


 

 

 

TUYỂN TẬP CÁC CÔNG TRÌNH KHOA HỌC THUỘC SỐ ĐẶC BIỆT  

CỦA TẠP CHÍ REGINOAL STUDIES IN MARINE SCIENCE  

 

 

NHÂN KỶ NIỆM 50 NĂM  

TRƯỜNG ĐẠI HỌC NHA TRANG  

TỌA LẠC TẠI TỈNH KHÁNH HÒA 
04/10/1976 - 04/10/2026 

 

 

 

 

 

 

 

 

 

 

 

 



MỤC LỤC 
1 Effects of temperature, irradiance, and culture medium on carpospore release and 

germination of the antimethanogenic seaweed Asparagopsis taxiformis from Nha Trang, 
Vietnam", Regional Studies in Marine Science, 102 (2026). 
https://doi.org/10.1016/j.rsma.2026.105429 
 

 

2 Hua Thai An, Cao Van Nguyen, Tran Mai Duc, Le Trong Nghia, Vu Thi Mo, Tran Van 
Huynh, Vu Trong Dai, Huynh Minh Sang, "Reproductive biology of Chinese thorny oyster, 
Spondylus sinensis Schreibers, 1793 in Khanh Hoa seawater, Vietnam", Regional Studies in 
Marine Science, 101 (2026). 
https://doi.org/10.1016/j.rsma.2026.105291 
 

 

3 Ho Son Lam, Do-Huu Hoang, Dang-Tran Tu Tram, Nguyen-Thi Nguyet Hue, Le Thi Bich 
Nguyen, Hoang-Xuan Ben, Dao-Viet Ha, Tran Van Phuoc, "Effects of Food Type and 
Feeding Regime on Selected Physiological Characteristics of the Soft Coral, Sarcophyton 
serenei (Tixier-Durivault, 1958)", Regional Studies in Marine Science, 102 (2026). 
https://doi.org/10.1016/j.rsma.2026.105485 
 

 

4 Hai-Thanh Thi Nguyen, Viet Do Hung Dang, Dien Duc Tran, Anze Abram, Fabian Gösser, 
James Davis Reimer, "Coral reef degradation is associated with gut microbiome shifts in the 
tomato anemonefish Amphiprion frenatus", Regional Studies in Marine Science, 102 (2026). 
https://doi.org/10.1016/j.rsma.2026.105336 
 

 

5 Anh Thi Pham, Manh Van Ngo, Ha Kim Thi Nguyen, Hung Duc Pham, "Enriching Artemia 
with n-3HUFA modulated growth, survival, digestive enzymes, body composition and stress 
resistance in giant trevally (Caranx ignobilis) larvae", Regional Studies in Marine Science, 
100 (2026). 
https://doi.org/10.1016/j.rsma.2026.105194 
 

 

6 Thai Truong Quoc, Dat Nguyen Khac, Hong Truong Thi Bich, Sorgeloos Patrick, De 
Schryver Peter, "Dynamics of carbon and nitrogen profiles in the hatching medium of 
decapsulated Artemia franciscana cysts", Regional Studies in Marine Science, 102 (2026). 
https://doi.org/10.1016/j.rsma.2026.105430 
 

 

7 Dung Van Tran, Trang Le Thi Tran, Dang Duyen Thi Thach, Dai Quang Tran, Manh Van 
Ngo, Dai Trong Vu, Hung Quoc Pham, Thanh Trung Dang, "Optimization of dietary 
marigold (Tagetes erecta) carotenoid levels on growth performance, feed utilization, skin 
pigmentation, and digestive enzyme activities of juvenile golden trevally (Gnathanodon 
speciosus)", Regional Studies in Marine Science, 102 (2026). 
https://doi.org/10.1016/j.rsma.2026.105436 
 

 

8 Tran Vi Hich, Khuong V. Dinh, Nguyen Thi Kim Cuc, Nguyen Thi Thuy Giang, Pham Thi 
Dan Phuong, Nguyen Cong Minh, Trang Si Trung, Chitosan nanoparticles derived from 
molted shrimp shells as biodegradable adjuvants for Vibrio harveyi vaccination in Asian sea 
bass (Lates calcarifer), Regional Studies in Marine Science, 102 (2026). 
https://doi.org/10.1016/j.rsma.2026.105385 
 

 

9 Kim Minh Anh, Vu Duc Manh, Ngo Van Manh, Truong Dinh Hoai, Nguyen Manh Hung, 
Kim Van Van, "Antiparasitic effects of silver nanoparticles on Cryptocaryon irritans and 
toxicity in juvenile Trachinotus spp.", Regional Studies in Marine Science, 101 (2026). 
https://doi.org/10.1016/j.rsma.2026.105314 
 

 

https://doi.org/10.1016/j.rsma.2026.105429
https://doi.org/10.1016/j.rsma.2026.105291
https://doi.org/10.1016/j.rsma.2026.105485
https://doi.org/10.1016/j.rsma.2026.105336
https://doi.org/10.1016/j.rsma.2026.105194
https://doi.org/10.1016/j.rsma.2026.105430
https://doi.org/10.1016/j.rsma.2026.105436
https://doi.org/10.1016/j.rsma.2026.105385
https://doi.org/10.1016/j.rsma.2026.105314


10 Hoa Khanh Tran Kiem, Trung Hieu Pham, Phuong Chung Le, Hung Vu-Khac, "First 
Molecular Detection and Characterization of Red Sea Bream Iridovirus (RSIV) in Cultured 
Asian Seabass (Lates calcarifer) in Vietnam", Regional Studies in Marine Science, 102 
(2026). 
https://doi.org/10.1016 
 

 

11 Nguyen Thi Nhu Ha, Nguyen Cong Minh, Vuong Thanh Tung, "Development of chitosan-
red onion peel extract coatings for enhancing the quality and shelf life of houndfish 
(Tylosurus crocodilus) during ice storage", Regional Studies in Marine Science, 99 (2026). 
https://doi.org/10.1016/j.rsma.2026.105108 
 

 

12 Van Thi Nguyen, Emiko Okazaki, "Changes in electrical conductivity and physical 
properties of croaker surimi gels fortified with fish oil under ohmic heating", Regional 
Studies in Marine Science, 102 (2026). 
https://doi.org/10.1016 
 

 

13 Thi Hong Tuoi Do, Thanh Tra Do, Huong-Giang Le, Thi Kim Anh Le, Van Minh Nguyen, 
The Han Nguyen, Anh Duy Do, Thi Van Anh Tran, "LC-MS-based chemical profiling and 
in vivo anti-inflammatory effects of the Vietnamese red alga Tricleocarpa cylindrica", 
Regional Studies in Marine Science, 102 (2026). 
https://doi.org/10.1016/j.rsma.2026.105427 
 

 

14 T.V.A. Tran, Thi Dieu Hien Nguyen, Duy Hien Tran, Thi Kim Anh Le, Thi Hong Tuoi Do, 
V.M. Nguyen, The Han Nguyen, "Bioactive triterpenoid sulfates and carbohydrate 
derivatives from the Vietnamese red alga Tricleocarpa cylindrica", Regional Studies in 
Marine Science, 102 (2026). 
https://doi.org/10.1016/j.rsma.2026.105462 
 

 

15 Nguyen Thi Kim Chi, Nguyen Van Tai, Nguyen Dac Kien, Nguyen Van Hoa, "Mechanical 
and Morphological Characterization of Agricultural Waste-Reinforced Recycled HDPE 
Composites for Offshore Cage Frames", Regional Studies in Marine Science, 101 (2026). 
https://doi.org/10.1016/j.rsma.2026.105312 
 

 

16 Nguyen Thanh Tam, Luu Thi Giao Chau, Nguyen Ngoc Ha, Ong Moc Quya, Nguyen Ngoc 
Loi, Trong Dai Vu , and Nguyen Phuc Cam Tu, "Microplastic accumulation in oysters and 
water in farming areas of Can Gio mangroves, Vietnam", Regional Studies in Marine 
Science, 102 (2026). 
https://doi.org/10.1016 
 

 

17 Nguyen Van Nhi Tran, Quang Nguyen Pham, Duc Dat Duc Nguyen, Tan Phong Nguyen, 
"Determinants of discarded fishing gear generation and its economic implications in coastal 
fisheries of Khanh Hoa Province, Vietnam", Regional Studies in Marine Science, 102 
(2026). 
https://doi.org/10.1016 
 

 

18 Khanh Q. Nguyen, Minh-Hoang Tran, Phuong Viet Le, Luong T. Nguyen, "Vietnamese 
fishing labour in global perspective: A critical review of social, economic, behavioural, and 
governance structures", Regional Studies in Marine Science, 102 (2026). 
https://doi.org/10.1016/j.rsma.2026.105461 
 

 

 

https://doi.org/10.1016
https://doi.org/10.1016/j.rsma.2026.105108
https://doi.org/10.1016
https://doi.org/10.1016/j.rsma.2026.105427
https://doi.org/10.1016/j.rsma.2026.105462
https://doi.org/10.1016/j.rsma.2026.105312
https://doi.org/10.1016
https://doi.org/10.1016
https://doi.org/10.1016/j.rsma.2026.105461


Effects of temperature, irradiance, and culture medium on carpospore 
release and germination of the antimethanogenic seaweed Asparagopsis 
taxiformis from Nha Trang, Vietnam

Pham-Thi Minh-Thu a, Ngo Dang Nghia b, Khuc Thi An a, Nguyen Thi Nhu Thuong a,  
Nguyen Thi Kim Cuc a, Vo Van Trong c, Tran Ngoc Khanh c,d, Ngo Thi Hoai Duong b,*

a Department of Biotechnology, School of Fisheries and Life Sciences, Nha Trang University, 2 Nguyen Dinh Chieu, North Nha Trang ward, Khanh Hoa province, Vietnam
b Department of Chemical and Environmental Engineering, School of Fisheries and Life Sciences, Nha Trang University, 2 Nguyen Dinh Chieu, North Nha Trang ward, 
Khanh Hoa province, Vietnam
c Australasia Agriculture Company Limited, 10th Floor, Ladeco Building, Ngoc Ha ward, Hanoi, Vietnam
d Australasia Agriculture and Commodity Consulting, Level 26, 44 Market Street, Sydney, NSW 2000, Australia

A R T I C L E  I N F O

Dataset link:  Dataset for carpospore survival, 
germination, and early development of 
Asparagopsis taxiformis under various 
conditions

Keywords:
Asparagopsis taxiformis
Carpospore
Temperature
Irradiance
Culture medium
Vietnam

A B S T R A C T

Asparagopsis taxiformis has emerged as a promising biological candidate for a strategy to mitigate enteric 
methane emissions in ruminants. However, establishing scalable biomass production systems for local lineages 
remains a major challenge. This study investigated the reproductive phenology and improved early-stage 
hatchery protocols for a local lineage collected from Nha Trang Bay in Central Vietnam. The wild populations 
exhibited high reproductive capacity, characterized by a cystocarp density of 12.3 ± 4.8 cystocarp cm⁻¹ . 
Thermal tolerance experiments identified a narrow optimal temperature range of 24–28◦C, at which carpospore 
survival and germination both reached 100%. In contrast, exposure to 32◦C resulted in complete mortality, 
whereas 20◦C significantly inhibited tetrasporophyte development. Among the spore-release methods evaluated, 
natural induction was quantitatively superior, producing 5–10-fold higher spore yields than forcible release. 
However, forcible release generated cultures with higher cleanliness (95.8–100%). Light was identified as an 
essential factor for germination, confirming the positively photoblastic nature of the carpospores. A significant 
three-way interaction among liberation method, irradiance, and culture medium was observed, indicating that 
the combination of natural induction, f/2 medium, and 21 µmol photons m⁻² s⁻¹ irradiance yielded the highest 
performance, including higher spore yield, longest germling length (0.39 ± 0.04 mm) and 100% morphological 
branching within seven days. Collectively, these findings establish the first hatchery baseline for Vietnamese 
A. taxiformis and provide critical baseline culture conditions for overcoming the developmental lag phase. This 
study therefore lays an important foundation for the development of a domestic seaweed cultivation industry 
capable of contributing to both national and global methane mitigation strategies.

1. Introduction

Global climate change, driven mainly by excessive greenhouse gas 
(GHG) emissions, has intensified, contributing to increasingly severe 
climate-related events worldwide. Among greenhouse gases, methane 
(CH₄) is considered particularly important because its global warming 
potential is approximately 27–30 times greater than that of carbon di
oxide (CO2) over a 100-year period (IPCC, 2021). Recent studies indi
cate that methane possesses a substantially stronger warming effect than 
CO2, making methane mitigation an urgent global priority (Wasson 

et al., 2022; de Vos et al., 2025). In addition to the fossil fuel sector, 
agricultural activities have become a major source of methane emis
sions, largely through enteric fermentation in ruminants. Livestock 
contributes approximately 14–15% of total anthropogenic greenhouse 
gas emissions globally (FAO, 2013; Glasson et al., 2022), while 
livestock-derived methane accounts for nearly 32% of global anthro
pogenic methane emissions, with cattle representing the dominant 
source (FAO, 2023). Consequently, reducing enteric methane emissions 
has become an important objective for improving environmental sus
tainability and mitigating climate change.
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Among the various natural methane mitigation strategies, the red 
macroalgal genus Asparagopsis (Bonnemaisoniaceae) has emerged as one 
of the most promising biological solutions for reducing methane emis
sions from ruminant livestock (Kinley et al., 2016). Multiple studies 
have demonstrated that dietary supplementation with Asparagopsis can 
reduce enteric methane emissions by 50–98%, depending on supple
mentation level and feeding conditions (Machado et al., 2016; Kinley 
et al., 2020; Roque et al., 2021a, 2021b). These antimethanogenic ef
fects are primarily attributed to halogenated secondary metabolites, 
particularly bromoform (CHBr₃), which inhibits methyl-coenzyme M 
reductase, a key enzyme involved in methanogenesis by ruminal 
archaea (Paul et al., 2006; Mata et al., 2012). Due to its strong 
methane-reducing capacity, Asparagopsis has attracted considerable in
ternational attention as a sustainable feed additive with significant 
environmental and economic potential.

Despite its biotechnological potential, the large-scale commercial 
application of Asparagopsis remains constrained by the lack of reliable 
and scalable biomass production systems (Zhu et al., 2021; Statton, 
2024). Species within this genus, including the pan-tropical A. taxiformis 
(Delile) Trevisan and the temperate A. armata Harvey, possess a complex 
heteromorphic triphasic life cycle (Bonin and Hawkes, 1987; Zanolla 
et al., 2014). This life cycle alternates among a macroscopic haploid 
gametophyte, a microscopic diploid carposporophyte, and a filamentous 
diploid tetrasporophyte stage conventionally referred to as the Falken
bergia phase (Chihara, 1961; Bonin and Hawkes, 1987; Zanolla et al., 
2022; Rule et al., 2025).

While the macroscopic gametophyte is the preferred target for 
eventual ocean-based cultivation, the filamentous tetrasporophyte 
serves as the primary industrial foundation for large-scale production 
due to its capacity for rapid vegetative propagation and its ease of year- 
round maintenance in land-based systems (Mata et al., 2012; Zhu et al., 
2021; Statton, 2024). However, establishing reliable tetrasporophyte 
cultures from wild-collected filaments is often compromised by heavy 
epiphytic contamination and the relative rarity of this stage in natural 
reef environments (Zhu et al., 2021; Rule et al., 2025). Consequently, 
the most viable pathway to secure unialgal and genetically consistent 
founder lines is the collection of mature, wild gametophytes bearing 
fertile cystocarps to facilitate the controlled release and germination of 
carpospores (Statton, 2024; Rule et al., 2025). This transition – from 
carpospore liberation to the establishment of a robust tetrasporophyte 
biomass – represents the critical starting point for any commercial 
hatchery pipeline. Despite its importance, the specific abiotic factors 
required to optimize carpospore performance remain poorly defined for 
many geographic isolates, particularly tropical lineages distributed 
throughout Southeast Asia (Mihaila et al., 2023; Theobald et al., 2024; 
Torres et al., 2024).

In Vietnam, A. taxiformis (locally known in Vietnamese as “Rong 
măng leo” or “Rong hải tùng”) has been documented for more than five 
decades, with a distribution extending approximately 2500 km along the 
coastline from Quang Tri to Kien Giang provinces (Pham, 1969; Do and 
Do, 2013). Field surveys have identified this species as a common 
component of reef-associated marine flora in Central Vietnam (Nguyen 
et al., 2013). Located along the south-central coast of Vietnam, Nha 
Trang is characterized by tropical marine conditions, including seawater 
temperatures ranging from approximately 24.4–29.1◦C throughout the 
year (Chung et al., 2024) and relatively high annual irradiance (Le et al., 
2023), which together provide favorable conditions for the distribution 
of A. taxiformis. The presence of A. taxiformis has also been reported in 
Nha Trang in recent years (Nghia and Minh-Thu, 2025). Despite the 
relatively well-documented distribution of the species, fundamental 
biological information remains scarce regarding the reproductive 
phenology, life cycle transitions, and hatchery requirements of Viet
namese populations. Such information is essential for developing a do
mestic Asparagopsis-based aquaculture industry capable of contributing 
to global methane mitigation efforts.

Therefore, this study aimed to evaluate the reproductive potential 

and identify favorable conditions for the early development of the 
A. taxiformis lineage collected from Nha Trang, Vietnam. Specifically, 
the study investigated: (1) the density and maturation of reproductive 
structures in wild populations; (2) the trade-off between carpospore 
yield and culture purity under different spore liberation methods; and 
(3) the interactive effects of temperature, irradiance, and nutrient media 
on carpospore germination and the subsequent transition to the tetra
sporophyte phase. The findings of this study provide an essential base
line for establishing sustainable hatchery systems in Central Vietnam 
while contributing to broader understanding of local adaptation and 
cultivation biology in this ecologically and economically important 
seaweed species.

2. Materials and methods

2.1. Algae collection

Based on field observations by experienced phycologists, the repro
ductive season of A. taxiformis in Khanh Hoa Province typically occurs 
from spring to early summer. Accordingly, preliminary surveys were 
conducted at two-week intervals from February onward until mature 
cystocarps were observed. Mature carposporophytes of A. taxiformis 
were subsequently collected from Hon Chong, Khanh Hoa Province, 
Vietnam (12.274154º N, 109.193231º E; Fig. 1 in Nghia and Minh-Thu, 
2025) during March 2025 and April 2026. Mature gametophytes bearing 
visible mature cystocarps were hand-collected from natural populations 
by snorkeling at depths of less than 2 m.

Following collection, the algal samples were maintained in fresh 
seawater under continuous aeration using a portable air pump. During 
transportation, seawater temperature was maintained close to in situ 
conditions by adding seawater ice cubes. Samples were transported to 
the laboratory within 4 h of collection.

2.2. Environmental parameters collection

Environmental parameters including salinity, irradiance, and air and 
seawater temperature were measured on site during each sampling 
event. Salinity was measured by a refractometer (Master-S28M, Atago, 
Japan), whereas illuminance and air and seawater temperature were 
recorded using a data logger (MX2202, Hobo, USA). These measure
ments represented the in situ environmental conditions within the algal 
habitat.

To characterize environmental conditions throughout the bloom 
periods (March 2025 and April 2026), additional datasets were retrieved 
from multiple databases integrating satellite remote sensing and mete
orological modeling. Sea surface temperature (SST) data were extracted 
from the National Oceanic and Atmospheric Administration (NOAA) 
database via virtual monitoring stations corresponding to the study site 
coordinates (Ventusky, 2026; SeaTemperature.info, 2026). Hourly 
shortwave solar radiation data (W/m2) were retrieved from the Global 
Forecast System (GFS) model integrated into the Ventusky (InMeteo) 
platform (Ventusky, 2026; Time and Date, 2026). Salinity data was 
obtained from periodic marine environmental monitoring reports pub
lished by the Vietnam Ministry of Natural Resources and Environment 
(MONRE) and relevant regional oceanographic studies (World Bank, 
2016).

To standardize irradiance measurements across the dataset, solar 
radiation (W m− 2) obtained from the GFS model and illuminance 
recorded by the MX2202 data logger were converted to photosynthetic 
photon flux density (PPFD; µmol photons m− 2 s− 1) using standard 
daylight spectral conversion factors (1 W m− 2 = 1.96 µmol photons m− 2 

s− 1; Lopez and Runkle, 2021; and 1 lux = 0.0185 µmol photons m− 2 s− 1; 
Sager and McFarlane, 1997; respectively).
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2.3. Sample preparation and primary cleaning

In the laboratory, algal samples were thoroughly rinsed with 
seawater to remove sand, debris, and loosely attached epiphytes. 
Seawater was pretreated with 20 ppm chloramine-B and neutralized 
with sodium thiosulfate at least 2 days before use. To preserve the 
integrity of the delicate gametophytic fronds, no stress treatments (e.g., 
freshwater or disinfectants) were applied at this stage, as A. taxiformis 
has demonstrated high sensitivity and potential pigment loss when 
exposed to such stressors.

Twenty algal clumps were used to measure frond length, and 
cystocarp numbers were quantified from ten mature fronds. Mature 
cystocarps, indicated by their pink to red colour and a visible apical 
ostiole (Fig. 1d), were carefully excised from the female gametophytes 
using sterile fine-tipped forceps under a stereomicroscope and trans
ferred to sterile 60-mm Petri dishes containing autoclaved seawater 
prior to subsequent experimental procedures.

2.4. Carpospore release and germination

The induction step was performed immediately after cystocarp 
isolation using two methods: forcible release, involving the mechanical 
extraction of carpospores from cystocarps (Rule et al., 2025), and nat
ural induction, which promotes spontaneous carpospore release under 
controlled conditions (Statton, 2024; Rule et al., 2025), with minor 
modifications as described below.

Forcible release: All excised cystocarps were immersed in 0.5% 
iodine solution for 30 s, then rinsed four to five times with autoclaved 
seawater. Each clean cystocarp was transferred onto a sterile glass mi
croscope slide, after which a second slide was gently placed on top to 
sandwich the cystocarp. The slides were then gently pressed and rubbed 
to induce carpospore release. Following release, the slides were carefully 
separated, and the released carpospore clumps were transferred into 
culture wells by pipetting sterile seawater across the glass surface.

Natural induction: Isolated cystocarps were washed three times with 

sterile seawater, after which each cystocarp was gently dragged across 
the surface of an agar plate at least five times. Each cystocarp was 
subsequently transferred into a sterile dish and rinsed three additional 
times with sterile seawater to remove residual agar and potential 
contaminants.

For forcible release, each clump of released carpospores was trans
ferred individually into a culture well, whereas for natural induction, 
individual cystocarps were cultured directly. All treatments were 
maintained in clear 12-well culture plates (Biologix, USA), each con
taining 6 mL of the appropriate nutrient medium. The culture medium 
was supplemented with germanium dioxide (GeO₂; Sigma-Aldrich, 
Germany) at a concentration of 0.1 mg L⁻¹ to inhibit the proliferation 
of epiphytic diatoms. Culture plates were maintained under experi
mental conditions according to the respective treatments.

2.5. Experimental designs

The experiments were conducted over two consecutive years due to 
the seasonal availability of mature gametophytes (Fig. 1). Although the 
experiments were performed in different years, broodstock was 
collected from the same location during the peak reproductive season 
under comparable environmental conditions (Table 1), thereby mini
mizing potential physiological variation among experiments.

This study comprised three experimental designs (Fig. 1). The first 
experiment evaluated the effect of temperature on the early develop
ment of the seaweed. The second compared different spore-release 
methods to identify the more effective approach. The third investi
gated the combined effects of three factors – irradiance, nutrient me
dium, and spore-release method – on spore liberation, spore germination 
and early germling growth under laboratory conditions.

Healthy fertile female thalli bearing mature cystocarps were 
randomly collected from the natural population. Each parent thallus was 
considered an independent biological replicate, whereas multiple cys
tocarps obtained from the same parent thallus were treated as sub
samples of that biological replicate.

Fig. 1. Schematic diagram illustrating the overall experiment.
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2.5.1. The first experimental design (conducted in 2025)
Four temperature treatments were established using a chiller (20 

± 1◦C), an air conditioner (24 ± 1◦C), and heaters (28 ± 1 and 32 
± 1◦C) to evaluate their effects on spore liberation, survival, germina
tion, and contamination. Four cystocarps were collected from each of 
eight parent thalli, and one cystocarp from each parent thallus was 
randomly assigned to each temperature treatment. This balanced design 
minimized variation among parent thalli while ensuring that all tem
perature treatments were represented within each biological replicate.

2.5.2. The second experimental design (conducted in 2025)
Two spore-release methods, forcible release and natural induction 

(Statton, 2024; Rule et al., 2025), were compared to determine the more 
effective method based on spore liberation, germination, and culture 
contamination.

The experiment consisted of two independent trials. In each trial, 
cystocarps from every parent thallus were equally divided between the 
two spore-release methods, allowing direct within-thallus comparisons 
while controlling for variation in physiological condition and microbial 
load among parent thalli, both of which may substantially influence 
culture establishment and decontamination success.

In the first trial, 12 cystocarps were collected from each of four 
parent thalli (48 cystocarps in total), with six cystocarps from each 
parent thallus assigned to each release method. In the second trial, eight 
cystocarps were collected from each of three parent thalli (24 cystocarps 
in total), with four cystocarps from each parent thallus assigned to each 
release method.

2.5.3. The third experimental design (conducted in 2026)
A full-factorial experimental design was employed to evaluate the 

effects of three factors – irradiance, nutrient formulation and spore- 
release method – on spore liberation, spore germination, and germling 
growth. Irradiance was tested at four levels (0, 500, 1000, and 1500 lux) 
using cool-white LED lamps under a 10 L:14D photoperiod. Light in
tensity was converted to photosynthetic photon flux density (PPFD) 
using a conversion factor of 0.014 (Sager and McFarlane, 1997), cor
responding to 0, 7, 14, and 21 µmol photons m⁻² s⁻¹ , respectively. Two 
nutrient media commonly used for seaweed culture were evaluated: f/2 
medium (Guillard and Ryther, 1962) and Provasoli's Enriched Seawater 
(PES) medium (Provasoli, 1966). The two spore-release methods were 
the same as those described in the second experiment.

In this experiment, two fertile parent thalli bearing abundant mature 
cystocarps were selected because the factorial design required a large 
number of cystocarps (48 healthy, mature cystocarps per thallus) to 
accommodate all 16 treatment combinations (2 spore-release methods ×
4 irradiance levels × 2 culture media). Cystocarps collected from each 
parent thallus were randomly and equally distributed among all treat
ment combinations, with three cystocarps from each thallus assigned to 
each treatment. This balanced allocation minimized potential con
founding effects associated with differences among source individuals 
while ensuring sufficient replication within each treatment.

2.6. Data collection

Spore release, survival, germination, branching, and contamination 

were monitored daily. The number of spores was manually counted 
using a stereomicroscope (Optika SLX-2, Italy) or analyzed from digital 
images using ImageJ software (version 1.54 g, National Institutes of 
Health, NIH, USA; Schneider et al., 2012). The length of early filamen
tous tetrasporophytes was monitored and documented through digital 
imaging and ImageJ-based analysis.

Germination was defined as the first visible cell division or germ tube 
emergence. Surviving spores included both germinated spores and un
germinated spores that retained their original red pigmentation. A well 
was classified as “branching” when the first secondary cell division 
originating from the main stem of any germling was observed.

2.7. Quantification criteria

Number of liberated spores was counted only for freely released 
spores, distinguished by their spherical morphology. Spores remaining 
attached to the gonimoblast filament in the forcible release treatment 
were typically pyriform in shape and were therefore excluded from 
quantification. However, germinated spores were counted regardless of 
attachment, provided they exhibited clear features of germination.

2.8. Calculated parameters

Germination percentage (%) was calculated as the ratio of germi
nated spores to the total number of released spores per cystocarp, 
expressed as a percentage.

Spore survival (%) was defined as the proportion of red-pigmented or 
germinated spores relative to the total number of released spores per 
cystocarp.

Contamination (%) was the proportion of culture wells (or cysto
carps) that showed visible symptoms of microbial growth relative to the 
total number of wells originating from the same parent thallus in each 
treatment.

Cleanliness (%) was calculated as 100 – contamination (%)
Branching percentage (%) was calculated as the proportion of wells 

exhibiting branching relative to the total number of wells within each 
treatment.

2.9. Statistical analysis

All data were expressed as means or estimated marginal means ±
standard deviations (SD) or standard errors (SE). Statistical analyses 
were performed using the R statistical environment (RStudio 2026.04.0, 
build 526; Posit Team, 2026), with supplementary data processing 
conducted in Microsoft Excel.

For the first experiment, the effects of temperature on spore release, 
spore survival (7 and 14 days), and spore germination (7 and 14 days) 
were analyzed using generalized linear mixed models (GLMMs). Because 
multiple cystocarps originated from the same parent thallus, parent 
thallus was treated as the experimental unit and included as a random 
effect to account for variation among source individuals. Count data 
were initially fitted using a Poisson distribution and subsequently 
evaluated for overdispersion using the DHARMa package. When over
dispersion was detected, models were refitted using a negative binomial 
distribution. Because no spores survived or germinated at 32◦C, this 

Table 1 
Environmental parameters recorded at the collection site (Hon Chong, Nha Trang) during study periods in 2025 and 2026.

Parameters In-situ data Retrieved data

March 14th, 2025 April 2nd, 2026 March 2025 April 2026 Source

Sea surface temperature (◦C) 26.2 27.0 26.5 – 27.2 27.5 – 28.5 Ventusky, (2026); SeaTemperature.info, (2026)
Seawater salinity (‰) 32.0 32.0 32.5 – 33.2 33.0 – 33.8 World Bank, (2016)
Surface irradiance (µmol photons m⁻² s⁻¹) 1400* 1710* 710 – 800 830 – 960 Ventusky, (2026); Time and Date, (2026)
Photoperiod (L:D) 12:12 12.25:11.75 12: 12 12.5:11.5 Time and Date, (2026)

* Measured at peak intensity (midday).
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treatment was excluded from the analyses of survival and germination, 
and comparisons were performed only among 20, 24, and 28◦C. Fixed 
effects were assessed using likelihood ratio tests (LRTs), and pairwise 
comparisons were conducted using estimated marginal means with 
Bonferroni adjustment.

For the second experiment, the effects of spore-release method on 
spore liberation and germination were analyzed using GLMMs with 
parent thallus included as a random effect. Model selection and vali
dation followed the same procedure as described above, with Poisson 
models fitted initially and replaced by negative binomial models when 
overdispersion was detected. Differences between models with and 
without the fixed effect were evaluated using likelihood ratio tests, and 
estimated marginal means were compared using Bonferroni-adjusted 
pairwise comparisons. The proportion of clean cultures was analyzed 
using a generalized linear model with a binomial error distribution and 
logit link.

For the third experiment, the effects of spore-release method, irra
diance, culture medium, and their interactions on spore liberation and 
development were analyzed using generalized linear models (GLMs). 
Parent thallus was not included as a random effect because two levels 
are insufficient for reliable estimation of its variation. Count data, 
including numbers of liberated and germinated spores were initially 
fitted using a Poisson distribution and evaluated for overdispersion 
using the DHARMa package. When overdispersion was detected, models 
were refitted using a negative binomial distribution. Seedling length was 
analyzed using a generalized linear model with a Gamma error distri
bution and log link after confirming that the response variable was 
continuous and strictly positive. Model assumptions were assessed using 
diagnostic residual plots generated by the DHARMa package. The sig
nificance of main effects and interactions was evaluated using likelihood 
ratio tests, and pairwise comparisons among treatment means were 
performed using estimated marginal means with Bonferroni adjustment. 
Because the factorial design required a large number of cystocarps, 
cystocarps from two fertile parent thalli were randomly and equally 
allocated across all treatment combinations. Therefore, potential vari
ation associated with source individuals was controlled through the 
balanced experimental design rather than explicitly included in the 
statistical model.

Differences were considered statistically significant at P < 0.05.

3. Results and discussion

3.1. Environmental context and sample characteristics

The environmental parameters recorded at Hon Chong, Nha Trang, 
during the primary collection periods (March 2025 and April 2026) 
characterized the habitat as a stable, high-energy tropical marine 
ecosystem.

Sea surface temperatures (SSTs) at the collection site ranged from 
26.2 to 27.2◦C in March 2025–27.0–28.5◦C in April 2026 (Table 1). This 
thermal regime is typical of the south-central coast of Vietnam during 
the spring-to-summer transition. The observed SSTs closely align with 
the reported peak growth conditions of other tropical A. taxiformis 
populations, such as those in Indian waters (24 ± 2◦C; Mairh, 1977). In 
contrast, populations from temperate regions such as southern Califor
nia and the Azores experience substantially cooler and more variable 
thermal regimes (15–22◦C), where the gametophyte stage is typically 
restricted to cooler periods of the year (Batista, 2020; Resetarits et al., 
2024). These differences suggest geographic variation in thermal 
adaptation among tropical and temperate populations of A. taxiformis.

Seawater salinity at Hon Chong remained consistent at 32.0‰ and 
33.8‰ (Table 1). This stability is biologically important because 
A. taxiformis typically thrives at salinities around 35‰ but maintains 
healthy growth within a window of 30–40‰ (Mairh, 1977; Hurd et al., 
2014; Statton, 2024). The optimal osmotic environment at Hon Chong 
may support the high reproductive potential observed in the local 

population, which exhibited a mean cystocarp density of 12.3 ± 4.8 
cystocarps cm⁻¹ . Such high reproductive output suggests substantial 
propagule pressure, which may represent an adaptation for survival and 
dominance in high-energy reef environments (Zanolla et al., 2017).

The light environment featured high surface irradiance, with midday 
peaks of 1400–1710 µmol photons m⁻² s⁻¹ (Table 1). Furthermore, the 
photoperiod shifted from 12 L:12D in March to a longer day-length of 
12.5 L:11.5D in April. This increasing day length, coinciding with the 
peak abundance of fertile gametophytes, may serve as a primary 
phenological trigger for reproductive synchrony and the onset of car
posporogenesis in the Nha Trang lineage (Guiry and Dawes, 1992; 
Statton, 2024; Rule et al., 2025).

3.2. Morphological traits and reproductive potential of seed stock

The harvested gametophytes of A. taxiformis from Nha Trang were 
typically medium to dark reddish-brown in color, gradually fading to 
greyish-red with age (Figs. 2a, 2b). Gametophytes were attached to 
rocky or coral substrates (Fig. 2a) through a well-developed network of 
basal stolons and rhizoids (Fig. 2b). The average frond length within 
collected clusters, including both juvenile and mature branches, was 
6.04 ± 2.27 cm, whereas mature reproductive fronds bearing visible 
cystocarps (Fig. 2c) reached an average length of 9.7 ± 2.1 cm (Table 2). 
Although these fronds were shorter than the 20–40 cm lengths 
commonly reported for Australian populations (Rule et al., 2025; Stat
ton, 2024), they exceeded the average thallus lengths reported for three 
Indonesian strains, which ranged from 3.6 and 4.4 cm (Jayanti et al., 
2026). The broad size distribution observed among Vietnamese speci
mens (2.0–13.2 cm) suggests continuous recruitment and development 
of fronds within individual clusters (Table 2).

The Vietnamese specimens also exhibited a remarkably high density 
of reproductive structures (Fig. 2b). An average of 120.0 ± 59.3 cysto
carps per frond was recorded, equating to a density of 12.3 ± 4.8 cys
tocarps cm− 1 (Table 2). With an average of 276–362 spores per 
cystocarp (Table 3), the total number of carpospores could reach 
approximately 36,000 per frond. This high reproductive allocation is a 
critical indicator of the population's suitability as a seed stock source. 
The mechanism behind such dense cystocarp formation in the Nha Trang 
lineage may reflect the favorable thermal and nutrient conditions of the 
collection site, which may allow the alga to invest heavily in sexual 
reproduction in addition to vegetative growth. In many Asparagopsis 
lineages, high propagule pressure has been proposed as an adaptive 
strategy for survival and dominance in high-energy reef environments 
(Zanolla et al., 2017). Statton (2024) and Rule et al. (2025) emphasized 
that the number of fecund thalli is a major determinant of hatchery 
success. Therefore, the high density of mature pink-to-red cystocarps 
observed even in relatively small Vietnamese specimens supports the 
potential of this population for large-scale carpospore production and 
hatchery-based seedling propagation.

3.3. Thermal constraints and local adaptation in carpospore development

The experimental results demonstrated that although temperature 
did not significantly influence the initial quantity of carpospores liber
ated (P > 0.05), it acted as a decisive regulatory factor governing all 
subsequent developmental processes, including survival, germination, 
and morphological branching (Table 3).

The Nha Trang lineage exhibited optimal performance between 24◦C 
and 28◦C. At these temperatures, spore survival and germination 
reached 100% within the first 7 days (Table 3). This range closely 
matched the ambient seawater temperatures of 26.5–27.2◦C recorded 
during the collection periods (Table 1), suggesting local thermal adap
tation. Similar thermal preferences have been reported for other tropical 
A. taxiformis populations, including Australian isolates from Magnetic 
Island (Queensland), where approximately 25◦C was identified as the 
optimal germination temperature (Rule et al., 2025; Statton, 2024). This 
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pattern likely reflects reproductive synchrony, whereby seaweeds co
ordinate life-cycle transitions with stable environmental conditions in 
their native habitats to maximize recruitment success (Rule et al., 2013).

Conversely, exposure to 32◦C resulted in total mortality within 2 
days (Fig. 3), indicating that this temperature likely approaches the 
upper lethal threshold for the carpospore stage of the Nha Trang lineage. 
According to the National Hatchery Network data, A. taxiformis tetra
sporophytes generally experience mortality above 33◦C (Rule et al., 
2025). The rapid collapse at 32 ± 1◦C in our study suggests that the 
carpospore stage may be as sensitive to heat stress as the established 
tetrasporophyte. Exposure to elevated temperatures is known to induce 
the accumulation of reactive oxygen species (ROS) and cause irrevers
ible damage to photosystem II and cellular membranes, ultimately 
leading to bleaching and cell death (Allakhverdiev et al., 2008; Eggert, 
2012).

Values are EMMs (estimated marginal means) ± SE (standard error) 
obtained from the negative binomial generalized linear mixed model. 
Sample sizes were n = 7 for 20◦C; n = 8 for 24◦C, 28◦C, and 32◦C. 
Different letters within a column indicate significant differences based 

on Bonferroni-adjusted pairwise comparisons (P < 0.05). The 32◦C 
treatment was excluded from the statistical analyses of surviving and 
germinated spores because all observations were zero. N.D: not detected 
due to complete sample mortality.

Branching was observed exclusively in the 24◦C and 28◦C treat
ments, where the branching percentage reached 100% at day 7 
(Table 3). In contrast, the 20◦C treatment produced only minimal 
germination and no observable branching even after 14 days (Table 3). 
In the practical framework of Asparagopsis hatcheries, the emergence of 
the first branch represents a critical developmental milestone for scaling 
up production. Statton (2024) noted that this morphological transition 
indicates that germlings are sufficiently robust for transfer from static 
multi-well plates to large aerated culture systems (tumble culture). The 
present results suggest that maintaining temperatures between 24◦C and 
28◦C is essential for inducing branching within the first week of devel
opment. By accelerating early morphological maturation, hatchery 
systems in Central Vietnam may substantially reduce the developmental 
lag phase and achieve harvestable biomass within the economically 
viable production window of approximately 4–6 weeks proposed for 
industrial cultivation (Statton, 2024).

3.4. Trade-offs between spore yield and culture cleanliness associated 
with two spore-release methods

Statistical analysis revealed a significant effect of the spore-release 
method on both spore yield and culture quality (P < 0.01). Data from 
the first trial showed that the natural induction method yielded a mean 
of 217.3 ± 56.2 carpospores per cystocarp, which was more than tenfold 
higher than the 20.4 ± 5.4 spores obtained via the forcible release 
method (Table 4). A similar trend was observed in the second trial, in 

Fig. 2. Morphological and reproductive features of wild-collected Asparagopsis taxiformis from Nha Trang, Vietnam. (a). Gametophytes in natural habitat. (b). A 
cluster of seaweed whose fronds connect to each other by the basal stolon and rhizoids. (c). Densely distributed cystocarps (Cy) and spermatangia (arrow) on the 
frond. (d). A mature cystocarp with a visible apical ostiole (arrow). Bar (in b): 1 cm, (in c and d): 1 mm.

Table 2 
Morphological characteristics and cystocarp density of collected A. taxi
formis specimens.

