 7.18± 0.01c

Note. Values expressed as means ± standard deviations, Different letters within a row denote a significant 
difference (p < 0.05), n = 3, TA = Titratable acidity, TSS = Total soluble solids, L* = Lightness, a* = 
Redness, b* = Yellowness, H° = Hue angle, C = Chroma, ∆E = Colour difference



823Pertanika J. Trop. Agric. Sci. 48 (3): 815 - 836 (2025)

Effects of Pasteurisation on Dragon Fruit Juice Quality

as Acetobacter species. These bacteria can convert the sugars in the juice into acetic acid 
and other byproducts, increasing acidity. Natural fermentation involves native bacteria 
fermenting raw materials without artificial inoculation. It is supported by Sourri et al. 
(2022), who reported that Acetobacter species, such as Acetobacter pasteurianus and 
Acetobacter aceti, are commonly found on fruit surfaces and are heat sensitive. However, 
this process can also lead to the growth of spoilage and pathogenic bacteria, making 
fermentation unpredictable. Consequently, pasteurisation effectively eliminates these acid-
producing microbes by applying heat that denatures proteins and disrupts cell membranes, 
thus preventing spoilage and maintaining the quality of the juice (Saud et al., 2024).

Small changes in °Brix suggest that pasteurisation does not significantly affect the solute 
as sugar level generally remains stable under typical pasteurisation conditions (Nicklas 
et al., 2015). The TSS observed (10.6 °Brix) differs from the reported 12 °Brix due to 
variations in fruit ripeness of dragon fruits used as mature and ripened fruit have higher 
TSS in the juice, thus not influenced by pasteurisation (Yıkmış, 2020). The starch stored 
in the fruit is converted into sugars like glucose and fructose upon ripening, increasing the 
fruit's sweetness and achieving higher TSS in the juice.

The pH of red dragon fruit juice (5.05) aligns with previous findings from Arivalagan 
et al. (2021) that mentioned the pH of dragon fruit juice is slightly acidic, between 4.8 and 
5.40. According to Kong et al. (2020), the significant decrease in pH of the high temperature 
pasteurised sample might be due to the higher dissociation of citric acid, which is abundant 
in red dragon fruit. The release of H+ ions in the dissociation process at higher temperatures 
contributes to the acidity of the solution, resulting in a lower pH (Angonese et al., 2021).

Higher pasteurisation temperatures and durations increase L* values, indicating a 
lighter juice colour, likely due to pigment degradation. The highest L* value was observed 
at 80°C for 60 s, showing a significant change from the unpasteurised sample. The a* value 
reflects redness, which has increased slightly with temperature but remained minimal 
compared to unpasteurised samples. Similarly, b* values rise with temperature, indicating 
yellowing, which may result from chemical changes during pasteurisation. Pasteurisation 
degrades betanin, leading to a shift in colour from red to yellow.  

Dragon fruit's vibrant red colour comes from betalains, particularly betacyanin, 
which degrades with heat (Liaotrakoon, 2013). Betacyanin content drops significantly 
with higher temperatures, from 80% at 50°C to 32% at 90°C. Heating above 80°C causes 
more pronounced colour changes and higher betacyanin loss. Besides, the hue angle (h°), 
which indicates the dominant colour tone, shifts from red to purple at higher temperatures. 
The result aligns with Wong and Siow (2015), who found greater betacyanin retention at 
lower temperatures, at 65°C than 85°C. Chroma values representing colour intensity also 
increase with higher temperatures. According to Kong et al. (2020), ΔE values can be 
categorised as not noticeable (0–0.5), slightly noticeable (0.5–1.5), noticeable (1.5–3.0), 
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clearly visible (3.0–6.0) and significant (6.0–12.0). The increase in ∆E values at higher 
temperatures indicates significant colour changes, while pasteurisation at 60°C results 
in minimal colour change, not exceeding 1.05. These findings are consistent with those 
of Moo-Huchin et al. (2017), who reported increased colour degradation in watermelon 
juice with higher pasteurisation temperatures due to carotenoid oxidation. Dragon fruit, 
which contains a relatively low concentration of carotenoids (0.86 mg/100 mL), shows 
similar trends as those obtained in this study. The results are also supported by Kong et 
al. (2020), who observed a significant decrease in the L* value in pomegranate juice after 
being heated at 95°C, the 30s.

Vitamin C Content Analysis

The effect of temperature and time on vitamin C in pasteurised and unpasteurised red dragon 
fruit juice is recorded in Table 3. Pasteurisation at 60°C for 30 s results in a significant 
decrease in vitamin C concentration, followed by an increase in the pasteurisation duration 
(60 s), which has resulted in a further decline to 33.9 mg/100 mL (p < 0.05). It indicates 
that mild vitamin C degradation. Higher temperatures often accelerate degradation in which 
pasteurisation at 80°C for a shorter duration of 30 s caused a more significant decrease in 
vitamin C content extending the time to 60 s at 80°C results in a further decline to 30.82 
mg/100 mL, demonstrating more substantial degradation due to the combined effects of 
higher temperature and longer duration.

Fresh dragon fruit juice contains 37.4 mg/100 mL of vitamin C, higher than the 
33 mg/100 mL reported by Liaotrakoon (2013). This variation is attributed to different 
ripeness levels of the fruit used. Ernest et al. (2017) state that vitamin C concentration 
decreases as fruit maturity increases. However, pasteurisation reduces vitamin C content 
because ascorbic acid is heat-sensitive. It is consistent with findings by Tchuenchieu et al. 
(2018), who observed that pasteurisation adversely affects vitamin C in orange juice. The 
degradation follows a first-order kinetic pattern, suggesting that temperature influences 
ascorbic acid breakdown during thermal processing.

Table 3  
Effect of different pasteurisation temperature and time on vitamin C concentration

Pasteurisation (temperature, time)
Unpasteurised 60°C, 30 s 60°C, 60 s 80°C, 30 s 80°C, 60 s

Vitamin C 
concentration
(mg/100 mL)

37.40 ± 0.10a 34.80 ± 0.01b 33.90 ± 0.01c 31.26 ± 0.05d 30.82 ± 0.02e

Note. Values expressed as means ± standard deviations; Different letters within a row denote a significant 
difference (p < 0.05), n = 3
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Unpasteurised samples have significantly higher vitamin C than pasteurised ones due 
to ascorbic acid's susceptibility to oxidation, particularly heat and oxygen (Liaotrakoon, 
2013). Oxidation converts ascorbic acid into dehydroascorbic acid and other products, 
such as furfural, 2-furoic acid, and 3-hydroxy-2-pyrone. Furfural can polymerise with 
amino acids, leading to browning in ascorbic acid-containing juices (Yin et al., 2022). 
Mandha et al. (2023) found a rapid decline in vitamin C in watermelon and mango juices 
with extended pasteurisation at 80°C. Similarly, Klopotek et al. (2005) reported a 35% 
reduction in vitamin C in strawberry juice after high-temperature pasteurisation at 85°C. 
Conversely, Giavoni et al. (2008) found that fresh orange pulp juice contains 17.63 mg/100 
g of vitamin C, with no significant reduction after pasteurisation, likely due to due to the 
presence of solid parts where juices with the highest pulp concentration containing the 
highest level of vitamin C.

The microbiological quality of red dragon fruit juice is effectively enhanced through 
pasteurisation at 60°C for 60 s, as evidenced by a significant reduction in TPC to 3.75, 
which is almost the same with a higher pasteurisation temperature. However, extended time 
is crucial as 60°C for 30 s results in a higher TPC of 3.89 (p < 0.05). The physicochemical 
properties remain stable, with TA at 0.10%, indicating no adverse effect on acidity 
compared to the unpasteurised sample. Importantly, this pasteurisation condition avoids 
the significant decrease in pH observed at a higher temperature (80°C), thus maintaining 
the juice's desirable flavour profile (Ghorai, 2023). Vitamin C slightly degrades to 33.9 
mg/100 mL, but colour preservation is effective. Therefore, pasteurisation at 60°C for 60 
s ensured microbial quality, preserved physicochemical properties and minimised vitamin 
C degradation.

Effect of Storage on Microbial Quality

Table 4 shows the effectiveness of cold storage for pasteurised and unpasteurised red 
dragon fruit juices. After one week, the unpasteurised sample had a higher TPC and YMC 
than the initial week. In the following weeks, the unpasteurised sample’s microbial counts 
increased significantly compared to pasteurised juice, reaching an uncountable range for 
TPC and a high value for yeasts and moulds by Week 4. Meanwhile, the pasteurised juice 
had a minimal increase for TPC, but YMC remained consistently below the detectable 
level of 2 log CFU/mL. A high TPC value indicates a shorter shelf life for the juice, as 
it may contain many bacteria that could lead to spoilage. Some spoilage organisms can 
survive pasteurisation, posing a risk of product spoilage during storage. Yeast and mould 
could grow in dragon fruit juice even at a low pH due to its acidophilic nature (Jerry & 
Bright, 2019). Spoilage bacteria and YMC found on the surface of fruits would be harmful 
if consumed without any treatment (Mengistu et al., 2022).
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The pasteurised samples have shown a slight increase in TPC and maintained a 
consistently low YMC throughout the 4-week storage period. Pasteurisation kills most 
psychotropic bacteria, but some species and strains survive at refrigeration temperatures 
less than 7°C. However, the TPC is minimal and does not exceed the permitted level 
compared to before and during one month of storage. Thus, proper maintenance of 
refrigeration temperature after pasteurisation aids in ensuring the shelf life of juice is 
protected throughout storage until it reaches consumers.

The result is in line with a previous finding by Ma et al. (2020), who demonstrated that 
unpasteurised watermelon juice deteriorated rapidly due to microbial growth during storage. 
According to Mandha et al. (2023), pasteurisation effectively preserved a good microbial 
quality in watermelon juice throughout the storage period. However, the unpasteurised 
juice showed a gradual increase in TPC, reaching 8.33 log CFU/mL in the second week, 
which is higher than 6.05 log CFU/mL in this study. It might be due to the higher pH 
value of watermelon juice than dragon fruit juice, which limits microbial growth in more 
acidic environments. Additionally, Choo et al. (2022) reported that the microbial counts 
of pasteurised noni juice remained within acceptable levels throughout the 8-week storage 
period in refrigerated (4°C). This finding supports the suitability of refrigerated storage 
conditions in preserving the microbiological integrity of pasteurised noni juice.

Table 4  
Microbiological analysis of unpasteurised and pasteurised (60°C, 60 s) red dragon fruit juice during 
storage at 4°C

Microbiological analysis (log CFU/mL)
TPC YMC

Unpasteurised
Week 0 6.00 ± 0.18aA 3.48 ± 0.23aA

Week 1 6.03 ± 0.20aA 4.28 ± 0.28bA

Week 2 6.05 ± 0.15aA 4.38 ± 0.23bA

Week 3 TNTCbA 5.32 ± 0.34cA

Week 4 TNTCbA 5.58 ± 0.73dA

Pasteurised
Week 0 3.75 ± 0.14aB < LODaB

Week 1 3.77 ± 0.25aB < LODaB

Week 2 3.79 ± 0.47bB < LODaB

Week 3 3.83 ± 0.32cB < LODaB

Week 4 3.86 ± 0.23dB < LODaB

Note. Values expressed as means ± standard deviations, Small letters within a column denote a significant 
difference (p < 0.05) within the same treatment group (either pasteurised or unpasteurised) across different 
storage weeks, n = 3, Capital letters within a column denote a significant difference (p < 0.05) between 
different treatment groups (pasteurised and unpasteurised) within the same storage week, n = 3, TNTC 
means too numerous to count, where the count of the colonies formed is > 300, LOD means the limit of 
detection, where the count of the colonies form is < 1
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Effect of Storage on Physicochemical Properties

Table 5 presents the physicochemical properties of unpasteurised and pasteurised (60°C 
for 60 s) red dragon fruit juice samples for 4 weeks of cold storage. After titration, TA 
was determined by observing the colour changes in the dragon fruit juice sample. TA in 
the unpasteurised sample steadily increases, reaching 0.38%, while the pasteurised sample 
shows a more controlled increase, reaching 0.20%. Both samples’ pH fluctuated, decreasing 
to 4.64 at week 1 and gradually increasing until week 4. TSS remained relatively stable 
in both samples.  Colour parameters (L*, a*, b*, h°, C) demonstrate a darkening trend, 
which is more noticeable in the pasteurised sample. Hence, pasteurisation had no notable 
impact on the pH and TSS of dragon fruit juice compared to unpasteurised samples, but 
a significant difference can be observed for colour parameters. These findings align with 
the previous research on watermelon juice enriched with L-citrulline by Tarazona-Díaz 
et al. (2017).

Additionally, the sudden increase of pH and TA after week 1 in this study is similar 
to the previous research by Adedokun et al. (2022) on the storage stability of black plum, 
baobab, and pineapple juice blends. In that study, the authors found that the pH remained 
stable during the initial two weeks at 4°C. However, a slight pH reduction occurred from 
week 2 to week 4 due to biological processes within the juice samples.

TA of the unpasteurised dragon juice increased drastically from 0.17% to 0.27% 
after one week. It may be due to the growth of microorganisms in unpasteurised juice, 
which have contributed to forming organic acids such as lactic acid bacteria via metabolic 
processes. Additionally, yeasts and other microorganisms capable of fermenting sugars 
could increase the production of organic acids (Aneja et al., 2014). However, the TA has 
resulted in non-significant changes in the later weeks due to the sugars in the dragon fruit 
juice, which microorganisms may have utilised during the initial phase, reducing the acid 
production rate. It is supported by a previous finding by Sandle (2016), who stated that the 
nutrient requirements vary widely among microorganisms, in which most derive energy 
by metabolising simple sugars like fructose.

For the pasteurised sample, there was a slight increase in the TA, from 0.10 to 0.15%, 
possibly due to a lower microorganism count than in the unpasteurised sample. The 
finding is similar to Unluturk and Atilgan (2015), who identified a drastic increment in 
TA of untreated white grape juice compared to pasteurised juice. Besides, the pasteurised 
samples maintained a constant TA (0.15% to 0.20 %) from week 1 to week 4 due to slowed 
enzymatic reactions in the juice, which indicates that oxidative enzymes have a significant 
enzymatic activity in the pulp of dragon fruit. The activity of enzymes such as polyphenol 
oxidase (PPO) and peroxidase (POD) in fruit juices is influenced by the concentration of 
oxygen present in the environment. Changes in the fruit juice's flavour components, which 
might affect the juice’s acidity, can also result from browning reactions facilitated by PPO 
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and POD enzymes. A study by Shaik and Chakraborty (2023) mentioned that the enzyme 
activity remains below 10% when the treated lime juice is stored at temperatures of 4°C. 
Thus, cold storage is efficient in maintaining the acidity of pasteurised fruit juice.

The pH of unpasteurised and pasteurised samples decreased from 5.05 and 5.01, 
respectively, to 4.64 in week 1. Acids found naturally in fruit juice, such as citric and 
malic acids, can be degraded. Oxidation of citric and malic acids can form intermediate 
compounds such as oxalic acid and oxaloacetic acid. These reactions might include 
enzymatic or chemical activities that degrade bigger acid molecules into simpler ones, 
reducing pH (Jerry & Bright, 2019). However, for both samples, a slight increase in pH 
can be detected from week 1 to week 4. It might be due to the effectiveness of cold storage, 
which avoids further chemical reactions that could turn the juice highly acidic and affect its 
sensory characteristics of sweetness and sourness. TSS increased slightly from 10.6 to 11.1 
and 11.0 for unpasteurised and pasteurised samples at week 1 because of the conversion 
of carbohydrates to simple sugars (Mandha et al., 2023). During cold storage, the TSS for 
both samples showed only a slight change; the overall values ranged from 10.9 to 11.01. 
Cold storage will inhibit enzymatic activity, which could increase the solid content in 
the juice. Storage temperature can impact the rate of enzymatic and chemical reactions. 
Higher temperatures may accelerate these reactions, leading to a more rapid increase in 
TSS (Babarinde et al., 2019). This finding is similar to Wang et al. (2022), who reported 
that the TSS increased initially due to starch hydrolysis and then decreased after the starch 
had been completely digested.

The drastic drop in colour values for unpasteurised and pasteurised samples at week 
1 compared to initial values is due to the cold storage that slowed down or temporarily 
inhibited enzymatic and chemical reactions responsible for colour development or stability. 
Enzymatic browning reactions due to PPO and POD enzymes, oxidation or other chemical 
processes contributing to colour changes are typically temperature dependent. Lower 
temperatures can slow these reactions, reducing colour intensity (Wibowo et al., 2015). 
Furthermore, unpasteurised and pasteurised samples exhibited noticeable changes in their 
colour characteristics over the four weeks. The L* values showed a consistent increase in 
both samples, indicating that the colour of the juice became lighter. Similarly, the a* and 
b* values were consistently increased in unpasteurised and pasteurised samples.

Despite variations in the hue angle (h°) values, no consistent trend was observed over 
the four weeks, suggesting fluctuations in the dominant wavelength of colour without a 
distinct shift for unpasteurised. It might be due to a growing trend in the microbial count, 
especially psychrotrophic bacteria, which causes chemical changes that lead to improper 
colour degradation (Hwang et al., 2022). In addition, chroma values increased over the 
four weeks for unpasteurised and pasteurised samples, indicating an increment in colour 
saturation. For L*, a*, b*, h° and C values, there was a sudden decrease at week 4 for 
pasteurised samples from three weeks of gradual increase. Dragon fruit consists of enzymes, 
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including polyphenol oxidase, which can catalyse enzymatic browning reactions. Even 
though pasteurisation is intended to deactivate enzymes, residual enzymatic activity may 
still exist. This remaining activity may eventually result in browning (Zhu et al., 2019). 

For the first week, pasteurised samples showed the highest colour difference (7.65), 
and there was only a slight change at week 4 (1.34). Lee and Coates (2003) observed 
an increase in the b* value after thermal processing of orange juice at 90°C for 30 s. 
Similarly, Xu et al. (2015) found that thermal processing at 110°C for 8.6 s increased the 
yellowness of an orange juice blend, while Igual et al. (2014) discovered an increase in 
the b* value of grapefruit juice after heat treatment at 80°C. These findings support that 
the higher the temperature, the greater the changes in the colour parameters of the fruit 
juice. Moreover, chemical changes, including enzymatic reactions, influence the colour 
change of the juice during storage. Thus, pasteurisation leads to a noticeable alteration in 
colour, yet maintaining a lower temperature lessens this effect and preserves the vibrant 
colour of the juice.

Effect of Storage on Vitamin C Concentration

Table 6 shows the vitamin C content of unpasteurised and pasteurised samples at cold storage. 
Initially, the unpasteurised sample had a significantly higher vitamin C concentration of 
37.4 mg/100 mL. However, the vitamin C concentration decreased significantly (p < 0.05) 
over the four-week storage period. This decline can be due to the natural sensitivity of 
vitamin C to numerous environmental variables, such as air, light, and temperature (Ajibola 
et al., 2009). Factors such as oxygen exposure during handling and storage contribute to 
the breakdown of vitamin C in fruit juices, resulting in a progressive drop in concentration 
(Mieszczakowska-Frąc et al., 2021). There is a significant difference (p < 0.05) among 
unpasteurised and pasteurised samples, especially during week 4. Both samples resulted in 
a declining trend for vitamin C content. This result is similar to findings by Mgaya-Kilima 
et al. (2015) and Alim et al. (2023), who concluded that vitamin C degradation during 
storage is one of the most essential factors affecting the quality of the juice. 

Vitamin C concentration in the pasteurised sample also decreased across the four 
weeks, starting in Week 0 at 33.9 mg/100 mL. Despite being heat treated at 60°C, 60 s 
the pasteurised sample showed a similar trend of vitamin C breakdown as unpasteurised 
sample. This decline can be due to persistent oxidative reactions even after pasteurisation 
(Hernandez et al., 2006). Although pasteurisation helps to reduce the activity of enzymes 
that degrade vitamin C, it does not eliminate the impact of oxygen exposure and other 
variables that contribute to the deterioration of this sensitive nutrient during long periods of 
storage. It is supported by Tiencheu et al. (2021), who found a decrease in vitamin C after 
1 month of storage at the refrigerating temperature for pawpaw, pineapple, and watermelon 
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juices. Due to the unstable nature of vitamin C, the decrease in vitamin C is identified in 
juices with increased storage duration because of oxidation during storage. 

In Week 4, the unpasteurised sample’s vitamin C content dropped to 19.8 mg/100 
mL, whereas the pasteurised sample’s concentration decreased to 17.8 mg/100 mL. This 
finding is similar to Wurlitzer et al. (2019), who found that vitamin C in tropical fruit 
juice was degraded during storage with a considerable loss of 30% to 40% from its initial 
concentration. In addition, Mandha et al. (2023) found that cold storage had an adverse 
impact on vitamin C in mango juice by reducing it from 61.1 to 33.9 mg/100 mL due to 
the presence of oxygen, which led to oxidation. Despite the drop in both samples, the 
pasteurised sample’s vitamin C concentration is close to the unpasteurised sample. This 
implies that although pasteurisation reduced the vitamin C content of red dragon fruit 
juice, it still contributes to an acceptable range for consumers’ daily intake. According to 
the US FDA, the daily value for vitamin C is set at 90 mg to support immune function 
and overall health. In comparison, the Ministry of Health Malaysia (MOH) recommends 
a reference nutrient intake of 70 mg for maintaining adequate vitamin C levels in adults. 
Pasteurised juice retains a significant quantity of vitamin C (17.8 mg) even after week 4, 
making it efficient for consumption as it provides 19.7% of the daily value of vitamin C 
and 25.4% of the reference nutrient intake of vitamin C as recommended by the FDA and 
MOH respectively.

Table 6  
Vitamin C analysis of unpasteurised and pasteurised (60 °C, 60 s) red dragon fruit juice during storage at 
4°C

Vitamin C concentration (mg/100 mL)
Unpasteurised
Week 0 37.4 ± 0.10aA

Week 1 28.3 ± 0.01bA

Week 2 25.0 ± 0.10cA

Week 3 22.9 ± 0.10dA

Week 4 19.8 ± 0.26eA

Pasteurised
Week 0 33.9 ± 0.01aB

Week 1 28.1 ± 0.26bB

Week 2 22.0 ± 0.06cB

Week 3 20.7 ± 0.10dB

Week 4 17.8 ± 0.26eB

Note. Values expressed as means ± standard deviations; Small letters within a column denote a significant 
difference (p < 0.05) within the same treatment group (either pasteurised or unpasteurised) across different 
storage weeks, n = 3, Capital letters within a column denote a significant difference (p < 0.05) between 
different treatment groups (pasteurised and unpasteurised) within the same storage week, n = 3
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CONCLUSION 

The study revealed that pasteurisation significantly impacted red dragon fruit juice's 
microbiological, physicochemical, and vitamin C properties. Both high (80°C) and low 
(60°C) temperature pasteurisation effectively reduced microbial counts, especially at 
60-second durations. Physicochemical analysis showed no significant effects on total acidity 
(TA) and total soluble solids (TSS) but noticeable changes in colour and pH, particularly 
at 80°C, where pigment degradation occurred. Vitamin C content decreased with higher 
temperatures and longer pasteurisation times due to heat sensitivity. Unpasteurised juice 
saw rapid microbial growth over four weeks of storage, while pasteurised juice maintained 
acceptable bacterial counts. Pasteurisation did not significantly affect pH and TSS but 
affected colour throughout storage. Both unpasteurised and pasteurised juices experienced 
a decline in vitamin C content over time, with unpasteurised juice showing more significant 
losses due to enzymatic and oxidative degradation. Thus, the study determined that 
pasteurisation at 60°C for 60 s balances microbiological quality and has minimal impact 
on physicochemical characteristics and vitamin C concentration.
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ABSTRACT
The increased demand for aquaculture has led to significant implications for fish feed supply since 
its cost contributes to most of the operational cost. The primary protein source in feed ingredients 
comes from fish meal (FM). However, increasing FM prices and overfishing concerns substantially 
challenge its sustainable production. Alternatively, single-cell protein (SCP) derived from 
microbial biomass has demonstrated efficacy as a protein substitute. This study enhanced microbial 
protein production of Aspergillus terreus UniMAP AA-1 cultivated on palm-pressed fiber (PPF) 
through the response surface methodology (RSM) approach. Screening of media compositions 
comprising potassium dihydrogen phosphate (KH2PO4), ammonium nitrate (NH4NO3), sodium 
chloride (NaCl), magnesium sulfate heptahydrate (MgSO4.7H2O), ferrous sulfate heptahydrate 
(FeSO4.7H2O), copper (II) sulfate pentahydrate (CuSO4.5H2O), and zinc sulfate heptahydrate 

(ZnSO4.7H2O) was conducted using the Plackett-
Burman design (PBD). The Central Composite 
Rotatable Design (CCRD) approach was further 
used to optimize the significant parameters 
influencing SCP production. Screening by the 
PBD signifies that NH4NO3 and MgSO4.7H2O are 
significant factors enhancing SCP production, 
with the highest SCP produced of 551 mg/L. 
Subsequently, optimization by CCRD revealed 
that the optimum concentration for NH4NO3 and 
MgSO4.7H2O were 0.85% and 0.05% (w/v). This 
optimization strategy has increased the SCP 
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production to 673 mg/L, 22% higher than those obtained earlier. The data gathered in this study 
may be used for scale-up production of SCP from PPF by A. terreus UniMAP AA-1. 

Keywords: Central Composite Rotatable Design, fish feed application, media composition optimization, palm-
pressed fiber, Plackett-Burman Design, single-cell protein, solid-state fermentation

INTRODUCTION

The aquaculture industry is one of the fastest-growing food sectors globally, driven by 
the increasing demand for fish and shellfish on a global scale. The aquaculture sector has 
grown at an average yearly rate of 8.9% since 1970 (Huang & Nitin, 2019). The surge in 
demand has led to significant implications for fish feed supply. Feed costs typically account 
for 30%–70% of total operational costs, significantly impacting investment profitability 
(Bratosin et al., 2021). The primary protein source in feed ingredients is fish meal (FM). 
However, the increasing costs for FM and overfishing concerns substantially challenge 
its sustainable production. FM production is expected to struggle to meet global demand 
by 2050 (Bratosin et al., 2021). Therefore, exploring alternative protein sources is crucial, 
as they have the potential to be substitutes for fish meals. One promising alternative is 
a single-cell protein (SCP) derived from microbial biomass, which has demonstrated 
efficacy as a protein substitute for fish and soybeans. SCP is obtained from cultured cells 
and can be isolated as dried cells or purified protein. Various microorganisms can produce 
it, including bacteria, fungi, and algae. Microbial protein is cost-effective and offers better 
nutritional value than other protein sources. Its rapid growth rate also enables large-scale 
production (Bajić et al., 2023).

Oil palm holds significant importance in Malaysia’s agricultural landscape alongside 
rubber, cocoa, rice, and coconut (Jafri et al., 2021). The oil palm plantations covered 5.67 
million hectares as of 2022, producing 1.04 million tons (MT) of palm kernel oil and about 
15.72 MT of palm oil (Malaysian Oil Palm Council [MPOC], 2024). The oil palm tree’s 
biomass makes up 90% of its mass, with palm oil making up only 10% of this biomass 
(Jafri et al., 2021). Oil palm biomass refers to residues from the industry's replanting, 
pruning, and milling activities. Among these residues, palm-pressed fiber (PPF) emerges 
as a promising substrate for SCP production. PPF is made of a mixture of mesocarp fiber, 
crushed kernel, kernel shell, and debris extracted from the mesocarp of oil palm fruits after 
the oil is extracted (Neoh et al., 2011). Rich in cellulose and hemicellulose, PPF offers an 
ideal carbon source for fungi to produce SCP, thereby serving as a valuable ingredient in 
feed ingredients (Amara & El-Baky, 2023). 

Optimizing the composition of the culture medium is essential for enhancing biomass 
accumulation and producing desired products. However, each element requires the 
appropriate concentration, ratios, and chemical forms to provide optimal growth conditions 
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(Bentahar & Deschênes, 2022). Fermentation medium optimization frequently involves 
either the one-factor-at-a-time (OFAT) or more advanced statistical optimization techniques. 
Although OFAT is simple, it can be expensive and time-consuming due to the multiple 
tests required to reach conclusions. Furthermore, OFAT overlooks the interactions among 
different factors under investigation. 

On the contrary, statistical optimization methods offer advantages like nutrient 
balancing, enriching essential components, and eliminating unnecessary ones while 
considering factor interactions. These approaches also reduce the number of experiments 
needed, thus reducing costs and enhancing the production process’s efficiency (Guo et al., 
2019). Response surface methodology (RSM), Plackett-Burman design (PBD), and factorial 
design are common methods for achieving statistical optimization, which produces ideal 
results like increased cell proliferation or volumetric production. Thus, RSM, a robust 
mathematical tool, allows for the efficient testing of multiple process variables, reducing 
the number of trials required to identify significant components impacting microbial 
processes (Choi et al., 2021). Therefore, this study aims to investigate the performance of 
PPF as a substrate for SCP generation by Aspergillus terreus UniMAP AA-1. The PBD 
approach was selected to screen the most significant media components. Through the 
central composite rotatable design (CCRD), RSM was employed to further optimize the 
parameters that affect SCP production. 

MATERIALS AND METHODS

Collection of Raw Materials and Preparation of Substrate

The PPF used in this study was provided by Norstar Palm Oil Mill Sdn. Bhd. in Kuala Ketil, 
Kedah (5°34ʹ09.3ʺN 100°42ʹ01.8ʺE). Dust, sand, and other contaminants were eliminated 
from the PPF by rinsing it with tap water, followed by drying at 60°C for 24 hours in the 
oven. Then, it was ground and sieved into 500 µm particle size before being kept in a dry 
container prior to further use.  

Pretreatment of Substrate

About 1 L of 5% (w/v) NaOH (Merck, Germany) was used to treat 50 g of dried PPF. The 
substrate mixture was then incubated according to Rahman et al. (2021). Following the 
draining of the NaOH solution, the substrate was cleaned with dH2O until the pH reached 
a neutral level and oven-dried at 60°C. 

Inoculum Preparation

A. terreus UniMAP AA-1 (Gunny & Arbain, 2012) was obtained from the culture collection 
of the Faculty of Chemical Engineering and Technology, Universiti Malaysia Perlis. The 



840 Pertanika J. Trop. Agric. Sci. 48 (3): 837 - 850 (2025)

Khadijah Hanim Abdul Rahman, Siti Jamilah Hanim Mohd Yusof and Naresh Sandrasekaran

culture was cultivated for 7 days at 30°C on potato dextrose agar (PDA) (HiMedia, India). 
About 30 ml of sterilized dH2O was added to the 7-day-old spores. After rubbing, the spores 
were filtered through Whatman Grade No. 1 filter paper, and the spore was adjusted to the 
concentration of 107 CFU/ml using a hemocytometer (De la Cruz-Quiroz et al., 2019). The 
filtrate was kept at 4°C before usage. 

Growth Media Preparation and Solid-state Fermentation

A 250 ml conical flask was filled with approximately 6 g of substrate. About 50% moisture 
content was achieved by adding 6 ml of solution to the substrate, consisting of 20% 
inoculum and 80% growth media solution. The composition of the media solution was 
varied by altering the concentration of seven media components which include potassium 
dihydrogen phosphate (KH2PO4; Bendosen, Malaysia), ammonium nitrate (NH4NO3; 
HmbG, Germany), sodium chloride (NaCl; HmbG, Germany), magnesium sulfate 
heptahydrate (MgSO4.7H2O; HmbG, Germany), ferrous sulfate heptahydrate (FeSO4.7H2O; 
HmbG, Germany), copper (II) sulfate pentahydrate (CuSO4.5H2O; Bendosen, Malaysia), 
and zinc sulfate heptahydrate (ZnSO4.7H2O; HmbG, Germany)  based on the experimental 
design. The mixture was thoroughly mixed prior to incubation at 30°C for 5 days (Rahman 
et al., 2021). 

Identification of Significant Media Compositions Using Plackett-Burman Design 
(PBD)

The screening was conducted using the PBD (Design Expert v12). The design can decrease 
the number of experiments required to achieve goals efficiently. The first-order model in 
Equation 1 served as the basis for the Plackett-Burman experimental design:

Y = ß0 +∑ ßiXi	 [1]

Table 1 
Plackett-Burman Design of different media 
compositions and levels

Factor Term Unit Level
-1 +1

NH4NO3 A % (w/v) 0.30 0.70
KH2PO4 B % (w/v) 0.15 0.35
NaCl C % (w/v) 0.00 0.20
MgSO4.7H2O D % (w/v) 0.10 0.20
FeSO4.7H2O E % (w/v) 0.00 0.20
ZnSO4.7H2O F % (w/v) 0.00 0.20
CuSO4.5H2O G % (w/v) 0.00 0.20

where, Y is the SCP production, mg/L, 
ß0 is the model intercept, and ßi is the 
variable estimates. A significant factor 
contributing to SCP production is denoted 
by a confidence level greater than 95%. 
A total of 12 runs were generated, which 
included seven media components. The 
experimental runs were replicated three 
times, and the response was the average 
of triplicates. The range used for each 
component is depicted in Table 1. 
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Optimization of Media Components by Central Composite Rotatable Design (CCRD)

The optimization was conducted using the CCRD (Design Expert v12). The significant 
media components identified by PBD were selected as variables in the CCRD. They were 
NH4NO3 and MgSO4.7H2O, and the levels were set, as shown in Table 2. 

As indicated by the PBD, the FeSO4.7H2O, KH2PO4, NaCl, CuSO4.5H2O, and 
ZnSO4.7H2O concentrations were kept at their optimal levels. About 13 runs were 
performed, including 5 duplicates at the center points. The analysis was done in triplicates. 
According to Equation 2, a second-order polynomial response surface approach was fitted 
using the experimental data in the statistical package Design Expert v12 (StatEase Inc. 
Minneapolis, USA):

Y = ß0 + ß1X1 + ß2X2 + ß11X2
1 + ß22X2

2 + ß12X1X2	 [2]

where, Y is the SCP (mg/L), ß0 is the intercept, ß1 and ß2 are the linear coefficients, ß11 

and ß22 are the squared coefficients, and ß12 is the interaction of coefficients.

Protein Recovery and Determination 

The fermentation sample was dried for 24 hr at 60°C. The dried samples were ground using 
a mortar and pestle to obtain a smaller and smoother substrate. In a centrifuge tube, 0.5 g 
of the dried sample and 25 ml of 1 N NaOH were mixed and soaked for 24 hours at room 
temperature. Subsequently, the mixture was centrifuged for 10 min at 10,062 g and the 
supernatant was kept at 4°C (Rahman et al., 2021). Protein concentration was determined 
using the Lowry method. 

Total Reducing Sugar Content 

In a test tube, 1 ml of 3,5-dinitrosalicylic acid (DNS) reagent and 1 ml of sample supernatant 
were mixed. The mixture was incubated for 10 min in an 80°C water bath and then cooled 
under running water. Absorbance was measured by a UV spectrophotometer (Thermo 
Fisher Scientific, USA) at a wavelength of 540 nm (Rahman et al., 2021). 

Table 2  
The factors and levels applied for Central Composite Rotatable Design (CCRD)

Factor Unit Level
-α -1 0 +1  α

NH4NO3 % (w/v) 0.64 0.70 0.85 1.00 1.06
MgSO4.7H2O % (w/v) 0.00 0.00 0.05 0.10 0.12
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RESULTS AND DISCUSSION

Screening of Media Compositions by Plackett-Burman Design (PBD)

PBD is a tool used to screen the effects of process variables on yield. This tool can reduce 
the number of experiments needed in the subsequent optimization study using RSM. The 
effects of different media compositions on SCP production were determined by performing 
12 runs given by the PBD (Table 3). The highest protein concentration was obtained in run 
2, with 551 mg/L, while the lowest was obtained in run 3, with 90 mg/L.

The PBD generates a regression equation that predicts the factors influencing the 
response, such as SCP production. This equation, expressed through the coefficient of 
R2, showed a value of 0.9376 for SCP, confirming the design’s significance in predicting 
variable effects on A. terreus UniMAP AA-1’s SCP production. An analysis of variance 
(ANOVA) using Fisher’s F-test and F-value further validated the model’s significance 
(Table 4). The significance of the model is indicated by its F-value of 8.58, which has 
a 2.76% probability of happening owing to random variation. The p-value is useful for 
determining each coefficient's significance and identifying interaction patterns between 
variables. A smaller p-value (p-value < 0.05) signifies greater coefficient significance. In 
this study, only three parameters—NH4NO3, MgSO4.7H2O, and FeSO4.7H2O—showed 
significant model terms, as detailed in Table 4.

The main effects (t-value) of the analyzed factors on SCP production are graphically 
illustrated in Figure 1. The t-value with a large magnitude indicates the high significance 

Table 3 
The Placket-Burman experimental runs and resulting single-cell protein (SCP) of A. terreus UniMAP AA-1 
cultivated on palm-pressed fiber

Run A B C D E F G SCP 
(mg/L)

1 0.7 0.35 0.2 0.1 0.0 0.0 0.2 452
2 0.7 0.35 0.0 0.1 0.0 0.2 0.0 551
3 0.3 0.35 0.0 0.2 0.2 0.0 0.2 90
4 0.7 0.15 0.0 0.1 0.2 0.0 0.2 393
5 0.3 0.35 0.2 0.2 0.0 0.0 0.0 250
6 0.3 0.15 0.2 0.1 0.2 0.2 0.0 291
7 0.7 0.15 0.2 0.2 0.0 0.2 0.2 364
8 0.3 0.35 0.2 0.1 0.2 0.2 0.2 273
9 0.7 0.15 0.2 0.2 0.2 0.0 0.0 312
10 0.3 0.15 0.0 0.2 0.0 0.2 0.2 345
11 0.3 0.15 0.0 0.1 0.0 0.0 0.0 338
12 0.7 0.35 0.0 0.2 0.2 0.2 0.0 381

Note. Variables listed in % (w/v): A = NH4NO3, B = KH2PO4, C = NaCl, D = MgSO4.7H2O,  
E = FeSO4.7H2O, F = ZnSO4.7H2O, G = CuSO4.5H2O
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of the equivalent coefficient. Based on Figure 1, the most significant factor is NH4NO3, and 
the positive value indicates that by increasing the parameter concentration, the production 
of SCP will be enhanced. Besides that, MgSO4.7H2O and FeSO4.7H2O are the other two 
significant factors that affect SCP production. The t-values of these factors are negative 
values, indicating that they are needed at lower concentrations for an enhanced production 
of SCP.

Table 4  
Statistical analysis of Plackett-Burman design for each variable

Variable df F-value p-value Confidence 
level (%)

Model 7 8.58 0.0276 97.24
NH4NO3 1 28.53 0.0059 99.41
KH2PO4 1 0.081 0.7907 20.93
NaCl 1 0.926 0.3904 60.96
MgSO4.7H2O 1 11.76 0.0265 97.36
FeSO4.7H2O 1 11.93 0.0260 97.40
ZnSO4.7H2O 1 5.21 0.0846 91.54
CuSO4.5H2O 1 1.61 0.2727 72.73

Note. Highlighted in grey is the significant model term (p-value <0.05)

Figure 1. Main effects of media compositions for single-cell protein production

Note. A = NH4NO3, B = KH2PO4, C = NaCl, D = MgSO4.7H2O, E = FeSO4.7H2O, F = ZnSO4.7H2O,  
G = CuSO4.5H2O
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Nitrogen sources are an essential nutrient component for microbial growth and building 
blocks of protein. Organic or inorganic sources can supply nitrogen. Ammonium is the 
preferred nitrogen source because it promotes faster growth compared to other nitrogen 
sources available (Chen et al., 2022; Chutrakul et al., 2022; Jiang et al., 2019; Martin-
Jézéquel et al., 2015). In this study, nitrogen in the form of NH4NO3 was added to the 
media, and the PBD identified this compound as the most significant compound for protein 
production at a concentration of 0.7% (w/v). An optimum amount of nitrogen source is vital 
for mycelium growth due to the formation of metabolic by-products (Nguyen et al., 2023). 
Akintomide and Antai (2012) also observed the effect of inorganic nitrogen supplementation 
on SCP production. They investigated how various inorganic nitrogen sources affected the 
development of microorganisms and discovered that adding (NH4)2SO4 to Saccharomyces 
cerevisiae (21.3%) and Aspergillus niger (16.78%) resulted in the highest crude protein 
yields (Akintomide & Antai, 2012).

Moreover, supplementing a nitrogen source in the form of NH4 can stimulate mycelial 
growth in fungi, as Dulay et al. (2020) reported, consequently enhancing both biomass and 
protein yields simultaneously. On the contrary, although MgSO4.7H2O and FeSO4.7H2O 
played significant roles in SCP production, their amount is needed in small amounts as they 
are the trace elements for fungi growth. The elevated concentrations of Mg2+ and Fe2+ are 
known to cause cell growth inhibition, leading to lagging of doubling time (Chen et al., 
2022; Nepal & Kumar, 2020). Zięba et al. (2021) reported that the most significant decrease 
in Plurotus djamor productivity was observed when the media was supplemented with the 
highest Mg concentration of 4200 mg. The finding in this study was further corroborated 
by Prakash et al. (2015), who cultivated Fusarium venenatum in combination with jaggery 
water, date extract, and mineral salts (KH2PO4, K2HPO4, and MgSO4). They observed that 
the highest protein concentration (4.9 g/L) was obtained at a low level (50 mg/L) of MgSO4 
(Prakash et al., 2015). The observed results suggested that although Mg2+ and nitrogen are 
essential elements in organisms, excess quantities may hamper protein production (Nepal 
& Kumar, 2020; Nguyen et al., 2023).

Optimization of Single-Cell Protein (SCP) Production by Response Surface Method 
(RSM) using Central Composite Rotatable Design (CCRD)

The significant parameters in the Plackett-Burman analysis were used to optimize SCP 
production by A. terreus UniMAP AA-1. The concentration of NH4NO3 and MgSO4.7H2O 
were only considered parameters for optimization (Table 2), while FeSO4.7H2O was not 
added in the media as suggested by PBD. The CCRD of the Design Expert software 
suggested a total of 13 runs, including five replicates at the center points, as shown in 
Table 5. Other parameters, such as KH2PO4, NaCl, ZnSO4.7H2O, and CuSO4.7H2O, were 
included in the growth medium at the concentration suggested optimum by Plackett-
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Burman analysis. These trace elements are necessary to maintain A. terreus growth while 
increasing SCP production.

The ANOVA results (Table 6) reveal that the model is significant, with a p-value of 
0.0004. As a result, only 0.04% of the models are insignificant due to noise. Although 
parameters A (NH4NO3), B (MgSO4.7H2O), and the interaction between AB are not 
significant (p-value > 0.05), they are still considered in the model because the higher order 
term, A2, a quadratic term of NH4NO3, is significant with a value of less than 0.0001 because 
the model was built on a hierarchy. However, B2 is insignificant and hence removed from 
the equation. It demonstrates that A2 operates as a limiting factor, with a minor change in 
value affecting the protein concentration. In contrast to pure error, the lack of fitness is not 
significant, and noise has a 15.70% probability of being the source of a large lack of fit 
F-value. The model fits the data well (Elsayed & Ahmed Abdelwahed, 2020). A regression 
analysis was performed utilizing coded values from data estimates, as stated by Equation 3:

SCP (mg/L) = 639.18 + (10.78 × NH4NO3) + (8.77 × MgSO4. 7H2O) + 
(1.5 NH4NO3 × MgSO4. 7H2O) – (77.62 × NH4NO3

2)	 [3]

A quadratic model with an R2 value of 0.9015 was proposed, indicating that the 
experimental variables analyzed accounted for 90.15% of the overall variation in the SCP.

Table 5 
The predicted and experimental values of single-cell protein after parameters optimization by Central 
Composite Rotatable Design 

Run A = NH4NO3 B = MgSO4. 7H2O Single-cell protein (mg/L)
Experimental Predicted

1 0.70 0.00 553 533.43
2 0.70 0.10 576 554.45
3 0.85 0.05 673 647.02
4 1.00 0.10 591 579.01
5 0.85 0.05 663 647.02
6 0.85 0.05 635 647.02
7 1.00 0.00 562 551.99
8 0.85 0.00 597 620.83
9 0.85 0.05 640 647.02
10 1.06 0.05 497 506.02
11 0.64 0.05 453 475.54
12 0.85 0.12 616 635.65
13 0.85 0.05 636 647.02
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Table 6 
Analysis of variance for a quadratic model of single-cell protein production

Source Sum of 
squares

df Mean Square F-value p-value

Model 44459.21 4 11114.80 18.31 4.00×10-4

A- NH4NO3 929.35 1 929.35 1.53 0.25
B- MgSO4.7H2O 536.83 1 536.83 0.88 0.37
AB 9.00 1 9.00 0.01 0.91
A2 42580.21 1 42580.21 70.16 <1.00×10-4

Residual 4855.56 8 606.94
Lack of Fit 3638.36 4 909.59 2.99 0.16
Pure Error 1217.20 4 304.30
Cor Total 49314.77 1

The graph model is graphically constructed from the regression model to determine 
the best value of SCP production. It demonstrates the interaction effect of NH4NO3 and 
MgSO4.7H2O on SCP formation (Figure 2). The study reveals that the model has a quadratic 
elliptical response surface. The production of SCP increased in the orange-red circular 
region, as depicted in Figure 2, where the concentration of MgSO4.7H2O ranged from 
0.02% (w/v) to 0.1% (w/v), and the concentration of NH4NO3 ranged from 0.8% (w/v) 
to 0.9% (w/v). The figure also shows that MgSO4.7H2O is close to 0.05% (w/v) and that 
NH4NO3 concentration is at 0.86% (w/v) for optimal SCP production. 

In this study, the growth of A. terreus UniMAP AA-1 on optimized PPF media resulted 
in a significant increase in biomass and protein after five days of fermentation. Utilizing 

Figure 2. Contour plot for the interaction of NH4NO3 and MgSO4.7H2O in response to protein concentration
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the RSM approach, protein production for SCP was enhanced by 22%, rising from 551 
mg/L with PBD to 673 mg/L with CCRD. In comparison, a similar enhancement in 
biomass production was observed by Choi et al. (2021) through PBD and CCD (RSM) 
studies utilizing Lactobacillus plantarum 200655. A total biomass concentration of 3.845 
g/L was achieved in an optimal medium comprising of 31.29 g/L maltose, 30.27 g/L yeast 
extract, 39.43 g/L soytone, 5 g/L sodium acetate, 2 g/L K2HPO4, 1 g/L Tween 80, 0.1 g/L 
MgSO4·7H2O, and 0.05 g/L MnSO4·H2O. It represents a 1.58-fold increase compared to 
the PBD medium (2.429 g/L; Choi et al., 2021). The maximum mycelial protein content 
of 2.11% was obtained by Tang et al. (2022) using an optimized fermentation medium 
designed with the Box-Behnken design to extract more mycelial soluble protein from 
Ophiocordyceps sinensis. The medium contained 20% beef broth, 0.10% peptone, 2% 
glucose, 0.15% yeast extract, 0.20% KH2PO4, and 0.02% MgSO4 (Tang et al., 2022). 
Although media composition requirements vary among different organisms, these studies 
illustrate that employing the RSM approach for optimization can effectively increase 
protein production in microbes.

Validation of Optimum Process Condition

In the present study, the optimal amount of NH4NO3 to produce the utmost protein 
concentration is 0.86% (w/v), while MgSO4.7H2O is 0.1% (w/v). The validation run was 
performed three times. The parameters were set within a range, whereas SCP production 
was set to the highest level. According to Table 7, the actual reading is within the predicted 
range, with a mean value of 650.3 mg/L and a standard deviation of 1.26. The predicted 
and actual values have a minimal standard deviation and are in good agreement. Hence, 
the model can be considered valid.

Table 7  
Comparison of the predicted and experimental values of SCP production for model validation 

Replicate NH4NO3

(% w/v)
MgSO4.7H2O

(% w/v)
SCP concentration (mg/L) Percentage 

error (%)
Standard 
deviation

Predicted 
value

Actual 
value

1 0.86 0.10 648.4 665 2.55 1.26
2 0.86 0.10 648.4 649 0.09
3 0.86 0.10 648.4 637 1.76

SCP Production and Glucose Utilization by A. terreus UniMAP AA-1 on Optimized 
Media

The performance of the optimized media was evaluated over a 7-day fermentation period 
at 30°C. The results are depicted in Figure 3. Generally, the trends in SCP generation and 
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glucose utilization are similar in which it was increasing from day 1, reaching peak values, 
and declining towards the end of the fermentation period. Day 3 yielded the highest glucose 
concentration of 365.3 mg/L. In contrast, day 5 produced the highest protein concentration 
of 648 mg/L (Figure 3). Since A. terreus UniMAP AA-1 hydrolyzes cellulose to sugar, a 
greater concentration of glucose at the start of the fermentation process is observed. During 
fermentation, the fungi’s consumption of these sugars promotes biomass formation and 
growth, which raises the amount of protein. After five days of fermentation, the protein 
content increased from 162 mg/L to 648 mg/L, a 4-fold increase. Hence, PPF has been 
demonstrated to be an invaluable substrate for the cultivation of A. terreus UniMAP AA-1 
and is promising to produce SCP for various potential applications.