Morphological parameters Value 
(Mean ± SD, standard deviation)

Sample size (n)

Average frond length (cm) 6.04 ± 2.27 285
Range of frond length (cm) 2.0 – 13.2 285
Mature frond length (cm) 9.7 ± 2.1 10
No of cystocarps/frond 120.0 ± 59.3 10
No of cystocarp cm− 1 12.3 ± 4.8 10

Table 3 
Effects of temperature on the survival, germination, and branching of Asparagopsis taxiformis carpospores over 14 days of cultivation.

20ºC 24ºC 28ºC 32ºC

No of liberated spores 2d 366.7a±68.1 263.1a± 45.9 294.1a±50.2 302.0a±52.2
No of surviving spores 7d 260.7b±56.6 266.3b±54.1 294.8b±59.8 0.0a ± 0.0

14d 134.9b±38.6 266.3c± 71.0 294.8c±78.6 0.0a ± 0.0
No of germinated spores 7d 2.0a ± 0.7 266.3b±62.1 294.8b±68.7 0.0a ± 0.0

14d 2.9a ± 0.9 266.3b±55.5 294.8b±61.4 0.0a ± 0.0
Branching percentage (%) 7d 0 100.0 100.0 N.D

14d 0 100.0 100.0 N.D
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which natural induction again generated significantly higher spore 
yields (118.7 ± 34.5) than forcible release (10.7 ± 3.3).

Values are EMMs (estimated marginal means) ± SE (standard error) 
obtained from the negative binomial generalized linear mixed model. In 
the first trial, n = 24 cystocarps per method; four parent thalli included 
as a random effect. Corresponding numbers for the second trial were 
n = 12 and three thalli. P values were derived from likelihood ratio tests, 
and pairwise comparisons were performed using estimated marginal 
means with Bonferroni adjustment. *P < 0.05, ** P < 0.01.

The quantitative superiority of the natural induction method sug
gests that carpospore liberation in the Nha Trang lineage may represent 
an active biological process rather than a purely mechanical event. In 
many red algae, synchronized spore-release is triggered by specific 
physiological or osmotic signals that require the structural integrity of 
the cystocarp to remain intact (Rule et al., 2025). Similar patterns have 
been reported for tropical A. taxiformis populations from Magnetic Is
land, Australia, where natural induction generated approximately 
sixfold higher carpospore yields than forcible release under optimal 
conditions (Rule et al., 2025).

This discrepancy may be explained by differences in cystocarp 
physiology and the mechanics of spore liberation. Natural induction 
allows carpospores to mature fully, detach from the gonimoblast fila
ments, and exit through the apical ostiole according to their endogenous 
developmental rhythm. In contrast, the lower yield obtained from the 
forcible release method may be due to potential damage occurred during 
the sandwiching process, together with spore loss during transfer from 
the glass surface. Furthermore, many forcibly extruded spores remained 
attached to the gonimoblast filament and occasionally retained this 
connection after germination. These pyriform gonimoblast-associated 
spores were therefore excluded from liberated spore counts. However, 
they were fully accounted for in the germinated spore and subsequent 
germling counts as they successfully initiated cultivation.

Despite the substantially lower spore yield, the forcible release 
method proved superior in establishing clean founder cultures. In the 

first trial, the forcible method achieved 95.8% cleanliness, which 
improved to 100% cleanliness in the second trial (Table 4). In contrast, 
cleanliness in the natural induction treatment declined from 66.7% in 
the first trial to complete contamination (0% cleanliness) in the second 
trial. This deterioration may have been associated with poorer physio
logical condition and heavier epiphytic contamination of the broodstock 
collected during the second sampling period (data not shown).

The inverse relationship between spore yield and culture cleanliness 
represents a major technical challenge in Asparagopsis hatchery systems. 
Contamination during natural induction is likely associated with the 
prolonged immersion (typically 12–72 h) of wild-collected maternal 
tissues in nutrient-enriched culture media (Statton, 2024; Rule et al., 
2025). This duration provides sufficient time for epiphytic diatoms, 
bacteria, and microscopic algae – which are ubiquitous on wild game
tophytes – to migrate from the parental tissue and colonize the 
nutrient-rich environment of the culture wells (Mickelson, 2013; Rule 
et al., 2025). The forcible method mitigates this risk by utilizing a brief 
30-second iodine sterilization and immediate mechanical isolation of 
spores, thereby reducing contact time between wild tissues and the 
culture medium (Rule et al., 2025).

Interestingly, natural induction in the first trial was estimated to 
produce approximately 148.3 clean germlings (estimated from EMM ×
cleanliness) despite lower overall cleanliness, suggesting that high 
initial spore densities may partially compensate for moderate contami
nation levels. However, the complete contamination observed in the 
second trial highlights the limited reliability of this method when 
relying on wild-sourced broodstock. Wild A. taxiformis specimens 
collected from shallow nearshore habitats in Nha Trang were frequently 
associated with dense epiphytic communities, including bacteria, in
vertebrates, microalgae, and macroalgae. Moreover, coastal habitats 
near urbanized regions are likely to be subjected to greater anthropo
genic disturbance, potentially increasing microbial and epiphytic loads 
on collected thalli. Although the agar-dragging procedure reduced sur
face contamination to some extent, it appeared insufficient for removing 

Fig. 3. Temporal variations in carpospore survival and germination percentage under different temperature regimes over 14 days. Error bars represent SE (n = 7 for 
20◦C; n = 8 for 24◦C, 28◦C, and 32◦C). Data for the 32◦C treatment (spore survival and germination percentage) and the 20◦C treatment (germination percentage) 
were omitted from the graphs due to their zero and near-zero values, respectively.

Table 4 
Comparison of carpospore yield and culture cleanliness between forcible release and natural induction methods.

Trial
No. of liberated spore/carp at day 2 No of germinated spores/carp at day 7 Cleanliness (%)/origin at day 7 No. of clean germlings at day 7
Forcible Natural Forcible Natural Forcible Natural Forcible Natural

1st 20.4 ± 5.4 217.3**±56.2 54.3 ± 11.6 222.4**±47.4 95.8*±1.7 66.7 ± 2.8 52.0 148.3
2nd 10.7 ± 3.3 118.7**±34.5 26.2 ± 5.9 116.4**± 25.4 100.0**±0.0 0.0 ± 0.0 26.2 0
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firmly attached epiphytes, particularly filamentous algae associated 
with cystocarp surfaces.

Consequently, for industrial-scale hatchery development in Central 
Vietnam, a hybrid production strategy is recommended, similar to those 
proposed for the Australian industry (Rule et al., 2025). The forcible 
release method should be prioritized for establishing and maintaining 
clean founder cultures and genetically stable seed stocks, whereas nat
ural induction may be more suitable for large-scale biomass expansion 
when combined with advanced decontamination procedures, such as 
repeated agar-dragging or antibiotic-assisted cleaning protocols, to 
maintain the long-term viability of the tetrasporophyte phase.

Overall, tetrasporophyte germlings could be obtained by two path
ways illustrated in Fig. 4. Carpospore liberation occurred either through 
natural release via the cystocarp ostiole or through forcible extrusion by 
mechanical compression between glass slides. Spore liberation was 
generally completed within 3 days, followed by germination after 
approximately 1–2 additional days. Initial branching was consistently 
observed within 7 days after spore liberation.

3.5. Promotion of carpospore liberation and germination

Generalized linear model (GLM) analysis identified that the spore- 
release method was the most influential factor affecting both carpo
spore liberation (χ² = 80.182, P < 0.01) and subsequent germination 
(χ² = 34.069, P < 0.01). Although irradiance did not significantly affect 
the initial quantity of liberated spores (P > 0.05), it strongly influenced 
germination (P < 0.01). Interestingly, culture medium (f/2 versus PES) 
showed no significant independent or interactive effects on either 
parameter (P > 0.05), suggesting limited dependence on external nu
trients during the earliest stages of development (Table 5).

3.5.1. Superiority of natural induction over forcible release
The experimental data demonstrated a clear superiority of natural 

induction for maximizing spore yield. Under this method, the number of 
liberated spores reached a peak of 63.78 ± 17.92 spores per cystocarp at 
7 µmol photons m− 2 s− 1, which was approximately five to six times 
higher than the yield obtained through forcible release under identical 
conditions (9.00 ± 2.09 spores/cystocarp) (Table 6). This finding was 
consistent with the previous experiment (Section 3.4).

3.5.2. Interactive effects of light and release method on germination
Although light was not required for the mechanical process of spore 

liberation, it functioned as an essential trigger for germination. The GLM 
identified a significant Method × Light interaction for both liberation 
(P = 0.021) and germination (P = 0.032) (Table 5). Under both spore- 

release methods, germination was initiated as early as day 2 and 
reached a plateau by day 7 (data not shown). In the natural induction 
treatments, all spores germinated into germlings under illuminated 
conditions (Fig. 5). In the forcible release treatment, the number of 
germlings observed on day 7 was higher than the number of liberated 
spores recorded on day 2 because the germling counts included germi
nated spores derived from both freely liberated carpospores and spores 
that remained attached to the gonimoblast filaments, which were not 
included in the initial spore counts on day 2.

The near-complete suppression of germination under total darkness 
(0 µmol photons m− 2 s− 1), which yielded only minimal counts (4.67 and 
10.33 germlings in forcible release and natural induction treatments, 
respectively), confirmed that A. taxiformis carpospores are positively 
photoblastic. These results are consistent with the hatchery protocols 
established by Statton (2024) and Rule et al. (2025), which recommend 
low-light environments (5–20 µmol photons m− 2 s− 1) to trigger germi
nation. Total darkness or excessively high irradiance both resulted in a 
poor germination performance.

These findings suggest that carpospore germination in the Nha Trang 
lineage is a photomorphogenic process in which light acts not only as a 
photosynthetic energy source but also as an essential developmental 
signal (Theobald et al., 2024; Mihaila et al., 2023). The observation that 
germination reached a plateau at 7 µmol photons m− 2 s− 1 suggests that 
the metabolic requirements for initial cell division are largely satisfied at 
very low irradiance. This low-light adaptation may reflect an ecological 
adaptation of tropical Asparagopsis strains to ensure recruitment in 
shaded reef habitats or during low-light settlement windows such as 
dawn (Rule et al., 2025). Furthermore, the consistency of this light 
response across both f/2 and PES media indicates that the initial stages 
of germination rely primarily on the spore's internal metabolic reserves 
and are independent of external inorganic nutrient concentrations 
(Mihaila et al., 2023).

The absence of significant medium effects (f/2 versus PES) during the 
first 7 days suggests that early germination is primarily fueled by 
endogenous energy reserves. Floridean starch is the primary storage 
polysaccharide in red algae (Rhodophyceae), including the genus 
Asparagopsis (Sheath et al., 1981). These stored reserves likely provide 
sufficient energy to support the initial mitotic divisions and early rhizoid 
and filament formation before the developing germlings become fully 
dependent on exogenous nutrient uptake.

3.5.3. Evaluation of nutrient media for germling growth and morphological 
branching

The growth of Asparagopsis taxiformis germlings during the first 
seven days was primarily driven by light intensity and culture medium 

Fig. 4. Microscopic developmental sequence of Asparagopsis taxiformis from released carpospores to branched filamentous germlings (tetrasporophyte).
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(both P < 0.001), while the spore-release method showed significant 
effects only through its interactions with these abiotic factors 
(P < 0.001) (Table 5). The interaction plots demonstrated distinct 
response patterns of germling length across light intensities depending 
on both release method and culture medium (Fig. 6). Pairwise differ
ences among treatment combinations are presented in Table 6.

In the f/2 medium, germling length generally increased with 
increasing light intensity under both spore-release methods. Germlings 
derived from forcible release exhibited a gradual increase in length from 
0.20 mm at 7 µmol photons m⁻² s⁻¹ to 0.30 mm at 21 µmol photons m⁻² 
s⁻¹ . In contrast, natural induction showed only a slight increase between 
7 and 14 µmol photons m⁻² s⁻¹ , followed by a marked increase at 21 
µmol photons m⁻² s⁻¹ , reaching the highest recorded value (0.39 
± 0.04 mm) (Fig. 6, Table 6).

In the PES medium, the response pattern differed substantially. 
Germling length under forcible release increased from 0.09 ± 0.01 mm 
at 7 µmol photons m⁻² s⁻¹ to 0.18 ± 0.02 mm at 21 µmol photons m⁻² s⁻¹ . 
However, under natural induction, germling length increased slightly at 
the intermediate light intensity but declined at the highest light level, 
decreasing to 0.12 ± 0.01 mm at 21 µmol photons m⁻² s⁻¹ (Fig. 6, 
Table 6). These contrasting response patterns between the two media 
supported the significant three-way interaction among Method, Light, 
and Medium.

The greatest germling elongation was observed in naturally induced 
spores cultured in f/2 medium at 21 µmol photons m− 2 s− 1, reaching a 
length of 0.39 ± 0.04 mm. Comparable results were also obtained in 
forcibly released spores cultured in f/2 medium at 14–21 µmol photons 
m− 2 s− 1 (Table 6). Additional evidence supporting the superiority of the 
f/2 medium was observed in branching development. In all f/2 treat
ments, 100% of wells contained at least one branched germling by day 7, 
whereas branching in PES cultures occurred approximately 1–2 days 
later. Within the f/2 treatments, neither irradiance nor spore-release 

Table 5 
Summary of generalized linear model analysis for number of liberated spores, germinated spores, and germling length.

No. of liberated spores at day 2 No. of germinated spores at day 7 Germling length (mm) at day 7

​ χ² Df p χ² df p χ² df* P
Method 80.182 1 < 2e-16 34.069 1 5.320e-09 0.088 1 0.7663365
Light 3.324 3 0.34435 62.247 3 1.945e-13 22.004 2 1.667e-05
Medium 0.044 1 0.83312 0.097 1 0.75573 59.151 1 1.461e-14
Method × Light 9.712 3 0.02118 8.784 3 0.03231 4.249 2 0.1194802
Method × Medium 0.049 1 0.82507 2.926 1 0.08714 0.267 1 0.6051217
Light × Medium 4.578 3 0.20544 3.033 3 0.38656 10.733 2 0.0046695
Method × Light × Medium 2.343 3 0.50430 1.855 3 0.60306 14.636 2 0.0006636

* Because no spores in dark conditions showed symptoms of germination, the treatment of 0 µmol photons m− 2 s− 1 was omitted from the analysis of germling length 
at day 7.

Table 6 
Interactive effects of spore-release method, light intensity, and culture medium 
on germling length after 7 days. Values are presented as estimated marginal 
means ± SE (n = 18) derived from the generalized linear model. Different letters 
indicate significant differences based on Bonferroni-adjusted pairwise compar
isons (P < 0.05).

Method Light 
(µmol photons m⁻² s⁻¹)

Medium Germling length (mm)

Forcible release 7 f/2 0.20 ± 0.01bcd

7 PES 0.09 ± 0.01a

14 f/2 0.26 ± 0.03cde

14 PES 0.17 ± 0.01bcd

21 f/2 0.30 ± 0.02de

21 PES 0.18 ± 0.02bcd

Natural induction 7 f/2 0.19 ± 0.01bcd

7 PES 0.15 ± 0.01abc

14 f/2 0.20 ± 0.02bcd

14 PES 0.18 ± 0.05bcd

21 f/2 0.39 ± 0.04e

21 PES 0.12 ± 0.01ab

Fig. 5. Number of liberated and germinated carpospores per cystocarp under different spore-release methods (forcible release and natural induction) and light 
intensities (0, 7, 14, 21 µmol photons m− 2 s− 1). Liberated and germinated spores were quantified on days 2 and 7, respectively. Values are presented as estimated 
marginal means ± SE (n = 12) derived from the generalized linear model. Data were pooled across culture media for presentation because the medium effect was not 
statistically significant. Different lowercase or uppercase letters in one set indicate significant differences based on Bonferroni-adjusted pairwise compari
sons (P < 0.05).
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method exerted significant effects on branching frequency (data not 
shown).

The better performance of the f/2 medium relative to PES in pro
moting germling growth suggests that, although initial germination is 
supported by endogenous carbohydrate reserves such as floridean starch 
(Sheath et al., 1981), the subsequent transition to rapid filament elon
gation may become increasingly dependent on the availability of 
external inorganic nutrients (Hurd et al., 2014; Rule et al., 2025). Dif
ferences in germling growth between the two media may therefore 
reflect differences in nutrient composition, particularly the availability 
of inorganic macronutrients required to sustain continued cell division 
and filament development. Although PES medium provides essential 
trace elements and vitamins that support initial spore stabilization, the 
comparatively better performance observed in f/2 suggests that its 
nutrient composition may be more favorable for rapid biomass expan
sion and branching during the early tetrasporophyte phase (Guillard, 
1975; Rule et al., 2025).

Within industrial hatchery systems, early branching represents the 
transition to the robust tetrasporophyte stage, which can then be further 
propagated through fragmentation (Statton, 2024). The present findings 
suggest that although carpospore germination can be initiated success
fully in multiple nutrient media, transferring cultures to f/2 medium 
within the first week of development is likely essential for overcoming 
the developmental lag observed under less nutrient-enriched conditions 
and for ensuring that germlings reach harvestable biomass within the 
economically viable 4–6 week production window proposed for com
mercial cultivation (Statton, 2024; Mihaila et al., 2023).

Although germling lengths obtained under the forcible release 
treatment in f/2 medium at irradiances of 7–14 µmol photons m⁻² 
s⁻¹ were comparable to those observed under natural induction in f/2 
medium at 21 µmol photons m⁻² s⁻¹ , the substantially higher spore yield 
achieved through natural induction made the latter treatment the more 
practical option for hatchery production. Therefore, from an industrial 
perspective, the combination of natural induction, f/2 medium, and an 
irradiance of 21 µmol photons m⁻² s⁻¹ appears particularly effective for 
maximizing spore production and accelerating the establishment of 
dense tetrasporophyte biomass, thereby potentially reducing the dura
tion of the early developmental lag phase.

It is important to acknowledge that the experiments were conducted 
over two consecutive years (2025 and 2026) due to the seasonal avail
ability of mature gametophytes. Although the environmental conditions 
at the collection site remained comparable between the two periods 
(Table 1), year-to-year physiological variation in wild broodstock could 
potentially influence carpospore responses. The consistency of the 

results regarding the spore-release methods across both years suggests 
that these temporal variations did not substantially alter the observed 
developmental trends. However, this year-to-year separation remains a 
limitation of the study, and future research utilizing long-term culti
vated lines would further validate the robustness of these abiotic 
thresholds.

4. Conclusion

This study establishes the first baseline dataset for the reproductive 
cultivation of Vietnamese Asparagopsis taxiformis. Wild populations from 
Nha Trang exhibited strong potential as a seed-stock source, character
ized by a high reproductive density of 12.3 ± 4.8 cystocarps cm⁻¹ . The 
results further demonstrated that a relatively narrow thermal range of 
24–28◦C supported 100% carpospore survival and germination. Among 
the tested culture conditions, the combination of natural induction, f/2 
medium, and an irradiance of 21 µmol photons m⁻² s⁻¹ consistently 
produced the most favorable overall performance, resulting in higher 
spore release, survival, germination, early germling growth, and 
morphological branching. This combination is expected to facilitate the 
rapid establishment of dense tetrasporophyte biomass while reducing 
the developmental lag phase during hatchery production. In contrast, 
forcible release produced cleaner cultures under some conditions and 
may therefore be preferred for establishing clean founder cultures. 
Overall, the present findings provide an important technical foundation 
for the development of hatchery systems for Vietnamese A. taxiformis 
and contribute to the advancement of sustainable Asparagopsis-based 
aquaculture to support methane mitigation strategies.
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A B S T R A C T

This study investigates the reproductive biology of the Chinese thorny oyster Spondylus sinensis in the nearshore 
waters of Khanh Hoa Province, Vietnam, to provide baseline information for stock management and aquaculture 
development. A total of 30 individuals were collected monthly from November 2024 to October 2025 and 
examined for reproductive characteristics. Five gonadal maturity stages were identified, consistent with repro
ductive patterns typical of tropical bivalves. The population exhibited a significantly male-biased sex structure, 
with 55.5% males, 30.0% females, 10.3% hermaphrodites, and 4.1% indeterminate individuals, resulting in a sex 
ratio of 1.9:1. The gonadosomatic index showed clear seasonality, with peak spawning activity occurring from 
March to May and a secondary spawning period from July to October. The size at first sexual maturity (L50) was 
estimated at 50.9 mm shell height, and individuals began reproducing at approximately 46 mm. Absolute 
fecundity increased with size, averaging 854,540 ± 322,468 eggs per individual, while relative fecundity 
averaged 8540 ± 2358 eggs per gram of body weight. These findings indicate that S. sinensis exhibits an extended 
spawning season, high fecundity, and size-dependent reproductive characteristics. Establishing harvest size 
limits above 56 mm and regulating wild collection are recommended to ensure population sustainability. 
Overall, the study provides foundational reproductive data essential for effective resource management and for 
supporting future hatchery development of S. sinensis in Vietnam.

1. Introduction

Species of the genus Spondylus are economically, culturally, and 
ecologically important marine bivalves distributed throughout tropical 
and subtropical seas. In Vietnam, they are valued as a high-quality 
seafood resource and are also widely utilized as raw materials for shell 
handicrafts, jewelry, and decorative products, contributing to the live
lihoods of coastal communities (Lodeiros et al., 2016). Ecologically, 
Spondylus species are reef-associated bivalves that permanently attach to 
hard substrates such as rocks and coral reefs, where they function as 
ecosystem engineers by increasing habitat complexity and providing 
settlement surfaces and refuges for numerous associated organisms 
(Logan, 1974; Mackensen et al., 2012). Their shells support diverse 
epibiont and endobiont communities, thereby enhancing local biodi
versity and contributing to the structure of benthic ecosystems 
(Mackensen et al., 2012). Given their ecological importance and 

commercial value, understanding the biological characteristics and 
population dynamics of Spondylus species is essential for the sustainable 
management and conservation of these resources.

The thorny oyster (Spondylus spp.) is a group of sessile bivalve 
mollusks characterized by strong attachment to substrates and a wide 
distribution across tropical and subtropical marine regions worldwide 
(Stone, 1998; Waller, 2006). In many regions, such as South America 
and Mediterranean countries, Spondylus species are commonly used as 
food resources (Windler, 2019; Roterman et al., 2015). The Chinese 
thorny oyster (Spondylus sinensis), a member of the broadly distributed 
genus Spondylus, inhabits tropical and subtropical marine waters 
(Stone, 1998; Waller, 2006). Species of this genus occur in reef ecosys
tems ranging from the Caribbean and Atlantic regions to the tropical 
Indo-Pacific (Lodeiros et al., 2016). As filter feeders, Spondylus oysters 
typically inhabit rocky reef habitats from the intertidal zone to depths of 
up to 55 m. Individuals attach to rocks, coral reefs, or other solid 
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substrates using byssal threads and often form small clusters of 5–10 
individuals per substrate (Lodeiros et al., 2016).

In Khanh Hoa Province, Spondylus spp. are economically valuable 
bivalves due to their high market demand and favorable meat quality. 
According to our preliminary survey, their commercial price ranges 
from 200,000 to 400,000 VND/kg (after shell removal). However, the 
current supply relies entirely on wild harvest because artificial seed 
production technology has not yet been developed. Unregulated 
exploitation may increase the risk of resource depletion, highlighting the 
need for biological studies to support sustainable management and 
future aquaculture development.

Research on the reproductive biology of the Chinese thorny oyster in 
the nearshore waters of Khanh Hoa is therefore essential. Such studies 
provide crucial information on gonadal development stages, sex ratios, 
spawning seasons, size at first sexual maturity, and fecundity. These data 
serve as a scientific foundation for proposing management strategies 
aimed at sustaining, protecting, and responsibly exploiting thorny oyster 
resources in Khanh Hoa in particularly and in Vietnam’s coastal regions 
in general.

2. Materials and methods

2.1. Sample collection and processing

The study was conducted from November 2024 to October 2025 in 

the nearshore waters of Khanh Hoa Province, Vietnam (Fig. 1). Each 
month, thirty S. sinensis individuals of varying sizes were randomly 
collected yielding a total of 360 specimens. Oyster specimens were 
collected from natural populations in Nha Trang Bay, Khanh Hoa 
Province, Vietnam (coordinates: 12◦07′03”N− 12◦18′58”N, 109◦11’45”E 
- 109◦22’20”E). Sampling was conducted by SCUBA diving from reef- 
associated habitats where oysters were attached to rocky substrates, 
coral rubble, and dead coral colonies. The sampling depth ranged from 
10 to 20 m. During the study period, salinity at the collection sites 
ranged from 33 to 35 ppt. Water temperature was monitored during 
sampling and ranged from 23 to 26◦C. All samples were transported on 
ice to the Institute of Oceanography, Vietnam, for laboratory analysis 
(Fig. 2).

2.2. Morphometric measurements

In the laboratory, oysters were sacrificed, and morphometric pa
rameters were recorded. Shell height was measured as the linear dis
tance from the umbo to the ventral shell margin. Total body weight 
(Wtt) and soft tissue weight (Wtm) were determined using a Pocket 
Scale Mini AND HL202 electronic balance (capacity: 200 g; accuracy: 
0.01 g).

Fig. 1. Sample collection site.
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Fig. 2. Histological sections of the ovaries and testes of the S. sinensis in Khanh Hoa seawater. (a, b: gonads at stage I; c, e, g, j: testes at stage II, III, IV and V, 
respectively; d, f, h, j: ovaries at stage II, III, IV and V, respectively).
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2.3. Gonad extraction and histological preparation

Histological analysis was performed according to Genc et al. (2007). 
Reproductive tissues (ovaries or testes) were carefully dissected from 
each individual and fixed in 5% phosphate-buffered formalin (pH 
7.0–7.2) for 24 h prior to dehydration. Gonadal tissues representing 
each developmental stage were dehydrated through a graded ethanol 
series (70%, 85%, and 98%) and embedded in paraffin under vacuum. 
Sections of 4–5 µm were stained with hematoxylin and eosin (H&E).

2.4. Sample analysis and data collection

Gonadal development stages: In females, gonadal development was 
evaluated based on both the macroscopic appearance of the ovaries and 
the microscopic characteristics of oocytes. In males, assessment was 
conducted primarily through the external morphology of the testes. 
Gonadal developmental stages were classified according to Vaitilingon 
et al. (2005), using an Olympus BX50 microscope at 10 × and 
20 × magnification. Histological sections were photographed and 
documented at 20 × magnification using the same microscope.

Sex determination and sex ratio: Sex in S. sinensis cannot be deter
mined externally; therefore, individuals were dissected and their gonads 
were examined macroscopically based on morphology and coloration. 
Monthly and size-specific sex ratios were determined by counting males, 
females, hermaphrodites, and indeterminate individuals. Individuals 
exhibiting distinct male- and female-like gonadal tissues within the same 
gonad were classified as hermaphrodites, whereas specimens with un
developed or unclear gonadal characteristics were classified as 
indeterminate.

Sex ratios were calculated as follows: 

• Female (%) = (number of females / total individuals) × 100
• Male (%) = (number of males / total individuals) × 100
• Male to Female ratio = a:b (a = number of males; b = number of 

females)

.
Deviation from the expected 1:1 sex ratio was evaluated using the 

Chi-square test (χ²), following Hayslett (1991).
Spawning Season: The spawning season was determined based on the 

presence of mature and spent individuals in monthly commercial land
ings and the monthly gonadosomatic index (GSI). The GSI was calcu
lated as: 

GSI = 100 ×
GW
BW 

where GW is gonad weight and BW is total body weight(gr).
Size at first sexual maturity: Shell height (SH) was measured as the 

straight-line distance from the umbo to the ventral shell margin, 
perpendicular to the hinge line, using a digital caliper (±0.01 mm). Shell 
height was used as the size proxy for all analyses because it is the 
standard morphometric measurement commonly applied in oyster 
reproductive studies and is considered a reliable indicator of individual 
size. To estimate the size at first maturity (Hₘ), female oysters were 
grouped into six shell-height classes, and individuals at gonadal stage III 
or above were considered mature. Size at first sexual maturity was 
defined as the shell height at which 50% of females possessed ovaries in 
advanced stages of development (King, 1995). For each size class, the 
proportion of mature females (P) was adjusted using a correction factor 
so that the largest size class represented 100% maturity. A linear rela
tionship between shell-height class and ln[(1 − P)/P] was established, 
and Hₘ was calculated at P = 0.5.

Fecundity: Absolute and relative fecundity were estimated from 30 
mature ovaries (stages III–IV), with each ovary obtained from a different 
randomly selected mature female, ensuring that each individual 

contributed only one sample to the analysis. From each ovary, three 
tissue subsamples (≤ 0.01 g) were taken from the anterior, middle, and 
posterior regions. Each subsample was diluted in 10 ml of water and 
homogenized. A 1 ml aliquot was placed in a counting chamber, and 
stage III–IV oocytes were counted three times, with the mean value 
calculated.

Absolute fecundity (F) was calculated following Crim and Glebe 
(1990): 

F =
G
g
× n 

where G is ovary weight, g is subsample weight, and n is the mean 
number of oocytes in the subsample.

Relative fecundity was calculated following Bagenal and Tesch 
(1978). 

Relative fecundity =
F

total body weight 

2.5. Data analysis

Data were analyzed using descriptive and inferential statistical 
methods. Sex ratio was calculated monthly and for the entire sampling 
period, and deviations from the expected 1:1 ratio were tested using the 
chi-square (χ²) test. The gonadosomatic index (GSI) was expressed as 
mean ± standard deviation (SD). Gonadal developmental stages were 
determined histologically, and the relative frequency of each stage was 
calculated by month to describe the reproductive cycle. Size at first 
sexual maturity (L₅₀) was estimated by fitting a logistic regression model 
to the proportion of mature individuals in each shell height class. Ab
solute and relative fecundity were expressed as mean ± SD. All statis
tical analyses were performed using Microsoft Excel program.

3. Results

3.1. Gonadal development stages

The Gonadal development stages of S. sinensis in Khanh Hoa was 
described in Table 1

3.2. Sex and sex ratio

Of the 360 samples, 108 (30.0%) were females, 200 (55.6%) were 
males, 15 (4.2%) were indeterminate, and 37 (10.3%) were hermaph
roditic. The overall male to female ratio was 1.9:1, which differed 
significantly from the expected 1:1 ratio (χ² = 27.48, df = 1, p < 0.001) 
(Table 2).

Sex ratios varied by month, with significant deviations observed in 
November 2024, April 2025, August 2025, and October 2025. These 
fluctuations may reflect reproductive cycles, environmental influences, 
or size-dependent sex differentiation (Table 2).

3.3. Spawning season

Gonadosomatic index (GSI) values varied significantly throughout 
the year. The lowest GSI was observed in January 2025 (3.36%), cor
responding to the resting/recovery period. GSI increased from February 
onward, reaching its annual peak in May (14.12%), indicating peak 
gonadal maturity and major spawning activity. After the peak, GSI 
declined but remained relatively high from June to October 
(10.56–11.41%), suggesting prolonged or intermittent spawning 
(Fig. 3).

Mature and spawning stages (III–IV) occurred nearly year-round, 
confirming that S. sinensis exhibits an extended spawning period. The 
primary reproductive peak occurred from March to May, with a sec
ondary spawning period from July to October. Minimal reproductive 
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activity was observed in November–December and February (Fig. 4).

3.4. Size at first sexual maturity

The proportion of mature individuals increased with shell height. 
Individuals began reproducing at approximately 46–50 mm, whereas 
the 50% maturation threshold (Hm was reached at a shell height of 
50.9 mm (Fig. 5).

3.5. Fecundity

The absolute fecundity of Spondylus sinensis increased with shell 

height, with an overall mean of 854,540 ± 322,468 eggs per individual. 
In the 50–60 mm shell-height group, absolute fecundity ranged from 
164,340 to 1176,480 eggs, with a mean of 538,618 ± 302,925 eggs per 
individual. Individuals in the 61–71 mm size group exhibited markedly 
higher fecundity, averaging 673,069 ± 196,808 eggs per individual 
(range: 466,667–954,196 eggs). The largest size group (>71 mm) dis
played the highest fecundity values, with a mean of 1174,703 
± 627,762 eggs per individual (range: 317,017–2345,250 eggs). A 
strong positive relationship was observed between shell height and ab
solute fecundity, described by the regression equation F = 31,804 H – 
1E + 06 (R² = 0.90), indicating that larger individuals contributed 
disproportionately to reproductive output. (Table 3).

4. Discussion

Understanding the reproductive biology of marine bivalves is 
essential for effective fishery management and aquaculture develop
ment. This study provides the first comprehensive assessment of key 
reproductive parameters of the Chinese thorny oyster S. sinensis in the 
coastal waters of Khanh Hoa. Five gonadal maturity stages were iden
tified, a pattern commonly observed among tropical bivalves that 
exhibit year-round reproductive activity. Furthermore, the presence of 
primary growth oocytes alongside vitellogenic oocytes in mature stages 
suggests continuous gametogenesis, supporting the species’ capacity for 
prolonged spawning under stable tropical conditions.

Beyond taxonomic comparison, the observed reproductive pattern of 
S. sinensis reflects species-specific responses to local environmental 
conditions. Compared with other tropical oysters such as Crassostrea 
(Magallana) bilineata and Saccostrea cucullata from Southeast Asia, 
which show more synchronized spawning peaks linked closely to 
monsoonal temperature and salinity fluctuations, S. sinensis exhibited a 
more extended spawning window (Doinsing et al., 2024). This differ
ence likely reflects its reef-associated habitat, where environmental 
parameters such as temperature and food availability remain relatively 
stable throughout the year, reducing the need for tightly synchronized 
spawning events. Recent studies on tropical oysters have demonstrated 
that prolonged gametogenic activity is often associated with stable 
thermal regimes and continuous phytoplankton availability 
(Ezgeta-Balic et al., 2020; Doinsing et al., 2024). In this context, the 
extended spawning period of S. sinensis appears to represent an adaptive 
reproductive strategy that maximizes reproductive output under rela
tively predictable environmental conditions.

The increasing proportion of hermaphroditic individuals in larger 
size classes observed in this study supports the hypothesis that S. sinensis 
exhibits flexible sexual strategies, potentially enhancing reproductive 
success under fluctuating demographic conditions. Such sexual plas
ticity has been widely reported in tropical bivalves and is considered 
advantageous in low-density or heavily exploited populations (Gosling, 
2015; Pafras et al., 2024).

Table 1 
Maturity stages of the S. sinensis oyster in Khanh Hoa seawater.

Maturity stages Particular of the gonads

Stage I, Resting/Early 
redevelopment

Macroscopic appearance: Gonads appear as empty, 
transparent, sac-like structures. Sex cannot be 
distinguished. 
Histology: Gonads occupy a small area; connective 
tissue predominates. Residual late-stage gametes 
(oocytes or spermatocytes) may be present in 
individuals that recently spawned. Considered a 
resting or early redevelopment phase (Fig. 2).

Stage II, Initial 
differentiation

Macroscopic appearance: Gonads appear as faint white 
streaks around the visceral mass. 
Histology: Sparse clusters of small germ cells are 
visible. Females exhibit small primary oocytes 
without yolk accumulation, while males show early 
spermatogenic follicles containing spermatogonia 
and primary spermatocytes. Connective tissue 
remains abundant (Fig. 2).

Stage III, 
Developing/Maturing 
gonads

Macroscopic appearance: Gonads enlarge, swollen, 
occupying a major portion of the visceral cavity. 
Histology: Well-defined follicles with surrounding 
somatic layers. Female oocytes increase in size 
(13–30 μm), stain strongly, and display peripheral 
nutrient cells. Male follicles contain abundant 
spermatocytes and active spermatozoa (Fig. 2).

Stage IV: Fully mature/ 
Spawning-ready

Macroscopic appearance: Gonads reach maximum size, 
thick, filling the visceral cavity. Female gonads range 
from orange-yellow to deep orange; male gonads are 
milky white and dense. Free mature gametes are 
abundant in the gonadal lumen. 
Histology: Mature oocytes (30–70 μm) exhibit 
eccentric nuclei and thin membranes. Male follicles 
are distended and densely packed with mature 
spermatozoa (Fig. 2).

Stage V: Spent / Post- 
Spawning

Macroscopic appearance: Gonads shrink, soften, and 
regress toward Stage I–II morphology. 
Histology: Follicles collapse; oocytes degenerate; 
phagocytic cells are present; connective tissue 
redevelops. Male follicles contain few residual 
spermatozoa. Marks the end of the reproductive cycle 
(Fig. 2).

Table 2 
Monthly variation in sex ratio of the S. sinensis in Khanh Hoa seawater.

Month Male (No) Female (No) Unidentified sex (No) Hermaphroditic Total Male: Female

11/24 16 6 2 6 30 2.7:1
12/24 11 11 4 4 30 1:1
1/25 15 8 6 1 30 1.9:1
2/25 15 13 2 0 30 1.2:1
3/25 15 13 1 1 30 1.2:1
4/25 25 4 0 1 30 6.3:1
5/25 19 9 0 2 30 2.1:1
6/25 16 8 0 6 30 2.0:1
7/25 18 11 0 1 30 1.6:1
8/25 20 8 0 2 30 2.5:1
9/25 15 11 0 4 30 1.4:1
10/25 15 6 0 9 30 2.5:1
Total 200 108 15 37 360 1.9:1
% 55.6 30.0 4.2 10.3 100 ​
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The sex ratio of S. sinensis differed notably from those reported for 
other Spondylus species, which exhibit considerable geographic and 
species-specific variability. In this study, males dominated the popula
tion (1.9:1), similar to male-biased populations reported for 
S. leucacanthus (Villalejo-Fuerte, Garcia-Dominguez, 1998) but con
trasting with female-biased or balanced sex ratios observed in 
S. gaederopus (Galinou-Mitsoudi et al., 2019) and S. varius (Ruaza and 
Ilano, 2023). Such discrepancies among studies are unlikely to be 

taxonomic alone and may be driven by differences in population struc
ture, size composition, and environmental stressors. Recent research on 
oyster reproductive dynamics indicates that sex ratios can be strongly 
influenced by growth rate, energy allocation, and habitat quality, 
particularly in species capable of sex reversal or functional hermaph
roditism (Pafras et al., 2024; Barman et al., 2024). A limitation of the 
present study is that sex determination was based solely on macroscopic 
examination of gonadal characteristics without histological verification. 
Consequently, individuals classified as hermaphrodites were identified 
according to external gonadal appearance, and the simultaneous pres
ence of male and female germ cells within the same gonad could not be 
confirmed. Further studies combining histological analyses are therefore 
needed to verify hermaphroditism and to investigate potential 
sex-changing patterns in this species.

Monthly gonadal development and gonadosomatic index (GSI) 

Fig. 3. Monthly Distribution of Gonadosomatic index of the female the S. sinensis in Khanh Hoa seawater.

Fig. 4. Monthly distribution of gonadal stage of the S. sinensis in Khanh Hoa seawater.

Fig. 5. Relationship between size group and Ln[(1-p)]/p of the S. sinensis in 
Khanh Hoa seawater (P is the proportion of the female oyster at matura
tion stage).

Table 3 
Size – dependent of absolute fecundity and relative fecundity of the S. 
sinensis in Khanh Hoa seawater.

Shell height (mm) Absolute fecundity (eggs/Ind.) Relative fecundity 
(egg/gram body)

50–60 538.618 ± 302.925 9.651 ± 7.108
61–71 673.069 ± 196.808 8.270 ± 3.023
> 71 1.174.703 ± 627.762 8.431 ± 4.517
Mean 968.708 ± 322.468 8.540 ± 2.358
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dynamics revealed an extended spawning season from March to 
October, with a primary peak in April–May and a secondary peak from 
July to October (Quayle and Newkirk, 1989). Minimal reproductive 
activity occurred in November–December and February, corresponding 
to the resting phase, during which the GSI dropped to a minimum of 
3.36%. These observations indicate a cyclical but prolonged reproduc
tive pattern, consistent with other tropical and subtropical Spondylus 
species, including S. leucacanthus (June–October; Villalejo-Fuerte and 
Garcia-Dominguez, 1998), S. calcifer (August–September; 
Villalejo-Fuerte et al., 2002), S. princeps (March–July; Villalejo-Fuerte 
et al., 2005), and S. spinosus (June–August; Shabtay et al., 2015). Dif
ferences among species are likely influenced by local environmental 
drivers such as temperature stability, food availability, and hydrody
namics, which affect both gametogenesis and spawning cues. Similar 
bimodal or prolonged spawning patterns have been reported in tropical 
oysters such as Crassostrea gigas and C. gasar, where reproductive ac
tivity is closely linked to seasonal increases in temperature and primary 
productivity (Ezgeta-Balic et al., 2020). However, the presence of 
mature gonads throughout the year suggests that S. sinensis is capable of 
opportunistic spawning outside the main reproductive peaks, which 
may enhance population resilience and facilitate rapid recovery 
following disturbances. The primary (March–May) and secondary 
(July–October) spawning peaks observed in this study may reflect sea
sonal variations in environmental conditions, as reproductive activity in 
marine bivalves is often influenced by factors such as temperature, food 
availability, salinity, and other environmental cues. Nevertheless, 
because environmental variables were not monitored during the study 
period, the factors responsible for triggering these spawning events 
could not be identified. Future studies integrating reproductive and 
environmental monitoring are needed to better understand the mecha
nisms regulating reproduction in S. sinensis.