Figure 3. The single-cell protein profile and reducing sugar consumption of Aspergillus terreus UniMAP 
AA-1

CONCLUSION

In this study, SCP has been produced through the solid-state fermentation of A. terreus 
UniMAP AA-1 on PPF. MgSO4.7H2O, FeSO4.7H2O, and NH4NO3 were the variables that 
had a major impact on SCP formation. The CCRD approach optimization revealed that the 
optimized values for NH4NO3 and MgSO4.7H2O were 0.85 and 0.05% (w/v). However, 
FeSO4.7H2O was not added to the production media according to the PBD results. The 
highest SCP detected was 673 mg/L, which corresponds to a 22% rise in protein compared 
to screening findings. The large-scale production of SCP from PPF is possible with the 
application of these optimization data.
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ABSTRACT

Garlic (Allium sativum) is an important horticultural crop globally and in Indonesia. Its production 
faces significant challenges due to diseases caused by viral infections. Therefore, this study aimed 
to determine the distribution of garlic viruses across cultivation areas in Indonesia and analyze 
the potential for transmission to shallot (Allium cepa var. agregatum) and spring onion (Allium 
fistulosum L.). In the process, garlic leaves and bulbs samples were collected from several growing 
areas in West Nusa Tenggara, Central Java, West Java, and East Java. Onion yellow dwarf virus 
(OYDV), leek yellow stripe virus (LYSV), garlic common latent virus (GCLV), and shallot 
latent virus (SLV) were detected by reverse transcription-polymerase chain reaction method 
using specific primers. The results showed that mixed infections of several viruses were more 
common than the single form. The average frequency of viral infection in order from the highest 
was LYSV (75.15%), OYDV (64.95%), SLV (36.47%), and GCLV (26.66%). Single isolates of 
LYSV, OYDV, GCLV, and SLV were selected for the transmission experiment in the screen house, 
and each was inoculated mechanically to shallot (cultivars Sanren F1 and Lokananta) and spring 
onion (cultivar Blaze F1). All viruses were successfully transmitted to shallot, but only LYSV, 
OYDV, and SLV could be mechanically transmitted to spring onion. The infection of shallot and 
spring onion significantly affected the number of bulbs but had no considerable effect on plant 
height, leaf number, and bulb diameter. 

Keywords: Frequency of infection, mechanical 
inoculation, mixed-infection, reverse transcription 
PCR, virus transmission

INTRODUCTION

Garlic (Allium sativum) is a horticultural 
crop cultivated in the highlands. Its main 
producing areas in Indonesia are Central 
Java, West Nusa Tenggara, and East Java. 
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In the country, garlic production has been unable to meet domestic market demand. 
Hence, the consumption relies on imports. A limitation in the cultivation of this crop is 
the availability of good seed bulbs free from pathogens, particularly viruses. The main 
viruses infecting garlic belong to the genera Potyvirus, Carlavirus, and Allexivirus (Katis 
et al., 2012). Symptoms of the infection include yellow mosaic, green mosaic, yellow-
striped, green-striped, curly, and notched upper surface of leaves. Viruses in garlic can be 
transmitted through insect vectors (aphids), contaminated plant material, and mechanical 
transmission (Mang et al., 2022). 

Virus infection is systemic, affecting the entire plant body, including the bulbs used as 
planting material (Bhusal et al., 2021). Bulbs from infected plants in the previous planting 
season, reused as seed materials tend to be a source of disease. Furthermore, Bagi et al. 
(2012) explained that virus infection caused a 21.5% decrease in bulb weight. Hidayat et 
al. (2023) and Nurulita et al. (2024) reported four main viruses infecting garlic plants in 
Indonesia, namely onion yellow dwarf virus (OYDV), leek yellow stripe virus (LYSV), 
garlic common latent virus (GCLV), and shallot latent virus (SLV). These infections are 
referred to as “Garlic viral complex” because single infections are rare (Cremer et al., 
2021; Majumder & Baranwal, 2014). 

Wulandari et al. (2016) detected OYDV, SLV, and GCLV in shallots, signifying 
virus transmission among Allium species. Plants in the same genus often share genetic 
similarities, facilitating susceptibility to the same viruses. Additionally, only specific 
genetic variants (genotypes) can infect certain host genotypes in virus species. PRSV-P 
infects papaya and cucurbits, while PRSV-W exclusively infects cucurbits (Tripathi et al., 
2008). These cases explain the complex interactions between viruses and the hosts, driven 
by genetic factors (McLeish et al., 2019).

In Indonesia, garlic is typically cultivated in an intercropping system with spring onion 
(Allium fistulosum L.) or shallot (Allium cepa var. agregatum), as observed in Karanganyar 
Central Java, and Bandung West Java (Rahmawati & Jamhari, 2019). The cropping pattern 
increases the risk of virus transmission due to the overlapping host range (Kadwati & 
Hidayat, 2015; Taglienti et al., 2018). This study determines the distribution of garlic 
viruses across cultivation areas in Indonesia and analyzes the potential for transmission 
to shallot and spring onion.

METHODS

Sampling Methods

Samples were collected from the main garlic-producing areas in Indonesia to determine 
the spread of the virus. The study locations consisted of 3 fields in West Nusa Tenggara 
(Sembalun: 8°23’53.16”S, 116°32’49.2”E), 1 in West Java (Ciwidey: 7°06’51.6”S, 
107°26’24.1”E), 2 in Central Java (Tawangmangu: 7°39’40.8”S, 111°06’28.6”E), and 4 in 
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East Java (Ngantang: 7°52’34.8”S, 112°22’40.5”E; Junrejo: 7°53’07.7”S, 112°33’16.3”E; 
Pacet: 7°40’55.9”S, 112°32’28.4”E).

This study determined five sampling blocks diagonally in fields, each with a minimum 
area of 800 m2. The total area of the sampling blocks is 5/9 of the field area. Leaf samples 
were collected from symptomatic plants showing symptoms such as twisted or wrinkled, 
yellow mosaic, green mosaic, yellow stripes, green stripes, and curly (Bhusal et al., 2021; 
Cremer et al., 2021). Furthermore, ten symptomatic leaves from each block were combined 
into a composite sample for virus detection. Additional seed bulb samples sourced from 
the previous planting season were collected from village storage warehouses during visits 
to the production sites. A total of 35 bulbs were sampled from each warehouse. 

Virus Detection and Identification 

Leaf samples from the field were used directly for detection, while the bulbs were grown in 
water media until leaves appeared. The detection stage was preceded by total ribonucleic 
acid (RNA) xtraction using the CTAB method (Doyle, 1991). Subsequently, RNA was used 
as a template in the amplification of the target viruses (LYSV, OYDV, GCLV, and SLV), 
applying a one-step reverse transcriptase-polymerase chain reaction (RT-PCR) method 
described by Nurulita et al. (2024). The process started with cDNA synthesis at 45°C for 
60 min and pre-denaturation at 94°C for 1 min. It was followed by 35 cycles consisting 
of denaturation at 94°C for 30 sec, annealing at 50°C for 30 sec, extension at 72°C for 1 
min, and a final elongation at 72°C for 10 min. 

Specific primers for LYSV and SLV (Haque & Hattori, 2017), OYDV (Sumi et al., 
2001), and GCLV (Parrano et al., 2012) were adopted. RT-PCR premix comprised of 12.5 μl 
Dreamtaq Green master mix (2×) (Thermo Scientific), 1 μl 0.1 M DTT (Smobio, Taiwan), 
0.5 μl RNAse inhibitor (Bioline London, UK), 0.25 μl RT enzyme (200 U/μl) (Smobio, 
Taiwan), 2 μl template RNA, 2 μl each of 10 μM forward and reverse primers, and 4.75 
μl nuclease-free water. Amplification results were visualized using gel electrophoresis. 
Selected amplified DNA fragments were sent to 1st BASE Malaysia to obtain virus 
sequences using the Sanger sequencing method. Finally, sequence analysis was performed 
using BioEdit 7.7 (Hall, 1999), MEGA 11 (Tamura et al., 2021), and SDTV1.3 (Muhire 
et al., 2014).

Transmission of Garlic-origin Viruses 

The LYSV, OYDV, GCLV, and SLV isolates used for the mechanical transmission 
experiment were obtained from a single infection and confirmed by sequencing to ensure 
identity. The plant materials used in the study were true seeds of shallot cv. Lokanata and 
cv. Sanren F1 (East-West Seed Indonesia), as well as spring onion cv. Blaze F1 (East-West 
Seed Indonesia). Initial virus detection was conducted 21 days after sowing (DAS) to 
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ensure the test plants were virus-free before transplantation into polybags at 35 DAS. The 
garlic-origin virus was transmitted by mechanical inoculation, where sap (exudate) from 
the inoculum source plants was applied to the test plants at 2 weeks post-transplanting 
(WPT). The sap was made by grinding the infected leaf in a mortar with 10,000 µl of cold 
0.01 M phosphate buffer at pH 7 containing 1% mercaptoethanol, following the method 
of (Nurviani et al., 2016). Carborundum 600 mesh was sprinkled on the leaves of the test 
plants before the application. Subsequently, it was allowed to sit for 3 min until the sap 
dried, and the leaves were rinsed with distilled water to remove any residual carborundum. 
The inoculation was conducted simultaneously for all test plants.

The experiment was arranged using a two-factor, completely randomized design. 
The first and second factors were plant cultivar (TSS cv. Lokanata, TSS cv. Sanren 
F1, and spring onion cv. Blaze F1) and virus type (LYSV, OYDV, GCLV, SLV, and 

Figure 1. Symptoms of virus infection discovered 
in the field include: (a) yellow stripes and 
wrinkles; (b) yellow stripes; (c) green stripes; 
(d) green mosaic; (e) yellow mosaic; and (f) a 
curly leaf
Note. The red arrows signify the intended 
symptoms
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without virus inoculation as healthy control), 
respectively. This study experimented with 
control conditions in a screen house. All 
test plants were grown in polybags using 
a 1:1 mixture of soil and compost as a 
planting medium. The experimental design 
consisted of 3 replications for treatments. 
It was important to acknowledge that each 
replication had ten plants/treatments. The 
parameters observed were disease incidence, 
incubation period, plant height, number of 
leaves, and number and diameter of bulbs. 
Data were then analyzed using ANOVA 
followed by Tukey’s test of 5%.

RESULTS

Disease Symptoms and Virus Incidence

Virus infections were identified by symptoms 
in the fields, such as twisted or wrinkled leaves, 
yellow stripes, green stripes, green mosaic, 
yellow mosaic, and curly leaves, as shown 
in Figure 1. The dominant type in each field 
varied, as detailed in Table 1. Symptoms were 
also observed in young leaves growing out 
of the bulb samples but were less varied than 
those from the field (Figure 2). 

(a) (b)

(c) (d)

(e) (f)
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Virus infections were detected in all field samples collected from several garlic-growing 
areas (Figure 3). The average frequency of infection in order from the highest was LYSV 
(75.15%), OYDV (64.95%), SLV (36.47%), and GCLV (26.66%). All four target viruses 
from Tawangmangu, Ngantang, Pacet, Junrejo, and Ciwidey were present in each garlic 
cultivar. In samples from Sembalun, only LYSV and OYDV were consistently detected, 
while GCLV and SLV were exclusive to cv. Sangga Sembalun and cv. Lumbu Kuning, 
respectively. Based on the planting location, virus distribution varied in the same cultivar, 
as shown in Figure 3. For instance, all four viruses were detected on cv. Lumbu Putih 
from Tawangmangu, while only two were detected on cv Lumbu Putih from Sembalun. 
A similar pattern was observed for cv. Lumbu Hijau, with four viruses identified in Pacet 
and 2 in Sembalun. 

The results showed that mixed infection was more common than the single-virus 
counterpart. As detailed in Figure 4, mixed infection of three viruses, particularly LYSV 
+ OYDV + SLV, was mostly observed in leaf samples. In contrast, single and double 
infections, with the highest frequencies by LYSV and LYSV + SLV, respectively, were 
observed from bulb samples. It was important to acknowledge that the number and diversity 

Table 1
Symptoms of virus infection found on garlic plants in the field

Symptoms
Site

Tawangmangu Ngantang Pacet Junrejo Ciwidey Sembalun
Twisted leaf + - - - - -
Striped, green on the leaf - - - + + +
Striped, yellow on the leaf - - - + - -
Leaf curling + - - - - -
Green mosaic on leaf + + - - + +
Yellow mosaic on leaf - - + - - -

Figure 2. Abnormal growth of garlic bulbs: (a) green stripe; (b) leaflet malformation; and (c) leaf curl
Note. The red arrows signify the intended symptoms
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of viruses detected from leaf samples were more complex. Mixed infection of four viruses 
in leaf and bulb samples was low, while double infection of GCLV + SLV was absent in 
both samples. 

Figure 3. Frequency of virus infection on garlic cultivars planted in West Java (Ciwidey), Central Java 
(Tawangmangu), East Java (Ngantang, Pacet, and Junrejo) and West Nusa Tenggara (Sembalun)
Note. Garlic cultivars were Tawangmangu Baru (Twb), Lumbu Putih (L. Putih), Lumbu Hijau (L. Hijau), 
Jawa Lama (J. Lama), Lumbu Kebo (L. Kebo), Sangga Sembalun (S.Sb), Lumbu Kuning (L. Kuning). The 
viruses identified were Leek yellow stripe virus (LYSV), Onion yellow dwarf virus (OYDV), Garlic common 
latent virus (GCLV), Shallot latent virus (SLV). The error bars in the figures represent the standard deviation

Figure 4. Venn diagram of garlic virus mixed infection on: (a) leaf : and (b) bulb samples
Note. The numbers in the figure represent the positive samples infected with the virus based on RT-PCR 
detection
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Identity of Garlic Virus Isolates 

Single LYSV, OYDV, and SLV infection were detected in shoots of bulbs from cv. Layur 
(East Java), cv. Sangga Sembalun (West Nusa Tenggara), and cv. Layur (East Java), 
respectively. GCLV infection was discovered in field samples of cv. Lumbu Kebo (West 
Java). The isolates of LYSV, OYDV, GCLV, and SLV shared the highest identity with 
the isolates from China (homology 98.43%; GenBank MN059534.1), China (homology 
93.06%; GenBank MN059637.1), Argentina (homology 95.91%; GenBank KJ124847.1), 
and Australia (homology 90.90%; GenBank JF320811.1), respectively, as shown in Figure 
5. The sequences of these isolates have been deposited in the GenBank with accession 
numbers LC831819.1, LC831799.1, LC831600.1, and LC831613.1, respectively.

Figure 5. Pairwise alignment of garlic virus isolates with the Genbank database
Note. The isolates from this study are the blue-coded accession numbers (LC831799.1, LC831613.1, 
LC831600.1, and LC831819.1). The black-coded accession numbers are isolated from Genbank
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Incidence of Virus Transmission from Garlic to Shallot and Spring Onion

Transmission studies of viruses originating from garlic successfully confirmed that shallot 
and spring onion are included in the host range. Shallot and spring onion showed symptoms 
after being inoculated with target viruses, except for GCLV. However, confirmation by 
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RT-PCR method proved that all plants were positively infected. Infection of GCLV was 
confirmed on cv. Lokananta and cv. Sanren F1 but not on cv. Blaze F1.

The highest disease incidence was 42 days after inoculation (DAI), discovered on 
cv. Blaze F1 and infected by LYSV (76.66%). SLV, OYDV, and LYSV followed it on 
‘Lokananta’ (76.66%), cv. Lokananta (70%), and cv. Lokananta (63.33%). There was no 
significant difference in virus incidence among the 4 treatments, as shown in Figure 6. 
The incidence increased from the beginning of inoculation until 35 DAI and remained 
constant. However, the exception was observed for SLV and OYDV inoculation on cv. 
Blaze F1, which experienced a decrease starting from 27 and 33 DAI, respectively. The 
reduction in disease incidence in both treatments was 42.68% and 49.96%. It was important 
to acknowledge that spring onion cv. Blaze F1 inoculated with SLV or OYDV experienced 
a decrease in disease severity. 

The experiment shows that OYDV and SLV originating from garlic only caused light 
green stripes and wrinkles on the leaves until 42 DAI, as detailed in Figure 7. Furthermore, 
twisted leaves and yellow mosaic appeared at 72 DAI on cv. Sanren F1 inoculated with 
OYDV, as presented in Figure 8. It signified differences in the symptoms that arise from 
the response of shallot and garlic plants.

Figure 6. Heat map of the incubation period (days after inoculation) and incidence of virus infection based 
on symptoms appearance in test plants (%)
Note. The numbers on the right side of the diagram signify the incidence of symptoms at 42 DAI (days after 
inoculation). Meanwhile, the letter after the number showed that there was no significant difference between 
treatments based on Tukey’s 5% test. The treatments on the left side of the diagram signify a combination of 
cultivar (cv. Blaze F1, cv. Sanren F1, cv. Lokananta) and virus (GCLV, SLV, OYDV, LYSV), KN: treatment 
without virus inoculation
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Effect of Virus Transmission from Garlic on Agronomic Characters

Garlic virus infection did not affect plant height and number of leaves, except for SLV 
on cv. Blaze F1 and OYDV on cv. Sanren F1, as shown in Figures 9 and 10. However, 
genetic factors influence this condition more, as cv. Blaze F1 is a spring onion and cv. 
Sanren F1 is a shallot. In contrast to plant height and number of leaves, a significant 
effect was observed on the number of bulbs, as detailed in Figure 11. It was particularly 

Figure 8. Symptoms of OYDV on cv. Sanren F1 at 
72 DAI: (a) twisted leaves; and (b) yellow mosaic
Note. The red arrows show the intended symptoms

Figure 7. Symptoms of OYDV and SLV on cv. 
Lokananta and cv. Blaze F1: (a) green stripes at 18 
DAI; and (b) wrinkled leaves at 42 DAI
Note. The red arrows represent the intended 
symptoms
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Figure 8. Symptoms of OYDV on ’Sanren F1’ at 72 DAI. Twisted leaves (A) and yellow 
mosaic (B) 
Note. The red arrows show the intended symptoms 
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Figure 9. Average plant height of shallot (cv. Lokananta and cv. Sanren F1) and spring onion (cv. Blaze F1) 
given the inoculation of LYSV, OYDV, GCLV, and SLV
Note. KN = Treatment without virus inoculation. The numbers at the top of the diagram represent the average 
treatment values, while the error bars in the figures represent the standard deviation
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for SLV, LYSV, and OYDV infections on cv. Sanren F1, as well as LYSV infection on cv. 
Lokananta. Despite the difference in the number of bulbs, the diameter was not affected. 
The study also shows that the effect of virus infection on yield reduction was different 
between the cultivars. For example, cv. Sanren F1 appeared to be more affected by the 
number of bulbs than cv. Lokananta. 

Figure 11. Average of bulb diameter (mm) (a) and the number of bulb (%) (b) of shallot (cv. Lokananta and 
cv. Sanren F1) given the inoculation of LYSV, OYDV, GCLV, and SLV
Note. KN = treatment without virus inoculation. The numbers at the top of the diagram represent the average 
treatment values, while the error bars represent the standard deviation

Figure 10. Average number of leaf of shallots (cv. Lokananta and cv. Sanren F1) and spring onion (cv. Blaze 
F1) given the inoculation of LYSV, OYDV, GCLV, and SLV
Note. KN = Treatment without virus inoculation. The numbers at the top of the diagram represent the average 
treatment values, while the error bars represent the standard deviation

(a) (b)
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DISCUSSION

Identifying 50 symptomatic plants in an 800 m2 field presented no challenge during 
sampling. It signified the high prevalence of garlic virus infection in Indonesia. Variations 
in symptoms observed across locations were influenced by interaction between the host 
plant, virus, and environment. A single virus can present different symptoms in the same 
plant, while distinct viruses can produce similar symptoms in the same plant (Kumar et al., 
2012). Mosaic symptoms in garlic are often associated with mixed infections of several 
viruses, specifically members of the genera Potyvirus, Carlavirus, and Allexivirus (Chen 
et al., 2001; Tsuneyoshi et al., 1998). 

Symptom variations are evident across field locations, leaf samples, and young 
shoots grown from bulbs. This variation may relate to the infection process and disease 
development. Viruses detected from bulbs are carried over from a previous harvest, while 
those in leaves arise from various sources, including primary infections on seed bulbs 
(Bhusal et al., 2021) and transmission through contact between plants (Coutts & Jones, 
2015) or insect vectors (Mang et al., 2020). The detection of viruses in bulbs confirmed the 
ability to infect all plant parts, including planting material (Bhusal et al., 2021). Potyvirus 
and carlavirus can spread through the help of aphid vectors in a non-persistent manner 
(Mang et al., 2022). Another reason for the complexity of the symptoms observed in the 
field is that the plants sampled were in the final vegetative phase. Meanwhile, the bulb 
samples were obtained from plants two weeks after planting. Paudel and Sanfacon (2018) 
explained that the virus accumulated to higher levels later in life. This factor leads to the 
more pronounced symptoms observed in the late stages of plant development. 

Virus detection is essential to verify that the symptoms observed are caused by viral 
infection. According to this study, viruses infecting garlic have spread across the cultivation 
areas in Indonesia. The detection results do not clearly indicate whether garlic viruses 
are specific to certain locations or cultivars. Inconsistency originated when comparing 
viruses infecting with garlic from the same area and those infecting specific cultivars. 
For example, a cultivar may harbor different virus combinations, while a single location 
may yield varying results across cultivars. The current results suggest that viruses are not 
associated with specific locations or cultivars.

The data obtained explains that LYSV and OYDV are the two most dominant viruses 
compared to others. Using seed bulbs from previous planting seasons is a key factor in the 
extensive spread of infections. This practice increases the tendency of virus-carrying bulbs 
to serve as primary inoculum, spreading diseases in fields (Khan et al., 2017). Reducing 
sources of inoculum in the field can be achieved by producing pathogen-free seed bulbs 
and implementing a controlled seed certification system.

Based on RT-PCR detection, viruses infecting garlic are more frequently detected in the 
form of mixed infections. Kadwati and Hidayat (2015) previously reported mixed infections 
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of two or three viruses in samples from Indonesia. Abraham et al. (2019) stated that mixed 
infections caused most viral infections in Ethiopia (65.7%). In this study, a combination of 
GCLV and SLV was not observed. The same results were reported by Kadwati and Hidayat 
(2015) in that the viruses were not discovered in local garlic samples from Bandung. 

Infection of a virus may cause detrimental effects to the presence of another. The most 
common interference is attributed to the activation of the host cell defense response by a 
primary virus infection. It facilitates the prevention of subsequent infection by a secondary 
virus (Alves-Junior et al., 2009; Singhal et al., 2021). Furthermore, the reduced rate of 
viral multiplication in mixed infections may be due to competition for host cell resources. 
Generally, closely related virus strains do not invade the same cells in their hosts. This 
condition is known as the phenomenon of spatial exclusion or spatial separation between 
viruses (Singhal et al., 2021). GCLV, SLV, and other carlaviruses often cause latent 
infections without symptoms. Acknowledging that co-infections can worsen symptoms 
and greatly impact crop yield and quality (Katis et al., 2012; Santosa & Ertunc, 2021).

Studies confirmed that shallots cv. Lokananta and cv. Sanren F1 are susceptible to 
LYSV, OYDV, GCLV, and SLV, while cv. Blaze F1 was only infected by LYSV, OYDV, 
and SLV. The virus inoculation procedure conducted in this study was performed only 
once. It implied that the lack of positive detection of GCLV could be attributed to the need 
for multiple inoculations. There have been no studies addressing cv. Blaze F1’s resistance 
to the virus. 

Based on the incidence analysis, not all viruses that were inoculated displayed 
symptoms. For example, the results of GCLV inoculation in ‘cv. Lokananta and cv. Sanren 
F1 showed no symptoms despite being detected as positive. Asymptomatic virus infection, 
as evidenced by GCLV, may result from the tolerance response of the host plant. Tolerant 
plants are generally able to suppress virus replication. It ensures that the virus titer decreases 
and inhibits cytopathic or harmful effects on the host (Takahashi et al., 2019; Zhang et 
al., 2018). 

Spring onion cv. Blaze F1 inoculated with SLV or OYDV was subjected to a recovery 
process after several days, signifying a decrease in disease severity. A factor contributing to 
reducing disease incidence is the recovery process from the plant’s resistance response and 
its interaction with the environment. Trebicki (2020) explained that the compatibility of the 
virus and the host plant and its interaction with the environment had positive, negative, or 
neutral effects on disease development and severity. Given the differences between the host 
isolates being transmitted from garlic to spring onion, this mechanism can possibly occur. 
The transmission also showed mild symptoms, unlike those observed in garlic infected 
with the virus. The symptoms observed from OYDV and SLV inoculations were primarily 
green stripes and wrinkling on the leaf. It is important to acknowledge that severe viral 
infections can lead to stunting or leaf malformation (Nurulita et al., 2024).
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Garlic virus infection in shallot and spring onion did not affect plant height and number 
of leaves. It is with the exception of SLV on cv. Blaze F1 and OYDV on cv. Sanren F1, which 
influenced leaf number due to genetic factors. In contrast to plant height and number of leaves, 
a significant effect was observed on the number of bulbs. The need for proper development 
of the material caused the reduction in bulbs. The equatorial diameter should reach twice the 
diameter of the bulb neck to meet the criteria of good quality (Sullivan et al., 2021). In this 
study, many bulbs did not meet this criterion and had to be eliminated. The condition signified 
that the virus did not reduce the bulb size during the initial infection. As explained by Cafrune 
et al. (2006), the infection of Allexivirus in the first season did not lead to a significant yield 
reduction but was significantly decreased in the next planting season. This study also shows 
that the effects of virus infection are different among the different cultivars. Cultivar Sanren 
F1 appeared to be more affected by the number of bulbs than cv. Lokananta.

CONCLUSION

The incidence of garlic virus infection was widely spread in Indonesia. Infection of LYSV, 
OYDV, SLV, and GCLV was detected from leaf and bulb samples. This signified that seed 
bulbs played an important role as the primary source of disease inoculum. All four viruses 
were transmitted to shallot, but only LYSV, OYDV, and SLV were mechanically transmitted 
to spring onion. Therefore, virus-free seed bulbs were recommended to suppress the spread 
of the virus in the field.
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ABSTRACT

N, N-Dimethylglycine (DMG) is a commonly used nutraceutical in veterinary medicine, which is 
claimed to have immunomodulating properties. This novel study investigated the effect of DMG 
supplementation on feline haematological parameters and the percentages of CD4+ and CD8+ T cells 
after vaccination with a single-dose commercial core vaccine. A total of twelve neutered cats were 
divided into control (n=6) and treatment groups (n=6) and received one dose of feline core vaccine 
at day 0. The treatment group then received oral DMG supplementation (125 mg/mL) twice daily for 
14 days. Blood samples were collected on days 0 and 15 for haematological, differential cell count, 
and T cell phenotyping analysis. Haematological analysis revealed no significant difference between 
the control and treatment groups after 14 days of the experiment. At post-treatment, the neutrophil 
percentage of the treatment group was significantly lower (p=0.0238) compared to the control 
group, while the lymphocyte percentage of the treatment group was significantly higher (p=0.013) 
compared to the control group. The reduction in neutrophil percentage could be due to bromelain, 

an anti-inflammatory enzyme, while an increase 
in lymphocyte percentage could be attributed to 
an increase in B cell or NK cell subsets instead 
of T cells. Future research is warranted to 
investigate the effects of DMG on B cells and 
natural killer cell activation and to explore the 
long-term effects of DMG supplementation on 
feline immune health.

Keywords:  Dimethylglycine, feline, haematological 
parameters, immunomodulation
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INTRODUCTION

Nutraceuticals can be defined as food products or components of food that are postulated 
to be beneficial for human and animal health (Hayek et al., 2004). An example of a 
nutraceutical that is commonly used in veterinary medicine is N, N-Dimethylglycine 
(DMG). DMG is a naturally occurring tertiary amino acid and a by-product of the 
metabolism of choline (Cupp, 2003). DMG is claimed by its proponents to be able to support 
the production of both lymphocytes and antibodies via the OKT4 epitope that activates 
T-cells or by the inhibition of T-suppressor cells, thereby enhancing both cell-mediated 
and humoral immunity (Reap & Lawson, 1990). Correlating to that claim, human subjects 
given DMG orally exhibited a four times increase in antibody titres against pneumococcal 
vaccine antigen after vaccination with pneumococcal vaccine compared to human subjects 
in the control group (Graber et al., 1981). Similarly, in a study done on rabbits, animals 
supplemented with DMG showed a four times increase of neutralising antibodies titre 
towards influenza antigen post-vaccination with a killed influenza virus vaccine (Reap & 
Lawson, 1990). Interestingly, in contrast, DMG failed to exhibit its immunomodulating 
capabilities in a cat study as it shows that cats treated with DMG showed a lower titre of 
virus-neutralising antibodies against feline herpesvirus-1 when compared to the control 
group (Weisrs, 1992). In the same study, the feline lymphocyte blastogenic response towards 
T cell mitogens was assessed ex vivo, and no significant difference in T cell proliferation 
was observed between feline lymphocytes treated with DMG and those treated with control. 
It was postulated that the difference in the outcome could be due to species variability or 
suboptimal dose of DMG; however, to the author’s knowledge, there were no other feline 
studies. Therefore, given the widespread promotion and usage of DMG by veterinarians and 
the limited data on its immunomodulating or immunoadjuvant effects in cats, this current 
study aims to evaluate the impact of DMG supplementation on haematological parameters 
as well as the percentages of CD4+ and CD8+ T cells in cats’ post-vaccination. The results 
will provide updated insights that will potentially assist veterinarians in making informed 
decisions regarding DMG’s immunomodulatory properties.

MATERIALS AND METHODS

Animals and Study Design

This study was approved by the Universiti Putra Malaysia Institutional Animal Care and Use 
Committee (UPM IACUC) with approval number U032/2023. The study was conducted 
at an animal shelter, and 12 healthy neutered cats of both genders (male; n = 5, female; n 
=7) were recruited for this study. Two weeks before the start of the study, recruited cats 
were given ectoparasite control and dewormed (Inovet, Belgium) at a dosage of 1 tab/10 
kg of body weight. All the cats were conditioned in the same room they had been in before 
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the start of the study. Food in the form of kibbles and water was provided ad libitum 
throughout the study. Since this study aims to evaluate the immune response of the cats, 
only neutered cats were included in this study to minimise any hormone-related effects 
(Hellard et al., 2013). The cats (n=12) were randomly assigned to two groups, control and 
treatment, consisting of six cats per group. All cats were physically examined for clinical 
signs and tested negative for FeLV/FIV prior to vaccination. At day 0, both groups were 
administered a single dose of Purevax® Feline 4 Vaccine (Boehringer Ingelheim, Germany) 
containing modified live feline viral rhinotracheitis, feline calicivirus, feline panleukopenia 
virus and Chlamydia psittaci subcutaneously. Cats in the treatment group (n=6) were then 
orally supplemented with N, N–Dimethylglycine (DMG) in the liquid form (VetriDMG 
125 mg/ml, VetriSciences, Vermont, USA) at a manufacturer’s recommended dosage of 
0.5 mL twice a day daily (BID) for 14 days. All 12 cats were monitored for 14 days post-
vaccination and DMG supplementation for adverse reaction signs.

Sample Collection

All cats were subjected to blood sampling on days 0 (pre-treatment) and 15 (post-treatment) 
for haematological parameters, CD4 and CD8 T-cell phenotyping analysis. Approximately 
3 mL of blood samples from the cats in both groups were collected and transferred into 3 
mL tubes containing ethylenediaminetetraacetic acid (EDTA) anticoagulant. The samples 
were then placed in a cool box and transported to the lab for processing. Samples were 
processed within 24 hours, starting with haematological analysis, followed by peripheral 
blood mononuclear cell isolation and flow cytometric analysis.

Haematological Analysis

Haematological parameters such as haematocrit (HCT), red blood cells (RBC), white blood 
cells (WBC), haemoglobin (HGB), and platelet (PLT) counts were determined using Celltac 
Alpha VET MEK-6550K Haematological Analyser (Nihon Kohden, Japan). A thin blood 
smear was performed on all blood samples and stained with modified Wright’s stain. A 
differential white blood cell count was carried out on each stained blood smear, whereby 
100 cells were counted per slide to determine the percentages of neutrophils, lymphocytes, 
monocytes, eosinophils, and basophils.

CD4 and CD8 Phenotyping from PBMC Using Flow Cytometry

Peripheral blood mononuclear cell (PBMC) isolation was performed using a previously 
published protocol (Megat et al., 2022). Upon isolation, the PBMC pellet was resuspended 
and adjusted to a concentration of 2 × 106 cells/mL for flow cytometric analysis. Briefly, 
2 × 106 cells/mL of PBMC were washed with 1 ml of buffer containing 2% FBS and 0.5 
mM EDTA prior to antibody staining. Mouse anti-feline CD4-FITC (clone 34F4; Southern 
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Biotech, USA) and mouse anti-feline CD8-PE (clone: fCD8; Southern Biotech, USA) of 1 
µL each were added to the cells and incubated at 4°C for 30 minutes in the dark. The cells 
were washed again with staining buffer containing 2% FBS and 2M EDTA, resuspended in 
200 µL of 1% paraformaldehyde, and stored at 4°C for up to 72 hours before flow analysis. 
Data were acquired using BD FACSCanto (BD Biosciences, USA) for 50,000 events 
and analysed using BD FACSDiva software (BD Biosciences, USA). Compensation was 
carried out using fluorochrome minus one (FMO) CD4+ and FMO CD8+ controls. The 
positive CD4+ and CD8+ T lymphocyte population was determined by gating a similar 
population of unstained cells.

Statistical Analysis

All data were presented as median (M) and standard deviation (SD) except for 
haematological parameters where median and interquartile range (IQR) were used. As the 
data were not normally distributed, non-parametric tests were used using GraphPad Prism 9 
software (GraphPad Software Inc., USA) to compare differences within (Wilcoxon matched 
pairs test) and between groups (Mann-Whitney test) at different time points. p ≤ 0.05 was 
considered statistically significant, and for the Wilcoxon matched pairs test, Spearman’s 
correlation coefficient (rs) was indicated if the result was statistically significant.

RESULTS

Haematological Parameters and Differential White Blood Cell Percentage

There were no significant differences in RBC, HCT, HGB, PLT, and WBC values between 
the control and treatment groups at post-treatment (Table 1). However, within each group, 

Table 1 
The effect of N, N-Dimethylglycine Supplementation on haematological parameters

Parameters Time point Control Group (n=6) Treatment Group (n=6)
Red blood cells (RBC) 
(1012/L)

D0 9.56 (9.99–8.62) 10.50 (10.83–9.49)
D15 9.02 (9.45–8.64) 9.01 (10.75–8.27)

Haematocrit (HCT) 
(%)

D0 42.50 (44.50–40.10) 45.50 (47.53–41.13)
D15 39.80 (41.10–39.25) 39.70 (47.40–34.73)

Haemoglobin (HGB) 
(g/dL)

D0 139.00 (146.75–133.75) 145.00 (156.00–131.25)
D15 135.00 (137.00–131.75) 134.00 (159.25–117.00)

Platelet (PLT) 
(109/L)

D0 226.00 (323.50–184.00) 171.50 (195.50–96.00)
D15 265.00 (334.50–207.50) 135.50 (210.25–122.25)

White blood cells 
(WBC) (109/L)

D0 12.150 (20.55–10.45) 11.90 (17.48–10.65)
D15 14.05 (20.83–9.30) 18.30 (23.98–14.68)

Note. Data is presented as median (IQR). Haematological parameters were obtained at pre-treatment (day 
0) and post-treatment (day 15) of the study
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Figure 1. Effect of N, N-Dimethylglycine supplementation on differential white blood cell percentages. 
Data was analysed using a non-parametric Mann-Whitney test to determine significant differences between 
groups at day 15 (*) and a Wilcoxon matched pairs test to determine significant differences within groups 
at day 0 versus day 14. p ≤ 0.05 is considered to be statistically significant

the cats exhibited a decrease in RBC, HCT, and HGB and increased in WBC numbers. 
Nevertheless, all these haematological changes were not statistically significant (p ≥ 
0.05). It is also important to note that most of the values for haematological parameters of 
both groups for both day 0 and day 15 were within the normal reference range or slightly 
above the upper normal limits (RBC value for treatment group on day 0; median: 10.50 
x 1012/L [IQR: 10.83–9.49], and HCT value for treatment group on day 0; median: 45.5 
[IQR: 47.53–41.13]). However, the values for PLT for both groups on both day 0 and day 
15 were below the reference range (Latimer, 2011; Weiss & Wardrop, 2010). 

At post-treatment, values for parameters such as monocyte and eosinophil did not 
differ significantly between the control and treatment groups (Figure 1). Basophils were 
not detected in both cohorts at the two different time points (data not shown). Interestingly, 
cats in the treatment group exhibited significantly lower neutrophil percentage (p = 0.024; 
M = 60.67, SD = 4.63) compared to the control group (M = 67.50, SD = 4.93) at post-
treatment. Conversely, cats in the treatment group exhibited significantly higher lymphocyte 
percentage (p = 0.013; M = 33.83, SD = 4.49) compared to the control group (M = 25.50, 
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SD = 3.94). As shown in Figure 1, except for the lymphocyte percentage of the control 
group post-treatment, all the values for differential white blood cell percentage parameters 
of both pre-and post-treatment are within the normal reference range or slightly above the 

Figure 2.  Effect  of  N,  N-Dimethylglycine 
supplementation on Lymphocyte Subsets (CD4+ 
and CD8+ T cell). Data was analysed using a non-
parametric Mann-Whitney test to determine the 
significant differences between groups at day 15 (*) 
and a Wilcoxon matched pairs test (**) for within-
group analysis at day 0 versus day 15. p ≤ 0.05 is 
considered to be statistically significant

upper normal limit.

CD4+, CD8+ T Cells Phenotypic 
Analysis

Figure 2 presents all results and statistical 
analyses of differences between the control 
and treatment groups regarding lymphocyte 
subsets (CD4+ T cell percentage, CD8+ T 
cell percentage, and CD4+ to CD8+ ratio). 
The Wilcoxon matched pairs test indicated 
that cats in the control group exhibited 
a significant increase in CD4+ T cell 
percentage from day 0 (p = 0.03; rs: -0.086; 
M: 16.75 SD: 8.00) to post-treatment (M: 
29.90, SD: 8.063).
In contrast, cats in the treatment group 
showed a decrease in CD4+ T cell percentage 
from pre- to post-treatment, albeit non 
significantly. Due to this, the control group 
had a significantly higher mean CD4+ T cell 
percentage post-treatment than the treatment 
group (p: 0.0022; M = 29.90, SD = 8.063 vs 
M= 6.933, SD = 3.681). As for CD8+ T cell 
percentage, both groups exhibited a non-
significant (p ≥ 0.05) decrease from pre- to 
post-treatment, although the decrease in 
CD8+ T cell mean percentage was prominent 
in the treatment group. Lastly, the control 
group showed a slight increase in the mean 
CD4:CD8 ratio post-treatment, as determined 
by the reference range, represented by the 
dotted line (Byrne et al., 2000). Conversely, 
the treatment group exhibited a non-
significant reduction of the CD4:CD8 ratio 
from pre- to post-treatment. It is important to 
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note that, as seen in Figure 2, the CD4:CD8 ratios of both groups on day 0 and day 15 were 
within the normal range.

DISCUSSION

The impacts of oral supplementation of various nutraceuticals on the immune response 
towards infectious diseases and their influence on vaccine response are still being studied 
in various animal species (Mayer et al., 2019; Mohamed et al., 2019). In the context of 
DMG, studies pertaining to the relationship between DMG supplementation and its effects 
on the immune response to this day are still relatively scarce and infinitesimal, especially 
for the feline species. As noted earlier, the only study that investigated the effects of DMG 
supplementation on the immune response of cats was conducted back in the early 90s 
(Weiss, 1992). As a result of this, further explanations regarding the DMG’s mechanism in 
affecting the feline immune system can only be extrapolated from earlier research conducted 
on other species, such as poultry (Kalmar et al., 2012), and a model of human keratinocyte 
(Lendvai et al., 2023). This study focused on the effects of DMG supplementation on 
haematological parameters (complete blood count including differential white cell count) 
and lymphocyte subset. The results showed there were no significant differences between 
pre-treatment (Day 0) and post-treatment (Day 15) for both groups of cats for RBC, HCT, 
HGB, PLT, and WBC (Table 1). Additionally, both groups’ RBC, HCT, HGB, and WBC 
values were within the normal range or slightly above the upper normal limit. The RBC 
and HCT values were slightly high on Day 0 for the treatment group, most probably due 
to haemoconcentration. This could be due to dehydration prior to the start of the study, 
as the RBC and HCT values were normalised at the end of the study. This is unsurprising 
as the cats were from an animal shelter, and according to Miller and Zawistowski (2015), 
many shelters must work within tight budgets, often opting for the most affordable food 
options or depending on donations to meet their needs. 

Hence, the cats’ nutrition and hydration status would probably not be optimal. 
Considering these findings, we can extrapolate based on our study that short-term 
supplementation of DMG does not affect the normal values of haematological parameters. 
This finding supports the claims of the manufacturer, whereby it is claimed that DMG does 
not cause any side effects (Weiss, 1992). Clinically, throughout the entire study, cats that 
received daily bi-supplementation of DMG also did not exhibit any abnormal clinical signs 
and behaviours. Indeed, studies have shown that supplementation of DMG was proven to 
be safe when consumed in large doses and for long-term duration (Kalmar et al., 2012). 
For instance, chickens that were supplemented with DMG in the form of dimethylglycine 
sodium salt (Na-DMG) at a dosage of 10 g/kg for 39 days did not cause significant alteration 
to the liver enzyme activities such as aspartate aminotransferase activity or impaired their 
broiler performance parameters (Kalmar et al., 2012). 
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Although no side effects were observed, post-mortem examination, and a toxicity 
study could only rule out any toxicity effects. As for the PLT values, both groups showed 
lower PLT values compared to the reference range on both day 0 and day 15. One possible 
explanation for this is due to a 12–24 24-hour interval between sample collection and 
processing, of which a significant decrease in apparent platelet count could occur if 
sample processing were delayed (Hardy et al., 2020). However, the treatment group had a 
significantly lower neutrophil percentage and significantly higher lymphocyte percentage 
compared to the control group. There are a few possible explanations for the lower 
neutrophil percentage of the treatment group. First, the decrease in neutrophils in the 
treatment group may signify DMG’s ability to reduce the ongoing inflammatory process in 
the cats. It is common knowledge that increased neutrophil count may signify an ongoing 
inflammatory process. In the context of our study, immunisation or vaccination could 
cause the recruitment and mobilisation of neutrophils from blood vessels to the site of the 
vaccination leading to an inflammatory process (Wang et al., 2022). 

However, the reduced neutrophil count was not observed in the control group that 
also received vaccination. When studied in models of human keratinocytes, mimicking 
inflammatory diseases such as contact dermatitis, dimethylglycine exerts robust anti-
inflammatory as well as antioxidant properties (Lendvai et al., 2023). Therefore, the 
reduction in neutrophils in the treatment group may also signify the anti-inflammatory 
properties of bromelain, which is present in DMG supplements at a concentration of 2 mg/
mL. Bromelain is an enzyme extracted from pineapples and is considered an alternative 
to non-steroidal anti-inflammatory drugs (Rathnavelu et al., 2016). Bromelain has been 
shown to have anti-inflammatory properties in various in vivo and in vitro studies (Pavan 
et al., 2012). Although the vaccine would cause an increase in lymphoproliferative effects 
due to T and B cell activations (Vojtek et al., 2021), the control group that received 
vaccination did not show a significant increase in their lymphocyte percentage compared 
to the treatment group. 

The significant increase in the treatment group can be attributed to the synergistic effects 
of both the vaccine and DMG (Graber et al., 1981; Vojtek et al., 2021). Interestingly, in 
contrast, in the cat study of Weiss (1992), the supplementation of DMG did not result in 
a lymphoproliferative effect towards T cell mitogens. However, the lymphoproliferative 
effect was not tested in our study. In several studies done in the past, DMG has been shown 
to have lymphoproliferative properties when studied in in vitro and in vivo (Graber et al., 
1981; Reap & Lawson, 1990). One of the proposed mechanisms is inhibiting T-suppressor 
cells and enhancing the T-cell presentation of the OKT4 antigen (Real & Lawson, 1990). 
However, in this study, DMG appears to have no significant impact on the percentages of 
CD4+ and CD8+ T cells. 
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Moreover, there was a significant reduction in CD4+ after the DMG supplementation, 
which could also be due to the effects of bromelain in the DMG supplementation (Secor 
et al., 2009). Treatment of lymphocytes with bromelain in vitro caused a reduction in the 
activation of CD4+ T cells and lowered the expression of CD25 in a mouse study. We 
speculate that the lymphocyte increase upon DMG supplementation might cause an increase 
in other lymphocyte subsets, such as B cells and natural killer cells. However, these subsets 
were not measured in the current study. Hence, based on our results, we can extrapolate that 
DMG supplementation does not significantly affect the percentages of CD4+ and CD8+ 
T cells. In addition, the study only evaluated the effects of DMG supplementation for 14 
days. It is possible that long-term supplementation could produce a pronounced effect 
on the immune system parameters, which was seen in the human study where subjects 
were supplemented with DMG for 10 weeks (Graber et al., 1981). As for the long-term 
supplementation duration, we suggest extending the study to 40 days or longer, similar to the 
previous DMG study done in cats and broiler chickens (Weiss, 1992; Kalmar et al., 2012).

CONCLUSION

Cats supplemented with DMG displayed lower neutrophils and higher lymphocytes compared 
to the control group, suggesting potential anti-inflammatory and lymphoproliferative effects. 
However, DMG did not significantly influence the percentages of CD4+ and CD8+ T cells. 
Therefore, a comprehensive and longer longitudinal study is warranted to look at the effect 
of DMG in B cell and NK cell activations and long-term supplementation in cats to fully 
understand DMG’s immunomodulatory properties.
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ABSTRACT

The mangrove genus Avicennia, found in tropical and temperate regions, plays a crucial role 
in providing critical services such as habitat, shoreline stabilisation, and carbon sequestration. 
Given their ecological and economic significance, expanding knowledge by revising species 
recognition is essential for validating morphological characteristics and overlapping traits. This 
study reassessed Avicennia species using morphological and genetic analysis. Samples were 
collected from Pulau Bagan Pinang, Pulau Burong, Pulau Kamat, Pulau Merambong, and Sungai 
Kemasik, Peninsular Malaysia. Mature leaves were assessed for their morphological traits, whereas 
young leaves were used to extract DNA for internal transcribed spacer (ITS) sequences. Statistical 
and phylogenetic analyses were conducted to evaluate leaf morphology variations and genetic 
divergence. Leaf morphology and size (p < 0.05) varied significantly among Avicennia species 
across study sites. Avicennia alba and A. rumphiana from the islands exhibited shorter, narrower, 

and thicker leaves than Sungai Kemasik. 
Avicennia marina displayed consistent leaf 
sizes. Leaf hierarchical relationships showed 
three to four phenetic groups, with separations 
at Euclidean distances of 25.0 (length), 18.0 
(width), and 25.0 (thickness). Phylogenetics 
of Avicennia revealed four clades with strong 
bootstrap supports (83-100%). The guanine-
cytosine (%GC) content was consistent, ranging 
from 63.5% to 64.6%. Avicennia rumphiana 
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displayed high intraspecific genetic variation (1.57%) and distinctness from other species, 
supported by morphological and genetic data. This integrated approach is crucial for species 
identification and effective biodiversity assessments.

Keywords: Avicennia, genetic, internal transcribed spacer (ITS), leaf morphology, leaf morphometric, mangroves

INTRODUCTION

The mangrove genus Avicennia L., locally known as Api-api, is monotypic and distributed 
across tropical and temperate regions (Tomlinson, 1986; Kavitha et al., 2010). Historically, 
the taxonomy of Avicennia has undergone several revisions, reflecting both morphological 
and genetic evidence that shaped the current classification (Thatoi et al., 2016). Based on 
the consensus in phylogenetic evolution, the latest updated checklist confirms that the 
genus Avicennia includes eight species: Avicennia alba Blume, A. balanophora Stapf & 
Moldenke., A. bicolor Standl., A. germinans (L.) L., A. integra N.C. Duke., A. marina 
(Forssk.) Vierh., A. officinalis L. and A. schaueriana Stapf & Leechm. ex Moldenke. The 
presence of species variance is in A. alba, A. bicolor, A. germinans, A. marina, A. officinalis, 
and A. schaueriana (Hassler, 2024). This genus is found across a range that extends from 
East Africa through the Indo-Malayan region to Australia and New Caledonia. 

According to the botanical reports (Duke, 1991; Tomlinson, 2016; Watson, 1928), 
five Avicennia species (Avicennia alba, A. officinalis, A, rumphiana, A. integra, and 
A. marina) are confined to the area of Indo-western Pacific region. In contrast, the 
latest Catalogue of Life (Hassler, 2024) list recognises A. rumphiana as a variety of A. 
marina, according to Ridley (1923) and Bakhuizen (1921). Moldenke (1990) proposed 
that the morphological characteristics (for example, pale green leaf undersurface) 
distinguished A. marina var. rumphiana as a valid variety. However, as Duke (1991) 
noted, Moldenke formally made his new combination with A. marina but curiously never 
offered the correction in subsequent writings, preferring to use the Bakhuizen van den 
Brink name, leaving the change unresolved and controversial. Subsequent advances in 
phylogenetic research have been revisited to better understand the species relationships 
and introgressive hybridisation (Mori et al., 2015). Huang et al. (2014) found that A. 
rumphiana is genetically distinct from A. marina, and Li et al. (2016) still referred to A. 
rumphiana as a distinct species. 

Classically, the method based on morphological characters was a traditional technique 
to name the species (Vy et al., 2017). Taxonomists also often depended on flowers to 
identify species (Borg & Schönenberger, 2011; Nadia et al., 2012). However, this approach 
is challenging when flowers are unavailable during non-flowering seasons. Consequently, 
researchers have explored alternative methods, such as using leaf morphology for species 
identification. For example, Duke (2012) used leaf morphology to identify specimens of 
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Avicennia. Leaf morphology is useful for field identification because it varies widely and 
is easy to observe in studies such as phytosociology, which needs to identify every tree, 
even when flowers and fruits are absent (Nascimento et al., 2021). In addition, Said and 
Ehsan (2010) emphasised that leaf characteristics such as shape, edge, colour, and base 
are important for distinguishing Avicennia species and classifying intraspecies variations. 
Studies by Abou Seedo et al. (2018), Farooqui and Dangi (2018), and Sabdanawaty et al. 
(2021) have effectively used leaf morphology for this purpose. However, relying only on 
morphological characteristics can be challenging, as environmental factors often influence 
them (Thatoi et al., 2016), including soil salinity and the seasonality of the local climate. 
Some species have evolved different leaf adaptations based on geographical location, 
leading to further confusion in species identification (Thatoi et al., 2016).