The estimated maturity size of S. sinensis (Hm = 50.9 mm) is 
comparatively smaller than that reported for several congeners Previous 
studies have reported first maturity or spawning sizes of approximately 
65–100 mm in S. varius (Ruaza and Ilano, 2023), 86–113 mm in 
S. calcifer (Soria, et al., 2009), and 107.9 mm in S. limbatus 
(Villalejo-Fuerte et al., 2023). These interspecific differences likely 
reflect variations in growth rates, environmental conditions, and 
life-history strategies among populations. Compared with larger-bodied 
species that mature at greater shell heights, the relatively early maturity 
of S. sinensis may represent a trade-off between rapid reproduction and 
vulnerability to size-selective harvesting. Similar trends have been re
ported for tropical oysters inhabiting nearshore reef systems, where 
early maturation is advantageous but increases susceptibility to over
exploitation (Doinsing et al., 2024; Pafras et al., 2024).

Fecundity patterns revealed that absolute fecundity increased with 
shell height, ranging from 164,340–1176,480 eggs in the 50–60 mm size 
group to 1174,703 ± 627,762 eggs in individuals > 71 mm. Relative 
fecundity showed less variation, indicating that reproductive investment 
primarily scales with somatic growth. Compared with conspecifics, 
fecundity of S. sinensis is moderate—lower than highly fecund species 
such as S. princeps (2.2–8.3 million eggs per female) and S. calcifer 
(2.9–35 million eggs per female) but higher than S. gaederopus 
(67,054–1343,303 eggs) Galinou-Mitsoudi et al., (2019)). These varia
tions may be associated with differences in life-history traits, repro
ductive strategies, and environmental conditions among species. In 
tropical environments, where favorable conditions often persist 
throughout the year, reproductive output may be spread across multiple 
spawning events rather than concentrated into a single, highly fecund 
spawning episode.

Overall, S. sinensis exhibits biological traits characteristic of tropical 
bivalves: prolonged gametogenic activity, extended spawning season, 
moderate-to-high fecundity, and early maturity. These features support 
its potential for aquaculture but also highlight the importance of regu
lating exploitation, as early-maturing species are particularly suscepti
ble to overharvesting. Protecting individuals below the maturity 

threshold, restricting fishing during peak spawning months, and moni
toring population sex structure are recommended to ensure long-term 
sustainability. The reproductive baseline established in this study pro
vides a critical foundation for developing hatchery techniques, 
enhancing restocking programs, and guiding conservation planning for 
S. sinensis in coastal ecosystems.
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A B S T R A C T

Anemonefish in association with anemones are iconic images of tropical coral reefs and essential to maintaining 
the structure and function of coral reefs. Coral reef degradation may influence host-associated microbiomes, yet 
its effects on anemonefish gut microbial communities remain poorly understood. This study compared the gut 
microbiomes of the tomato anemonefish, Amphiprion frenatus, in symbiosis with the bubble anemone host 
Entacmaea quadricolor, inhabiting two contrasting reef ecosystems: a degraded reef system (Nha Trang Bay - 
NTB) and a relatively pristine reef system (Van Phong Bay - VPB), Vietnam. Gut microbiomes from 30 fish 
(n = 15 per bay) were analyzed using 16S rRNA amplicon sequencing. Although Shannon diversity and Evenness 
did not differ significantly between bays (Shannon: 7.22 ± 0.71 in VPB vs. 6.86 ± 0.70 in NTB; Evenness: 
0.84 ± 0.04 vs. 0.85 ± 0.05), fish from VPB harbored significantly richer gut microbiomes, with higher observed 
ASV richness (407.9 ± 144.7 vs. 282.6 ± 95.3) and Chao1 diversity estimates (626.5 ± 300.9 vs. 367.5 ± 142.8). 
Beta-diversity analyses showed statistically significant differences in microbial composition and density between 
sample groups in NTB and VPB (PERMANOVA, R2

=0.094 p = 0.006). Proteobacteria and Firmicutes were 
dominant phyla in both communities with Firmicutes accounted for 41.59% of sequences in VPB compared with 
38.04% in NTB, whereas Proteobacteria represented 35.88% and 42.59%, respectively. In contrast, NTB fish 
showed a greater relative abundance of Proteobacteria and Planctomycetota. PICRUSt2-based functional pre
dictions suggested enrichment of fermentation and energy acquisition pathways in VPB fish, whereas micro
biomes from NTB were associated with predicted functions related to a variety of biosynthetic and metabolic 
processes. These findings suggest that habitat conditions may be associated with the carbon and nitrogen cycles 
mediated by the microbial communities within the anemonefish-anemone symbiotic relationship.

1. Introduction

Microbial associations are important for animal biology by providing 
nutritional supplements and vitamins (Kau et al., 2011), defending hosts 
against pathogenic invasion (Buffie and Pamer, 2013), and shaping host 
behaviour (Ezenwa et al., 2012; Gilbert et al., 2016). Although internal 
microbiomes involve microbes from multiple animal compartments or 
organs, most of these appear to associate with the digestive and respi
ratory systems (Woodhams et al., 2020). The significance of gastroin
testinal microbes in sustaining host health is well established across 

mammals and various other taxa (Ley and Hamady, et al., 2008; Ley and 
Lozupone, et al., 2008), with substantial research in aquaculture fish 
species and some coral reef fish (Tarnecki et al., 2017; Egerton et al., 
2018; Wang et al., 2018; Clever et al., 2022). In coral reef fish, the in
ternal microbiome can affect essential physiological functions related to 
nutrient absorption, metabolic homeostasis, and immune response of 
the host (Ngugi et al., 2017; Chausson et al, 2018).

The microbial communities of intestinal tracts of aquatic animals are 
shaped by a range of intrinsic and extrinsic factors. Intrinsic factors 
include host genetics, developmental stage, physiological status, and 
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nutritional condition. Extrinsic factors mainly involve dietary and 
environmental conditions (Chen et al., 2022). Environmental degrada
tion caused by anthropogenic activities has been considered one of the 
major threats to the maintenance of mutualistic relationships that lead 
to ecosystem stability (Kiers et al., 2010). Habitat degradation, solely or 
in combination with other environmental stressors can affect the 
structure, function, and fitness of their inhabitants at different levels, 
including disruption of host microbiomes. For example, fish gut micro
biomes of the butterflyfish Chaetodon capistratus have been seen to have 
considerably greater variability at degraded reefs, a trend primarily 
influenced by shifts in the relative abundance of the most prevalent taxa, 
which may be linked to environmental stress (Clever et al., 2022). Fish 
living on severely degraded coral reefs were observed to harbor lower 
abundances of Endozoicomonas and a higher diversity of anaerobic 
fermentative bacteria in their gut microbacterial communities. Nutrients 
also increase bacterial opportunism and mortality in corals bitten by 
parrotfish, turning normal trophic interactions deadly for corals 
(Zaneveld et al., 2016).

The anemonefish-anemone symbiosis is an iconic image of tropical 
coral reefs and an important model system for understanding potential 
adaptation mechanisms. In this mutualistic relationship, thirty species of 
anemonefish have adapted to coexist with 10 species of anemones on 
coral reefs of the Indian and Pacific Oceans, with various host prefer
ences among the fish species. These anemonefish and anemone associ
ations encompass a broad range of reef environments and involve a 
variety of anemonefish– anemone combinations, ranging from specialist 
fish species that are found only on one anemone host species, to gen
eralists that may live with any one of a number of anemone host species 
(Fautin and Allen, 1992). Among anemonefish, the tomato anemonefish 
A. frenatus can be considered an extreme specialist, found at depths from 
2 to 10 m in symbiosis only with the anemone Entacmaea quadricolor, 
both at sites with extensive coral cover and at other sites where the host 
species is present (Fautin and Allen, 1997). Amphiprion frenatus’s strict 
association with a single host anemone species minimizes host-related 
variation and allows clearer evaluation of habitat-associated micro
biome changes.

Despite their fundamental ecological roles in coral reef symbioses, in 
many areas anemonefish and anemones populations are losing their 
natural habitat, due to anthropogenic activities in combination with 
environmental stressors, thereby reducing species diversity and altering 
coral reef community structure. Many different coral reef areas are 
facing urban degradation (Heery et al., 2018), and among these areas, 
the conditions of coral reefs are particularly concerning in Nha Trang 
Bay (NTB), Vietnam, as the coral reefs in this region have declined by 
more than 90% in abundance and coverage compared to earlier levels in 
a very short time (Tkachenko et al., 2021). The reefs of NTB can 
currently be considered as both highly degraded and threatened. Indeed, 
a recent study has also indicated the loss of diversity in anemonefish and 
their host anemones in this region when compared to both past data and 
nearby more pristine Van Phong Bay (Nguyen et al., 2026). Van Phong 
Bay, the largest bay in Khanh Hoa Province, boasts substantial coral 
reefs, and is generally considered as an area with good water exchange 
and environmental quality (Phu et al., 2022), in contrast to NTB. Coral 
reef degradation may be associated with changes in habitat quality, 
dietary resources, environmental microbial communities, and host 
physiological stress, which may in turn be linked to shifts in the gut 
microbiome.

The microbiome composition of hosting clownfish has been shown to 
be significantly different from those that are non-hosting, and more 
diverse in both the anemone and the hosting fish. Upon separation of 
anemonefish from anemones, the microbiomes of these anemonefishes 
converge to resemble those of non-hosted fish, suggesting that in ane
monefish with anemones that there is some kind of transfer from or 
enrichment by the anemone (Pratte et al., 2018). The convergence of 
epithelial bacterial communities in both anemonefish and anemones 
likely plays a key role in their mutual acceptance before first contact 

(Émie et al., 2021). Furthermore, this anemonefish-anemone speciali
zation is a key factor influencing the taxonomic diversity of the symbi
otic anemonefish microbiome, and there is convergence among host 
anemone microbiomes (Titus et al., 2020).

Although microbial communities play essential roles in host recog
nition and immunity, the impact of habitat degradation on these com
munities associated with anemonefish remains largely unknown. 
Symbioses could help enhance organismal resilience to environmental 
stressors (Apprill, 2020), such as the facilitation of anemonefish aiding 
in bleaching recovery of host anemones (Pryor et al., 2020). However, 
depleted populations of anemones and anemonefish caused by envi
ronmental disturbances have been seen to have very slow rates of re
covery, implying this dependence may become an obstacle for the 
recovery of anemonefish and/or anemone populations (Frisch et al., 
2019). Therefore, the impacts of ongoing threats caused by direc
t/indirect anthropogenic activities on the symbioses are unpredictable. 
The investigation of anemonefish gut microbiomes living on degraded 
reefs is one essential way to understanding possible adaptation mecha
nisms of coral reef fish under habitat degradation.

In this study, we examined the variability and composition of the gut 
microbiome of the anemonefish, A. frenatus, occupying the host anem
one E. quadricolor on a set of reefs in two bays in Viet Nam where the 
degrees of human impacts are different. We hypothesized that 
A. frenatus inhabiting degraded reefs would exhibit reduced microbial 
richness, altered community composition, and shifts in predicted 
metabolic functions relative to conspecific fish from less disturbed reefs.

2. Methods

2.1. Study design

Fish guts for microbiome analyses were collected at two contrasting 
bays with different levels of reef degradation: 1) from a comparatively 
disturbed reef area, Nha Trang Bay (NTB), and 2) at comparatively 
pristine area nearby Van Phong Bay (VPB). The designation of NTB and 
VPB as environmentally contrasting systems is based on a combination 
of previously published studies and supporting environmental obser
vations. Specifically, NTB has been described as a highly impacted reef 
system affected by eutrophication, riverine and urban inputs, coastal 
development, and severe coral decline (Ben et al., 2025; Hieu et al., 
2025, Tkachenko, 2023), whereas VPB has been reported to have better 
water exchange and several reefs that remain in relatively good condi
tion (Phu et al., 2022).

Two sites in NTB (site 2 and site 6) and one site in VPB (site 9), were 
targeted for fish collection. Study area and focal species are shown in 
Fig. 1, geographic coordinates of all sites are provided in Table S1. 
Sampling sites followed the station nomenclature established in a pre
vious study (Nguyen et al., 2026). At each site, three to four divers 
searched for anemonefish and anemones within an approximate radius 
of maximum 200–500 m from the specified coordinates. Visual surveys 
of anemonefish, their host anemones, and their communities were 
conducted to evaluate the biodiversity of each study site (Table S1). 
From each colony of E. quadricolor, one to three individuals of A. frenatus 
were collected for fish gut microbiome analyses. At NTB, 10 individual 
fish were collected from 6 anemone colonies (Ane1- Ane6, Table S2) at 
site 2; and 5 individual fish were collected from 2 anemone colonies at 
site 6 (Ane7- Ane8, Table S2). At VPB, 15 individual fish were collected 
from 10 anemone colonies at site 9 (Ane9- Ane18, Table S2). A total of 
15 fish per bay were collected, and the gut dissected for microbiome 
analyses. For each bay, three surface sea water samples were also 
collected for microbiome analyses.

2.2. Sample collection

Captured fish, after anesthetization with clove oil, were placed on ice 
in an individual and labeled sterile Whirl-Pak bag. Total length of each 

H.-T.T. Nguyen et al.                                                                                                                                                                                                                           Regional Studies in Marine Science 102 (2026) 105336 

2 



fish (cm TL) was measured with a digital caliper (Table S2). Afterward, 
fish were preserved in absolute ethanol and transported on ice to the 
laboratory as quickly as possible. Upon return to the laboratory, the 
whole gut of each fish was dissected and then preserved in falcon tubes 
and stored at − 80◦C until DNA extraction. Water samples, which were 
contained in sterile bags, were stored on ice until arrival at the labora
tory within 24 h, where the samples were filtered through Sterivex filter 
(0.22um, Milipore-Merck) using a pump. We transferred bacterial 
biomass in the filters to falcon tubes using ATL buffer and Proteinase K, 
and the tubes were then stored at − 80◦C. In total, 30 fish guts samples 
and six seawater samples were collected for further analyses.

2.3. DNA extraction and 16S amplification

The microbial DNA of each gut sample was extracted using Qiagen 
Powersoil DNA isolation kit (Qiagen - USA) following the manufac
turer’s protocol, in which tissues of all potential preys and fish were 
homogenized at once. DNA concentration was determined by fluores
cence measurement (Qubit - ThermoFisher Scientific, USA). Samples 
were considered of sufficient quality for further experimental steps 
when concentrations were ≥ 0.20 ng/μL, amount ≥ 15.00 ng and 
OD260/OD280 ≥ 1.50.

2.4. Sequencing library and DNA sequencing

The library was prepared by KTest (KTest Science Co. Ltd., Ho Chi 
Minh, Vietnam) using the xGen™ 16S Amplicon Panel v2 kit (IDT, USA) 
following the manufacturer’s instructions. This assay uses a proprietary 
multiplex primer pool to generate multiple overlapping amplicons tar
geting the V1–V9 variable regions of the 16S rRNA gene, the panel 
produces amplicons with an average size of approximately 425 bp. Final 

libraries were sequenced on an MGI DNBSEQ-G99 platform using 
paired-end 150 bp chemistry. Adapter sequences, primers, and low- 
quality bases were removed using Trimmomatic v0.39 and Cutadapt 
v2.10 (Martin, 2011). Reads were clustered and dereplicated into 
amplicon sequence variants (ASVs) using the q2 - DADA2 plugin and 
denoise single method within the QIIME2 pipeline (Callahan et al., 
2016). Unless otherwise specified, default parameters were used for 
all bioinformatic analyses. ASV subspecies analyses were performed 
with QIIME2 on the SILVA version 138 SSURef Nr99 database (Quast 
et al., 2013). Rarefaction depth for diversity analyses was determined 
based on the sequencing depth distribution and rarefaction curves.

2.5. Analyses of sequence data

Analyses were performed using statistical software R (v1.5.57 R Core 
Team 2024). Illumina adapter and primer sequences were excised from 
both forward and reverse reads using Trimmomatic v0.33 (Bolger et al., 
2014) together with the barcodes and low-quality bases (Q-score=30). 
The mergePairs function in DADA2 (Callahan et al., 2016) was used to 
combine denoised paired end reads. Afterward, chimeric sequences 
were detected and eliminated with the removeBimeraDenovo function, 
yielding high-quality sequences. Amplicon Sequence Variants (ASVs) 
were assigned to seven taxonomic levels in QIIME2 (Bolyen et al., 2019) 
using the q2-feature-classifier plugin with the classify consensus blast 
method against the SILVA SSURef NR99 database (release 138) (Quast 
et al., 2013) with Blastn sequence similarity ranging from 80% to 
97%, to reference sequences.

2.6. Diversity analyses

The relative abundance (%) of Amplicon Sequence Variants (ASVs) 

Fig. 1. Study area and focal species. (a) Map of Vietnam with the location of Khánh Hòa Province indicated by the rectangular box. (b) Regional overview of the 
Khánh Hòa coastline, with inset boxes highlighting the two study areas. (c) Van Phong Bay, showing the sampling location (Site 9). (d) Nha Trang Bay, showing 
sampling locations around Hòn Mun and adjacent reefs (Sites 2 and 6). Scale bars indicate distance. (e) Tomato clownfish (Amphiprion frenatus) inhabiting a bubble- 
tip anemone (Entacmaea quadricolor), representative of the host association observed in the study area.
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was determined by calculating the ratio of the number of clusters to that 
of high-quality sequences. Taxonomic composition among samples was 
visualized using QIIME2 taxa barplots at three hierarchical levels 
(Phylum, Genus, and Species), focusing on the 20 most abundant taxa. 
Unidentified species were grouped under “Others”. Rarefaction curves 
were constructed for comparing the number of observed ASVs/features 
across sequencing depths (see Fig. S1). To evaluate gut microbiome di
versity across fish samples and sea water, alpha diversity including 
Observed taxa, Shannon, Chao1, and Evenness were calculated and 
visualized by using boxplots. As Shapiro–Wilk tests indicated non- 
normal distribution of the data, non-parametric Kruskal–Wallis tests 
were utilized to compare alpha diversity across reefs within the two reef 
zones (NTB and VPB) (n = 15). A distance matrix for ASVs in each 
sample was calculated using Bray–Curtis dissimilarity to analyze beta 
diversity across sample categories. Post hoc comparisons with PERMA
NOVA assessed differences and clustering of fish gut microbiomes 
among sites. To test for multivariate dispersion (homogeneity of spread) 
affecting PERMANOVA, Distance-based Test for Homogeneity (DTH), 
was used with vegan package (version 2.7–1) in R (R Core Team 2024), 
which compares distances from group centroids, revealing if group 
spreads differ (Anderson, 2006). If significant, then Tukey's HSD would 
perform pairwise mean comparisons, to find which specific groups have 
significantly different mean dispersions (Anderson, 2006). nMDS ordi
nation plots are used to interpret beta diversity analyses.

Linear discriminant analysis effect size (LEfSe) analysis was per
formed using default parameters, with significance assessed using a 
Kruskal–Wallis test (α = 0.05) and an LDA score threshold of 2.0 (Segata 
et al., 2011). LEfSe analysis was conducted to identify the taxonomic 
groups of bacteria that are more abundant in the gut of A. frenatus 
symbiotic with anemones at NTB versus VPB. MetaStat was employed to 
compare species abundance between groups and highlight significant 
differences (White et al., 2009). To assess gut microbiome metabolism in 
different groups, PICRUSt was used to infer pathways from the KEGG 
database (Langille et al., 2013). We then tested whether functional 
changes in fish gut microbiomes correlated to the habitat the fish 
inhabited by using Kruskal–Wallis tests. Functional analyses were per
formed at KEGG levels 2 and 3. Statistical analyses of the collected data 
were carried out using R Studio software (R Core Team 2024).

3. Results

3.1. Fish length

Fish total length ranged from 1.82 cm to 13.87 cm. The mean total 
length was 7.63 ± 3.83 cm for NTB and 6.48 ± 2.87 cm for VPB 
(Table 1). Statistical analysis showed no significant differences in fish 
total length between the two bays (t-test, t = 0.806, p = 0.377)

3.2. Composition of the fish gut microbiome and biodiversity indexes in 
the two bays

Quality filtering, followed by bioinformatic processing, a total of 
48,666,070 high-quality reads were retained for analyses. The number 
of reads on each sample ranged from 3783 to 500,358 (Table S3). The 
total number of different ASVs for the fish gut dataset was 10,357, of 

which 345 ± 137 (a mean ± SD) of ASVs per sample, these for the 
seawater dataset was and 10,323, of which 1720 ± 139 (a mean ± SD) 
of ASVs per sample.

Alpha diversity: In both VPB and NTB, the microbial diversity of 
seawater was significantly higher than the microbial diversity of fish gut 
when considering ASV frequency with the number of observed features, 
Shannon index, Everness index and Chao.1 index (Fig. 2; Kruskal-Wallis, 
p < 0.01, File S1). In contrast, seawater microbiomes did not signifi
cantly differ between NTB and VPB (Figs. 2B, 2C and 2D; ASVs, 
p = 0.97; Shannon, p = 0.96; Chao.1, p = 0.97, File S1). There was no 
significant difference observed in the Shannon index regarding the gut 
microbiome of fish inhabiting the two bays (Fig. 2A; Kruskal-Wallis, 
p = 0.25, Shannon, p = 0.61, File S1). However, both the OTUs and 
Chao.1 index were found to be significantly higher in VPB compared to 
NTB (Kruskal-Wallis, OTUs, p < 0.05; Chao.1, p < 0.01, File S1). The 
Evenness index was not different between seawater or fish guts in both 
bays (Kruskal-Wallis, p = 0.25, File S1)

3.3. Beta diversity

An nMDS plot revealed three main clusters of microbiomes: NTB, 
VPB, and the sea water groups (Fig. 3). The taxonomic composition of 
the gut microbiome of A. frenatus living in NTB was significantly 
different from that in VPB, although there was some overlap between 
fish microbiomes of NTB and VPB (PERMANOVA, R2 = 0.094, 
p = 0.006, Table 2). No significant differences were observed in the 
microbial composition of the seawater from the two bays (PERMA
NOVA, R2 = 0.608 p > 0.05 Table 2), nor between the microbiomes of 
fish inhabiting VPB and VPB seawater (PERMANOVA, R2 = 0.503 
p > 0.05, Table 2). However, significant differences were found be
tween the intestinal microbiome of fish in NTB and sea water in both 
bays (NTB - SWNTB R2 = 0.245 p < 0.001; NTB - SWVPB R2 = 0.234 
p = 0.001, PERMANOVA, Table 2). A similar grouping pattern was 
observed in the hierarchical clustering analysis based on ASV-level 
composition (Fig. S2).

Approximately 99% of all bacteria was grouped into 45 phyla and 
948 genera and 1539 species. The dominant taxa in the fish gut micro
biome of A. frenatus differed between NTB and VPB at multiple taxo
nomic levels (Figs. 4–6).

At the phylum level, Proteobacteria was the predominant group in 
NTB (accounting for 42.59%, followed by Firmicutes at 38.04%, Cya
nobacteria at 10.58%, and Actinobacteria at 2.87%. In contrast, he 
dominant phylum in the fish guts from VPB was Firmicutes (41.59%), 
succeeded by Proteobacteria (35.88%), Cyanobacteria (11.9%), and 
Actinobacteria (4.23%) (Fig. 5). LEfSe analysis identified significant 
differences among four gut microbiota phyla between the two bays 
(LEfSe analysis, Table S4), with two of these phyla-Firmicutes and 
Planctomycetota-being among the five most abundant phyla (p < 0.05, 
Table S4).

At the genus level, 45 genera were found to have significant differ
ences in abundance between the two bays (LEfSe analysis, Table S4), but 
no significant differences were observed in top five dominant genera 
(Table S5).

At the species level, 46 species were observed to have significant 
differences in abundance between the two bays (LEfSe analysis, 
Table S4). Of the five most dominant fish gut microbiome species in 
VPB, Romboutsia ilealis was significantly less abundant compared to NTB 
(Fig. 6, LEfSe analysis, Table S5), while Paraclostridium benzoelyticum 
was more abundant (Fig. 6, LEfSe analysis, Table S5).

3.4. Predicted gut microbiome function using PICRUSt

PICRUSt analyses indicated that A. frenatus in symbiosis with 
anemones in different habitats exhibited similar gene functions at KEGG 
levels 2 and 3 (Fig. 7, File S2). At level 3, the relative abundance of 57/ 
415 genes for superpathways, generation of precursor metabolite and 

Table 1 
Total length (cm) of Amphiprion frenatus from Nha Trang Bay (NTB) and Van 
Phong Bay (VPB).

Bay N Total length 
(cm) 
Mean ± SD

Range 
(cm)

t-test (NTB vs VBP) 
p-value

Nha Trang Bay 
(NTB)

15 7.63 ± 3.83 1.82 – 
13.87

0.377

Van Phong Bay 
(VPB)

15 6.48 ± 2.87 2.34 – 
11.94
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energy, degradation/utilization/assimilation and biosynthesis showed 
statistically significant differences (Kruskal-Wallis test, p < 0.05, File 
S2) between NTB and VPB populations. At level 2, the relative abun
dance of 15/24 gene groups were significantly different in the two bays 
(Fig. 7). The relative abundances for six gene groups, including sec
ondary metabolite biosynthesis, inorganic nutrient metabolism; 
cofactor, prosthetic group, electron carrier degradation; amine and 
polyamine degradation, fermentation, 1,5-anhydrofructose degradation 

and other degradation/utilization/assimilation) in VPB were higher 
than in the NTB population (File S2). Nevertheless, the relative abun
dances for nine other gene groups, including nucleoside and nucleotide 
biosynthesis; amino acid biosynthesis amino acid degradation; glycol
ysis; superpathway of histidine, purine, and pyrimidine biosynthesis; 
superpathway of glycolysis and the Entner-Doudoroff pathway; aspar
tate superpathway adenosylcobalamin biosynthesis II (aerobic); ade
nosylcobalamin biosynthesis I (anaerobic) of the VPB population were 

Fig. 2. Differences in alpha diversity (medians shown by red lines) of ASVs between the gut microbiome of Amphiprion frenatus and sea waters across two bays.

Fig. 3. nMDS plot of Bray–Curtis dissimilarities of microbiome in the gut of fish living in NTB (n = 15) and VPB (n = 15) and surrounding waters (n = 3 for each 
bay) with 95% confidence ellipses.
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lower than those in the NTB population.

4. Discussion

The present study provides the first comparative assessments of the 
gut microbiomes of Amphiprion frenatus across two ecologically distinct 
bays in central Vietnam; Nha Trang Bay (NTB) and Van Phong Bay 
(VPB). By integrating ecological surveys of host anemones and fish 
communities with high-resolution ASV-based microbial analyses, our 
findings highlight how differences in habitat condition and environ
mental context may shape both microbial diversity and taxonomic 
composition in this anemonefish species.

Ecological patterns observed from the two bays also show that reef 
degradation and human impacts, especially in NTB, may have influ
enced the host anemones and associated fish species distributions 
(Nguyen et al., 2026). Anemones and anemonefish were generally found 
in deeper areas of NTB, whereas in VPB, anemones were more often 
encountered in shallower depths, with these being larger in size. It is 
important to highlight these ecological differences when analysing the 
gut microbiome patterns found in A. frenatus.

Host developmental stage and associated size-related changes can 
influence gut microbiome composition in fish (Dehler et al., 2017; 
Bledsoe et al., 2016). To account for this potential confounding factor, 
we measured the total length of all individuals. The results showed no 
significant differences in fish total length between NTB and VPB. 
Therefore, we consider that body size is unlikely to be a major factor of 
the microbiome differences observed between bays in this study, and 
thus this factor was not included as a covariate in the microbiome.

4.1. Alpha diversity

The gut microbiome has significant effects on fitness and adaptive 
plasticity of hosts. Therefore, changes in the composition of the gut 
microbiome within and among hosts, particularly in relation to envi
ronmental variables, provide useful insights into the mechanisms un
derlying the response of hosts to environmental changes (Miyake et al., 
2015; Jones et al., 2018; Clever et al., 2022). Consistent with previous 
research showing that host-associated microbiomes can vary across 
environmental gradients, our results revealed notable differences in 
microbial diversity between the two populations. While Shannon and 
Evenness indices did not differ significantly between bays, the gut 
microbiomes of A. frenatus were more diverse (higher Observed number 
of Species - Table 1) and richer (higher Chao.1 index - Table 1) in VPB 
than those in NTB. These findings indicate that fish residing in VPB may 
possess a more diverse gut microbiome when rare taxa are considered, 
could be linked to variations in diet availability, habitat quality or 
environmental microbial sources.

The structure of intestinal microbial communities is strongly influ
enced by the host’s phylogeny, diet and digestion mechanisms (Miyake 
et al., 2015; Hayes et al., 2025). Diet was shown to significantly affect 
the gut microbiome of nine species of surgeonfishs and three other coral 
reef fish species (Miyake et al., 2015). A more varied diet of piscivorous 
fish compared to omnivorous fish has been shown to increase the di
versity of the gut microbiome (Bledsoe et al., 2016). Anemonefish are 
carnivorous omnivores, primarily prey up zooplankton, 

bottom-dwelling invertebrates and algae. The most common prey found 
in their stomach are copepods and larval tunicates. They also consume 
dead or diseased tentacles of their host anemones (Fautin and Allen, 
1992). Members of a dominant anemonefish pair may range widely to 
feed, with fish of larger species, including A. clarkii and A. frenatus, 
swimming up to many meters from their host anemones to forage. VPB is 
not located near any major urban center, and is considerably less 
developed than NTB. As well, VPB sites were further from the coast of 
mainland Viet Nam, and thus overall less impacted by human activities 
such as tourism and fishing compared to our NTB sites. Anemonefishes 
residing within anemones in VPB exhibited increased boldness and a 
broader range of movement in foraging behavior (Hai Thanh T. Nguyen, 
personal observation). Consequently, the diet of anemonefish in
dividuals in VPB may support a broader dietary niche, which could in 
turn contribute to gut microbiome divergence between bays. Further
more, the shallower coral reefs in VPB may also provide a different prey 
field and feeding environment, potentially influencing the composition 
of the gut microbiome. Previously, NTB has been reported as a disturbed 
ecosystem due to reef degradation (Hieu et al. 2025, Tkachenko, 2023) 
whereas VPB is generally considered as an area with good water ex
change and comparatively better marine environment quality (Phu 
et al., 2022). These differences may be an associated ecological basis 
to possibly help explain the gut microbiome dissimilarity between bays.

Studies on other reef fishes suggest that habitat degradation and 
environmental change can influence host-associated microbiomes 
through multiple ecological pathways, including altered food avail
ability, shifts in foraging behavior, and physiological stress. For 
example, the facultative coral-feeding butterflyfish Chaetodon capistratus 
living in a degraded coral inner bay zone contained a higher microbial 
diversity than fish residing in areas of higher levels of coral cover in an 
outer bay zone (Clever et al., 2022). C. capistratus exhibits the capacity 
to utilize a wide variety of dietary resources, and it has been theorized 
that that when preferred food sources in degraded coral reefs are scarce, 
their foraging behavior may diversify. This diversification could result in 
heightened individual specialization on alternative food items, which in 
turn may lead to greater variability in gut microbiome composition 
(Clever et al., 2022). Conversely, under ocean warming, the sergeant 
major damselfish Abudefduf vaigiensis experiences a simplification 
(reduced diversity) of their stomach microbiome, which restricts their 
current rate of range extensions and establishment in temperate eco
systems (Hayes et al., 2025).

4.2. Beta diversity

As predicted, A. frenatus’ gut microbiome composition was distinct 
from the microbiome in seawater and from each other in the two bays 
(Fig. 3, Table 1). nMDS and PERMANOVA results showed clear sepa
rations between fish microbiomes from the two bays, despite some 
overlap. Interestingly, seawater microbiota was not significantly 
different among bays, and the microbiota of VPB fish was not signifi
cantly different from VPB seawater. However, NTB fish microbiota 
showed significant differences from seawater microbiota in both NTB 
and VPB. This indicates that the gut microbiota of fish in NTB is more 
influenced by host-intrinsic properties and diet rather than by the sur
rounding seawater.

NTB and VPB are in the same coastal area in central Vietnam. In this 
region, the potential for oceanographic mixing exists, which could lead 
to the homogenization of waterborne microbial communities. Thus, 
although the two bays differ ecologically, the pelagic microbiome re
mains relatively uniform. The similarity between VPB fish and VPB 
seawater might be explained by the fact that our results indicate that 
VPB fish acquire more microbes directly from the environment 
compared to NTB fish. Furthermore, larger and healthier host anemones 
in VPB could potentially assist in providing support to a more diverse 
environmental microbial life. Also, the reduced levels of pollution and 
disturbances in VPB result in a more stable microbial community in the 

Table 2 
One-way PERMANOVA with Bonferroni corrected p values testing significant 
differences between groups.

NTB SWNTB VPB SWVPB

NTB 1 0.0066 0.006 0.0078
SWNTB 0.0066* 1 0.5976
VPB 0.006* 1 0.1194
SWVPB 0.0078* 0.5976 0.1194 1

Asterisk (*) indicates statistical difference (p < 0.05).
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Fig. 4. Heatmap revealing the top 20 most abundant phyla (%), genera (%) and species (%) of internal microbiomes of the anemonefish Amphiprion frenatus from 
NTB and VPB. (A) Phylum, and (B) Genus; (C) Species.
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water, which is conductive microbial colonization. Therefore, it appears 
that the microbiome in VPB fish gut is primarily governed by environ
mental factors, leading to its similarity with the seawater microbiome.

However, it must also be noted that the significant differences be
tween the fish gut microbiomes and sea water microbiomes in both bays 
should be interpreted with caution due to considerable disparities in 
multivariate dispersion among groups. Distance-based Test for Homo
geneity (DTH) analysis revealed that when compared to seawater 
communities, fish gut microbiomes (NTB and VPB) shown substantially 
higher distances to group centriods, indicating higher within-group 
variability (Fig. S3), whereas seawater microbiomes were 

comparatively homogeneous. As PERMANOVA results can be influenced 
by differences in centroid location and overdispersion, the significant 
separation between fish and seawater microbiomes seen in the nMDS 
may also reflect heterogeneity in variance rather than true composi
tional differences alone. However, the permutation test for homogeneity 
of multivariate dispersions did not show any significant difference be
tween NTB and VPB fish microbiomes (Figure S3), and the consistent 
taxonomic and functional divergence suggests that the observed pattern 
represents biologically meaningful differences. The observed separation 
in nMDS space and significant results obtained in PERMANOVA indicate 
actual compositional differences that allow robust biological inferences.

Fig. 5. Relative abundance of the top 5 phylum of the gut microbiota between two bays NTB: Nha Trang Bay; VPB: Van Phong Bay.

Fig. 6. Relative abundance of the top 10 species of the fish gut microbiota in the two bays. Asterisk (*) indicates statistical difference (p < 0.05).
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In NTB, coral reefs have experienced significant degradation over the 
past several decades, especially in shallow waters (1–2 m depths) 
(Astakhow, 2002; Tkachenko, 2023). Under conditions of environ
mental disturbance or nutritional limitation, fish undergo increased 
physiological stress, which in turn increases the selective pressure 
exerted by the host on its inner microbiome. Thus, their gut microbial 
assemblages tend to become dominated by more host-filtered, special
ized, or even stress-tolerant taxa. Furthermore, dietary shifts linked with 
to habitat degradation also impact the composition of these microbial 
assemblages. This leads to a gut microbiome that is less affected by 
seawater microbial communities and more strongly shaped by intrinsic 
host factors (Logares et al., 2020), which accounts for the significant 
differences observed between NTB fish and seawater microbiomes in 
both bays.

Our findings align with previous research showing that fish harbor 
microbiomes distinct from those found in their environment (Rawls 
et al., 2006; Legrand et al., 2020). The microbial gut communities of 
butterflyfish C. capistratus showed a significant difference from that of 
associated seawater microbiome as well as from potential prey organ
isms, including sessile invertebrate (Clever et al., 2022). Bledsoe at al. 
(2016) revealed that food-associated microbiota had a considerable in
fluence on the composition of gut microflora among mummichogs 
(F. heteroclitus). Water is essential for the survival of aquatic animals, 
and for accessing potential microbes. Nevertheless, it is worth noting 
that the surrounding water microbiome does not always indicate the 
host's microbiome aquatic animals as the it is subjected to a variety of 
unpredicted environmental factors, including host and environmental 
factors (Chen et al., 2022). Similarly, anemonefish, including A. frenatus, 
live in symbiotic with the host anemone, and these symbioses could help 
enhance organismal resilience to environmental stressors (Apprill, 
2020), while the identity of the hosts and the association of 

anemonefish depict the majority in the taxonomic diversities of the fish 
microbiome (Titus et al., 2020).

4.3. Divergence in microbial community structure and functional 
pathways between two bays

Indeed, in this study, the gut microbiota of A. frenatus in symbiosis 
with E. quadricolor living in two bays differed significantly in microbiota 
composition at all levels, including the phylum, genus and species levels. 
Taxonomic differences at multiple levels further support the divergence 
between bays. Difference in multi-level taxonomic composition further 
supports the divergence between bays. Proteobacteria and Firmucutes 
were the most dominant communities within the two regions, although 
their relative proportions differed significantly. LEfSe analysis demon
strated several phyla, including Firmicutes and Planctomycetota, that 
had significantly different abundances between bays. At lower taxo
nomic levels, 45 genera and 46 species were noted to have significant, 
therefore indicating substantial reconstruction of the microbial com
munities across populations. Specifically, Romboutsia ilealis was found 
more frequently in NTB, and Paraclostridium benzoelyticum was more 
common in VPB, suggesting these shifts may relate to changes in 
nutrient processing or gut function.

At the phylum level, differences in relative abundance of Proteo
bacteria and Firmicutes between two bays may indicate variation in 
environmental stress, water quality, and habitat degradation. Firmicutes 
and Proteobacteria are found to be the most two abundant phyla in farm- 
raised fishes when compared to wild-caught fish (Kanika et al., 2025). 
Proteobacteria are found to thrive in disturbed environments (Shin 
et al., 2015). In contrast, Firmicutes are Gram-positive bacteria that 
are known to be essential for host metabolism by fermenting complex 
carbohydrates and synthesis short-chain fatty acids (SCFAs), which 

Fig. 7. Comparison of the relative abundance of PICRUSt functional analysis of between fish gut of Amphiprion frenatus inhabiting NTB and VPB. Significant dif
ferences indicated by asterisk in gene categories at level 2 (t test, p < 0.05).
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helps in nutrient absorption and stabilising intestinal pH (Moya and 
Ferrer, 2016; Blaak et al., 2020). The higher Firmicutes in VPB and 
higher Proteobacteria in NTB therefore may be associated with better 
conditions and habitat quality, coupled with lesser physiological stress 
in VPB.

Under conditions of stress or environmental alteration, hosts 
frequently impose intensified selective pressure on their gut micro
biomes, favouring taxa better adapted to to the modified internal milieu 
(Clever et al., 2022; Yu et al., 2024). Shallower and healthier VPB 
habitats likely provide more diverse array of food resources, including 
zooplankton, mucus-associated microbes, particulate organic matter, 
whereas degraded NTB reefs may provide an alternative prey spectrum 
or diets of lower nutritional quality. On severely degraded reefs, fish gut 
microbiomes show decreased Endozoicomonas, an indicator of healthy 
hosts, and increased anaerobic fermentative bacteria, suggesting a shift 
away from coral-based diets (Clever et al., 2022). Heat stress altered the 
large intestine bacterial communities of calves, characterizing by 
increased genus Butyrivibrio_3, a known butyrate-producing organism, 
and changes in bacteria metabolism of energy and amino acid (Yu et al., 
2024). A strong positive correlation between the rectal temperature and 
pro-inflammatory Eggerthii spp. was detected in heat stress calves (Yu 
et al., 2024). The NTB environment has been reported to be more 
degraded and heavily impacted by tourism and overfishing (Nguyen 
et al., 2026). Host organisms that are exposed to environmental or 
physiological stress tend to show a higher relative abundance of Pro
teobacteria, indicative of the growth of opportunistic heterotrophic 
microorganisms in conditions of dysbiosis (Shin et al., 2015; Zaneveld 
et al., 2017).