In recent years, there have been increasing efforts made by several authors, for 
example, Rani et al. (2018) and Ruang-areerate et al. (2022), on identification using 
various approaches among mangroves species, including Avicennia based on DNA 
barcoding (Bhadalkar et al., 2014). DNA barcoding is a technique that employs short, 
variable, and standardised DNA sequences to assess and classify species (Said & Bahnasy, 
2023). Subsequently, molecular markers were utilised for various applications, from gene 
localisation to the genetic enhancement of plant varieties (Karuppaiya et al., 2020). The 
molecular markers used are Restriction Fragment Length Polymorphism (RFLP), Random 
Amplified Polymorphic DNA (RAPD), Amplified Fragment Length Polymorphism 
(AFLP), Simple Sequence Repeat (SSR), Sequence Tagged Site (STS), and Single 
Nucleotide Polymorphism (SNP) (Bhadalkar et al., 2014). Internal transcribed spacer 
(ITS) has been described as a primer for identifying mangrove plant species using leaves 
due to its effectiveness as a DNA barcode marker (Chen et al., 2015). Bast et al. (2016) 
noted that ITS regions are easily amplified even from small DNA samples, have moderate 
length (under 700 bp), and exhibit significant variation among closely related species. The 
evolution rate of ITS is appropriate at the species and generic levels, as it is phylogenetically 
explainable for phylogenetic reconstruction and flanked by highly conserved sequences 
within genera, making polymerase chain reaction (PCR) amplification and sequencing 
straightforward (Maguire & Saenger, 2000). 

Since taxonomic confusion may arise from variations in morphology characteristics, 
the genetic approach was used as an important tool in this present study for species 
identification works. Although Tomlinson (2016) rarely used leaf shape in his identification 
key, he noted that it could be a distinguishing feature for some Avicennia species. He 
investigated the range of variation in leaf shape within each species. Therefore, this study 
reassessed Avicennia species using leaf morphology and genetic analysis of ITS sequences. 
Our findings are anticipated to enhance the accuracy of Avicennia species identification, 
contributing to more effective field observations and biodiversity assessments.
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MATERIALS AND METHODS

Sampling Sites

The sample collection covered five mangrove sites in Peninsular Malaysia (Figure 1a). 
Pulau Bagan Pinang (2° 30’ 28.29” N, 101° 49’ 35.19” E) (Figure 1b) and Pulau Burong 
(2° 32’ 46.58” N, 101° 47’ 10.15” E) (Figure 1c), are mangrove islands located in the 
coastal areas of Port Dickson, Negeri Sembilan. Along the coast area of Pulau Kamat (2° 
20’ 50.83” N, 102° 2’ 19.16” E) (Figure 1d) is in Teluk Gong, Malacca. These three islands 
are situated within the Strait of Malacca. Further south, Pulau Merambong (1° 18’ 54.69” 
N, 103° 36’ 36.58” E) (Figure 1e) is in Johor, directly exposed to marine conditions of the 
Johor Strait. Sungai Kemasik, an estuary located at Kemasik, Terengganu (4° 25’ 6.17” 
N, 103° 27’ 15.08” E) (Figure 1f), is influenced by a combination of saltwater from the 
South China Sea and freshwater inflow.

Plant Materials

For morphometric analysis, thirty mature leaves of Avicennia species were randomly 
collected from three individual trees, depending on their presence within the above 
mangrove sites. These leaf samples were placed in zip-lock plastic bags and transferred 
to the Aquatic Botany Laboratory, Department of Aquaculture, Universiti Putra Malaysia, 
for further leaf morphological analysis. The leaf morphological traits considered for 
physiognomic study are qualitative (leaf shape, margin, tip, base, upper surface, under 
surface, and colour) and quantitative (leaf length, width, and thickness). Five to eight young 
leaves were collected and placed in zip-lock plastic bags with silica gels for DNA analysis.

Figure 1. (a) Sample collection at different sites; (b) Pulau Bagan Pinang; (c) Pulau Burong; (d) Pulau 
Kamat; (e) Pulau Merambong; and (f) Sungai Kemasikw
Source: Google Earth
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DNA Extraction

The dried leaf samples were crushed and ground in a mortar to obtain fine powder. 
Approximately 25 mg of powder from each sample was transferred to a 1.5 μL Eppendorf 
tube. The total genomic DNA was extracted using a commercially available kit, DNeasy® 
Plant Mini Kit (Qiagen, Germany) derived from the manufacturer’s instructions. Buffer 
API (400 μL) and RNase A (4 μL) were added to the 25 mg powder sample, vortexed, and 
incubated at 65°C for 15 minutes. After cooling, Buffer P3 (130 μL) was added, mixed, and 
incubated for 4 minutes on ice, followed by 1 minute at room temperature. After cooling, 
Buffer P3 (130 μL) was added, mixed, and incubated for 4 minutes on ice, followed by 
1 minute at room temperature. The lysate was centrifuged, transferred to a QIAshredder 
column and centrifuged again. The flow-through was mixed with Buffer AW1 and processed 
through a DNeasy Mini spin column, followed by centrifugation. Buffer AW2 (500 μL) 
was added and centrifuged. Genomic DNA was eluted with Buffer AE (100 μL), incubated 
for 5 minutes, and centrifuged. The eluted DNA was quantified on a 0.6% agarose gel (1st 
BASE, Singapore) and visualised using runVIEW Gel Imager (Cleaver Scientific Ltd., 
UK) to obtain high-quality DNA.

Polymerase Chain Reaction (PCR) and Sequencing

The complete internal transcribed spacer (ITS) regions (including ITS-1, 5.8S rRNA gene, 
and ITS-2) were amplified using both universal primers (Integrated DNA Technologies, 
Singapore) of ITS-1 (forward: 5’-TCC GTA GGT GAA CCT GCG G-3’) and ITS-4 
(reverse: 5’- TCC TCC GCT TAT TGA TAT GC-3’). The amplification followed DreamTaq 
Green PCR Master Mix (2X) (Thermo Fisher Scientific™, USA) standard protocol with 
several modifications in the reaction mixture volume. The 35 μL reaction mixture contained 
5 μL of template DNA, 16.5 μL of DreamTaq Green PCR Master Mix (2X), 1 μL of each 
primer, and 10.5 μL of nuclease-free water. The double-stranded fragments were employed 
with 35 cycles of the polymerase chain reaction (PCR; 94°C for 5 min; 94°C for 1 min, 
53.3°C for 30 s, 72°C for 2 min; and final extension at 72°C for 10 min) in T100™ Thermal 
Cycler (Bio-Rad, Germany). 

PCR products were verified through electrophoresis on 1% agarose gels, stained with 
Midori Green (Nippon Genetics Europe GmbH, Germany), and visualised under UV light. 
The size of the DNA fragments was determined using a GeneRuler 1 kb plus DNA ladder 
(Thermo Fisher Scientific™, USA) that had been premixed with a 6x loading buffer (1st 
BASE, Singapore). Gel electrophoresis was performed in TAE (Tris-Acetate-EDTA) buffer 
(1st BASE, Singapore) for 45 min at 87 V. Both forward and reverse strands were then 
sequenced bidirectionally using the Sanger method at 1st BASE Ltd., Malaysia. 
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Statistical Analysis

Quantitative data on leaf length, width, and thickness were subjected to statistical analysis 
using SPSS Statistics version 26 for Windows (IBM Corp., Armonk, NY, USA). Differences 
in mean values were compared using one-way ANOVA followed by Duncan’s post hoc 
test at the p < 0.05 level (Zar, 2010).

The leaf morphometric variations among Avicennia species were determined from 
leaf length, width, and thickness means. A hierarchical cluster analysis was performed 
using Agglomerative hierarchical clustering (AHC), which was applied to the normalised 
data set by Ward’s method, using Euclidean distances as a measure of dissimilarity. The 
dendrogram was generated in Microsoft Excel using the statistical software of XLSTAT 
2021 (Addinsoft, Paris, France).

Clustering and Phylogenetic Analysis

PCR products with high-quality scores (> 20) were filtered and selected using FinchTV 
1.4 (Geospiza, Seattle, USA; http://www.geospiza.com/finchtv) for sequence alignment 
analysis. Consensus sequences were assembled into contigs with BioEdit software, version 
7.1.9 (Ibis Biosciences, USA; http://www.mbio.ncsu.edu/BioEdit/bioedit.html), and used 
for phylogenetic reconstruction (Hall, 1999). Twenty-seven ITS sequences of Avicennia 
from this study (Nos. 1 to 27), 28 sequences from other locations (Nos. 28 to 53), and two 
outgroups Sonneratia (Nos. 54 to 55) as shown in Table 1 were aligned using CLUSTALW 
version 1.83 (EMBL-EBI, Cambridge, UK) (Larkin et al., 2007). Sequences from other 
locations were retrieved from the National Centre for Biotechnology Information (NCBI; 
http://www.ncbi.nlm.nih.gov/blast).

Phylogenetic analyses were performed using Maximum Likelihood (ML) in MEGA11 
software (Tamura et al., 2021). Tamura 3-parameter model with gamma distributions 
(T92+G) was selected as the best-fitting substitution model. Model selection for ITS 
sequences identified the Tamura 3-parameter model with gamma distribution (T92+G) 
as the best fit using Akaike Information Criterion (AIC), Bayesian Information Criterion 
(BIC), and divergence estimation criterion (Kalyaanamoorthy et al. 2017). The analyses 
employed the bootstrapping method with 1000 replications using default parameters. A 
monophyletic clade comprising multiple individuals and exhibiting a bootstrap value 
greater than 60% in phylogenetic trees indicated successful species identification (Meier 
et al., 2006). Sequence divergence and pairwise distance estimations were also analysed 
in MEGA11 for their resolution inference. The guanine-cytosine (%GC) content was 
calculated for the ITS sequences of each species. The formula to calculate the %GC content, 
according to Altschul et al. (1990), is shown below.

%GC content =  �Number  of  G bases +Number  of  C bases
Total  number  of  bases

�× 100% 
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Table 1
List of Avicennia species used in the molecular analysis in this study, including the length of its base pair 
sequences

No. Species Geographic distributions Accession 
number 

ITS length 
(bp)

Present study
1. Avicennia alba Pulau Bagan Pinang MY050304.1 695
2. Avicennia alba Pulau Bagan Pinang MY050304.2 695
3. Avicennia alba Pulau Bagan Pinang MY050304.3 695
4. Avicennia alba Pulau Burong MY050304.10 695
5. Avicennia alba Sungai Kemasik MY110307.1 695
6. Avicennia alba Sungai Kemasik MY110307.2 695
7. Avicennia alba Sungai Kemasik MY110307.3 695
8. Avicennia alba Pulau Merambong MY010207.9 695
9. Avicennia alba Pulau Merambong MY010207.10 695
10. Avicennia alba Pulau Merambong MY010207.11                              695
11. Avicennia alba Pulau Kamat MY040310.1                                  695
12. Avicennia alba Pulau Kamat MY040310.2                                    695
13. Avicennia marina Pulau Bagan Pinang MY050304.4                          694
14. Avicennia marina Pulau Bagan Pinang MY050304.5                           694
15. Avicennia marina Pulau Bagan Pinang MY050304.6                           694
16. Avicennia marina Pulau Burong MY050304.11                                694
17. Avicennia marina Pulau Burong MY050304.12                                694
18. Avicennia marina Pulau Burong MY050304.13                                694
19. Avicennia marina Pulau Merambong MY010207.12                      694
20. Avicennia marina Pulau Merambong MY010207.13                              694
21. Avicennia marina Pulau Merambong MY010207.14                              694
22. Avicennia rumphiana Pulau Merambong MY010207.15                           695
23. Avicennia rumphiana Pulau Merambong MY010207.16                         695
24. Avicennia rumphiana Pulau Merambong MY010207.17                           695
25. Avicennia rumphiana Sungai Kemasik MY110307.4                            695
26. Avicennia rumphiana Sungai Kemasik MY110307.5                             695
27. Avicennia rumphiana Sungai Kemasik MY110307.6                            695

Other locations
28. Avicennia alba India MH243935.1 688
29. Avicennia. alba United States EF540977.1 653
30. Avicennia alba Vietnam MG880036.1 570
31. Avicennia alba Vietnam MG880030.1 570
32. Avicennia alba China KX641594.1 666
33. Avicennia marina India MH243938.1 689
34. Avicennia marina United States EF540978.1 652
35. Avicennia marina Saudi Arabia MK027295.1 640
36. Avicennia marina United Kingdom MN883387.1 647
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RESULTS

Leaf Morphology and Morphometric Variation Among Avicennia Species

Leaf shapes among Avicennia species vary, even within the same species at different 
locations (Figure 2). Avicennia alba leaves from Pulau Bagan Pinang, Pulau Burong, Pulau 
Kamat, and Pulau Merambong are lanceolate with sharply pointed apices (Figure 2a). In 
contrast, A. alba leaves from Sungai Kemasik are elliptic (Figure 2b) or obovate (Figure 
2c), with acute to nearly rounded apices. Avicennia marina leaves from Pulau Bagan 
Pinang, Pulau Burong, and Pulau Merambong exhibit variations, including leaf curling 
and blade shapes that range from elliptic with acute (Figure 2d) to cuspidate (Figure 2e) 
apices and ovate shapes with obtuse apices (Figure 2f). Avicennia rumphiana leaves from 
Pulau Merambong and Sungai Kemasik (Figure 2g-i) are elliptic to oblong with acute to 
rounded apices. Additional details on morphological and morphometric differences for 
each individual species are provided in Tables 2–4.

Leaf size and thickness vary among Avicennia species, with statistical analysis (one-
way ANOVA) showing significant differences in the five collection sites (p < 0.05) (Tables 
2-4). Avicennia alba on the islands of Pulau Bagan Pinang, Pulau Burong, Pulau Kamat, and 
Pulau Merambong had shorter leaf lengths, narrower widths, and thicker leaves compared 

No. Species Geographic distributions Accession 
number 

ITS length 
(bp)

37. Avicennia marina Thailand KT004470.1 468
38. Avicennia marina China MF063712.1 549
39. Avicennia marina subsp. australasica United States AF365978.1 671
40. Avicennia marina subsp. australasica China KX641591.1 666
41. Avicennia marina subsp. eucalyptifolia China KX641592.1 666
42. Avicennia marina subsp. marina China KX641593.1 666
43. Avicennia marina var. rumphiana China KX641595.1 666
44. Avicennia bicolor United States EF540989.1 652
45. Avicennia germinans United States EF540985.1 652
46. Avicennia germinans China KX641596.1 667
47. Avicennia germinans Brazil AB861217.1 648
48. Avicennia officinalis India MH243949.1 688
49. Avicennia officinalis India KJ784553.1 669
50. Avicennia officinalis China KX641597.1 665
51. Avicennia officinalis Vietnam MG880054.1 569
52. Avicennia schaueriana United States EF540986.1 652
53. Avicennia schaueriana Brazil AB861406.1 646
54. Sonneratia alba China KJ511914.1 626
55. Sonneratia caseolaris China AF420219.1 631

Table 1 (continue)
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to those along the open coast riverine 
of Sungai Kemasik (Table 2). Avicennia 
marina showed slight variation, with leaf 
sizes and thickness similar to those of the 
islands (Pulau Bagan Pinang, Pulau Burong 
and Pulau Merambong) (Table 3). Avicennia 
rumphiana from Pulau Merambong had 
shorter leaf lengths, narrower widths, and 
thicker leaves than those growing along 
Sungai Kemasik (Table 4).

Based on a dendrogram, the hierarchical 
clustering (HC) analysis classified the 27 
Avicennia samples into three major clusters 
(Figure 3, Table 5), with a Euclidean 
distance of 47.5%. Cluster 1 consisted of 
both A. alba and A. marina, encompassing 
most samples. Cluster 2 was exclusively 
comprised of A. alba, characterised by the 
longest leaf lengths among all samples, 
ranging from 8.66 cm to 9.13 cm. Cluster 
3 represented A. marina and A. rumphiana 
mixed. These results highlight the variation 
in leaf morphometrics among Avicennia 
species, which could lead to overlapping 
species classifications when considering 
samples from different study sites, with A. 
alba displaying the longest leaf lengths.

Phylogenetic Position of Avicennia 
Species Based on ITS Sequences

The Avicennia species were classified into 
four strongly supported clades (Clades 1 to 
4), with bootstrap supports ranging from 
83% to 100%, yielded in the most suitable 
sequence alignment using Maximum 
Likelihood (ML) analysis (Figure 4). All 
Avicennia accessions occupied separate 
topological positions, indicating no overlap 

Figure 2. Leaf morphology variability of Avicennia 
species. (a) Lanceolate shape with sharply pointed 
apex; (b) elliptic shape with acute apex; (c) obovate 
shape with almost rounded apex of Avicennia alba; 
(d) Elliptic shape with acute to e) cuspidate apex; (f) 
ovate shape with obtuse apex of A. marina; and (g) 
oblong shape with acute apex, (h) elliptic shape with 
acute to (i) rounded apex of A. rumphiana. The scale 
bar (2 cm) indicates measurements, and the colour 
bar represents leaf colour variation from dark green 
to yellowish green
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among species observed. In Clade 1, A. alba from this study was clustered with A. alba 
from other geographic distributions (Vietnam, India, China, and the United States of 
America supported by a high bootstrap value of 100%. Clade 2 was separated into two 
subclades supporting the 80% bootstrap. In this clade, A. rumphiana from this study formed 
a subclade with A. marina var. rumphiana from China with a 99% bootstrap value, whereas 
A. officinalis from other geographic distributions fell outside these subclades with an 
80% bootstrap value. Clade 3 consisted of A. marina accessions with a moderately strong 
BS value of 83. Eleven subclades based on species similarities were formed in Clade 3, 
including A. marina and A. marina subsp. australasica, A. marina subsp. marina and A. 
marina subsp. eucalyptifolia. Only two subclades were clustered in the same group. In 
contrast, other accessions were well segregated into separated subclades based on their 
genetic sequences’ dissimilarity, supported by BS values ranging from 61% to 95%. 
Clade 4 comprised three Avicennia accessions: (1) A. bicolor, (2) A. germinans and (3) A. 
schaueriana, which were retrieved from GenBank, with a bootstrap value of 99%.

Table 6 presents the final alignment of 27 nrITS sequences from Avicennia species 
with total nucleotides ranging from 643 to 695. The percentage of guanine-cytosine (%GC) 
content for A. alba ranges from 63.6% to 64.2% (695 base pairs). For A. marina, the %GC 
content ranges from 64.2% to 64.6% (694). Meanwhile, A. rumphiana exhibits a varied 
%GC content ranging from 63.5% to 64.6% across the 643 to 695 nucleotides.

Figure 3. Dendrogram showing the classes of hierarchical clustering of the variability leaf morphometric 
(leaf lengths, widths and thickness) among 27 samples of Avicennia species
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Figure 4. Phylogenetic tree of Avicennia species inferred from Maximum Likelihood (ML) analysis using 
696 base pairs (bp) of 55 nucleotide sequences nrDNA ITS1, 5.8S rDNA, and ITS2. Bootstrap support 
values above 60% are shown on branches
Note. Shapes on the nodes of the phylogenetic tree indicated accessions obtained from this study
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Table 6
Nucleotide composition (%) of the sequenced Avicennia species from different sites

Sites, species and accession 
number

Nucleotide composition (%) Total number of 
nucleotidesT(U) C A G

Pulau Bagan Pinang
A. alba (MY050304.1) 16.0 33.2 20.4 30.4 695
A. alba (MY050304.2) 16.0 33.2 20.4 30.4 695
A. alba (MY050304.3) 16.0 33.2 20.4 30.4 695
Pulau Burong
A. alba (MY050304.10) 16.0 33.2 20.4 30.4 695
Pulau Kamat
A. alba (MY040310.1) 15.8 33.2 20.0 30.9 695
A. alba (MY040310.2) 15.8 33.2 20.0 30.9 695
Pulau Merambong
A. alba (MY010207.9) 15.8 33.2 20.0 30.9 695
A. alba (MY010207.10) 15.8 33.2 20.0 30.9 695
A. alba (MY010207.11) 15.8 33.2 20.0 30.9 695
Sungai Kemasik
A. alba (MY110307.1) 15.8 33.2 20.0 30.9 695
A. alba (MY110307.2) 15.8 33.2 20.3 30.6 695
A. alba (MY110307.3) 15.8 33.2 20.0 30.9 695
Pulau Bagan Pinang
A. marina (MY050304.4) 16.3 33.1 19.5 31.1 694
A. marina (MY050304.5) 16.3 33.1 19.5 31.1 694
A. marina (MY050304.6) 16.3 33.1 19.5 31.1 694
Pulau Burong
A. marina (MY050304.11) 16.3 33.1 19.5 31.1 694
A. marina (MY050304.12) 16.3 33.1 19.5 31.1 694
A. marina (MY050304.13) 16.0 33.1 19.3 31.4 694
Pulau Merambong
A. marina (MY010207.12) 16.0 33.1 19.3 31.4 694
A. marina (MY010207.13) 16.0 33.1 19.3 31.4 694
A. marina (MY010207.14) 16.0 33.1 19.3 31.4 694
Pulau Merambong
A. rumphiana (MY010207.15) 15.6 34.1 19.8 30.6 643
A. rumphiana (MY010207.16) 15.3 33.3 21.0 30.4 694
A. rumphiana (MY010207.17) 15.3 33.4 21.2 30.2 695
Sungai Kemasik
A. rumphiana (MY110307.4) 15.4 33.4 20.9 30.4 695
A. rumphiana (MY110307.5) 15.4 33.4 20.9 30.4 695
A. rumphiana (MY110307.6) 15.4 33.4 20.9 30.4 695

Note. T = Thymine, C = Cytosine, A = Adenine, G = Guanine. The nucleotide composition (%) was analyzed 
using MEGA11
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Table 7
Estimates of average evolutionary divergence over sequence pairs between species (interspecific variation) 
and within species (intraspecific variation)
Clades Interspecific variation Intraspecific variation 

(%)
A. alba A. marina A. rumphiana

A. alba 3.56% 6.61% 0.29%
A. marina 0.0356 6.50% 0.24%
A. rumphiana 0.0661 0.0650 1.57%

ITS Sequence Similarity Between Avicennia Species

The evolutionary divergence and pairwise distances of ITS sequences among species of 
Avicennia are detailed in Supplementary Tables 1, 2 and 3. Avicennia alba from various 
locations, including India, Vietnam, China, and the United States, are identical or exhibit 
99.4% ITS sequence similarity (4-bp difference) (Supplementary Table 1). In Clade 3, 
A. marina exhibits a high sequence 99.2%–100% similarity (5-6-bp difference) in the 
ITS region with A. marina from other locations (Supplementary Table 2). In Clade 2, 
A. rumphiana from Pulau Merambong and Sungai Kemasik exhibit high ITS sequence 
99%–100% similarity (7-bp difference) (Supplementary Table 3). Avicennia rumphiana and 
A. marina var. rumphiana share ITS sequences of 98.9% similarities (7-8-bp difference). 
However, A. rumphiana and A. officinalis show relatively lower ITS sequence 96.4%–
96.7% similarity 22–25-bp difference). Thus, within this clade, the ITS sequences of A. 
marina var. rumphiana accession from China (KX641595.1) are similar to the A. rumphiana 
sequences in the present study. 

The molecular distances between (interspecific variation) and within (intraspecific 
variation) species were analysed using the Tamura 3-parameter model (Table 7). 
Interspecific variation showed variation ranging from 3.56% to 6.61%. The value of the 
closest molecular distance (3.56%) was between Avicennia alba and A. marina, while 
the furthest is between A. alba and A. rumphiana. The intraspecific variation within A. 
rumphiana (1.57%) was the highest, while A. alba (0.29%) and A. marina (0.24%) share 
similarly low variation.

DISCUSSION

Variation in Leaf Morphology and Morphometric

The present study represents six leaf morphological characteristics (Tables 2–4) for 
consideration in identifying different species of Avicennia. Due to divergent evolution, 
Avicennia species exhibit varied taxonomic descriptions (Thatoi et al., 2016). Krauss 
et al. (2023) have previously reported that environmental conditions play a significant 
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role in shaping the leaf morphology variation of mangroves, including species within the 
Avicennia, as they adapt to the ecological challenges of mangrove habitats. 

Studies in Malaysia by Rahman et al. (2023) at the mangrove estuarine wetland of 
Setiu in Terengganu and by Cheah (2016) at the riverine Linting wetlands describe A. alba 
leaves as having a silvery-grey or white colouration with a silvery upper surface, consistent 
with the findings of this study. Avicennia alba is also distinguished from other Avicennia 
species by their narrow and lanceolate leaves (An et al., 2022). These descriptions align 
with the characteristics of A. alba observed on the islands of Pulau Bagan Pinang, Pulau 
Burong, Pulau Merambong, and Pulau Kamat. Such leaf trait differences along the estuary 
of Sungai Kemasik are difficult to apply due to variations in individual trees, particularly 
in leaf blade shape and apex shape characteristics. In this context, the A. alba leaves 
from Sungai Kemasik exhibit a contrasting leaf shape, being elliptic to ovate with almost 
rounded and acute apex shapes instead of the sharply pointed characteristics observed in 
leaves from the islands. 

However, previous studies have also described a range of leaf shape characteristics 
such as broadly elliptical leaves along the coastal areas of Northern Mindanao, Philippines 
(Osing et al., 2019), lanceolate at the estuary of East Kalimantan, Indonesia (Saptiani 
et al., 2018), and ovate at the sea fringe of Kien Giang, Vietnam (Duke, 2012). Hence, 
the leaf blade and apex shape were the leaf characteristics that further divided A. alba 
into two primary groups within the species in this study. It should be noted that the A. 
alba considered in the present study were exposed to different environmental conditions. 
Thus, the differences between the leaf characteristics observed would have been mainly 
due to the interaction with the particular environment of the location. This suggestion of 
leaf within A. alba differed and required comparable studies in different environmental 
conditions globally. 

The leaf characteristics of A. marina have been extensively documented in previous 
studies. Leaves have been described as elliptical at the eastern coasts of Thailand (Huang 
et al., 2014) and on sheltered shores of Malaysia (Shin et al., 2015), ovate along the coastal 
areas of Indonesia (Noor et al., 2012), and occasionally lanceolate at the sea fringe of Kien 
Giang, Vietnam (Duke, 2012). They have also detailed the apex shape of A. marina as 
acute, obtuse, almost rounded, slightly acuminate, or variably pointed. These descriptions 
are consistent in this study’s different sampling sites for A. marina, where both elliptic 
and ovate leaf shapes were reported, particularly in Pulau Merambong. The elliptic shape 
was consistently observed in other study sites (Pulau Bagan Pinang, Pulau Burong and 
Pulau Merambong). The elliptic and ovate shape of A. marina aligns more closely with the 
descriptions found in previous studies, particularly in Malaysia, Thailand and Indonesia, 
while the lanceolate shape is less frequently reported. It is important to differentiate A. 
marina from A. alba found in Sungai Kemasik, as their leaf characteristics can overlap, 
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potentially leading to confusion. Thus, a key identifier for A. marina is the presence of 
leaves with curled margins. The leaf feature differentiates it from A. alba. Win et al. (2021) 
and Primavera (2004) also described that the leaf blades range from flat to curly. 

Further, the comparative assessment shows that the leaf of A. rumphiana can easily 
be distinguished from A. alba and A. marina, notably the presence of powdery hairs on A. 
rumphiana hairy undersurface leaves, a trait absent in the characteristics of the other two 
species. This characteristic was also identified in previous morphology assessments by 
Prakashamani et al. (2019) and Mariano et al. (2019). Avicennia rumphiana, primarily found 
in Pulau Merambong and Sungai Kemasik, was classified as vulnerable by the International 
Union for Conservation of Nature (IUCN, 2024). Previously, A. rumphiana was identified 
as A. lanata, with its distribution ranging from Peninsular Malaysia and the Philippines 
to New Guinea (Giesen et al., 2007). Blade shapes of A. rumphiana observed at Pulau 
Merambong and Sungai Kemasik include elliptic, oblong and obovate with both acute and 
rounded apexes. In the present study, the leaf morphology of A. rumphiana showed only 
slight distinctions compared to reports from other regions. The leaf blades in this study 
were elliptic to ovate with acute bases, aligning with descriptions of A. rumphiana along 
the east coast of Peninsular Malaysia (Shin et al., 2015), the mangrove estuarine areas of 
Setiu wetlands in Terengganu (Rahman et al., 2023), and in the Panay Islands, Philippines 
(Primavera et al., 2004). 

However, this differs slightly from A. rumphiana in the Zamboanga del Sur coastal areas 
of the Philippines (Mariano et al., 2019) and at the sea fringe of Kien Giang, Vietnam (Duke, 
2015), which described the species with elliptic to ovate leaves characterised by a rounded 
base. Primavera et al. (2004), Mariano et al. (2019) and Chan et al. (2022), along with the 
present study, reported a yellowish-green leaf undersurface covered with dense hairs. In 
contrast, Huang et al. (2014) reported a russet, tomentose, nearly brown undersurface on 
the eastern coasts of Thailand, while Duke (2012) noted similar characteristics at the sea 
fringe of Kien Giang, Vietnam. These variations highlight the distinct leaf characteristics 
of A. rumphiana species, reflecting their variability that may be attributed to geographic 
distribution or local environmental conditions. 

Moreover, the dark green colouration on the upper surface and the presence of dense 
powdery hairs undersurface were noted as common traits in these studies. Avicenna 
rumphiana is often misidentified as A. officinalis due to their similarities in hairy leaves, 
as described by Selvam and Karunagaran (2004). However, as outlined by Primavera et al. 
(2004), A. officinalis exhibits shiny and glossy upper surface leaves, contrasting with the 
dull dark green surface of A. rumphiana, a similarity noted in the leaf surface observation 
of A. rumphiana in this study as well. Additional distinctions observed in various studies 
include those by Primavera et al. (2004), who highlighted differences such as the yellowish-
to-russet tomentose undersurface of A. rumphiana leaves, as opposed to the yellowish-green 
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undersurfaces of A. officinalis (Cheah, 2016). Therefore, in morphological comparison, 
A. rumphiana demonstrates morphological similarities consistent with previous studies.

Leaf characteristics, including length, width, thickness, perimeter, area, and mass, are 
crucial indicators of mangrove health, productivity, and overall condition (Dookie et al., 
2023). These measurements serve as a basis for calculating additional leaf parameters, 
including leaf-specific area, leaf mass per area, density, relative water content, and 
sclerophylly indices (Liu et al., 2017). Primavera et al. (2004) summarised the leaf 
descriptions of the mangroves in the Philippines based on the leaf length and width. One-
way ANOVA and Duncan’s post hoc tests indicated significant differences (p < 0.05) 
in all leaf parameters among Avicennia species, indicating leaf size variation within the 
genus. According to Duncan’s post hoc analysis, it is suggested that the leaf width of 
A. alba may reach widths of up to 4.0 cm, potentially overlapping with the broader leaf 
widths observed in A. marina. This similarity in leaf width between the two species could 
lead to confusion during field identification. Despite variations observed within species, 
particularly in leaf width between island populations and those near Sungai Kemasik, the 
range of width measurements for A. alba leaves remains consistent with previous studies. 
Primavera et al. (2004) reported widths ranging from 2 to 5 cm, while Duke (2012) noted 
widths between 2.0 and 4.6 cm. 

Similarly, the average length and width of A. marina closely match Duke’s (1990) 
findings, ranging from 7.3 to 8.2 cm in length and 5 to 8 cm in width. Saenger and Brooks 
(2008) and Ahmed et al. (2022) also reported similar widths, ranging from 1.9 to 4.3 cm. 
Our measurements for A. rumphiana also fall within the ranges identified by Primavera 
et al. (2004) and Mariano et al. (2019). Several studies, including those by Barhoumi et 
al. (2021), Mollick et al. (2021), and Alam and Hossain (2023), utilise leaf measurements 
to assess responses to various environmental factors, such as soil and water salinity in 
mangroves rather than for species identification. Therefore, this study highlights the need 
for further research on leaf measurements to distinguish between different species.

Genetic Diversity Within the Avicennia Species

A common problem in identifying the Avicennia species is the variation in morphology 
and divergence within the genus (Nguyen et al., 2014). This variability makes species 
identification based on morphology challenging, especially outside the flowering season. 
Genetic methods offer a more reliable approach, particularly internal transcribed spacer 
(ITS). ITS are advantageous due to their easy amplification from small DNA quantities 
and moderate size (below 700 bp), which facilitates amplification and sequencing of 
high-degree variation even among closely related species (Bast et al., 2016). This study 
uses the ITS locus to represent Malaysia’s Avicennia species’ first DNA barcode-based 
biodiversity assessment. The genetic structure of Malaysian Avicennia has been examined 
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using nuclear microsatellites (Wee et al., 2013, 2020) and chloroplast sequences (Triest 
et al., 2021). A clear East-West genetic division has been identified in A. marina and A. 
alba Peninsular Malaysian populations based on microsatellite markers (Wee et al., 2020; 
Triest et al., 2021). All Avicennia accessions in this study were separated into four distinct 
clades, each supported by high bootstrap (BS) values. Our findings align with those of Li 
et al. (2016), who observed that A. marina and A. officinalis form distinct clusters separate 
from A. rumphiana and A. alba. Similarly, Saddhe et al. (2017) demonstrated the genetic 
distinctness of A. alba from A. marina and A. officinalis or A. integra. Our findings, where 
A. alba, further support this genetic separation. Avicennia alba formed a separate clade 
from other Avicennia species with a BS value of 83. 

In Clade 2, A. marina var. rumphiana from China and A. rumphiana in this study show 
genetic association but with varying support, forming a cluster with A. officinalis. Avicennia 
rumphiana’s taxonomic history often leads to confusion with A. marina var. rumphiana 
and A. lanata (Duke, 1991). Ridley (1923) and Moldenke (1960) initially treated A. lanata 
and A. marina var. rumphiana as separate species. However, Duke (1991) later found their 
descriptions identical, recognising A. rumphiana as distinct and categorising A. lanata 
and A. marina var. rumphiana as synonyms. Despite this, the Catalogue of Life (Hassler, 
2024) still recognises A. rumphiana as an accepted variety of A. marina (A. marina var. 
rumphiana) and noted its distribution in Southeast Asia, including Malaysia. However, 
we follow the taxonomy of A. rumphiana H. Hallier (A. lanata) as per Tomlinson (1986), 
Duke (1991) and Japar Sidik (1994), distinguishing it from A. marina var. rumphiana. 
This distinction is based on our morphological details of the leaves, which align with the 
botanical descriptions of A. rumphiana provided by Duke (1991) and Giesen et al. (2007). 

These descriptions characterise the leaves as ovate or elliptic, dark green above, and 
covered with dense, fawn-coloured, velvety hairs on the undersurface. Our ITS sequencing 
has proven essential in assessing genetic relationships, revealing significant divergence 
between A. rumphiana and A. marina, as indicated by their grouping in separate clades 
(Clade 2 and Clade 3). The molecular evidence obtained from our analysis complements 
morphological descriptions, enhancing our understanding of the evolutionary relationships 
among these species and supporting the rationale for the recognition of A. rumphiana as 
a separate entity.

Guanine-cytosine (%GC) content determines genetic and species diversity (Liu et al., 
2023). We observed consistent %GC content within Avicennia, ranging from 63.5% to 
64.6%. Given the widespread use of ITS as a marker in plant systematics, our finding of 
consistent %GC content in Avicennia significantly contributes to our evolutionary model. 
It suggests similar genomic stability and nucleotide composition among the species.

Genetic pairwise distance is the standard measurement of genetic heterogeneity and 
the raw material for evolutionary change (Ellegren & Galtier, 2016). In our analysis, the 
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pairwise distance between A. alba clade sequences was the smallest (0.006), followed by 
A. marina (0.008), while A. rumphiana sequences exhibited the greatest distance (0.010). 
Literature suggests it typically shows 0–3 bp differences within a species (Lidén et al., 
1995; Sun et al., 1994) and more than 3 bp differences between species (Sun et al., 1994). 
Our nucleotide differences (0.6%–1% sequence dissimilarity; 4–7-bp difference) support 
this hypothesis. Despite being collected from different sites, no evidence of hybridisation 
among taxa was found based on pairwise distance. This finding is consistent with Duke 
(1992), who also noted the absence of hybrids in Avicennia compared to other widely 
distributed mangrove genera. The pairwise distance among A. alba in this study ranged 
from 0.000 to 0.006 (4-bp difference), consistent with Rani et al. (2021), who reported a 
pairwise distance of 0.007 between A. alba from Sajnekhali, Sundarbans Delta and Kerala, 
India, indicating the coexist evolution. Both A. alba and A. marina had a slight intraspecific 
variation of 0.29 and 0.24%, respectively. 

Avicennia rumphiana forms a distinct subclade within Clade 2 with a strong bootstrap 
support value of 99. However, this species has notable genetic diversity, as evidenced by a 
significant pairwise distance of 0.010 among individuals (1% sequence dissimilarity; 7-bp 
difference). Their intraspecific variation was also found to be high, at 1.57%. Avicennia 
rumphiana accession MY010207.17 from Pulau Merambong exhibits notably lower ITS 
sequence (99.3% sequence similarity; 5-base pair difference) compared to the other two 
accessions from the same location (MY010207.15 and MY010207.16). In contrast, it 
(MY010207.17) shares a higher ITS sequence (99.7% sequence similarity; 2-bp difference) 
with accessions from Sungai Kemasik. Distinct differences in leaf morphological traits 
further indicate this diversity. For instance, morphologically, there are differences between 
A. rumphiana accessions from Pulau Merambong, particularly MY010207.16 and 
MY010207.17, and those from Sungai Kemasik. The former displayed darker green leaves 
and differences in apex shapes (rounded), whereas the latter had lighter green leaves with 
acute to rounded apex shapes. 

Although the classification remains genetically controversial, this study has resolved 
it using leaf morphological characteristics. The variability in genetic distance observed 
in A. rumphiana aligns with the differences in leaf morphology, demonstrating a clear 
relationship between genetic diversity and leaf characteristics. Therefore, by referencing 
botanical descriptions, we have placed the taxon under the species name A. rumphiana, 
as accepted in this study. These sequences were compared with those of A. marina var. 
rumphiana, A. officinalis, and other Avicennia species available in NCBI GenBank to 
determine their taxonomic positions. 

As indicated by pairwise distance, genetic diversity within the A. marina was low 
(0.000-0.008), which aligns with findings reported by Malekmohammadi et al. (2022) 
using ITS. Similarly, using microsatellite markers, low genetic variation was observed 
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in A. marina populations in northern Australia (Maguire et al., 2002) and along the east 
coast of India (Zolgharnein et al., 2002), on Zifaf and Sajid islands in Vietnam (Giang et 
al., 2003). However, these previous studies assessed the genetic diversity of A. marina 
using microsatellite markers, which differs from the approach employed in this study, 
which utilised ITS.

CONCLUSION

The present study reassessed and confirmed Avicennia species identification and provided 
an overview of individuals’ morphological and genetic variation. Morphological analysis 
revealed significant differences in six leaf characteristics and three morphometric traits 
(p < 0.05) of Avicennia leaf morphology. This study also utilised ITS sequences to better 
understand relationships within Avicennia. The ITS sequences of 27 Avicennia accessions 
and 26 accessions from other locations revealed four distinct clades (BS = 83-100). The 
consistent %GC content within Avicennia also indicates the level of genomic stability 
and nucleotide composition among the species. Despite significant divergence found in 
pairwise genetic distance among Avicennia accessions in Clade 2, the recognition of A. 
rumphiana’s taxonomic position is resolved based on evidence involving morphology, 
confirming its acceptance as a distinct species in this study. Leaf morphological differences 
further support the phylogenetic position that separates A. rumphiana from A. marina and 
A. officinalis. Therefore, our findings show that leaf morphological and genetic analyses 
are reliable for determining relationships in Avicennia and can contribute to refining species 
classifications and updating mangrove species records. These advances are crucial for 
effective biodiversity assessments.
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ABSTRACT

Moringa oleifera, locally known as ‘Kelor’ in Malay, is a medicinal plant valued in Malaysia and 
other countries for its therapeutic bioactive compounds and health benefits, including anticancer 
and anti-inflammatory properties. However, the toxicity profile of ethanolic M. oleifera leaf extract 
(MOLE) has not been well explored. This study aims to assess the toxicity profile of MOLE using 
a zebrafish (Danio rerio) model. Zebrafish embryos were subjected to MOLE (n ≥ 15; 24 h post-
fertilisation [hpf]) at a concentration of 5-1000 μg/mL, and the survival rate, hatching rate, heart 
rate, and morphological development of zebrafish embryos were monitored daily for up to 72 h. 
Embryo media was used as a control. MOLE treatment was shown to be safe at concentrations 
≤ 400 μg/mL with LC50 values of 1186 ±7 μg/mL, 560.1 ±7 μg/mL, and 445.1 ± 7 μg/mL at 24, 
48, and 72 h post-treatment, respectively. A significant mortality rate and low heartbeat were 
recorded in embryos exposed to > 800 μg/mL across the three-time points. MOLE did not affect the 
hatching rate. A significant difference in embryos treated with > 800 μg/mL at 72 h post-treatment 
was not attributable to MOLE effects, as the embryos had died before hatching. Scoliosis was 

predominantly observed in embryos subjected 
to MOLE concentrations ranging from 25 to 
200 μg/mL. The present data demonstrated 
that MOLE exhibited concentration- and time-
dependent toxicities. Further studies are needed 
to identify the effective concentrations of MOLE 
for therapeutic application in in vitro and in vivo 
models.

Keywords: Moringa oleifera, toxicity, zebrafish 
embryo 
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INTRODUCTION

Recently, in pharmaceutical research, there has been a surge in public interest in exploring 
medicinal plants for their bioactive compounds, which may offer various health benefits that 
improve human health. Moringa oleifera, locally known as ‘Kelor,’ has garnered significant 
attention in the industry due to extensive research on its nutritional, phytochemical, and 
pharmacological properties. M. oleifera has been recognised as a ‘Miracle Tree’ and 
‘Superfood’. Its leaves contain high concentrations of essential vitamins, minerals, and 
antioxidants. Studies have demonstrated that M. oleifera contains higher concentrations 
of vitamin C than oranges and greater potassium levels than bananas (Rockwood et al., 
2013). Furthermore, it exhibits a higher proportion of polyunsaturated fatty acids compared 
to saturated fatty acids (Cervera-Chiner et al., 2024). These properties provide substantial 
health benefits, including overcoming malnutrition and exhibiting anti-inflammatory, 
antioxidant and anticancer effects (Leone et al., 2015). One of the 13 members of the 
genus Moringa is M. oleifera, and it belongs to the family Moringaceae. It is indigenous to 
South Asia and was initially discovered in northeast Pakistan, extending to northern West 
Bengal and India (Azlan et al., 2022). It is usually cultivated in subtropical and tropical 
areas (Milla et al., 2021). 

Previous studies have indicated that plants used in traditional medicine may present 
risks if consumed inappropriately, contradicting their perceived safety (Başaran et al., 2022; 
Ekor, 2014; Shamsi et al., 2021). It is frequently attributed to a lack of scientific evaluation 
and regulation, rendering them potentially less safe than prescription drugs, which have 
been associated with severe adverse effects such as congestive, allergic reactions, heart 
failure, renal failure, and liver toxicity (Lorenzo et al., 2015; Posadzki et al., 2013). 
Moringa oleifera, though widely used in traditional medicine and dietary supplements, 
lacks comprehensive toxicological data. This study aims to fill this gap by evaluating the 
potential toxicity of ethanolic M. oleifera leaf extract (MOLE), ensuring it can be used 
safely at various doses. Testing on zebrafish embryos allows for an initial assessment of 
developmental toxicity, helping to identify safe concentration levels and prevent potential 
health risks associated with overconsumption or high-dose exposure.

Several studies have investigated the cytotoxic effects of ethanolic MOLE in various 
cell lines. In one of the studies, the fibroblast cells derived from chicken embryos were 
exposed to ethanolic MOLE at concentrations ranging from 0.02 to 400 µg/mL. The 
results showed significant cytotoxicity at concentrations > 200 µg/mL but were safe at 
< 50 µg/mL. The same study also reported that the 50% cytotoxic concentration (CC50) 
was 100 µg/mL (Ashraf et al., 2017). In another study, the cytotoxic effects of ethanolic 
MOLE on the human cervical carcinoma cell line (HeLa cells) were compared with callus 
extract using the MTT assay (Jafarain et al., 2014). It was noted that both MOLE and 
callus extracts showed a significant decrease in cell viability at concentrations of 100 to 
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500 μg/mL and 1000 to 3000 μg/mL, respectively, in a concentration-dependent manner. 
Notably, ethanolic MOLE exhibited higher cytotoxicity compared to the callus extract, as 
indicated by a lower 50% inhibitory concentration (IC50) (Jafarain et al., 2014). Despite the 
therapeutic benefits of medicinal plants, the prolonged use of M. oleifera may be toxic. In 
rats, extended consumption of ethanolic MOLE at doses of 200 and 400 mg/kg per body 
weight resulted in dose-dependent weight gain and elevated serum alanine transaminase 
(ALT), aspartate transaminase (AST), blood urea nitrogen (BUN), and creatinine levels, 
indicating liver and kidney damage. These findings suggest chronic MOLE supplementation 
could induce hepatic and renal injuries (Oyagbemi et al., 2013). It highlights the importance 
of understanding the potential toxic effects of both short- and long-term use of medicinal 
plants. Thus, comprehensive toxicity studies on medicinal plants and their preparations 
are essential to ensure their safety for human consumption.

Moreover, in vivo models have been used to study the toxicity profile of MOLE. 
Administration of 70% ethanol-extracted M. oleifera leaves at a concentration of 150 mg/
mL intraperitoneally to albino rats and rabbits every 5-min interval until mortality was 
reached resulted in lethal doses of acute toxicity (Osman et al., 2015). Histopathological 
examination revealed significant damage to the kidney, heart, and liver, including renal 
tubule degeneration, cardiac muscle haemorrhage, and hepatic cell necrosis. It suggests 
that fluid accumulation leads to cell swelling and rupture, indicating minimal toxicity of 
MOLE when administered in concentrated doses over a short period in rodents (Osman 
et al., 2015). Nevertheless, a comprehensive toxicity profile of ethanolic MOLE using 
zebrafish embryos as an in vivo model has not yet been reported.

Zebrafish (Danio rerio) serves as a valuable toxicity model, offering real-time, in 
vivo studies to evaluate the potential risks to human health associated with naturally 
occurring compounds (Abdullah et al., 2022; Bambino & Chu, 2017). This model has 
been extensively utilised in toxicity studies due to its numerous advantages, particularly 
in terms of technical and economic aspects, compared to other vertebrate models such as 
rodents. One key advantage is their small size, which makes them both cost-effective and 
technically easier to manage. Additionally, zebrafish exhibit high fecundity, producing 
many embryos per mating session. The transparency of embryos facilitates detailed imaging 
and observation of developmental processes (Rothenbücher et al., 2019). Moreover, the 
zebrafish genome exhibits approximately 70% similarity to the human genome compared 
to the human reference genome. This similarity shows the potential of using zebrafish to 
enhance our understanding of the precise roles of genes in human diseases, spanning both 
rare and common conditions (Howe et al., 2013). The Fish Embryo Toxicity (FET) test, 
which employs zebrafish, is widely recognised for its application in pre-screening drugs 
and diseases, including the evaluation of lethal concentrations for 50% of the population 
(LC50). The zebrafish embryo model bridges the gap between the in vitro and in vivo 
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methods, providing essential insights before conducting biocompatibility and toxicity 
assessments in living organisms, thus diminishing the necessity for animal experimentation 
(Rothenbücher et al., 2019). 

In this study, MOLE was assessed for its toxicity during zebrafish embryogenesis. 
While MOLE is recognised for its beneficial properties, including anticancer (Jafarain et al., 
2014), anti-inflammatory (Arulselvan et al., 2016), and antibacterial (Farooq & Koul, 2020) 
activities, its toxic effects, particularly during the critical embryogenesis period, remain 
largely unexplored. Therefore, this study aims to evaluate the toxicity and teratogenicity 
of MOLE during zebrafish embryogenesis.

MATERIALS AND METHODS

Plant Sample Collection and Identification 

Fresh leaves of the M. oleifera plant were acquired from Bukit Katil, Malacca. The plant 
was sent to the Institute of Bioscience (IBS) UPM to authenticate its species. The voucher 
number obtained was KM 0088/23. 

Preparation and Extraction of Moringa oleifera Leaves

The extraction of M. oleifera leaves was conducted according to the method described by 
Ismail et al. (2020). Approximately 500 g of M. oleifera leaves were washed, air-dried to 
a constant weight, and then ground into powder at room temperature. For the maceration 
process, 80% (v/v) ethanol (Chemiz, Malaysia) was used to extract the powdered plant 
material over 72 h. The resulting crude ethanol extract was filtered through Whatman No. 
1 filter paper (GE Healthcare, Singapore). The filtrate was then evaporated using a rotary 
evaporator (BUCHI Rotavapor R-200, Buchi Corporation, Switzerland), dried, and stored 
in an airtight container at 4°C until needed. This extraction process was repeated three 
times. The plant extraction yield obtained was 20.78%. The percentage yield of the extract 
was calculated using the equation below:

Percentage of yield (%) =  
Weight of concentrated extract (g)

Weight of dried plan sample (g)
× 100%           [1]

Phytochemical Identification Using Liquid Chromatography Analysis 

The sample was dissolved in methanol (1 mg/mL) (Fisher Scientific, UK) and filtered 
through a 0.22 µm PTFE membrane filter (Phenomenex, USA) prior to analysis to identify 
the phytochemicals contained in the M. oleifera leaf extract (MOLE). The sample was 
analysed using a Liquid Chromatography–Mass Spectrometry (LC-MS) system consisting 
of a Q Exactive Focus mass spectrometer with Ultimate 3000 photodiode array detector, 
Rapid Separation (RS) column compartment, RS pump and RS autosampler (Thermo 
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Scientific, USA). A Hypersil Gold Dim (1.9 µm) column was used throughout (100 mm 
× 2.1 mm), and for mobile phase elution, a gradient of two solvents denoted as ‘A’ and 
‘B’ was employed. ‘A’ was 0.1% of aqueous formic acid, whereas ‘B’ was 0.1% formic 
acid in acetonitrile with a 400 µL/min flow rate. The initial condition consists of 95% of 
‘A’ and 5% of ‘B’, with a linear gradient increase from 5 to 100% of ‘B’ at 30–34 minutes 
of elution time, and the analysis was conducted at the initial solvent ratio until 38 min 
of elution time. A mass spectrometer with an electrospray ion source was set to positive 
and negative ionisation modes using data-dependent automatic switching between the 
MS and MS/MS acquisition modes. The system was controlled using Xcalibur software 
(Vijayalakshmi et al., 2015). 