Variation in diets related to depth, prey, or habitat also significantly 
influences gut composition in fishes (Nayak, 2010; Sullam et al., 2012). 
Planctomycetota are common in aquatic environments, which are 
characterized by an abundance of organic matter, such as biofilms, ag
gregates, and detritus. Planctomycetota are recognized for their 
contribution to the degradation of polysaccharide and organic polymers 
(Fuerst and Sagulenko, 2011). An increased abundance of Planctomy
cetota in NTB suggests efficient decomposition of complex organic 
matter, as they are known for having carbohydrate-degrading enzymes 
(Klimek et al., 2024).

The function of microorganisms can help the host adapt to the spe
cific conditions of each bay. Taxa such as Romboutsia and Paraclostridium 
are not only indicators of taxonomic divergence and but also represent 
different ecological strategies. Romboutsia species are flexible anaerobes 
adapted to nutrient-rich environments with abundance in carbohy
drates, exogenous sources of amino acids and vitamins (Gerritsen et al., 
2017), a function that may be favored in more stressful and 
nutrient-variable environments of NTB. In contrast, P. benzoelyticum, a 
member of the Clostridiaceae family, is recognized for its ability to 
degrade benzoate and other aromatic compounds. This species is typi
cally found in anaerobic environments, including the gastrointestinal 
tracts of animals, in soil, and other organic-rich substrates. The presence 
of P. benzoelyticum is often linked to the degradation of aromatic com
pounds, its potential applications in bioremediation, and its interactions 
within microbial communities (Karakaş et al., 2024). The enrichment of 
P. benzoelyticum in VPB may suggest that this bay is not environmentally 
uniform at local scales. Although VPB is generally considered less 
impacted than NTB, aquaculture and other coastal activities in parts of 
the bay may locally increase organic and nutrient inputs (Phu et al., 
2022). Under this interpretation, the higher abundance of 
P. benzoelyticum may reflect the availability of aromatic or other com
plex organic substrates associated with localized enrichment rather than 
contradiction of the broader environmental contrast between bays. 
Furthermore, natural sources of aromatic carbon, including colored 
dissolved organic matter from algae and seaweed, along with secondary 
compounds from sponges, corals, and microalgae, may also support the 
abundance of these bacteria. However, as we did not measure organic 
pollutants in the water, sediments, or fish tissue, the precise mechanism 

remains hypothetical and necessitates future verification.
Taxonomic differences at multiple levels reflect the separation be

tween bays and correspond to unique functional profiles. Verde et al. 
(2015) proposed that the exchange of nutrients between anemone and 
anemonefish is mediated by microbes. Therefore, shifts in microbial 
communities may affect carbon and nitrogen cycles (Pratte et al., 2018). 
Although Proteobacteria and Firmicutes were dominant in gut micro
biomes for both regions, a significantly higher proportion of Firmicutes 
was observed in VPB fish, whereas Proteobacteria, in association with 
Planctomycetota, were significantly higher in NTB fish. In the same 
context, the pathways for relative abundance of fermentation, secondary 
metabolite biosynthesis, and degradation were higher in VPB. This may 
be due to the well-known fermenting and energy-harvesting capabilities 
of Firmicutes. On the other hand, glycolysis, amino acid and nucleotide 
biosynthesis, and super pathways were higher in NTB compared with 
VPB. This may be due to the common link with the presence of Pro
teobacteria. The greater presence of Planctomycetota in NTB may sug
gest efficient degradation of complex organic matter due to altered 
environmental conditions or dietary influences specific to this bay.

The present study provides evidence for bay-specific variation in the 
gut microbiome of anemonefish A. frenatus, but several limitations 
should be considered when interpreting the ecological drivers of these 
patterns. Firstly, our sampling was conducted at a limited number of reef 
sites, and hence site-specific environmental factors could have influ
enced the microbiome differences between NTB and VPB. Secondly, 
although dietary differences represent a biologically plausible expla
nation for microbiome divergence, their role could not be assessed 
directly because no dietary samples were collected during the survey. 
Finally, environmental parameters were also not measured concurrently 
with microbiome sampling, and therefore reef condition should be 
viewed cautiously as one of several possible contributors to microbiome 
variation rather than as a direct explanatory factor. Future studies 
combining broader spatial sampling with dietary and environmental 
measurements will be needed to resolve the relative roles of habitat 
condition, trophic ecology, and local environmental variation in shaping 
the gut microbiome of A. frenatus.

5. Conclusions

These findings revealed that the environmental conditions and 
ecological context of the host population appear to have a significant 
influence on both the composition and function of the gut microbiome in 
A. frenatus, an anemonefish that live in association with bubble tip 
anemone E. quadricolor. The anemonefish living in VPB harbor higher 
microbial diversity with unique function that could be indicate off a less 
– disturbed or stable ecosystem as compared to NTB, where severe coral 
reef degradation and anthropogenic impacts has been reported. Further 
studies, including diet analyses, experimental studies, and long-term 
environmental monitoring, are needed to fully understand the mecha
nisms underlying microbiome diversity and their consequences for fish 
health and ecological resilience.
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A B S T R A C T

High mortality of marine fish larvae during live-prey feeding and metamorphosis is a bottleneck in commercial 
hatchery production. This study investigated the effects of dietary highly unsaturated fatty acids (HUFA) used to 
enrich Artemia on the growth, survival, digestive enzyme activity, proximate composition and stress resistance of 
giant trevally (Caranx ignobilis) larvae. The 13 days after hatching larvae were fed Artemia enriched with a rich 
HUFA emulsion at five levels (0, 150, 300, 450 and 600 mg/L) for 28 days. The results indicated that enriched 
HUFA Artemia significantly increased the survival of giant trevally larvae. Larval growth tended to increase in 
fish fed enriched Artemia, with the highest weight and length obtained in a dietary n-3HUFA of 19.03% total fatty 
acids (TFA). There were no differences in protein and moisture of the larvae fed experimental diets, while lipid 
content was significantly increased in fish fed n-3HUFA enrichment at 150, 300 and 450 mg/L. The activities of 
pepsin and trypsin remained unchanged in larvae fed enriched HUFA diets, but significantly increased compared 
to the unenriched Artemia group (P < 0.05). Activity of chymotrypsin increased to a peak at 300 mg/L enrich
ment and was significantly reduced in the 450 and 600 mg/L groups. The mortalities of the larvae after the 
salinity test were significantly reduced in the 300, 450 and 600 mg/L groups. Overall, dietary n-3HUFA re
quirements to maximize final body weight and survival for giant trevally during Artemia feeding were estimated 
at 15.63% and 22.67% TFA, respectively based on polynomial regression analysis.

1. Introduction

Giant trevally Caranx ignobilis has become an importantly commer
cial marine fish in Vietnam and Philippines due to its high growth rate, 
high market price and their high adaptations to brackish and seawater 
culture (Mutia et al., 2017; Nguyen et al., 2022). Although, preliminary 
achievements have been reported in broodstock culture, induced 
spawning and larval rearing, low survival rate (4 – 6%), high deformity 
and susceptibility to stress during rotifers and Artemia feeding and 
metamorphosis remain challenges to larval rearing (Mutia et al., 2020; 
Pham, 2023). In the practical rearing, 15 days after hatching (dah) 
larvae often exhibit abnormal behaviors such as floating on the water 
surface, forming dense clusters of larvae in tank walls and corners, 
which limit their capturing and feeding of live-prey, resulting in high 
mortality during 18 – 22dah (Mutia et al., 2024; Pham, 2023). High 

mortality of marine larvae has been associated with suboptimal rearing 
conditions, and poor quality live feed with a deficiency in highly un
saturated fatty acids (HUFA), which do not meet the nutritional re
quirements of the larvae (Cavrois-Rogacki et al., 2020; Dhont et al., 
2013; Monroig et al., 2003; Pham et al., 2022, 2023). HUFA deficiency 
may result in impaired growth, survival, and susceptibility to stresses in 
the larvae because it plays crucial roles in the development of nervous 
and visual systems as well as maintaining cell membrane integrity 
(Izquierdo et al., 2010; Roo et al., 2019; Thépot et al., 2016; Villeneuve 
et al., 2007). Mutia et al. (2024) investigated the effects of combinations 
of different live prey such as copepods, rotifer and Artemia in giant 
trevally larvae rearing for 40 days, in which rotifer and Artemia were 
enriched with commercial emulsion. The results indicated that survival 
of the larvae fed a combination of rotifers and Artemia was 11.67% and 
significantly lower than those fed both rotifer and copepods (23.47%). 
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This suggested that giant trevally larvae might require higher HUFA 
concentrations than most marine fish species (Mutia et al., 2024), 
consequently Artemia enrichment protocols of other marine fish may not 
be sufficient for this species and need to be clarified. Besides, in the 
aforementioned study by Mutia et al. (2024), Artemia was enriched with 
a commercial emulsion for only 4 h before feeding. Previous results have 
showed that enrichment duration significantly impacts nutritional 
values of enriched Artemia, in which prolonged enrichment increases the 
enriched nutrient incorporation into Artemia, and enrichment period in 
24 h can be sufficient to maximize HUFA contents and reducing poten
tial oxidative stress (Ramena et al., 2025), thus, insufficient enrichment 
period might reduce incorporation of n− 3HUFA into Artemia, resulting 
in low survival rate in giant trevally larvae fed enriched Artemia than 
copepods feeding groups.

Nowadays, Artemia has become a major live feed in marine larvi
culture because of its stable supply, eases of storage and use and 
reasonable price (Dhont et al., 2013). A primary constraint in the usage 
of Artemia as a major live-feed is the negligible levels of HUFA, espe
cially DHA in Artemia (Hamre et al., 2013; Mozanzadeh et al., 2021), 
which are essential nutrients for maintaining normal physiological, 
immune functions and growth in marine larvae due to their inability to 
synthesize these HUFA (Ramena et al., 2025). Consequently, unenriched 
Artemia cannot provide adequate essential fatty acids for larvae during 
critical developmental stages (Jamali et al., 2024). Artemia enrichment 
protocols have been developed and become a standard practice to boost 
its essential nutrients that meet nutritional demands in marine larvae 
(Joshua et al., 2022; Ramena et al., 2025), resulting in improved sur
vival, growth response and resistance to stressful factors as well as 
reduced abnormal development in greater amberjack Seriola dumerili 
(Roo et al., 2019), barramundi Lates calcarifer (Pham et al., 2023; Thépot 
et al., 2016), seabream Sparus aurata (Izquierdo et al., 2012), Japanese 
flounder Paralichthys olivaceus (Izquierdo et al., 1992). Moreover, oil 
emulsion enrichment also enhances the physiological and biochemical 
responses in aquaculture species (Ramena et al., 2025). For example, 
enriched Artemia alleviated osmotic stress and facilitated swim bladder 
inflation in yellow perch Perca flavescens (Grayson and Dabrowski, 
2022), improved concentrations of polyunsaturated fatty acids in the 
larvae tissues (Lundova et al., 2018), and modulated immune-related 
factors (González et al., 2017), thereby promoting overall production 
outcomes in reared larvae.

Nevertheless, excessive dietary HUFA also produces deleterious ef
fects in fish larvae. Results described in European sea bass Dicentrarchus 
labrax larvae indicated that dietary DHA and EPA of above 2% could 
increase skeletal anomalies (Villeneuve et al., 2007), whereas tissue 
oxidative stress and poor growth were reported in the larvae fed high 
dietary HUFA levels (Betancor et al., 2012). Barramundi larvae fed high 
n− 3HUFA diets reduced stress resistance compared to those fed an 
adequate amount of EFA (Pham et al., 2022). These negative impacts 
can be attributed to the formation of reactive oxygen species (ROS) and 
free radicals as dietary n− 3HUFA levels surpass the larvae's physiolog
ical threshold (Izquierdo et al., 2010). Therefore, optimizing dietary 
n− 3HUFA would be necessary to enhance growth, physiological and 
immune responses in marine fish larvae. To date, there is limited 
knowledge on essential fatty acid requirements in giant trevally during 
the larval stage, thus, the study aimed to determine the effects of 
enriched HUFA Artemia on growth, biochemical responses and enzyme 
activity, as well as stress resistance in this species.

2. Material and methods

2.1. Ethic statement

The giant trevally Caranx ignobilis is not designated as protected, 
endangered, or rare under current Vietnamese legislation, including the 
2018 Law on Livestock and Government Decree No. 06/2019/ND-CP. 
Fish husbandry was fully compliant with the Vietnamese Code of 

practice for the care of animals for scientific purposes.

2.2. Artemia enrichment

Artemia cysts (Vinh Chau strain, Vietnam) were incubated in a 300-L 
composite tank for 24 h. Water quality parameters during incubation 
were kept at a temperature of 28–29◦C, dissolved oxygen > 5 mg/L, pH 
of 8.0–8.5, and salinity of 33–34ppt. Continuous vigorous aeration was 
provided to keep the cysts in suspension and prevent clumping. After 
hatching, the harvested nauplii were rinsed with clean seawater before 
being transferred to enrichment tanks.

Artemia enrichment was conducted in 5-liters white plastic buckets, 
with each bucket dedicated to a specific experimental treatment. Arte
mia nauplii were enriched with a commercial emulsion (A1 DHA Selco, 
INVE, Thailand) at five levels: 0, 150, 300, 450, and 600 mg/L in 18 h, 
following the manufacturer’s protocols to produce five dietary treat
ments, namely HF0, HF150, HF300, HF450 and HF600, respectively. 
Strong aeration was applied to ensure dissolved oxygen levels above 
5 mg/L. Prior to feeding, enriched Artemia were rinsed with clean 
seawater. Enriched Artemia from the five different treatment levels 
(100 g per treatment) were sampled and stored at − 80◦C for fatty acid 
analysis. The fatty acid composition of enriched Artemia is presented in 
Table 1.

2.3. Larval preparation and rearing

The larvae used for the experiment was obtained from artificial 
reproduction. The broodstock (8–10 kg/fish) were cultured in a 64 m3 

sea-cage and fed fresh trash fish once daily. Matured females and males 
were induced to spawn using a combination of 40 µg/kg of luteinizing 
hormone-releasing hormone analog (LHRH-A) and 1.200UI of human 
chorionic gonadotropin (HCG). After hatching, newly hatched larvae 
were reared in a gray-cement tank (2 m x 2 m x 1.3 m per tank) at a 

Table 1 
Fatty acid composition (% of total fatty acid, TFA) of enriched Artemia with 
different emulsion levels.

Fatty acid HF0 HF150 HF300 HF450 HF600

C14:0 1.51 1.24 1.14 1.50 1.77
C15:0 - 0.53 0.41 0.35 0.29
C16:0 16.94b 14.11ab 12.21ab 11.83a 14.73ab

C17:0 0.78 0.78 0.69 0.67 0.64
C18:0 11.61b 6.85a 5.73a 5.34a 5.51a

C20:0 - 0.57 0.57 0.53 0.51
SFA 30.89b 24.06a 20.74a 20.21a 23.46a

C16:1 7.17b 5.70a 4.68a 6.01ab 5.82a

C18:1n− 9 24.62 23.93 24.06 25.26 26.65
C20:1 0.67 1.17 1.10 1.05 0.99
C22:1n− 9 - 0.11 0.09 0.08 0.07
MUFA 32.46 30.91 30.97 32.45 33.57
C18:2n− 6 7.58 7.12 7.84 9.17 9.43
C18:3n− 3 18.09b 12.02a 11.46a 11.52a 10.93a

C18:3n− 6 0.55b 0.34a 0.35a 0.35a 0.39a

C20:2 - 0.34 0.34 0.33 0.31
C20:3n− 3 - 0.22 0.31 0.31 0.29
C20:3n− 6 - - 0.16 0.16 0.16
C20:4n− 6 2.75 2.68 2.61 2.37 2.38
C20:5n− 3 7.27a 10.05b 10.03b 9.49b 9.09b

C22:6n− 3 0.42a 12.27b 12.13b 10.72b 10.04b

PUFA 36.65a 45.03b 45.22b 44.42b 42.97ab

n− 3HUFA 7.69a 22.31b 22.16b 20.21b 19.13b

DHA/EPA 0.06a 1.22b 1.21b 1.13b 1.10b

EPA/ARA 0.16a 4.57b 4.65b 4.56b 4.21b

Data are mean of triplicates; SFA: saturated fatty acids; MUFA: monounsaturated 
fatty acids; PUFA: polyunsaturated fatty acids; HUFA: highly unsaturated fatty 
acids; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; ARA: arach
idonic acid. HF0, HF150, HF300, HF450 and HF600; Artemia enriched with 0, 
150, 300, 450 and 600 mg/L of HUFA emulsion, respectively. Means with 
different lowercase superscripts within a row indicate the significant differences 
among the treatments.
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density of 15 larvae/L in green water using Nano 3600 paste (Reed 
Mariculture, USA) at a density of 170.000 cells/ml. The larvae were fed 
enriched rotifers at 1 – 3 rotifers/ml from 2 dah to 4 dah and 4 – 10 
rotifers/ml from 5 dah until 12 dah before being transferred into 
experimental tanks.

Before larval stocking, microalgae were added to the experimental 
tanks to minimize stress for the larvae. The 13 days old larvae (0.34 cm 
and 0.002 g) were gently collected using 500 µm soft net and distributed 
into 15 composite tanks (100 L/tank) at a stocking density of six larvae/ 
liter. Each tank was equipped with an air-stone. The larvae were fed 
enriched Artemia at a density of 1–5 individuals/ml, depending on larval 
size, with 4 times a day at 7:30, 11:00, 14:30, and 17:30 for 28 days. 
Uneaten Artemia was completely removed using a PVC pipe covered 
with a 500 µm net. Water quality was managed through siphoning and 
water exchange and maintained within suitable ranges for fish growth: 
temperature at 28–30◦C, salinity at 33–35 ppt, pH at 8.0–8.5, DO 
> 4.5 mg/L, and total ammonia nitrogen (TAN) < 0.2 mg/L. Photope
riod was maintained at 16 L:8D during feeding period.

2.4. Sample collection and analysis

At the termination of the feeding period, the larvae were starved for 
12 h after the last feeding. The larvae were weighed using a digital scale 
(50 ×0.0001 g) and length measured with a plastic ruler. 10 g larvae 
from each tank at the end of the feeding period were collected (5 g in the 
HF0 tank), pooled and stored at − 80◦C for digestive enzyme and 
chemical analyses.

2.5. Enzyme activity analyses

The samples were thawed and ground in a pH 6.9 buffer solution 
(KH2PO4 20 mM and NaCl 6 mM). Then, the mixture was centrifuged at 
4200 rpm, 4◦C for 30 min, and the supernatant was transferred to 0.5 ml 
Eppendorf tubes for analysis of digestive enzyme activity. Trypsin ac
tivity was analyzed following Tseng et al. (1982), 15 µL of the super
natant was reacted with 10 µL of 0.1 M BAPNA (10.87 mg 
Na-Benzoyl-DL-Arginine P-nitroanilide in 250 µL DMSO) and phos
phate buffer pH 8.2. Trypsin activity was measured at 407 nm for 5 min 
using a spectrophotometer (UV-Vis Cary 50, Varian, Inc USA). Activities 
of pepsin and chymotrypsin were determined following Worthington 
(1982). For chymotrypsin, 50 μL of the sample was reacted with BTEE 
and buffer solution pH 7.8, then measured at 256 nm for 5 min. Pepsin 
activity was measured by reacting 100 µL of the sample with 500 µL of 
hemoglobin as a buffer (2% w/v hemoglobin in 0.06 HCl) and measured 
at 280 nm. Amylase was determined by reacting 100 μL of the sample 
with 100 μL of 1% starch solution at 25◦C, adding 200 μL of substrate 
solution, and incubating at 100◦C for 5 min before measuring at 540 nm 
(Bernfeld, 1951).

2.6. Body composition analysis

Protein and lipid determinations were performed according to 
standard methods of the Association of Official Analytical Chemists 
(AOAC). Protein content was measured by determining total nitrogen 
using the Kjeldahl method, while lipid content was determined by dis
solving lipids in petroleum ether, and quantifying by Soxhlet extraction. 

Moisture content was measured after drying the samples at 105 0C in an 
oven; ash was determined by combustion at 550 0C for 24 h in an electric 
muffle furnace.

2.7. Salinity stress test

After four weeks of the feeding period, twenty larvae were randomly 
collected from each tank and transferred into buckets containing 20 li
ters of freshwater (0 ppt) with continuous aeration. After 30 min, the 
tested larvae were retransferred into the respective experimental tank 
for recovery. The number of fish exhibiting shock symptoms was 
recorded after 10 and 30 min. Mortality was recorded 10 min after 
restocking into the recovery tank.

2.8. Calculation and statistical analysis

Growth parameters of giant trevally larvae were calculated using the 
following equations.   

Survival(%) =

[
number of final fish

number of initial fish

]

× 100 

Cofficient of variation(CV, %) =

[
standard of deviation

mean

]

× 100 

.

2.9. Statistical analysis

All data were presented as mean ± standard error. The dataset’s 
distributional properties were evaluated before data analysis using the 
Shapiro-Wilk test. The survival data was arcsine-transformed before 
analyzing. All parameters were subjected to One-way ANOVA using 
SPSS Version 25 unless otherwise specified. Tukey’s HSD multiple 
comparison test was applied to examine differences among groups. The 
statistical significance was evaluated at P < 0.05. Polynomial regression 
was applied to express relationship between dietary n− 3HUFA and 
growth and survival of giant trevally. The principal component analysis 
(PCA) was used on the dataset collected from the five dietary treatments 
and various measured parameters: growth, survival, body composition, 
and enzyme activity of giant trevally at the termination of the feeding 
period to evaluate the covariation of their respective variables. The PCA 
and Pearson correlation matrix were performed in Origin 2026 (Ori
ginLab, Northampton, USA).

3. Results

3.1. Growth performance

The growth performance of giant trevally larvae fed Artemia enriched 
n− 3HUFA is displayed in Table 2. After four weeks of feeding, there 
were no differences in body length, body height, weight, and SGR of the 
larvae fed HF0, HF150 and HF300 diets, but significantly increased in 
those fed HF450 and HF600 diets compared to the unenriched Artemia 

Specific growth rate(SGR, %/day) =
[
ln (final body weight or lenght) − ln (pooled initial body weight or length)

days

]

× 100 
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group (P < 0.05). The biomass in the HF0 was significantly lower than 
that of the enriched HUFA Artemia groups, however, there were no 
differences in the biomass of the larvae as increasing dietary enrichment 
levels increased from 150 to 600 mg/L. The coefficient variations for 
length and weight showed reduced trends as increasing dietary enrich
ment levels, but no differences were detected. Enriched HUFA Artemia 
significantly increased larval survival (Fig. 1). The dietary n− 3HUFA 
requirements to maximize final body weight and survival in giant tre
vally during Artemia feeding were estimated at 15.63% and 22.67% TFA, 
respectively based on polynomial regression analysis (Fig. 2).

3.2. Enzyme activity

The effects of dietary HUFA in Artemia enrichment on the enzyme 
activity of giant trevally are presented in Fig. 3. The activities of pepsin 
and trypsin were lowest in HF0 and significantly different from enriched 
Artemia groups (P < 0.05). However, pepsin and trypsin activity did not 
change with increasing dietary HUFA enrichment levels from 150 to 
600 mg/L (P > 0.05). Activity of chymotrypsin increased and reached a 
peak on the HF300 diet, and was significantly reduced on the HF450 and 
HF600 diets. There was no difference in amylase activity among dietary 
treatments.

3.3. Proximate composition

The effects of dietary HUFA on the proximate composition of the 
larvae were presented in Table 3. There were no differences in protein 
and moisture contents of the larvae fed different HUFA levels after four 
weeks of feeding. The larvae fed HF0 and HF600 had significantly lower 
lipid concentrations than those fed HF150, HF300 and HF450 diets 
(P < 0.05). The ash content in the larvae fed HF300 and HF450 were 
significantly higher than that in HF150 and HF600 groups.

3.4. Salinity stress test

There were effects of dietary HUFA enrichment on the percentage of 
stressed larvae and mortality after the salinity challenge test (Fig. 4). 
After 30 min, the most stressed fish were observed in the HF0, followed 
by HF150 and HF300, and were significantly higher than those in the 
HF450 group (P < 0.05). The larvae fed HF300, HF450 and HF600 diets 
had significantly lower mortality rates than the control (P < 0.05). 
There was no difference in the mortality among the larvae fed HF300, 
HF450 and HF600 diets (P > 0.05).

3.5. PCA and correlation analysis

Principal component analysis (PCA) was applied to evaluate the ef
fects of dietary groups on growth, survival, enzyme activity and body 
composition in giant trevally larvae. The first two principal component 
axes (PC1 and PC2) interpreted more than 78% of the variation in the 
evaluated data. Larvae fed HF0 was grouped in the PCA biplot negative 
zone, while HF450 and HF600 were grouped in the biplot positive areas 
(Fig. 5). The HF450 and HF600 were classed together in the PC1 positive 
site, in which survival, biomass, pepsin, trypsin and lipid were strongly 
positive correlated (Fig. 5).

The Pearson correlation analysis indicated that survival was signif
icantly correlated with fish growth, pepsin, trypsin and lipid, but not 
connected with protein. Pepsin and trypsin activities showed positive 
correlations with biomass and survival but had no correlation with fish 
growth (Fig. 6).

4. Discussion

This study provides the appropriate enrichment levels to be used for 
giant trevally larvae. The results indicated that enriched HUFA Artemia 
significantly increased the survival of the larvae. This is consistent with 
those reported in barramundi (Pham et al., 2023; Rimmer et al., 1994), 
greater amberjack (Roo et al., 2019), yellowfin seabream Acanthopagrus 
latus and Japanese flounder (Izquierdo et al., 1992). The relatively lower 
survival of the larvae fed unenriched Artemia in comparison to those fed 
enriched Artemia suggests that relying on the nutritional profile of 

Table 2 
Growth performance of giant trevally larvae fed enriched Artemia.

Parameters Enriched Artemia

HF0 HF150 HF300 HF450 HF600

IBL (cm) 0.34 
± 0.01

0.34 
± 0.01

0.34 
± 0.01

0.34 
± 0.01

0.34 
± 0.01

IBW (g) 0.002 0.002 0.002 0.002 0.002
FBL (cm) 1.38 

± 0.04a
1.54 
± 0.1ab

1.52 
± 0.58ab

1.64 
± 0.05b

1.73 
± 0.08b

FBW (g) 0.11 
± 0.01a

0.14 
± 0.02ab

0.14 
± 0.01ab

0.17 
± 0.01bc

0.20 
± 0.01c

FBH (cm) 0.80 
± 0.02a

0.86 
± 0.03ab

0.86 
± 0.02ab

0.92 
± 0.02b

0.94 
± 0.03b

SGRL 

(%/day)
5.71 
± 0.08a

6.05 
± 0.20ab

5.97 
± 0.11ab

6.20 
± 0.10b

6.40 
± 0.14b

SGRW 

(%/day)
13.81 
± 0.18a

14.61 
± 0.40ab

14.54 
± 0.30ab

15.37 
± 0.25bc

15.87 
± 0.20c

Biomass (g) 5.58 
± 0.85a

17.57 
± 2.70b

18.90 
± 2.68b

24.31 
± 2.54b

24.23 
± 1.84b

Data are displayed as mean ± standard error (n = 3). IBL, initial body length; 
FBL, final body length; IBW, initial body weight; FBW, final body weight; FBH, 
final body height; SGR, specific growth rate. HF0, HF150, HF300, HF450 and 
HF600; Artemia enriched with 0, 150, 300, 450 and 600 mg/L of HUFA emul
sion, respectively. Means with different lowercase superscripts within a row 
indicate the significant differences among the treatments.

Fig. 1. Survival rate, coefficient of variation for length and weight of giant trevally larvae after four weeks of feeding period. HF0, HF150, HF300, HF450 and HF600; 
Artemia enriched with 0, 150, 300, 450 and 600 mg/L of HUFA emulsion, respectively. Different letters are significant differences(P < 0.05).
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non-enriched Artemia may not provide adequate EFA for marine fish 
during larval rearing. At this stage, DHA is preferentially assimilated 
into nervous and retinal tissues (Villalta et al., 2008), and inadequate 
DHA can lead to high mortality (Tocher, 2010) as seen in the current 
study. However, increasing dietary emulsion levels from 150 to 
600 mg/L did not improve the survival of giant trevally larvae. Roo et al. 
(2019) also found that there were no differences in survival of greater 
amberjack fed different n− 3HUFA levels. Similarly, there was no dif
ference in the survival of barramundi larvae fed Artemia enriched with 
different n− 3HUFA levels (Pham et al., 2022). Currently, there is very 
little information on n− 3HUFA demands in giant trevally larvae. Mutia 
et al. (2024) reported that the survival rates of giant trevally larvae fed 
combinations of rotifer + Artemia; rotifer + copepods and roti
fer + copepods + Artemia for 40 days were 11.67, 23.47 and 14.37%, 
respectively, in which rotifer and Artemia were enriched with com
mercial emulsions for 4 h before feeding. However, the fatty acid profile 

Fig. 2. The relationship between dietary n− 3 HUFA in Artemia and final body 
weight and survival of giant trevally larvae. TFA; total fatty acids.

Fig. 3. Enzyme activity of giant trevally larvae fed enriched Artemia for four weeks. HF0, HF150, HF300, HF450 and HF600; Artemia enriched with 0, 150, 300, 450 
and 600 mg/L of HUFA emulsion, respectively. Different letters are significant differences (P < 0.05).

Table 3 
Body composition (%, wet weight) of giant trevally larvae fed enriched Artemia.

Parameters Enriched Artemia

HF0 HF150 HF300 HF450 HF600

Protein 16.60 
± 0.26

16.70 
± 0.20

16.10 
± 0.25

16.90 
± 0.40

17.10 
± 0.41

Lipid 1.54 
± 0.02a

1.78 
± 0.01b

1.75 
± 0.0b

1.72 
± 0.06b

1.51 
± 0.02a

Ash 4.50 
± 0.04ab

4.15 
± 0.10a

4.89 
± 0.58b

4.77 
± 0.05b

4.17 
± 0.08a

Moisture 77.80 
± 0.20

76.81 
± 0.35

77.86 
± 0.54

78.15 
± 0.50

77.69 
± 0.46

Data are displayed as mean ± SE (n = 3). HF0, HF150, HF300, HF450 and 
HF600; Artemia enriched with 0, 150, 300, 450 and 600 mg/L of HUFA emul
sion, respectively. Means with different lowercase superscripts within a row 
indicate the significant differences among the treatments.
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of live feed was not detailed to investigate dietary HUFA requirements. 
Thus, in the current study, it seems that the dietary DHA and EPA should 
be at least 10.04 and 9.09% of TFA, respectively to support the survival 
of giant trevally larvae.

Regarding growth performance, FBL, FBH, FBW, SGR in giant tre
vally showed positive trends with increasing dietary HUFA enrichment 
levels. The larvae fed HF150 and HF300 tended to increase in FBL, FBH 
and FBW compared to HF0, although no difference was recorded. In this 
study, nonenriched Artemia contains 7.27 and 0.42% of EPA and DHA 
(% of TFA), which may provide a portion of EFA to support larval 
growth. This is similar to observations in greater amberjack fed unen
riched Artemia and Artemia enriched with low HUFA level (Roo et al., 
2019). To date, there are scarce specific studies quantifying the quan
titative EFA requirements for marine fish larvae. Based on model anal
ysis in Florida pompano Trachinotus carolinus, a tropical marine fish, 
Mejri et al. (2021) found that early larvae required at least 16% DHA 
and 7% EPA of TFA, respectively to satisfy growth. Roo et al. (2019) also 
suggested that dietary n− 3HUFA in the range of 12 – 17% of TFA was 
sufficient for greater amberjack larvae, while the dietary n− 3HUFA 

requirements for optimum growth in red seabream Pagrus major was 
15% TFA (Izquierdo, 1989). These results were in range with those 
found in the current study, in which the giant trevally larvae required 
dietary n− 3HUFA at 19.13% TFA with DHA and EPA contents 10.04 and 
9.09% TFA, respectively to optimize growth rate. This is relatively 
higher than the required n− 3HUFA for barramundi and Japanese 
flounder larvae during Artemia feeding (Izquierdo et al., 1992; Pham 
et al., 2023). Along with EFA requirements, ratio of DHA/EPA also plays 
important role in larval development and ratio of 2:1 has been recom
mended as sufficient for larval nutrition (Hamre et al., 2013). Previous 
results also demonstrated that ratio of DHA/EPA > 3 is adequate for 
longfin yellowtail Seriola rivoliana (Mesa-Rodriguez et al., 2018), Florida 
pompano (Mejri et al., 2021). However, in this study, giant trevally 
larvae achieved highest growth rate at DHA/EPA ratios of 1.1 – 1.3. This 
is consistent with findings reported in greater amberjack (Roo et al., 
2019) and barramundi (Pham et al., 2023). In contrast, dietary 
DHA/EPA ratios had no effect on the growth of red drum Sciaenops 
ocellatus larvae (Brinkmeyer and Holt, 1998). These incompatible results 
can be due to the different species, experimental conditions among 

Fig. 4. Percentages of stress larvae and mortality after salinity test. HF0, HF150, HF300, HF450 and HF600; Artemia enriched with 0, 150, 300, 450 and 600 mg/L of 
HUFA emulsion, respectively. Values in similar patterns with different letters are significant differences (P < 0.05).

Fig. 5. PCA score and biplot with various dietary groups and measured variables after four weeks. The graph shows positive and negative association between 
various dietary groups (A) and variables loading (B). Different markers with convex hull display means from various dietary treatments performed in the investi
gation, and loadings show the contribution of the variable to the development of PC1 and PC2.
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studies and need further investigation.
Nutrient digestion in fish is strongly influenced by digestive enzyme 

activity (Santigosa et al., 2008), which significantly changed during the 
transition of feeding behaviors and structural and functional changes in 
the digestive tract from a straight tube to differentiated parts as stomach, 
foregut and hindgut during larval development (Arenas-Pardo et al., 
2024). Therefore, knowledge of enzymatic activities during the 
live-prey feeding and metamorphosis can support useful information to 
optimize feeding and rearing protocols for the larvae (Infante and Cahu, 
2007). In this study, giant trevally fed enriched HUFA Artemia showed 
significantly higher activities of pepsin and trypsin than those fed un
enriched Artemia. These enzymes have crucial roles in protein digestion 
and can be used as useful indicators in evaluating nutritional health in 
the larvae (Arenas-Pardo et al., 2024), in which trypsin has been link to 
favorable conditions that enhance growth performance 
(Rungruangsak-Torrissen et al., 2006). While a good nutritional status 
can enhance stomach development, resulting in increased pepsin ac
tivity in fish larvae (Sheng et al., 2022). The increased pepsin and 
trypsin activities in giant trevally larvae fed enriched Artemia, thus 
indicating beneficial roles of dietary HUFA in modulating protease en
zymes in the larvae. The increased chymotrypsin-specific activity in 
marine fish larvae has been linked to diminished or depressed growth 
due to food limitation (Cara et al., 2007; Rungruangsak-Torrissen et al., 
2006). In the current study, chymotrypsin activity significantly 
increased in the larvae fed HF300 compared to those fed HF0, HF450 
and HF600 diets. To date, the effects of dietary EFA on dynamic and role 
of chymotrypsin remain unknown and need to be investigated. In 
contrast, amylase activity was not different between dietary treatments. 
This is consistent with observations reported in European seabass 
Dicentrarchus labrax larvae, in which amylase secretion was not affected 
by dietary HUFA after pancreatic maturation (Vagner et al., 2007).

In the current study, there were no differences in protein and 

moisture contents in the larvae among treatments, whereas increased 
lipid concentrations were recorded in fish fed HF150, HF300 and HF450 
diets. This is consistent with observations in barramundi larvae, in 
which increasing dietary HUFA increased lipid contents (Pham et al., 
2022). In contrast, greater amberjack larvae fed different n− 3HUFA 
levels did not show any difference in larval lipid (Roo et al., 2019). The 
PCA analysis have been used to investigate effect of HUFA levels in 
enriching Artemia on growth, immunity and health parameters in 
barramundi, in which HUFA emulsification of 300 mg/L showed 
favorable influence on fish performance, and unenriched Artemia or 
100 mg/L HUFA enriched Artemia had negatively correlated to fish 
growth and survival (Pham et al., 2023). In this study, the position of 
growth, enzymatic activity, proximate composition and dietary treat
ments in the plot indicated that HF0 diet had a negative association with 
fish growth and survival, whereas enriched Artemia groups showed a 
favorable impact on growth performance. Based on the PCA analysis, 
HUFA enrichment levels up to 600 mg/L can be recommended to 
improve growth, survival and digestive enzyme activity.

The important roles of dietary n− 3HUFA in handling stress resis
tance have been documented in marine larvae, wherein the improve
ment of larval resistance to stressors can be achieved by increasing 
dietary DHA in fast-growing fish (Roo et al., 2019). Reduced mortality 
rates after stress testing have been reported in the larvae of barramundi 
(Pham et al., 2023; Thépot et al., 2016), greater amberjack (Roo et al., 
2019), and longfin yellowtail (Roo et al., 2014) fed sufficient 
n− 3HUFA diets. These results suggested that increases in dietary HUFA 
improved oxygen transport efficiency and fluidity in the gill membrane, 
thereby restoring normal oxygen concentrations after the air exposure 
test. In this study, giant trevally larvae fed enriched HUFA Artemia 
showed significantly higher survival after a salinity challenge test. This 
is consistent with observations in white-leg shrimp Litopenaeus vanna
mei, in which postlarvae fed medium HUFA levels showed increased gill 

Fig. 6. Pearson correlation matrix of growth characteristics, coefficient of variation and survival rate in giant trevally larvae.
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area and EFA levels in the gill, which could improve osmoregulatory 
mechanisms, resulting in higher survival in response to low salinity 
(Palacios et al., 2004).

5. Conclusion

Based on overall findings and under experimental conditions 
applied, dietary n− 3HUFA within the range of 15.63–22.67% TFA was 
recommended to enhance growth, survival and stress resistance of giant 
trevally during Artemia feeding. Besides, quantifying the requirements 
for DHA, EPA, ARA and DHA/EPA ratio is needed in further research to 
better understand the specific role of each fatty acid, their interaction 
and DHA/EPA ratio affecting growth performance and development of 
giant trevally larvae.
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González, A., Silva, A., Gajardo, G., Martínez, C., 2017. Survival and growth 
improvement of palm ruff, Seriolella violacea, larvae fed Artemia nauplii enriched 
with an experimental emulsion. J. World Aquac. Soc. 48 (2), 268–279.

Grayson, J.D., Dabrowski, K., 2022. Utilization of live-food enrichment with 
polyunsaturated fatty acids (PUFA) for the Intensive culture of yellow perch larvae. 
North. Am. J. Aquac. 84 (2), 131–148.

Hamre, K., Yúfera, M., Rønnestad, I., Boglione, C., Conceição, L.E., Izquierdo, M., 2013. 
Fish larval nutrition and feed formulation: knowledge gaps and bottlenecks for 
advances in larval rearing. Rev. Aquac. 5, S26–S58.

Infante, J.Z., Cahu, C., 2007. Dietary modulation of some digestive enzymes and 
metabolic processes in developing marine fish: applications to diet formulation. 
Aquaculture 268 (1-4), 98–105.

Izquierdo, M.S., 1989Requirement of larval red seabream Pagrus major for essential fatty 
acids. 日本水産学会誌 55(5), 859-867..

Izquierdo, M.S., Arakawa, T., Takeuchi, T., Haroun, R., Watanabe, T., 1992. Effect of n-3 
HUFA levels in Artemia on growth of larval Japanese flounder (Paralichthys 
olivaceus). Aquaculture 105 (1), 73–82. https://doi.org/10.1016/0044-8486(92) 
90163-F.

Izquierdo, M.S., Socorro, J., Roo, J., 2010. Studies on the appearance of skeletal 
anomalies in red porgy: effect of culture intensiveness, feeding habits and nutritional 
quality of live preys. J. Appl. Ichthyol. 26 (2), 320–326. https://doi.org/10.1111/ 
j.1439-0426.2010.01429.x.

Izquierdo, M.S., Scolamacchia, M., Betancor, M., Roo, J., Caballero, M.J., Terova, G., 
Witten, P.E., 2012. Effects of dietary DHA and α-tocopherol on bone development, 
early mineralisation and oxidative stress in Sparus aurata (Linnaeus, 1758) larvae. 
Br. J. Nutr. 109 (10), 1796–1805. https://doi.org/10.1017/S0007114512003935.