Zebrafish Embryo Toxicity Testing

Zebrafish embryos were purchased from the AAALAC-accredited Zebrafish Satellite 
Animal Facility, Animal Experimental Unit, Faculty of Medicine, Universiti Malaya. 

Briefly, 4 h post-fertilisation (hpf) healthy embryos were transferred into 96-well culture 
plates (TPP, Switzerland), one embryo in 200 µL of embryo medium (E3 media [Zebrafish 
Satellite Animal Facility, Malaysia]) (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM 
MgSO4, and 0.1% (w/v) methylene blue) per well and acclimatised at 28°C for 24 h in a 
12-h light-12-h dark (LD) cycle. The following day, any dead or unfertilised embryos were 
removed, and fresh embryo media was added in place of the old one. The viable embryos 
were exposed to eight different MOLE concentrations (5-1000 µg/mL) for 72 h at 28°C 
in a semi-static environment (24 hpf to 96 hpf). Using an inverted microscope equipped 
with a camera (Leica, Germany), several toxicological endpoints, such as survival rate, 
heart rate, hatching rate, and morphological development, were monitored and recorded 
at 24-hour intervals. The treatment solutions were changed daily, and E3 media was used 
as a control (Ghafor et al., 2020; Mohamad Shariff et al., 2020; Shamsi et al., 2022). 

The mortality of the embryos was indicated by the presence of coagulation and the 
absence of a heartbeat to assess the survival rate. The survival rate was determined by 
counting the number of live embryos or larvae at each observation point. Dead embryos 
were denoted as “1,” while surviving embryos were labelled as “0”. A similar approach 
was employed for the hatching rate observation. Heart rate was determined by observing 
heartbeats over a 15-second interval and then extrapolating the count to 60 seconds to 
establish the average beats per minute (bpm) (Shamsi et al., 2020). Additionally, to assess 
the impact of MOLE toxicity on embryos, their morphological development was examined 
at 24 h, 48 h, and 72 h post-treatment, including the presence of body axis curvature, yolk 
sac oedema, pericardial oedema, and scoliosis. The dead embryos were extracted daily 
during the observation period to prevent contamination. Three independent experiments 
were performed for each treatment group (n ≥10 embryos per exposure group). 
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Statistical Analysis 

One-way Analysis of Variance (ANOVA), a statistical hypothesis test, was performed 
with Dunnett post-hoc test comparison where indicated. The statistical significance of the 
results was defined by a p ≤ 0.05. The data were analysed using GraphPad Prism version 
10.2.3 statistical analysis software (GraphPad Software, USA). All experiments were 
independently repeated three times. Data was presented as mean ± standard error of the 
mean (SEM). A p-value of less than 0.05 was considered to be statistically significant.

RESULTS AND DISCUSSION

Phytochemicals Composition of MOLE

An LC-MS analysis was conducted using both positive and negative ionisation MS/MS 
modes to investigate the phytochemical composition of the ethanolic MOLE. Ethanolic 
extracts efficiently solubilise a wide range of  bioactive compounds, facilitating thorough 
toxicity evaluation while maintaining the pharmacological attributes of the plant (Lee et 
al., 2024). The data were compared and validated using online databases, PubChem, and 
previously published studies. Table 1 lists some of the principal phytochemicals detected 
in MOLE, which may have influenced the extract’s pharmacological activities and toxicity 
profile. These phytochemical compounds are well-documented for their diverse properties, 
such as antioxidant activity, which interferes with the cell cycle, induces apoptosis, and 
decreases oxidative stress (Shukla & Gupta, 2010). For example, alkaloids, notably 
cepharanthine, may possess significant antioxidant properties that facilitate the scavenging 
and prevention of radical formation, thereby safeguarding deoxyribonucleic acid (DNA) 
from damage induced by endogenously generated radicals during oxidative metabolism. 

A study reported that cepharanthine exhibits potent anti-inflammatory activity by 
diminishing the expression of the NF-κB transcription factor. This effect is achieved by 
inhibiting the IκB kinase (IKK) pathway and reducing pro-inflammatory cytokines such as 
TNF-α and IL-1β (Bailly, 2019). In the IKK pathway, IκB normally inhibits cytoplasmic NF-
κB. However, upon LPS stimulation, IκB is phosphorylated, allowing NF-κB to translocate 
into the nucleus and activate pro-inflammatory genes. Cepharanthine interrupted this process 
by inhibiting LPS-induced IκB phosphorylation, thereby blocking NF-κB activation. As 
a result, the secretion of cytokines and nitric oxide (NOx) is reduced, demonstrating its 
anti-inflammatory mechanism (Kudo et al., 2011). In addition, flavonoids exhibit anti-
inflammatory properties by inhibiting NF-κB activation, exerting anti-inflammatory effects, 
and preventing lipid oxidation (Milla et al., 2021). The terpenoid derivative, emmotin A, 
was also detected in MOLE. Emmotin A is an anti-neuroinflammatory agent that showed 
strong binding interactions with AChE, BChE, α-glucosidase, α-amylase, and tyrosinase 
in an in silico molecular docking study, indicating its ability to maintain ACh levels and 
suppress neuroinflammation (Saleem et al., 2020).
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The negative ionisation results of aMS/MS revealed several bioactive compounds, 
including 3,4-dihydroxyphenylethanol-elenolic acid (3,4-DHPEA-EA). This isomer 
of oleuropein aglycone acts as an antioxidant, protecting cells from oxidative damage 
through radical scavenging, metal ion chelation, and induction of antioxidant enzymes. 
Additionally, 3,4-DHPEA-EA has antihypertensive activity and is a major component of 
virgin olive oil consumed to regulate blood pressure (Segade et al., 2016). It also shows 
antibacterial properties and is effective against gram-positive bacteria such as staphylococci, 

Table 1
List of major phytochemicals in MOLE and its potential activity

Name of compound Molecular 
formula

Class of 
bioactive 

compound
Potential activity Ion 

(+/-) Reference

Cepharanthine C37H38N2O6 Alkaloids Antioxidant, anti-
inflammatory

[M+H]+ Bailly (2019)

Apigenin 5-glucoside C21H20O10 Flavonoids Antioxidant, anti-
mutagenic and 
anti-inflammatory 
properties

[M+H]+ Shukla & 
Gupta (2010)

Quercetin 
3-(6''-malonylgalactoside)

C24H22O15 Flavonoids Anti-inflammatory, 
anticancer, 
cardioprotective, 
anti-tumour, anti-
viral, anti-diabetic, 
antihypertensive, 
gastroprotective 
effects

[M+H]+ Milla et al. 
(2021)

Emmotin A C16H22O4 Terpenoid Anti-
neuroinflammatory

[M+H]+ Ngu et al. 
(2022)

3,4-dihydroxyphenylethanol-
elenolic acid (3,4-DHPEA-
EA) 

C19H22O8 Phenolic 
compounds

Antioxidant, 
antihypertensive, 
antibacterial

[M+H]- Segade et 
al. (2016), 
Bisignano et 
al. (2014)

Trans-Stilbene C14H12 Phenolic 
compounds

Antioxidant, 
cardioprotective, 
cancer 
chemopreventive, 
anti-inflammatory, 
anti-diabetic,
antibacterial

[M+H]- Treml & 
Šmejkal 
(2016)

Monocrotaline C16H23NO6 Pyrrolizidine 
alkaloid 
(PA) family 
of plant 
toxins

Induce 
developmental 
toxicity, 
hepatotoxicity, 
pulmonary lesions, 
and cancer

[M+H]- Luo et al. 
(2019), Chen 
et al. (2010), 
Louisse et 
al. (2019), 
Sakamoto et 
al. (2017)
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suggesting its potential as a natural antimicrobial for treating bacterial skin infections 
(Bisignano et al., 2014). Additionally, trans-stilbene has been identified and is renowned 
for its antioxidant properties. In a lipoperoxidation inhibition assay, which measures 
the ability of a compound to prevent the oxidative degradation of lipids, trans-stilbene 
emerged as the most active compound (Treml & Šmejkal, 2016). Its other pharmacological 
properties include cardio-protection, cancer chemoprevention, anti-inflammatory effects, 
anti-diabetes, and antibacterial activity. Monocrotaline (MCT) was detected in the extract. 
It is an 11-membered macrocyclic diester classified as a pyrrolizidine alkaloid (PA), a 

Figure 1. The effects of different concentrations of 
MOLE (5-1000 μg/mL) on survival of zebrafish 
(Danio rerio) at (A) 24 h, (B) 48 h, and (C) 72 h 
post-exposure (n>15). Embryo media was used as 
control. Data were shown as mean ± SEM
Note. Significant difference to control is denoted by 
“*” (One-way ANOVA, followed by a post hoc test: 
Dunnet p ≤ 0.05)
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plant toxin. Ingestion of MCT can severely 
affect humans, causing developmental 
toxicity, hepatotoxicity, pulmonary lesions, 
and cancer (Chen et al., 2010; Louisse et al., 
2019; Luo et al., 2019). Consequently, MCT 
has been utilised in toxicity studies to induce 
pulmonary hypertension, aiding research 
on chronic pulmonary vascular diseases in 
humans. For example, a study showed that 
rats can experience significant and gradual 
lung damage from even small amounts of 
MCT (Sakamoto et al., 2017).

Survival Rate of Zebrafish Embryos 
Treated with MOLE

In the present study, the toxicity effects of 
MOLE were determined using a zebrafish 
embryo model as it is known to provide 
real-time in vivo studies to address possible 
health risks to humans resulting from 
naturally occurring compounds (Bambino 
& Chu, 2017). The survival rate of zebrafish 
embryos exposed to different concentrations 
of MOLE (5-1000 µg/mL), as observed at 
24 h, 48 h, and 72 h post-treatment, is shown 
in Figure 1A-C. The lethal concentration 
for the embryos (LC50) values of MOLE 
in zebrafish embryos exposure for 24 h to 
72 h post-treatment are also presented in 
Table 2. The concentration range of MOLE 
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used in this study was determined based on 
previous findings indicating that embryos 
treated with aqueous ethanolic extract of 
MOLE exhibited better embryogenesis 
development compared to those treated with 
aqueous methanolic extract at equivalent 
concentrations (Mohamad Shariff et al., 
2020).

Table 2
LC50 values of MOLE following its exposure to 
zebrafish embryos from 24 h to 72 h post-treatment

Time of exposure
(post-treatment, hr)

LC50 of MOLE
(μg/mL)

24 1186.0 ± 7
48 560.1 ± 7
72 445.1 ± 7

Survival analysis revealed that embryo survivability decreased with increasing 
MOLE concentrations in a time-dependent manner. A lower survival rate was recorded 
as the concentration of MOLE and the exposure times increased. Embryos treated with 
concentrations < 400 µg/mL of MOLE showed good survival rates over time, with > 80% 
of embryos surviving up to 48 h post-treatment before slightly declining at 72 h post-
treatment (Figure 1). Although treatment with 400 µg/mL of MOLE caused a reduction 
in the survival rate to approximately 70% at 72 h post-treatment, it was not statistically 
significant. It was still comparable to the control group (Figure 1C). In contrast, the 
survival rate of zebrafish embryos treated with a higher concentration of MOLE (> 800 
µg/mL) progressively decreased over the exposure period, from approximately 60% at 24 
h post-treatment (Figure 1A) to less than 10% at 48h post-treatment (Figure 1B). By 72 
h post-treatment, none of the zebrafish embryos in this group survived the study (Figure 
7C). As expected, all embryos in the control group (E3 media) maintained 100% survival 
throughout the study. 

This finding indicates that higher concentrations and prolonged exposure to MOLE 
significantly compromised the survivability of embryos. It is possible that MOLE is taken up 
by zebrafish embryos through the skin and gills in the early stages of embryo development 
(Sakeh et al., 2020). Furthermore, these results suggested that the ability of the surrounding 
compounds to penetrate the embryo became greater as the time of exposure lengthened, 
leading to its toxicity. It could be explained by the fact that the protective layer surrounding 
the embryo, called the chorion, which is present in the early stages of development, changes 
with age. Previous research has indicated that changes in the protein composition of the 
chorion could result in the expansion or enlargement of chorion pore channels, enabling 
a higher entry of external substances (Ali et al., 2017).

Hatching Rate of Zebrafish Embryos Treated with MOLE

The hatching rate is a critical stage during embryogenesis and an important parameter 
in toxicity studies. A zebrafish embryo is considered to have hatched once its body has 
completely emerged from the chorion (David et al., 2016), and it would usually begin at 48 h 
post-fertilisation (hpf) under normal conditions (Chen et al., 2018). In the present study, the 
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hatching rate of zebrafish embryos did not 
show significant differences when exposed 
to various concentrations of MOLE at any 
of the monitored time points (Figure 2), with 
all embryos showing comparable hatching 
rates to the control group. However, a 
significant difference in hatching rate was 
observed in embryos treated with > 800 
μg/mL of MOLE at 96 hpf (Figure 2C). 
This reduction was not due to delayed 
hatching from the MOLE treatment but 
was attributed to high mortality rates at 
higher concentrations. Most embryos treated 
with 800 and 1000 μg/mL of MOLE died 
at 72 hpf (48 h post-treatment) (Figure 
1B), explaining the similar hatching rates 
observed at both 72 hpf and hpf (Figure 1B-
C). These findings show that MOLE did not 
affect the hatching rate at any time point or 
tested concentration.

Heart Rate of Zebrafish Embryos 
Treated with MOLE

The heart is the first organ to form and operate 
in zebrafish development. Zebrafish hearts 
have a transparency property that allows for 
single-cell resolution visualisation, making 
them a perfect subject for monitoring 
toxicity. Zebrafish embryos have a heart 
rate of 120–180 beats per minute (bpm) 

Figure 2. The effects of different concentrations 
of MOLE (5-1000 μg/mL) on the hatching rate of 
zebrafish (Danio rerio) at (A) 48 h, (B) 72 h and (C) 
96 h post-fertilisation (hpf) (n>15). Embryo media 
was used as a control
Note. Significant difference to control is denoted by 
“*” (One-way ANOVA, followed by a post hoc test: 
Dunnet p ≤ 0.05)

Control 5 25 50 100 200 400 800 1000
0

20

40

60

80

100

Concentration of MOLE (µg/mL)

Ha
tc

hi
ng

 R
at

e 
(%

)

48 hpf(A)

Control 5 25 50 100 200 400 800 1000
0

20

40

60

80

100

Concentration of MOLE (µg/mL)

Ha
tc

hi
ng

 R
at

e 
(%

)

72 hpf
(B)

Control 5 25 50 100 200 400 800 1000
0

20

40

60

80

100

Concentration of MOLE (µg/mL)

Ha
tc

hi
ng

 R
at

e 
(%

)

96 hpf

*
*

(C)

Control 5 25 50 100 200 400 800 1000
0

20

40

60

80

100

Concentration of MOLE (µg/mL)

Ha
tc

hi
ng

 R
at

e 
(%

)

48 hpf(A)

Control 5 25 50 100 200 400 800 1000
0

20

40

60

80

100

Concentration of MOLE (µg/mL)

Ha
tc

hi
ng

 R
at

e 
(%

)

72 hpf
(B)

Control 5 25 50 100 200 400 800 1000
0

20

40

60

80

100

Concentration of MOLE (µg/mL)

Ha
tc

hi
ng

 R
at

e 
(%

)

96 hpf

*
*

(C)

Control 5 25 50 100 200 400 800 1000
0

20

40

60

80

100

Concentration of MOLE (µg/mL)

Ha
tc

hi
ng

 R
at

e 
(%

)

48 hpf(A)

Control 5 25 50 100 200 400 800 1000
0

20

40

60

80

100

Concentration of MOLE (µg/mL)

Ha
tc

hi
ng

 R
at

e 
(%

)

72 hpf
(B)

Control 5 25 50 100 200 400 800 1000
0

20

40

60

80

100

Concentration of MOLE (µg/mL)

Ha
tc

hi
ng

 R
at

e 
(%

)

96 hpf

*
*

(C)

(A)

(B)

(C)

(Chahardehi et al., 2020; Ghafor et al., 2020). 
The heart rates of the zebrafish embryos treated with different concentrations of MOLE 

are shown in Figure 3. There were no significant differences in the heart rate of zebrafish 
embryos treated with MOLE concentrations ≤ 400 µg/mL compared to the control group 
at all time points, as all rates fell within the normal range of between 120 and 180 bpm. 
At 72 h post-treatment, the heart rate of the 100 µg/mL concentration group appeared 
slightly above the normal range (>180 bpm). However, the difference was not statistically 
significant and comparable to the control group. The increase in heart rate could be due 



921

MOLE Toxicity in Zebrafish Model

Pertanika J. Trop. Agric. Sci. 48 (3): 911 -928 (2025)

to various factors, such as a response to 
sudden changes in temperature. A previous 
study has reported that a sudden decrease 
in temperature from 28°C to 18°C caused a 
48% reduction in the heart rate of zebrafish 
(Lee et al., 2016). 

In addition, abnormalities in the heart 
rate of zebrafish embryos might also result 
from exposure to compounds that influence 
sodium and potassium channels, particularly 
ATP-sensitive potassium (KATP) channels. 
For example, ouabain, which is a cardiac 
glycoside usually derived from Stropanthus 
gratus, primarily inhibits the Na+/K+-
ATPase pump, leading to a disruption in the 
balance of sodium and potassium ions across 
the cell membrane (Rajanathan et al., 2023). 
These channels play crucial roles in heart 
rate control and adaptation to metabolic 
changes. Disruption of KATP ​channels 
through genetic manipulation or exposure 
to external compounds can lead to heart rate 
dysregulation (Aziz et al., 2018). Elevated 
heart rates can strain heart muscles, which 
could eventually cause damage to zebrafish 
hearts. Similar to other observations, higher 
concentrations of MOLE (> 800 μg/mL) 
significantly affected the heart rate of the 
treated embryos (Figure 3). A decrease in 
heart rate was noted at 24 h post-treatment, 
which gradually declined as exposure time 
increased. By the end of the observation 
period (72 h post-treatment), all embryos 
at these higher concentrations exhibited no 

Figure 3. Heartbeats of zebrafish embryos in the 
presence of different concentrations of MOLE (5-
1000 μg/mL) at (A) 24 h, (B) 48 h and (C) 72 h 
post-treatment (n>15). Embryo media was used as 
control. Significant difference to control is denoted 
by “*” (One-way ANOVA, followed by a post hoc 
test: Dunnet p ≤ 0.05). Dashed lines (---) represent 
the range of a normal heart rate for zebrafish embryos 
(120–180 beats per minute)
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heart rate, leading to mortality (Figure 3C). These findings suggest that MOLE may be 
harmful at higher doses that induce cardiac arrhythmia and embryonic bradycardia, which 
in turn causes severe hypoxia and foetal distress, contributing to the fatality observed in 
Figure 1 (Manjunatha et al., 2018).

(B)

(C)
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Morphological Assessments of Zebrafish Embryos Treated with MOLE

In the present study, the toxicity effects of MOLE were also assessed morphologically 
daily for up to 96 h post-treatment. The deformities or malformations detected in this 
study included scoliosis (S), pericardial oedema (PE), yolk sac oedema (YSE) and body 
axis curvature (BAC) (Figure 4). Scoliosis, which is the lateral curvature of the spine, 
was the only abnormality observed in embryos treated with 25 to 200 μg/mL of MOLE 
(Table 3), which might be caused by oxidative damage (Heredia-García et al., 2021). 
This oxidative damage may play a role in the development and progression of scoliosis, 
as elevated oxidative stress has been reported to lead to apoptosis and disrupt muscle 
tissue formation, potentially contributing to the pathological changes seen in patients with 
Idiopathic Scoliosis (IS). In zebrafish models, oxidative stress has been linked to muscle 
degeneration and spinal deformities, suggesting a possible mechanism by which oxidative 
damage influences scoliosis (Li et al., 2019). Interestingly, no other abnormalities were 
observed at this concentration range. 

In contrast, pericardial oedema, yolk sac oedema, and body axis curvature were 
collectively observed in embryos treated with higher concentrations of MOLE (> 800 μg/
mL). The formation of pericardial oedema during embryogenesis is most likely due to 
the weakening of the embryo chorion layer following exposure to the treatments, which 
allows a greater intake of MOLE and induces toxic effects on zebrafish over time (Ali et al., 

Figure 4. Microscope images showing the incidence of malformations in zebrafish embryos, as indicated by 
a black arrow. (A) Normal hatched zebrafish, (B) Normal zebrafish embryo, (C) Zebrafish with scoliosis, (D) 
Zebrafish with pericardial oedema, (E) Zebrafish with yolk sac oedema, (F) Zebrafish with body axis curvature
Note. S = Scoliosis, PE = Pericardial oedema, YSE = Yolk sac oedema, BAC = Body axis curvature. Scale 
= 250 μm
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2017). The yolk sac plays an important role in embryogenesis and normally stores nutrients. 
Impairment of the yolk sac, such as yolk sac oedema observed at higher concentrations, 
could impair nutrient absorption by the embryo, resulting in malnourished embryos that 
may eventually perish. Meanwhile, body axis curvature formations are potentially caused 
by chorion formation failure, which disrupts somite development and subsequently induces 
malformation in the body axis (Syahbirin et al., 2017). 

Table 3
Malformation incidences in zebrafish embryos treated with different concentrations of MOLE at 24 to 72 h 
post-treatment

MOLE Concentration 
(μg/mL)

Malformation incidence (%)

Scoliosis (S) Pericardial 
oedema (PE)

Yolk sac oedema 
(YSE)

Body axis curvature 
(BAC)

Control 0 0 0 0
5 0 0 0 0
25 14 0 0 0
50 15 0 0 0
100 35 0 0 0
200 52 0 0 0
400 0 0 0 0
800 25 8 33 50
1000 8 0 41 50

CONCLUSION

Moringa oleifera is rich in bioactive compounds with potential health benefits, particularly 
from its leaves. The toxicity assessment of ethanolic M. oleifera leaf extract (MOLE) on 
zebrafish embryos in this study revealed concentration- and time-dependent toxic effects on 
survivability, changes in heart rate and malformations during embryogenesis. Consequently, 
MOLE is considered safe at up to 400 μg/mL concentrations, as higher concentrations 
result in significant toxic effects. These findings indirectly highlight the effectiveness of the 
zebrafish embryo model in providing comprehensive toxicity profiles of medicinal plants, 
compared to other settings such as cell lines and rodents. Further toxicity assessments of 
MOLE are essential for comprehensive understanding and safe implementation as a human 
herbal therapeutic agent.
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ABSTRACT

Multimolig-M and silicon are essential fertilisers that enhance crop growth and yield. Silicon 
provides structural and protective benefits, while Multimolig-M supplies crucial micronutrients for 
metabolic functions, improving yield and quality. This study aims to evaluate the effects of silicon 
and Multimolig-M on the morphological characteristics, growth, and yield of the VTNA6 rice 
variety in Nghe An Province, Central Vietnam. The experiments were conducted using a randomised 
complete block design (RCBD) with three replications. Three levels of Multimolig-M (M1: 360 ml/
ha; M2: 420 ml/ha; M3: 480 ml/ha) and silicon (Si1: 120 kg/ha; Si2: 160 kg/ha; Si3: 200 kg/ha) were 
applied. The results indicated significant improvements in flag leaf length, flag leaf width, panicle 
length, plant height, number of leaves, number of tillers, and number of effective tillers applying 
fertilisers. The treatment combination of 420 ml/ha Multimolig-M and 200 kg/ha silicon (M2Si3) 
produced the highest theoretical yield of 10.32 tons/ha and a net yield of 7.93 tons/ha, suggesting 
a synergistic effect of the two fertilisers. These findings highlight the positive impact of combining 
420 ml/ha Multimolig-M with 200 kg/ha silicon on optimising yield and growth characteristics 
for VTNA6 rice, making it a recommended approach for enhancing rice productivity under local 
conditions in Nghe An. 

Keywords: Multimolig-M fertiliser, morphological characteristics, plant growth, silicon fertiliser, VTNA6 rice yield

INTRODUCTION

Rice (Oryza sativa L.) is an essential food 
source for over half of the global population. 
It ranks among the five most widely 
cultivated crops worldwide, alongside maise, 
wheat, cassava, and potatoes (Mohidem 
et al., 2022). Originating in tropical and 
subtropical regions of Southeast Asia and 
Africa, rice supplies vital nutrients and 
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calories to billions across continents, including Asia, Africa, the Americas, Australia, and 
Europe (Baltazar & De Datta, 2023). 

In Vietnam, rice plays a crucial role in the agricultural sector and rural livelihoods 
(Tran, 2019), especially in regions like Nghe An Province, where challenging climatic and 
soil conditions affect rice productivity (Hạnh et al., 2020). High-yielding rice varieties, 
such as VTNA6, have contributed significantly to production increases, yet they encounter 
nutrient deficiency challenges that impact yield and quality (Đoàn et al., 2022). Effective 
nutrient management tailored to local conditions is essential to fully realise these varieties’ 
growth and yield potential.

Nutrient application plays a key role in determining rice growth, morphology, and 
yield. Silicon (Si), for example, is well-documented for its beneficial effects on rice, 
fortifying leaves, stems, and roots to enhance growth and resilience (Meena et al., 2014). 
Research indicates that rice plants can absorb significant silicon, typically 230 to 470 kg/ha 
(Abdullah et al., 2021). Adequate silicon levels in rice plants lead to more upright leaves, 
which enhances sunlight absorption and improves photosynthetic capacity (Kheyri, 2022). 
Additionally, silicon-enriched leaves exhibit increased resistance to rice blast disease, while 
stronger stems reduce lodging, thereby decreasing the incidence of empty and shrivelled 
grains (Sheykhzadeh et al., 2022). Moreover, the application of silicon has been shown to 
reduce the prevalence of various diseases, such as brown spot disease, neck blast, sheath 
blight, leaf blight, and root nematodes, ultimately improving both the quality and yield of 
rice (Ma & Yamaji, 2006). However, rice response to silicon varies with environmental 
conditions and nutrient interactions.

Sustainable agriculture has increasingly been recognised as a crucial aspect of modern 
farming practices (Amrutha et al., 2022). Biofertilisers have become a promising approach 
for sustainable rice production, mitigating pollution (Pallarés et al., 2021) while significantly 
enhancing crop yields (Nosheen et al., 2021). Biofertilisers complement chemical fertilisers 
and serve as environmentally friendly supplements that promote healthy plant growth, making 
them a valuable resource for sustainable agriculture (Thomas & Singh, 2019). Multimolig-M 
is a biofertiliser that enhances soil quality and plant nutrition in organic agriculture. It can be 
applied to the soil to enhance its structure, nutrient uptake, and moisture retention, as well 
as to plant leaves to facilitate the rapid absorption of essential nutrients, including nitrogen 
(N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), copper (Cu),  
iron (Fe), zinc (Zn), manganese (Mn), boron (B), and molybdenum (Mo). It enhances plant 
strength and reduces the reliance on traditional fertilisers and pesticides. Multimolig-M can 
increase crop yields by 10-40%, improve product quality, lower production costs by 30-50%, 
and is environmentally friendly (Đỗ, 2018).

Despite the established benefits of silicon and micronutrient fertilisers, limited research 
exists on their combined effects on the VTNA6 rice variety in Nghe An Province. This 
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study aims to fill this gap by evaluating the synergistic effects of silicon and Multimolig-M 
fertiliser on the VTNA6 rice variety. The findings are expected to provide valuable insights 
into optimising fertilisation strategies for improved rice production in Vietnam.

The objectives of this study are to (1) determine the effects of different levels of silicon 
and Multimolig-M fertiliser on the morphological traits, growth and yield of VTNA6 rice 
and (2) provide recommendations for effective fertiliser management practices in rice 
cultivation to enhance productivity and sustainability in Nghe An Province.

MATERIALS AND METHODS

Treatments and Experimental Design

The field experiments were conducted during the winter-spring season from December 
2023 to May 2024 at the agricultural research station of the School of Agriculture and 
Natural Resources, Vinh University, located in Dien Chau district, Nghe An province, 
Central Vietnam (105.30-105.45°N, 18.20-19.50°E). Soil properties of the experimental 
site are shown in Table 1. The average temperature, rainfall and humidity during the 

Table 1 
Soil properties of the experimental site

Properties Values
pH (1: 2.5 soil water suspension) 5.20
ECe (mS/cm) 0.31
Organic carbon (%) 0.70
Total N (%) 0.13
Available P (mg/kg) 26.50
Exchangeable K (mg/kg) 90.50
Exchangeable Mg (mg/kg) 90.90
Available S (mg/kg) 62.30
DTPA-extractable Zn (mg/kg) 2.20
DTPA-extractable Mn (mg/kg) 63.30
Available B (mg/kg) 0.38
Available Si - CaCl2 (mg/kg) 36.50
Soil Texture
Sand (%) 62.00
Silt (%) 24.00
Clay (%) 14.00
Soil classification Sandy loam

Note. Ece = Electrical conductivity at saturation point, 
N = nitrogen, P = phosphorus, K = potassium, Ca = 
calcium, Mg = magnesium, S = sulfur, Cu = copper, 
Zn = zinc, Mn = manganese, B = boron, Si = silicon, 
DTPA = diethylenetriaminepentaacetic acid

experiments were 21.3°C, 91.7 mm and 
84%, respectively (Figure 1). This study 
focused on the VTNA6 hybrid rice variety 
developed by the Nghe An Agricultural 
Materials Joint Stock Company (Ministry 
of Agriculture and Rural Development 
[MARD], 2018). Multimolig-M fertilizer 
is imported from Russia by UBB Trading 
and Service Co., Ltd., Dong Son silicon 
fertilizer is produced by Limex Vietnam 
Co., Ltd., Que Lam manure (cow dung) is 
manufactured by Que Lam Group, Vietnam, 
and Van Dien chemical fertilizer (N, P2O5, 
K2O) is produced by Van Dien Fused 
Magnesium Phosphate Fertilizer Joint Stock 
Company, Vietnam.

The experiments were arranged as 
randomised complete block designs (RCBD) 
with three replications. The area of each plot 
was 25 m2 (5 × 5 m). The rice was planted in 
rows of 13 × 20 cm spacing with one plant 
per cluster. Three levels of Multimolig-M 
(M1: 360 ml/ha; M2: 420 ml/ha; M3: 480 ml/
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ha) and silicon (Si1: 120 kg/ha; Si2: 160 kg/
ha; Si3: 200 kg/ha) fertilisers were used in 
this experiment. A total of 9 experimental 
units were involved in the study (Table 2).

Mul t imol ig -M and  s i l i con  a re 
commercial fertilisers with a composition 
provided by the manufacturer as follows: 
10.5% organic matter, 0.25% humic acid, 
2% total nitrogen, 192 ppm calcium, 0.02% 
available phosphorus, 0.11% potassium, 
1.88% sulphur, 2370 ppm magnesium, 3570 
ppm iron, 590 ppm copper, 1000 ppm zinc, 
2770 ppm manganese, and 892 ppm boron; 
pH (in water) is 5.5, with 400 ppm cobalt 
and 800 ppm molybdenum. The silicon 

Figure 1. Temperature, rainfall and humidity variations during the experiment
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Table 2
Fertiliser rates for each treatment

Treatment Multimolig-M 
(ml/ha)

Silicon
(kg/ha)

M1Si1 360 120
M1Si2 360 160
M1Si3 360 200
M2Si1 420 120
M2Si2 420 160
M2Si3 420 200
M3Si1 480 120
M3Si2 480 160
M3Si3 480 200

Note. M1Si1 is the control treatment, which represents 
the amount of fertiliser farmers are currently using

fertiliser contains a minimum of 45% total silicon, at least 25% available silica (SiO2), 
more than 10% available iron (Fe2O3), and more than 5% available magnesium (MgO). 
Multimolig-M, a liquid fertiliser with a concentration of 1 ml per 1 litre, was prepared 
and applied three times during the tillering, panicle initiation, and heading stages. Silicon 
fertiliser was applied as a basal dressing once before transplanting.

The experiment was conducted on a base fertiliser application used by local farmers, 
which included 10 tons of manure (cow dung), 50 kg N, 40 kg P2O5, and 40 kg K2O per 
hectare. The basic fertiliser applications were 100 % manure, 100 % P2O5 and 30% N. The 
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remaining fertiliser was applied twice to the top dressing. The first top dressing application 
was during the tillering with 50% K2O and 40% N, and the second was at panicle initiation 
with 50% K2O and 30% N.

Data Collection

Ten plants in each plot were randomly selected to record agronomic traits. These agronomic 
traits included morphological characteristics (heading duration, panicle exertion, culm 
strength, leaf senescence, flag leaf length, flag leaf width, panicle length); growth 
parameters (plant height, number of leaves, number of tillers, and number of effective 
tillers) and yield components and yield (number of effective panicles per square meter, 
number of grains per panicle, number of filled grains per panicle, weight of 1000 grains, 
theoretical yield, and net yield).

The agronomic traits were monitored under normal field conditions. Visual assessment 
methods were conducted by observing the entire experimental plot, individual plants, or 
plant parts. Quantitative indicators were measured on sample plants. Monitoring occurred 
15, 30, 45, and 60 days after transplanting (DAT) and at harvest (125 DAT).

Statistical Analysis

The data were subjected to an analysis of variance (ANOVA) in an RCBD design that 
contained nine treatments and three replicates per treatment. Duncan’s multiple range tests 
performed the mean separation at the 5% significance level. The correlations between 
silicon and Multimolig-M fertiliser agronomic traits on the VTNA6 rice were analysed 
after Pearson’s test evaluated the data’s normality.

RESULTS AND DISCUSSION

Morphological Characteristics 

The research findings indicate that the interaction between Multimolig-M fertiliser and 
silicon significantly influences the morphological characteristics of the VTNA6 rice (Table 
3). Specifically, applying Multimolig-M at level M2 in combination with varying levels of 
silicon results in a concentrated heading duration of no more than three days and ensures 
complete panicle exertion. Culm strength is significantly enhanced when Multimolig-M 
levels are combined with silicon levels Si2 and Si3, thereby reducing lodging risk. Leaf 
senescence, however, remains unaffected by these treatments. 

Multimolig-M fertiliser and silicon combination affect the length and width of flag 
leaves and the length of panicles (Table 3). The treatment combination M3Si3 resulted in 
the greatest flag leaf length (36.40 cm) and width (1.86 cm), with statistically significant 
differences (p<0.05) compared to other treatments. However, it did not show statistically 
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significant differences (p<0.05) compared to the M3Si2 and M2Si3 treatments. Regarding 
panicle length, the M2Si3 treatment achieved the longest panicle length (27.50 cm), also 
showing statistically significant differences (p<0.05) compared to other treatments, except 
for the M1S3 treatment. These findings confirm that the levels of Multimolig-M and silicon 
fertilisers, as well as their combinations, have a pronounced impact on the morphological 
characteristics of the VTNA6 rice.

Silicon plays an essential role in regulating the morphology of rice plants, particularly in 
the development of key structures such as leaves, stems, and roots. Silicon is absorbed and 
primarily accumulates in the outer parts of the plant, such as the flag leaf and the epidermis 
of the stem, enhancing rigidity and improving resilience against adverse conditions such 
as drought and pests (Mandloi et al., 2024; Snehalatha et al., 2023). Due to silicon, the flag 
leaf’s thicker and more robust structure allows for optimised photosynthesis by keeping 
the leaf upright, thereby improving light absorption and photosynthetic efficiency (Ahmed 
et al., 2024). Studies have shown that rice varieties with larger flag leaf areas and smaller 
leaf angles exhibit higher photosynthetic efficiency and greater dry matter accumulation, 
which positively impacts yield (Wang et al., 2023). Silicon also reinforces the mechanical 
strength of rice stems, minimising lodging—a factor that often negatively impacts grain 
yield and quality (Yusob et al., 2023). A sturdier stem facilitates more efficient water and 

Table 3
Effects of silicon and Multimolig-M fertiliser on the morphological characteristics of the VTNA6 rice in Nghe 
An Province, Central Vietnam

Treatment Heading 
duration

Panicle 
exertion

Culm 
strength

Leaf 
senescence

Flag leaf 
length

Flag leaf 
width

Panicle 
length

M1Si1 5 1 5 1 33.32d 1.23e 23.44b

M1Si2 1 1 1 1 34.05cd 1.30de 23.65b

M1Si3 1 1 1 1 34.96bc 1.42cde 25.02ab

M2Si1 1 1 5 1 34.01cd 1.43cde 24.76b

M2Si2 1 1 1 1 35.02bc 1.52cd 24.94b

M2Si3 1 1 1 1 36.06ab 1.60bc 27.50a

M3Si1 5 5 5 1 34.63c 1.60bc 22.54b

M3Si2 5 5 1 1 35.93ab 1.76ab 22.90b

M3Si3 5 5 1 1 36.40a 1.86a 23.21b

LSD0.05 - - - - 1.23 0.24 2.85
CV (%) - - - - 1.00 4.60 2.71

Note. Different letters within the columns denote significant differences (p≤0.05). The scoring criteria are as 
follows: (1) Heading duration: score 1 = concentrated (no more than 3 days), score 5 = intermediate (4–7 
days), score 9 = extended (more than 7 days), (2) Panicle exertion: score 1 = complete exertion, score 5 = 
exertion just at the panicle neck, score 9 = partial exertion, (3) Culm strength: score 1 = strong (plants do not 
lodge), score 5 = intermediate (most plants are leaning), score 9 = weak (most plants lodge completely), (4) 
Leaf senescence: score 1 = late (leaves remain naturally green), score 5 = intermediate (leaves turn yellow), 
score 9 = early (all leaves turn yellow or die)
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nutrient transport from the roots to the leaves and grains, promoting uniform development 
and higher yield (Snehalatha et al., 2023).

Multimolig-M, rich in micronutrients like Zn, Fe, and Mn, supports the balanced 
development of plant organs. These elements are crucial in forming enzymes that regulate 
cell division and elongation, impacting leaf and stem size. The observed increase in leaf 
length and width in this study may be attributed to the micronutrient supplementation 
from Multimolig-M, which optimises leaf surface area for photosynthesis. Additionally, 
Multimolig-M can improve the rice root system, enhancing water and nutrient uptake 
from the soil. It positively influences overall growth and plant morphology, including 
the number and size of tillers. The increase in productive tillers contributes to a higher 
number of rice panicles, resulting in a noticeable yield improvement. As indicated in the 
study, the combination of silicon and Multimolig-M led to an increase in flag leaf length 
and panicle length, demonstrating a synergistic effect in enhancing critical morphological 
traits of rice plants.

Number of Leaves on Main Stem

The application of Multimolig-M and silicon fertilisers significantly influenced the 
leaf count on the main stem of the VTNA6 rice variety (Table 4). The study found 
that the leaf count increased notably with higher levels of Multimolig-M fertiliser and 
increased silicon content. The greatest effect was observed in the M3Si3 treatment, with 
statistically significant differences (p<0.05) compared to other treatments. However, it 
did not show statistically significant differences (p<0.05) compared to the M2Si3 and 
M3Si2 treatments at harvest. It suggests combining Multimolig-M and silicon fertilisers 

Table 4
Effects of silicon and Multimolig-M fertiliser on the number of leaves of the VTNA6 rice in Nghe An Province, 
Central Vietnam

Treatment 15 DAT 30 DAT 45 DAT 60 DAT At harvest (125 DAT)
M1Si1 5.40c 7.57b 10.47c 12.63c 13.10c

M1Si2 5.63abc 8.37a 11.13abc 13.27bc 13.97b

M1Si3 5.90a 8.63a 11.50ab 13.63ab 14.47b

M2Si1 5.47bc 8.30a 11.20abc 13.43ab 14.17b

M2Si2 5.63abc 8.57a 11.47ab 13.63ab 14.43b

M2Si3 5.83ab 8.70a 11.67ab 13.87ab 14.63ab

M3Si1 5.43bc 8.37a 11.27ab 13.50ab 14.33b

M3Si2 5.60abc 8.60a 11.60ab 13.80ab 14.70ab

M3Si3 5.83ab 8.80a 11.87a 14.17a 15.40a

LSD0.05 0.41 0.61 0.78 0.75 0.79
CV (%) 2.17 1.75 1.35 1.48 1.67

Note. Different letters within the columns denote significant differences (p≤0.05)
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can enhance leaf production in the VTNA6 rice, potentially leading to improved growth 
and yield outcomes.

The growth and development of leaves, particularly the flag leaf, are crucial for 
determining the yield of rice crops as they influence the duration of flowering and seed 
formation (Kalaignan, 2024). Leaves are essential for photosynthesis, providing nutrients 
necessary for plant activity, and their physiological efficiency directly affects grain filling 
and yield potential (Rădoi et al., 2022). The use of biofertilisers and silicon has been found 
to significantly influence the leaf count of rice, promoting better leaf development and 
increasing the number of leaves, which ultimately enhances crop productivity and quality 
(Elekhtyar & Al-Huqail, 2023). Biofertilisers have been found to promote leaf growth. At 
the same time, silicon treatments, such as potassium silicate, positively affect leaf count, 
resulting in a higher leaf count compared to control groups (Ning et al., 2022).

Number of Tillers per Hill

The number of tillers per hill in the VTNA6 rice variety did not show statistically significant 
differences (p<0.05) between treatments from 15 to 60 DAT (Table 5). At harvest, the 
application of M2Si3 resulted in the highest number of effective tillers (5.80 tillers), 
demonstrating a significant difference (p<0.05) relative to other treatments, except for 
M2Si2. The effective tiller rate (%) tended to decrease when the amount of Multimolig-M 
was increased to 480 ml/ha. The effective tiller rate was highest with M2Si3, but there was 
no significant difference between M2Si3 and other treatments.

This study’s findings demonstrate that silicon and Multimolig-M fertilisers positively 
impact the number of tillers per hill in VTNA6 rice, especially as the plants progress through 
different growth stages, from early tillering to maturity. These effects align with earlier 
studies highlighting the role of silicon in enhancing tillering and overall plant robustness 
and the complementary role of micronutrient-enriched fertilisers in promoting balanced 
growth. Pati et al. (2016) established that silicon application improves tiller numbers and 
plant structure, contributing to enhanced yield attributes. Specifically, treatments M2Si3 and 
M3Si3, with the highest silicon concentrations, produced more tillers and maintained these 
gains through later growth stages, showing silicon’s role in supporting sustained tillering 
and plant stability. Silicon’s known ability to reinforce cell walls and enhance resistance 
to environmental stress likely contributed to the increased tiller count and stability against 
lodging (Ma & Yamaji, 2006).

The addition of Multimolig-M enhanced tillering, particularly in combination 
with silicon, where M2 and M3 levels resulted in improved tiller production rates. 
Micronutrients such as zinc, manganese, and iron are vital in enzymatic and cellular 
functions essential for plant growth and nutrient uptake (Snehalatha et al., 2023). These 
micronutrients likely facilitated stronger root systems and enhanced leaf expansion, 
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contributing to a more effective tillering process and increased nutrient uptake efficiency 
(Gabasawa & Yusuf, 2013).

Treatments with higher combined levels of silicon and Multimolig-M (notably M2Si3 
and M3Si3) showed synergistic effects on tiller production. This synergistic effect aligns 
with findings from Monika and Malhotra (2022), who reported similar interactions where 
combined nutrient management strategies led to optimal tillering and yield outcomes. 
Biofertilisers combined with reduced chemical fertilisers significantly increase the 
number of effective tillers, resulting in higher grain yields. This effect is observed when 
biofertilisers use 50% to 75% of the recommended chemical fertiliser doses (Ghimire et 
al., 2021; Hindarwati et al., 2023). Furthermore, the combined application of silicon and 
biofertilisers has been found to improve soil physiochemical properties, increase available 
silicon content, and alter the soil microbiota structure, leading to an increase in the number 
of tillers per plant (Mallano et al., 2022). 

Table 5
Effects of silicon and Multimolig-M fertiliser on the number of tillers per hill of the VTNA6 rice in Nghe An 
Province, Central Vietnam

Treatment 15 DAT 30 DAT 45 DAT 60 DAT At harvest (125 
DAT)

Effective tiller rate 
(%)

M1Si1 2.07a 5.73a 9.10a 9.20a 4.43bc 48.23ab

M1Si2 2.17a 5.80a 9.23a 9.27a 4.60bc 49.12ab

M1Si3 2.40a 6.03a 9.50a 9.67a 4.83bc 50.00ab

M2Si1 2.10a 5.90a 9.33a 9.50a 5.07bc 53.35a

M2Si2 2.23a 6.03a 9.60a 9.80a 5.17ab 52.75a

M2Si3 2.43a 6.27a 10.00a 10.23a 5.80a 56.73a

M3Si1 2.13a 6.00a 9.90a 10.37a 4.33c 41.81b

M3Si2 2.30a 6.23a 10.13a 10.53a 4.47bc 42.43b

M3Si3 2.47a 6.50a 10.43a 10.77a 4.70bc 43.71b

LSD0.05 0.48 0.79 1.45 1.02 0.82 8.58
CV (%) 6.55 4.96 5.05 5.07 6.38 5.61

Note. Different letters within the columns indicate significant differences (p≤0.05)

Plant Height

Table 6 demonstrates a clear trend where increasing levels of Multimolig-M and silicon 
fertilisers lead to higher rice plant heights. The M3Si3 treatment produced the tallest plant 
height, with statistically significant differences (p<0.05) compared to other treatments, 
except for the M2Si3 and M3Si2 treatments. This result is consistent with findings from Chen 
et al. (2011) on silicon’s role in enhancing cell wall structure, leading to steady growth 
that results in higher plant height as the crop matures. Pati et al. (2016) showed that silicon 
supports plant rigidity and improves nutrient absorption, increasing plant height and robust 
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growth. Barus et al. (2023) and Setiawati et al. (2023) reported increased rice plant height 
using PGPR biofertilisers in saline soils, particularly in early growth stages. Ning et al. 
(2022) also found that combining biochar with silicon-rich fertilisers significantly enhanced 
the leaves’ silicon accumulation, potentially influencing rice plant height.

Yield Components and Yield

Number of Effective Panicle per m2

Multimolig-M and silicon fertilisers significantly influenced the number of effective panicles 
per m2 in the VTNA6 rice (Table 7). Applying M2Si3 resulted in the highest number of effective 
panicles (261 panicles/m²), significantly different (p<0.05) from other fertiliser levels.

Integrating silicon and biofertilisers significantly increased the number of effective 
panicles per m2. Sheikhani et al. (2014) reported that biofertilisers and varying silicon 
rates improved grain yield, tiller number, and panicle number per square meter, with the 
highest results observed at a silicon application rate of 450 kg/ha combined with biofertiliser 
seed treatment. Another study demonstrated that the combination of silicon (600 kg/ha) 
and biofertilisers (10 tons/ha) significantly increased the number of tillers, which directly 
improved the number of effective panicles and overall grain yield (Naher et al., 2016).

Number of Grains per Panicle

Application of M2Si3 resulted in the highest grains per panicle (191.71), but there was 
no statistically significant difference between the treatments. Integrating silicon and 
biofertilisers has significantly enhanced the number of grains per panicle (Naher et al., 

Table 6
Effects of silicon and Multimolig-M fertiliser on the plant height of the VTNA6 rice in Nghe An Province, 
Central Vietnam

Treatment 15 DAT 30 DAT 45 DAT 60 DAT At harvest (125 DAT)
M1Si1 24.50a 46.52c 64.53d 81.11d 121.89e

M1Si2 26.08a 48.57bc 66.69bcd 83.58cd 124.56de

M1Si3 27.27a 50.29ab 68.52abc 85.12bc 125.25cde

M2Si1 24.91a 47.93bc 66.26cd 83.49cd 124.72de

M2Si2 26.17a 49.29abc 67.72abcd 85.37bc 127.23bcd

M2Si3 27.34a 51.20ab 69.72ab 87.40ab 128.63abc

M3Si1 24.98a 48.00bc 66.61bcd 84.50bcd 126.04bcd

M3Si2 26.44a 50.25ab 68.96abc 86.98abc 128.99ab

M3Si3 27.52a 52.34a 71.23a 89.85a 131.74a

LSD0.05 3.68 3.68 3.68 3.68 3.68
CV (%) 3.86 2.04 3.49 2.18 2.80

Note. Different letters within the columns indicate significant differences (p≤0.05)
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2016). Islam et al. (2012) found that using Azospirillum biofertiliser strains combined 
with silicon significantly increased the number of grains per panicle, increasing grain 
yield. Similarly, Bhuiyan et al. (2006) showed that combining the recommended N-P2O5 
– K2O (5.5 - 2.75 - 2.4 kg 10a-1) with biofertilisers (500 kg/ha) produced growth and 
yield components, including the number of grains per panicle, comparable to N-P2O5 – 
K2O (11 – 5.5 – 4.8 kg 10a-1) application. Additionally, Cuong et al. (2017) reported that 
when applied during the reproductive growth stage with biofertilisers, silicon fertilisers 
significantly improved the number of grains per panicle and overall yield.

Number of Filled Grains per Panicle

The levels of Multimolig-M and silicon fertilisers affected the number of filled grains per 
panicle in the VTNA6 rice. The number of filled grains per panicle ranged from 144.09 to 
164.29, with the M2Si3 combination yielding the highest and M3Si1 the lowest. However, no 
statistically significant differences were found between the treatments. Ghimire et al. (2021) 
showed that combining silicon with biofertilisers, specifically Azolla and NPK, resulted 
in the highest number of filled grains per panicle at 114.30. Additionally, Sheikhani et al. 
(2014) demonstrated that silicon fertilisation at 450 kg/ha, combined with biofertiliser seed 
treatment (Azospirillum spp. and Azotobacter spp.), significantly increased the number of 
filled grains per panicle.