Jamali, H., Ahmadifard, N., Noori, F., Agh, N., Gisbert, E., 2024. Enrichment of Artemia 
franciscana with soybean-lecithin and its beneficial effect on biochemical 
composition of broodstocks and fatty acids composition of eggs in Cichlid Green 
Terror (Aequidens rivulatus).

Joshua, W.J., Kamarudin, M.S., Ikhsan, N., Yusoff, F.M., Zulperi, Z., 2022. Development 
of enriched Artemia and Moina in larviculture of fish and crustaceans: a review. Lat. 
Am. J. Aquat. Res. 50 (2), 144–157.

Lundova, K., Kouril, J., Sampels, S., Matousek, J., Stejskal, V., 2018. Growth, survival 
rate and fatty acid composition of sterlet (Acipenser ruthenus) larvae fed fatty acid- 
enriched Artemia nauplii. Aquac. Res. 49 (10), 3309–3318.

Mejri, S.C., Tremblay, R., Audet, C., Wills, P.S., Riche, M., 2021. Essential fatty acid 
requirements in tropical and cold-water marine fish larvae and juveniles. Front. Mar. 
Sci. 8, 2021. https://doi.org/10.3389/fmars.2021.680003.

Mesa-Rodriguez, A., Hernández-Cruz, C.M., Betancor, M.B., Fernández-Palacios, H., 
Izquierdo, M.S., Roo, J., 2018. Effect of increasing docosahexaenoic acid content in 
weaning diets on survival, growth and skeletal anomalies of longfin yellowtail 
(Seriola rivoliana, Valenciennes 1833). Aquac. Res. 49 (3), 1200–1209. https://doi. 
org/10.1111/are.13573.
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A B S T R A C T

During hatching, a carbon metabolism drives the release of nauplii from the cysts of the zooplankton brine 
shrimp Artemia. In this study, the change in carbonaceous compounds (trehalose, glycerol, glycogen and total 
organic carbon) and total nitrogen in the axenic hatching medium of decapsulated Artemia franciscana cysts was 
determined throughout the hatching process. Three different salinities (5, 12 and 35 g L− 1) of the incubation 
medium were applied. Trehalose appeared in the medium in small quantities (maximally 2.6 mg C g− 1 incubated 
dry cysts L− 1) as compared to glycerol and glycogen (maximally 28.5 ± 1.2 and 13.8 ± 1.0 mg C g− 1 incubated 
dry cysts L− 1, respectively). This is consistent with the conversion of trehalose within the cyst into glycogen for 
energy delivery during respiration and into glycerol for hatching of the nauplius out of the shell. Salinity only 
seemed to substantially affect glycerol release which was significantly higher at 12 g L− 1 and 35 g L− 1 than at 
5 g L− 1 for most of the incubation period. The maximum total organic carbon (TOC) levels were 38.6 ± 9.0, 
55.2 ± 6.0 and 58.7 ± 7.7 mg g− 1 incubated dry cysts L− 1 and the maximum total nitrogen (TN) levels were 
3.0 ± 0.4, 4.6 ± 0.3 and 6.9 ± 0.4 mg g− 1 incubated dry cysts L− 1 for the 5 g L− 1, 12 g L− 1 and 35 g L− 1 

treatment, respectively. The resulting C/N ratio was 10 or more throughout most of the cyst incubation period in 
each treatment and showed adequate to support bacterial growth of the probiotic bacterium Bacillus sp. LT12. 
The observations from this study can form the basis of further studies on the integration of Artemia live feed 
production and bacterial culture to apply in larviculture.

Aim
Artemia nauplii are the most important live feed used in the culture of 

fish and shrimp larvae. The aim of this study was to investigate the 
change in total organic carbon (TOC, via glycerol, glycogen and treha
lose) and total nitrogen (TN), as well as the hatching success, in a 
gnotobiotic Artemia cysts hatching medium throughout the incubation 
period. Three different salinities (5, 12 and 35 g L− 1) were applied in the 
incubation medium to determine the variation in the different param
eters that were evaluated. The results yielded information on the C/N 
ratio in the incubation medium throughout hatching which determines 
the possibility to use the carbon released into hatching medium as a 
substrate for probiotic bacteria to be applied in aquaculture.

1. Introduction

The brine shrimp Artemia is used as a live feed for the larval culture 
of almost all fish and crustacean species due to its high protein content 
and ability to produce encysted embryos for long term storage (Léger 
et al., 1987; Sorgeloos et al., 1998; Interaminense et al., 2014). Artemia 
can also be raised easily to produce nauplii, larvae and adults (Bagshaw, 
1989; Hajirostamloo, 2008). According to FAO (2014), Artemia can be 
found globally in hypersaline habitats such as inland salt lakes, coastal 
salt pans and man-managed saltworks. Over 90 % of the world’s cyst 
market originates from the Great Salt Lake (Utah, USA), with annual 
harvests in the order of 2.500 – 3.000 tonnes of finished product. The 
activity of shrimp hatcheries consumes about 80–85 % of the total sales 
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of Artemia cysts, the remainder being used in marine fish culture in 
Europe and East Asia and for the pet fish market (FAO, 2014).

Artemia can reproduce by two modes depending on the prevailing 
environmental conditions. When living conditions are favorable, the 
fertilized eggs in the brood pouch of the female develop into free- 
swimming nauplii (ovoviviparous reproduction). When embryonic 
development is held back at the gastrula stage because of unfavorable 
environmental conditions such as high salinity, low oxygen levels, 
temperature stress, food depletion, etc (Lavens and Sorgeloos, 1987), 
cysts are produced inside the uterus (oviparous reproduction). In the 
processes of cyst production and later hatching of nauplii from the cyst, 
three carbon compounds - trehalose, glycogen and glycerol - are of 
primordial importance. During the process of embryos entering into a 
cryptobiotic state, trehalose accumulates in the dormant cysts at the 
expense of glycogen (Clegg, 1965). The presence of trehalose prevents 
the denaturation of proteins and retains cellular integrity in the cysts 
(Jain and Roy, 2008) as it is particularly effective in stabilizing dry 
membranes, phospholipid bilayers and proteins (Crowe et al., 1987). It 
is not maternally derived but is synthesized by the embryo itself (Clegg, 
1965) and accumulates up to 15% of the dry weight of a dormant cyst 
which weighs about 2.5 μg (Clegg, 1962). Glycogen and glycerol are two 
other forms of carbon present in dormant cysts. Clegg (1962) reported 
that the glycogen remaining after conversion into trehalose represents 
about 1% on cyst dry weight. Glycerol is suggested to serve as a cryo
protectant to prevent low temperature damage to the embryos (Cheng 
et al., 2014). It is mainly produced out of trehalose at the moment the 
metabolism in the cyst resumes. Nonetheless, it is present in dormant 
cysts in small quantities of approximately 2–5% on dry weight (Clegg, 
1962). Together, trehalose, glycogen and glycerol have been estimated 
to make up to 98% of the total carbohydrate content in dormant cysts 
(Dutrieu, 1960; Carpenter and Hand, 1986).

During aerobic incubation of Artemia cysts under favorable envi
ronmental conditions, the embryonic metabolism resumes and conver
sion of trehalose into glycogen and glycerol sets in (Dutrieu, 1960; 
Muramatsu, 1960; Emerson, 1963; Clegg, 1964; Carpenter and Hand, 
1986; Lavens and Sorgeloos, 1987). The oxidation of trehalose during 
the trehalose-glycogen conversion acts as an energy supply for respira
tion (Clegg, 1965), while the glycerol accumulates between the embryo 
and the shell as a hygroscopic compound necessary for the embryo to 
break out of the shell and hatch (Clegg, 1964). The changes in 
biochemical components in the dormant cyst during embryonic devel
opment have been considered in several studies. It was found that by the 
moment of hatching trehalose within the cyst (at 12 g L− 1) had 
decreased from 163.6 mg g− 1 to 41.0 mg g− 1 (~ 67.3 mg g− 1) after 14 h 
incubation (Clegg, 1964), while glycogen and glycerol increased with 
67.3 mg g− 1 cyst dry weight and 22.6 mg g− 1 cyst dry weight, respec
tively (Clegg, 1964). It has also been estimated that upon hatching about 
8 mg of glycerol is released per gram cyst dry weight into the medium 
(Clegg, 1964). The above data are valid for non-decapsulated cysts while 
information for decapsulated cysts is currently not available.

The presence of trehalose and glycogen in the Artemia cyst hatching 
medium has not been determined so far. Likewise, the occurrence of 
nitrogen compounds inside Artemia cysts and their release upon hatch
ing has not yet been considered. The objective of this study was there
fore to investigate the changes in carbonaceous compounds (trehalose, 
glycerol, glycogen and total organic carbon) and total nitrogen in the 
hatching medium of axenic decapsulated Artemia cysts throughout the 
incubation period up to hatching. As the incubation salinity seems to 
affect the amount of glycerol that needs to be build up inside the cyst to 
reach the critical osmotic pressure necessary for hatching (Lavens and 
Sorgeloos, 1987), three different salinity concentrations (5, 12 and 
35 g L− 1) were applied in the medium to assess their effect on each of the 
measured parameters. Based on this knowledge, bacterial growth was 
quantified in the Artemia hatching medium as this may be a very 
interesting feature for the use of beneficial bacteria in aquaculture.

2. Materials and methods

2.1. Axenic cysts of Artemia franciscana

Experiments were performed with high quality hatching Artemia 
franciscana cysts originating from the Great Salt Lake, Utah, USA (EG® 
Type, INVE Aquaculture, Belgium). Axenic cysts were obtained using the 
procedure described by Marques et al. (2004). Briefly, 2 g of cysts were 
hydrated for 1 h in 90 mL of tap water under continuous aeration. Next, 
the cysts were decapsulated by the addition of 3.5 mL of NaOH (32%) 
and 50 mL of NaOCl (14%) under 0.22 µm filtered aeration. After 3 min, 
70 mL Na2S2O3 (10 g/L) was used to stop the decapsulation reaction. 
The decapsulated cysts were washed on a sterile 100 μm sieve with 1 L 
filtered and autoclaved artificial seawater (FAASW) containing 12 g L− 1 

Instant Ocean synthetic sea salt (Aquarium Systems, Sarrebourg, 
France).

2.2. Bacillus sp. LT12 preparation

Bacillus sp. LT12 is a probiotic Gram-positive and spore-forming rod- 
shaped bacterium that was previously isolated from a bacterial enrich
ment culture (EC5) obtained from the digestive tract of Penaeus vanna
mei (Tinh et al., 2007). A ten µl aliquot of the original culture of Bacillus 
sp. LT12 stored in 40% glycerol at − 80 ◦C was inoculated on a 
Luria-Bertani (LB) agar plate at 12 g L− 1. The agar plate was put into an 
incubator at 28 0C for 24 h. One colony from the Bacillus sp. LT12 agar 
plate was grown in 25 mL of fresh LB medium (12 g L− 1) for 24 h at 28 0C 
under constant agitation (120 rpm). The optical cell density of the 
bacterial culture was determined by a spectrophotometer (BioMerieux, 
Marcy L’Etoile, France) at 550 nm, washed with FAASW (12 g L− 1) and 
set at a value of 1 (i.e. 1.2 ×109 cells mL− 1).

Pure cultures of the bacterial strains were grown overnight in marine 
broth at 28 0C, transferred to centrifugation tubes, and centrifuged at 
approximately 8500 x g for 10 min. The supernatant was discarded and 
the pellet was resuspended in autoclaved nine-salt solution (NSS) (14). 
The bacterial density was determined spectrophotometrically at 
550 nm, assuming that an optical density of 1.000 corresponded to 
1.2 × 109 cells mL− 1 according to the McFarland standard (BioMérieux, 
Marcy l’Etoile, France) (Verschuere et al., 1999).

2.3. Experimental design

In a first experiment, the changes in carbon and nitrogen patterns 
during the incubation of axenic and decapsulated Artemia cysts were 
determined. In a second experiment, the growth of Bacillus sp. LT12 in 
the hatching medium of axenic and decapsulated Artemia franciscana 
cysts was assessed.

For experiment 1, glass Schott bottles containing 1 L of FAASW 
prepared by adding Instant Ocean synthetic sea salt at three different 
salinities (5, 12 and 35 g L− 1) were used to incubate 2 g axenic and 
decapsulated Artemia cysts (n = 3 for each salinity). To maintain axenic 
conditions during the incubation period, each bottle was supplied of a 
screw cap with 0.22 µm air filters on the inlet and outlet to provide 
continuous strong aeration. The cysts were incubated for 22 h at 28 

◦

C 
under constant illumination of approximately 27 µE m− 2 sec− 1). At 2 h 
time intervals (from 4 h to 22 h relative to the start of incubation), 
100 mL axenic hatching medium of Artemia (AHMA) was collected 
under sterile conditions in a laminar flow after thorough mixing of each 
bottle for measurement of glycerol, glycogen, trehalose, TOC, TN and 
cyst hatching success.

In experiment 2, 6 Schott bottles were filled with 1 L FAASW at 
12 g L− 1 and supplemented with 2 g axenic and decapsulated cysts (This 
medium is called axenic hatching medium of Artemia – AHMA). Bacillus 
sp. LT12 was added in three bottles at a concentration of 107 cells mL− 1 

(LT12-AHMA). The 3 bottles without addition of Bacillus sp. LT12 served 
as control treatments (Control-AHMA). Bacillus sp. LT12 was also added 
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at 107 cells mL− 1 in 3 Schott bottles containing 250 mL LB broth at 12 
ppt (LT12-LB). Each bottle was supplied with a screw cap with 0.22 µm 
air filters on the inlet and outlet to provide continuous strong aeration 
and to avoid bacterial contamination. After 26 h of incubation at 28 0C 
under constant illumination of approximately 27 µE m− 2 sec− 1, the in
cubation medium was separated from the Artemia cysts, the hatched 
nauplii and other small particles by filtering over a sterile 30 µm sieve 
for analysis of the concentration of bacterial cell dry weight (CDW). The 
samples were stored at − 80 0C until analysis.

2.4. Hatching success of Artemia cysts in experiment 1

The abundances of umbrella and nauplii of Artemia in the AHMA 
samples from experiment 1 were determined in accordance with the 
method presented by Brendan and Schwarz (2009). One mL of AHMA 
collected from each well-mixed experimental bottle was diluted 
10-folds. A Sedgwick-Rafter slide was used to load 1 mL of the diluted 
sample and supplemented with one or two drops Lugol’s solution to 
immobilize the Artemia nauplii. Using a stereomicroscope (Nikon, Model 
Alphaphot YS), the number of intact umbrella and nauplii of Artemia was 
counted. This procedure was repeated 3 times for each bottle to deter
mine an average. The averages were multiplied by the dilution factor to 
obtain the number of umbrella and nauplii of Artemia in the experi
mental bottles.

2.5. Carbon and nitrogen analyses of AHMA samples from experiment 1

The liquid phase in the AHMA samples from each sampling time in 
experiment 1 was separated from the Artemia cysts, already hatched 
nauplii and other small particles by subsequent filtering over a sterile 
30 µm sieve and a sterile 0.22 µm filter (VWR® Syringe Filter, USA). The 
filtered AHMA samples were stored at − 20 0C until analysis.

2.5.1. Glycerol
A glycerol assay kit (Megazyme International, Bray, Ireland) was 

used to measure the glycerol concentration in the filtered AHMA sam
ples according to the manufacturer’s protocol.

2.5.2. Glycogen
A glycogen colorimetric assay kit (BioVision, Inc., Milpitas, Califor

nia, USA) was used to measure the glycogen concentration in the filtered 
AHMA samples according to the manufacturer’s protocol.

2.5.3. Trehalose
A trehalose assay kit (Megazyme International, Bray, Ireland) was 

used to measure the trehalose concentration in the filtered AHMA 
samples according to the manufacturer’s protocol.

2.5.4. Total organic carbon (TOC)
The TOC in the AHMA samples was determined according to the ISO 

10694:1995 standard protocol “Determination of organic and total 
carbon after dry combustion (elementary analysis)” using a Shimadzu 
TOC-V analyzer with IR detection following thermal oxidation Shi
madzu Solid Sample Module (SSM-5000A). In brief, the principle of total 
organic carbon analysis was as follows: firstly, the AHMA sample was 
introduced into the combustion tube for total carbon (TC) analysis. 
Then, it was filled with an oxidation catalyst and heated to 680 0C. The 
sample was burned in the combustion tube and as a result the carbon in 
the sample was converted into carbon dioxide (CO2). The peak area of 
the CO2 is proportional to the TC concentration in the sample. Secondly, 
the inorganic carbon (IC) was measured as the carbon contained in 
carbonates and carbon dioxide dissolved in the AHMA sample. By 
acidifying the sample with a small amount of hydrochloric acid, all the 
carbonates were converted to carbon dioxide, after which it was vola
tilized by a sparging process and detected. Finally, the total organic 
carbon was determined by the formula: TOC = TC – IC.

2.5.5. Total nitrogen (TN)
The TN in the AHMA samples was measured according to the method 

described by Gross et al. (1999). Briefly, 10 mL of the AHMA sample was 
pipetted into a 30 mL glass vial. In succession, 5 mL of 0.075 N NaOH 
and 0.1 g of potassium persulfate were added. All forms of nitrogen 
compounds were oxidized to nitrate in the persulfate digestion (Ebina 
et al., 1983; Gross, Boyd, 1998). The vial was autoclaved for 30 min after 
capping and mixing. The sample was cooled to room temperature, added 
and mixed with 1 mL of borate buffer (61.8 g boric acid H3BO3 and 8 g 
NaOH in 1 L of distilled water). Turbid samples were centrifuged for 
5 min at 4000 rpm to remove the suspended solids. The total nitrate in 
the digested sample was analysed by UV-absorption using a spectro
photometer (Perkin Elmer Lambda UV/VIS spectrophotometer) at 
220 nm.

2.6. OD of Bacillus LT12 in experiment 2

Triplicate 1 mL samples of the medium cultured including control- 
AHMA, LT12-AHMA and LT12-LB for 26 h were collected as OD sam
ples. OD of Bacillus sp. LT12 was determined by spectrophotometer 
(Thermo Spectronic, USA) at 550 nm set at a value of 1 (i.e. 1.2 ×109 

cells mL− 1).

2.7. Verification of axenity during hatching in experiment 1 and 
experiment 2

At the end of experiment 1, 100 µL of non-filtered AHMA from each 
bottle was plated on marine agar (MA) (Becton Dickinson Benelux N.V., 
Erembodegem, Belgium) in duplicate. Confirmation of axenicity was 
established by the absence of visible colonies of bacteria on MA plates 
after incubation for 5 days at 28 0C (Gunasekara et al., 2012). The same 
was done for the control bottles (non-inoculated) from experiment 2. In 
case contamination was observed, the experiment was completely 
restarted to maintain consistency across treatments.

2.8. Data analysis

The software SPSS version 22.0 was applied for statistical analyses. 
Glycerol, glycogen, trehalose, TOC, TN and CDW were analyzed by one- 
way analysis of variance, followed by a Tukey test for post hoc com
parison (P ≤ 0.05). All the percentage data were normalized by arcsin 
transformation for statistical analysis, but only non-transformed means 
are presented.

3. Results

3.1. Hatching success

At each of the three tested salinities, around 40% of the cysts hatched 
into umbrella-stage Artemia between 6 and 8 h of incubation (Fig. 1). 
The proportion of umbrella stage Artemia reached its peak after 10 h of 
incubation, at approximately 49.2% (5 g L− 1), 49.6% (12 g L− 1), and 
64.5% (35 g L− 1), respectively, were observed only in limited quantities 
of Artemia nauplii. Between 10 h and 12 h, Artemia nauplii started to 
appear and made up about half of the total number of cysts that hatched. 
At about 22 h, the number of hatched cysts reached its maximum with 
the nauplii stage dominating over the umbrella stage, which repre
senting 71.6% (5 g L− 1), 77.6% (12 g L− 1) and 81.6% (35 g L− 1), 
respectively. However, no significant differences were observed in the 
number of Artemia nauplii in the hatching medium at different salinities 
from 14 h up to 22 h.

3.2. Glycerol, glycogen and trehalose content in the AHMA of Artemia

Fig. 2 illustrates the changes in the concentrations of carbonaceous 
compounds over the 22 h incubation of axenic Artemia cysts across 
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different salinities (5, 12, and 35 g L− 1). The amount of glycerol carbon 
in the hatching medium increased rapidly during the first 8–10 h of 
incubation and reached its highest level at about 16 h for each of the 
three salinities, corresponding to 18.3 ± 0.9 mg g− 1 cysts L− 1 (5 g L− 1), 
25.3 ± 2.0 mg g− 1 cysts L− 1 (12 g L− 1) and 28.5 ± 1.2 mg g− 1 cysts L− 1 

(35 g L− 1), respectively (Fig. 2A). After 16 h the glycerol carbon level 
showed a decline in each treatment. From 10 h up to 16 h the glycerol 

carbon level in the hatching medium was significantly higher at 12 g L− 1 

and 35 g L− 1 salinity as compared to 5 g L− 1. After 16 h, no significant 
differences were observed through 22 h. By 14 h, the amount of 
glycogen carbon released into the hatching medium reached 10.2 ± 2.9, 
12.3 ± 0.6, and 13.8 ± 1.0 mg g− 1 cysts L− 1 at salinities of 5, 12, and 
35 g L− 1, respectively, after which it showed a slight decrease (Fig. 2B). 
The concentration of glycogen carbon in the medium was highest at 

Fig. 1. Hatching percentage of axenic Artemia cysts into the umbrella stage and nauplius stage at different incubation salinities.
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5 g L− 1 salinity followed by 12 g L− 1 and 35 g L− 1 salinity although 
there were no significant differences between the different treatments. 
Trehalose appeared in the hatching medium of each treatment in low 
amounts (< 2.6 mg g− 1 cysts L− 1) (Fig. 2C). The concentration increased 
during the first 8–10 h, after which it either remained relatively constant 
(5 g L− 1 and 12 g L− 1) or decreased again to the original level 
(35 g L− 1). The amount of trehalose released was significantly lower in 
the 35 g L− 1 treatment as compared to the other two treatments from 
14 h up to 20 h.

3.3. Total organic carbon content in the hatching medium of Artemia

The amount of TOC in the hatching medium during the incubation of 
the Artemia cysts increased progressively for each treatment up to 16 h. 
At this point, a slight decrease in the TOC concentration set in (Fig. 3). 
The TOC released was higher in the 35 g L− 1 than in the 12 g L− 1 

treatment, and higher in the 12 g L− 1 than in the 5 g L− 1. The difference, 
however, was only significant between the 35 g L− 1 and the 5 g L− 1 

from 4 h to 22 h (except at time point 18 h). The sum of glycerol, 
glycogen and trehalose carbon was generally lower than the TOC for the 
35 g L− 1 treatment. The differences were, however, only statistically 
significant at 6 h. For the 5 g L− 1 and 12 g L− 1 treatment, the TOC 
values showed closely approximated the sum of the different C com
pounds until 14 h. From 16 h onward, the TOC values were higher in the 
35 g L− 1 treatment. No statistically significant differences were 
observed between the 5 g L− 1 and the 12 g L− 1 across any time points.

3.4. Total nitrogen content in the hatching medium of Artemia

The level of TN in the hatching medium gradually rose in each 
treatment from the beginning of incubation of the Artemia cysts until the 
end of the experiment (Fig. 4). The influence of salinity on the total 

Fig. 2. Glycerol (A), glycogen (B), and trehalose (C) release in the hatching medium of Artemia cysts at different incubation salinities. Values indicated with a letter 
are significantly different from the other values at that specific time point (p ≤ 0.05).
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nitrogen level in the hatching medium became obvious from 8 to 10 h of 
incubation onwards. At this point, total nitrogen concentration began to 
diverge significantly among treatments. However, these differences 
reached statistical significance only after 14 h. At 22 h, TN release 
peaked in the 35 g L− 1 treatment (6.9 ± 0.4 mg g− 1 cysts L− 1), 
compared to the 12 g L− 1 (4.6 ± 0.4 mg g− 1 cysts L− 1) and the 5 g L− 1 

(3.0 ± 0.2 mg g− 1 cysts L− 1) treatment.

3.5. Growth of Bacillus sp. LT12 in axenic hatching medium of Artemia

Bacillus sp. LT12 grew significantly in AHMA and LB medium 
(12 g L− 1 salinity) (Fig. 5). The OD of Bacillus sp. LT12 was significantly 
higher when cultured in LB medium (about 3.3) as compared to 
culturing in AHMA (about 1.5). No bacterial cell was detected in the 
control treatment without inoculation of Bacillus sp. LT12.

Fig. 3. Total organic carbon release and sum of glycerol-C, glycogen-C and trehalose-C (standard deviation not shown) release in the hatching medium of Artemia 
cysts at different incubation salinities. Values at a specific time point indicated with different letters are significantly different (p ≤ 0.05).

Fig. 4. Total nitrogen release in the hatching medium of axenic Artemia cysts at different incubation salinities. Values at a specific time point indicated with a 
different number of letters are significantly different (p ≤ 0.05).

Fig. 5. The OD of Bacillus sp. LT12 after 26 h in non-inoculated AHMA 
(control-AHMA) or in AHMA and LB medium inoculated with 107 cells mL− 1 of 
Bacillus sp. LT12 (LT12-AHMA and LT12-LB, respectively). Bars indicated with 
different letters are significantly different.
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4. Discussion

In dormant embryos of Artemia, trehalose is the main carbohydrate 
(Clegg, 1962; Ewing and Clegg, 1969; Nambu et al., 1997). This com
pound not only enables dormant embryos to survive stress conditions, it 
also serves as an energy supply for embryonic development and leads to 
hatching of the embryo from the cysts under suitable environmental 
conditions by the formation of glycogen and glycerol, respectively 
(Clegg, 1964; Cam et al., 2009; Yang et al., 2013). Previous researches 
on the trehalose metabolism have mainly focused on the biochemical 
changes within the cyst during different development stages 
(Muramatsu, 1960; Clegg, 1962; 1964; Boulton and Huggins, 1977). 
However, very little information is available on the release of metabolic 
compounds to the cyst hatching medium. In this study, the changes in 
carbon and nitrogen concentrations in the hatching medium of axenic 
decapsulated Artemia cysts were therefore documented.

According to Clegg (1964), glycerol contained within the cyst is 
located both in the undeveloped embryo and between the outer mem
brane and the cyst shell. During embryonic development trehalose is 
converted into glycerol that accumulates in the extra-embryonic space 
as a hygroscopic compound. Upon rupture of the cell, this glycerol is 
released to the medium. In our study, the glycerol carbon concentration 
in the medium at 5, 12 and 35 g L− 1 salinity increased rapidly up to 
8–10 h and then only slightly increased further to attain its maximum 
after 16 h of incubation (18.3 ± 0.9, 25.3 ± 2.0 and 28.5 ± 1.2 mg C 
g− 1 cysts L− 1, respectively). The timepoint of maximal glycerol release 
corresponded to the timepoint of maximal Artemia hatching from the 
cysts, while the slow increase until 16 h was concomitant with a lower 
novel appearance of Artemia umbrella from the cysts and the increased 
presence of new nauplii (Supplementary fig. 1). This supports the 
concept that glycerol is accumulated as a hygroscopic compound 
required for hatching (Van Stappen, 1996). Clegg (1964) found that 
8 mg of glycerol was released into the medium per gram dry cysts upon 
hatching. Higher values were found for the release of glycerol from the 
cysts in this study for all salinity treatments (18.3 mg C g− 1 cyst L− 1, 
25.3 mg C g− 1 cyst L− 1, 28.5 mg C g− 1 cyst L− 1 for the 5 g L− 1, 12 g L− 1 

and 35 g L− 1 treatment, respectively). Normally, one would expect that 
the difference in pretreatment of the Artemia cysts between the experi
ment of Clegg (1964) and the current experiment may explain for this 
discrepancy. The former experiment made use of non-decapsulated cysts 
while for the current experiment decapsulated cysts were incubated. 
Because the outer layer (chorion) of Artemia cysts is removed during the 
decapsulation process, the breaking of the embryo’s outer cuticular 
membrane requires less osmotic pressure hence a lower production of 
glycerol (Sorgeloos et al., 1977; Bruggeman et al., 1980; Ribeiro and 
Jones, 1998). Clegg (1964) and Crowe (2008) stated that at higher 
external osmotic pressures, more trehalose is converted into glycerol 
which was confirmed by the results from the current experiment.

The organic carbon released into the incubation medium of the 
Artemia cysts consisted not only of glycerol but also of trehalose and 
glycogen which have hardly been considered before. The low release of 
less than 2.6 mg g− 1 cysts L− 1 trehalose was indicative for the trehalose- 
glycerol osmoregulatory system and the trehalose-glycogen conversion 
during embryonic development prior to hatching (Lavens and Sorgeloos, 
1987). This study is the first that describes the occurrence of glycogen in 
the hatching medium of Artemia cysts. So far, glycogen has only been 
considered within the cysts and various results have been recorded by 
several authors. Boulton and Huggins (1977) reported that the glycogen 
content in Artemia salina cysts after 12 h of hydration was 5.8 
± 0.0 mg g− 1 cyst dry weight, while Clegg (1964) reported a value of 
83.3 ± 4.2 mg g− 1 cyst dry weight at 14 h incubation. In this study, the 
highest amount of glycogen present in the hatching medium was 10.2 
± 2.9 mg C g− 1 cysts L− 1 (5 g L− 1), 12.3 ± 0.6 mg C g− 1 cysts L− 1 

(12 g L− 1) and 13.8 ± 1.0 mg C g− 1 cysts L− 1 (35 g L− 1). No significant 
effect of salinity was detected on the presence of glycogen in the AHMA. 
The steady increase in glycogen concentration up to 14 h, the moment at 

which the number of Artemia nauplii stabilized, indicates that glycogen 
in the incubation medium can be explained by its release from the 
Artemia cysts at hatching stage.

The TOC attained maximum values of 38.6 ± 9.0, 55.2 ± 6.0 and 
58.7 ± 7.7 mg C g− 1 cysts L− 1 at 5, 12 and 35 g L− 1 salinity, respec
tively. The sum of carbon from glycerol, glycogen and trehalose reached 
on average 93.9% (at 5 g L− 1 salinity), 91.6% (at 12 g L− 1 salinity) and 
75.4% (at 35 g L− 1 salinity) of these TOC results. It thus appears that 
other carbon compounds besides glycerol, glycogen and trehalose may 
be released during cyst hatching. This opinion is supported by the 
statement of Boulton and Huggins (1977) that glucose can also be pre
sent be it in very low amounts.

As for any other organism, nitrogen is one of the most important 
elements in the Artemia tissue with a content that was determined at 
7.8% on dry weight in any size of Artemia nauplii (Nimura and Miah, 
1991). Nitrogen waste is constantly produced by Artemia nauplii as an 
excretion product during morphogenesis. The metabolic activity has 
been determined before that ammonia nitrogen was excreted by Artemia 
nauplii throughout of different stage of larval development 
(Hernandorena and Kaushik, 1981). This may explain the substantial 
increase in TN in the Artemia hatching medium from 10 h onwards. 
However, in this study nitrogen was also observed in the hatching me
dium before Artemia cysts reached the hatching stage (before 10 h). It 
can be hypothesized that this results from metabolic activity of the 
embryo inside the cyst that created nitrogenous waste that then diffuses 
through the membrane into the medium. The concentration of TN 
released in the hatching medium was positively related to and signifi
cantly affected by the salinity used to incubate the Artemia cysts, and the 
highest TN concentrations were reached at 22 h incubation with 3.0 
± 0.2, 4.6 ± 0.4 and 6.9 ± 0.3 mg N g− 1 cysts L− 1 at 5, 12 and 35 g L− 1 

salinity, respectively.
As there already is a substantial body of established literature 

describing the carbon metabolism in (developing) Artemia cysts, the 
novelty in the current research lies in that it considers the combined 
release of carbon and nitrogen in the hatching medium of Artemia for a 
practical purpose. Artemia nauplii are routinely used as live feed for the 
larvae of fish and shrimp, and on a daily basis several kilograms of cysts 
can be incubated within a larviculture unit. While the hatching medium 
of Artemia cysts is currently considered as a waste, it may be used as a 
growth source for the culture of beneficial bacteria to be used in aqua
culture. Examples are bacterial probionts with homoserine lactone- 
degrading or/and poly-β-hydroxybutyrate-accumulating characteristics 
(Cam et al., 2009). Based on the results of TOC and TN, the evolution of 
the C/N ratio in the hatching medium could be established (Fig. 6) 
which is an important criterium when one wants to culture bacteria. For 
the largest part of the incubation period, the C/N ratio is about 10 or 
more in the hatching medium of the Artemia which is an optimal value 
for promoting bacterial growth as can be deducted from Avnimelech 
(1999). The growth of the probiotic bacterium Bacillus sp. LT12 in 
AHMA illustrates the potential to use AHMA as a bacteria culture me
dium. Although the cell growth of LT12 was not as high as in a tradi
tional nutrient rich medium such as LB, about 1.8 × 1012 CFU could be 
produced in each liter of hatching medium. This is more than the sug
gested dose for commercially available probiotic Artemia enrichment 
mixtures such as Sano-Life® MIC-F, INVE Aquaculture (0.5 g L− 1 for 
bio-encapsulating of live food). This makes the feature that the benefi
cial bacteria are cultured in the same medium as the live feed extra 
interesting. However, the concentration of total organic carbon has 
determined that is not suitable to support for the cell growth of LT12 in 
the co-culture with Artemia. Thus, it seems that this bacterium uses other 
carbon sources in the hatching medium for the development such as 
un-hatched, dead Artemia, etc. As Artemia nauplii start filter feeding at 
about 24 h after start incubation (Vanhaecke et al., 1983), they would 
enrich themselves with these freshly grown beneficial bacteria and make 
up the perfect delivery medium of these bacteria for the cultured larvae 
of fish and shrimp. This would make an additional enrichment step 
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unnecessary. However, further research is needed to verify that 
biosafety can be guaranteed in this way.

5. Conclusion

We reported for the first time the change in total organic carbon and 
total nitrogen concentrations in the hatching medium of decapsulated 
Artemia cysts during incubation at different salt concentrations. The 
carbon compounds glycerol and glycogen are released at substantial 
amounts from the cysts at the moment of shell rupture while nitrogen 
waste is secreted by Artemia continuously set free during incubation. The 
knowledge that is obtained concerning the C/N ratio in the hatching 
medium provides useful information for the reuse of the Artemia 
hatching medium as a growth source for beneficial bacteria and will 
form the basis of future studies on the integration of Artemia culture and 
bacteria culture to apply in larviculture.
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Optimization of dietary marigold (Tagetes erecta) carotenoid levels on 
growth performance, feed utilization, skin pigmentation, and digestive 
enzyme activities of juvenile golden trevally (Gnathanodon speciosus)
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A B S T R A C T

Color fading under captivity substantially reduces the market value of golden trevally (Gnathanodon speciosus), a 
tropical marine fish of high ornamental and food value. This study determined the optimum dietary level of 
marigold (Tagetes erecta) carotenoids for juvenile golden trevally. Fish (2.92 ± 0.06 cm; 0.51 ± 0.04 g) were fed 
six diets supplemented with carotenoids at 0, 200, 400, 600, 800, and 1000 mg/kg (triplicate) for 8 weeks. Final 
body weight, specific growth rate (SGR), feed conversion ratio (FCR), and protein efficiency ratio improved 
significantly (P < 0.05), peaking at 600–800 mg/kg. Skin yellowness (b*) rose 3.3–3.4-fold and plateaued near 
800 mg/kg. Carotenoid deposition was strongly tissue-specific (skin ≫ whole body > muscle), with a skin-to- 
muscle ratio of 35–69-fold. Intestinal protease and lipase activities increased 1.9- and 2.3-fold, respectively, 
whereas amylase was unaffected. Crude protein increased (≥ 400 mg/kg) and crude lipid decreased (≥ 600 mg/ 
kg) significantly. Survival exceeded 94% across all treatments. Model selection (quadratic models selected via 
AICc-based comparison among eight candidates) estimated optima of 646 mg/kg for specific growth rate (SGRW) 
and 761 mg/kg for skin yellowness, while pigment accumulation and lipase activity saturated within 
600–800 mg/kg. A practical range of 600–800 mg/kg is recommended. This is the first dose–response study of 
marigold carotenoids in golden trevally, providing a scientific basis for natural-pigment aquafeed in tropical 
marine aquaculture.

1. Introduction

Tropical marine aquaculture is diversifying rapidly, with marine 
ornamental and high-value food fish gaining particular attention 
(Araujo et al., 2022). Beyond growth and survival, external appearance - 
especially body coloration - has become a key determinant of market 
value in both sectors, reflecting health and nutritional status and 
directly influencing consumer acceptance (Mehar et al., 2020; Mitra 
et al., 2021). Nutritional strategies that simultaneously optimize growth 
and color are therefore of high scientific and practical significance.

Golden trevally (Gnathanodon speciosus Forsskål, 1775) belongs to 
the Carangidae, the largest family of the order Carangiformes (~148 
species), which occur across tropical, subtropical, and temperate waters 

of the Atlantic, Indian, and Pacific Oceans (Na-Nakorn et al., 2023). The 
species has a broad Indo-Pacific range, extending from the Red Sea and 
East Africa through Southeast Asia and northward to Japan, and is 
characterized by a golden-yellow body with alternating black bands that 
confers high aesthetic value in the ornamental market (Dharma et al., 
2025). Although carangids such as pompano (Trachinotus spp.) and 
yellowtail (Seriola quinqueradiata) dominate marine finfish aquaculture, 
golden trevally remains an emerging, minor-volume species, with a re
ported global output of only a few tonnes per year, and hatchery and 
cage-culture protocols are still being developed across Southeast Asia 
(Na-Nakorn et al., 2023; Dharma et al., 2025). Its rapid growth, good 
flesh quality, and adaptability to captivity nonetheless make it a 
promising candidate for diversifying tropical mariculture (Pham et al., 
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2026). However, cultured fish commonly exhibit color fading relative to 
wild counterparts because of the absence of dietary carotenoids in 
formulated feeds (Tran et al., 2024b), markedly reducing market value - 
a problem documented across many brightly colored species (Luo et al., 
2021; Shastak and Pelletier, 2023).

Carotenoids are the principal natural pigments responsible for 
yellow–red coloration in aquatic animals (Elbahnaswy and Elshopakey, 
2024). Because fish cannot synthesize carotenoids de novo, they must 
acquire them from the diet. Dietary carotenoids are absorbed across the 
intestinal epithelium partly via lipid-transporter–mediated pathways (e. 
g., SR-B1/CD36), incorporated into lipoproteins, and delivered through 
the circulation to peripheral tissues (Guo et al., 2024; Liao et al., 2025). 
In the skin, they are selectively retained and stabilized within dermal 
chromatophores (xanthophores and erythrophores) by 
carotenoid-binding proteins, whereas cleavage enzymes (e.g., 
BCO1/BCO2) and differential tissue affinity determine how much 
pigment is deposited, metabolically converted, or stored in each tissue 
(Liao et al., 2025). This differential partitioning explains the pronounced 
skin-over-muscle accumulation reported in many teleosts and underlies 
the tissue-specific deposition examined in the present study. Beyond 
pigmentation, carotenoids contribute to antioxidant defence, immunity, 
and stress tolerance (Elbahnaswy and Elshopakey, 2024).

Plant-derived carotenoids enhance coloration in diverse species, 
including clownfish, goldfish, gilthead sea bream, koi carp, and leopard 
coral grouper (Tiewsoh et al., 2019; Tran et al., 2024a; Wassef et al., 
2010; Zhang et al., 2023). However, responses are highly 
species-specific, depending on source, bioavailability, biotransforma
tion, and tissue partitioning (Liao et al., 2025), so each species requires 
dedicated optimization. Recent reports also suggest carotenoids may 
enhance digestive enzyme activity and feed utilization (Ansarifard et al., 
2018; Xu et al., 2022), although this relationship remains poorly char
acterized in tropical marine fish.

In our previous screening (Tran et al., 2024b), five floral carotenoid 
sources were tested at a fixed level (250 mg/kg), and marigold proved 
superior for skin pigmentation (CIE b* = 18.8) and growth. That 
single-dose design, however, could not establish the dose–response 
relationship. Determining the optimum dose is essential for translating 
these findings into aquafeed production, particularly because golden 
trevally is being developed for marine cage culture across Southeast Asia 
(Viet Nam, Indonesia, the Philippines), where marigold is widely culti
vated and thus a locally available, cost-effective pigment source.