Weight of 1,000 Grains

Applying 420 ml Multimolig-M per ha (M3) in combination with different silicon levels 
resulted in the highest 1000-grain weight, but there was no significant difference compared 
to other fertiliser levels. However, the application of M2Si3 resulted in the highest grain 
weight (24.07 g), while the M3Si1 combination had the lowest (22.73 g).

The application of silicon fertilisers significantly enhances the 1000-grain weight 
of rice. Higher doses of silicon (up to 400 kg/ha SiO2), when combined with standard 
fertiliser practices, have demonstrated notable improvements in grain weight (Pati et al., 
2016). Additionally, biofertilisers used with reduced chemical fertilisers further increase the 
1000-grain weight. Optimal results have been achieved with a 50% reduction in nitrogen 
and phosphorus fertilisers, supplemented with biofertilisers (Hapsoh et al., 2023; Noraida 
& Hisyamuddin, 2021). Sheikhani et al. (2014) found that while silicon application and 
biofertiliser independently significantly affected the 1000-grain weight, the interaction 
between silicon rate and biofertiliser application was not statistically significant.

Theoretical and Net Yield

When 420 ml of Multimolig-M per hectare was applied with different silicon levels, 
theoretical and net yields increased. Application of M2Si3 achieved the highest yields 
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for both theoretical (10.32 tons/ha) and net (7.93 tons/ha), significantly surpassing other 
combinations.

Cuong et al. (2017) demonstrated that applying silicon-based fertiliser at an optimal 
dose of 329 kg/ha, along with standard fertiliser practices, can significantly boost rice 
yield and enhance nutrient uptake in the tropical zone of Vietnam. Pati et al. (2016) found 
that silicon fertilisation using diatomaceous earth at 600 kg/ha, combined with standard 
fertiliser practices, increased rice grain and straw yields. Bhuiyan et al. (2006) reported 
that a combined treatment of half the recommended fertiliser (HRF) and 500 kg/ha 
biofertiliser had similar effects on the growth and yield of rice as the full recommended 
fertiliser (RF). Moreover, Noraida and Hisyamuddin (2021) showed that a combination 
of 50% biofertiliser with 50% chemical fertiliser produced better growth and yield in rice. 
Integrating biofertilisers and silicon fertilisers leads to significant yield improvements, as 
silicon application enhances the effectiveness of biofertilisers, resulting in better nutrient 
uptake and higher grain yield (Sheikhani et al., 2014). 

Silicon plays an essential role in improving soil structure and health. When added to 
soil, silicon enhances water retention, loosens soil texture, and boosts crop productivity 
by supporting microbial communities and reducing harmful heavy metal accumulation 
(Wang et al., 2020). Combining silicon with biochar also aids carbon storage and improves 
soil durability (Huang et al., 2020). For sustainable use, long-term research on silicon’s 
effects on soil is necessary, as Si accumulation may alter soil properties and affect nutrient 
availability for plants (Szulc et al., 2016). Additionally, Multimolig-M provides essential 
micronutrients such as zinc, manganese, and iron that are critical for rice growth; however, 
excessive use of these micronutrients can lead to toxic buildup in soil, potentially harming 
crops and soil microorganisms. Therefore, controlling Multimolig-M application rates is 
vital to maintaining soil health and preventing harmful accumulation, contributing to a 
balanced soil ecosystem (Zhao et al., 2022).

The use of silicon in agriculture can indirectly help reduce greenhouse gas emissions. 
Silicon enhances drought and disease resistance in rice plants, reducing the need for 
pesticides and chemical fertilisers, which are significant sources of greenhouse gas 
emissions. Research shows that silicon helps rice improve drought tolerance by enhancing 
photosynthesis and regulating nutrient absorption under dry conditions, supporting 
plant health and growth (Chen et al., 2011). Additionally, silicon can improve carbon 
sequestration in rice roots, reducing atmospheric CO2 emissions (Zhao et al., 2019).

Silicon also strengthens the disease resistance of plants, reducing the need for pesticides. 
Studies have shown that silicon can partially substitute for pesticides by boosting rice 
resistance to common diseases, thereby lowering the use of agricultural chemicals (Datnoff 
et al., 2001). However, Multimolig-M may contribute to greenhouse gas emissions if the 
plants do not fully absorb micronutrients and undergo chemical transformations in the soil. 
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Some micronutrients may engage in soil reactions that produce N2O or CO2, gases with 
a strong greenhouse effect. Therefore, optimising the dosage and application techniques 
of Multimolig-M is essential to minimising greenhouse gas emissions in rice cultivation 
(Zhang et al., 2021). The use of silicon fertiliser and Multimolig-M can potentially improve 
rice yields. It may bring environmental benefits, such as reducing the need for chemical 
fertilisers and enhancing plant resilience to adverse conditions. However, strict control 
measures are necessary to prevent negative impacts on soil health and greenhouse gas 
emissions. Long-term studies and sustainable management practices will help maximise 
these fertilisers’ benefits while protecting the environment.

Table 7
Effects of silicon and Multimolig-M fertiliser on the yield components and yield of the VTNA6 rice in Nghe 
An Province, Central Vietnam

Treatment
No. of 

effective 
panicle/m²

No. of grains/
panicles

No. of filled 
grains/
panicles

1000-grain 
weight

(g)

Theoretical 
yield

(tons/ha)

Net yield
(tons/ha)

M1Si1 199.50bc 177.57a 145.61a 22.73a 6.60b 5.58ab

M1Si2 207.00bc 179.28a 147.91a 23.10a 7.08b 6.07ab

M1Si3 217.50bc 178.78a 148.39a 23.23a 7.52b 6.36ab

M2Si1 228.00bc 182.93a 153.66a 24.00a 8.42ab 6.88ab

M2Si2 232.50ab 188.10a 159.89a 24.03a 8.94ab 7.36ab

M2Si3 262.00a 191.71a 164.29a 24.07a 10.32a 7.93a

M3Si1 195.00c 169.52a 144.09a 22.73a 6.39b 4.93b

M3Si2 201.00bc 173.88a 146.06a 22.97a 6.74b 6.01ab

M3Si3 211.50bc 172.76a 146.85a 23.07a 7.16b 6.24ab

LSD0.05 36.85 44.07 40.47 1.71 2.73 2.77
CV (%) 4.38 5.47 5.44 1.93 7.97 7.36

Note. Different letters within the columns indicate significant differences (p≤0.05)

Correlation Matrix Between Agronomic Traits

The correlations between agronomic traits of silicon and Multimolig-M fertiliser on 
the VTNA6 rice are shown in Table 8. The plant height, number of leaves per plant, 
and panicle length were positively correlated with the net yield. However, these three 
correlation coefficients were not statistically significant. The theoretical and net yield was 
positively correlated with effective tiller rate, panicle length, number of effective panicles 
per m², number of grains per panicle, number of filled grains per panicle, and 1000-grain 
weight. The correlations indicated that these six traits were the best indicators of yield and 
contributed more to yield than other agronomic traits. Therefore, the application of silicon 
and Multimolig-M fertiliser for rice in Nghe An Province should be selected based on these 
traits. The effective tiller ratio showed a significant correlation with theoretical yield (r = 
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0.84**) and net yield (r = 0.67*), consistent with findings by Rahman et al. (2014) and 
Oladosu et al. (2018), who noted that the effective tiller number directly influences yield 
and is an important factor in yield prediction. Panicle length also exhibited a significant 
positive correlation with theoretical yield (r = 0.89**) and net yield (r = 0.65*), indicating 
that longer panicles typically have higher numbers and weights of grains. Sharma et al. 
(2012) and Gudepu et al. (2022) also reported a positive relationship between panicle length 
and rice yield. Furthermore, the number of grains and filled grains per panicle were highly 
correlated with both theoretical and net yield, with values of (r = 0.88*) and (r = 0.79*), 
respectively. These traits are crucial for yield prediction, as the number of filled grains 
determines the harvested grain weight. This result aligns with the studies of Sharma et al. 
(2012) and Oladosu et al. (2018), where the number of grains and filled grain ratio were 
considered key factors affecting yield. The 1000-grain weight strongly correlated with 
theoretical yield (r = 0.89**) and net yield (r = 0.78*). Gudepu et al. (2022) and Kafi et 
al. (2021) showed the contribution of the 1000-grain weight to higher yield.

CONCLUSION

The study demonstrates that the combined application of silicon and Multimolig-M 
fertilisers significantly enhances the morphological characteristics, growth parameters, 
and yield of the VTNA6 rice variety in Nghe An Province, Vietnam. Although the M2Si3 
treatment (420 ml/ha Multimolig-M and 200 kg/ha silicon) produced the highest theoretical 
and net yields (10.32 and 7.93 tons/ha, respectively), it was not consistently superior in all 
measured traits. Other treatments, particularly those with similar levels of Multimolig-M 
and silicon, such as M2Si2 and M3Si3, also showed positive effects, indicating that multiple 
combinations of these fertilisers can effectively improve rice productivity under local 
conditions.

These findings underscore the flexibility in fertiliser management practices, allowing for 
tailored combinations that suit specific growth requirements and environmental conditions. 
Integrating silicon and Multimolig-M fertilisers offers a sustainable approach to rice 
production, enhancing yield while potentially reducing reliance on chemical fertilisers. 
Further studies are recommended to explore long-term impacts and the economic feasibility 
of these practices across different rice varieties and agroecological zones in Vietnam and 
similar regions. 
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ABSTRACT

The fall armyworm (FAW), Spodoptera frugiperda, is a polyphagous pest that infest various plants. 
This highly invasive pest is native to the American continent and has spread rapidly over 100 
countries worldwide. Its rapid spread and ability to cause severe damage to various crops, especially 
maize, pose a significant threat to food security, particularly in developing countries. Curative control 
using chemical insecticides is the primary choice in most countries, especially in Africa and Asia. 
However, dependence on chemical insecticides can have adverse effects on the environment and 
humans and can lead to the development of resistance to these pests. Therefore, various efforts have 
been made to develop effective, low-risk, and cost-efficient biocontrol measures. Entomopathogenic 
nematodes (EPNs) are a viable and potential choice for the biological control of this pest. This 
review compiles information on FAW, EPNs, and their developmental stages, focusing specifically 
on the pathogenicity of EPNs against FAW. This contributes to Integrated Pest Management (IPM) 
strategies addressing FAW infestations, which have caused severe maize crop losses in Malaysia 

since their detection in 2019. The potential 
for locally adapted EPN formulations tailored 
to Malaysia’s climate ensures their practical 
application in the field. 

Keywords: Biological control, Entomopathogenic 
nematodes (EPNs), Integrated Pest Management 
(IPM), invasive species, Spodoptera frugiperda



950

Siti Noor Aishikin Abdul-Hamid, Wan Nurashikin-Khairuddin, Razean Haireen Mohd. Razali and Johari Jalinas

Pertanika J. Trop. Agric. Sci. 48 (3): 949 - 971 (2025)

INTRODUCTION

The fall armyworm (FAW), Spodoptera frugiperda J.E. Smith (Lepidoptera: Noctuidae), is 
an invasive pest threatening global crop production systems. This pest can cause up to a 70% 
reduction in maize yield when crops are attacked early (Hruska, 2019). FAW infestations 
cause significant damage to other crops, such as cotton, rice, soybeans, tomatoes, potatoes, 
onions, beans, cabbages, sorghum, and a few pasture grass species (Day et al., 2017). 
Spodoptera frugiperda was first reported in Malaysia in 2019 (International Plant Protection 
Convention [IPPC], 2019; Jamil, Saranum, Saleh-Hudin et al., 2021). Since then, FAW 
infestations have caused severe damage, with 50%–100% crop loss in maize fields in 
Malaysia (Department of Agriculture [DOA], 2021; Jamil, Saranum, Mat et al., 2021).

Various preventive and curative approaches are being implemented to combat FAW 
attacks on maize crops, particularly regular monitoring, pheromone traps, ultraviolet (UV) 
light traps, agro-ecological methods, and the application of chemical and biopesticides 
(DOA, 2021). Curative control using chemical insecticides remains the primary choice 
for farmers. Reliance on chemical insecticides can adversely affect the environment and 
humans and increase the risk of FAW developing resistance to these chemicals (Guo et 
al., 2020). Entomopathogenic nematodes (EPNs) function similarly to entomopathogenic 
fungi and bacteria in reducing or replacing chemical insecticides (Cuthbertson & Audsley, 
2016). Several studies have evaluated the pathogenicity of EPNs as potential biological 
control agents against FAW in laboratory and field environments. Therefore, this manuscript 
discusses the biology of FAW and EPNs pathogenicity against it.

TAXONOMY, ORIGIN, AND DISTRIBUTION OF THE FALL ARMYWORM 
(FAW), SPODOPTERA FRUGIPERDA

The fall armyworm (FAW) was initially named Phalaena frugiperda by Smith and Abbot 
in 1797. It was later known as Laphygma frugiperda (Luginbill, 1928) and, since 1958, has 
been referred to as Spodoptera frugiperda (European and Mediterranean Plant Protection 
Organization [EPPO], 2024). There are two strains of S. frugiperda: corn and rice (Food 
and Agriculture Organization of the United Nations & Plant Protection Division [FAO & 
PPD], 2020). Both strains have similar morphology but differ in pheromone composition, 
mating behaviors, and host plant selection (Dumas et al., 2015; FAO & PPD, 2020). The 
corn strain of S. frugiperda prefers maize, cotton, and sorghum as host plants, whereas the 
rice strain prefers rice and pasture grasses (Dumas et al., 2015). The two strains can be 
differentiated using molecular markers, specifically polymorphism in the mitochondrial 
cytochrome oxidase 1 (CO1) gene (Ke & Pashley, 1992; Nagoshi et al., 2012).

Spodoptera frugiperda originates from tropical and subtropical regions of the United 
States (Luginbill, 1928; Rwomushana, 2019; Sparks, 1979). Spodoptera frugiperda has 
spread to almost every part of the world except Europe and Antarctica (EPPO, 2024; 
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Rwomushana, 2019). It was first recorded in Central and West Africa in early 2016 (Goergen 
et al., 2016). By 2017, S. frugiperda had spread to all sub-Saharan African countries except 
Lesotho (Food and Agriculture Organization of the United Nations [FAO], 2017). In 2018, 
it was first found in the districts of Shivamogga and Navanagere in Karnataka, India 
(Ganiger et al., 2018; Sharanabasappa et al., 2018; Shylesha et al., 2018). The following 
year, S. frugiperda was recorded in Bangladesh, Myanmar, Sri Lanka, Thailand, Vietnam, 
Indonesia, China, and Malaysia (Lamsal et al., 2020). Morphological and molecular 
identification confirmed that pest samples from maize fields in Chuping, Perlis (near the 
Malaysia-Thailand border) were S. frugiperda (IPPC, 2019). By early 2020, S. frugiperda 
had been detected in all states of Malaysia (Jamil et al., 2021b).

BIOLOGY OF FALL ARMYWORM (FAW), SPODOPTERA FRUGIPERDA

The ability of S. frugiperda to migrate and cause repeated attacks in both native and new 
areas is facilitated by various biological traits such as strong flight capability, polyphagous 
feeding habits, high fecundity, and significant ecological resilience (FAO & PPD, 2020; 
Montezano et al., 2018). Spodoptera frugiperda has no diapause mechanism and cannot 
survive in winter in northern parts of America, prompting migration to the warmer southern 
regions (Rose et al., 1975). Low temperatures reduce flight speed and wingbeat frequency, 
and the flight performance of S. frugiperda moths is abysmal at 10°C (Ge et al., 2021). 
Nocturnal in nature, S. frugiperda moths can fly up to 100 km overnight (Assefa & Ayalew, 
2019; Johnson, 1987; Sparks, 1979). Ge et al. (2021) found that 84% of S. frugiperda moths 
flew more than 40 km, covering a total distance of 163.58 km over five days. Spodoptera 
frugiperda undergoes complete metamorphosis, transitioning through egg, larval, pupal, 
and adult stages. The development of S. frugiperda depends on the larval food source, as 
in Table 1 and Table 2. 

Tables 1 and 2 comprehensively compare various parameters related to the biology and 
development of S. frugiperda (fall armyworm) across different host plants and conditions. 
These parameters include fecundity, egg incubation, larval and pupal periods, adult 
emergence, and longevity. The data is derived from multiple studies conducted in different 
countries. The highest fecundity is observed on an artificial corn-based diet (1746.3 eggs/
female), while the lowest is recorded on sorghum (106.44 eggs/female). However, the 
absence of data on several parameters for this diet (pupation percentage, adult emergence) 
leaves gaps in fully understanding its effects. Among natural plants, maize variants (fodder 
maize, field maize, sweet maize) generally support higher fecundity and faster development 
compared to other crops like sorghum and rice, which suggests that maize could be a more 
suitable host for S. frugiperda. The larval period ranges from 10.83 days on sweet maize to 
21.28 days on sunn hemp, indicating that the host plant choice significantly affects the time 
required for larval development. Pupal periods also vary, with some values not provided 
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(No data, ND) for several plants. However, available data shows the shortest pupal period 
on rice leaves (7.03 days for males) and the longest on corn var. NK 6410 (7.98 days for 
males). The total life cycle period spans from 24.58 days on corn var. Macho F1 to 48.61 
days on rice leaves, reflecting the host plant’s impact on the overall development speed of 
S. frugiperda. The data in Tables 1 and 2 underscores the significant effect of host plants 
on the biological traits of S. frugiperda. This variability is crucial for understanding the 
pest’s adaptability and developing targeted management strategies.

DAMAGE AND LOSSES DUE TO FAW LARVAE INFESTATION IN MAIZE 
FIELD

Larvae of S. frugiperda, particularly from the third to the sixth instar, have caused more 
than 70% damage to corn crops  (Assefa & Ayalew, 2019). Spodoptera frugiperda attacks 
reported in maize fields in Nicaragua, Central America, have resulted in yield losses 
ranging from 15% to 73%, with an attack rate of 55% to 100% (Hruska & Gould, 1997). 
Fall armyworm (FAW) larvae attacks in Ghana, Zambia, and Cameroon have caused crop 
yield losses ranging from 0.3 to 20.5 million tons, valued at US$0.1 to 6.2 billion (Day et 
al., 2017). In Malaysia, S. frugiperda infestations have caused severe attacks (100%) in 
maize fields in Changlun, Kedah, severely damaging all parts of the corn plants (Jamil, 
Saranum, Saleh-Hudin et al., 2021). Maize fields affected by S. frugiperda attacks covered 
an area of 246.35 hectares, with an infestation severity percentage ranging from 50% to 
100% (IPPC, 2019).

CONTROL AND MANAGEMENT OF FALL ARMYWORM (FAW), 
SPODOPTERA FRUGIPERDA

Regular monitoring and early detection are vital in managing and controlling infestations 
of S. frugiperda to prevent economic damage to crops (Assefa & Ayalew, 2019). For 
infestations with less than 5% of seedlings or 20% of corn plants under 30 days old, curative 
control using chemical insecticides is recommended (EPPO, 2024). The economic threshold 
level (ETL) for this pest in hybrid maize and sorghum crops is 1.8-2.5 larvae/10 plants and 
1-2 larvae/plant, respectively  (Jaramillo-Barrios et al., 2020; Pitre, 1985). Meanwhile, the 
economic injury level (EIL) on maize is 14%, 21%, 23%, 26%, and 50% infestation by 
S. frugiperda at 2, 3, 4, 5, and 6 weeks after crop germination (Evans & Stansly, 1990).

Chemical insecticides are the primary method to control S. frugiperda larvae in the 
Americas and Africa (Otim et al., 2021). Commonly used active ingredients include 
Emamectin benzoate, Chlorantraniliprole, Spinetoram, Diamides, Avermectin, Spinosad, 
and Indoxacarb (Bird et al., 2022; Otim et al., 2021; Sarkowi & Mokhtar, 2021). Reliance 
on chemical control strategies on a global scale for several decades has led to resistance in 
S. frugiperda to at least 29 active ingredients across six mode-of-action groups (Bird et al., 
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2022). Within Integrated Pest Management (IPM), chemical insecticides are considered a 
last resort to curb crop pest infestations (Day et al., 2017).

Biological control, mainly using microbes such as bacteria, fungi, viruses, and 
entomopathogenic nematodes, has also been employed to manage S. frugiperda infestations 
(Guo et al., 2020). Bacillus thuringiensis causes 61%–87% larval mortality in the field and 
100% in the laboratory (Liu et al., 2019). Spraying nucleopolyhedrovirus (NPV) in maize 
fields has resulted in 93.4% larval mortality of S. frugiperda (Cruz et al., 1997). Using a 
combination of viruses, such as S. frugiperda multiple nucleopolyhedroviruses (SfMNPV) 
and S. frugiperda granulovirus (SfGV), can enhance virus efficacy and help delay resistance 
evolution (Hussain et al., 2021). The use of entomopathogenic fungi such as Beauveria 
bassiana and Metarhizium anisopliae has been reported to cause 64.3% and 67.8% larval 
mortality of S. frugiperda in the laboratory (Ramanujam et al., 2020).

ENTOMOPATHOGENIC NEMATODES (EPN) AND THEIR SYMBIOTIC 
BACTERIA

Entomopathogenic nematodes (EPNs) are a group of nematodes that infect and kill insects. 
Entomopathogenic nematodes (EPNs) reside in the soil and are obligate parasites from 
the Phylum Nematoda (Gozel & Gozel, 2016). The first EPN, identified as Aplectana 
kraussei (now known as Steinernema kraussei), was described by Steiner in 1923 (Poinar 
& Grewal, 2012). Steinernematidae comprises two genera, Steinernema (with more than 
50 species) and Neosteinernema (one species: Neosteinernema longicurvicauda). The 
family Heterorhabditidae is monotypic, containing only one genus, Heterorhabditis, with 
one species, Heterorhabditis bacteriophora (Gozel & Gozel, 2016; Stock & Blair, 2008). 
Poinar (1976) described the first Heterorhabditis in 1976. Hunt and Nguyen (2016) reported 
that by the end of 2015, 95 species of Steinernema and 16 species of Heterorhabditis had 
been identified. Entomopathogenic nematode (EPN) species identification is based on 
morphological and morphometric data comparisons and cross-breeding tests (Gaugler, 
2002). Diagnostic methods like Polymerase Chain Reaction (PCR), PCR-RFLP, and 
Random Amplified Polymorphic DNA (RAPD) are employed to identify EPN species 
based on dioxyribonucleic acid (DNA) sequence comparisons (Caoili et al., 2018; Stock 
& Blair, 2008). Two families are widely used as effective biological control agents for 
managing pests above and below the soil: Steinernematidae and Heterorhabditidae (Kaya 
et al., 2006; Vashisth et al., 2015).

Entomopathogenic nematodes (EPNs) are capable of infecting and thriving within a 
wide range of insects, completing their life cycle in species from orders such as Lepidoptera, 
Coleoptera, Orthoptera, Diptera, Thysanoptera, and Siphonaptera (Půža & Mráček 2010). 
The life cycle of EPNs begins with the third stage, infective juvenile (IJ), which is free-
living in the soil, capable of infecting the target host, and the only stage found outside the 
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host. Entomopathogenic nematodes (EPNs) in the soil detect target hosts by responding 
to carbon dioxide, vibrations, chemical signals/stimuli, or sensing the physical structure 
of the insect’s integument (Gaugler, 2002). The life cycle of EPN is shown in Figure 1. 
Entomopathogenic nematodes (EPNs) are associated with symbiotic bacteria from the 
family Enterobacteriaceae. Steinernematidae is associated with symbiotic bacteria from 
the genus Xenorhabdus, while Heterorhabditidae is associated with symbiotic bacteria 
from the genus Photorhabdus (Gozel & Gozel, 2016; Vashisth et al., 2013). Symbiotic 
bacteria, Xenorhabdus and Photorhabdus, kill the insect host quickly, create a suitable 
environment for EPN reproduction, produce antibiotics and secondary metabolites that 
inhibit the growth of other microorganisms, and convert host tissue into food (Forst & 
Nealson, 1996). In exchange, EPNs provide protection and access to the host insect’s 
hemolymph (Vashisth et al., 2013).

Figure 1. Illustration of the life cycle of entomopathogenic nematodes on insect host. (A) Mature infective 
juveniles (IJ3) find a host in the soil. (B) Infective juveniles (IJs) enter the host via the mouth, anus, and 
spiracle opening. (C-D) Infective juveniles (IJs) infect and release symbiotic bacteria to elude the host 
immune system and kill the host. Both species (nematode and symbiotic bacteria) reproduce using the 
cadaver’s nutrients; when the nutrients are impoverished, the two creatures recombine and enter the soil 
to restart the cycle

A

B
C

D
Infective juveniles (IJs) 
leave insect cadaver

Mature infective juveniles (IJs)

Infective juveniles (IJs) infect 
insect host

Nematodes release the 
symbiotic bacteria, killing and 
reproducing inside the host

BIOLOGICAL CONTROL OF FALL ARMYWORM (FAW), SPODOPTERA 
FRUGIPERDA USING ENTOMOPATHOGENIC NEMATODES (EPN)

Researchers from different countries have conducted various studies on the pathogenicity 
of entomopathogenic nematodes against S. frugiperda (Guo et al., 2020). Rodríguez-
Zamora (2019) reported that the entomopathogenic nematode (EPN), Heterorhabditis 
bacteriophora, caused 65% mortality in S. frugiperda larvae in the laboratory within 48 
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hours. Heterorhabditis bacteriophora also caused 92% and 80% mortality in pre-pupae 
and pupae of S. frugiperda, respectively (Alonso & Mejia, 2018). Meka et al. (2020) stated 
that the highest larval mortality of S. frugiperda, 100%, occurred when infected with 
Steinernema glaseri at a concentration of 2000 IJs/plate, followed by 95% at 1000 IJs/
plate after 96 hours of inoculation. Due to the high pathogenicity of insect hosts, various 
EPN species have been studied for their potential as biological control agents against S. 
frugiperda (Table 3).

The studies presented in Table 3 are a comprehensive summary of various studies 
investigating the effectiveness of different entomopathogenic nematode (EPN) species against 
the fall armyworm (FAW), Spodoptera frugiperda, under various conditions, including 
laboratories, fields, greenhouses, and across different countries. A variety of EPN species, such 
as Steinernema sp., Heterorhabditis indica, S. carpocapsae, and others, were tested against 
different developmental stages of FAW larvae (third instar, sixth instar, pre-pupae, and pupae). 
The concentrations of EPNs used in these studies varied significantly, ranging from as low 
as five infective juveniles (IJs) per larva to as high as 50,000 IJs per plant in field trials. The 
duration of exposure also differed across studies, from as short as 14 hours to as long as 25 
days. The results indicate that the effectiveness of EPNs in causing mortality in FAW larvae 
is highly dependent on the EPN species, concentration, and environmental conditions. For 
instance, Steinernema sp. and Heterorhabditis sp. showed a mortality rate of 100% in certain 
laboratory conditions. Studies with combinations of EPNs and other biocontrol agents, like 
Metarhizium anisopliae or insecticides, demonstrated varying levels of success, highlighting 
the potential for integrated pest management approaches. 

Species of entomopathogenic nematodes (EPNs) outperform others under certain 
conditions due to biological, ecological, and environmental factors. Based on the 
provided data (Table 3), the key reasons are symbiotic bacteria efficacy, host stage 
suitability, application techniques, synergistic combinations, and speed of host mortality. 
Entomopathogenic nematodes (EPNs) are closely associated with specific symbiotic 
bacteria, such as Photorhabdus in Heterorhabditis and Xenorhabdus in Steinernema. The 
virulence of these bacteria varies, affecting the speed and efficiency of killing the host insect 
(Owuama, 2001). Different EPN species more effectively target specific developmental 
stages of the FAW. For instance, Steinernema carpocapsae showed 100% mortality in 
second and third-instar larvae, whereas higher doses of Heterorhabditis bacteriophora 
were required for similar effects on pre-pupae and pupae. The concentration of infective 
juveniles (IJs) and delivery methods significantly impact outcomes. Higher concentrations, 
such as 2000 IJs per plate for Steinernema glaseri, result in more excellent mortality rates 
than lower doses. Moreover, species like S. carpocapsae are known for rapid action due to 
their ambush strategy, while others, like H. bacteriophora, adopt a more cruising approach, 
affecting their performance under specific conditions (Stock & Blair, 2008). 
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Overall, the studies summarized in Table 3 illustrate the potential of EPNs as biocontrol 
agents against FAW, with varying degrees of success influenced by multiple factors. The 
data suggest that laboratory conditions often yield higher mortality rates, while field 
applications may require combination treatments and further optimization to achieve 
consistent results. The table also underscores the global research interest in EPNs, with 
studies conducted across different continents emphasizing the universal challenge posed 
by FAW and the widespread efforts to manage this pest.

ENTOMOPATHOGENIC NEMATODES (EPN) AS BIOPESTICIDES AND 
THEIR APPLICATION IN INTEGRATED PEST MANAGEMENT (IPM)

Countries that have commercialized EPN as biopesticides include Sanoplant (Switzerland), 
Helix (Canada), ORTHO Biosafe USA (United States), Koppert (Netherlands), and 
BASF (Germany). Entomopathogenic nematode (EPN) can be stored and produced in 
large quantities in vivo and in vitro (Shapiro-Ilan et al., 2012). At least 13 species of 
Steinernematidae and Heterorhabditidae have been commercialized for pest control 
(Shapiro-Ilan et al., 2016). In the laboratory, EPN can be inoculated onto insect hosts 
using Petri dishes and filter papers with a minimum concentration of EPN before being 
transferred to White Traps for in vivo collection (Shapiro-Ilan et al., 2012). However, 
mass production of EPN can be carried out in vitro using solid or liquid culture media 
(McMullen & Stock, 2014). The in vitro liquid method is the most cost-effective way to 
produce nematodes, followed by the in vitro solid method. In contrast, the in vivo method is 
the least economical. While in vitro techniques allow for large-scale, affordable production 
ideal for treating vast field areas to control crop pests, the in vivo method is more costly. It 
produces nematodes in smaller quantities, making it better suited for nursery soil treatments 
or small plots (Askary & Ahmad, 2017).

Mass production of EPN allows for the creation of biopesticide products. EPN 
formulation occurs when the active ingredient (EPN) combines several materials, such as 
sunscreens, additives, and carriers. Entomopathogenic nematode (EPN) biopesticides can 
be produced as aqueous solutions, synthetic sponges, gels, and clay powders to facilitate 
storage and transportation (Cruz-Martínez et al., 2017). Since EPNs are sensitive to 
ultraviolet (UV) radiation, EPN sprays should be done in the late afternoon (Negrisoli et 
al., 2010). 

Entomopathogenic nematodes (EPNs) are critical components of integrated pest 
management (IPM) systems and have practical applications in managing fall armyworms 
(FAW) and other agricultural pests. These essential applications include EPNs being an 
eco-friendly replacement for chemical insecticides; they fit the IPM principle of minimizing 
chemical inputs while maintaining effective pest control (Day, 2017). Combining EPNs with 
biopesticides such as Metarhizium anisopliae or Bacillus thuringiensis (Bt) could increase 
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mortality rates and broaden the pest control spectrum (Bissiwu, 2016). Entomopathogenic 
nematodes (EPNs) can also be applied alongside cultural control practices like pheromone 
traps or crop rotation, creating a multi-layered pest management strategy. EPNs are effective 
against various FAW life stages, including larvae, pre-pupae, and pupae (Table 3). This 
capability makes them versatile IPM components capable of reducing pest populations 
at multiple points in their lifecycle. Unlike chemical insecticides, EPNs do not induce 
resistance in pests. This characteristic makes them valuable in IPM, which aims to 
sustain long-term pest suppression without escalating resistance risks. Entomopathogenic 
nematodes (EPNs) can be applied using standard agricultural equipment, either as soil 
treatments or foliar sprays, making them easy to integrate into existing farming practices 
(Shapiro-Ilan et al., 2012). 

CONCLUSION

Based on the review of various articles, thesis, and books regarding the pathogenicity of 
EPNs and their symbiotic bacteria against the fall armyworm (FAW), S. frugiperda, there is 
potential for EPN (either local isolates or imported) to be developed as effective biological 
control agents in Malaysia. This manuscript highlights significant gaps and underexplored 
aspects in applying EPNs as biocontrol agents for managing FAW Spodoptera frugiperda 
in Malaysia and beyond. The key contributions are field-level efficacy, environmental 
constraints, local adaptation, and EPN formulations. The need for extensive field-based 
studies on EPN pathogenicity against FAW is identified. Environmental factors like UV 
radiation, soil composition, and moisture levels can significantly affect EPN efficacy. 
Developing formulations or application strategies to overcome these challenges is crucial. 
Moreover, research on identifying and testing local EPNs is essential as local EPN 
isolates in Malaysia suggest that locally adapted species may perform better in Malaysia’s 
environment. 

Using EPNs as biological control agents in Malaysia will significantly affect 
the country’s agricultural landscape and policy frameworks. Potential impacts and 
considerations include reducing chemical dependency, increasing food sustainability, 
and improving yield protection. Although biopesticides’ initial costs may be higher than 
traditional pesticides, long-term savings through reduced pest resistance and ecosystem 
restoration can make EPNs economically viable. Nevertheless, promoting EPN-based 
products could spur local industries into biopesticide manufacturing, reducing reliance on 
imports and creating jobs. Besides, research into native species can optimize efficacy and 
reduce dependency on imported strains. Expanding field-level research will demonstrate 
EPN’s effectiveness to farmers, increasing adoption rates. Policies promoting the adoption 
of EPNs, such as subsidies for biopesticides or incentives for sustainable practices, could 
accelerate their integration into pest management strategies. Training and awareness 
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programs that educate farmers about EPNs, including their benefits and application 
methods, are critical to overcoming resistance to adopting new practices. Adopting EPNs 
in Malaysia could revolutionize pest management practices, enhance sustainability, 
and reduce reliance on chemical solutions. These benefits align with national priorities, 
including environmental conservation, agricultural productivity, and food security, while 
fostering innovation and policy evolution in the agricultural sector. 

Therefore, future research should prioritize formulating EPNs, IPM approaches, 
combining biocontrol measures with sustainable agricultural practices to enhance efficiency 
and minimize environmental impact. Government agencies and local and international 
organizations also play a role in providing knowledge and advisory services. Policies such 
as providing biopesticide subsidies to farmers should be established to encourage the use 
of biopesticides.
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ABSTRACT

Silicon (Si) is the second most abundant element that encourages plant growth, particularly in 
higher plants. This research maximizes Si’s stress-tolerance benefits for plants. Therefore, this 
study aimed to evaluate the impact of silicon-enriched fertilizer in reducing the impact of Basal 
Stem Rot (BSR) disease in palm species, suggesting a potential sustainable solution to this critical 
agricultural challenge. The study utilized the root-sitting technique on three-month-old palm 
seedlings grown under controlled nursery conditions. The T1 and T2 seedlings were untreated with 
silicon-enriched fertilizer. In contrast, the T3 seedlings were treated with 500g of silicon-enriched 
fertilizer. The T2 and T3 seedlings were further challenged with G. boninense PER 17 using the 
rubber woodblocks (RWBs) sitting technique during the nursery trial (10 months). Results revealed 
that disease incidence (DI) in oil palm (50.0%) and betel nut palm (44.4%) for T3 seedlings 
was significantly lower (p ≤ 0.05) compared to T2 seedlings, both of which had a DI of 94.4%. 
The BSR DI in T3 seedlings was reduced by 52.63% in oil palm and 67.35% in betel nut palm. 

These findings suggest that treatment T3 offers 
protection against G. boninense infection in 
both palm species. The results demonstrated 
that treatment T3, involving silicon-enriched 
fertilizer, significantly reduced the progression of 
BSR disease in palm seedlings, highlighting its 
effectiveness as a disease management strategy.

Keywords: Basal stem rot, betel nut palm, Ganoderma 
boninense, oil palm, silicon
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INTRODUCTION

Basal stem rot (BSR) is a major disease affecting various palm species, particularly oil palm 
(Elaeis guineensis), in Southeast Asia and other tropical areas. The pathogen responsible, 
Ganoderma boninense, causes significant financial damage by leading to stem deterioration, 
lower fruit production, and, ultimately, the death of affected trees (Abubakar et al., 2022). 
Traditional strategies for managing this disease, such as chemical and cultural interventions, 
have had limited effectiveness, highlighting the need for more sustainable and successful 
solutions (Khoo & Chong, 2024).

Although not classified as an essential nutrient, silicon (Si) has gained attention for 
its positive role in enhancing a plant’s resilience to various biotic and abiotic challenges. 
Research has demonstrated that fertilizers containing Si can strengthen plant defenses 
by increasing cell wall thickness, enhancing systemic resistance, and decreasing 
infections caused by fungal pathogens (Etesami et al., 2020). Numerous studies have 
explored the effects of Si on BSR in oil palms; further research is needed to address 
key gaps. Si has been widely shown to reduce diseases in various crops. However, its 
specific mechanisms and effectiveness against BSR caused by G. boninense in palm 
species, particularly in betel nut palm, remain underexplored. This lack of knowledge 
is critical because the betel nut palm may respond differently to Si compared to oil 
palm due to species-specific physiological and biochemical differences. Additionally, 
understanding Si’s role across multiple palm species can provide broader insights 
into its potential as a sustainable disease management strategy. Recent investigations 
have highlighted Si as a valuable component for strengthening plant defenses against 
a variety of diseases (Debona et al., 2017). Fertilizers enriched with silicon have 
demonstrated effectiveness in reducing disease severity across numerous crops by 
fortifying cell walls, initiating biochemical defense responses, and enhancing overall 
plant vigor (Sarma et al., 2024). 

The precise impact of Si on combating G. boninense in palm species remains 
underexplored. This study focuses on oil palm (Elaeis guineensis Jacq.) and betel nut 
palm (Areca catechu) because of their economic importance and vulnerability to BSR. 
Although the betel nut palm is not as extensively studied regarding BSR, its susceptibility 
to Ganoderma infections makes it a relevant subject for examining disease management 
strategies. This research concentrates on these two palm species to investigate both a 
globally important crop and a less frequently studied species, aiming to provide a wider 
understanding of controlling G. boninense across various palm types. Consequently, 
this study focuses on evaluating the extent to which Si mitigates the severity of the 
BSR disease.
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MATERIALS AND METHODS

Study Site, Plant Materials and Growth Conditions

The study was conducted at an outdoor nursery in Ladang 2 (3°00’86.9”N, 101°70’44.7”E) 
at Universiti Putra Malaysia, Serdang, Selangor. This study used two palm species: the oil 
palm (Elaeis guineensis Jacq.) and the betel nut palm (Areca catechu). 3-month-old oil palm 
seedlings were collected from Federal Land Development Authority (FELDA) Agricultural 
Services, Sungai Tekam, Jerantut, Pahang, while 3-month-old betel nut palm seedlings were 
obtained from Kuala Pilah, Negeri Sembilan. All seedlings were implanted in black polybags 
(38 cm high × 46 cm in diameter) filled with soil from the ‘Munchong’ series. Soil for the 
study was sourced from the Universiti Putra Experimental Farm in Puchong, Selangor, and 
combined with organic compost from the Federal Land Consolidation and Rehabilitation 

Table 1	
Characteristics of fertilizer enriched with silicon

Selected features Unit Value
Potential of hydrogen - 5.23
Total Carbon % 7.37
Total Nitrogen % 6.25
Phosphorus oxide % 6.56
Potassium oxide % 8.54
Calcium oxide % 9.77
Magnesium oxide % 1.98
Silicone oxide % 4.06
Available Copper mg/kg 3.12
Available Iron mg/kg 53.62
Available Zinc mg/kg 5.66
Available Manganese mg/kg 597.88

Authority (FELCRA) in Seberang Perak, 
Malaysia. A mixture ratio of 3 parts soil to 
1 part compost was used. The research site 
had a 30°C to 36°C temperature range, with 
relative humidity between 60% and 80%. 
During the experiment, seedlings were 
irrigated twice daily and fertilized monthly. 
Fertilizer application and routine operations 
were conducted in accordance with standard, 
approved nursery practices (Fairhurst et al., 
2019). Control seedlings received NPK Blue 
fertilizer (12: 12: 17: 2 + TE) (YaraMila, 
Malaysia), while seedlings were treated with 
fertilizer enriched with silicon (6: 6: 8: 2 + Si) 
(Sigma-Aldrich, United States of America) 
(Table 1).

Maintenance of Ganoderma boninense PER 71 Isolates

The G. boninense PER 71 isolate was obtained from the Malaysian Palm Oil Board 
(MPOB), Bangi, Selangor. This strain was subcultured onto Potato Dextrose Agar (PDA) 
(Oxoid, USA) and maintained at room temperature of 28°C for 7 to 8 days (Surendran et 
al., 2021).

Preparation of Rubber Wood Blocks 

Following the guidelines by Idris et al. (2006), 108 rubber wood blocks (RWBs) were 
made from fresh Hevea brasiliensis wood, each with dimensions of 6.0 cm by 6.0 cm by 
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6.0 cm. Each RWB was washed under running water and placed in a double-layered, heat-
resistant polypropylene bag measuring 10.0 cm × 32.0 cm. The sample was autoclaved at 
103.4 kPa and 121°C for 30 min. Following sterilization, 100 mL of molten malt extract 
agar (MEA) (Oxoid, USA) was added to each bag to provide supplementary nutrients for 
the growth of G. boninense. The bags were knotted with raffia string and autoclaved again 
in the mentioned circumstances. After sterilization, the bags were turned 360° to ensure 
the rubber wood blocks were completely coated with the MEA before they solidified. The 
preparation of G. boninense inoculum on RWBs involved placing a small piece from a 7- 
to 9-day-old pure culture of G. boninense, grown on PDA and obtained using a 10 mm in 
diameter core borer, onto the surface of each autoclaved RWB. This process was performed 
in a laminar flow hood to prevent contamination, and the bags were immediately sealed 
with a rubber band. The inoculated RWBs were then incubated in a dark cabinet at 27±2°C 
for approximately 10 to 12 weeks until fully colonized by the G. boninense mycelium.

Artificial Inoculation of Palm Seedlings Using Rubber Wood Blocks Infected with 
G. boninense PER 71

The inoculation procedure followed the method described by Idris et al. (2006). A nursery 
study was conducted using 18 blocks in a randomized complete block design (RCBD) with 
3 sub-replications. Seedlings in T1 (negative control) were planted in polybags without 
G. boninense infection. In treatments T2 and T3, the seedlings were placed directly on the 
RWBs, ensuring their roots were in contact with the G. boninense-infected inoculum. After 
placement, the seedlings were covered with topsoil according to their respective treatments 
(Table 2). Seedlings were treated with silicon-enriched fertilizer and artificially infected 
with G. boninense over 10 months through the application of 10 doses, each consisting of 
50 g per month. This process resulted in 500 g of silicon-enriched fertilizer per seedling, 
with rubber wood blocks (RWBs) serving as the inoculation medium.

Table 2 	
Treatments for basal stem rot in oil palm and betel nut palm seedlings

Treatment Description
T1 Seedlings without treatment or infection (negative control).
T2 Seedlings left untreated but exposed to artificial infection with G. boninense (positive 

control).
T3 Seedlings were given silicon-enriched fertilizer and artificially infected with G. boninense 

(10 doses, 50 g per month, totaling 500 g per seedling).

Disease Incidence 

The progression of disease in palm seedlings was tracked bi-monthly using a quantitative 
indicator known as disease incidence (DI), which reflects the number of seedlings exhibiting 
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visible symptoms, such as yellowing or necrosis of leaves, with or without white fungal 
growth or the presence of fruiting bodies. The DI was calculated using the equation 
formulated by Priwiratama et al. (2020):

Disease incidence  (%) = ��
Seedlings infested number 

Total number of seedlings assessed
� × 100� 

A curve depicting disease progression was derived from the disease incidence 
measurements. A decrease in disease incidence compared to the control would suggest 
higher treatment efficacy in disease management. The progression of the disease was 
evaluated using the area under the disease progress curve (AUDPC), as described by 
Kamu et al. (2021).

The area under the disease progress curve = ���
Yi − Yi+1

2
� (ti+1 − ti)�

n−1

i

 

Where, n = assessment time number, Y = disease incidence and t = time.
Kamu et al. (2021) obtained the curve slopes by transforming the DI data using the 

monomolecular model (Monit).

Disease Severity Index 

The progression of BSR disease in palm seedlings was evaluated using the disease severity 
index (DSI), which measures the total area or extent of disease in plant tissue (Rakib et al., 
2015). The DSI was determined based on the seedlings’ external and internal symptoms. 
The foliar disease severity index (DSFI) was assessed using a scale from 0 to 5, reflecting 
the severity of leaf symptoms (Table 3). Ganoderma selective medium (GSM) was used to 
confirm the presence of G. boninense in the palm tissue (Idris et al., 2006; Rees et al., 2009).

Table 3 	  
Disease severity index of foliar 

Disease class Associated signs and symptoms of infection
0 A healthy plant with vibrant green leaves and no signs of fungal growth anywhere on the 

plant.
1 1–3 yellowing leaves, with no fungal growth observed on any part of the plant.
2 Presence of fungal growth, with or without yellowing leaves.
3 More than three yellowing leaves, along with dead or necrotic leaves, with or without 

fungal growth on the plant.
4 At least 50% of the leaves show severe yellowing or necrosis, with or without fungal 

growth.
5 The plant is dead, with or without visible fungal growth.

Note. Adapted from Rakib et al. (2015)
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After the experiment (10 months after 
artificial infection with G. boninense PER 
71), the palm seedlings were destructively 
s a m p l e d  b y  c a r e f u l l y  u p r o o t i n g , 
longitudinally sectioning, and visually 
examining them for internal symptoms. 
The bole (DSIB) and roots (DSIR) disease 
severity index were evaluated according to 
a disease classification scale ranging from 
0 to 4, as outlined in Table 4.

The DSIF, DSIB, and DSIR were 
calculated using the following formulas 
revised from Rakib et al. (2015):

Table 4  	
Disease severity index of bole and disease severity 
index of root at oil palm and betel nut palm 

Class Associated signs and symptoms of 
infection

0 0% (healthy bole or root tissues)
1 Up to 25% (decay in bole or root tissues)
2 25–50% (decay in bole or root tissues)
3 51–75% (decay in bole or root tissues)
4 More than 75% (decay in bole or root 

tissues)
5 100% (complete decay of bole or root 

tissues)

Note. Adapted from Rakib et al. (2015)

 

            

Where five is the constant indicating the highest assessment class. The number of seedlings 
that died due to BSR should be recorded regularly, typically throughout 6 to 12 months, 
depending on the growth stage of the seedlings.

Dead Seedlings

Dead seedlings were recognized by complete necrosis, defoliation, and stem collapse (Noor 
Azmi, 2020). A severity index can be assigned based on visual scoring of symptoms, ranging 
from healthy (0) to dead (5), following established disease rating scales (Rakib et al., 2015).

Dead seedlings (%) = �
Number of Dead Seedlings
Total Number of Seedlings

× 100� 

Re-isolation of the pathogen from the decayed basal stem tissues was essential to 
confirm that the seedlings died due to G. boninese. The infected tissues were cultured on 
Ganoderma selective media (GSM) to isolate and identify G. boninense under a microscope 
based on its characteristic morphology (Idris et al., 2020).

Measurements by SEM and TEM

The measurement of silica bodies and their deposition were carried out using scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM), following the 



979

Silicon-enriched Fertilizer Reduced Basal Stem Rot in Palm Species

Pertanika J. Trop. Agric. Sci. 48 (3): 973 - 990 (2025)

method described by Zhang et al. (2013). Fresh root samples were cut into 21 cm³ sections 
for SEM observation (S-4000, Hitachi Co. Ltd., Japan) and 21 mm³ sections for TEM 
(HT7800 RuliTEM, Hitachi High-Tech, Japan). Images captured under both microscopes 
revealed silica bodies (SB) and silica layers (SL) in the root tissues.

Statistical Analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA). Any 
significant difference was further analyzed using the least significant difference (LSD) 
post-hoc analysis at p ≤ 0.05. All statistical analysis was performed using the Statistical 
Analysis System (SAS) 9.2 software.

RESULTS

Disease Incidence

A notable difference in treatment interactions was observed over time, with statistical 
significance at p ≤ 0.05. The disease index (DI), determined by leaf symptoms, was 
substantially lower in the T3 group treated with silicon-enriched fertilizer compared to 
the T2 seedlings (Figure 1). A reduced DI value indicated disease suppression. No DI was 
found for T3 seedlings at four months. This indicated that the seedlings in treatment T3 
had gradually reduced the development of BSR disease symptoms. Disease symptoms 
in the seedlings treated with T3 began to appear six months after inoculation with G. 

Figure 1. The incidence of basal stem rot occurrence in oil palm and betel nut palm seedlings for ten months 
following artificial inoculation with G. boninense
Note. OP = oil palm and BNP = betel nut palm. Data are presented as means ± standard error, with statistical 
analysis using the least significant difference test (p ≤ 0.05)
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boninense. The disease symptoms in oil palm seedlings gradually increased thereafter, 
with a DI of 50.00% at ten months of observation. In contrast, the disease symptoms in 
betel nut palms gradually increased subsequently, with a DI of 44.44% at ten months of 
observation. The findings indicated that the use of silicon-enriched fertilizer offered an 
effective degree of disease management. Symptoms of the disease appeared much earlier in 
T2-treated seedlings, starting four months post-infection with G. boninense. As anticipated, 
after ten months of evaluation, the untreated control group (T2) of oil palm and betel nut 
palm seedlings exhibited the highest disease incidence (DI) of 94.44%. However, while 
the foliar symptoms were evident, they did not reveal the extent of damage affecting the 
roots and bole region.

Area Under Disease Progress Curve and Disease Reduction 

The disease incidence (DI) of oil palm and betel nut palm seedlings was analyzed using 
the area under the disease progress curve (AUDPC) to evaluate the severity of the disease 
in each treatment (Table 5). The AUDPC offers a quantitative measure of disease intensity 
over time, facilitating comparisons between different disease management approaches. 
The calculation was made using the DI derived from the classification of leaf symptoms. 
In treatment, T3, oil palm and betel nut palm seedlings treated with silicon-enriched 
fertilizer showed a marked reduction in AUDPC, with values of 150.00 unit² and 88.89 
unit², respectively, ten months post-infection with G. boninense. Based on the AUDPC, 
it was clear that treatment T3 was the most effective in slowing the progression of BSR 
disease. As anticipated, disease reduction was significantly higher in treatment T3 for both 
palm seedlings, with decreases of 52.62% in oil palm and 67.35% in betel nut palm. The 
highest AUDPC values were observed in the T2 treatment, with oil palm seedlings showing 
316.66 unit² and betel nut palm 272.22 unit², indicating greater susceptibility to the disease.

Table 5	
The area under disease progress curve and disease reduction of oil palm and betel nut palm seedlings at 10 
months following artificial inoculation with G. boninense PER 71

Oil palm seedlings Betel nut palm seedlings
Treatment T1 T2 T3 T1 T2 T3
Area Under Disease Progress Curve (unit2) 0.00 316.66 150.00 0.00 272.22 88.89
Disease Reduction (%) - - 52.63 - - 67.35

Disease Severity Index of Foliar

Significant differences existed between the treatment interaction and month at p ≤ 0.05. For 
oil palm and betel nut palm seedlings, the DSI, derived from observable leaf symptoms, 
was considerably lower in the T3 seedlings treated with silicon-enriched fertilizer (Figure 
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2). A lower disease severity index of foliar (DSIF) indicated success in suppressing the 
onset of BSR disease infection development in oil palm seedlings. There was a total 
absence of symptoms in treatment T3 at four months. However, the disease progression 
in oil palm and betel nut palm seedlings gradually increased with a DSIF of 37.50% and 
52.78%, respectively, at ten months of observation. The percentage of DSIF recorded in 
treatment T3 for both seedlings was significantly lower than the T2 seedlings. Visible 
disease symptoms in the T2 seedlings emerged as early as four months into the study. By 
the tenth month, T2 seedlings of oil palm and betel nut palm recorded external DSFI values 
of 86.11% and 87.50%, respectively.
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Figure 2. Foliar disease severity index of oil palm and betel nut palm seedlings ten months after artificial 
inoculation with G. boninense
Note. OP = oil palm and BNP = betel nut palm. Data are presented as means ± standard error, with statistical 
analysis using the least significant difference test (p ≤ 0.05)

Bole and Root Disease Severity Index

There was a statistically significant difference (p ≤ 0.05) between treatments T1 and T2 
concerning the disease severity indices for the bole (DSIB) and roots (DSIR) (Figure 3). 
Treatment T2 in oil palm and betel nut palm seedlings exhibited the highest disease severity 
index of roots (DSIR), with 38.89% and 70.83% of the primary roots showing brown 
discoloration, compared to 20.83% and 30.56% in treatment T3 seedlings, respectively 
(Figures 4A and 4B). When evaluating bole decay and disease severity, it was found 
that using silicon-enriched fertilizer in T3 treatment led to the lowest disease severity 
index of the bole (DSIB) in oil palm seedlings, recorded at 6.94%. This was significantly 
lower than the 26.39% DSIB observed in the treatment T2 seedlings. The same trend was 
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also recorded in betel nut palm seedlings 
for treatment T3 (27.78%) compared to 
treatment T2 (66.67%). Brown lesions, 
characterized by an irregular, darker zone, 
were observed in longitudinal sections of 
the infected boles (Figures 4C and 4D). The 
results suggest that treatment T3 effectively 
hindered the penetration and dissemination 
of G. boninense within the vascular tissues 
of the seedlings.

Dead Seedlings 

For both oil palm and betel nut palm 
seedlings, there was a notable difference 
(p ≤ 0.05) in the count of dead seedlings 
(DS) between treatments T1 and T2 (Figure 
5). Silicon-enriched fertilizer was deemed 
effective in controlling BSR infection, as it 
significantly reduced the number of  DS in 

Figure 3. Bole and root disease severity index of oil palm seedlings ten months after artificial inoculation 
with G. boninense
Note. OP = oil palm and BNP = betel nut palm. Data are presented as means ± standard error, with statistical 
analysis using the least significant difference test (p ≤ 0.05)

A B

C D

Figure 4. Decay of primary roots and bole resulting 
from G. boninense infection. (A) Primary roots of oil 
palm, (B) primary roots of betel nut palm, (C) bole 
of oil palm, and (D) bole of betel nut palm. The black 
lines in Figures 4C and 4D depict the area decay of 
primary roots and the bole
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both oil palm and betel nut palm seedlings. Ten months after being artificially infected with 
G. boninense, the DS in the T3 seedlings of oil palm and betel nut palms in treatment were 
11.11 and 5.56%, respectively. In contrast, treatment T2 for oil palm seedlings showed a DS 
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of 50.00% at ten months after artificial infection with G. boninense. However, treatment T2 
seedlings showed a DS of 66.67% at ten months after artificial infection with G. boninense.

Measurement by SEM and TEM

The Scanning Electron Microscope (SEM) images from this analysis showed that silicon 
accumulated as silica bodies in the plants’ roots (Figure 6). A dense silicon layer was also 
observed in the plant roots’ endodermal cell wall diagram (Figure 7).

DISCUSSION

This research evaluated the effectiveness of silicon-enriched fertilizer on palm seedlings 
exposed to G. boninense PER 71, the pathogen responsible for BSR. Lower disease 
incidence (DI), area under the disease progress curve (AUDPC), disease severity indices 
for foliar (DSIF), root (DSIR), and bole (DSIB), as well as fewer dead seedlings (DS) and 
higher disease reduction (DR) in T3-treated seedlings compared to the T2 positive control, 
highlight that fertilization with nutrient enhancement is a key cultural management strategy 
for controlling Ganoderma infections in palm seedlings. Consistent with the findings of 
this research, Rebitanim et al. (2020) also reported a 77.78% decrease in BSR disease 
incidence in seedlings treated with GanoCare®, a fertilizer containing beneficial elements, 
with a notable reduction in dead seedlings to 6.67%, in contrast to 93.33% in untreated 
samples. Therefore, it is necessary to maintain nutrient availability in palm seedlings with 
fertilizers. This study demonstrated that nutrient supplementation with silicon-enriched 

Figure 5. Mortality of oil palm and betel nut palm seedlings due to G. boninense infection, measured ten 
months after inoculation
Note. The different colours represent different treatments. OP = oil palm and BNP = betel nut palm. Data 
are presented as means ± standard error, with statistical analysis using the least significant difference test 
(p ≤ 0.05)
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fertilizer enhanced the resistance of oil palm seedlings to the physical damage caused by 
G. boninense, as well as in betel nut palm seedlings. It is well-documented that silicon-
enriched fertilizers contain advantageous elements that effectively lower infection rates. 
Recent research continues to support the use of silicon-based fertilizers in boosting plant 
health and disease resistance (Ma, 2021; Ning et al., 2014). Silicon is vital in strengthening 
plant structure, reinforcing cell walls, and triggering various defense mechanisms against 
biotic stress factors. This has been particularly noted in crops such as rice, wheat, and oil 
palm, where silicon application has been associated with better resistance against fungal 
infections and other pathogens.

This study’s findings revealed a significant link between silicon-enriched fertilizer 
use and silicification initiation in the roots of palm seedlings treated with this fertilizer. 
Elevated silicon concentrations in the root tissues improved resistance to G. boninense. 
Two primary theories explain silicon’s role in plant resistance: It creates a physical 
barrier to hinder fungal entry and enhances physiological defenses through biochemical 

Figure 6. Silica bodies deposition in palm roots. Betel nut palm (A) and oil palm (B). Silica bodies are 
detected by scanning electron microscopy energy. Magnification = 10 µm × 600 (A) and 10 µm × 1,500 (B).
Note. SB = Silica bodies 

A B

A B

Figure 7. Si deposition in endodermis of palm roots cell wall. Betel nut palm (A) and oil palm (B). The 
blackened area represents the location of Si deposition. Silica is detected by transmission electron microscopy. 
Magnification A= 5 µm and B = 1 µm
Note. SB = Silica bodies; SL = silica layer
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processes (Brunings et al., 2021; Ranjan et al., 2021). An amplified number of silicified 
bulliform cells in the root epidermis cell walls is suggested to be a physical barrier, 
preventing G. boninense penetration. This barrier is related to lignin-carbohydrate 
complexes bound to silicon in the epidermal cell wall (Carré-Missio et al., 2021; Lux et 
al., 2020). Liang et al. (2015) further supported this physical barrier concept by showing 
that silicon-organic molecule complexes in the epidermal cell walls enhance plant 
resistance to fungal degradation enzymes. A higher disease reduction (DR) percentage in 
palms supplemented with silicon-enriched fertilizer suggests that sufficient silicon content 
slows disease progression by strengthening the cell wall, making it more resistant when 
G. boninense attempts to invade. The creation of a-Si cuticle double layer is a physical 
barrier to restrict pathogen penetration, as revealed in various research, including novel 
findings on Si deposition in epidermal cells (Kim et al., 2002; Ma & Yamaji, 2006). These 
observations are consistent with SEM and TEM analysis, which identified a silicon layer 
on the outer cell wall of root epidermal cells in palm seedlings that received silicon-
enriched fertilizer treatment. The Si-cuticle layer may act as a physical barrier that 
reduces NH4-N volatilization from leaf surfaces, thereby suppressing potential nutrient 
sources for pathogens (Bhardwaj et al., 2023). 

The second theory posits that disease suppression is related to the stimulation and 
buildup of defense mechanisms, such as phenolics and phytoalexins, which are closely 
tied to the activity of P-R genes (Boudet, 2000; Del Río et al., 2001). This hypothesis is 
supported by Rodrigues et al. (2003), who found that silicon application in rice led to the 
buildup of osmophilic materials in epidermal cells, thereby increasing resistance to the 
fungus M. grisea. Si can impede fungal hyphae penetration by promoting the buildup of an 
antifungal chemical, flavonoid, which can damage fungal cell walls (Alvarez & Datnoff, 
2001; Brescht et al., 2004). This study demonstrates that G. boninense effectively infects 
palm seedlings through artificial inoculation using a placement method, where infection 
mainly happens when healthy palm roots encounter fungal inoculum-containing debris. 
Further, it was predicted that G. boninense would infect the root cell wall by making 
holes through all cell wall layers. This indicated simultaneous wood deterioration with 
the infection-producing enzymes that can break down cell wall layers. Recent studies 
have confirmed that different Ganoderma species cause concurrent degradation of plant 
cell walls. Comparable wood decay patterns have been observed in Laurelia Filipina 
and date palm wood infected by G. colosseum (Adaskaveg et al., 1991; Agosin, 1990). 
This degradation is primarily due to the critical function of carbohydrate-active enzymes 
(CAZymes), especially cell wall degrading enzymes (CWDEs), which are essential for 
Ganoderma species to break down lignin and cellulose, enabling pathogen infiltration 
(Ramzi et al., 2019). 
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Initial findings showed that adding silicon-enriched fertilizer enhanced the synthesis 
and deposition of silicon in root cell walls, leading to an increase in silicification. Cell wall 
destruction occurred in discrete areas with elevated lignin content, including the central 
lamella region. Effective silicification requires high concentrations of silicon cells and 
bodies in the middle lamella and cell wall corners, which are crucial regions for this process 
(He et al., 2013; Ma et al., 2006). Recent studies have shown that silicon accumulates in 
the intracellular spaces (ICS) between the cortical cells of Molinia caerulea (purple moor 
grass) roots, confirming its role in enhancing plant structural defenses (He et al., 2013; 
Ma et al., 2006). These findings reveal that Si is concentrated in essential locations like 
the ICS, reinforcing the plant’s tolerance to environmental challenges. 

Applying silicon-enriched fertilizer appears to be an effective method for managing 
BSR disease caused by G. boninense, comparable to fungicides, with the added potential 
of lowering the number of fungicide treatments or reducing the necessary active ingredient 
quantities (Fabricio et al., 2005). Additionally, the organic content in the specially 
formulated fertilizer provides several benefits, including improving soil structure, increasing 
soil pH, and boosting nutrient absorption in palm seedlings. These effects help minimize 
the likelihood of G. boninense adhering to the root cell wall, thus promoting the general 
health of the palm seedlings. The findings indicate that silicon-enriched fertilizer enhanced 
disease resistance, improved nutrient availability, and correct imbalances of key elements 
affecting palm growth and resilience against disease. Therefore, it will impact infection 
and pathogen sporulation. 

Research findings confirmed the presence and accumulation of silica bodies in palm 
roots and a thick double layer of silicon in the cuticle of the endodermal cell walls in 
palm roots. These results were similarly supported by earlier research, which showed 
that Si deposition in the roots was a unique multifunctional plant component that worked 
as the soil environment’s frontline (Lux et al., 2020). The unique attributes of this organ 
highlight certain features, like its cooperative interaction with soil microorganisms and 
specific morphological traits absent in other parts of the plant, such as Casparian bands in 
the endodermis and exodermis (Lux et al., 2020). 

The study showed that applying Si-enriched fertilizer (treatment T3) altered root 
cell wall structure, thus increasing cell wall extensibility and improving plant resilience. 
The buildup of silicon in palm roots increases disease resistance by fortifying cell walls 
through crosslinking mechanisms like lignification (Currie & Perry, 2009). However, 
silica deposition is more energy-efficient than lignification, offering a cost-effective 
method for improving mechanical rigidity (Kumar et al., 2017). Despite these advantages, 
the precise interaction between silicification and lignification in roots is still not fully 
understood. Previous investigations by Gopal et al. (2005) demonstrated that coconut 
palms (Cocos nucifera) infected by root wilt phytoplasma altered the rhizosphere by 
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secreting chemicals that promoted beneficial microorganisms, including nitrogen-fixers, 
silicate solubilizers, and actinomycetes. This reduced harmful microorganisms and 
boosted silicon intake, boosting palm growth and production. The results indicate that 
silicon-enriched fertilizer (treatment T3) increased disease tolerance, reducing infection 
and pathogen sporulation.

CONCLUSION

The study demonstrates that silicon-enriched fertilizer (T3) substantially lowers the risk of 
G. boninense infection in palm seedlings by enhancing their disease resistance. Research 
indicates that silicon-enriched fertilizer (T3) can serve as a powerful tool for disease 
management, significantly reducing DI (p ≤ 0.05) by 52.63% in oil palm and 67.35% in 
betel nut palm while delaying the onset of BSR. This fertilizer contains beneficial elements 
such as silicon (Si), which may influence the ultrastructure of palm roots and shoots by 
thickening cell walls. Silicon strengthens these structures, creating a physical barrier that 
limits the penetration of G. boninense hyphae. Additionally, it may stimulate the production 
of antifungal compounds that degrade fungal cell walls. As a result, these changes in 
root structure effectively restrict fungal movement toward the stem, thereby delaying the 
development of BSR and demonstrating increased tolerance in Si-treated plants.

Further research is essential to uncover the mechanisms involved in silicon (Si) 
uptake, translocation, and accumulation across various plant species. Investigating 
the expression and localization of Si transporter genes is particularly recommended to 
better understand genotypic differences in Si accumulation. Additionally, one of the least 
understood areas is how Si influences plants under combined stress conditions. Plants are 
subjected to multiple stressors in natural environments, including extreme temperatures, 
water scarcity, and salinity. Exploring these processes should be a key focus of future 
studies to enhance knowledge of plant adaptation to adverse conditions. Practical field 
trials of Si application in economically significant crops are also recommended to evaluate 
its real-world benefits.

Although the precise functions of Si in plants remain unclear, evidence suggests it plays 
a beneficial role, particularly in enhancing resistance to fungal pathogens. However, this 
hypothesis has yet to be definitively proven, as quantitative data supporting the mechanical 
barrier hypothesis is still lacking. Addressing this gap is critical for developing effective 
agricultural strategies. Recent studies have demonstrated the role of silicon-enriched 
fertilizers in promoting growth in both oil palm and betel nut palm species. However, 
these studies often face limitations in observing long-term effects, highlighting the need 
for extended research periods. Future applications of Si fertilizers are likely to contribute 
to greater biomass accumulation, including increased grain yields. A genetic approach 
could provide valuable insights into the mechanisms of Si action in palms, further 
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advancing our understanding. Moreover, evaluating the potential of Si fertilizers to reduce 
agricultural costs while delivering environmental benefits is vital. Developing optimized 
management practices for Si applications should be a priority for future research, ensuring 
its effectiveness and sustainability in agriculture.
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ABSTRACT

The ophiolite complex in Chishang, Eastern Taiwan, exhibits a wide variety of soil parent materials, 
resulting in notable variations in elemental composition and pedological properties. This study 
characterized soils from four pedons along a toposequence, focusing on mineral composition, 
micromorphology, general properties, and elemental composition. A mass balance model quantified 
the mobility of clay, along with major and trace elements. The soils predominantly comprised 
chlorites, feldspars, quartz, micas, and calcite, with higher silica (Si) concentrations followed by Al. 
Some of the studied soils had elevated Ca/Mg ratios (≥ 1.0), indicating a primary derivation from 
sedimentary parent material, such as mudstone. However, concentrations of Cr (71.2 to 105.0 mg 
kg⁻¹), Ni (43.2 mg kg⁻¹), and Co (20.3 to 27.9 mg kg⁻¹) were notably lower than those reported in 
other global studies on ophiolite complexes. A significant and positive correlation occurred between 
Fe- and Al-oxides and Cr, Ni, and Co. The poor correlations between these trace metals and other 
soil properties (pH, organic carbon, Ca/Mg ratio, rare earth elements) suggest that these factors 
had limited influence on Cr, Ni, and Co concentrations. The strong (p < 0.01) correlations among 
trace metals indicate a genetic linkage formed during soil development rather than anthropogenic 
activities. Additionally, trace metal enrichment in surface soils, as evidenced by the increase of clay 
and Fe/Al oxides, implies that these components provide crucial adsorption sites for Cr, Ni, and Co.

Keywords: Mass balance, mudstone, ophiolitic soils, pedogenesis, trace metals

INTRODUCTION

Ophiolites originate from the oceanic 
crust and upper mantle and are primarily 
emplaced along continental margins 
through complex tectonic processes. These 
geological formations are characterized by 
their association with significant tectonic 
movements, often observed in regions with 
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active plate boundaries. Soils derived from ophiolites are relatively rare on the Earth’s 
surface, mainly found near tectonic plate boundaries such as those in the circum-Pacific 
region and the Mediterranean (DiPietro, 2013; Dilek & Furnes, 2014). Despite their 
limited distribution, soils in ophiolite complexes are of great scientific interest because 
they offer valuable insights into the sources of detrital materials, geodynamic processes, 
and soil formation scenarios (Bédard et al., 2019; Gawlick & Missoni, 2019; Robertson et 
al., 2020). For instance, the elemental composition of soils within the ophiolite complex 
in eastern Taiwan, which originated from marine sediments during the convergence of 
the Eurasian continental and Philippine oceanic plates, was significantly influenced by 
pedogenic processes, topographic position, and the composition of the parent material 
(Cheng et al., 2009). The concept of parent material, referring to the original rock types 
from which the components of an ophiolite are derived, is central to understanding these 
soils’ chemical and mineralogical properties.

Soils from ophiolite complexes typically exhibit considerable variation in the 
geochemical concentrations of trace metals. For example, in the soils of the Zhob Valley 
in Pakistan, the total concentrations of chromium (Cr; 588–1929 mg kg-1), nickel (Ni; 
665–1725 mg kg-1), and cobalt (Co; 2.5–14.5 mg kg-1) were several times higher than those 
found in benchmark soils, where Cr, Ni, and Co concentrations were 34.8 mg kg-1, 541 mg 
kg-1, and 1.2 mg kg-1, respectively (Ullah & Muhammad, 2020). In addition, serpentinites, 
which form a significant part of ophiolites, are primarily composed of serpentine minerals 
such as antigorite, lizardite, and chrysotile, along with other minerals like talc, calcite, 
brucite, chlorite, magnetite, and chromite (Hseu et al., 2018; Yang et al., 2022). Besides 
their high concentrations of Cr, Ni, and Co, soils from ophiolitic complexes often exhibit 
low calcium (Ca) to magnesium (Mg) ratios and reduced levels of essential macronutrients, 
including nitrogen (N), phosphorus (P), and potassium (K). These characteristics contribute 
to the development of unique flora and distinct soil properties, which can significantly affect 
local ecosystems (Hseu et al., 2018; Merrot et al., 2021; Tazikeh et al., 2018; Yang et al., 
2022). The low Ca/Mg ratio, coupled with the high trace metal concentrations, presents 
significant challenges to agricultural productivity in these regions (Hseu et al., 2018). 

The origin and landscape of soils within ophiolite complexes are closely linked to 
their marine sedimentary origins, leading to distinct variations in elemental composition 
and pedological characteristics. Hseu et al. (2007) reported that the concentrations of Cr 
and Ni in soils derived from serpentinites were five to ten times higher than those in soils 
derived from mixed mudstones in an ophiolite complex in Eastern Taiwan. The finding 
underscores the critical role of parent material in determining the geochemical composition 
of soils derived from sedimentary sources and the behavior of these elements under various 
environmental conditions (Tazikeh et al., 2018). In addition to the parent material, various 
soil properties, including pH, the presence of iron (Fe) oxides (Fe2O3), Fe sulfides, Fe-
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bearing clay minerals, manganese (Mn), and organic matter (OM) play significant roles in 
controlling the distribution of trace metals in terrestrial environments (Bolaños-Benitez et 
al., 2021; Merrot et al., 2021; Rinklebe & Shaneen, 2017). At low pH, Cr is reduced and 
adsorbed onto the surfaces of OM and Fe oxides, forming highly stable and less mobile 
Cr (III) species (Baralkiewicz & Siepak, 1999). 

However, Mn acts as a critical oxidant, forming the toxic and carcinogenic Cr (VI) 
species at high pH (Hseu, 2018; Merrot et al., 2021; Morrison et al., 2015). Similarly, the 
solubility and mobility of Ni and Co increase with decreasing soil pH, with Ni (II) and 
Co (II) being the more stable species under varying pH levels and oxidation-reduction 
conditions (Ma & Hooda, 2010). The mass balance model has determined the geochemical 
behaviors of trace metals in soils (da Silva et al., 2020; Ito et al., 2021; Wu et al., 2024). 
This model accounts for the addition, removal, and redistribution of elements within a soil 
profile relative to its parent material, making it a critical tool for understanding the fate 
of trace metals during soil formation and evolution (Chadwick et al., 1990; Hum et al., 
2024; Wu et al., 2023). In addition to trace metals, mass balance models have been widely 
applied to major elements, providing insights into the interactions of these components 
within the soil system (da Silva et al., 2020; Ito et al., 2021; Hum et al., 2024; Wu et al., 
2023; Wu et al., 2024). 

Despite the importance of the mass balance approach, limited studies have specifically 
applied it to investigate the mobility and distribution of Cr, Ni, Co, and other major elements 
during soil formation, particularly in soils derived from sedimentary parent materials, such 
as those found in ophiolitic complexes. Applying mass balance models provides a valuable 
approach for evaluating the behavior of trace metals and major elements in ophiolitic 
soils, allowing quantification of the rate of gains and losses of elements throughout the 
soil profile, thereby revealing the processes that influence their distribution and mobility. 
These rates were measured relative to the immobile element, such as titanium (Ti), which 
remains stable and provides a reference point during weathering (Chapman & Horn, 1968; 
Egli et al., 2008; Harnois, 1988; Hum et al., 2024; Wu et al., 2023). This approach offers 
critical insights into mechanisms such as leaching, which removes soluble metal forms; 
adsorption onto clay minerals; complexation with various inorganic ligands; and secondary 
mineral formation that can immobilize metals under certain conditions (Chadwick et al., 
1990; da Silva et al., 2020; Hum et al., 2024; Ito et al., 2021; Wu et al., 2023).

Studies on soils from ophiolite complexes have advanced significantly, with a focus on 
the environmental impact of trace metals and their elemental composition. These studies 
have highlighted the dual role of these soils: They can be relevant for agriculture yet pose 
undeniable threats to environmental sustainability due to their unique chemical properties 
(Hseu, 2018; Morrison et al., 2015; Yang et al., 2022). Understanding the geochemical 
background concentrations and distribution of major and trace elements in ophiolitic soils 
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is essential for effective pedological and environmental assessments, providing valuable 
information for land management and conservation efforts (Hseu et al., 2018). This study 
was conducted (1) to identify and characterize the parent materials of ophiolitic soils from 
Eastern Taiwan, (2) to analyze the elemental composition of these soils, (3) to explore the 
relationships between trace metals and pedogenic factors, and (4) to assess the mobility 
of soil components in these complex and dynamic environments.

MATERIALS AND METHODS

Site Description and Sampling	

The study area was located in the ophiolite complex that belongs to the Miocene-aged 
Lichi Formation in the township of Chishang, Taiwan (Figure 1) (Ho, 1988). Four soil 
pedons along the south-facing gradient transect were selected from the summit (CP1), upper 
backslope (CP2), lower backslope (CP3), and foot slope (CP4) with elevation ranges from 
290 to 343 m above sea level (Table 1). The climate condition of the study site is tropical 
humid, with massive rainfall and tropical cyclones from May to September. The mean 
annual air temperature is 22.5 ℃, and the average rainfall is 1800 mm. The soil moisture and 

Figure 1. (a) Location of the studied soils and their geological and topographic map; and (b) studied pedons 
(CP1-summit, CP2-upper backslope, CP3-lower backslope, and CP4-footslope)

(a)

(b)
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temperature regimes are udic and hyperthermic, respectively. The vegetation is dominated 
by tropical deciduous trees (Annonaceae sp.), exotic trees (Leucaena leucocephala), and 
perennial grasses (Oplismenus hirtellus, Carex obnupta, Cortaderia jubata, and Saccharum 
spontaneum). The field morphological description was determined according to the protocol 
suggested by the U.S. Soil Survey Manual (Soil Science Division Staff, 2017). The soil 
samples were collected according to genetic horizons, air-dried, and gently crushed to pass 
a 2-mm sieve for laboratory analyses.

Characterization of the Studied Soil 

The bulk density (Bd) was measured using the core method (Blake & Hartge, 1986). The 
pH was measured using a mixture of soil and deionized water (1:1, w/v) with a glass 
electrode (McLean, 1982). The Walkley-Black wet oxidation method was used to determine 
the organic carbon (OC) content (Nelson & Sommers, 1982). Cation exchange capacity 
(CEC) and base saturation (BS) percentage were determined by the ammonium acetate 
method (pH 7.0) (Rhoades, 1982). The particle-size distribution of the soil samples was 
determined using the pipette method (Gee & Bauder, 1986). Dithionite-citrate-bicarbonate 
(DCB) extraction was used to determine the dissolved crystalline and noncrystalline Fe- 
and Al-oxides (Mehra & Jackson, 2013). 

The total concentrations of silicon dioxide (SiO2), aluminum oxide (Al2O3), Fe2O3, 
potassium oxide (K2O), calcium oxide (CaO), magnesium oxide (MgO), sodium oxide 
(Na2O), manganese oxide (MnO), and titanium dioxide (TiO2) were determined after the 
following pretreatment of the sample procedure: A soil sample of 0.6 g (<75 μm) was 
combined with 6.0 g of flux composed of 49.75% Li2B4O7, 49.75% LiBO2, and 0.50% 
LiBr in a Pt-Au crucible. The mixture was fused using a fusion instrument (Claisse M4, 
Malvern Panalytical, UK) for 13 min with a liquefied petroleum gas and air flame. After 
fusion, the clear melt was poured into a 32 mm Pt-Au mold and cooled to room temperature. 
The uniform fused glass disk was used to determine major elements using a wavelength-
dispersive X-ray fluorescence spectrometer (WDXRF; AxiosmAX Advanced WDXRF, 
Malvern Panalytical, UK).

Table 1
Geographic information and classification of the studied pedons

Pedon Location
Elevation Slope Landscape 

Position
Soil 

Classification1m %
CP1 N 23° 04' 16.82", E 121° 13' 21.64" 343 15 Summit Typic Dystrudept
CP2 N 23° 04' 11.95", E 121° 13' 16.34" 322 15 Upper backslope Typic Dystrudept
CP3 N 23° 04' 10.05", E 121° 13' 14.72" 310 10 Lower backslope Typic Dystrudept
CP4 N 23° 04' 09.21", E 121° 13' 11.04" 290 5 Foot slope Typic Dystrudept

Note. 1 Soil Taxonomy (Soil Survey Staff, 2022)
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The total concentrations of trace elements (Cr, Ni, and Co) were measured following 
digestion with a mixture of HF- HNO3-HCl, as outlined in the U.S. Environmental 
Protection Agency’s protocol (method 3052; U.S. Environmental Protection Agency, 
2021). The digestion process was associated with a microwave oven system (Speedwave 
Entry, Berghof, Germany) at a gradual temperature increase of 180 ℃ in 10 min and 
further sustained at the same temperature and time. The concentration of all major and 
trace elements in the extraction and digestion solutions was quantified using inductively 
coupled plasma optical emission spectroscopy (ICP-OES; Optima 2100DV, PerkinElmer, 
Waltham, USA).

Mineralogical and Micromorphological Analyses

The powdered sand fractions (0.05–2 mm) by the pipette method were used for the mineral 
composition determination of the parent materials using X-ray diffraction (XRD, MiniFlex 
600 Powder Diffractometer, Rigaku, Japan). The XRD patterns of the samples were obtained 
from 0º to 70º 2θ at a scanning rate of 10º 2θ min-1. Furthermore, micromorphological 
characteristics and primary minerals were identified on thin sections of soil with a polarized 
light microscope (DM2700 M, Leica, Germany).

Elemental Mass Balance Calculation

The elemental mass balance approach was applied to estimate the gain and loss of the clay 
fractions, major elements (Si, Al, Fe, Ca, and Mg), and trace metals (Cr, Ni, and Co) in the 
studied pedons. The mass variation of the target element (j) was compared with the relative 
immobile index element (i) with the consideration of soil volume changes during soil 
development. Strain [ε], which stands for the volume change, was calculated based on the 
following equation (Brimhall & Dietrich, 1987; Brimhall et al., 1992; Chadwick et al., 1990):

εi,w = (ρpCi,p / ρwCi,w) – 1 			   [1]

where subscripts p and w represent the parent material and the weathered soil, respectively. 
ρ stands for Bd, while C refers to target and index element concentration. ε was employed 
to get the mobility of the target element (j) in the soils. The mass transfer coefficient (τj,w) 
was calculated, followed by the equation below:

τj,w = ((ρwCj,w / ρpCj,p)( εi,w+1)) – 1 		  [2]

where the positive value indicates the net gain of the target element (j) related to the parent 
material while the negative value represents the net loss, in Equations 1 and 2, C horizons 
in the studied pedons were regarded as the parent material, and Ti was employed as the 
immobile index element in the calculations.  
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Quality Assurance and Control and Statistical Analysis

A standard reference material, SRM 2709a (San Joaquin Soil) from the National Institute 
of Standards and Technology (NIST), USA, was also digested and analyzed using the 
U.S. Environmental Protection Agency (2021). The recoveries of the trace metals were as 
follows: Cr, 104%; Ni, 89.6%; Co, 94.60%. Additionally, a certified reference material, 
BCR-2 (Columbia River Basalt) from the United States Geological Survey, was also 
analyzed using WDXRF. The recoveries of targeted elements from the BCR-2 were as 
follows: Si, 99.6%; Ti, 100%; Al, 100%; Fe, 99.9%; Mn, 101%; Mg, 99.6%; Ca, 100%; 
Na, 110%; and K, 101%. For every 10 sample sets, a blank and spiked procedure was 
performed for interference assessment and contamination check.

Statistical software R (version 4.1.0) was used to perform Pearson’s correlation 
coefficient (r) analysis for the linear correlation among soil properties. The statistical 
significance levels are as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS AND DISCUSSION

Parent Material and Micromorphology 

This study utilized XRD to identify the primary minerals present in the sand fractions of 
ophiolitic soil. That is, chlorites were identified by peaks at 1.44, 0.72, 0.48, 0.46, and 
0.15 nm; feldspars were characterized by peaks at 0.64, 0.43, 0.39, and 0.38 nm; quartz 
was indicated by peaks at 0.25, 0.18, and 0.17 nm; micas were identified from peaks at 
1.00, 0.33, and 0.20 nm; and calcite was observed from peaks at 0.23 and 0.17 nm (Figure 
2). The abovementioned minerals suggested a complex mineralogical composition that 
deviates from the typical ophiolite parent materials. Ophiolites were generally expected to 
be composed mainly of minerals such as serpentinized amphibole, pyroxene, and accessory 
olivine, which reflect the soils developed, particularly those that have not undergone 
extensive weathering (Dilek & Furnes, 2014; Külah et al., 2014). However, the dominance 
of chlorites, feldspars, quartz, micas, and calcite in the studied soils indicated that they 
were predominantly derived from other parent materials rather than serpentinites. Instead, 
the mineralogy of these soils suggested a significant influence from marine sediments, 
particularly mudstones, which were known to contribute to the mineral diversity found in 
ophiolitic soil profiles (Hseu et al., 2007; Külah et al., 2014). Additionally, no slickensides 
or visible cracks, typically characteristic of soils derived from fine-textured marine 
sediments, were observed in the field, and this corresponded with the absence of smectite 
in the XRD results. Furthermore, the relatively lower number of peaks and peak intensities 
for serpentine (0.72 and 0.22 nm), chrysotile (0.36 and 0.15 nm), and talc (1.0, 0.31 and 
0.25 nm) suggested that these minerals were present in smaller quantities than expected. 
However, kaolinite appears to be identified by the peaks at 0.72 nm and 0.36 nm in the 
XRD spectra, which are characteristic of soils derived from fine-grained marine sediments. 
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This observation is consistent with the findings of Hseu et al. (2007). Moreover, talc could 
also potentially overlap with mica near 1.00 nm. This indicated that the soils had been less 
influenced by serpentinites than one might anticipate, implying a more complex geological 
history involving altering the original ophiolitic materials during their formation. This 
alteration reflects the broader geological processes and environmental conditions that have 
impacted the ophiolite complex over time. 

Plane-polarized light (PPL) and cross-polarized light (XPL) microscopy images 
verified the presence of minerals previously identified by XRD. Under PPL, chlorite was 
recognized by its colorless to pale green appearance, showcasing its pleochroic behavior 
as it changed intensity with the rotation of the microscope stage. When viewed under 
XPL, chlorite displayed striking blue interference colors, which is characteristic of this 
mineral (Figure 3a). Feldspar, which is a significant rock-forming mineral commonly 
found in ultramafic and sedimentary parent materials (Verrecchia & Trombino, 2021), was 
identified by its distinctive features. Under PPL, feldspar exhibited a tabular parallel habit 
with a cloudy color; under XPL, it showed a distinctive polysynthetic twinning pattern 
with interference colors ranging from gray to white (Figure 3a). Quartz was identified by 

Figure 2. X-ray diffraction pattern of the sand fractions in ophiolite soils (CP1-Bw1, CP2-A, CP3-BC, and 
CP4-C). Chl = chlorite, Fel = feldspar, Qtz = quartz, Mic = micas, Ser = serpentine, Chr = chrysotile, Tal 
= talc, Kao = kaolinite
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Figure 3. Photomicrographs of the thin section (left, plane polarized; right, cross-polarized light) showing: 
(a) chlorite, feldspar and quartz in Bw2 horizon of CP2 pedon; (b) quartz and micas from CB horizon of 
CP3 pedon; (c) calcite in Bw2 horizon of CP2 pedon; (d) quartz and serpentine in CB horizon of CP4 pedon; 
€ chlorite, chrysotile, and quartz in A horizon of CP1 pedon; (f) and talc in Bw1 horizon of CP3 pedon

detrital grains that appeared colorless or white under both PPL and XPL. These grains were 
observed consistently across multiple photos (Figures 3a, 3b, 3d, and 3e), reinforcing the 
identification of quartz by the XRD. The presence of micas group minerals was indicated 
by laminar grains that showed brown to brownish-green colors with white to gray bands 
under PPL. Under XPL, these grains exhibited bright colors ranging from pink to green to 
blue (Figure 3b). This range of interference colors is typical for mica minerals and helps 
identify them. Calcite was identified by an aggregate of white grains with pink to gray 
borders under PPL. When observed under XPL, calcite displayed high-order interference 
colors, which are indicative of its high birefringence (Figure 3c). The identification of the 
primary minerals in the thin sections using polarized light microscopy was based on the 
mineralogical criteria described by Deer et al. (2013).

The thin sections also revealed the presence of serpentine, chrysotile, and talc. 
Serpentine minerals were identified by their platy texture, which appeared white under PPL 
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and showed gray to yellow interference colors under XPL. Chrysotile, a fibrous variety of 
serpentine, appeared with a parallel fibrous texture that was white in PPL and displayed 
gray to yellow colors under XPL (Figures 3d and 3e). Furthermore, the presence of talc 
was indicated by a flaky aggregate with an irregular bladed texture that appeared colorless 
with hints of very pale green under PPL. Under XPL, this aggregate displayed high third-
order interference colors. 

The detailed observations under PPL and XPL offer a comprehensive and conclusive 
verification of the mineral composition in the ophiolitic soils, providing nuanced insights 
that strongly corroborate the findings from XRD. The presence of tectosilicates such 
as feldspar and quartz, as well as phyllosilicate minerals like chlorite, serpentine group 
minerals, and micas, matches the expected outcomes. This evidence suggested that the 
parent materials of these soils were lithified, fine-grained sediment particles that weathered 
from various minerals and rocks, which underwent chemical alteration during tectonic 
movements (Macquaker et al., 1997; Lazar et al., 2015). Serpentine group minerals 
are generally not found in soils derived from sedimentary parent materials, particularly 
mudstone, due to their specific formation conditions (Perri et al., 2021). Their presence 
in the studied ophiolitic soils indicated a significant tectonic event and reflected the 
incorporation of primary minerals from serpentinites.

Soil Physical and Chemical Characteristics

Table 2 provides a detailed overview of the selected soil characteristics across the studied 
ophiolitic soil pedons. The particle size distribution in these pedons showed no distinct 
variation, with the clay fraction consistently dominating. Specifically, the clay content 
ranged from 45.0% to 62.5%, surpassing the sand fraction, which varied between 2.5% and 
40.0%. This trend was evident across all pedons, with the highest clay content observed 
in the lower backslope pedon (CP3) and the lowest in the foot slope pedon (CP4). The 
study further revealed that soil Bd tended to be lower in the surface horizons across all 
pedons compared to the subsurface horizons, indicative of the higher OM content (Jiménez-
Ballesta et al., 2024). The soil pH values across the pedons were found to be slightly to 
moderately acidic, ranging from 6.1 to 6.9. Notably, these pH values remained consistent 
with increasing depth, suggesting a relatively uniform distribution of acidity throughout 
the soil profiles.

In terms of organic carbon (OC) content, the surface horizons exhibited relatively 
higher levels, ranging from 5.0% to 5.8%. The higher OC content in the surface horizons 
was attributed to the accumulation of OM, which is often deposited from plant litter and 
other organic inputs at the soil surface (Jiménez-Ballesta et al., 2024). Conversely, the OC 
content decreased with soil depth, ranging from 3.6% to 2.0% in the subsurface horizons. 
A notable observation was the consistently higher levels of exchangeable Ca compared 
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to Mg, K, and Na across all pedons. Exchangeable Ca ranged from 3.62 to 10.6 cmol(+) 
kg-1, while Mg levels were lower, ranging from 0.45 to 1.12 cmol(+) kg-1. The finding was 
somewhat unexpected, as soils developed in ophiolitic complex typically exhibit higher 
Mg levels than Ca (Hseu, 2018; Yang et al., 2022). The higher Ca levels in the studied soils 
suggested that they were primarily derived from sedimentary materials, namely calcite, 
which have a different elemental composition than ultramafic rocks. The CEC values in the 
studied pedons ranged from 14.5 to 27.3 cmol(+) kg-1. The highest CEC value was recorded 
in the summit pedon (CP1), while the lowest was observed in the upper backslope pedon 
(CP2). The BS percentage in the studied soils ranged from 17.1% to 82.2%. Higher BS 
values were observed in the C horizons of all pedons, which was attributed to the leaching 
and accumulation of basic cations from the surface and subsurface soils into these deeper 
layers, highlighting the dynamic nature of nutrient cycling and soil development within 
the ophiolitic landscape.

The study also determined the contents of DCB extractable Fed and Ald, which 
ranged from 65.5 to 96.3 g kg-1 and 5.04 to 11.8 g kg-1, respectively (Table 2). Elevated 
concentrations of Fed and Ald were particularly noticeable in the B horizons, where the 
accumulation of free Fe and Al oxides was more pronounced. The accumulation was likely 
due to the processes of weathering and leaching that preferentially concentrated these 
oxides in the subsurface horizons. Based on the observed soil characteristics, including the 
well-structured development in the mineral subsurface horizons (Bw) and the presence of 
low basic cations, the four studied pedons were classified as Typic Dystrudepts according 
to the Soil Survey Staff (2022)(Table 1). 

Total Content of Major and Trace Elements

The total contents of major and trace elements in the studied pedons (CP1 to CP4) within the 
ophiolite complex are detailed in Table 3. Results showed that SiO2 across the four pedons 
showed irregular fluctuations throughout the soil horizons, ranging from 65.8% to 53.2 %. 
Similarly, the concentrations of Al2O3 and Fe2O3 also exhibited vertical variations, with Al 
ranging from 16.8% to 13.5% and Fe from 6.59% to 4.52%. Notably, slightly higher levels 
of Al2O3 and Fe2O3 were observed in the CP2 pedon (located on the upper backslope) and 
the CP3 pedon (situated on the lower backslope). This was consistent with their topographic 
positions, which were typically zones of deposition where these elements could be 
accumulated. Moreover, results showed noticeably elevated concentrations of Al2O3 (15.1% 
to 16.8%) and Fe2O3 (5.41% to 6.45%) in B horizons, indicating the accumulation of the 
element during soil formation. In contrast, other selected elements, such as K2O (2.36% 
to 2.89%), Na2O (0.96% to 1.78%), MgO (1.51% to 2.31%), CaO (0.56% to 2.60%), and 
MnO (0.05% to 0.10%), were present in lower concentrations compared to SiO2, Al2O3, 
and Fe2O3 across all pedons (Table 3). The elemental composition of the studied ophiolitic 
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soils did not align with the characteristics of the typical soils found in ophiolite complexes, 
which were known for their low SiO2 content (<45%) and relatively high Fe2O3 content. 
The low SiO2 and high Fe2O3 content were inherited from the mafic and ultramafic parent 
materials (serpentinites), which are rich in Mg- and Fe- silicates (Hseu et al., 2007; Yang 
et al., 2022). However, the relatively high SiO2 (>45%) and Al2O3 contents observed in 
the studied soils were indicative of their derivation from fine-grained sedimentary rocks, 
such as mudstone (Macquaker et al., 1997; Perri et al., 2021). 

These rocks were primarily composed of clay minerals and silt-sized particles, which 
contained significant amounts of aluminosilicate minerals, including feldspars and micas. 
The presence of these minerals was confirmed through XRD analysis and cross-polarized 
light microscopy (Table 3; Figures 2 and 3).

Regarding the Ca/Mg ratio, the results revealed lower values in CP1, CP3, and CP4 
pedons, all showing a ratio of less than or equal to 1.0 (Table 3). This outcome was likely 
influenced by the formation of carbonates, such as calcite, which developed after the parent 
materials in the ophiolite complex were formed (Dandar et al., 2023). Consequently, Ca 
tended to be depleted in the soils during weathering under a tropical humid climate (Nesbitt 
& Young, 1982; Harnois, 1988; Jiménez-Ballesta et al., 2022). In contrast, the subsurface 
horizons of the CP2 pedon exhibited a higher concentration of Ca compared to the total 
Mg concentration, which resulted in a Ca/Mg ratio exceeding 1.0. This elevated ratio in 
CP2, in comparison to the other pedons, was significantly influenced by the presence of 
feldspar and carbonate minerals (Nesbitt & Young, 1982). This was further supported by 
mineral micromorphology observed through polarized light microscopy, which indicated 
these minerals’ contributions to the increased Ca levels in the CP2 pedon (Figures 2, 3a, 
and 3d). The intricate and diverse composition of the ophiolite complex created a unique 
mineralogical structure, which significantly contributed to the specific characteristics 
and behavior of this element. This relationship between the complexity of the mineral 
composition and the properties of the elements underscores the importance of the geological 
context in determining the distribution, concentration, and chemical behavior of the element 
within the ophiolite complex.

Ophiolitic soils are commonly enriched with trace metals, such as Cr, Ni, and Co, due 
to the presence of ultramafic rocks in the ophiolite complex (Kierczak et al., 2007; Oze et 
al., 2004; Kierczak et al., 2016; Hseu et al., 2018). Nevertheless, the formation of ophiolite 
complexes typically involved the accretion of sedimentary cover and other crustal layers, 
which led to lower concentrations of Cr, Ni, and Co in soils derived from these sedimentary 
parent materials (Kierczak et al., 2016; Hseu et al., 2018). In the studied ophiolitic soils, 
the concentrations of trace metals exhibited variations that ranged from 71.2 to 105.0 
mg kg-1 for Cr, 23.6 to 43.2 mg kg-1 for Ni, and 20.3 to 27.9 mg kg-1 for Co (Table 3). 
Interestingly, the levels of Cr, Ni, and Co were slightly elevated in the CP3 pedon compared 
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to the CP1, CP2, and CP4 pedons, which were situated in the lower backslope positions, 
respectively. Backslope areas were often considered zones of accumulation where eroded 
materials from upper slopes were deposited, leading to higher trace metal concentrations 
(Zhang et al., 2020). This observation was further supported by the fact that these higher 
concentrations of Cr, Ni, and Co in CP3 pedon corresponded with the elevated levels of 
DCB extractable Al and Fe in the same pedons, indicating the significant role of Fe- and 
Al-oxides in influencing the distribution of trace metals in the environment (Rinklebe & 
Shaheen, 2017; Merrot et al., 2021) (Tables 2 and 3). 

The concentrations of Cr, Ni, and Co in the studied pedons (CP1 to CP4) were notably 
higher than the world soil averages of 59.5 mg kg-1 for Cr, 29.0 mg kg-1 for Ni, and 11.3 mg 
kg-1 for Co (Kabata-Pendias, 2011), suggesting that these heavy metals accumulated during 
soil formation. However, when considering the implications for agricultural practices, the 
Cr, Ni, and Co levels in these soils were below the contamination control thresholds set for 
Taiwan, which were 175 mg kg-1 for Cr and 130 mg kg-1 for Ni, with no specific permissible 
limit for Co. The presence of minerals such as chlorite, serpentine, and chrysotile in the 
studied pedons (Figures 2, 3a, 3d, and 3e) further supported the idea that these elements 
were primarily of geogenic origin (Kierczak et al., 2007; Caillaud et al., 2009). 

The trace metal levels found in this study were significantly lower than those reported 
in previous research, which was also conducted on ophiolite complexes in eastern Taiwan. 
For instance, Hseu et al. (2007) reported Cr concentrations (400 to 3,100 mg kg-1) that 
were as far as thirty times higher, and Ni concentrations (400 to 5,800 mg kg-1) were up 
to over a hundred times greater than those observed in this study. Similarly, Yang et al. 
(2022) reported that the Cr and Ni total concentrations ranged from 1,880 to 3,854 mg 
kg-1 and 2,355 to 4,994 mg kg-1, respectively. This discrepancy underscores the variability 
in trace metal concentrations across different ophiolite complexes, likely due to the fact 
that the studied soils are being partially derived from other parent materials as indicated 
by the higher Si content, the elevated concentration Al over Fe, and the limited presence 
of primary minerals responsible for the high concentration of trace metals. There was no 
data for the concentration of Co in the mentioned studies in Taiwan, but Kierczak (2016) 
reported that the total concentration of the element in Poland ranged from 83 to 168 mg 
kg-1, much higher than the studied ophiolitic soils.

Relationships Between Soil Properties, Major Elements, and Trace Metals

The geochemical characteristics of trace metals in ophiolitic soils were analyzed using 
Pearson’s correlation to investigate their relationships with basic soil properties, major 
elements, and trace metals to better comprehend their solubility and mobility (Table 4). 
No significant correlation was observed between soil pH and the concentrations of Cr, Ni, 
and Co in the ophiolitic soils (Table 4). Even though higher concentrations of trace metals 
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were observed in CP2 and CP3 pedons, the soil pH values remained relatively consistent 
across different horizons and pedons (Tables 2 and 3). The studied ophiolitic soils were 
classified as Inceptisols, which exhibit comparable acidic to moderate pH values, causing 
the lack of relationships between soil pH and the trace metals. As these soils continue to 
develop, the influence of pedogenic processes on trace metal distribution is expected to 
become more pronounced. 

Generally, besides pH, OC and Fe/Al-oxides were also the critical factors that influence 
the oxidation states and solubility of these trace metals, affecting their distribution and 
mobility (Hseu et al., 2018; Wang et al., 2020; Xu et al., 2020). OC generally provides 
retention sites and controls the movement of absorbed trace metals in soils (Wang et al., 
2020). However, in this study, no significant correlations were found between OC and 
the concentrations of Cr, Ni, and Co, suggesting that the distribution of these trace metals 
may be influenced by factors other than OC (Table 4). The highest concentrations of trace 
metals were observed in the BC horizon of pedon CP3, with values of 105 mg kg-1 for Cr, 
43.2 mg kg-1 for Ni, and 27.9 mg kg-1 for Co. In contrast, the lowest values were recorded 
in the Bw2 horizon (71.2 mg kg-1 for Cr, 20.2 mg kg-1 for Co) and the C horizon (27.7 
mg kg-1 for Ni) of the CP4 pedon. Interestingly, both the highest (5.43% OC) and lowest 
(1.31% OC) levels of OC were found in the CP4 pedon, highlighting the variability in OC 
distribution across different soil horizons. The observed differences in the distributions of 
Cr, Ni, Co, and OC were likely associated with the strong affinity of these trace metals for 
Fe and Al oxides, which incorporate them into the mineral matrix rather than associating 
them with OM (Hseu et al., 2018; Wang et al., 2020; Xu et al., 2020). 