Building on this, the present study determined the optimum mari
gold carotenoid level (0–1000 mg/kg) for growth, feed utilization, skin 
coloration, tissue accumulation, digestive enzyme activities, and whole- 
body composition of juvenile golden trevally. We hypothesized that (i) 
appropriate supplementation would improve growth and feed utiliza
tion partly through enhanced digestive enzymes; (ii) carotenoids would 
be preferentially deposited in skin, enhancing yellowness with a satu
ration threshold; and (iii) the optimum dose for growth would differ 
from that for pigmentation.

2. Materials and methods

2.1. Ethical statement

All procedures complied with Vietnamese regulations on animal use 
in research (Livestock Law 2018; Decree 32/2006/NĐ-CP), under which 
marine fish experiments are exempt from ethics approval. Husbandry, 
handling, and sampling were performed to minimize stress.

2.2. Carotenoid extraction

Marigold (Tagetes erecta L.) was selected based on its superior per
formance in our previous screening (Tran et al., 2024b). Fresh flowers 
collected in Khanh Hoa Province, Vietnam, were washed, dried (40 ◦C, 
8–12 h), and ground to powder. Carotenoids were extracted and 

quantified following: 20 g of powder was extracted with hexane 
(5:1 v/w, 40 ◦C, 4 h), filtered, and re-extracted 4–5 times until colorless; 
pooled extracts were rotary-evaporated (40 ◦C) and stored in amber 
bottles at 4 ◦C. Total carotenoid content was determined by UV-Vis 
spectrophotometry (Libra S60, Biochrom Ltd., Cambridge, UK) at 
450 nm using: Total carotenoid (µg/g) = (A × V × D × 10⁴)/(W × E1 cm 
1%), where E1 cm 

1% = 2500.

2.3. Experimental diets

A basal diet was formulated to be isonitrogenous (~50% crude 
protein) and to a target crude lipid of ~9%, meeting the established 
nutrient requirements of juvenile marine carnivorous finfish (Nankervis 
et al., 2022; Nguyen et al., 2022). Marigold was selected as the carot
enoid source based on our preliminary screening of candidate plant 
pigments (Tran et al., 2024b) and its high xanthophyll (lutein) content. 
The complete ingredient composition is given in Table 1.

Protein was supplied by an imported Peruvian anchovy (Engraulis 

Table 1 
Ingredient formulation of the basal diet.

Ingredient g/kg

Fish meal (Peru)4 385.0
Fish meal (Vietnam)4 150.0
Squid meal 160.0
Corn gluten meal 100.0
Rice bran 20.0
Wheat flour 110.7
Soybean oil¹ 40.0
Vitamin premix² 15.0
Mineral premix³ 5.3
Binder (polymethylurea) 10.0
Sargassum (seaweed) meal 3.3
L-Lysine5 0.5
DL-Methionine5 0.2
Total 1000

¹ Soybean oil is the sole supplemental lipid; ~20 mL/kg is 
delivered as the carotenoid top-coat carrier (Table 2), with 
the remainder incorporated into the dry base, keeping total 
dietary lipid constant across treatments. ² Vitamin premix 
composition (per kg premix; included at 15 g premix/kg diet): 
Vitamin A 1000,000 IU; D3 300,000 IU; Vitamin C mono
phosphate 10,000 mg; Pantothenic acid 2500 mg; Vitamin E 
2000 mg; B3 2000 mg; K3 500 mg; B1 500 mg; B6 500 mg; B2 
320 mg; Folic acid 200 mg; Biotin 20 mg; B12 5 mg; Inositol 
10 mg; Choline chloride 5 mg. ³ Mineral premix composition 
(per kg premix; included at 5.3 g premix/kg diet): Zn (ZnO) 
4750 mg; Mn (MnSO₄⋅H₂O) 1900 mg; Mg (MgO) 1050 mg; Co 
(CoCO₃) 47.5 mg; Se (Na₂SeO₃) 47.5 mg; I (Ca(IO₃)₂⋅H₂O) 
19 mg; P (CaHPO₄⋅2H₂O) 0.7%; Ca (CaHPO₄⋅2H₂O) 0.8%; 
Moisture 10%; Ash 2%; Carrier (dextrose) to 100% (w/w of 
premix). The premix specified for the present trial was 
ethoxyquin-free (Section 2.3).
⁴ Peruvian fish meal: imported anchovy (Engraulis ringens) 
meal, 65% crude protein. Vietnamese fish meal: commercially 
produced, mixed-source marine fish meal of 55% crude pro
tein (Long Sinh Co., Ltd., Khanh Hoa Province, Vietnam), 
manufactured from low-value whole fish and bycatch landed 
by local coastal capture fisheries together with trimmings 
(heads and frames) recovered from domestic tuna processing. 
Protein contents are the manufacturers' product specifications 
for the batches used; the analysed proximate composition of 
the finished diets is given in Table 3. Both meals were used as 
single batches across all six diets.
⁵ Crystalline L-lysine and DL-methionine were included at 
identical levels (0.5 and 0.2 g/kg) in all six diets. Calculated 
dietary lysine (≈3.5%) and methionine + cystine (≈1.9%, as- 
fed), derived from tabulated ingredient amino acid composi
tion (NRC, 2011), exceeded the requirements reported for 
juvenile marine carangids.
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ringens) fish meal (385 g/kg; 65% crude protein) and a locally produced 
Vietnamese marine fish meal of 55% crude protein (150 g/kg; Long Sinh 
Co., Ltd., Khanh Hoa Province, Vietnam), squid meal, and corn gluten 
meal; rice bran and wheat flour served as carbohydrate and binder 
sources; soybean oil was the sole supplemental lipid (40 g/kg); and 
Sargassum meal, crystalline L-lysine and DL-methionine, a pellet binder 
(polymethylurea), and vitamin and mineral premixes completed the 
formulation.

As is characteristic of commercially produced Vietnamese fish meal, 
the local meal was of mixed origin, being manufactured from low-value 
whole fish and bycatch landed by coastal capture fisheries together with 
trimmings (heads and frames) recovered from domestic tuna processing; 
reflecting this bone-rich processing fraction, it carries a higher mineral 
content than the imported meal. The two meals were combined delib
erately: the imported meal served as the principal source of high-quality 
protein and palatability for a fast-growing marine carnivore, whereas 
the locally produced meal - which returns processing residues to the feed 
chain - kept the formulation representative of, and economically real
istic for, feeds that can be manufactured in Vietnam and the wider re
gion (Section 4.5). Both meals were used as single batches, and all six 
diets were prepared from one common dry-ingredient base, so ingre
dient origin and inclusion were identical across treatments; the analysed 
proximate composition of the finished diets is reported in Table 3.

Crystalline L-lysine (0.5 g/kg) and DL-methionine (0.2 g/kg) were 
retained from the standard basal formulation used in our laboratory for 
this species as a small precautionary margin, principally to offset the low 
lysine density of the plant fraction (100 g/kg corn gluten meal, in which 
lysine accounts for < 2% of crude protein, together with 130.7 g/kg 
wheat flour and rice bran) and to buffer batch-to-batch variation in the 
locally sourced fish meal. Their contribution was nevertheless marginal 
(0.05% and 0.02% of the diet), and the calculated dietary lysine 
(≈3.5%) and methionine + cystine (≈1.9%, as-fed) already exceeded 
reported requirements for juvenile marine carangids (NRC (National 
Research Council), 2011); because both were added at identical levels 
to all six diets, they cannot have contributed to any treatment difference.

No synthetic antioxidant was added at any stage of diet formulation 
or top-coating, and an ethoxyquin-free mineral premix was specified for 
the present trial, so that carotenoid stability, tissue deposition, and re
covery could be evaluated without an added synthetic-antioxidant 
confounder. Any residual antioxidant carried over with commercial 
marine ingredients as part of suppliers' standard stabilisation practice 
was necessarily identical across all six diets, since all were manufactured 
from a single common dry-ingredient base and differed only in the level 
of top-coated marigold extract (Table 2). Oxidative protection during 
processing and storage instead relied on freshly prepared extract, gentle 
oven-drying, and light-protected refrigerated storage, consistent with 
the 87.0–91.4% carotenoid recovery (Table 3).

For full transparency relative to our earlier screening study (Tran 
et al., 2024b), in which five floral pigment sources were compared at 
a single fixed level, the basal diet used here was re-formulated and 
manufactured as a single new batch specifically for the present 
dose-response trial, and is documented independently and in full in 

Tables 1–3. Two nominal differences with respect to that report should 
be noted. First, the pellet binder is the same material - a ure
a–formaldehyde condensation binder included at 10 g/kg - and is 
designated here as polymethylurea, an alternative name used inter
changeably with polymethylcarbamide for this same resin in commer
cial aquafeed manufacture. Second, the mineral premix specified for the 
present trial was formulated without ethoxyquin or any other synthetic 
antioxidant, in contrast to the commercial premix used in that earlier 
study, so that the carotenoid stability, tissue deposition, and net re
covery reported here (Table 3) could be assessed without a 
synthetic-antioxidant confound (Table 1, footnote 3). For clarity, all 
constituents in Table 1, footnotes 2 and 3, are expressed per kilogram of 
premix, together with the corresponding dietary inclusion rate (15 g 
premix/kg diet and 5.3 g premix/kg diet, respectively).

Six diets were prepared from a single, identical dry-ingredient base 
and differed only in supplemental marigold carotenoids (0, 200, 400, 
600, 800, 1000 mg/kg), applied by post-pelleting top-coating. A mari
gold extract standardized to 64 mg total carotenoids/mL served as the 
pigment stock; the required volume was calculated as (target, mg/kg) ÷
(64 mg/mL), and soybean oil was co-added to bring every top-coat to a 
constant 20 mL/kg (isovolumetric design; Table 2). Because the extract 
is oil-based, total added lipid was identical across treatments and only 
carotenoid level varied.

All dry ingredients except the carotenoid extract and the vitamin 
premix were weighed, finely ground, and homogenized in a commercial 
mixer (Lifeng B20, Guangdong, China) for 15–20 min. The mash was 
steam-conditioned at 90–95 ◦C for 20 min to gelatinize starch and 
reduce microbial load, then pelleted (not extruded) through a 3.0-mm 
die (S150, Binh Quan T&M Co., Ltd., Vietnam). Pellets were oven- 
dried (60 ◦C, ~8 h) to ~10% moisture, cooled, crumbled, and sieved 
to 0.8–1.0 mm to match the mouth gape of golden trevally juveniles.

The carotenoid–oil solution and the vitamin premix were then 
surface-applied by a two-step manual top-coating: the oil dose was first 
pipetted onto 10–20% of the pellets and hand-mixed for 3–5 min, then 
blended into the remaining pellets and mixed for a further 5–10 min to 
ensure homogeneity. Coated diets were briefly re-dried (60 ◦C) to ~10% 
moisture, portioned into daily-ration bags, air-expelled, wrapped in 
opaque/foil bags to exclude light, and stored frozen (− 20 ◦C) until use. 
Proximate composition and total carotenoids were analyzed in triplicate 
on the final coated diets (Table 3).

2.4. Animals, rearing, and experimental design

Hatchery-produced Gnathanodon speciosus juveniles were obtained 
from the Marine Fish Hatchery of Duong De (Nha Trang), located 
immediately adjacent to the experimental facility and sharing the same 
natural-seawater source and water-treatment procedure; transport 
therefore lasted only a few minutes. Fish selected for uniform size and 
health were held in a single common tank connected to the experimental 
recirculating aquaculture system (RAS) and acclimated for 5 days under 
conditions identical to those of the subsequent trial (temperature 
29.0 ± 1.0 ◦C; salinity 33 ± 1‰; pH 8.0 ± 0.2; dissolved oxygen 
5.3 ± 0.2 mg/L). Because the fish originated from this neighbouring 
hatchery and were already adapted to the local seawater and climate, 
this period was sufficient for full acclimation. Throughout acclimation 
all fish were fed the carotenoid-free control diet (0 mg/kg) to apparent 
satiation, thereby standardising the initial pigment status of the whole 
stock before the treatments began. At the end of acclimation (day 0), 
immediately before stocking, all fish were measured individually for 
total length and body weight (initial total length, L1 = 2.92 ± 0.06 cm; 
initial body weight, W1 = 0.51 ± 0.04 g); these values constitute the 
baseline for the 56-day trial.

Rearing was carried out in a RAS comprising 18 rectangular glass 
tanks (55 × 35 × 38 cm; 65 L effective volume) connected to a central 
~500-L sump. The sump housed a sequential filtration train - filter wool 
for mechanical removal of solids, followed by biological media (bio- 

Table 2 
Isovolumetric carotenoid top-coat applied to each diet.

Target supplemental 
(mg/kg)

Marigold extract 
(mL/kg)ᵃa

Soybean oil 
(mL/kg)

Total oil- 
phase (mL/kg)

0 (Control) 0 20.0 20
200 3.1 16.9 20
400 6.3 13.7 20
600 9.4 10.6 20
800 12.5 7.5 20
1000 15.6 4.4 20

ᵃ Extract standardized to 64 mg total carotenoids/mL; volume = target ÷ 64. 
Soybean oil balanced each top-coat to a constant 20 mL/kg, so added lipid was 
identical and only carotenoid level varied.
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balls, Ø 40 mm, and coral rubble) colonised by nitrifying bacteria. 
Treated water was returned to each tank by a submersible pump (Life
tech AP5300, 80 W), with inflow regulated at 1.4–1.6 L/min per tank (≈
31–35 tank volumes/day). Each tank received continuous aeration 
through one air stone supplied by a central blower (Hailea ACO-009, 
120 W; 120 L/min). The system was placed under a translucent roof 
on a natural 12 L:12D photoperiod, supplemented during low-light pe
riods by an LED array (eight 40-W tubes and one 60-W bulb, ~150 cm 
above the water surface) that provided a uniform surface irradiance of 
1000–1500 lux across all tanks.

The trial followed a completely randomised design (6 dietary treat
ments × 3 replicates; 18 experimental units) over 56 days. Fish were 
randomly allocated to the 18 tanks at 30 fish per tank (0.5 fish/L), and 
the stocked group weight per tank was recorded to provide tank-specific 
initial biomass for growth and feed-efficiency calculations; initial mean 
weight did not differ among treatments (P > 0.05). Fish were fed to 
apparent satiation four times daily (07:30, 10:00, 13:30, 16:30) and feed 
intake was recorded. Tank bottoms were siphoned twice daily and 
30–50% of the system water was renewed weekly. Water quality was 
monitored every other day between 08:00 and 09:00 h. Temperature, 
pH, salinity, and dissolved oxygen were measured in situ with a LAQUA 
WQ-300-series smart handheld water quality meter (model WQ-310-K; 
HORIBA Advanced Techno Co., Ltd., Kyoto, Japan), fitted with the 
corresponding smart sensor heads: a combination pH/temperature head, 
a conductivity head reporting salinity on the seawater scale, and an 
optical (fluorescence-based) dissolved-oxygen head with automatic 
salinity compensation derived from the conductivity reading. The meter 
was calibrated before each sampling occasion using the manufacturer's 
pH buffers (pH 4.01, 6.86, and 9.18) and conductivity standard, and 
following the manufacturer's dissolved-oxygen calibration procedure. 
Total ammonia nitrogen (TAN), nitrite (NO₂⁻-N), and nitrate (NO₃⁻-N) 
were determined colorimetrically on filtered water samples with a 
double-beam UV-Vis spectrophotometer (Libra S60, Biochrom Ltd., 
Cambridge, UK) following APHA (American Public Health Association), 
(2012): the indophenol-blue (phenate) method for TAN (4500-NH₃ F), 
diazotization for nitrite (4500-NO₂⁻ B), and cadmium reduction for ni
trate (4500-NO₃⁻ E). Un-ionised ammonia (NH₃) was not measured 
directly but calculated from TAN together with the concurrently 
measured pH, temperature, and salinity, using the seawater 
ammonia-ionization relationships of Bower and Bidwell (1978), which 
incorporate the salinity-dependent shift in the ammonium pKₐ and are 
therefore appropriate to the full-strength seawater used here. All pa
rameters were maintained within optimal ranges throughout (temper
ature 29.0 ± 1.0 ◦C; salinity 33 ± 1‰; pH 8.0 ± 0.2; dissolved oxygen 
5.3 ± 0.2 mg O₂/L; total ammonia nitrogen 0.45 ± 0.20 mg N/L; 
un-ionised ammonia, NH₃, 0.02 ± 0.01 mg N/L; nitrite, NO₂⁻-N, 
0.15 ± 0.08 mg N/L; nitrate, NO₃⁻-N, 12.5 ± 4.6 mg N/L), with no 
differences among tanks.

2.5. Sampling and analyses

On day 56, fish were fasted 24 h and anaesthetized (2-phenox
yethanol, 500 ppm).

Growth and feed utilization. All fish were measured for TL and BW. 
Indices: SGRL = 100 × (lnL₂ − lnL₁)/t; SGRW = 100 × (lnW₂ − lnW₁)/t; 
condition factor CF = 100 × W/L³ ; survival SR = 100 × N₂/N₁; FCR =
FI/(W₂ + D − W₁); PER = (W₂ − W₁)/(FI × P), where t = 56 d and P is 
dietary protein (decimal). Coefficients of variation (CVL, CVW) were also 
computed.

Skin color. Colour was measured on live, freshly anaesthetized fish 
(i.e., no post-mortem interval); for each fish, measurements were taken 
within ~5–10 s of anaesthesia, immediately after TL and BW were 
recorded. Prior to measurement, each fish was individually dip-netted 
and blotted on absorbent paper to remove surface water, with no 
other skin preparation. Colour was recorded with a CR-400 Chroma 
Meter (Konica Minolta; D65 illuminant, CR-A33F glass light-projection 
tube; manufacturer's default settings) in CIE L*a*b* space, on the left 
flank at two regions (Region 1, between the pectoral- and pelvic-fin 
bases; Region 2, above and anterior to the anal fin), each in triplicate 
with the mean used as the representative value. Derived indices: chroma 
C*ab = (a*² + b*²)^½; hue h*ab = arctan(b*/a*); and total colour dif
ference ΔE*ab relative to the control (Tomasevic et al., 2019).

Tissue carotenoids. Three fish per tank were sampled (n = 3 tanks/ 
treatment) for skin, muscle, and whole-body carotenoids, extracted in 
acetone with anhydrous Na₂SO₄ (Tran et al., 2024b), centrifuged (10, 
000 rpm, 4 ◦C, 15 min), and quantified at 450 nm using the same 
double-beam UV-Vis spectrophotometer (Libra S60, Biochrom Ltd., 
Cambridge, UK) described in Section 2.2.

Whole-body composition. Five fish per tank were randomly 
sampled and pooled (n = 3 tanks/treatment), stored at − 80 ◦C, and 
homogenized (T10 Ultra-turrax®, IKA, Germany). Pooled samples were 
analysed for crude protein (Kjeldahl, N × 6.25), crude lipid (Soxhlet), 
ash (550 ◦C), and moisture (105 ◦C) per AOAC International (2005), in 
triplicate (% wet weight).

Digestive enzymes. Five fish per tank were randomly sampled, and 
their entire digestive tract (stomach and intestine, excluding the liver 
and other accessory organs) was excised. Because of the small size of the 
fish (7.0–9.0 cm; 7.5–10.0 g), the tracts from the five fish were pooled 
into a single composite sample per tank (n = 3/treatment). Samples 
were homogenized in cold phosphate buffer (1:10) and centrifuged 
(15,000 × g, 4 ◦C, 30 min). Protease (Anson method, casein; Kunitz, 
1947), lipase (pH-stat, olive oil; Tambekar et al., 2013), and amylase 
(DNS, starch; Bernfeld, 1955) were assayed; soluble protein by Bradford 
(1976). Activities are expressed as U/mg protein.

2.6. Statistical analysis

Normality and homogeneity were verified (Shapiro-Wilk; Levene); 
survival was arcsine-transformed. One-way ANOVA with Duncan's test 
(P < 0.05) was applied in SPSS 26.0. The four dietary carotenoid 

Table 3 
Experimental diet design and analyzed composition.

Parameter Dietary supplemental carotenoid level (mg/kg)

0 (Control) 200 400 600 800 1000

Crude protein (%) 50.38 ± 0.21 50.42 ± 0.18 50.29 ± 0.24 50.51 ± 0.20 50.35 ± 0.23 50.44 ± 0.19
Crude lipid (%) 9.15 ± 0.11 9.18 ± 0.09 9.12 ± 0.12 9.22 ± 0.12 9.16 ± 0.11 9.20 ± 0.08
Ash (%) 9.52 ± 0.09 9.48 ± 0.08 9.55 ± 0.11 9.50 ± 0.07 9.53 ± 0.09 9.47 ± 0.08
Moisture (%) 10.08 ± 0.10 10.12 ± 0.12 9.96 ± 0.09 10.05 ± 0.13 10.14 ± 0.09 10.02 ± 0.11
Analyzed carotenoids (mg/kg) 13.8 ± 1.2 196.5 ± 6.8 374.8 ± 10.5 547.6 ± 13.2 718.4 ± 17.6 883.9 ± 21.4

Values are means ± SD (n = 3). All diets shared an identical dry-ingredient base (Table 1) and differed only in top-coated marigold carotenoids (Table 2). Proximate 
composition did not differ among diets (P > 0.05), confirming the diets were isonitrogenous and isolipidic. The 13.8 mg/kg measured in the control represents 
endogenous carotenoids from corn gluten meal (lutein/zeaxanthin) and the marine meals (fish and squid meal), and is low relative to the supplemented diets. Net 
recovery of supplemental carotenoids - calculated as (analyzed total - 13.8 mg/kg endogenous baseline) ÷ nominal supplemental level - ranged from 87.0% to 91.4%.
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dose–response relationships reported in Table 7 - SGRW, skin carotenoid 
concentration, skin yellowness (b*), and intestinal lipase activity - were 
analysed using the individual replicate-tank observations (n = 18) by 
fitting and comparing eight candidate models: linear, quadratic, cubic, 
linear broken-line, quadratic broken-line, asymptotic, Michae
lis–Menten, and four-parameter logistic. The polynomial models were 
fitted by ordinary least squares and the segmented and non-linear 
models by non-linear least squares (Python 3.10.12; NumPy 2.2.6 and 
SciPy 1.15.3); the second-order polynomial fit reproduced the original 
SPSS 26.0 Curve-Estimation result. Competing models were ranked by 
the second-order Akaike information criterion (AICc), with ΔAICc, 
Akaike weights (wᵢ) and adjusted R² as supporting indicators and re
sidual normality confirmed (Shapiro–Wilk); the best-supported model 
was selected, and where models were similarly supported (ΔAICc < 2) 
the more parsimonious, biologically interpretable model was retained 
(Supplementary Appendix). For models with a quadratic term, the op
timum dietary level was estimated as xopt = − b/(2a). Results are means 
± SE (n = 3).

3. Results

3.1. Growth performance, survival, and feed utilization

Carotenoid supplementation significantly affected growth in both 
length and weight (P < 0.05; Table 4). Relative to the control, final total 
length and body weight were significantly higher from 400 mg/kg on
ward (P < 0.05), whereas the 200 mg/kg group was intermediate and 
did not differ significantly from the control in final size; the highest 
values occurred at 600 mg/kg, with no significant differences among the 
400–800 mg/kg groups. Specific growth rate showed the same overall 
response: SGRW rose from 4.81%/day in the control to a maximum of 
5.26%/day at 600 mg/kg, and although it declined numerically to 
5.07%/day at 1000 mg/kg, this value did not differ significantly from 
the 600 mg/kg peak; the overall dose–response was best described by a 
quadratic function (Section 3.4). Condition factor, the coefficients of 
variation for length and weight, and survival (94.45–97.78%) did not 
differ significantly among treatments (P > 0.05).

Feed intake did not differ significantly among treatments 
(6.83–7.29 g/fish; P > 0.05), indicating that the improved growth was 
not driven by greater feed consumption. Relative feeding rate (% BW/ 
day) was significantly lower at 400–800 mg/kg than in the control, FCR 
was significantly reduced (lowest at 600 mg/kg, 0.79, vs. 0.97 in the 
control), and PER was significantly increased (up to 2.53 at 600 mg/kg 
vs. 2.07 in the control); together these indicate more efficient feed 
conversion rather than higher intake. The lower relative feeding rate is 
consistent with the greater body mass attained on the supplemented 

diets at a comparable absolute intake (Table 4).

3.2. Skin coloration and tissue carotenoid accumulation

Supplementation significantly affected most colour indices 
(P < 0.05; Table 5; Fig. 1). Skin yellowness (b*) increased markedly with 
dose, reaching maxima of 43.50 and 41.75 at 800 and 600 mg/kg, 
respectively (3.4- and 3.3-fold above the control), which did not differ 
significantly from each other; b* at 1000 mg/kg (36.64) was signifi
cantly lower than at 800 mg/kg but did not differ significantly from that 
at 600 mg/kg. The a* values were negative in all groups and most 
negative at 600–800 mg/kg, and chroma (C*ab) closely paralleled b*. 
Hue angle (h*ab) did not differ significantly among treatments 
(P > 0.05), indicating that the fundamental yellow tone was preserved, 
whereas the total colour difference from the control (ΔE*ab) was greatest 
at 800 and 600 mg/kg (not significantly different from each other), far 
exceeding the perceptibility threshold.

Total carotenoids accumulated dose-dependently in all tissues 
(P < 0.05; Table 5), predominantly in the skin (11.7→109.3 µg/g; a 9.3- 
fold increase), far exceeding muscle and whole body. In every tissue, 
concentrations at 600, 800, and 1000 mg/kg did not differ significantly 
(sharing the same statistical grouping), indicating that deposition had 
saturated by ~600 mg/kg.

3.3. Whole-body composition and digestive enzyme activities

Whole-body moisture and ash did not differ significantly among 
treatments (P > 0.05; Table 6). Crude protein was significantly higher 
than the control from 400 mg/kg onward (17.1–17.9% vs. 15.5%; 
P < 0.05), the 200 mg/kg group being intermediate and not signifi
cantly different from the control. Crude lipid was significantly lower 
than the control from 600 mg/kg onward (4.60–4.62% vs. 5.21%; 
P < 0.05), with no significant differences among the 600–1000 mg/kg 
groups.

Intestinal protease and lipase activities were significantly enhanced 
by supplementation (P < 0.05), whereas amylase showed a numerical 
upward trend that was not statistically significant (P = 0.06; Table 6). 
Protease increased ~1.9-fold (from 2.87 to a maximum of 5.53 U/mg) 
and lipase ~2.3-fold (from 2.95 to a maximum of 6.72 U/mg); for both 
enzymes, activities at 600, 800, and 1000 mg/kg did not differ signifi
cantly from one another, indicating a plateau at the higher doses. 
Amylase increased only numerically (9.65→13.0 U/mg; P = 0.06).

3.4. Dose–response regression analysis

Among the eight candidate models, the quadratic model had the 

Table 4 
Growth performance, survival, and feed utilization of juvenile golden trevally (Gnathanodon speciosus) fed diets supplemented with graded levels of marigold ca
rotenoids for 56 days.

Parameter Dietary supplemental carotenoid level (mg/kg)

0 (Control) 200 400 600 800 1000

L2 (cm) 7.75 ± 0.10a 7.96 ± 0.10ab 8.22 ± 0.05c 8.36 ± 0.06c 8.25 ± 0.03c 8.15 ± 0.04bc

W2 (g) 7.57 ± 0.04a 8.24 ± 0.27ab 9.06 ± 0.25bcd 9.73 ± 0.20d 9.37 ± 0.25 cd 8.74 ± 0.11bc

SGRL (%/day) 1.74 ± 0.02a 1.79 ± 0.02b 1.85 ± 0.01c 1.88 ± 0.01c 1.86 ± 0.01c 1.84 ± 0.01bc

SGRW (%/day) 4.81 ± 0.10a 4.97 ± 0.06ab 5.13 ± 0.05bc 5.26 ± 0.04c 5.19 ± 0.05c 5.07 ± 0.02bc

CF (g/cm3) 1.62 ± 0.03 1.63 ± 0.02 1.63 ± 0.02 1.66 ± 0.02 1.67 ± 0.02 1.62 ± 0.01
SR (%) 95.55 ± 2.22 94.45 ± 2.22 95.56 ± 2.94 96.67 ± 1.93 97.78 ± 1.11 96.67 ± 1.93
FI (g/fish) 6.83 ± 0.35 7.07 ± 0.36 7.02 ± 0.37 7.29 ± 0.30 7.14 ± 0.44 7.20 ± 0.26
FCR 0.97 ± 0.03d 0.91 ± 0.02 cd 0.82 ± 0.02ab 0.79 ± 0.02a 0.81 ± 0.03ab 0.88 ± 0.02bc

FR (%BW/day) 3.02 ± 0.09b 2.88 ± 0.06b 2.62 ± 0.07a 2.54 ± 0.06a 2.57 ± 0.10a 2.78 ± 0.07ab

PER 2.07 ± 0.07a 2.19 ± 0.04ab 2.44 ± 0.06 cd 2.53 ± 0.05d 2.50 ± 0.10 cd 2.29 ± 0.05bc

Initial L₁ = 2.92 ± 0.06 cm and W₁ = 0.51 ± 0.04 g were measured individually at the end of the 5-day acclimation, immediately before stocking (30 fish per tank). 
Coefficients of variation for length (9.01–10.04%) and weight (16.78–19.74%) did not differ among treatments (P > 0.05). L₂, W₂: final length and weight; SGRL, SGRW: 
specific growth rate in length and weight; CF: condition factor; SR: survival; FI: feed intake; FR: feeding rate; FCR: feed conversion ratio; PER: protein efficiency ratio. 
Means ± SE (n = 3); different superscripts within a row differ (P < 0.05).
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lowest AICc for SGRW, skin carotenoid concentration, and intestinal 
lipase activity. For skin yellowness (b*), the cubic model had the lowest 
AICc; however, the quadratic model remained similarly supported 
(ΔAICc = 1.23; evidence ratio ≈ 1.8) and was retained as the more 
parsimonious and biologically interpretable representation. The 
retained quadratic models explained 74.1–97.7% of the variation in the 
four responses (P < 0.001; Table 7; Supplementary Appendix; Fig. 2). 
Broken-line models were also competitive for skin carotenoid concen
tration (ΔAICc = 0.25) and lipase activity (ΔAICc = 0.09), supporting 
interpretation of these responses as saturation rather than a genuine 

post-peak decline. Skin carotenoid concentration and b* were strongly 
linearly associated (R2 = 0.923, P < 0.001; Fig. 3). The estimated op
tima were 646 mg/kg for SGRW and 761 mg/kg for b*, whereas the 
fitted vertices for skin carotenoid and lipase (887 and 782 mg/kg) 
represent saturation ceilings rather than dietary requirements (Table 7; 
Section 4.4).

Table 5 
Skin color parameters (CIE L*a*b*) and total carotenoid concentration (µg/g wet weight) in tissues of juvenile golden trevally fed graded marigold carotenoid levels for 
56 days.

Parameter Dietary supplemental carotenoid level (mg/kg)

0 (Control) 200 400 600 800 1000

L* 60.05 ± 0.65a 61.06 ± 0.96a 62.86 ± 0.69ab 64.30 ± 0.85b 65.84 ± 1.15b 60.42 ± 1.21a

a* -3.01 ± 0.32c -5.46 ± 0.38b -6.39 ± 0.74b -8.59 ± 0.69a -8.43 ± 0.43a -6.46 ± 0.71b

b* 12.66 ± 1.13a 23.76 ± 2.67b 32.02 ± 1.83c 41.75 ± 2.63de 43.50 ± 2.04e 36.64 ± 1.78 cd

C*ab 13.04 ± 1.04a 24.38 ± 2.69b 32.69 ± 1.63c 42.66 ± 2.44de 44.31 ± 2.08e 37.21 ± 1.87 cd

h*ab 103.69 ± 2.48 103.08 ± 0.68 101.48 ± 1.98 101.81 ± 1.62 100.96 ± 0.04 99.93 ± 0.62
ΔE*ab - 11.48 ± 2.71a 19.95 ± 1.52b 29.98 ± 2.55 cd 31.86 ± 2.25d 24.30 ± 1.82bc

Skin carotenoid 11.7 ± 0.75a 53.3 ± 2.60b 77.6 ± 5.19c 100.4 ± 5.05d 109.3 ± 3.21d 107.7 ± 3.03d

Muscle carotenoid 0.17 ± 0.04a 0.85 ± 0.10b 1.36 ± 0.12c 2.85 ± 0.11d 3.06 ± 0.24d 3.09 ± 0.14d

Whole-body carotenoid 2.16 ± 0.31a 3.49 ± 0.36a 10.69 ± 1.31b 25.74 ± 2.01c 27.83 ± 2.16c 26.12 ± 1.96c

L*: lightness; a*: redness–greenness; b*: yellowness–blueness; C*ab: chroma; h*ab: hue angle; ΔE*ab: total color difference vs. control. Means ± SE (n = 3); different 
superscripts within a row differ (P < 0.05).

Fig. 1. Representative photographs of skin coloration of juvenile golden trevally (Gnathanodon speciosus) fed diets supplemented with marigold (Tagetes erecta) 
carotenoids at (A) 0 (control), (B) 200, (C) 400, (D) 600, (E) 800, and (F) 1000 mg/kg diet for 56 days.

Table 6 
Whole-body proximate composition (% wet weight) and gastrointestinal digestive enzyme specific activities (U/mg protein) of juvenile golden trevally fed graded 
marigold carotenoid levels for 56 days.

Parameter Dietary supplemental carotenoid level (mg/kg)

0 (Control) 200 400 600 800 1000

Moisture (%) 71.4 ± 0.55 70.1 ± 0.77 70.9 ± 0.61 69.7 ± 0.42 70.0 ± 0.68 69.8 ± 0.49
Protein (%) 15.5 ± 0.37a 16.3 ± 0.48ab 17.1 ± 0.45bc 17.8 ± 0.18c 17.9 ± 0.22c 17.8 ± 0.22c

Lipid (%) 5.21 ± 0.06b 5.14 ± 0.07b 4.82 ± 0.08ab 4.62 ± 0.18a 4.60 ± 0.19a 4.62 ± 0.15a

Ash (%) 3.11 ± 0.13 2.85 ± 0.31 2.88 ± 0.16 3.04 ± 0.30 2.92 ± 0.36 2.97 ± 0.13
Amylase 9.65 ± 1.04 10.6 ± 0.37 11.6 ± 0.93 12.7 ± 0.36 13.0 ± 0.64 12.0 ± 0.83
Protease 2.87 ± 0.35a 3.93 ± 0.27b 4.82 ± 0.18bc 5.35 ± 0.28c 5.53 ± 0.43c 5.08 ± 0.21c

Lipase 2.95 ± 0.27a 4.55 ± 0.58b 5.87 ± 0.41c 6.70 ± 0.24c 6.72 ± 0.27c 6.51 ± 0.54c

Means ± SE (n = 3); different superscripts within a row differ (P < 0.05).
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4. Discussion

4.1. Growth performance and feed utilization

Marigold carotenoids at 400–800 mg/kg significantly improved 
growth and feed utilization, optimally at 600 mg/kg, with a quadratic 
SGRW response (optimum 646 mg/kg). This non-linear pattern is 
consistent with reports for many ornamental and food fish (Liao et al., 
2025). Positive growth effects of carotenoids have been documented 
with astaxanthin in golden pompano, red-spotted grouper, and red 
porgy (Fang et al., 2021; Kalinowski et al., 2011; Song et al., 2021) and 
with marigold in koi carp, orange chromide, and Indian major carp 
(Chhaba et al., 2024; Jagadeesh et al., 2014; Swian et al., 2014), 
although null effects also occur (e.g., gilthead sea bream, electric yellow 
cichlid), reflecting dependence on species, source, dose, and life stage 
(Yeşilayer et al., 2020).

Several mechanisms may underlie the growth benefit. First, the 
antioxidant activity of carotenoids reduces energy diverted to oxidative 
repair (Elbahnaswy and Elshopakey, 2024). Second - and supported here 

- carotenoid supplementation was associated with higher protease and 
lipase activities (Section 4.3), which coincided with improved FCR and 
PER. Third, carotenoids contribute to immune modulation and overall 
health (Lim et al., 2023). The slight, mostly non-significant decline at 
1000 mg/kg suggests a mild pro-oxidant effect at excessive doses, as 
reported in discus, golden pompano, large yellow croaker, and spotted 
sea bass (Black et al., 2020; Fang et al., 2021; Song et al., 2017; Xu et al., 
2022; Yu et al., 2021). High, uniform survival (94.45–97.78%) confirms 
the safety of marigold carotenoids within the tested range.

4.2. Skin coloration and carotenoid accumulation

A central finding is the effective enhancement of yellow coloration: 
b* rose 3.3–3.4-fold at 600–800 mg/kg, with ΔE*ab far above the 
perceptibility threshold, indicating a commercially meaningful colour 
change.

Mechanistically, this pronounced yellowing is the direct optical 
expression of xanthophyll deposition in the skin. Marigold pigment is 
dominated by the yellow xanthophylls lutein and zeaxanthin (≈80–90% 

Table 7 
Retained regression models for the dietary carotenoid dose–response relationships and the association between skin carotenoid concentration and skin yellowness (b*) 
(n = 18). The four dose–response models were retained following AICc-based comparison of eight candidate models (Supplementary Appendix).

Response Model Equation R² p Optimum (mg/kg)

SGRW Quadratic y = 4.783 + 1.344 × 10⁻³x − 1.040 × 10⁻⁶x² 0.741 < 0.001 646
Skin carotenoid Quadratic y = 12.257 + 2.196 × 10⁻¹x − 1.238 × 10⁻⁴x² 0.977 < 0.001 887a

b* Quadratic y = 11.338 + 7.868 × 10⁻²x − 5.171 × 10⁻⁵x² 0.901 < 0.001 761
Lipase Quadratic y = 2.903 + 9.962 × 10⁻³x − 6.368 × 10⁻⁶x² 0.849 < 0.001 782a

b* vs. skin carotenoid Linear y = 8.568 + 3.020 × 10⁻¹x 0.923 < 0.001 —

For quadratic dose–response models, x = dietary carotenoid level (mg/kg); for the b* vs. skin carotenoid model, x = skin carotenoid (µg/g). Optimum = − b/(2a). a For 
skin carotenoid and lipase, the tabulated value is the fitted quadratic vertex (≈ saturation ceiling), not the recommended dietary dose (see Section 4.4 for practical 
optimum).

Fig. 2. Regression relationships between dietary carotenoid level and key response variables after 56 days (shaded band = 95% CI): quadratic fits for (A) specific 
growth rate (SGRW, %/day), (B) skin carotenoid concentration (µg/g), (C) skin yellowness (b*), and (D) lipase specific activity (U/mg protein). Open circles represent 
individual replicate tank means (n = 18); curves/lines denote fitted regressions. Equations, R², and significance levels are displayed in each panel.
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of total carotenoid), whose extended conjugated double-bond systems 
absorb maximally in the blue region (~445–450 nm) and consequently 
reflect strongly in the yellow waveband - the physical basis of a high CIE 
b* (Eghlima and Seyed Hajizadeh, 2026). After intestinal uptake via 
lipid-transporter–mediated pathways (SR-B1/CD36), incorporation into 
circulating lipoproteins, and delivery to the integument, these xantho
phylls are selectively retained and stabilised by carotenoid-binding 
proteins within dermal xanthophores (Guo et al., 2024; Liao et al., 
2025). Progressive loading of the xanthophore layer raises yellow 
reflectance in near-direct proportion to the amount deposited, which 
explains the tight linear coupling between skin carotenoid concentration 
and b* observed here (R² = 0.923; Fig. 3). Because golden trevally 
naturally possesses a dense, high-affinity xanthophore population - the 
basis of its golden phenotype - the skin acts as an efficient sink for di
etary lutein/zeaxanthin, accounting for both the steep rise in b* and the 
strong skin-over-muscle partitioning (35–69-fold; Table 5). Notably, hue 
angle (h*ab) was unchanged across all doses, indicating that the 
deposited pigment remained chemically yellow and was not oxidatively 
converted to red ketocarotenoids - unlike astaxanthin or canthaxanthin 
in species equipped with the requisite ketolase (CYP2J-/BCO2-type) 
machinery (Liao et al., 2025); supplementation therefore intensified, 
rather than re-hued, the natural golden coloration.

Consistent with a finite deposition capacity, carotenoid accumula
tion and b* plateaued from ~600 mg/kg. This ceiling reflects saturable 
steps along the deposition pathway - transporter-mediated intestinal 
uptake, lipoprotein carrying capacity, and the limited number of 
carotenoid-binding sites within the xanthophore layer - beyond which 
additional dietary pigment cannot be further deposited (Liao et al., 
2025). Similar preferential, saturable skin deposition has been re
ported in goldfish, koi carp, large yellow croaker, and rainbowfish 
(Besen et al., 2019; Yi et al., 2016; Yuangsoi et al., 2011). Supplemen
tation beyond 600–800 mg/kg therefore yields no further colour gain 
and is unlikely to be cost-effective.