The strong positive correlation between Fet and Alt with Crt (p < 0.01) and the positive 
correlations of these total elements with Nit and Cot (p < 0.05) indicated a significant 
influence of the parent material and the geochemical affinity between these trace metals 
and the Fe and Al oxides present in the soils. The considerably elevated concentrations of 
total Al and Fe and the DCB-extractable Fe in the B horizons (79.7 to 88.3 g kg-1 Fet; 37.8 
to 45.1 g kg-1 Alt; 78.4 to 94.7 g kg-1 Fed; Tables 2 and 3) strengthen the relationships of 
these elements with Cr, Ni, and Co. The high surface areas and reactive sites of Fe and Al 
oxides facilitate the adsorption of trace metals, leading to their co-precipitation with Cr, 
Ni, and Co (Bolaños-Benitez et al., 2021; Cornell & Schwertmann, 2003; Merrot et al., 
2021). Pedogenic metal oxides, particularly Fe and Al oxides, were considered important 
sinks for trace metals in soils (Hseu, 2018). Moreover, the slightly to moderately acidic 
conditions of the studied soils (pH 6.06 to 6.88) likely played a role in the formation of 
these oxides (Schwertmann et al., 2000), as their pH-dependent solubility affects the 
availability of trace metals in the soil solution, leading to their accumulation in association 
with Fe and Al oxides (Table 2) (Bolaños-Benitez et al., 2021; Merrot et al., 2021). Among 
the trace metals studied, only Ni showed a positive correlation with Fed (p < 0.05) in the 
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Table 4
Pearson’s correlation matrix among selected soil properties, selected total major elements, and total trace 
metals in the studied soil samples (n=24)

  pH OC Fed Ald Sit Alt Fet Crt Nit Cot Ca/Mg
pH
OC -0.43*

Fed 0.21 -0.04
Ald 0.21 0.01 0.52*

Sit 0.02 -0.48* -0.32 0.10
Alt 0.25 0.11 0.39 0.01 -0.77***

Fet 0.19 0.19 0.42* -0.15 -0.86*** 0.95***

Crt 0.23 0.22 0.40 0.06 -0.69*** 0.56** 0.60**

Nit 0.26 0.25 0.43* 0.23 -0.66*** 0.50* 0.51* 0.95***

Cot 0.21 0.23 0.34 -0.03 -0.65*** 0.43* 0.50* 0.97*** 0.93***

Ca/Mg -0.26 -0.01 -0.19 -0.84*** -0.22 -0.02 0.18 0.21 0.01 0.29

Note. Fed: Fe DCB-extractable; Ald: Al DCB-extractable. Sit: total SiO2; Alt: total Al2O3; Fet: total Fe2O3; Crt: 
total Cr; Nit: total Ni; Cot: total Co. *, **, and *** Significant at p < 0.05, 0.01, and 0.001

DCB extractable fraction, further emphasizing the role of free Fe oxides in influencing 
Ni distribution.

The Ca/Mg ratio is another important indicator that provides insights into the geological 
history and processes influencing the formation and evolution of ophiolites. This ratio is 
particularly useful in understanding the enrichment and depletion of basic cations through 
hydrothermal alteration processes (Miyashiro et al., 1969; Coleman & Keith, 1971; Hseu 
et al., 2018). The interactions between oceanic fluids and primary minerals during these 
processes can lead to the enrichment and incorporation of trace metals into the mineral 
structure (Naldrett & Lehmann, 1988; Grieco et al., 2004). As ophiolitic parent materials 
weather, they release major elements and trace metals, which become incorporated into 
the developing soil (Hseu et al., 2018). As soil development progresses, Ca is recycled by 
plants, while Mg is lost due to its solubility in the soil environment, which also affects the 
concentrations of Cr and Ni (Hseu, 2018). However, in this study, no significant correlations 
were observed between the Ca/Mg ratio and the concentrations of Cr, Ni, and Co in the 
ophiolitic soils (Figure 5), suggesting that the behavior of Ca and Mg during pedogenesis 
may have an indirect impact on trace metal concentrations rather than a direct one. 

The study also revealed strong positive and significant correlations among Crt, Nit, 
and Cot (p < 0.001), indicating that these trace metals were concurrently released during 
the weathering of the ophiolitic parent material and were not significantly influenced by 
non-geogenic sources. In typical ophiolitic environments, where ultramafic rocks are 
the dominant source of soil development, Ni is often found in the structures of minerals 
located in octahedral layers, such as lizardite, antigorite, chrysotile, and other phyllosilicate 
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minerals, including those in the chlorite group. These minerals can be easily released during 
soil formation (Hseu et al., 2007; Kierczak et al., 2016). Cr and Co, on the other hand, are 
primarily sourced from chromite, a key mineral in ultramafic rocks, and are often enriched 
by magnetite (Oze et al., 2004; Kierczak et al., 2016; Hseu, 2018; Hseu et al., 2018; Yang 
et al., 2022). The weathering of the abovementioned minerals has a significant impact on 
the proportions of Cr, Ni, and Co in sediment-derived ophiolitic soils, such as those derived 
from mudstone. For instance, Garver et al. (1996) reported that elevated concentrations of 
trace metals in soils suggest the presence of ultramafic rocks in the sediment source region. 
While the origin of trace metals is often determined using background concentrations, world 
average elemental equivalence, and Earth’s crust composition, the significant correlations 
between these trace metals and their abundance in ophiolitic soils also provide valuable 
provenance information, as they reflect the lithological characteristics of their parent 
materials (Tables 3 and 4) (Gonnelli & Renella, 2012; Kabata-Pendias, 2011).

Mobility of Soil Components

The enrichments and depletion factors of clay, along with elements like Si, Al, Fe, Ca, Mg, 
and trace metals, were carefully analyzed to understand the long-term weathering rates of 
soils. The mass transfer coefficient (τ) of clay increased significantly at the surface of the 
studied pedons, especially for the CP1 (summit; Clayτ = 0.24) and CP2 (upper backslope; 
Clayτ = 0.23) pedons, where the stability of the landscape allowed for intense chemical 
weathering over time, leading to the gradual build-up of clay, suggesting that the landscape 
has remained stable enough to favor clay accumulation. In contrast, in CP3 to CP4 pedons 
(lower backslope to the footslope; CP3, Clayτ = 0.09; CP4, Clayτ = 0.10), in consideration of 
the increasing slope, the enrichment of clay might be mainly due to erosion and deposition 
processes. These processes have moved clay particles from higher areas to lower ones, 
resulting in sediment accumulation and a corresponding increase in clay content in these 
pedons. In terms of the subsurface horizons, both pedons CP1 and CP2 generally had similar 
increases in clay content (Clayτ = 0.00 to 0.02), suggesting the constant accumulation of clay 
particles. CP3 pedon (Clayτ = -0.01 to 0.02), however, generally showed no significant gains 
or losses in the subsurface horizons, indicating a balance between erosion and deposition. 
On the other hand, CP4 pedon (Clayτ = -0.19 to 0.04) experienced a noticeable loss of clay 
in the subsurface layers, which is likely due to water percolation that leaches clay particles 
away, leaving behind coarser materials (Table 2). 

Similar patterns were observed for the major elements Si, Al, and Fe, which correlated 
with the clay content, indicating that the behavior of these major elements appears to 
be interrelated, likely due to the influence of soil formation processes, particularly the 
translocation of secondary clay minerals within the soil profiles (Tonkha et al., 2021). The 
accumulation of major elements in the surface horizon in CP1 to CP4 pedons (Siτ = 0.10 to 
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0.21; Alτ = 0.09 to 0.21; Feτ = 0.09 to 0.20) is probably due to the higher concentration of 
fine particles, while the losses of these elements in the subsurface horizons, especially in 
CP4 pedon (Siτ = -0.18 to 0.04; Alτ = -0.19 to 0.04; Feτ = -0.19 to 0.04), may be attributed 
to coarser or less uniform textures (Macquaker et al., 1997; Tonkha et al., 2021). CP1 (Caτ 
= 0.00 to 0.15; Mgτ = 0.00 to 0.18), CP2 (Caτ = 0.00 to 0.11; Mgτ = 0.00 to 0.16), CP3 (Caτ 
= 0.00 to 0.05; Mgτ = 0.00 to 0.08) pedons, and the surface soils of CP4 (Caτ = 0.14; Mgτ 

= 0.10) exhibited no net gain and loss to positive mass fluxes for Ca and Mg (Figure 4). 
Typically, in ophiolitic soils, the behavior of these basic cations changes as soil development 
progresses. Mg is often leached out through the breakdown of Mg-silicate minerals and 
high-activity clay minerals, while Ca tends to be recycled by plants (Hseu, 2018; Yang 
et al., 2022). However, in this study, both Ca and Mg showed comparable mass fluxes, 
which is consistent with the intermediate stage of soil development observed in the studied 
ophiolitic soils (Table 1). 

The selected trace metals in the ophiolitic soils exhibited similar mass flux patterns, 
indicating consistent geochemical behavior and uniformity in the source material (Figure 
5). Notable positive mass fluxes were observed in surface and upper subsurface soils from 
pedons CP1 (Crτ = 0.14 to 0.24; Niτ = 0.14 to 0.25; Coτ = 0.13 to 0.24) and CP2 (Crτ = 0.04 
to 0.20; Niτ = 0.04 to 0.23; Coτ = 0.04 to 0.20), as well as in the surface soils of pedons CP3 
(Crτ = 0.11; Niτ = 0.10; Coτ = 0.11) and CP4 (Crτ = 0.14; Niτ = 0.14; Coτ = 0.14), suggesting 
an enrichment of these metals in the upper soil layers. Conversely, the subsurface horizons 
of pedon CP4 displayed negative mass fluxes, indicating a loss of trace metals in the soils 
from low-elevation areas. The observed gains and losses of trace metals in the studied 
ophiolitic soils (CP1 to CP4 pedons) corresponded closely with the behavior of the major 
elements, such as Al, Fe, and clay. These elements are known to provide retention sites for 
trace metals, effectively controlling their mobility and availability within the soil matrix 
(Bolaños-Benitez et al., 2021; Cornell & Schwertmann, 2003; Merrot et al., 2021; Hseu 
et al., 2018; Wang et al., 2020). 

Specifically, the positive correlations between trace metals and Fe and Al in the 
studied ophiolitic soils (Table 4), along with the substantially elevated concentrations of 
total and DCB extractable Al and Fe in B horizons (Tables 2 & 3) as mentioned above, 
reinforced the idea that these elements played a critical role in the accumulation of metals, 
particularly Cr, Ni, and Co. Although OC did not exhibit a direct positive correlation with 
the trace metals (Table 4), the high concentrations of OC in the surface soils still reflect 
the observed gains of trace metals in these horizons, which serves as binding agents that 
enhance trace metal retention (Wang et al., 2020; Table 2; Figure 5). Furthermore, the 
noticeable change in the mass flux of trace metals was observed only in pedon CP4, which 
exhibited a negative trend in the subsurface horizons, likely influenced by the higher 
proportion of coarse particles (25 to 40% sand; Table 2; Figure 5). Coarse-textured soils, 
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with their higher permeability, tend to promote the mobility and leaching of trace metals. 
Additionally, the elevated concentrations of trace metals in the surface soils of the studied 
pedons might be attributed to the higher OC content, which can bind trace metals and 
enhance their retention (Table 2). 

The observed behavior of trace metals in these ophiolitic soils did not align with 
findings from previous studies, which suggested that trace metals tend to accumulate more 
at lower elevations due to longer water residence time (Chen & Torres, 2012; Liu et al., 
2016). This discrepancy suggested that other soil components, such as texture and OM, 
may play a more significant role in determining trace metal distribution than elevation 
alone. Moreover, the behavior of clay content, major elements, and trace metals in the 
studied ophiolitic soils followed similar trends, reinforcing that the parent material and 
pedogenesis primarily influence these soil components. Furthermore, the consistency across 
these elements suggested that external factors, particularly anthropogenic inputs, did not 
significantly impact the observed patterns but rather reflected the intrinsic characteristics 
of the soil and its natural development over time. 

Figure 4. Mass transport coefficient (τ) of clay, Si, Al, Fe, Ca, and Mg with depth
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CONCLUSION

The study provided a comprehensive understanding of their mineralogical and geochemical 
properties, highlighting the intricate relationships between soil formation processes and 
trace metal dynamics. The study identified key minerals such as chlorites, feldspars, and 
quartz, which reflect that the studied soils were not derived from typical ophiolite parent 
materials (serpentine) but rather mudstones. It also revealed that the concentrations of 
trace metals, including Cr, Ni, and Co, were influenced significantly by the presence of 
Fe and Al oxides. Moreover, the mobility and retention of trace metals in the studied 
pedons are closely linked to soil texture, suggesting that well-drained, coarse-textured soils 
may facilitate leaching. The accumulation of trace metals in CP1, CP2, and CP3 pedons 
(summit and upper backslope) rather than in CP4 (footslope) emphasized the need to 
consider local soil characteristics and environmental factors in understanding trace metal 
behavior. Additionally, the results emphasized the variability in trace metal concentrations 
across different pedons in the ophiolite complex, which was attributed to other parent 
materials and soil formation processes. Furthermore, the exploration of the relationships 
between trace metals and soil components highlighted the complex interactions that govern 
their mobility, emphasizing the need for a nuanced understanding of soil dynamics in 
these unique environments and providing valuable insights for future research and land 
management practices.
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ABSTRACT

Rice (Oryza sativa L.) is the main source of calories for the world’s population but faces challenges 
from climate change and pest infestations, particularly the brown planthopper (BPH) in Indonesia. 
This study assessed agronomic traits, yield components, and resistance to BPH in 16 rice genotypes, 
comprising 14 doubled-haploid (DH) lines and two commercial varieties (Ciherang and Inpari 18). 
Genotype selection involved the Multi-Trait Genotype–Ideotype Distance Index (MGIDI) and 
Factor Analytic Index-Based Best Linear Unbiased Prediction (FAI-BLUP). Genotype-by-trait (GT) 
biplots were also utilized to visualize genotype performance across various traits. The response of 
the DH lines to BPH was assessed using biotypes 1, 2, and 3. The MGIDI-selected genotypes, were 
M-5, M-7, and M-12, which yielded 9.0-, 8.9-, and 9.6- ton ha-1, respectively. They significantly 
surpassed yield of the commercial checks. M-5 and M-7 were also selected in the FAI-BLUP, while 
M-12 was not due to the advantage of trait weighting in the MGIDI analysis. These lines aligned 
with the selection goals based on the rice ideotype, demonstrating ideal agronomic performance. 
The effectiveness of both MGIDI and FAI-BLUP in the selection has shown promising results, 
explaining 100% of the variance among traits and resulting in predicted genetic gains indicating 
improvements in most traits. Two promising DH lines (M-5 and M-7) showed moderate resistance 

to BPH biotype 1 and moderately susceptible to 
biotype 2 while susceptible to biotype 3. This 
variability highlights the challenge of using these 
lines in different environments with those two 
BPH biotypes. 

Keywords: Agronomic trait, BPH, doubled-haploid, 
multivariate selection, selection index 
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INTRODUCTION

Rice (Oryza sativa L.) provides 20% of the calorie intake required by humans worldwide 
and exceeds 70% of human calorie requirements in several Asian countries (Zhao et al., 
2020). Of the total global rice production, 90.6% is produced in Asia (Mohidem et al., 2022). 
The majority of rice consumers were also in Asia, where from 2018 to 2020, the per capita 
rice consumption reached 77 kg per year. Meanwhile, in Latin America, Africa, Europe, 
Oceania, and North America, the per capita rice consumption levels were 28.0 kg, 27.4 
kg, 13.5 kg, and 6.3 kg per year, respectively (Rahman & Zhang, 2023). According to the 
Food and Agriculture Organization of the United Nation ([FAO], 2021), rice consumption 
in low-income Asian countries such as Indonesia is expected to increase from 122 kg per 
capita per year in 2020 to 129 kg by 2030, following previous trends. According to data 
released by the United States Department of Agriculture ([USDA], 2023), to meet global 
rice demand, rice production in 2024 is projected to increase by 8.1 million tons from the 
previous year, with an estimate of reaching 520.9 million tons of dry paddy rice. However, 
this projection may not be reached due to production constraints, one of which is global 
climate change.

The Asian continent is the region most vulnerable to the impacts of global climate 
change (Queiroz et al., 2021). These impacts include unpredictable pest and disease attacks 
(Iqbal et al., 2023; Nguyen et al., 2023), which limit agricultural activities and threaten 
food availability. In 2020, approximately 720 to 811 million people worldwide experienced 
hunger, mainly due to climate change, conflict, and economic slowdowns (FAO, IFAD, 
UNICEF, WFP, & WHO, 2021). Global climate change is also leading to increasing water 
scarcity and land degradation problems, adding complexity to crop production (Hermans & 
McLeman, 2021). The impact of climate change significantly reduces rice yields (Habib-ur-
Rahman et al., 2022). Therefore, the primary focuses in developing superior rice varieties 
in these conditions are high yields, good quality, resistance to pests and diseases, and 
tolerance to environmental stress (Rezvi et al., 2023). 

Doubled haploid (DH) rice lines derived from anther culture can be used to accelerate 
the development of new varieties (Hadianto et al., 2023). An efficient selection method 
using a novel approach for genotype selection and treatment recommendation based 
on information on multiple traits that overcome the fragility of classical linear indexes 
called multi-trait genotype–ideotype distance index (MGIDI) has been proposed by 
Olivoto & Nardino (2021). The lack of varieties resistant to various pests and diseases 
is one of the main obstacles to achieving high rice production (Fahad et al., 2019). The 
worsening conditions of climate change and global warming are increasing abiotic stress 
and affecting the biological processes of biotic factors like pests and diseases, including 
their development, reproduction, and survival rates, and their interactions with host plants 
(Wang et al., 2022). Plants respond differently to abiotic factors compared to biotic factors, 
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and most pests and diseases can co-evolve with the host plant, causing the host to remain 
vulnerable and increasing the potential for epidemics (Bhar et al., 2021). Therefore, 
developing hosts that are resistant to pests and diseases is considered a practical approach 
to addressing these challenges (Wang et al., 2021).

On average, 37% of global rice plantations experience yield loss due to pests and 
diseases every year. In particular, insects significantly limit high rice production (Rasool 
et al., 2020). The use of insecticides to control insects has reportedly led to an increase in 
secondary incidences, especially of the brown planthopper (BPH) (Nilaparvata lugens), 
and in the long term, has resulted in consistent resistance (Wu et al., 2018). The BPH, 
an important pest of rice plants, is widespread in tropical areas, especially in the Asia-
Pacific region (Iamba & Dono, 2021). Peak BPH outbreaks in Indonesia occurred during 
La Nina in 2010 and 2011, affecting 137,481 hectares and 221,832 hectares, respectively, 
with estimated losses of around Indonesian Rupiah (IDR) 1,102 trillion in 2010 and IDR 
1,740 trillion in 2011 (Baehaki & Mejaya, 2014). While the number of BPH attacks in 
Indonesia was lower in 2023, it is reported that the affected area increased by 1.4% from 
6,068.2 hectares in 2022 to 8,511.53 hectares in 2023 (Forecasting Center for Plant Pest 
Organisms, 2023). 

The severity of BPH attacks tends to increase under the conditions of global climate 
change (Ali et al., 2014). Continuous high temperatures caused by climate change affect 
the growth, fecundity, and reproductive fitness of the BPH. Such conditions may drive BPH 
migration to more suitable areas, potentially exacerbating damage in those environments 
(Yang et al., 2021). A study by Surmaini et al. (2024) models the impact of climate 
variability on the distribution of BPH in Indonesia, forecasting an increase in BPH-damaged 
areas from 2024 to 2060. Higher temperatures and rainfall during the dry season, especially 
linked to La Niña events, significantly influence BPH dynamics. Horgan et al. (2021) 
found that high temperatures reduce the effectiveness of anti-herbivore resistance in rice, 
affecting BPH distribution to suitable environments. The study also shows that resistant 
varieties lower adult survival at 20–25°C and nymph weight gain at 25°C, aligning with 
optimal temperatures for survival and development. Thereby enhancing rice production 
in changing climates.

Direct damage is caused by BPH-sucking plant fluids, leading to the drying and death 
of plants (hopper burn). Additionally, brown planthoppers are vectors that spread viruses, 
which cause extended yield losses and crop failure in rice plants (Jeevanandham et al., 
2023). Therefore, it is important to develop high-yielding rice varieties with good agronomic 
performance and resistance to BPH in anticipation of the outburst of BPH attacks due to 
climate change. This research discussed the yield, important agronomic traits, and resistance 
of the DH rice lines to BPH.
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MATERIAL AND METHODS

Yield Trial

Plant Material

A yield trial was conducted in Indramayu, West Java, in December 2023. The genetic 
material used in the yield trial was 14 DH rice lines (M-1 to M-14) and 2 check commercial 
varieties (M-15: Ciherang and M-16: Inpari 18), as listed in Table 1. Doubled haploid lines 
were obtained from anther culture of several F1s, specifically F1: Inpago 8 × IR8770514-11-
B-SKI-12 (M-1 to M-3); F1: Inpago 8 × IR83140-B-11-B (M-4 to M-9); F1: B1111430D-
MR-1-1-PN-3-MR-2-Si-3-PN × IR83140-B-11-B (M-10 to M-14).

Methods

The yield trial was arranged in a randomized complete block design (RCBD) with one 
factor, namely, the genotype, with 16 levels and three replications. The experimental 
unit was a plot measuring 4 m × 5 m, with a population density of 320 rice hills per plot. 
Maintenance included replanting, irrigation arrangements, fertilization, and pest and disease 
control. Harvesting occurred when 90% of the panicles in one plot were yellow. 

Observation

Observations included agronomic traits and yield components, including vegetative 
(VPH) and generative plant heights (GPH), the number of vegetative tillers (NVT) 
and productive tillers per hill (NPT), the ages at flowering (FA) and harvest (HA), the 
number of filled (NFG) and unfilled grains (NUG), the weight of 1000 grains (W1000), 
and productivity (PRD). Observations were carried out on ten hills of sample plants per 
experimental unit.

Data Analysis

Genotype selection was performed based on simultaneous multiple traits selection using 
several approaches to compare the effectiveness of each selection method. The traits 
include all observed agronomic and yield component traits. The methods include the 
Multi-Trait Genotype–Ideotype Distance Index (MGIDI) (Olivoto & Nardino, 2021) 
and Factor Analytic Index-Based Best Linear Unbiased Prediction (FAI-BLUP) (Rocha 
et al., 2018). In addition, the Genotype by Trait (GT) biplot was utilized to visualize the 
relationships between genotypes and their performance across various traits. Analysis of 
variance (ANOVA)  and posthoc LSD tests were conducted using SAS On Demand for 
Academics, while genotype selection analysis was performed using the metan R package 
(Olivoto & Lúcio, 2020). Genetic gains were compared using those analyses to determine 
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the most effective approaches for selecting genotypes based on multiple trait selection using 
MGIDI and FAI-BLUP. This comparison contributes to more informed decision-making 
in breeding programs to improve crop performance. 

Multi-Trait Genotype–Ideotype Distance Index (MGID) in this study was conducted 
with a selection percentage of 30% across multiple traits. Consequently, genotypes with 
lower MGIDI closer to the ideotype were chosen. The MGIDI index theory revolves around 
four steps, which were rescaled of the traits to a uniform range of 0 to 100, factor analysis 
to address the correlation structure and reduce data dimensionality, planning the ideotype 
based on the known or desired trait values, and finally, calculating the distance between 
each genotype and the planned ideotype (Olivoto & Nardino, 2021). In this study, the 
rescaled traits considered the desired direction of selection (increase or decrease) aligned 
with breeding objectives. The traits designated as increasing include NVT, NPT, PL, 
NFG, W1000, and PRD. Productivity (PRD) was given a weighting of (+) 3, considering 
productivity is a crucial target trait in rice breeding programs. Meanwhile, traits designated 
for the decrease were VPH, GPH, FA, HA, and NUG. In the biplot genotype ranking results 
from the MGIDI, the selected genotypes are those closest to the cut point according to the 
selection pressure. Strength and weakness plots were then used to analyze the proportion 
of MGIDI values.

Factor Analytic Index-Based Best Linear Unbiased Prediction (FAI-BLUP) was also 
conducted with a selection percentage of 30%, assigning maximum and minimum values for 
traits based on their desirable and undesirable traits, in alignment with the rice New Plant 
Type (NPT) ideotype. This approach mirrors the methodology used in MGIDI. Specifically, 
traits such as NVT, NPT, PL, NFG, W1000, and PRD were designated as desirable for 
maximum values (undesirable for minimum values). Conversely, traits including VPH, 
GPH, FA, HA, and NUG were considered desirable for minimum values (undesirable for 
maximum values). The analysis utilized best linear unbiased prediction (BLUP) values to 
rank genotypes based on their performance, incorporating factor analysis to capture the 
correlation structure among traits. The ideotype was then designed using factorial scores 
adjusted to reflect the ideal trait values (Rocha et al., 2018). Subsequently, the spatial 
probability was estimated using the genotype-ideotype distance to facilitate the ranking 
of genotypes.

The GT biplot was one of the GGE biplot methods used to study genotype-trait 
interaction data (Shojaei et al., 2022). An analysis was carried out to explore the interactions 
between genotypes and their performance across the various evaluated traits. This analysis 
provided insights into how specific traits contributed to overall performance and highlighted 
genotypes that were consistently superior or exhibited particular strengths of traits. In biplot 
analysis based on traits, genotypes were considered as lines and traits as testers, enabling 
the visualization of genotype performance and ranking genotypes with each trait.
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Brown Plant Hopper (BPH) Evaluation 

Plant Material

The Brown plant hopper evaluation was conducted at the 
Indonesian Center for Rice Standard Testing (ICRIST) 
greenhouse in Sukamandi, West Java, Indonesia. The 
same genetic material as in the Yield Trial was used 
(Table 1), adding BPH checks (PTB33 and IR74 as 
resistant and TN-1 as susceptible checks). BPH biotypes 
1, 2, and 3 were used in the resistance evaluation. BPH 
biotypes were grouped according to their virulency to 
differential varieties (Chaerani et al., 2021). 

Methods

Brown plant hopper biotypes were propagated on 
susceptible rice plants (IR 42) in insect-rearing cages. 
The maintenance involved fertilizing, watering, 

Table 1  
List of DH lines and check varieties 

No Genotype No Genotype
1. M-1 9. M-9
2. M-2 10. M-10
3. M-3 11. M-11
4. M-4 12. M-12
5. M-5 13. M-13
6. M-6 14. M-14
7. M-7 15. M-15 
8. M-8 16. M-16 

Note. DH lines obtained from another 
culture of several F1s crosses F1: Inpago 
8 × IR8770514-11-B-SKI-12 (M-1 to 
M-3); F1: Inpago 8 × IR83140-B-11-B 
(M-4 to M-9); F1: B1111430D-MR-1-1-
PN-3-MR-2-Si-3-PN × IR83140-B-11-B 
(M-10 to M-14). Check varieties: M-15: 
Ciherang; M16: Inpari 18

weeding, and collecting egg masses to obtain adult BPHs for multiplication. Egg-laying 
occurred 40–45 days after transplanting (DAT) by transferring 25 pairs of male and female 
planthoppers to new plants in mylar buckets for 48 hours, after which they were returned to 
the stock cage. The eggs were kept until evaluation. One week later, 2–3 instar planthoppers 
were harvested for resistance evaluation. Genotypes were sown in plastic boxes filled with 
NPK-treated soil, with each furrow containing 25 seeds based on the genotype being planted.

The experiment was conducted with three replications. At the age of seven days, 
the plants were infested with two or three BPH nymph instars, with a density of eight 
individuals per stem. Observations were conducted when the susceptible check variety 
showed 90% death by calculating the level of damage based on International Rice 
Research Institute Standard Evaluation System (IRRI SES) as presented in Table 2. The 

Table 2
Response of rice plants to brown planthopper attack 

Score Damage Category
0 No damage Resistant (R)
1 Very slight damage Resistant (R)
3 First and 2nd leaves of most plants partially yellowing Moderately resistant (MR)

5 Pronounced yellowing and stunting, or about 10% to 25% of plants 
wilting or dead, and remaining plants severely stunted or dying

Moderately susceptible (MS)

7 More than half of the plants are dead Susceptible (S)
9 All the plants are dead Highly susceptible (HS)

Source: IRRI SES (2013)
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collected data were analyzed descriptively to compare the resistance of each genotype 
to the BPH biotype.

RESULTS AND DISCUSSIONS

Agronomic Performance and Yields of Tested Genotypes

The agronomic traits and yields of the tested genotypes varied (Table 3). The tested DH 
lines exhibited some characteristics of a new plant type, characterized by the high number 
of grains per panicle, productive tillers, sturdy stems, early harvest, and moderate plant 
height. Plant height modulated susceptibility to lodging and photosynthetic efficiency, and 
it had a relationship with environmental factors and cultivation management, as modeled 
by Confalonieri et al. (2011). Plant height also contributed to the canopy characteristics 
of rice plants, which was an essential aspect of plant protection against pests and diseases 
(Jing et al., 2023). Therefore, plant height is a focus in developing superior varieties. Eight 
DH lines, M-3, M-5 to M-7, and M-10 to M-13 had plant heights in the 80–125 cm range, 
which was ideal and equivalent to the commercial variety Inpari 18 (99.7 cm). The other 
DH lines had plant heights above 125 cm, but their height was still similar to Ciherang.

The tested DH lines had sufficient productive tillers, ranging from 15 to 19 per hill. The 
DH lines with productive tillers equivalent to Ciherang and Inpari 18 were M-1 to M-8. A 
high number of productive tillers in rice plants significantly increases yields and production 
efficiency because more panicles could increase the grains per unit of land area and the 
total yield. A tiller behavior study found that more panicles in tillers produced higher yields 
(Srimathi & Subramanian, 2022). In addition, a study by Huang et al. (2020) revealed that 
around 85% of the variation in the total grain number was caused by the primary tiller 
grain yield, which was positively related to primary tiller panicles.

Plant age was another critical characteristic that was taken into account. Ideally, 
superior rice varieties mature between 105 and 124 days after sowing (DAS). Based on 
flowering and harvesting age observations, Inpari 18 had early flowering and harvesting 
ages of 74 DAS and 107 DAS, respectively. The M-4 line was identified as having a harvest 
age equivalent to Inpari 18, namely 107 DAS, with a flowering age close to 77 DAS. 
All the tested DH lines were classified as having early maturity, and some outperformed 
Ciherang (119 DAS).

A rice plant’s yield is determined by the sink size, which includes the number of 
grains, the percentage of filled grains, and the weight of 1000 grains (Mai et al., 2021). 
A high weight of 1000 grains means that each grain of rice has a greater mass, indicating 
good yields if other factors are ideal. Nine of the tested DH lines, namely, M-3 and M-7 to 
M-14, had significantly higher numbers of filled grains than the two check varieties. Most 
DH lines showed 1000-grain weights in the 25–30 g range, with one line, M-12, having a 
significantly higher weight of 34 g for 1000 grains than the check varieties.
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As one of the essential traits in evaluating the performance of genotypes, panicle 
length was studied in this research. The panicle lengths of the DH lines M-3, M-6, M-11, 
and M-12 were equivalent to those of the two check varieties. In comparison, the other 
DH lines had improved panicle lengths significantly longer than those of the two check 
varieties, ranging from 26.9 to 31.7 cm.

Productivity is the primary consideration because the ideal variety must produce 
high yields per unit land area. In general, the productivity of the tested DH lines varied. 
The rice lines M-2, M-5, M-7, M-11, and M-12 showed significantly higher productivity 
than Ciherang. Except for M-2 (equivalent to Inpari 18), these lines also exhibited 
significantly higher productivity than Inpari 18. Selection to identify potential high-
yield DH lines with desirable ideotypes could be done using simultaneous multi-trait 
selection methods based on agronomic traits and yield components (Baraki et al., 2024; 
Olivoto & Nardino, 2021).

In this study, genotype selection was performed using the MGIDI described by Olivoto 
and Nardino (2021) and FAI-BLUP by Rocha et al. (2018). The Multi-Trait Genotype–
Ideotype Distance Index (MGIDI) and the Factorial Analysis of Interaction Best Linear 
Unbiased Prediction (FAI-BLUP) explained 100% of the variance among the traits 
through the principal components PC1-PC11 (Table 4). There were slight differences in 
the proportions of variance explained by each principal component, which were negligible. 
Thus, the overall explanatory power of both methods remained comparable. This indicated 
that while specific components might capture varying amounts of variance, the methods 
effectively represented the underlying data structure across all traits, reflecting their 
robustness in genotype selection.

Table 4
Principal components, eigenvalues, and cumulative variance in MGIDI and FAI-BLUP

MGIDI FAI-BLUP
PC Eigenvalue Cum. var (%) PC Eigenvalue Cum. var (%)
PC1 3.90 35.4 PC1 3.87 35.22
PC2 2.38 57.1 PC2 2.37 56.75
PC3 1.70 72.5 PC3 1.69 72.16
PC4 1.31 84.4 PC4 1.33 84.23
PC5 1.06 94.1 PC5 1.07 93.99
PC6 0.25 96.3 PC6 0.23 96.07
PC7 0.20 98.2 PC7 0.22 98.07
PC8 0.11 99.2 PC8 0.12 99.15
PC9 0.06 99.7 PC9 0.06 99.68
PC10 0.03 99.9 PC10 0.03 99.89
PC11 0.01 100.0 PC11 0.01 100.00

Note. PC= principal component, Cum.var= cumulative variance
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Table 5
Factor analysis and predicted genetic gain for MGIDI and FAI-BLUP indexes

Trait
Factor analysis

Goal
Predicted genetic gain (%)

MGIDI FAI-BLUP MGIDI FAI-BLUP
VPH FA1 FA1 Decrease -0.62 -5.61
GPH FA1 FA1 Decrease -0.07 -0.10
PL FA1 FA1 Increase 0.46 -0.03
NUG FA2 FA2 Decrease -0.12 -0.19
PRD FA2 FA2 Increase 0.91 0.64
FA FA3 FA3 Decrease -3.80 -4.32
HA FA3 FA3 Decrease -3.67 -4.27
W1000 FA4 FA4 Increase 1.65 -0.62
NVT FA5 FA5 Increase -0.45 0.26
NPT FA5 FA5 Increase -0.24 0.45
NFG FA5 FA5 Increase 9.14 3.52
Total (Increase) 11.48 4.22
Total (Decrease) -8.26 -14.49

Note. VPH= vegetative plant height, GPH= generative plant height, PL= panicle length, NUG= number of 
unfilled grains, PRD= productivity, FA= flowering age, HA= harvesting age, W1000= 1000-grain weight, NVT= 
number of vegetative tillers per hill, NPT= number of productive tillers per hill, NFG= number of filled grains

In both MGIDI and FAI-BLUP analyses, the observed traits were grouped into five factors 
(FA), as shown in Table 5. The MGIDI index selected the genotypes M-7, M-5, M-12, M-16 
(Inpari 18), and M-9 (Figure 1[a]). Among these selected genotypes, MGIDI shares three 
lines with the FAI-BLUP index, which were M-7, M-16, and M-5. The genotypes selected 
by FAI-BLUP were M-7, M-16, M-5, M-8, and M-6 (Figure 2). Based on the predicted 
genetic gain, MGIDI demonstrated superior performance compared to FAI-BLUP for 
traits expected to increase in value, such as panicle length, productivity, W1000, number 
of vegetative and productive tillers, and number of filled grains. This is evident from the 
higher total increase in predicted genetic gain values for these traits, as shown in Table 
5. Conversely, for traits where the selection goal is to decrease, FAI-BLUP outperformed 
MGIDI, with a higher total decrease in predicted genetic gain across traits such as vegetative 
and generative plant height, number of unfilled grains, flowering age, and harvesting age.

Each trait remains important in developing the ideal rice genotype. Thus, both MGIDI 
and FAI-BLUP can be effectively used to select and provide options for breeders. The 
higher predicted genetic gain values for traits targeted for enhancement under MGIDI and 
FAI-BLUP emphasize their advantage in selecting genotypes that better meet breeding 
objectives. In the context of traits targeted for increase, the more positive total increase 
in predicted genetic gain, such as 11.48% in MGIDI compared to 4.22% in FAI-BLUP, 
indicates a stronger addition. Meanwhile, the more negative total decrease in predicted 
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Figure 2. Genotype ranking based on the FAI-BLUP 
method with a selection percentage of 30%. The 
selected genotypes were highlighted with red dots, 
and the circle indicates the cut point corresponding 
to the selection pressure applied

Figure 1. (a) Genotype ranking in ascending order for the MGIDI index with a selection pressure of 30%; the 
selected genotypes were shown in red dot, and the circle represents the cutpoint according to the selection 
pressure. (b) The strengths and weaknesses of the selected genotype are shown in the proportion of each 
factor on the computed multi-trait genotype–ideotype distance index (MGIDI). The factor contributing the 
most to selection is represented by the polygon closest to the center of the MGIDI. Genotype strength in 
a specific factor is indicated by the outermost polygon nearest to the genotype. The closer the genotype is 
to the outer polygon of a factor, the stronger its performance for the traits grouped under that factor. The 
dashed line shows the theoretical value if all the factors had contributed equally. FA1= vegetative plant 
height, generative plant height, and panicle length, FA2= number of unfilled grains and productivity, FA3= 
flowering age and harvesting age, FA4= 1000 grain weight, FA5= number of vegetative tillers and productive 
tillers per hill and number of filled grains

(a) (b)

Strengths and weaknesses view

genetic gain, such as -14.49% in FAI-
BLUP compared to -8.26% in MGIDI, 
reflects a stronger reduction, aligning with 
the selection goal. These results further 
support the effectiveness of both methods 
in achieving breeding objectives.

When examining the differences, 
MGIDI showed a slightly higher predicted 
genetic gain than FAI-BLUP, with MGIDI 
being 1.02% higher than FAI. These 
results were consistent with Olivoto and 
Nardino (2021), which demonstrated that 
the performance of the MGIDI index in 
selecting superior genotypes based on multi-
trait data surpassed that of classical indices, 
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including the Smith-Hazel (SH) index, a widely-used base linear phenotypic selection 
index, as well as modern methods like FAI-BLUP, thereby aiding practitioners in making 
more effective strategic decisions for multivariate selection in biological experiments. 
Various researchers have used MGIDI and revealed its effectiveness in selecting superior 
genotypes while simultaneously considering multiple traits (Al Mamun et al., 2024; Baraki 
et al., 2024; Klein et al., 2023; Mamun et al., 2022; Pallavi et al., 2024; Raj et al., 2024).

Multi-Trait Genotype–Ideotype Distance Index (MGIDI) is considered superior to 
FAI-BLUP for several reasons. First, in MGIDI, the breeder could lead the direction of 
selection for each trait by assigning ‘h’ (high) for traits intended to increase and ‘l’ (low) for 
traits intended to decrease (Olivoto et al., 2022; Debnath et al., 2024). Although FAI-BLUP 
can also specify the direction of selection by assigning “max” and “min” for traits that 
are desired to increase and decrease, MGIDI offered an additional advantage by allowing 
breeders to apply weightings to traits based on their economic importance or alignment 
with breeding goals. For example, in this study, a trait like productivity (PRD) was given 
higher weight than other traits to reflect its importance in the rice breeding program. In 
contrast, FAI-BLUP does not provide this option for weighting traits, which limits its 
customization for specific breeding priorities. This explained the two genotypes not selected 
by FAI-BLUP but selected by MGIDI, i.e., M-12 and M-9, due to their superior traits. The 
productivity trait was given a higher weight than other traits (+3) in the MGIDI analysis, 
so M-12 was selected due to its high productivity. As a result, this genotype performed 
better under the MGIDI index. M-9, due to its high number of filled grains, was selected 
following the predicted genetic gain for the goal of an increase in MGIDI. The number of 
filled grains had a predicted genetic gain of 9.14% compared to only 3.52% in FAI-BLUP.

Moreover, MGIDI offers a visualization of the strengths and weaknesses of each selected 
genotype through factor analysis (Figure 1[b]), which allows breeders to understand why 
certain genotypes were selected (Olivoto & Nardino, 2021). This visual representation 
could clarify specific traits that contributed to the genotypes’ selection, providing deeper 
insights into their overall performance. FAI-BLUP, on the other hand, lacks this further 
visualization and only identifies which genotypes were selected. Therefore, MGIDI is a 
more powerful tool for breeders, as it allows customization through trait weighting and 
provides visual insights to support the selection process.

The selected genotypes by MGIDI were M-7, M-5, M-12, M-16 (Inpari 18), and M-9. 
In Figure 1(b), it can be seen that FA2 (NUG and PRD) made the largest contribution to 
the MGIDI. The strengths of these lines are as follows: M-5 is strong in PRD, FA, HA, 
VPH, and GPH; M-7 is strong in PRD, VPH, GPH, NFG, FA, HA, and W1000; M-12 
demonstrates strength in PRD, W1000, NFG, VPH, GPH, FA, and HA; and M-9 is strong 
in NFG, HA, FA, and PL. M-16 (Inpari 18) is slightly weaker in FA1 (VPH, GPH, and PL). 
This finding aligns with the description of the Inpari 18 variety, known for its relatively 
shorter plant height, approximately ±93 cm (in this study, it measured 99.7 cm).
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Biplot genotype by trait (GT) biplot 
type 3, also known as the “which-won-
where” biplot, visualizes the interaction 
of traits with genotypes (Figure 3). The 
polygon formed connects the outer genotype 
(those with the most extended vectors from 
the center of the polygon) in all directions. 
Dashed lines drawn from the center of the 
polygon divide the traits into sections. The 
genotypes on the outer edges of the polygon 
indicate extreme performance in specific 
traits. In contrast, genotypes near the center 
of the polygon are generally more stable. 
Genotypes M5 and M6 are among the outer 
corner of the polygon and demonstrate 
good performance in specific traits, with 
M5 leaning towards PRD (evidenced by 
a PRD value of 9.0 t ha⁻¹) and M6 leaning 
towards NVT, indicated by its high value 
corresponding to their positions on the 

Figure 3. Which-won-where view of the genotype by 
trait biplot. Genotypes are labeled with blue circles, 
and traits with green diamonds. The biplot captures 
57.1% of the total variance among traits, with PC1 
accounting for 35.44% and PC2 for 21.66%. GT= 
genotype by trait, SVP= singular value partitioning, 
PC= principal component

polygon. Genotype M-9 is another outer genotype in the area with PL, FA, HA, and VPH 
traits. Among these traits, M-9 is closest to PL, highlighting M-9’s superiority in PL. 
Genotype M-12 is the outermost genotype closest to PRD (demonstrated by the highest 
PRD among all genotypes), followed by genotypes M-11 and M-7, which also exhibit high 
PRD and tend to be closer to the center of the polygon, indicating consistently average 
performance across all traits. These results do not precisely align with the strengths and 
weaknesses observed in MGIDI, as MGIDI considers various factors that may not be fully 
reflected in the two principal components (PC1 and PC2) of this biplot, which together 
explain approximately 57.1% of the total variance among traits.

Resistance of Tested Genotypes to Brown Planthoppers

Several DH lines (M-2 to M-9) demonstrated moderate resistance to biotype 1 brown 
planthopper (BPH) but exhibited varied responses to biotypes 2 and 3 (Figure 4). 
Specifically, resistance levels ranged from moderately resistant (M-2, M-3, and M-4) 
to moderately susceptible (M-5, M-6, M-7, M-8, and M-9) against biotype 2, and from 
moderately susceptible (M-2, M-3, and M-6) to susceptible against biotype 3. The tested 
DH lines mostly exhibited better resistance to BPH biotypes 1 and 2 than to biotype 3. 
This variation in resistance underscores the challenges of deploying these lines in diverse 
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environments where different biotypes may dominate. However, their ability to resist 
BPH biotypes 1 and 2 offers hope for protecting rice plants from BPH attacks. Lines with 
varying susceptibility require careful consideration, including thorough surveys to identify 
prevalent biotypes, which is essential for selecting suitable resistant varieties. In the future, 
farmers can reduce yield losses from BPH infestations and enhance overall productivity 
by using BPH-resistant varieties derived from the lines.

Varying resistance levels to brown planthopper (BPH) biotypes pose a significant 
challenge in developing durable resistant rice varieties (Baehaki & Mejaya, 2014). Those 
responses underscore the complex interactions between host plant genetics and BPH biotype 
characteristics. Zheng et al. (2021) note that resistance variations reflect the differing 
virulence of BPH among rice varieties, which depends on the specific resistance genes 
present in host plants. Currently, 70 BPH-resistant gene loci have been identified in rice, 
and 17 genes have been successfully cloned (Yan et al., 2023). Four BPH biotypes have 
been identified and correspond to specific resistance genes with the prefix Bph/bph genes. 
BPH biotype 1 could not infest plants with major resistance genes, while biotype 2 could 
infest plants with the Bph1 gene.

Furthermore, the Bph1 gene provides resistance to biotypes 1 and 3, the bph2 gene offers 
resistance to biotypes 1 and 2, and Bph3, bph4, bph8, and Bph9 confer resistance to all four 
biotypes, whereas bph5, Bph6, and bph7 provide resistance only to biotype 4 (Cheng et al., 
2013). BPH biotypes 1 and 2 are common in East and Southeast Asia, biotype 3 originated 
from laboratory breeding, and biotype 4 is prevalent in the Indian subcontinent. BPH 
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Figure 4. Bar diagram of resistant scoring on test genotypes to brown planthopper biotypes 1, 2, and 3. Score 
0-1= resistant, 3= moderately resistant, 5= moderately susceptible, 7= susceptible, 9= highly susceptible. 
PTB33 and IR74= resistant check, TN1= susceptible check
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distribution varies with environmental conditions and agricultural practices, as shown by 
Surmaini et al. (2024), who modeled BPH biotype distribution based on climate suitability, 
identifying regions in southern Indonesia as particularly favorable.

The TN-1 variety, serving as a susceptibility check for BPH, exhibited a high 
susceptibility to the three biotypes of BPHs (Figure 4). This aligns with the findings of 
Chaerani et al. (2021), who confirmed that TN1 lacks a single Bph (brown planthopper) 
gene, making it susceptible to all biotypes of BPHs. Bph is the gene for resistance to brown 
planthoppers. The resistance check, PTB33, is reported to have three Bph genes, BPH2, 
BPH17-ptb, and BPH32, causing durable resistance (Nguyen et al., 2021). That aligns with 
the results of this study, as PTB33 showed resistance to all BPH biotypes tested. IR74 
is reported to have the BPH3 locus, which can overcome Biotype 3 (Jena & Kim, 2010). 
The evaluation results for IR74 showed moderate resistance to all biotypes and were 
equivalent to popular rice varieties such as Ciherang. Meanwhile, the commercial variety 
Inpari 18 showed moderate resistance to Biotypes 1 and 2 but was moderately susceptible 
to Biotype 3.

Selected DH Lines and Their Resistance to BPH

All DH lines significantly varied in agronomic traits and yield components, with several 
lines showing promising characteristics. The field performance of the four selected rice 
genotypes is shown in Figure 5. Three out of the four selected DH lines based on MGIDI 
significantly outperformed the commercial varieties Ciherang and Inpari 18 in terms 
of yield, with M-7, M-5, and M-12 yielding 8.9-, 9.0-, and 9.6- ton ha-1, respectively. 
Among these, M-7 and M-5 were also selected by FAI-BLUP, highlighting their consistent 
performance across both selection methods. M-12, previously selected by MGIDI, was 
not chosen by FAI-BLUP, likely due to its higher productivity, which was weighted more 
heavily in the MGIDI analysis. These three DH lines demonstrated desirable agronomic 
traits, including ideal plant height (93.2–119.5 cm), a good number of productive tillers, 
and a high grain number per panicle (Table 3). 

Particularly, M-5, M-7, and M-12 showed notable strength based on MGIDI strengths 
and weaknesses in traits such as PRD, FA, HA, VPH, GPH, NFG, and W1000, making 
them ideal candidates for future breeding programs focused on improving rice yield and 
performance (Figure 1[b]). Regarding brown planthopper (BPH) resistance, M-5 and M-7 
showed moderate resistance to biotype 1 and moderate susceptibility to biotype 2, while 
the M-9 line demonstrated moderate resistance to both biotypes 1 and 2. In contrast, M-12 
shows susceptibility to biotypes 1 and 2. However, all lines were susceptible to biotype 3 
(Table 6). This suggests that although the lines exhibit some resistance, further breeding 
efforts are necessary to enhance resistance to all BPH biotypes, especially biotype 3. 
Utilizing suitable resistant varieties for the dominant BPH biotypes in a given environment 
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will help farmers reduce yield losses from brown planthopper (BPH) infestations and 
enhance overall productivity.

The response of the selected genotypes based on the MGIDI analysis was presented 
in Table 6, with the selection criteria aligned with the ideal ideotype based on the Rice 
New Plant Type, characterized by a high number of grains per panicle, productive tillers, 
early harvest, and moderate plant height, along with BPH resistance. Among these 
lines, M-5 and M-7 stand out for their superior yields, agronomic performance, and 
resistance to BPH, as well as their consistent selection in both MGIDI and FAI-BLUP 
analyses, which aligned with the breeding goals and ideal genotype traits, making them 
promising candidates for future varietal development. Genotype selection using MGIDI 
has proven slightly more effective than FAI-BLUP in identifying these superior lines, 
as it offers the ability to apply trait weighting. Additionally, the biplot genotype by trait 
(GTB) provided valuable insights into genotype performance. For future studies, it is 
recommended that additional multi-environment trials be conducted to confirm their 
stability and adaptability.