The significantly lower b* at 1000 mg/kg than at 800 mg/kg, despite 
comparable skin carotenoid concentrations and coinciding with reduced 
lightness (L*), is consistent with concentration-dependent optical and 
chemical effects at high dermal pigment loads - self-association/ 
aggregation of xanthophylls that broadens and dampens reflectance, 

and/or partial pigment degradation under the mild pro-oxidant condi
tions that can arise at excessive carotenoid doses (Black et al., 2020; Liao 
et al., 2025). The stable hue angle confirms that these effects modulated 
colour intensity without altering the underlying yellow tone.

4.3. Digestive enzymes and whole-body composition

Marigold carotenoids markedly stimulated protease (1.9-fold) and 
lipase (2.3-fold), complementing recent reports in large yellow croaker, 
yellow river carp, and Nile tilapia (Hassaan et al., 2021; Ren et al., 2025; 
Xu et al., 2022). Proposed mechanisms include carotenoid interaction 
with intestinal epithelial membranes improving fluidity and enzyme 
secretion (Guo et al., 2024), antioxidant protection of luminal enzymes 
(Mansour et al., 2020), and modulation of gut microbiota (Zhao et al., 
2022). Amylase was unaffected, consistent with the carnivorous diges
tive physiology of carangids, which prioritizes protein and lipid over 
carbohydrate hydrolysis.

The concurrent rise in protease and lipase explains the improved 
FCR/PER and the shift toward higher body protein and lower lipid: the 
higher proteolytic activity may contribute to protein accretion, while 
greater lipolysis promotes fatty-acid oxidation. Digestive lipase activity 
tended to be inversely related to whole-body lipid content across 
treatments. As neither variable represents a graded dose–response 
function of dietary carotenoid, this association is noted only as a 
descriptive, correlated physiological observation and was not fitted as a 
requirement model (Table 7); we interpret it as a co-varying physio
logical outcome rather than a carotenoid-dependent optimum. This 
carotenoid-mediated metabolic regulation parallels reports in red porgy, 
rainbow trout, and snow trout (Jha et al., 2012; Kalinowski et al., 2011; 
Zhao et al., 2022); mechanistically, carotenoids and apocarotenoids may 
activate PPAR/RXR nuclear receptors to stimulate β-oxidation and 
suppress lipogenesis (Ikeuchi et al., 2007), while enhanced protein 
digestion supplies amino-acid substrates for synthesis.

4.4. Optimum dose and practical implications

Because skin carotenoid and lipase responses plateaued from 
600 mg/kg (Tables 5 and 6), their quadratic vertices (887 and 782 mg/ 
kg) should be interpreted as upper-bound saturation estimates rather 
than dietary requirements; the biologically and economically relevant 
optimum is the plateau onset at 600–800 mg/kg. The higher optimum 
for pigmentation than growth - widely reported (Liao et al., 2025) - 
reflects priority allocation: at low-to-moderate doses carotenoids serve 
antioxidant and metabolic functions (growth), and only surplus is 
deposited for pigmentation (Lim et al., 2023). For commercial orna
mental production requiring both growth and color, 600–800 mg/kg is 
recommended, achieving near-maximal growth, strong coloration, 
optimal FCR, and saturated enzyme activity, whereas higher doses may 
add cost without proportional benefit.

4.5. Novelty, limitations, and future directions

This is the first comprehensive dose–response study of marigold ca
rotenoids in golden trevally, extending beyond growth and pigmenta
tion to digestive physiology. The robust b*–skin carotenoid relationship 
(R² = 0.923) offers a non-invasive colorimetric proxy for tissue pigment 
content. Regionally, marigold is a low-cost, locally available alternative 
to synthetic or microalgal carotenoids, providing a direct basis for 
Southeast Asian aquafeed formulation.

Limitations include the 56-day juvenile-stage duration, which may 
not capture long-term color retention; the absence of individual carot
enoid profiling (lutein, zeaxanthin, esters), immune/oxidative bio
markers, and gene expression; and the laboratory setting. Future work 
should assess color fade-out dynamics after withdrawal, HPLC tissue 
profiling, immune and stress responses, expression of carotenoid trans
port/metabolism genes (scarb1, cd36, bco1, bco2), grow-out efficacy, 

Fig. 3. Linear relationship between skin carotenoid concentration (µg/g) and 
skin yellowness (b*) across all dietary treatments after 56 days (shaded band =
95% confidence interval). Open circles represent individual replicate tank 
means (n = 18); the line denotes the fitted regression. The equation, R², and 
significance level are displayed in the panel.
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and comparison with astaxanthin or microalgal sources.

5. Conclusion

Dietary marigold (Tagetes erecta) carotenoids at 600–800 mg/kg 
significantly improved growth, feed utilization, and skin yellowness in 
juvenile golden trevally without affecting survival. Carotenoid accu
mulation was tissue-specific, with skin as the preferential deposition 
site, and stimulation of intestinal protease and lipase provided an indi
rect route to improved feed utilization alongside higher body protein 
and lower lipid. With distinct optima for growth and pigmentation, 
600–800 mg/kg is recommended for combined objectives, providing a 
practical basis for natural-pigment aquafeed in tropical marine aqua
culture where marigold is an abundant, low-cost source.
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shells: Comparative adjuvanticity of soluble 
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A B S T R A C T

The development of biodegradable adjuvants is crucial for aquaculture vaccination, yet it is still understudied. 
This study evaluated the comparative adjuvanticity of three chitosan derivatives prepared from molted shrimp 
shells (Litopenaeus vannamei), low viscosity chitosan (LV-chitosan), water-soluble chitosan lactate (Chi-L), and 
ionically cross-linked chitosan nanoparticles (Chi-N), in an inactivated Vibrio harveyi vaccine for Asian sea bass 
(Lates calcarifer), a major aquaculture species in Asia. Following intraperitoneal injection, the immune response 
was monitored against phosphate-buffered saline (PBS) and Freund’s Complete Adjuvant (FCA) controls. The 
results showed that soluble derivatives (LV-chitosan and Chi-L) did not induce higher antibody titers than the 
PBS control by day 28 post-vaccination. Chi-N elicited antibody titers (23.29 

± 0.1) that were lower than the FCA 
benchmark (24.73 ± 0.1), but significantly higher than the PBS control, suggesting immune enhancement. In 
addition, Chi-N significantly enhanced serum lysozyme activity compared with the PBS control, indicating 
stimulation of innate immunity. Macroscopic examination showed no visible persistent residues in the Chi-N 
group, whereas FCA produced obvious intra-abdominal residues. These observations are consistent with the 
expected biodegradability of nanochitosan, although in vivo biodegradation needed to be confirmed by histo
logical examination or quantitative assessment of material degradation. Overall, these findings suggest that 
valorizing molted shrimp shells into nanoparticulate chitosan enhances adjuvant performance compared with 
soluble chitosan derivatives, highlighting the importance of the structure–property relationship among chitosan 
formulations and supporting the potential of nanochitosan as a sustainable alternative for aquaculture 
vaccination.

1. Introduction

The global aquaculture sector is a critical component of food security 
and economic development. Shrimp farming is one of the most valuable 
aquaculture industries worldwide, but processing also generates sub
stantial quantities of byproducts (50–60% of raw shrimp weight), spe
cifically molted shrimp shells accumulated in culture ponds (NIRMAL 
et al., 2020). Unlike conventional exoskeletons obtained from process
ing plants, these molted shells possess significantly lower protein levels 
(12.7%) compared to peeled shells (28.8%) and have been demonstrated 
to be a promising source for the production of high-purity chitin and 

chitosan under relatively mild extraction conditions (PHUONG et al., 
2022). Furthermore, chitosan derived from molted shrimp shells has 
low crystallinity and low viscosity (LV-chitosan), characteristics that are 
highly advantageous for chemical modification and pharmaceutical 
applications (PHUONG et al., 2022).

Asian seabass (Lates calcarifer) is a highly economically valuable 
species in marine aquaculture of Asia and Australia (COPLAND and 
GREY, 1986; PEARSON, 1987). However, a rapid expansion of intensive 
Asian seabass farming is associated with increased diseases caused by 
bacteria, especially vibriosis. Vibrio harveyi is a major pathogen in 
warm-adapted fish such as (Acanthopagrus cuvieri), orange-spotted 
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grouper (Epinephelus tauvina) (Saeed, 1995), yellow grouper (Epinephelus 
awoara)(WANG et al., 2002; QIN et al., 2006), common dentex (Dentex 
dentex), Senegalese sole (Solea senegalensis)(ZORRILLA et al., 2003), as 
well as Japanese seabass (Lateolabrax japonicus), causing substantial 
economic losses (MOHD YAZID et al., 2021). While vaccination is a key 
control strategy, inactivated vaccines often show limited immunoge
nicity and require adjuvants to elicit a robust protective immune 
response (TAFALLA et al., 2013). Traditionally, oil-based adjuvants like 
Freund’s Complete Adjuvant (FCA) are used as a gold standard in elic
iting a high potency (Stills, 2005). However, their application in com
mercial aquaculture is often restricted due to potential side effects and 
persistent tissue residues, which raise concerns regarding animal wel
fare and food safety (MIDTLYNG et al., 1996). It is recommended that 
FCA should be replaced by other adjuvants when possible (GUY, 2007).

Several classes of vaccine adjuvants have been investigated for 
aquaculture applications, including mineral salts, emulsions, liposomes, 
polymeric nanoparticles, and immunostimulatory compounds such as 
β-glucans and CpG oligodeoxynucleotides (TAFALLA et al., 2013). 
Although these formulations can improve vaccine efficacy, many remain 
limited by relatively short antigen retention, formulation instability, 
high production costs, injection-site reactions, or regulatory constraints 
that restrict their widespread commercial application (TAFALLA et al., 
2013; DMOUR and ISLAM, 2022; GUY, 2007). As a result, there is a 
growing interest in chitosan and its derivatives as biodegradable alter
natives. Chitosan-based adjuvants can enhance vaccine efficacy by 
facilitating mucosal adhesion and stimulating immune cell recruitment 
(DMOUR and ISLAM, 2022). However, the efficacy of chitosan is heavily 
dependent on its physicochemical form. Previous studies suggest that 
chitosan nanoparticles may enhance antigen retention and cellular up
take (NANDHAKUMAR et al., 2025; WU et al., 2020), however, their 
efficacy remains dependent on formulation characteristics and target 
species.

Despite this potential, the comparative efficacy of LV-chitosan 
derived specifically from molted shells and its modified forms, specif
ically water-soluble chitosan lactate versus particulate chitosan nano
particles, as injectable adjuvants for marine aquaculture fish such as 
Asian sea bass remains underexplored. Specifically, it is unclear how the 
solubility and particle size of these derivatives influence the trade-off 
between immune sustainment and rapid biodegradation. In inacti
vated bacterial vaccines, the induction of antigen-specific antibodies 
represents one of the principal correlates of adaptive immune protection 
in teleost fish and is therefore widely used to evaluate adjuvant efficacy 
(TAFALLA et al., 2013; YE et al., 2013). Although other immune pa
rameters, including innate immune responses and pathogen challenge 
tests, provide complementary information, comparative antibody re
sponses offer a robust first assessment of the capacity of different 
adjuvant formulations to enhance vaccine-induced humoral immunity 
(TAFALLA et al., 2013; YE et al., 2013).

In this study, we explored the valorization of molted shrimp shell 
waste for the development of sustainable chitosan-based vaccine adju
vants. Using intraperitoneal injection, we aimed to assess the compar
ative immunostimulatory effects of LV-chitosan, chitosan lactate (Chi- 
L), and chitosan nanoparticles (Chi-N) on the humoral immune response 
against Vibrio harveyi in Asian sea bass. We hypothesize that nano
particulate chitosan, but not soluble chitosan derivatives, enhances 
vaccine-induced humoral immunity in Asian sea bass by acting as a 
biodegradable antigen depot that prolongs immune stimulation 
compared to non-adjuvanted vaccines. The findings from this assess
ment will provide baseline data to determine the feasibility of utilizing 
these modified chitosan forms in aquaculture health management.

2. Materials and methodology

2.1. Ethical statement

All experimental procedures involving live fish were conducted in 

accordance with the Vietnamese legislation on animal welfare, 
including Decree No. 33/2005/ND-CP and the Law on Animal Hus
bandry (Law No. 79/2015/QH13). The study was carried out under the 
approval of the Scientific Committee of Nha Trang University as part of 
the university-level research project TR2021–13–10. Under current 
national regulations, separate approval from an institutional animal 
ethics committee is not required for scientific research involving aqua
culture fish. All efforts were made to minimize stress and suffering. Fish 
were anesthetized using ethylene glycol monophenyl ether 
(100–150 mg L⁻¹) during handling and blood collection, and all pro
cedures were performed by trained personnel. After completion of 
sampling, surviving fish were monitored during a recovery period before 
being transferred to designated holding tanks.

2.2. Preparation of chitosan derivatives and nanoparticles

Chitosan was isolated from molted shrimp shells (Litopenaeus van
namei) collected from intensive farming waste, following the protocol 
described by PHUONG et al., 2022 (PHUONG et al., 2022). 
Low-Viscosity Chitosan (LV-chitosan) was prepared from chitosan 
extracted from molted shrimp shells using the solid-state depolymer
ization method described by (MINH et al., 2017). Chitosan powder (100 
mesh) was swollen in 0.2% (w/v) NaOH solution for 8 h at a 
chitosan-to-NaOH solution ratio of 1:10 (w/v). Subsequently, 0.3% 
(w/v) H₂O₂ solution was added at a volume ratio of 1:10 (H₂O₂ solution: 
NaOH suspension), and depolymerization was performed for 6 h at room 
temperature. The obtained LV-chitosan was filtered, washed with 
distilled water until neutral pH, dried at 40◦C, and stored for subsequent 
use. The resulting LV-chitosan exhibited a degree of deacetylation (DA) 
of 88% and a weight-average molecular weight (Mw) of 215 kDa.

Chitosan lactate (Chi-L) was synthesized via a solid-state reaction 
between the prepared LV-chitosan and lactic acid, as reported by Trung 
et al. (TRUNG et al., 2023) with slight modifications. Briefly, chitosan 
obtained from molted shrimp shells was ground and sieved through a 
35-mesh screen. The powder was then soaked in 70% ethanol at a 
chitosan-to-solvent ratio of 1:10 (w/v) for 4 h at room temperature. 
After soaking, the ethanol was removed by centrifugation at 5000 rpm, 
and 1 M lactic acid was added at a ratio of 1:10 (w/v, chitosan:lactic acid 
solution). The mixture was allowed to react for 2 h at room temperature. 
The resulting product was filtered through cloth, washed with 85% 
ethanol to remove residual lactic acid, and dried at 40 ◦C for 12 h before 
storage.

Chitosan nanoparticles (Chi-N) were produced using the ionic gela
tion method adapted from Cuong et al. (CUONG et al., 2022). Briefly, 
25 mL of 0.5% (w/v) TPP solution was added dropwise into 500 mL of 
0.1% (w/v) LV-chitosan solution over 30 min under continuous stirring 
at 500–600 rpm at room temperature (25 ± 2◦C). The formulation 
corresponded to a chitosan-to-TPP mass ratio of 4:1 (w/w). After com
plete addition of the TPP solution, the suspension was stirred for an 
additional 30 min under the same conditions. The final suspension had a 
pH of 5.5 ± 0.1 and was used immediately after preparation. Particle 
size, polydispersity index (PDI), and zeta potential were determined 
using a Horiba SZ-100 Nano Particle Analyzer. Measurements were 
performed on freshly prepared nanoparticle suspensions immediately 
after preparation. Each sample was analyzed in triplicate, and the re
ported values represent the mean ± standard deviation.

2.3. Experimental fish

Healthy Asian seabass (Lates calcarifer) were obtained from a local 
hatchery in Khanh Hoa province, Vietnam. Prior to the experiment, 30 
fish were randomly sampled to determine the initial body weight, which 
averaged 9.9 ± 1.4 g (n = 30). Before the experiment, the fish were 
screened for Vibrio harveyi using bacteriological methods, and only fish 
that tested negative were included in the study. Subsequently, the fish 
were transported to the Center for Experiments on Aquatic Breeding and 
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Diseases, Nha Trang University, and acclimatized for 14 days. During 
this period, fish were maintained in 2000 L tanks under controlled 
environmental conditions, with natural water temperature ranging from 
28 to 32◦C which are representative of those encountered in local Asian 
seabass aquaculture systems (DOAN et al., 2018; DINH et al., 2026), pH 
7.9–8.3, and dissolved oxygen (DO) > 5 mg L⁻¹ . The fish were fed a 
commercial diet (UP 5001) twice daily, and approximately 50% of the 
water was exchanged every two days to maintain water quality.

2.4. Preparation of inactivated vaccine formulations

The pathogenic strain Vibrio harveyi (Aus K0917), originally isolated 
from the kidneys of L. calcarifer exhibiting hemorrhagic and ulcerative 
symptoms in Van Ninh, Khanh Hoa, Vietnam (September 2017). This 
strain was maintained in TSB including 20% glycerol at − 80 ◦C at the 
Center for Research on Aquatic Breeding and Diseases, Nha Trang Uni
versity, Vietnam. For vaccine preparation, the bacteria were cultured in 
Tryptic Soy Broth (TSB) supplemented with 1.5% NaCl at 30◦C for 18 h. 
Subsequently, the culture was inactivated using 0.5% (v/v) formalin for 
24 h. Complete bacterial inactivation was confirmed by plating aliquots 
of the formalin-treated bacterial suspension onto TSA and TCBS agar. No 
bacterial growth was observed after incubation, confirming complete 
inactivation before vaccine preparation. The inactivated bacterial cells 
were harvested by centrifugation at 7000 $\times$ g for five minutes 
and washed three times with sterile phosphate-buffered saline (PBS, pH 
7.4). The final pellet was resuspended in PBS and adjusted to an optical 
density of OD600 = 1.1, corresponding to approximately 2 × 10⁹ CFU/ 
mL.

To prepare the experimental vaccines, the bacterial suspension was 
mixed with the respective adjuvant solutions (PBS, Freund’s Complete 
Adjuvant, or 0.1% chitosan derivatives: LV-chitosan, chitosan lactate, 
and chitosan nanoparticles) at a 1:1 (v/v) ratio. For the FCA formula
tion, the bacterial suspension and adjuvant were emulsified using a 
homogenizer equipped with a DS-160/5 dispersing shaft at approxi
mately 18,000 rpm for 4 min. Emulsification was continued until a 
stable water-in-oil emulsion was obtained, as confirmed by the water- 
drop test. The preparation of chitosan-based vaccines was adapted 
from the protocol described by Kitiyodom et al. (KITIYODOM et al., 
2019). This resulted in five vaccine formulations containing a final 
bacterial concentration approximately 1 × 109 CFU/mL.

2.5. Experimental design and vaccination protocol

To test the efficiency of using chitosan-based adjuvants, we con
ducted a completely randomized design experiment with six experi
mental treatments (see below), each of which had three replications, 
resulting in a total of 18 experimental units. Asian sea bass were accli
matized in 18 × 250 L tanks; each contained 200 L of seawater and 25 
fish juveniles. Water quality parameters were maintained as during the 
acclimation period. Fish were intraperitoneally (IP) injected with 0.1 mL 
of the respective formulations. The treatments included: 

Negative Control: Injected with sterile physiological saline (PBS) 
only.
Non-adjuvanted Control (PBS group): Injected with inactivated 
V. harveyi suspended in PBS.
Chi: Injected with inactivated V. harveyi + LV-chitosan.
Chi-L: Injected with inactivated V. harveyi + chitosan lactate.
Chi-N: Injected with inactivated V. harveyi + chitosan nanoparticles.
Positive Control (Freu): Injected with inactivated V. harveyi emulsi
fied with Freund's Complete Adjuvant.

2.6. Sample collection

Sampling was conducted on days 21 and 28 post-vaccination (dpv). 
At each time point, ten fish were randomly selected from each tank and 

anesthetized using 100 ppm 2-phenoxyethanol (Merck). Blood samples 
were drawn from the caudal vein using 1 mL sterile syringes and 
transferred to 1.5 mL Eppendorf tubes. The blood was allowed to clot at 
4◦C overnight and then centrifuged at 5000 rpm for 10 min to separate 
the serum. The serum was collected and stored at − 20◦C until analyzed 
for specific antibody titers and lysozyme activity. Sampled fish were 
removed from the experiment after blood collection and transferred to a 
separate 2-m³ holding tank.

2.7. Analytical methods used for characterization of chitosan derivatives

The physicochemical properties of chitosan and its derivatives were 
characterized using standard protocols. UV-Vis spectra (200–800 nm) 
were recorded using a DR2800 spectrophotometer (KUMIRSKA et al., 
2010). Particle size, polydispersity index (PDI), and zeta potential 
were determined using a Horiba SZ-100 Nano Particle Analyzer. 
Apparent viscosity was measured at 25 ◦C using a Brookfield LVT 
viscometer (KUBOTA et al., 2000), while solution pH (1% w/v) was 
monitored with a digital pH meter.

The average molecular weight (Mw) was determined by intrinsic 
viscosity measurements in acetate buffer (pH 4.75) using a Ubbelohde 
viscometer. Mw was derived from the Mark-Houwink equation [ŋ] = K 
× Ma, with constants K = 1.424 × 10− 5 dL/g and a = 0.96 (ZHANG and 
NEAU, 2001). The degree of deacetylation (DD) was assessed via 
zero-order UV spectrophotometry at 210 nm following dissolution in 
85% H3PO4, based on the method by WU and Zivanovic, (2008) (WU 
and ZIVANOVIC, 2008). Finally, functional groups were identified 
using FTIR spectroscopy (diamond ATR) over the range of 
500–4000 cm− 1 (32 scans, resolution 16 cm− 1).

2.8. Methods of analyzing humoral immune parameters

2.8.1. Determination of serum lysozyme activity
Serum lysozyme activity was determined using a turbidimetric assay 

based on the lysis of Micrococcus lysodeikticus (Sigma), using chicken egg 
white lysozyme (Sigma) as the standard. Briefly, 25 µL of each serum 
sample was added to triplicate wells of a 96-well plate. A standard curve 
was established using lysozyme concentrations ranging from 0.3125 to 
20 µg mL⁻¹ . Subsequently, 175 µL of a 0.075% (w/v) M. lysodeikticus 
suspension (prepared in phosphate buffer) was added to each well and 
mixed immediately. The reduction in turbidity was monitored by 
measuring the absorbance at 450 nm every 30 s for 5 min using a 
spectrophotometer (Titertek multiskan MK II, Flow laboratories, 
Switzerland).

2.8.2. Determination of specific antibody titers
The specific antibody response in fish serum was assessed using a 

bacterial agglutination assay in 96-well U-bottom microplates, 
following the method of Plumb and Areechon (PLUMB and AREECHON, 
1990). First, 50 µL of serum was added to the first well, and 25 µL of 
Phosphate Buffered Saline (PBS) was dispensed into the remaining 
wells. Two-fold serial dilutions were performed by transferring 25 µL 
from the first well to the second, mixing well, and continuing the process 
across the row. Finally, 25 µL of inactivated V. harveyi suspension was 
added to all wells. The plates were gently shaken and incubated over
night at 4◦C. The agglutination titer was defined as the reciprocal of the 
highest serum dilution exhibiting visible agglutination. For statistical 
analysis and data presentation, these titer values were log-transformed 
(log2) as titers were determined from serial two-fold dilutions. The 
final results are expressed as the geometric mean (2mean) of the 
log-transformed titers to correspond with the serial dilution scale.

2.9. Statistical analysis

Data quality control and statistical analyses were performed using 
Microsoft Excel 2016 and SPSS version 19.0 (IBM Corp., Armonk, NY, 
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USA). Prior to statistical analysis, all datasets were tested for normality 
and homogeneity of variance before performing ANOVAs. Differences in 
serum lysozyme activity and specific antibody titers among treatment 
groups were evaluated using one-way Analysis of Variance (ANOVA), 
with tanks considered experimental units for all statistical analyses. 
Where significant differences were detected, Tukey’s HSD post-hoc test 
was applied to identify specific pairwise differences. A probability value 
of P < 0.05 was considered statistically significant. Results are presented 
in tables and graphs as mean ± standard deviation (SD).

3. Results and discussions

3.1. Physicochemical characteristics of chitosan derivatives

The results indicated distinct variations in pH, viscosity, and elec
trokinetic potential, reflecting the structural modifications of each de
rivative. LV-chitosan required an acidic medium for dissolution (pH =
4.0 ± 0.1), which is consistent with the protonation requirements of the 
amine groups in the chitosan backbone (RINAUDO, 2006; DASH et al., 
2011). In contrast, chitosan lactate showed a higher pH (5.5 ± 0.2), 
characteristic of its water-soluble salt form, providing advantageous 
solubility at near-neutral pH for biological applications (RINAUDO, 
2006; DASH et al., 2011). Both LV-chitosan and chitosan lactate 
demonstrated relatively low viscosity values (< 50 cP, Table 1). Notably, 
the nanochitosan solution showed the lowest viscosity, which was 
approximately 4 times lower than that of LV-chitosan and chitosan 
lactate (Table 1). This significantly lower viscosity can be attributed to 
the compact hydrodynamic volume of the crosslinked nanoparticles 
compared to the extended chain conformation of the polymer solutions 
(RINAUDO, 2006).

All chitosan derivative samples showed positive surface charges, 
confirming their cationic nature. Nanochitosan showed the highest 
stability with a zeta potential 34% and 50% higher than that of chitosan 
lactate and LV-chitosan, respectively (Table 1). The elevated positive 
charge on the nanoparticles suggests strong electrostatic repulsion be
tween particles, a critical factor for preventing aggregation and ensuring 
long-term colloidal stability in suspension (RAMPINO et al., 2013; 
BENAMER OUDIH et al., 2023). Dynamic light scattering (DLS) analysis 
further revealed the successful formation of nanochitosan with an 
average particle size of 210.3 ± 5.4 nm and a polydispersity index (PDI) 
of 0.454 ± 0.014, indicating a relatively narrow and uniform size dis
tribution. Such particle sizes and PDI values are generally considered 
acceptable for nanoparticle suspensions intended for biological appli
cations (RAMPINO et al., 2013).

Both the LV-chitosan and the chitosan lactate formed clear solutions 
(Figs. 1a, 1b). However, a critical distinction lies in the solvent required. 
LV-chitosan required 1% acetic acid to achieve dissolution due to its 
rigid crystalline structure at neutral pH. The chitosan lactate derivative 
was fully soluble in distilled water (Fig. 1b), suggesting that lactic acid 
successfully improved water solubility, eliminating the need for acidic 
solvents, which can be irritant in parenteral administration. In contrast 
to the clear molecular solutions of the derivatives, the nanochitosan 
preparation (Fig. 1c) showed a distinct milky appearance. This turbidity 
is a macroscopic indicator of the ionic gelation process, where the for
mation of crosslinked nanoparticles scatters light (Tyndall effect), dis
tinguishing the colloidal suspension from the true solutions observed in 
Figs. 1a and 1b.

The spectrum of LV-chitosan displayed a sharp absorption peak at 
approximately 202 nm, while remaining highly transparent in the 
visible region (Fig. 2). Chitosan lactate exhibited intense absorption 
below 240 nm, likely due to the presence of the lactate counter-ion, but 
maintained a flat baseline in the range of 400–800 nm, confirming its 

Table 1 
Physicochemical characteristics of chitosan derivatives.

Chitosan derivatives Physocochemical characteristics

pH Viscosity (Cp) Zeta potential (mV) Particle size (nm) Polydispersity Index (PDI)

LV-chitosan 4.0 ± 0.1 47.5 ± 3 33.2 ± 0.2 NA NA
Chitosan lactate 5.5 ± 0.2 48.4 ± 5 43.6 ± 0.8 NA NA
Chitosan nanoparticles 5.0 ± 0.1 12.4 ± 2 66.2 ± 0.5 210.3 ± 5.4 0.241 ± 0.014

Fig. 1. Visual appearance of the experimental formulations. (a) LV-chitosan 
dissolved in 1% acetic acid (clear solution); (b) Water-soluble chitosan 
lactate dissolved in distilled water (clear solution); and (c) Chitosan nano
particle suspension exhibiting characteristic opalescence (Tyndall effect).

Fig. 2. UV-Vis spectra of chitosan derivatives.
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complete dissolution as a homogeneous solution. In contrast, the spec
trum of nanochitosan was distinct, showing a "scattering tail" in the 
visible region (400–800 nm) and a broad shoulder between 280 and 
320 nm. This optical behavior is a hallmark of the Tyndall effect, 
providing strong evidence for the presence of colloidal nanoparticles 
rather than a true molecular solution.

Fourier Transform Infrared (FTIR) spectroscopy provided the 
chemical modifications in the derivatives (Fig. 3). For LV-chitosan, the 
spectrum showed characteristic bands at ~1655 cm− 1 (Amide I) and 
~1590 cm− 1 (-NH2 bending), confirming the presence of free amine 
groups. In the spectrum of chitosan lactate, the reaction with lactic acid 
was evidenced by the disappearance of the -NH2 bending peak and the 
concurrent emergence of intense bands at ~1580 cm− 1 and 
~1400 cm− 1. These bands correspond to the asymmetric and symmetric 
stretching vibrations of the carboxylate group (-COO-), confirming the 
protonation of amino groups and the successful formation of the lactate 
salt. For nanochitosan, the ionic gelation process induced a shift in the 
amide peak to ~1540 cm− 1. Furthermore, specific phosphate finger
prints were observed at ~1215 cm− 1 (P = O stretching) and ~890 cm− 1 

(P-O-P stretching), verifying the electrostatic crosslinking between the 
cationic chitosan chains and the anionic tripolyphosphate (TPP) 
molecules.

The DLS analysis revealed that the synthesized nanochitosan formed 
a highly uniform colloidal system, characterized by a distinct unimodal 
distribution (Fig. 4). The nanoparticles showed a Z-average diameter of 
~210 nm with a low Polydispersity Index (PDI) of 0.241. This size range 
aligns perfectly with previous reports on chitosan-TPP ionic gelation 
(typically 130–300 nm) (QI et al., 2004), confirming the successful 
formation of crosslinked nanoparticles. Furthermore, the hydrodynamic 
diameter obtained by DLS is considered more physiologically relevant 
than dry-state imaging (SEM) for vaccine delivery. As emphasized by 
Wolfbeis (WOLFBEIS, 2015), DLS accounts for the hydration shell and 
swelling of hydrophilic polymers in aqueous media, thereby providing a 
reliable estimation of the effective particle size when interacting with 
biological membranes.

3.2. Effects of chitosan types on lysozyme content in fish serum

Serum lysozyme concentration was not different among treatment 
groups compared to the control and PBS at day 21 post-vaccination 
(P > 0.05, Fig. 5). Specifically, fish vaccinated with chitosan-based ad
juvants exhibited lysozyme levels comparable to those in the PBS 
negative control and the Freund's adjuvant positive control. While this 
observation indicates that long-term non-specific immunity was not 

elevated, it aligns with the temporal kinetics of the innate immune 
response. Lysozyme is a primary component of acute innate defense, 
typically exhibiting a rapid spike immediately after stimulation, fol
lowed by a decline as homeostasis is restored (SAURABH and SAHOO, 
2008). In tilapia, lysozyme activity significantly decreases after just 3 
and 7 days post-challenge with Streptococcus agalactiae injection, then 
stabilizes at low levels (BILLER et al., 2021). Therefore, the absence of 
significant differences on day 21 likely indicates that the immune 
response had transitioned from the initial non-specific inflammatory 
phase to a specific adaptive phase (SAURABH and SAHOO, 2008; 
MAGNADÓTTIR, 2006), rather than reflecting a lack of adjuvant effi
cacy. However, serum lysozyme activity was assessed only at 21 days 
post-vaccination, which limits interpretation of the earlier kinetics of 
innate immune stimulation. Because lysozyme responses may peak 
within the first several days following vaccination (BILLER et al., 2021) 
and subsequently return toward baseline, additional sampling at earlier 
time points, such as 1, 3, and 7 days post-vaccination, would have 
provided a more complete assessment of the acute innate immune 
response induced by the different chitosan formulations. Furthermore, 
the return of lysozyme activity to baseline levels suggests the biocom
patibility of the chitosan-based adjuvants. Persistently elevated lyso
zyme levels at this stage could indicate chronic inflammation or stress 
caused by the injected material (MAGNADÓTTIR, 2006). The observed 
physiological stabilization suggests that the chitosan nanoparticles were 
well-tolerated by the host tissue and did not induce prolonged inflam
matory stress, a critical requirement for safe vaccine delivery systems.

3.3. Specific humoral immune response (serum antibody titers)

Serum antibody titers against Vibrio harveyi differed significantly 
among the experimental groups on both days 21 and 28 post-vaccination 
(Fig. 6), reflecting the different physicochemical forms of the adjuvants. 
At day 21, most vaccinated groups exhibited antibody titers comparable 
to or slightly higher than the PBS control. However, by day 28, a distinct 
divergence in immune sustainment was recorded. The antibody titers in 
groups vaccinated with soluble chitosan derivatives, including LV- 
chitosan and chitosan lactate (Chi-L), failed to maintain high levels. 
Specifically, the Chi-L group exhibited titers (22.62) that were statisti
cally lower than the PBS control (22.93) (P < 0.05). This significant 
decline suggests that the high water solubility of chitosan lactate may 
lead to rapid dissociation and clearance of the antigen from the injection Fig. 3. FTIR spectra of chitosan derivatives.

Fig. 4. Particle size distribution of chitosan nanoparticles (Chi-N) determined 
by DLS. The unimodal peak with a low PDI (0.241) confirms a highly uniform 
colloidal suspension with a Z-average diameter of ~210 nm.
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site, thereby limiting the duration of immune stimulation. It is also 
possible that prolonged elevation of antibody titers can impose signifi
cant metabolic costs in fish, leading to a strategic down-regulation of 
humoral responses once protective immunity is established. Such 

immune modulation is consistent with energy trade-offs between im
mune function and other vital biological processes (MAGNADÓTTIR, 
2006; LOCHMILLER and DEERENBERG, 2000; SHELDON and VER
HULST, 1996)

Fig. 5. Serum lysozyme concentration of sea bass at 21 days post-vaccination. Bars represent mean ± SD (n = 3). No significant differences were observed among 
treatments (P > 0.05).

Fig. 6. Specific serum antibody titers (Log2) of Asian sea bass (Lates calcarifer) against Vibrio harveyi on days 21 and 28 post-vaccination. Note: Data are presented as 
mean ± SD (n = 3). Different lowercase letters indicate statistically significant differences between experimental groups of the same day (P < 0.05). Abbreviations: 
PBS: Phosphate-buffered saline (negative control); Chi: LV-chitosan; Chi-L: Chitosan lactate; Chi-N: Nanochitosan; Freu: Freund’s Complete Adjuvant (posi
tive control).
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Regarding the nanochitosan (Chi-N) formulation, it demonstrated a 
clear and significant adjuvant effect compared to the negative controls, 
although it did not reach the peak magnitude of the oil-based positive 
control. Indeed, the level of antibody titer of the Chi-N group (23.29) was 
significantly higher than both the PBS and Chi-L groups (P < 0.05) on 
day 28 post-vaccination. While this level remained statistically lower 
than that of Freund’s Complete Adjuvant (FCA) (24.73), which main
tained the highest titers throughout the experiment. Chi-N distinguished 
itself as the only biodegradable formulation to elicit a response signifi
cantly superior to the PBS control. These results reflect a clear hierarchy 
in long-term adjuvant potency: FCA > Nanochitosan > PBS ≥ Soluble 
Derivatives.

The superior antibody response induced by Chi-N is consistent with 
previous findings in other fish species. In orally vaccinated turbot, the 
chitosan/aluminum formulation was the only treatment to produce a 
significant serum antibody increase at 20 days post-vaccination and 
generated the highest response at day 26 (JIN et al., 2021). In Nile 
tilapia, an antigen-loaded chitosan/β-glucan nanovaccine elicited 
significantly higher specific serum IgM than the formalin-inactivated 
vaccine and control groups at 14 and 28 days post-vaccination 
(NANDHAKUMAR et al., 2025). Likewise, a chitosan-coated nano
emulsion produced significantly higher serum IgM than a 
formalin-killed bacterin in striped catfish throughout 1–21 days 
post-vaccination, with the systemic response increasing toward day 21 
(KITIYODOM et al., 2025). Although differences in species, vaccination 
route, vaccine composition, and antibody assays prevent direct numer
ical comparison, these findings collectively support the capacity of 
particulate chitosan formulations to enhance sustained humoral im
munity. The present results further demonstrate that nanochitosan is 
more effective than soluble LV-chitosan and chitosan lactate when the 
formulations are compared using the same antigen, administration 
route, and chitosan source.

The superiority of FCA is attributed to its composition containing 
non-biodegradable mineral oils, which form a permanent depot at the 
injection site, continuously releasing antigens over a prolonged period 
(MIDTLYNG et al., 1996; GUY, 2007). However, this high potency comes 
at the cost of local reactions, as evidenced by the intra-abdominal resi
dues (see Fig. 7). In contrast, while nanochitosan did not match the 
potency of the oil emulsion, its performance was higher than that of 
soluble chitosan forms. This difference may be related to the "structur
e-property relationship", particularly its particle size and electrostatic 
characteristics. Based on previous studies, particulate chitosan formu
lations have been proposed to function as temporary antigen depots, 
potentially prolonging antigen retention at the injection site and facili
tating antigen uptake by antigen-presenting cells (AGNIHOTRI et al., 

2004; BACHMANN and JENNINGS, 2010). Although this biodegradable 
depot eventually breaks down, resulting in lower long-term titers than 
the permanent Freund’s depot, it offers a residue-free alternative that 
still significantly boosts immunity compared to non-adjuvanted 
vaccines.

Therefore, while nanochitosan has not yet achieved equivalence to 
the "gold standard" FCA in terms of antibody magnitude, it represents a 
promising biodegradable alternative, offering a balanced trade-off be
tween immunogenicity and biological safety.

3.4. Comprehensive evaluation and future perspectives

The findings of this study reveal that, among the chitosan derivatives 
derived from molted shrimp shells, chitosan nanoparticles (Chi-N) is a 
promising candidate for vaccine delivery. The effectiveness of chitosan- 
based adjuvants is dependent on their physicochemical properties, 
including particle size, surface charge, and cross-linking density, which 
are largely determined by the preparation process (KUMAR et al., 2004). 
Therefore, future studies should focus on adjusting these parameters to 
maximize the immunogenic potential of nanochitosan.

In terms of comparative efficacy, although Chi-N demonstrated the 
best performance among the biodegradable groups, it did not fully equal 
the potency of Freund’s Complete Adjuvant (FCA) due to its non- 
biodegradable mineral oil composition, which creates a permanent an
tigen depot. FCA left significant macroscopic residues within the peri
toneal cavity, while Chi-N provides a substantial immune boost, without 
leaving any visible persistent residues. Although these macroscopic 
observations are consistent with the biodegradable nature of nano
chitosan, histological examination or quantitative assessment of mate
rial degradation would be required in future studies to confirm in vivo 
biodegradation. Nevertheless, these findings suggest that nanochitosan 
achieves a favorable balance between immunogenicity and biodegrad
ability, highlighting its potential as a sustainable vaccine adjuvant for 
aquaculture.

Nevertheless, the present study has several limitations. Although 
enhanced antibody responses demonstrated improved humoral immu
nogenicity, protective efficacy against Vibrio harveyi infection could not 
be directly confirmed because a pathogen challenge experiment was not 
performed. Furthermore, the immunological evaluation was limited to 
serum antibody titers and lysozyme activity, which were selected as 
established indicators of adaptive and innate immune responses 
(TAFALLA et al., 2013) to compare the relative adjuvant performance of 
the different chitosan formulations. Additional immune parameters, 
including complement activity, respiratory burst activity, and cytokine 
expression, were not investigated and could provide further mechanistic 

Fig. 7. Macroscopic observation of the peritoneal cavity of Asian sea bass at 28 days post-vaccination. (Left) Fish injected with Freund’s Complete Adjuvant (FCA), 
showing persistent white nodular aggregates (blue arrows), characteristic of non-biodegradable oil depots. (Right) Fish injected with Nanochitosan (Chi-N) adjuvant 
showing a clean abdominal cavity with no visible residues.
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insight into the immunostimulatory effects of nanochitosan (TAFALLA 
et al., 2013). Likewise, the proposed mechanisms underlying the 
enhanced humoral response of nanochitosan, including prolonged an
tigen retention, depot formation, and improved antigen presentation, 
were not directly evaluated. Consequently, the enhanced antibody 
response observed in the Chi-N group should be interpreted as being 
consistent with these proposed mechanisms. Future studies should 
therefore combine bacterial challenge experiments (LE et al., 2021) with 
broader immunological analyses, antigen-release kinetics, histological 
evaluation, and cellular immune assays to comprehensively assess both 
the protective efficacy and the mechanisms of action of nanochitosan as 
a vaccine adjuvant.