Figure 5. Field performance of four selected rice genotypes: (A) M-7, (B) M-5, (C) M-12, and (D) M-9 
based on MGIDI. The photograph illustrates the agronomic appearance of the selected doubled-haploid 
lines in the field at the reproductive stage
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CONCLUSION

The genotypes selected through the MGIDI index exhibited yields exceeding the commercial 
checks, with M-5, M-7, and M-12 yielding 9.0-, 8.9-, and 9.6- ton ha-1, respectively. M-5 and 
M-7 were also selected in the FAI-BLUP analysis, while M-12 was not due to the advantage 
of weighting in the MGIDI analysis. These lines also demonstrate superior agronomic 
traits and yield components, including ideal plant height, a good number of productive 
tillers, a high filled grain number per panicle, and early maturity. The effectiveness of 
both MGIDI and FAI-BLUP in the selection has shown promising results, explaining 
100% of the variance among traits and resulting in predicted genetic gains indicating 
improvements in most traits. The M-5 and M-7 lines show moderate resistance to BPH 
biotype 1 and moderate susceptibility to biotype 2, marking them as the most promising 
genotypes. Utilizing suitable resistant varieties based on the dominant BPH biotypes in the 
field will help farmers reduce yield losses and enhance productivity. However, conducting 
multi-environment trials to confirm the stability and adaptability of those lines, along with 
their resistance evaluation to other main rice diseases, is recommended to ensure robust 
performance across diverse environments.

Table 6
Agronomic traits, yield components, and BPH resistance of selected doubled-haploid lines based on MGIDI 
compared with check varieties

Traits
Doubled-haploid lines    Check variety

M-7 M-5 M-9 M-12 M-15 M-16
Agronomic Traits and Yield Components
GPH 119.5 93.2 151.3 114.6 141.7 99.7
NPT 17.8 18.0 15.8 15.8 19.8 18.3
FA 82.0 79.0 82.0 83.3 85.0 74.0
HA 113.0 111.0 114.3 115.7 119.7 107.0
PL 28.5 27.0 31.7 25.9 25.8 25.6
NFG 175.5 157.1 184.2 174.4 127.2 137.5
NUG 24.3 25.8 35.6 34.8 24.7 29.9
W1000 27.7 26.0 26.7 34.0 26.0 32.3
PRD 8.9 9.0 7.5 9.6 7.2 7.5
Response to Brown Planthopper  
Biotype 1 MR MR MR MS MR MR
Biotype 2 MS MS MR MS MR MR
Biotype 3 S S S S MR MS

Note. M-15= Ciherang, M-16= Inpari 18, GPH= generative plant height (cm), NPT= number of productive 
tillers per hill, FA= flowering age (days after sowing), HA= harvesting age (days after sowing), PL= panicle 
length (cm), NUG= total number of unfilled grains, NFG= the number of filled grains, W1000= 1000-grain 
weight (g), PRD= productivity (t ha-1), MR= moderately resistant, MS= moderately susceptible, S= susceptible
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ABSTRACT
Durian (Durio zibethinus) is a popular and economically valuable tropical fruit tree native 
to Southeast Asia. It is empirically known that weather conditions can affect spatio-temporal 
variations in durian production. However, few studies have investigated the influence of climatic 
and meteorological factors on durian production and variability. This study examined the spatio-
temporal patterns of durian production in Peninsular Malaysia using published statistical data 
from different geographical scales (peninsular, state, and district). The effects of rainfall on durian 
production and yield were discussed. District-level durian production data for Peninsular Malaysia 
for six years (2015–2021, except 2019), published by the Malaysian Ministry of Agriculture and 
weather data from the World Weather Online were used for the analysis. Durian production and yield 
did not generally fluctuate across years at the peninsular scale but showed high variability among 
the years at the district level. There was a significant increase in rainfall in 2017, corresponding 
with a significantly lower yield. Therefore, these findings suggest that durian temporal productivity 
and production variability are influenced by extreme rainfall. Extreme rainfall could have reduced 
durian productivity by inhibiting flower bud induction and flowering, decreasing pollinator activity, 
and causing direct damage to the fruit and trees. However, the coefficient of variation was lower in 

districts with higher production, suggesting that 
artificial factors mitigated part of the variation 
in productivity because the effects of extreme 
weather could be mitigated by a well-managed 
plantation system in large farms. 

Keywords: Extreme rainfall, phenology, production, 
tropical fruits, yield
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INTRODUCTION

Weather plays a significant role in tropical fruit production (Magdalita & Saludes, 2015; 
Ounlert & Sdoodee, 2015; Ramírez & Davenport, 2010). Due to climate change, many 
tropical regions have experienced longer and more intense heat waves over the past 40 
years (Li, 2020). Moreover, there has been a notable trend in precipitation, with extreme 
precipitation events becoming more frequent and severe over the past 30 years (Ng et al., 
2022). These climatic shifts render tropical ecosystems particularly vulnerable to climate 
changes, affecting the reproductive seasons of Southeast Asia's tropical rainforests (Numata 
et al., 2022). Therefore, it is crucial to identify the impact of weather on the productivity 
of tropical fruits.

Durian (Durio zibethinus L.) is a popular tropical fruit tree known as the “king of 
fruits." It is native to Southeast Asia and is mainly grown in Thailand, Malaysia, and 
Indonesia (Subhadrabandhu & Ketsa, 2001). It is an economically valuable fruit tree in 
Malaysia, accounting for 27.3% of total fruit production, 43.8% of total fruit area planted, 
and 78.0% of total fruit value (Department of Agriculture Malaysia, 2022). It is grown 
throughout Malaysia, with 150 registered varieties of durian (Department of Agriculture 
Malaysia, n.d.). Durian is harvested during two seasons in Peninsular Malaysia, from May 
to August and November to December (Lim & Luders, 1997). Geographic and temporal 
variations in durian production have been empirically demonstrated. For example, the 
variation between the maximum and minimum durian production in Peninsular Malaysia 
over 18 years (2000 to 2017) was shown to be about 2-fold (Ahmad et al., 2020). Durian 
production can be influenced by artificial factors such as irrigation, fertilization, pruning, 
artificial pollination, and pest and disease control, in addition to environmental factors, 
particularly climatic conditions, throughout the stages of flowering, fruiting, and harvesting 
(Ketsa et al., 2020; Salakpetch, 2005). 

Dry periods are necessary for flower bud induction and flowering in durian, which 
influence productivity. The harvest season begins after the dry season in Peninsular Malaysia 
(Hoe & Palaniappan, 2013; Ketsa et al., 2020). Specifically, factors known to affect flower 
bud induction include at least 18 continuous days with daily precipitation of less than 1 mm 
(Zainab et al., 2002) and continuous dry periods of 7–14 days (Salakpetch, 2005). Weather 
conditions that affect flowering include a dry period of 10–14 days (Chandraparnik et al., 
1992) and a dry season lasting 1–2 months (Yaacob & Subhadrabandhu, 1995). In addition, 
the wild durian species Durio dulcis and Durio oxleyanus, which are phylogenetically 
closely related to D. zibethinus, are known to synchronize with general flowering episodes 
observed in Southeast Asian rainforests at irregular intervals of several years (Fredriksson et 
al., 2006). Drought and low temperatures occurring on a seasonal scale of 2–3 months can 
explain the timing of large-scale synchronization of general flowering (Chen et al., 2018). 
Therefore, considering the close systematic relationship between durians and the two wild 
species (D. dulcis and D. oxleyanus) that exhibit synchronized flowering, the variability 
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in durian productivity may be influenced by prolonged dryness and low temperatures. 
Previous studies have established that a dry period and low temperatures serve as triggers 
for flower bud induction and flowering. However, the extent to which weather conditions 
impact durian productivity is still unclear. In particular, tropical rainfall is intermittent 
temporally and spatially (Martin et al., 2016; Trenberth et al., 2017). Therefore, conducting 
analyses at a finer scale is ideal for understanding the spatiotemporal effects of rainfall on 
durian production.

This study examined the spatio-temporal patterns of durian production in Peninsular 
Malaysia using durian statistical data published by the Department of Agriculture. The 
effects of rainfall on durian production and on yield were examined. For the analysis, we 
used datasets from different geographic scales, namely Peninsular Malaysia, states, and 
districts. The spatio-temporal variation in annual durian production at the district level in 
Peninsular Malaysia was analyzed, and its relationship with rainfall in the same year was 
evaluated. 

MATERIALS AND METHODS

Study Area

Peninsular Malaysia is located between 1°E and 7°E and between 99°W and 105°W. It 
includes 85 districts in 11 states (Figure 1). The region is characterized by various types 
of forest, including montane (oak) forests, hill dipterocarp forests, lowland dipterocarp 

Figure 1. Administrative division map of Peninsular Malaysia and the location of 75 districts and weather 
site used in this study
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forests, mangroves, and peat swamps (Omar et al., 2017). In the Köppen world climate 
classification system, Peninsular Malaysia falls under a tropical rainforest climate (Af), 
characterized by high temperatures and humidity throughout the year. Temperatures range 
from 25°C–32°C and mean annual rainfall ranges from 2000 mm to 4000 mm (Suhaila 
& Jemain, 2007). Rainfall patterns in Peninsular Malaysia are affected by the north-east 
monsoon (NEM) from November to February and the south-west monsoon (SWM) from 
May to September (Mahmud et al., 2015). The timing of the wet and dry seasons varies 
according to geographical location. In eastern Peninsular Malaysia, the rainy season is 
during the northeast monsoon. In contrast, in the west, there are two rainy seasons per year: 
the inter-monsoon season from mid-March to May and October to November.

Durian Production Data

The genus Durio comprises approximately 30 species, but only D. zibethinus is cultivated 
for fruits on a large scale; therefore, this study focused on D. zibethinus (Lim, 1990). The 
annual production (mt) and planted area (ha) data for durian over six years (2015–2021, 
except for 2019 because the data was inaccessible) at three scales (Peninsular Malaysia, 
states, and districts) were obtained from the Department of Agriculture in Malaysia. This 
study used data from all 11 states and 75 districts in Peninsular Malaysia, excluding the ten 
districts with missing values: Cameron Highland, Pekan, Rompin, Kerian, Selama, Seberang 
Perai Utara, Klang, Kuala Selangor, Sabak Bernam, and Kuala Lumpur. According to the 
Department of Agriculture in Malaysia, the planted area covers all agricultural areas in 
Malaysia and was calculated using crop hectarage equivalent (CHE) methods. The CHE was 
obtained by dividing the number of trees planted on a particular lot by the recommended 
planting density per hectare of that particular crop. Production was estimated based on a 
crop production survey, potential yield, and farm records.

Weather Data

Daily rainfall (mm) and daily minimum temperature (°C) data were obtained from the 
World Weather Online (World Weather Online, 2023b) from 2015 to 2021, except for 
2019, and the area covering 75 districts in 11 states, the same as the durian production data. 
Annual rainfall and minimum temperature data derived from daily rainfall and minimum 
temperature data were used in this study. World Weather Online provides historical weather 
forecast data for any geo-point by developing its own weather forecasting model using data 
from the World Meteorological Organization and other sources (World Weather Online, 
2023a). Previous studies have also used these data (Gunthe et al., 2022; Ibekwe & Ukonu, 
2019; Kamal et al., 2021). A previous study evaluated the accuracy of World Weather Online 
forecasts by comparing them with actual observations. It found a 70% correctness rate for 
rainfall forecasts for a one-day lead time in Kadoma, Zimbabwe (Terence et al., 2015).
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Data Analysis

The yield (mt/ha) was calculated by dividing the production by the planted area. One-way 
analysis of variance (ANOVA) and Tukey’s multiple comparison tests were performed to 
compare and clarify the temporal characteristics of each factor on durian production, yield, 
and rainfall for each year. The coefficients of variation (CV) of durian production and 
yield were calculated to evaluate the variability in the data relative to the mean at different 
spatial scales over six years at three scales: Peninsular Malaysia, state, and district. The 
six-year average for each district was taken as 100%, and the percentage difference from 
the average of each year’s factors was calculated and mapped as an anomaly to visualize the 
spatial variation in production, yield, and rainfall. Spearman’s rank correlation coefficients 
(rs) between CV and 6-year mean production and between CV and 6-year mean yield 
at the district level were calculated to identify the characteristics of locations with high 
production variability. 

Given that the harvest season in Peninsular Malaysia is from May to August and 
November to December and that it takes approximately three months for durian fruit to 
mature after flowering, the flowering periods would be from February to May and August 
to September (Lim & Luders, 1997; Subhadrabandhu & Ketsa, 2001). Since the flowering 
of tropical tree species is triggered by specific weather conditions a few weeks prior, 
it is likely that the weather conditions in the same year as the harvest influence durian 
flowering. Partial Spearman’s rank correlation coefficients between production and rainfall 
and between yield and rainfall, excluding the influence of minimum temperature, were 
calculated to determine the spatial relationship between rainfall and production at the district 
level. All statistical analyses were performed using R ver. 4.2.2. All spatial analyses were 
conducted using a geographic information system QGIS 3.32.2.

RESULTS

Temporal Variability in Durian Production and Yield

Durian production and yield in Peninsular Malaysia from 2015 to 2021 (excluding 2019) 
displayed a relatively consistent trend, except for lower production and yield in 2017 (Figure 
2a, 2b). One-way ANOVA showed no significant differences in the mean annual production 
from year to year (p > 0.05), whereas significant differences were observed in mean yield 
(p < 0.05). Tukey’s multiple comparison tests showed that the mean yield was significantly 
lower in 2017 than in 2020 (p < 0.05) and 2021 (p < 0.05). Durian production and yield 
varied across different geographical scales and increased from the large (peninsular) to 
the small scale (district). The CV at the peninsular scale was 0.24 for production and 0.20 
for yield. The mean CV was 0.40 for production, 0.32 for yield at the state level, 0.49 for 
production, and 0.41 for yield at the district level.
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Figure 2. Geographical and temporal patterns of (a) annual production, (b) yield, and (c) annual rainfall at the 
district level in Peninsular Malaysia from 2015 to 2021, except for 2019. The graphs show the means (± SD)
Note. Legend of administrative divisions are shown in Figure 1

The annual production varied from 0.1 mt in Kuala Langat in 2015 to 85364.4 mt in 
Raub in 2021 (Figure 2a). Several districts (Raub, Ledang, Batu Pahat, and Muar) had 
high production; Raub had a large six-year mean production of 67977 mt, accounting for 
23.3% of the total Peninsular Malaysia production. Production was consistently high in the 
southern part of the western coast of Peninsular Malaysia. The yield was highly uneven 
regionally, and the trends varied from year to year (Figure 2b). The yield ranged from 0.001 
mt/ha in Kuala Langat in 2015 to 24.3 mt/ha in Jasin in 2015. It tended to be relatively 
high on the west coast of Peninsular Malaysia, particularly in 2015, 2020, and 2021, with 
relatively high yields in the southern part of the western coast of Peninsular Malaysia.

The results showed a significant negative correlation between the mean annual 
production and CV (rs = -0.36, p < 0.05) and between the mean yield and CV (rs = -0.30, p 
< 0.05). However, no significant relationship was observed between the annual production 
and yield. 
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Geographical Pattern of Temporal Variability in Durian Production and Yield 
Anomaly

The production and yield anomalies varied annually and geographically but showed low 
productivity throughout Peninsular Malaysia in 2017 (Figure 3a, 3b). The geographical 
pattern trends of production and yield in 2017 were similar, with declines, particularly in 
the central Peninsula. Specifically, in Peninsular Malaysia during that year, the mean annual 
production anomaly was -47.1%, with 92% of all districts showing a negative anomaly. 
Similarly, the mean yield anomaly for 2017 was -41.6% and 85.3% of all districts had a 
negative anomaly. From 2015 to 2016, the production and yield anomalies were higher in 
the central peninsula and lower in the coastal areas. Conversely, after 2018, especially in 
2021, production anomalies were low in the central peninsula and high in the coastal areas.

Figure 3. Spatial patterns of the percentage of anomalies for (a) annual production, (b) yield, and (c) annual 
rainfall at the district level in Peninsular Malaysia
Note. Legend of administrative divisions are shown in Figure 1

Temporal and Geographical Pattern of Annual Rainfall

The mean annual rainfall in 2017 was significantly higher (p < 0.05) than that in the other 
years in Peninsular Malaysia and was significantly lower in 2015 (p < 0.05) and 2016 (p 
< 0.05). The CV at the peninsular scale was 0.108, and the mean CV values were 0.114 
and 0.130 on the state and district scales, respectively. 
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The annual rainfall ranged from 1531.8 mm in Kuala Pilah in 2016 to 4266.1 mm in 
Setiu in 2017 (mean 4266.1 mm). Rainfall was particularly low in the central Peninsula 
in 2015, 2016, and 2018 (Figure 2c). In 2018, 2020, and 2021, a trend of less rainfall in 
the southern part of the Peninsula’s west coast and more rainfall in the northern part was 
observed.

Geographical Pattern of Temporal Variability in Rainfall Anomaly

Rainfall across Peninsular Malaysia was higher in 2017 and lower in 2015 and 2016 (Figure 
3c). In 2017, rainfall anomalies were positive in all districts except for one, with a mean 
of 16.3%. Rainfall anomalies in 2015 and 2016 were negative in all but three districts, 
with mean values of 14.1% and 13.4%, respectively. The rainfall anomaly decreased in 
2018 in the northern part of the east coast of Peninsular Malaysia and 2020 and 2021 on 
the western coast.

Spatial Relationship between Durian Production, Yield, and Rainfall

The partial Spearman's rank correlation results showed no significant correlations between 
production and rainfall or yield and rainfall (Table 1).

Table 1 
Partial Spearman’s rank correlation coefficients (rs) between annual rainfall and annual production and 
between annual rainfall and yield

Annual production Yield
Year rs p-value rs p-value
2015 0.07 0.53 0.09 0.43
2016 0.13 0.27 0.14 0.24
2017 0.10 0.42 0.03 0.81
2018 -0.05 0.70 0.03 0.81
2020 0.01 0.91 -0.05 0.67
2021 0.14 0.23 -0.09 0.43

DISCUSSION

This study found that higher-than-average rainfall may be the key to understanding the 
decline in durian productivity throughout Peninsular Malaysia. Durian production and 
yield were lower than average in 2017 when the level of rainfall throughout Peninsular 
Malaysia was significantly higher than average (Figure 2, 3). Therefore, it was concluded 
that durian temporal productivity and variability are influenced by extreme rainfall. 

Extreme rainfall could have reduced durian productivity by suppressing durian flower 
bud induction and flowering, decreasing pollinator activity, and causing direct damage 
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to fruits and trees. First, extreme rainfall reduces the dry period required for flower bud 
induction and flowering (Chandraparnik et al., 1992; Zainab et al., 2002). An insufficient 
dry period may have reduced production by reducing flower bud induction and flowering 
rate. Second, bats, which are important durian pollinators in Malaysia (Low et al., 2021), 
have been noted to decrease their foraging activity during wet weather periods (Mohd-Azlan 
et al., 2010). Durian is self-incompatible, and artificial cross-pollination is recommended 
for commercial production. However, natural pollination is also used because artificial 
pollination requires ladders at night to pollinate the flowers on high branches, which is 
dangerous and labor-intensive (Honsho et al., 2007). 

Therefore, when rainfall is high in farms where natural pollination occurs, the 
reduced bat activity results in inadequate pollination, which decreases production. Third, 
extreme rainfall and flooding have been shown to directly damage durian fruits. A positive 
correlation was found between rainfall and durian fruit loss (Nicolas et al., 2019). Extreme 
rainfall and flooding caused by Typhoon Damrey were reported throughout Penang, Kedah, 
and Perak in November 2017 (NASA Applied Sciences, 2017). Because one of the two 
durian harvesting seasons in a year is November–December (Lim & Luders, 1997), direct 
damage to the fruit by extreme rainfall and flooding may have contributed to the decline 
in production. The results suggest a potential increase in years with decreased durian 
production due to increased precipitation associated with abnormal weather patterns. 
Projections indicate an anticipated average precipitation increase of 10%–20% throughout 
the 21st century in the Indochina Peninsula (Tangang et al., 2020). Therefore, addressing 
extreme rainfall is crucial when considering variations in durian production.

Although a temporal correlation between productivity and extreme rainfall was 
observed, no spatial correlation was found (Table 1). This result suggests that changes in 
rainfall within the same location can affect productivity; however, the amount of rainfall in 
that specific location compared to other locations does not impact productivity. Therefore, 
the spatial distribution of productivity may be influenced by meteorological factors other 
than rainfall or human interventions, indicating the need for further research. 

Several points should be noted regarding the durian statistical data used in this study. 
First, the statistical data were annual data with two harvest seasons combined in some 
areas, making it difficult to identify the timing of weather conditions that affect each harvest 
season. Second, because the statistical data was not variety-specific, it was impossible to 
discuss the differences in productivity and environmental responses among the varieties. 
Additionally, the differences in CVs at different scales may have occurred because of the 
weak spatial correlation between production and yield, which may have offset the observed 
range of variability in each district, resulting in a smaller assessment of the variability 
range at the state and peninsular levels. Although these limitations are unlikely to affect 
the conclusions of this study, more detailed analyses at wider spatiotemporal scales and 
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variety-specific data would provide a deeper understanding of the mechanisms by which 
extreme rainfall affects durian production.

The results also showed that highly productive areas exhibit low variability. In general, 
districts with high production have large farms, possibly for export, and may, therefore, have 
strict production management practices, such as fertilization and pest/vermin management 
(Datepumee et al., 2019; Thongkaew et al., 2021). Artificial pollination (Honsho et al., 
2004) and soil moisture monitoring (Ramli et al., 2022) can reduce the negative effects of 
heavy rainfall. Therefore, extreme rainfall effects can be mitigated on large farms using a 
well-managed plantation system. 

CONCLUSION

This study used durian statistical data to examine the spatio-temporal patterns of durian 
production in Peninsular Malaysia and discussed how rainfall affects durian production 
and yield. The results suggested that production and yield decreased in 2017 because of 
high annual rainfall. Therefore, it was concluded that extreme rainfall could significantly 
influence durian temporal productivity and variability. Two possible reasons exist for the 
weak correlation between durian productivity and rainfall. First, production and harvest 
control may partly mitigate the variations in productivity. Such artificial factors can obscure 
the spatial and temporal relationships between rainfall and durian productivity. In addition, 
the statistical data used in this study were not data by harvest period or variety, making 
it difficult to discuss the relationship between durian production and rainfall in terms of 
differences in productivity and environmental responses among varieties and to identify 
the timing of climatic conditions. It is necessary to consider the time lag in production data 
and investigate how extreme rainfall affects durian’s reproductive processes to understand 
the mechanism by which extreme rainfall affects durian production.
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ABSTRACT 
The silverleaf whitefly, Bemisia tabaci, is a major agricultural pest that has developed resistance to 
many synthetic pesticides, necessitating the search for effective, eco-friendly alternatives. This study 
investigated the insecticidal potential of crude methanol extracts from the liverwort Bazzania spiralis 
against B. tabaci. Toxicity assays demonstrated 100% mortality achieved at 1000μg/ml after 48 
hours of exposure. The LC50 values ranged from 699.37μg/ml (12 hours) to 22.00μg/ml (60 hours). 
The extracts exhibited strong oviposition deterrence (31.5%) and reduced egg hatchability (39.39%) 
at 500μg/ml. Gas chromatography-mass spectrometry analysis revealed eleven compounds in the 
extract, with sesquiterpenes (59%) and fatty acids (35.4%) as major constituents. The predominant 
compounds were spathulenol (48.7%) and palmitic acid ethyl ester (22.2%). These findings suggest 
that Bazzania spiralis extracts have potential as a natural alternative to synthetic pesticides for B. 

tabaci management. Further research is needed 
to isolate active compounds, evaluate field 
efficacy, and assess environmental persistence 
and effects on beneficial insects.

Keywords: Biopesticide, GC-MS, insecticidal activity, 
liverwort, whitefly

INTRODUCTION 

The silverleaf whitefly (Bemisia tabaci) 
is a major pest of chili plants in Malaysia. 
Whitefly nymphs and adults damage the 
plants by sucking the sap from leaves, 
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causing physiological disorders in plants such as chlorotic spots on leaves and abortion 
of immature fruits. Moreover, the feeding process by adult whiteflies may transmit the 
lethal begomovirus from one plant to another (Czosnek et al., 2017). The begomovirus-
type pepper yellow leaf curl virus (PepYLCV) has been reported to infect chili plants in 
Indonesia, Thailand and Malaysia, which then exhibit symptoms of leaf deformity and 
yellowing, resulting in the yield loss of chili production (Fadhila et al., 2020; Laprom et 
al., 2019; Sau et al., 2020). 

Systemic insecticides are preferred for most farmers as they have shown immediate 
effects against B. tabaci and other plant-sucking pests. Carbaryl, malathion and imidacloprid 
are the world’s most utilized and effective pesticides against B. tabaci (Abubakar et al., 
2022). Humans exposed to imidacloprid have a high likelihood of developing cancer 
(Caron-Beaudoin et al., 2016). Meanwhile, other neonicotinoid pesticides have been 
associated with negative effects on non-target organisms, such as honey bees (Mengoni 
Goñalons & Farina, 2018), vertebrates (Hallmann et al., 2014) and invertebrates (Berheim et 
al., 2019). A few studies indicate that several biotypes of B. tabaci are developing resistance 
to chemical insecticides. For instance, the Q biotype exhibited significant resistance to 
commercial insecticides, as observed in a population isolated from Cameron Highland, 
Pahang, Malaysia (Shadmany et al., 2015).

Terpenes, phenolic and fatty acids are associated with repellent properties to B. tabaci 
(Islam et al., 2017; Yang et al., 2010). Phytochemical investigations on bryophytes have 
resulted in the isolation of a wide variety of secondary metabolites, namely green leaf 
volatiles, flavonoids, terpenoids and phenolic compounds (Asakawa et al., 2013; Ludwiczuk 
& Asakawa, 2019), indicating that these compounds can promote and expand their use as 
biological insecticides. Among bryophytes, liverworts possess specialized organelles known 
as oil bodies, a unique structure absent in other bryophytes. The accumulation of secondary 
metabolites, such as terpenoids and benzenoids, in the oil bodies has been reported (Tanaka 
et al., 2016). Polygodial sesquiterpenes isolated from Porella vernicosa killed mosquito 
larvae at a concentration of 40 ppm, which was stronger than commercial insect-repellent 
diethyltoluamide (DEET; Asakawa & Ludwiczuk, 2018). Clavigerins sesquiterpenes from 
the Lepidolaena clavigera have similar efficiency to the active ingredient in pesticide, 
azadirachtin, against Anthrenocerus australis and Tineola bisselliella (Perry et al., 2008). 
It suggests that the production of secondary metabolites in liverworts may have significant 
implications for plant-herbivore interactions.

Bazzania is the largest genus of the Lepidoziaceae family. Malaysia has documented 
approximately 66 Bazzania species, with 33 identified in Peninsular Malaysia (Lee et 
al., 2022). Most Bazzania sp. are composed of sesquiterpenoid and aromatic compounds 
(Asakawa et al., 2013). The chemical compositions of Malaysian Bazzania, Bazzania 
spiralis, Bazzania praerupta, and Bazzania harpago have been identified (Ludwiczuk & 
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Asakawa, 2010). Only B. harpago extracts have been tested for antifungal activity (Ng et al., 
2021). While in vitro culture has been reported for Marchantia sp., similar techniques could 
potentially be applied to liverworts like B. spiralis, offering advantages for biopesticide 
development due to their ease of culture, rapid life cycles, and ability to establish genetically 
homogeneous lines through asexual reproduction (Ishizaki et al., 2015; Krishnan et al., 
2015). Moreover, their promising terpene profiles make them potential alternatives to 
chemical pesticides. To investigate the potential of Bazzania extracts further, this study 
aimed to evaluate the insecticidal effects of crude methanol extracts of B. spiralis against 
B. tabaci through toxicity and oviposition deterrent assays conducted in a laboratory.

MATERIALS AND METHODS 

Sampling Collection

The liverwort species, Bazzania spiralis, was collected from Mossy Forest in Cameron 
Highlands between 8:00 am and 10:00 am in November 2020. The sampling site was 
located at coordinates 4°31.459'N 101°23.340'E, at 1602 m alt. The recorded temperature 
was between 15°C and 18°C. The tools and techniques employed for liverwort sample 
collection in the field adhere to the guidelines provided by Lee and Gradstein (2021). The 
voucher specimens were identified and deposited in the Herbarium of Universiti Malaysia 
Terengganu (UMTP). The samples were identified based on morphological characteristics 
using identification keys (Lee & Gradstein, 2021). 

Preparation of Crude Extracts

The preparation of crude extracts was carried out in accordance with Nagappan et al. 
(2019). The sample was cleaned to remove the substrate and other impurities prior to 
being air-dried. The air-dried samples were powdered and soaked in 500 ml 80% methanol 
(Merck, Germany) for four days. The methanol-liverwort mixtures were then filtered using 
Whatman No.1 (Merck, Germany) filter paper to remove the liverwort remainder, and the 
filtrate was collected to be concentrated. About 5 g of sodium sulfate anhydrous (Na2SO4, 

Merck, Germany) was added to remove moisture into the filtrate and was left for 30 min 
at room temperature. The solvent was then filtered and transferred into a round-bottom 
flask to be concentrated using a rotary evaporator (BUCHI V-700, Switzerland) to obtain 
the crude extract. The rotary evaporator was set to 25°C, 500-100 mbar, and 125-80 rpm. 
The pressure and rotation were adjusted within this range to prevent the sample solution 
from overheating and bubbling. The evaporated extract was transferred into a 20 ml vial 
and placed in a desiccator to dry out completely. The weight of the dried extract was 
recorded. Finally, the crude extracts were stored in a -200C freezer prior to being used for 
plant treatment and GC-MS analysis. 
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Bemisia tabaci Rearing
Colonies of Bemisia tabaci were collected from Capsicum annuum at Kompleks Pertanian 
UMT Bukit Kor, Terengganu. Colonies of B. tabaci were established and maintained on 
plants in insect-proof cages in a greenhouse at 28℃–32℃ and 70%–80% relative humidity. 
Prior to conducting the toxicity and oviposition assays, newly emerged adults of B. tabaci 
were collected and immobilized by placing them in a refrigerator at 4℃ for 2 to 3 minutes. 
Their sex was distinguished under a stereomicroscope. The females of B. tabaci have 
rounded abdomens, while the males have pointed abdomens. The insects were then placed 
in flasks and starved for two hours prior to the experiments. 

Toxicity Assay
The crude extract was dissolved in absolute ethanol (Merck, Germany) to prepare stock 
solutions with a 10 mg/ml concentration. The stock solutions were then diluted with a 
series of concentrations of (1000µg/ml, 500µg/ml, 250 µg/ ml, 125 µg/ml, and 62.5 µg/
ml) and mixed with 0.02% (v/v) Tween 20 (Thermo Scientific, USA) as a surfactant. As 
for the negative control, a mock solution consisting of a mixture of 70% ethanol and 0.02% 
(v/v) Tween 20 was prepared. A commercial pesticide, Imidacloprid (Fusilier, Malaysia), 
was prepared according to the manufacturer's recommended doses and mixed with 0.02% 
of Tween 20. 

This experiment was conducted by following Chen et al. (2018) with modifications. A 
young, fully extended leaf from a Capsicum annuum (variety Kulai 461) plant was sprayed 
with 1 ml of liverwort crude extracts at various concentrations and was left to dry for 12 
hours. The leaf was placed on fresh agar inside a round plastic container (25oz) with a 
1-inch agar layer to prevent desiccation. Ten adult insects (five females and five males) 
were placed into each container. The number of dead and surviving B. tabaci individuals 
was observed under a stereomicroscope after 48 hours. Bemisia tabaci was considered dead 
when no movements of antennae or legs were observed. For the negative control, a leaf 
was sprayed with a mock solution before infestation. Three leaves per plant and five C. 
annuum plants were used for this experiment. The assay was carried out in a chamber with 
a temperature of 24°C–26°C, relative humidity of 60%–70%, and a photoperiod of 12-h 
lights. The mortality rates of B. tabachi were compared between different concentrations 
of liverwort extract, pesticide and negative control. 

Oviposition Deterrent Bioassay
To investigate the effect of liverwort crude extract on B. tabaci, an oviposition deterrent 
assay was conducted following Saad et al. (2017). 1 ml of 500µg/ml of liverwort extract 
solution was sprayed onto leaves of C. annuum plants, and then left for 24 hours. Ten adult 
males and 10 adult females of B. tabaci were collected from a rearing cage and placed 
in a glass jar containing agar and fresh leaves for 24 hours for copulation. Three leaves 
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from nodes 12 to 14 of each C. annuum plant were covered with an insect-proof clip cage 
(30 mm diameter). Three female adults of B. tabaci from the glass jar were subsequently 
placed in each clip caged. The B. tabaci were allowed to feed and oviposit for two days. 
The number of eggs laid was counted, and the adults were removed from the leaves. On 
the seventh day, the leaves were detached, and the number of larvae was counted. For the 
negative control, each leaf was sprayed with a mock solution. The C. annuum leaves were 
also sprayed with a synthetic pesticide, an Imidacloprid solution, as positive control. Five 
plants were used for the experiment, with each plant having three clip cages per treatment 
and placed in a separate insect cage (24°C–26°C, 60%–70% RH, 12:12-h lights: dark). 
The number of survival larvae was considered as viable eggs. The egg hatching rate was 
determined by the number of viable eggs relative to the total number of laid eggs and was 
expressed in percentage. An oviposition deterrent index (ODI) was calculated using the 
formula: 

T = 100 (C − T)/ (C + T)

Where C is the total number of eggs laid on control leaves, and T is the total number 
of eggs on treated leaves (Huang et al., 1994). 

 
Data Analysis
The percentage of mortality was corrected using Abbott’s formula (Abbott, 1925). The 
lethal concentrations (LC50 and LC90) and lethal times (LT50 and LT90) were calculated 
using probit analysis. The mortality data were analyzed using the Kruskal-Walis H-test 
to calculate mean differences between concentrations, followed by post-hoc Dunn’s test 
(p-values corrected according to the Bonferroni method for multiple comparisons). Mean 
differences among plant treatments for oviposition and hatchling rate were analyzed 
independently using one-way analysis of variance (ANOVA), followed by post hoc Tukey’s 
test. All statistical analyses were performed using IBM Statistical Package for the Social 
Sciences (SPSS) version 29.0 software. 

Gas Chromatography-mass Spectrometry (GC-MS) Analysis
Approximately 1 mg of crude extracts of B. spiralis were dissolved in 1 ml of methanol (GC 
grade, Sigma-Aldrich, Germany) and filtered using a 0.45 µM syringe filter. The GC-MS 
was performed using SHIMADZU QP2010 Ultra gas chromatograph–mass spectrometer 
(Japan) equipped with a Zebron ZB-5ms column (30 m × 250 µm i.d. × 0.25 µm film 
thickness; Phenomenex, USA). The gas chromatographic parameters were as follows: the 
initial temperature was fixed at 50°C for 1 min, then increased at a rate of 10 °C min−1 to 
200°C, then further increased to 300°C at 5℃ min−1. The injection temperature was set at 
300°C, and an injection volume of 1 µL was used in splitless mode. The MS scan range 
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was set at 50–600 m/z at 70 eV. Helium was used as the carrier gas at a 1 mL/min flow 
rate. Before GC-MS analysis, the n-alkane standard, C7-C30 (Sigma-Aldrich, Germany), 
was used and run using the same parameters described above.

Compounds were identified by comparing the GC-MS mass spectra with NIST library 
spectra. The retention indices were calculated using the method described in Van Den 
Dool and Kratz (1963). Experimental retention indices (RI) were compared with reported 
RI in literature (Babushok et al., 2011) or in NIST (https://webbook.nist.gov/chemistry/). 
The volatile composition was expressed as the percentage of peak area relative to the total 
peak area of each compound.

RESULTS 

Toxicity and Oviposition Deterrent to Bemisia tabaci 
The liverworts’ crude extracts were tested for toxicity against adult B. tabaci. The results 
showed that B. tabaci mortality was recorded as 58.3 + 3.7% at a concentration of 1000 
µg/ml after 12 hours of exposure and reached 100% after 48 hours (Figure 1). The crude 
extracts of B. spiralis showed maximum mortality on B. tabaci at concentrations of 
500µg/ml and 250 µg/ml after 60 hours (Kruskal-Wallis test: H6=31.83, p<0.001). After 
60 hours of exposure, mortality was recorded as 91.7 + 3.7% and 86.1 + 5.1% at 125µg/
ml concentrations and 62.5µg/ml, respectively. The mock treatment showed the lowest 
mortality compared to Bazzania-treated leaves, while imidacloprid showed maximum 
mortality after 24 hours of exposure.  

Figure 1. Accumulated mortality of B. tabaci in a glass jar exposed to different concentrations of Bazzania 
spiralis crude extracts. The data represents the mean of six replicates for each concentration
Note. Vertical bars represent the standard error (SE) of the mean
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The LC50 values indicated that B. tabaci is sensitive to the B. spiralis crude extract, 
ranging from 699.37µg/ml after 12 hours of exposure to 22.00µg/ml after 60 hours (Table 
1). The corresponding LC90 values were estimated to be 84.88µg/ml after 60 60-hour 
exposure period of B. tabaci to B. spiralis crude extracts. The estimated values of LT50 
ranged from 10.91 hours to 40.15 hours, while LT90 values occurred from 24.25 hours to 
78.07 hours at concentrations of 1000µg/ml to 62.5 µg/ml (Table 2).

Table 1  
Toxicity of B. spiralis crude extracts to B. tabaci after different exposure times (N=36)

Exposure time (hours) LC50 (95% CL)c

(ug/ml) a
LC90 (95% CL)c

(ug/ml) b
Slope + SE 𝑥𝑥2 

12 699.37
(473.81-1371.25)

6512.82
(2647.33-9914.28)

1.32 + 0.26 0.96

24 214.30
(152.36-292.83)

1570.76
(917.09-3273.55)

1.48 + 0.25 2.45

36 81.94
(43.35-118.90)

622.95
(401.84-1423.20)

1.46 + 0.28 1.14

48 47.11
(20.75-70.07)

215.91
(157.05-370.42)

1.94 + 0.41 1.95

60 22.00
(6.24-43.82)

84.88
(40.67-141.08)

2.19 + 0.84 1.44

Notes.
a Lethal concentration required to kill 50% of B. tabaci
b Lethal concentration required to kill 90% of B. tabaci
c Confidence limit, which was calculated with 95% confidence

Table 2 
Toxicity of B. spiralis crude extracts to B. tabaci after different exposure concentrations (N=36)

Concentration (µg/ml) LT50 (95% CL)c

(hours) a
LT90 (95% CL)c

(hours) b
Slope + SE 𝑥𝑥2 

62.50 40.15
(35.51-46.12)

78.07
(63.97-108.49)

4.00 + 0.57 3.35

125.00 28.98
(24.21-34.24)

74.28
(57.71-114.81)

2.82 + 0.44 2.35

250.00 19.14
(15.54-22.37)

45.15
(37.67-59.32)

3.44 + 0.49 5.24

500.00 16.18
(15.59-15.25)

38.17
(32.37-50.94)

3.37 + 0.58 3.92

1000.00 10.91
(7.38-13.57)

24.25
(20.14-31.81)

3.70 + 0.70 1.07

Notes.
a Lethal time required to kill 50% of B. tabaci
b Lethal time required to kill 90% of B. tabaci
c Confidence limit, which was calculated with 95% confidence
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The crude extracts of B. spiralis strongly deterred oviposition by B. tabaci, with a 
significantly lower number of eggs being laid on B. spiralis-treated leaves in comparison 
with the control (F2,12=47.01, p<0.001) (Figure 2). The oviposition deterrent activity of B. 
spiralis extracts was recorded as 31.5% + 10.44 at 500µg/ml (Table 3). The positive control, 
imidacloprid, demonstrated a 2-fold higher oviposition deterrent activity than B. spiralis 
extracts. The number of eggs hatching on B. spiralis-treated leaves was significantly lower 
than the control at a concentration of 500 µg/ml after seven days of treatment (Figure 2). 
The crude extracts of B. spiralis reduced the B. tabaci eggs' hatchability to 39.39%+4.56 
(F2,12=200.09, p<0.001). 

 
Figure 2. Effects of liverwort extracts (500µg/ml) on oviposition (A) and egg hatching (B) of B. tabaci. 
Mock is the negative control, and imidacloprid is the synthetic pesticide. Different letters indicate 
significant differences among treatments (ANOVA followed by Tukey’s post hoc analysis, p<0.05)

Table 3  
The oviposition deterrent effects of liverwort crude extracts on Bemisia tabaci

Liverwort 
species

Egg number 
in treated 
leaves

Egg number 
in control 
leaves

Effective 
deterrence 
(%)

Egg 
number in 
imidacloprid 
leaves

Effective 
deterrence 
(%)

Bazzania spiralis 53 + 7.44 36.4 + 4.28 31.5 + 10.44 7.8 + 2.77 83.78 + 7.48

Gas Chromatography-Mass Spectrophotometry (GC-MS) Analysis

The crude extract of B. spiralis revealed the presence of eleven compounds, corresponding 
to 97.8% of the total extract (Table 4). Among these compounds, 64% were fatty acids, 
representing 35.4% of the total peak area. Despite having the highest number of fatty acids 
derivatives, sesquiterpene recorded greater peak areas, constituting 59% of the total area. 
spathulenol exhibited the highest peak area (49.8%), followed by palmitic acid ethyl ester 
(22.7%).
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Table 4  
Chemical composition of the crude extracts from Bazzania spiralis

No. Compounds RT RI RIref Peak area (%)
1 Ledene 14.17 1497 1494 2.9
2 Spathulenol 15.57 1608 1605 48.7
3 Aristolone 17.28 1758 1757 2.8
4 Hexahydrofarnesyl acetone 18.21 1843 1843 3.3
5 Palmitic acid, methyl ester 19.07 1914 1920 trace
6 Palmitic acid, ethyl ester 19.94 1960 1976 22.2
7 (9Z,12Z)-9,12-Octadecadien-1-ol 21.33 2067 2069 3.2
8 Trichloroacetic acid, tridec-2-ynyl ester 21.39 2073 2075 8.3
9 cis-10-Heptadecenoic acid 21.45 2080 2084 2.3
10 Heptadecanoic acid, ethyl ester 21.63 2099 2089 1.7
11 Phthalic acid, 2-ethylhexyl tetradecyl 

ester
24.49 2429 2475 trace

12 Stigmasterol 30.71 3175 3170 2.3 
Total 97.8

Note. RI = Retention indices relative to n-alkanes (C7-C30). RIref: Retention indices with those reported in 
references

DISCUSSION

The present study demonstrates the insecticidal potential of Bazzania spiralis crude extracts 
against the whitefly Bemisia tabaci. The extracts exhibited significant toxicity, oviposition 
deterrence, and egg hatchability reduction, suggesting their potential as a natural alternative 
to synthetic pesticides for the management of B. tabaci. Asakawa et al. (2013) reported 
that several liverwort species, including the genus Bazzania, contain bioactive compounds 
with insecticidal activities. 

To date, no study has reported the toxicity of Bazzania sp. extracts against various insect 
pests. This study showed that the mortality of B. tabaci reached 100% at a concentration 
of 1000 ug/ml after 48 hours of exposure, indicating the potent insecticidal activity of the 
extracts. Similar studies have reported the toxicity of liverwort extracts against various 
insect pests. For instance, Mulyani et al. (2024) found that crude extracts of the liverwort 
Marchantia paleacea showed high toxicity against the larvae Athalia proxima, with an 
LC50 value of 0.33% after 24 hours of exposure. The LC50 values of B. spiralis extracts 
ranged from 699.37µg/ml (12 hours of exposure) to 22.00µg/ml (60 hours of exposure), 
suggesting that prolonged exposure to lower concentrations can still achieve significant 
mortality. These findings are consistent with the LC50 values of the liverwort Plagiochila 
asplenioides extracts against the diamondback moth, Plutella xylostella, which decreased 
from 245.7 μg/ml (24 hours of exposure) to 76.3 μg/ml (72 hours of exposure) (Zhang et 
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al., 2020). Bazzania spiralis crude extracts significantly deterred oviposition and reduced 
egg hatchability, demonstrating their potential as oviposition deterrents and ovicides 
against B. tabaci. Similar findings have been reported that crude extracts of the liverwort 
Marchantia linearis exhibited oviposition deterrent activity against the Spodoptera litura 
(Krishnan & Kumara, 2015).

Neonicotinoid pesticides, such as imidacloprid, are highly effective and long-lasting 
due to their systemic nature. These water-soluble compounds are easily absorbed by plant 
tissues and transported throughout the plant, providing extended protection against pests 
like whiteflies and aphids. Imidacloprid affects the central nervous system of insects, leading 
to paralysis and death. However, it also poses similar risks to beneficial insects, particularly 
pollinators, contributing to the decline of pollinator populations (Ihara & Matsuda, 2018). 
Recent studies have shown that imidacloprid triggers a significant oxidative stress response 
in B. tabaci, producing extensive ROS (Li et al., 2024). Our study demonstrates that B. 
spiralis crude extracts achieve 90% mortality of B. tabaci within 24 hours of application, 
suggesting a potential to exhibit similar effects due to the significant increase in B. tabaci 
mortality. Both imidacloprid and B. spiralis extracts induce trichome formation in treated 
plants (unpublished data), indicating absorption into plant tissues. Botanical pesticides like 
B. spiralis extracts typically degrade more quickly than synthetic systemic insecticides 
(Khursheed et al., 2022). This rapid degradation reduces the risk of toxin accumulation 
during flowering periods, potentially mitigating harmful effects on beneficial insects. These 
characteristics suggest that B. spiralis extracts could offer a more environmentally friendly 
alternative to synthetic pesticides, potentially reducing the risk of resistance development 
and negative impacts on non-target species. 

GC-MS analysis of B. spiralis crude extracts revealed the presence of eleven 
compounds, with fatty acids derivatives and sesquiterpenes being the major constituents. 
Spathulenol, composed of the highest composition of the total compounds in B. spiralis 
extracts, is also isolated from B. spiralis and B. praerupta (Ludwiczuk & Asakawa, 
2010). Diethyl ether extracts of B. spiralis from Mount Kinabalu, Sabah, have identified 
a tetracyclic triterpene, stigmasterol (Kondo et al., 1990), which was also detected in 
GC-MS of methanolic extracts in this study. Spathulenol has the potential to contribute 
to the toxicity and inhibition of B. tabaci. As a sesquiterpene, spathulenol is lipophilic 
and volatile, allowing it to penetrate insects rapidly and interfere with their physiological 
functions (Albouchi et al., 2018; Bakkali et al., 2008). It has been shown to exhibit strong 
antifeedant activity against phloem feeders, green peach aphids, Myzus persicae (Souda 
et al., 2023), and exhibit neurotoxic effects on the grain aphid, Metopolophium dirhodum 
(Benelli et al., 2020). However, the exact mechanisms by which spathulenol affects B. 
tabaci in our study are not fully understood and merit further investigation. 
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Palmitic acid, another major component identified in the extracts, has demonstrated 
significant effects on various insect pests. Palmitic acid showed nymph toxicity and 
oviposition deterrence against B. tabaci, resulting in 55% mortality and 40.5% deterrence 
in a 24-hour bioassay (Wagan et al., 2018). These effects may be related to palmitic 
acid's ability to modulate the synthesis and release of insect hormones, such as juvenile 
hormones and ecdysteroids (Stanley-Samuelson et al., 1988). Disruption of these 
hormones can lead to developmental abnormalities, reduced fecundity, and increased 
mortality (Singtripop et al., 2000). The mechanism of action for palmitic acid may 
also involve neurological effects. Research on the light brown apple moth, Epiphyas 
postvittana, has shown that fatty acids with carbon chains C14 to C16 can increase the 
permeability of neuron membranes, affecting ion exchange and provoking stressed 
excitability of neuron cells (Taverner et al., 2001). Similarly, Tetranychus cinnabarinus 
exposed to palmitate exhibited signs of neural poisoning (Wang et al., 2009). While 
palmitic acid falls within this category, further research is needed to determine if it acts 
similarly in B. tabaci when exposed to B. spiralis extracts.

The presence of fatty acids and sesquiterpenes in B. spiralis crude extracts indicates the 
potential for synergistic effects. Synergistic toxicity commonly occurs among compounds 
found in essential oils (Pavela, 2014), as well as among the major constituents of these oils 
in their natural proportions (Hummelbrunner & Isman, 2001). For instance, sesquiterpenes 
facilitate the penetration or transport of another compound across the insect cuticle or gut 
membrane (Tak & Isman, 2017). They may enhance the penetration of fatty acids to reach 
the target sites. Synergistic interactions can also influence changes in insect behavior. One 
compound may act as a feeding or oviposition deterrent, while another may exhibit toxic 
effects. The combination of these effects can lead to reduced feeding damage and population 
growth (Miresmailli & Isman, 2014). The synergistic action of sesquiterpenes and fatty 
acids in B. spiralis extracts may enhance their insecticidal efficacy against B. tabaci.

For practical field application of B. spiralis extracts, we recommend exploring 
fumigation methods in greenhouse settings and contact spraying for open-field use. 
However, the extract's stability under various environmental conditions requires further 
investigation. Comprehensive field trials are necessary to assess the extract's efficacy and 
persistence under diverse environmental conditions, which will be crucial for optimizing 
application strategies. 

CONCLUSION

This study demonstrates the insecticidal properties of B. spiralis crude extracts against B. 
tabaci, including toxicity, oviposition deterrent activity, and reduction in egg hatchability. 
Sesquiterpenes, particularly spathulenol, and fatty acids in the extracts may contribute 
to their insecticidal activity. Moreover, the potential synergistic effects between these 
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sesquiterpenes and fatty acids could enhance the overall effectiveness of the extracts, 
highlighting their complexity as a natural insecticidal agent. These findings highlight the 
potential of liverwort-derived compounds as natural alternatives to synthetic pesticides 
for managing B. tabaci. Further research is needed to isolate and characterize the active 
compounds responsible for the insecticidal properties, investigate their potential synergistic 
interactions, and evaluate their efficacy under field conditions.
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