4. Conclusion

This study successfully demonstrated the potential of valorizing 
molted shrimp shells, an abundant yet undervalued byproduct, into 
high-value vaccine adjuvants for aquaculture. The comparative assess
ment revealed that the adjuvanticity of chitosan is strictly governed by 
its physicochemical form. While soluble derivatives (LV-chitosan and 
Chi-L) failed to sustain long-term immunity, the particulate engineering 
of chitosan into nanoparticles (Chi-N) significantly enhanced antibody 
production against Vibrio harveyi, achieving titers significantly higher 
than the non-adjuvanted control. Although the immune response eli
cited by nanochitosan did not reach the magnitude of the oil-based 
Freund’s Complete Adjuvant (FCA), it offered a favorable safety pro
file. Unlike FCA, which resulted in the accumulation of persistent 
macroscopic residues in the peritoneal cavity, no visible macroscopic 
residues were observed in fish vaccinated with nanochitosan. This 
observation is consistent with the expected biodegradability of chitosan 
but does not directly demonstrate in vivo biodegradation. These findings 
suggest that Chi-N can be a promising alternative adjuvant that balances 
the trade-off between immunogenicity with biological compatibility. 
Future work should focus on optimizing particle characteristics to 
further bridge the efficacy gap with commercial oil adjuvants, paving 
the way for sustainable "green" vaccination strategies in fish farming.
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A B S T R A C T

White spot disease caused by Cryptocaryon irritans remains a major challenge in marine aquaculture, particularly 
in intensive cage-culture systems. This study evaluated the antiparasitic activity of silver nanoparticles (AgNPs) 
against two critical developmental stages of C. irritans and assessed their acute toxicity in juvenile golden 
pompano (Trachinotus spp.). AgNPs were tested in seawater at concentrations of 0, 0.25, 0.50, 1.00, 2.00, and 
5.00 ppm. Protomont-to-tomont development was monitored after 24 and 48 h of exposure, whereas theront 
survival was evaluated after 1 h. Acute toxicity to juvenile Trachinotus spp. was assessed during a 96-h immersion 
exposure. AgNPs significantly inhibited protomont-to-tomont development in a concentration-dependent 
manner. Tomont formation was markedly suppressed at concentrations ≥ 1.00 ppm and completely inhibited 
at 5.00 ppm. Theronts were susceptible to AgNP exposure, with survival decreasing from 83.3 ± 5.8% in the 
control to 4.7 ± 2.9% at 0.50 ppm, while complete mortality occurred at concentrations ≥ 1.00 ppm. Toxicity 
assays in juvenile fish showed no mortality at 0.25 and 0.50 ppm, whereas the 96-h LC50 was estimated at 
1.42 ppm. These findings demonstrate that AgNPs can inhibit the development and survival of C. irritans under 
experimental seawater conditions, particularly during the theront stage. However, the relatively narrow margin 
between antiparasitic activity and host toxicity highlights the need for further optimization of exposure condi
tions and safety evaluation prior to practical application in marine aquaculture.

1. Introduction

White spot disease caused by Cryptocaryon irritans remains one of the 
major constraints to intensive marine fish aquaculture, particularly in 
coastal cage-culture systems and industrial-scale hatchery production 
(Dan et al., 2006; Yin et al., 2019). This ciliate parasite primarily infects 
the skin and gills of fish, causing epithelial damage, respiratory 
dysfunction, reduced growth performance, and severe mortality under 
heavy infection intensity (Li et al., 2022; Noga, 2010). In Vietnam, 
together with the rapid expansion of marine aquaculture, particularly 
for high-value species such as groupers, cobia, and golden pompano 
(Trachinotus spp.), outbreaks of C. irritans have become increasingly 
common and economically significant for farmers (Anh et al., 2025b).

Current control strategies for marine white spot disease remain 
limited due to the complex life cycle of C. irritans. The life cycle of 
C. irritans includes three major developmental stages: the trophont on 

the host, the encysted tomont in the environment, and the free- 
swimming theront. Mature trophonts develop within the epithelial tis
sues of the skin and gills and subsequently leave the fish as protomonts, 
which settle on the substrate and encyst as tomonts or tomocysts. Within 
the tomocyst, repeated division produces numerous tomites, which later 
emerge as infective theronts and seek a new host. Theronts are free- 
swimming infective stages that are relatively sensitive to chemical 
treatments, whereas tomonts exhibit high resistance because of their 
protective cyst wall and prolonged survival capability in the benthic 
environment (Colorni and Burgess, 1997; Dung, 2022; Fridman, 2022). 
These differences in susceptibility among developmental stages often 
result in only temporary treatment efficacy and make it difficult to 
completely interrupt the parasite transmission cycle in marine farming 
systems.

In recent years, silver nanoparticles (AgNPs) have attracted 
increasing attention for aquatic disease control because of their broad- 
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spectrum antimicrobial and antiparasitic properties (Marambio-Jones 
and Hoek, 2010; Márquez et al., 2018). Due to their nanoscale size 
(1–100 nm) and high surface area-to-volume ratio, AgNPs can interact 
with microbial cell membranes and release Ag⁺ ions, thereby disrupting 
cellular structure and physiological function in pathogenic organisms 
(Morones et al., 2005; Rai et al., 2009). In aquaculture, AgNPs have been 
investigated for controlling bacterial, fungal, and parasitic pathogens, 
particularly in studies evaluating alternative approaches to disease 
management in intensive farming systems (Márquez et al., 2018; Saad 
et al., 2024).

However, the effectiveness of AgNPs in marine environments re
mains controversial. High salinity and ionic strength can alter the sur
face characteristics of AgNPs, affecting Ag⁺ release and the 
bioavailability of silver in aquatic systems (Behra et al., 2013). Under 
chloride-rich conditions, AgNPs may also undergo chlorination, forming 
AgCl or AgClx complexes, thereby altering their biological toxicity 
(Levard et al., 2013). In addition, seawater may promote aggregation 
and precipitation of AgNPs, reducing nanoparticle stability and limiting 
biological interactions (Zhang et al., 2018). For C. irritans, these limi
tations may be even more pronounced because the tomont stage is 
enclosed within a thick cyst wall that provides high resistance against 
chemotherapeutics and adverse environmental conditions (Colorni and 
Burgess, 1997; Yin et al., 2019). Therefore, evaluating the susceptibility 
of C. irritans at different developmental stages to AgNPs under seawater 
conditions is necessary to better understand both the antiparasitic po
tential and the practical limitations of these nanomaterials in marine 
aquaculture.

Despite their promising applications, the use of AgNPs in aquacul
ture also raises concerns regarding biosafety and environmental toxicity. 
Exposure to AgNPs may induce oxidative stress, impair physiological 
functions, and cause tissue damage in fish when exposure exceeds safe 
thresholds (Gagné et al., 2012). Moreover, the toxicity of AgNPs to fish 
gill cells can vary considerably depending on environmental composi
tion and nanoparticle aggregation status (Yue et al., 2015). In marine 
fish, the risk of toxicity may be greater because osmoregulatory physi
ology requires continuous seawater intake, potentially increasing metal 
uptake and accumulation.

Golden pompano (Trachinotus spp.) is one of the most economically 
important marine fish species cultured in Vietnam and is particularly 
sensitive during the juvenile stage to environmental fluctuations and 
chemical exposure (Boi et al., 2025; Van Quang and Binh, 2023). 
Nevertheless, scientific information regarding the acute toxicity and 
safety thresholds of AgNPs for this species remains limited.

Therefore, the present study aimed to: (i) evaluate the effects of 
AgNPs on the survival and development of C. irritans during two critical 
life-cycle stages (protomont/tomont and theront) under in vitro condi
tions; and (ii) determine the acute toxicity and 96-h LC50 of AgNPs in 
juvenile golden pompano (Trachinotus spp.). Rather than proposing 
immediate therapeutic application, this preliminary study aimed to 
evaluate parasite susceptibility and identify potential biosafety limita
tions of AgNP exposure under seawater conditions.

2. Materials and methods

2.1. Experimental materials

The parasite C. irritans used in this study was isolated from three 
naturally infected cage-cultured golden pompano (Trachinotus spp.; 
n = 3), which were used as the source of parasite, and maintained under 
laboratory conditions following the method described by (Anh et al., 
2025b). In general, infected fish were maintained in aerated seawater 
tanks to allow the parasite to complete its life cycle. Protomonts de
tached naturally from infected fish and settled onto the tank bottom, 
where they developed into tomonts under controlled conditions. Ther
onts released from mature tomonts were collected periodically and used 
for subsequent in vitro experiments. Prior to each experiment, parasite 

developmental stages were morphologically identified under light 
microscopy.

Healthy juvenile golden pompano were obtained from a marine fish 
hatchery in Quang Ninh Province, Vietnam. Fish had an average body 
length of 5.5–6.5 cm and body weight of 4.0–6.0 g. Prior to the exper
iments, individuals were clinically examined and screened for parasitic 
infections by fresh examination of skin and gill samples.

Fish were acclimated in 250-L plastic tanks at a density of 50 in
dividuals per tank for 14 days before experimentation. Filtered and 
disinfected natural seawater was used and maintained at a salinity of 
30 ± 1‰. Water quality parameters, including temperature, pH, dis
solved oxygen (DO), NH4

+/NH3
–, and NO2

–, were monitored daily. During 
the acclimation period, the fish were fed a commercial pellet diet con
taining 40% crude protein twice daily at approximately 5% of total body 
weight.

All experimental procedures involving animals were conducted to 
minimize stress and unnecessary adverse effects on the experimental 
fish.

2.2. Preparation of AgNPs

The silver nanoparticle formulation used in this study was a self- 
synthesized AgNPs–chitosan suspension containing AgNPs at a stock 
concentration of 2000 ppm and 0.1% (w/v) chitosan as a stabilizing 
agent. Before use, the suspension was gently homogenized and diluted 
with sterile seawater (30‰) to obtain final experimental concentrations 
of 0, 0.25, 0.50, 1.00, 2.00, and 5.00 ppm AgNPs. The corresponding 
volumes of stock solution added to the treatment media were 0.125, 
0.25, 0.50, 1.00, and 2.50 mL/L sterile seawater, respectively.

The selected concentrations were based on previous studies on the 
biological activity and toxicity of AgNPs in aquatic organisms, particu
larly nanosilver concentrations of 0.1–1.5 ppm tested against Ich
thyophthirius multifiliis and acute toxicity ranges reported for juvenile 
fish, and were further adjusted based on seawater conditions and pre
liminary screening results from this study (Dung, 2022; Johari et al., 
2013; Yue et al., 2015; Zhang et al., 2018). During preparation and 
exposure, treatments were periodically observed for visible changes in 
color, aggregation, or precipitation of AgNPs in seawater.

2.3. Preparation of Cryptocaryon irritans protomonts and theronts

After trophonts detached from the host fish, protomonts were 
collected using a bottom-collection system and filtered through a 
30–50 µm mesh to remove organic debris and impurities.

Samples were lightly centrifuged at 1500 rpm for 3 min, and the 
pellet containing protomonts was retained and incubated in sterile 
seawater at 28–30ºC for 18–24 h to allow development into tomonts.

Morphologically normal protomonts were selected under a light 
microscope and transferred into Falcon 24-well plates at a density of 10 
individuals per well in 2 mL sterile seawater. Each well was considered 
an independent experimental unit.

Theronts were collected immediately after tomont excystment and 
used for subsequent experiments.

2.4. In vitro exposure experiments

Two independent experiments were conducted to evaluate the sus
ceptibility of critical developmental stages of C. irritans: (1) protomont- 
to-tomont development, and (2) theront survival following exposure to 
AgNPs. Experimental procedures were designed to evaluate the direct 
response of the parasite to AgNPs with minor modifications based on the 
method described by Kim et al. (2026).

2.4.1. Effect of AgNPs on protomont-to-tomont development
This experiment was conducted to evaluate the effects of AgNPs on 

the development of protomonts into mature tomonts and the subsequent 
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development of the parasite.
Each well of a 24-well plate contained 10 protomonts in 2 mL sterile 

seawater supplemented with AgNPs at concentrations of 0, 0.25, 0.50, 
1.00, 2.00, and 5.00 ppm. Each treatment was performed in triplicate.

The plates were incubated at 28–30ºC. Tomont formation and sub
sequent development were observed after 24 and 48 h under a light 
microscope. Tomonts were considered successfully developed when a 
complete cyst wall was formed, and internal cell division activity was 
observed within the cyst.

2.4.2. Effect of AgNPs on theront survival
This experiment was conducted to evaluate the direct effects of 

AgNPs on theront survival, representing the infective stage of C. irritans.
Theronts released from tomonts were collected and quantified using 

a Neubauer counting chamber. Each well contained approximately 
20–25 theronts in 2 mL sterile seawater supplemented with AgNPs at 
concentrations identical to those used in the protomont-to-tomont 
development experiment. Each treatment was conducted in triplicate.

After 1 h exposure at 28ºC, theronts were examined microscopically. 
Theronts were considered alive when active swimming behavior and 
normal morphology were maintained. Immobile, deformed, or non- 
swimming individuals were recorded as dead.

2.5. Acute toxicity test on juvenile Trachinotus spp

The acute toxicity assay was conducted according to OECD guideline 
203 (Fish Acute Toxicity Test) with minor modifications appropriate for 
marine fish conditions. A total of 144 juvenile fish were used in the acute 
toxicity assay, followed the method described by Anh et al. (2025a), 
with six treatments, three replicates per treatment and eight fish per 

tank. Fish were maintained in 20-L plastic tanks containing 15 L 
seawater at 30‰ salinity with AgNP concentrations of 0, 0.25, 0.50, 
1.00, 2.00, and 5.00 ppm.

The experiment was conducted under a semi-static exposure system, 
in which 50% of the water volume was renewed every 24 h and 
replenished with the corresponding AgNP concentration to maintain 
relatively stable exposure conditions and minimize water quality 
fluctuations.

Fish mortality was recorded at 24, 48, and 96 h post-exposure. 
Behavioral and physiological indicators, including swimming activity, 
response to external stimuli, equilibrium status, respiratory activity, and 
mucus secretion, were periodically monitored throughout the experi
ment. Dead fish were removed immediately after detection to minimize 
deterioration of water quality and effects on the remaining fish.

2.6. Statistical analysis

Data were analyzed using SPSS version 27.0 (IBM Corp., USA). 
Protomont-to-tomont development data were analyzed using one-way 
ANOVA followed by Tukey’s post hoc test to determine differences 
among treatments (p < 0.05). Theront survival data were analyzed using 
the Kruskal-Wallis test. Results are presented as mean ± standard de
viation (SD).

The 96-h LC50 value was estimated using Probit analysis with 95% 
confidence intervals (95% CI). Kärber’s formula (1931) was additionally 
used as a supplementary reference method for rapid LC50 estimation 
when appropriate (Vu et al., 2024). Kaplan-Meier survival analysis was 
used to evaluate the probability of fish survival during AgNP exposure.

Fig. 1. Effect of AgNP exposure on tomont formation of Cryptocaryon irritans after 24 and 48 h incubation. Values are presented as mean ± SD (n = 3). Different 
lowercase and uppercase letters indicate significant differences among treatments at 24 h and 48 h, respectively (Tukey’s test, p < 0.05).
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3. Results

3.1. Effects of AgNPs on tomont formation of Cryptocaryon irritans

Exposure of protomonts to AgNPs significantly reduced their ability 
to develop into tomonts in a concentration-dependent manner (Fig. 1). 
In the control treatment, tomont formation remained high, reaching 
51.7 ± 7.6% and 76.7 ± 5.8% after 24 and 48 h, respectively.

At lower AgNP concentrations (0.25–0.50 ppm), tomont formation 
was significantly reduced compared with the control group (p < 0.05). 
After 24 h exposure, tomont formation rates at 0.25 and 0.50 ppm were 
28.3 ± 7.6% and 25.0 ± 5.0%, respectively, while corresponding values 
after 48 h increased to 36.7 ± 2.9% and 30.0 ± 0.0%.

A pronounced inhibitory effect on parasite development was 
observed at concentrations ≥ 1.00 ppm. At 1.00 ppm, tomont formation 
decreased to 3.3 ± 2.9% and 10.0 ± 5.0% after 24 and 48 h exposure, 
respectively. At 2.00 ppm, tomont formation was almost completely 
inhibited, with only 1.7% recorded after 48 h. No tomont formation was 
observed at 5.00 ppm throughout the experimental period.

Tukey’s post hoc analysis revealed significant differences among 
treatments at both observation times (p < 0.05). After 24 h, the control 
group differed significantly from all AgNP-treated groups, while treat
ments ≥ 1.00 ppm exhibited strong inhibitory effects on protomont 
development. A similar trend was observed after 48 h, with increasing 
inhibition at higher AgNP concentrations.

During host infection, trophonts were observed between gill 
lamellae, exhibiting a spherical morphology, active movement, and 
attachment to host gill tissues (Fig. 2A). Localized hemorrhage, gill 
tissue damage, and excessive mucus secretion were observed at infection 
sites.

Following incubation under experimental conditions, tomonts in the 
control group maintained normal morphology, characterized by a reg
ular spherical shape, distinct cyst wall, and homogeneous internal 
structure (Fig. 2B). No deformation or structural disruption was 
observed.

In contrast, tomonts exposed to AgNPs for 24 h exhibited marked 
morphological abnormalities (Fig. 2C). Treated tomonts lost their 
characteristic spherical morphology, while the cyst structure became 
disrupted, and internal contents appeared disorganized compared with 
the control group. In addition, floc-like aggregates of organic material 
were observed surrounding the tomonts, which may be associated with 
cellular degradation and/or AgNP aggregation under seawater 
conditions.

3.2. Effects of AgNPs on theront survival

AgNP exposure significantly reduced theront survival after 1 h 

exposure (Fig. 3). Theront survival remained high in the control group 
(83.5 ± 7.8%) and decreased markedly with increasing AgNP 
concentration.

At 0.25 ppm, theront survival decreased to 47.7 ± 6.0%, which was 
significantly lower than the control group (p < 0.05). Increasing the 
concentration to 0.50 ppm further reduced survival to 4.6 ± 4.5%. 
Complete immobilization of theronts was observed at concentrations 
≥ 1.00 ppm, where no surviving theronts were detected during the 
observation period.

Statistical analysis revealed significant differences among treatments 
(p < 0.05) and demonstrated that theronts were substantially more 
sensitive to AgNP exposure than were tomonts.

3.3. Acute toxicity of AgNPs in juvenile Trachinotus spp

Water quality parameters remained stable throughout the experi
ment, with no significant differences observed between the control and 
AgNP-treated groups. pH ranged from 7.7 to 8.3, temperature from 25.0 
to 29.0◦C, dissolved oxygen from 4.0 to 7.0 mg/L, and salinity was 
maintained at 30‰. NH4

+/NH3 and NO2
– concentrations remained within 

acceptable ranges for marine fish culture. Overall, environmental con
ditions were maintained within suitable physiological ranges for the 
experimental fish. Therefore, changes in survival and clinical signs 
observed in the treatments were considered primarily associated with 
AgNP exposure rather than environmental fluctuations.

During the experiment, fish exposed to higher AgNP concentrations 
exhibited several abnormal behavioral and physiological signs. At 2.00 
and 5.00 ppm, fish showed reduced swimming activity, slower response 
to external stimuli, increased respiratory activity, and excessive mucus 
secretion prior to mortality. These signs appeared earlier and were more 
severe at 5.00 ppm.

The acute toxicity assay demonstrated that AgNP-induced mortality 
was concentration- and time-dependent (Fig. 4). No mortality was 
observed in the control, 0.25 ppm, or 0.50 ppm treatments throughout 
the 96-h exposure period.

At 1.00 ppm, cumulative mortality remained low at 4.2% after 96 h 
of exposure. In contrast, fish mortality at 2.00 ppm increased progres
sively over time. Kaplan-Meier analysis showed that fish survival 
decreased from 79.2% at 24 h to 58.3% at 48 h, and then further 
declined to 20.8% at 96 h of exposure. At the highest concentration 
(5.00 ppm), AgNPs caused severe acute toxicity, with survival proba
bility decreasing to 4.2% after 24 h and complete mortality occurring 
before 48 h exposure. The 96-h LC50 value was estimated at 1.42 ppm by 
probit analysis (p > 0.05), indicating that AgNPs exert acute toxicity 
toward juvenile golden pompano under seawater conditions.

Fig. 2. Microscopic morphology of Cryptocaryon irritans following exposure to AgNPs. (A) Trophonts attached to the gill tissue of infected fish; (B) Normal tomont 
morphology observed in the control group, showing an intact spherical structure and homogeneous internal contents; (C) Damaged tomont following AgNP exposure, 
showing irregular morphology and disrupted cyst structure, and leakage/disorganization of internal contents. (A: 4x magnification, Scale bar = 200 µm; B–C: 40 ×

magnification, Scale bar = 50 µm).
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4. Discussion

The present study demonstrated that AgNP exposure inhibited the 
development and survival of multiple developmental stages of Crypto
caryon irritans under seawater conditions (30‰), although parasite 
susceptibility varied substantially among life stages. Theronts were 
markedly more sensitive than protomonts/tomonts, exhibiting complete 
loss of motility at concentrations ≥ 1.00 ppm after short-term exposure. 
However, the concentrations associated with antiparasitic activity were 
relatively close to those inducing acute toxicity in juvenile golden 

pompano, highlighting a relatively narrow biosafety margin for AgNP 
application under marine aquaculture conditions.

AgNPs significantly inhibited the development of protomonts into 
mature tomonts, particularly at concentrations ≥ 1.00 ppm. These 
findings are consistent with the study of Saleh et al. (2017) on Ich
thyophthirius multifiliis, a freshwater parasitic ciliate with a life cycle 
relatively similar to that of C. irritans. Their study demonstrated that 
AgNPs could kill theronts and suppress tomont reproduction after 
short-term exposure. Similarly, Dung (2022) reported that silver nano
particles effectively affected the trophont and tomont stages of 

Fig. 3. Effect of AgNPs on theront survival of Cryptocaryon irritans after 1 h exposure Bars represent mean ± SD (n = 3), while dots indicate individual replicates. 
Different lowercase letters indicate significant differences among treatments (p < 0.05).

Fig. 4. Kaplan-Meier survival curves of juvenile Trachinotus spp. exposed to different concentrations of AgNPs during a 96-h acute toxicity assay.

K.M. Anh et al.                                                                                                                                                                                                                                  Regional Studies in Marine Science 101 (2026) 105314 

5 



I. multifiliis infecting snakehead fish, Channa argus, under in vitro con
ditions. The similarity among these studies suggests that free-living and 
reproductive transition stages of parasitic fish ciliates may share a 
relatively similar sensitivity to AgNPs.

Morphological observations in the present study showed that AgNP- 
treated protomonts exhibited deformation of cyst-like structures, loss of 
their characteristic spherical morphology, and leakage of internal con
tents compared with the intact structures observed in the control group. 
These alterations suggest that AgNP exposure may interfere with normal 
parasite development and could be associated with structural or physi
ological disruption of parasite cells. This interpretation is consistent 
with previously proposed mechanisms of AgNP toxicity, including 
disruption of membrane permeability, oxidative stress, and interactions 
between Ag+ ions and sulfhydryl (-SH)-containing membrane proteins 
(Marambio-Jones and Hoek, 2010; Morones et al., 2005; Rai et al., 
2009).

The biological activity of AgNPs in seawater should be interpreted 
within the context of silver transformation processes in ion-rich envi
ronments. The bioavailability of AgNPs and Ag⁺ may be substantially 
altered by oxidation, dissolution, complex formation, and interactions 
with chemical constituents in the aquatic environment. Behra et al. 
(2013) and Zhang et al. (2018) demonstrated that AgNPs may un
dergo several transformation processes in aquatic systems, including 
oxidative dissolution, chlorination, sulfidation, and aggregation, 
thereby altering particle size, dispersion state, bioavailability, and 
toxicity. In addition, Levard et al. (2013) reported that the ionic 
composition of the environment, particularly chloride ions, plays an 
important role in controlling the chemical speciation and behavior of 
silver in seawater. Therefore, the aggregated organic-like materials 
observed around the protomont surface in the present study may reflect 
both parasite cell degradation and AgNP transformation under seawater 
conditions.

Another factor that should be considered is the role of the chitosan 
coating in the AgNPs–chitosan system used in this study. Chitosan may 
improve nanoparticle dispersion and reduce aggregation in aqueous 
environments, while its positive charge may influence interactions be
tween the nanoformulation and parasite cell surfaces. Consequently, the 
antiparasitic activity observed in the present study may not be solely 
attributable to AgNPs themselves but could also be influenced by the 
surface characteristics of the chitosan-coated nanoformulation. How
ever, under highly ionic seawater conditions, the dispersion behavior of 
the AgNPs–chitosan system may change substantially, thereby affecting 
the bioavailability and biological activity of the nanoparticles. This may 
partly explain the appearance of floc-like structures or aggregated 
organic materials surrounding the protomonts in the present study. 
Nevertheless, because a chitosan-only control treatment was not 
included, the individual contribution of the chitosan coating to the 
observed antiparasitic activity could not be completely distinguished 
from the effects of AgNPs. Therefore, further studies are required to 
specifically evaluate the role of chitosan coating in the stability, anti
parasitic activity, and biological toxicity of AgNPs under seawater 
conditions.

Theronts were considerably more sensitive to AgNP exposure than 
protomonts/tomonts. After only 1 h of exposure, theronts in treatments 
≥ 1.00 ppm completely lost motility and exhibited obvious structural 
deformation in the aquatic environment. This may be related to the 
biological characteristics of theronts, which are free-swimming stages 
with small body size and lack the protective cyst wall of tomonts, 
making them more vulnerable to direct exposure to AgNPs and Ag+ ions 
in the surrounding water. These findings are consistent with the study of 
Saleh et al. (2017), in which AgNPs showed pronounced inhibitory ef
fects against theronts of I. multifiliis following short-term exposure. In 
addition, Kumari et al. (2025) reported antiparasitic effects of AgNPs 
against the fish ectoparasite Argulus siamensis. Although the target or
ganism in that study was a crustacean ectoparasite rather than a pro
tozoan ciliate, the findings suggest that AgNP-based nanoformulations 

may have broader applicability against aquatic parasites.
Abnormal behavioral responses observed in Trachinotus spp. exposed 

to AgNPs included reduced swimming activity, delayed responses to 
external stimuli, increased respiratory activity, and excessive mucus 
secretion, suggesting that AgNPs may affect respiratory function and gill 
physiology in fish. Gagné et al. (2012) reported that AgNPs could induce 
biological responses in rainbow trout associated with oxidative stress 
and inflammatory pathways. Furthermore, Yue et al. (2015) demon
strated that environmental composition and nanoparticle aggregation 
state may substantially influence the toxicity of AgNPs toward fish gill 
cells. This is particularly important under seawater conditions, where 
salinity and ionic composition may simultaneously alter nanoparticle 
dispersion, bioavailability, and toxicity.

Although AgNPs demonstrated inhibitory activity against C. irritans, 
the present study also demonstrated considerable acute toxicity to ju
venile golden pompano. The 96-h LC50 value was determined to be 
1.42 ppm, indicating acute toxicity of AgNPs under seawater conditions. 
This toxicity level is comparable to that reported in several previous 
studies on fish species. Johari et al. (2013), for example, reported a 96-h 
LC50 value of 2.16 mg/L for AgNPs in juvenile rainbow trout Onco
rhynchus mykiss. Differences among studies may be related to fish spe
cies, developmental stage, nanoparticle characteristics, stabilizing 
coatings, salinity, and exposure conditions. These findings suggest that 
the biosafety margin of AgNPs under seawater conditions may be rela
tively narrow, particularly for juvenile marine fish.

The narrow gap between concentrations effective against the para
site and those toxic to fish suggests that the biosafety margin of AgNPs 
may be relatively limited. Therefore, prolonged treatment strategies in 
marine aquaculture systems should be interpreted with caution. Future 
studies should combine comparative cost–benefit analysis with assess
ments of efficacy, chronic toxicity, bioaccumulation potential, envi
ronmental persistence, biosafety, and environmental risk, as well as 
optimization of exposure conditions and delivery strategies. Such in
formation will be necessary to determine whether AgNP-based ap
proaches can be developed into safe, environmentally acceptable, and 
economically feasible tools for marine aquaculture.

From an economic and practical perspective, the use of AgNPs for 
fish disinfection or disease control should be interpreted with caution. 
Although the present findings demonstrate antiparasitic activity against 
C. irritans under experimental conditions, the feasibility of commercial 
application remains uncertain and will depend on several factors, 
including product cost, effective dose, treatment frequency, labor re
quirements, environmental management, and overall cost-effectiveness 
relative to existing treatment and disinfection methods. These limita
tions may be particularly important in open marine cage-culture sys
tems, where continuous water exchange, dilution, currents, and tidal 
movements make it difficult to maintain an effective treatment con
centration. Under such conditions, repeated applications or larger 
quantities of AgNPs may be required, potentially increasing treatment 
costs and reducing practical feasibility. Because the present study did 
not include an economic assessment, no conclusions can yet be drawn 
regarding the commercial viability or widespread adoption of AgNP- 
based treatments. At the current stage, controlled hatchery systems, 
short-term water treatment, or localized reduction of theront density 
may represent more realistic settings for further evaluation than routine 
application in open or large-scale mariculture systems.

Several limitations of the present study should be considered when 
interpreting these findings. First, the study evaluated only short-term 
acute toxicity and did not assess chronic effects, bioaccumulation in 
fish tissues, or silver residue in rearing environments. Second, the 
physicochemical properties of AgNPs in seawater, including particle size 
distribution, zeta potential, and aggregation behavior, were not char
acterized during the experiments. In addition, the study was conducted 
under in vitro and semi-controlled conditions without field-scale vali
dation. Therefore, the present findings should be regarded as pre
liminary evidence obtained under controlled experimental conditions 
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rather than direct support for the field-scale therapeutic application of 
AgNPs in marine aquaculture systems.

5. Conclusion

This study demonstrated that AgNPs can inhibit the development 
and survival of Cryptocaryon irritans under experimental conditions, 
particularly during the infective theront stage, while suppressing 
protomont-to-tomont development in a concentration-dependent 
manner. However, the relatively narrow margin between antiparasitic 
activity and acute toxicity in juvenile Trachinotus spp. highlights the 
importance of further optimization and biosafety evaluation before 
practical application in mariculture systems.

The findings suggest that AgNPs may be more suitable for selective or 
short-term applications, such as hatchery disinfection or localized 
theront control, rather than prolonged whole-system treatments. In 
addition, the results emphasize the importance of considering nano
particle transformation, aggregation behavior, and coating stability 
under seawater conditions when evaluating the biological performance 
of AgNP-based treatments.

Further studies on chronic toxicity, bioaccumulation, nanoparticle 
stability, and optimized delivery strategies are required to clarify the 
long-term feasibility and biosafety of AgNP applications in marine fish 
farming.
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A B S T R A C T

This study investigated the effectiveness of 1.5% (w/v) chitosan coatings incorporated with red onion peel 
extract (ROPE) in improving the quality and shelf life of houndfish (Tylosurus crocodilus) during ice storage. The 
incorporation of ROPE significantly enhanced the antioxidant capacity of chitosan coatings, increasing DPPH 
radical scavenging activity from 31.6% to 74.0%. Chitosan showed antibacterial activity against Bacillus cereus 
and Salmonella enterica with an MIC of 234 µg/mL. The addition of ROPE significantly improved its effectiveness, 
lowering the MIC to 29 µg/mL (chitosan combined with 125 µg/mL ROPE). This substantial reduction highlights 
a strong synergistic interaction between chitosan and ROPE-derived phenolic compounds, significantly 
improving antibacterial activity. During 24 days of ice storage, ROPE-enriched coatings, particularly at 
500–1000 µg/mL, effectively delayed quality deterioration by suppressing microbial growth, protein degrada
tion, and lipid oxidation. These treatments maintained lower pH, total volatile basic nitrogen (TVBN), and total 
viable counts (TVC), while reducing TCA-soluble peptide formation and preserving myofibrillar protein integrity, 
as confirmed by SDS-PAGE. In addition, lipid oxidation was significantly reduced, with lower peroxide value 
(PV) and TBARS than in control and chitosan-only samples. Furthermore, ROPE incorporation improved water 
holding capacity, maintained texture, and extended sensory acceptability for up to 24 days. Pearson correlation 
analysis revealed strong negative relationships between sensory quality and spoilage indicators (pH, TVBN, TVC, 
PV, TBARS, and TCA-soluble peptides), while texture showed a positive correlation with overall acceptability, 
confirming the effectiveness of CROPE in delaying quality deterioration. Overall, 1.5% chitosan combined with 
ROPE represents a promising bioactive coating strategy for enhancing seafood quality and shelf life stability 
during ice storage.

1. Introduction

Seafood is an essential source of high-quality protein and micro
nutrients, playing a critical role in global food security. However, its 
high content of unsaturated fatty acids makes it highly susceptible to 
oxidative spoilage if not adequately preserved (Ebirim and Long, 2024; 
Siddiqui et al., 2024). Conventional preservatives such as salt, vinegar, 
and synthetic additives are widely used to extend seafood shelf life but 
may compromise sensory quality and raise safety concerns due to po
tential chemical hazards. Additionally, seafood is commonly packaged 
in plastic films to maintain freshness; however, petroleum-based mate
rials pose environmental and potential health risks (Ceballos-Santos 
et al., 2024; Rustagi et al., 2011).

Biodegradable materials include biopolymers such as 

polysaccharides (e.g., chitosan), lipids, and proteins, which are readily 
degradable, abundant, and sustainable in nature (Kumar et al., 2022). 
Among these, chitosan, derived from chitin obtained from aquatic exo
skeletons, has attracted considerable interest due to its antimicrobial 
activity, biodegradability, biocompatibility, and low toxicity 
(Jiménez-Gómez and Cecilia, 2020; Shahidi, 2007). Chitosan has been 
widely applied as an edible coating to inhibit microbial spoilage in 
seafood and meat products; however, quality deterioration during 
storage also involves oxidative reactions associated with post-mortem 
enzymatic autolysis (Özogul et al., 2004; Yaghoubi et al., 2021). 
Consequently, chitosan-based systems combined with plant-derived 
polyphenols have gained increasing interest as sustainable preserva
tion materials because of their synergistic antioxidant and antimicrobial 
properties (Eranda et al., 2024; Wang et al., 2022).
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Global onion production is approximately 100 million tons per year, 
generating over one million tons of waste such as peels, roots, and 
damaged bulbs, putting pressure on the environment if not properly 
managed (Jaganmohanrao, 2025).Red onion peel is a rich source of 
flavonoids and polyphenolic compounds, including quercetin, with 
strong antioxidant and antimicrobial potential (Barbosa et al., 2023; Roy 
et al., 2022). Previous studies demonstrated that onion peel extracts 
incorporated into chitosan films enhanced radical scavenging activity 
and inhibited foodborne pathogens such as Staphylococcus aureus and 
Escherichia coli (Wang et al., 2022). Moreover, polyphenolic compounds 
may interact with chitosan through hydrogen bonding and complex 
formation, contributing to improved film compactness and bioactivity, 
while pH-dependent release kinetics may support the sustained release 
of active compounds during storage (Popa et al., 2000). Nevertheless, 
the application of chitosan coatings enriched with red onion peel extract 
(ROPE) for seafood preservation remains limited, particularly for ma
rine fish species.

Houndfish (Tylosurus crocodilus), found in oceans worldwide (Froese 
and Pauly, 2024), is a nutritionally valuable marine species but is highly 
perishable and susceptible to rapid spoilage without proper preserva
tion, highlighting its suitability for seafood preservation studies. 
Furthermore, the species was selected because houndfish are readily 
available in the Mekong Delta region of southern Vietnam. Since most 
production originates from offshore fishing, inadequate preservation 
during postharvest handling can result in substantial quality deteriora
tion and economic losses before inland processing. Despite these chal
lenges, effective and sustainable preservation strategies for houndfish 
remain limited. Therefore, this study aimed to investigate the antimi
crobial and antioxidant efficacy of a 1.5% (w/v) chitosan coating 
incorporated with different concentrations of red onion peel extract and 
to evaluate its effectiveness in maintaining the quality of houndfish 
during ice storage.

2. Materials and methods

2.1. Materials

Fresh houndfish (T. crocodilus) caught in Nam Du, Vietnam. The 
chitosan, from Penaeus vannamei shrimp produced by Nha Trang Uni
versity, has a molecular weight of 185 ± 15 kDa, medium molecular 
weight (MMW) chitosan, 88.3 ± 2.2% deacetylation, viscosity of 
169 ± 5.25 mPa⋅s (1% CTS prepared in 1% acetic acid), over 99% sol
ubility, mineral content of 0.82 ± 0.05%, and protein of 0.67 ± 0.07%. 
Red onion peels are collected locally.

2.2. Coating solution preparation

Red onion peel extract (ROPE) and 1.5% w/v chitosan solution (CTS) 
were prepared following our previous publications (Ha et al., 2025, 
2024). In this study, chitosan coating solutions (1.5%, w/v) were com
bined with ROPE at concentrations of 27 µg/mL, 500 µg/mL, and 
1000 µg/mL, designated CROPE1, CROPE2, and CROPE3, respectively. 
The viscosities of CTS, CROPE1, CROPE2, and CROPE3 were 
504.6 ± 4.5; 495.6 ± 3.1; 491.9 ± 7.2; 466.3 ± 7.5 mPa⋅s, respectively. 
All coating treatments were applied under identical immersion condi
tions to minimize potential variability.

2.3. Determination of antioxidant and antibacterial properties

DPPH radical-scavenging activity was measured by Sharma and Bhat 
(2009), with modifications. 100 μL of DPPH (6 × 10–4 M) was combined 
with 100 μL of test samples (including ROPE and CROPE (CTS combined 
with ROPE), where ROPE consists of extracts at concentrations of 0, 10, 
15, 20, 25, and 30 µg/mL; CROPE is a 1.5% w/v chitosan solution mixed 
with ROPE) and left to incubate in the dark at room temperature for 
60 min. Absorbance was measured at 517 nm to calculate antioxidant 

DPPH free radical neutralization activity (%): E (%) = (ODc - ODm) / 
ODc × 100, where ODc is the negative control, and ODm is the sample.

The antibacterial activity of CTS and CROPE was evaluated using the 
dilution method of Sarker et al. (2007). Chitosan solution (15, 
000 µg/mL, equivalent to 1.5%, w/v) was prepared in 1% (v/v) acetic 
acid (equivalent to 10,000 µg/mL). Resazurin and gentamicin solutions 
were made in sterile distilled water at concentrations of 0.1 mg/mL and 
100 mg/mL, respectively. Bacillus cereus (ATCC 11778) and Salmonella 
enterica (ATCC 13076) were cultured in Mueller Hinton Broth (MHB) at 
37◦C for 24 h. Afterward, the broth was centrifuged, and pellets were 
resuspended in saline (0.85%). Subsequently, the bacterial suspensions 
were diluted to achieve a final density of 5 × 10⁶ CFU/mL in MHB 
medium. The CTS and CROPE test solutions were prepared by serial 
dilution to achieve final CTS concentrations ranging from 3750 to 
7 µg/mL. In all CROPE samples, the final ROPE concentration was 
125 µg/mL. Each well received a reaction mixture made of 50 µL of test 
solution, 50 µL of bacterial solution, and 20 µL of resazurin solution. 
After incubation at 37◦C for 18 h, the plates were examined to determine 
the lowest CTS concentration, in the absence or presence of ROPE, that 
inhibited bacterial growth. The shift in color from bluish-purple to pink 
was regarded as a crucial indicator of the MIC value. The measurement 
was repeated three times to confirm accuracy.

2.4. Application of CROPE in the preservation of houndfish

Each houndfish was immersed in CROPE1, CROPE2, or CROPE3 
solutions (1:1, w/v) for 2 min, while control samples were dipped in 
distilled water (DW) or 1.5% chitosan (CTS) for the same duration. After 
treatment, the fish were drained, hung vertically, and air-dried for 
30 min at below 20 ◦C. Then, they were individually packed in PA bags 
and stored in polystyrene boxes with alternating layers of fish and ice, 
kept below 4 ◦C. A total of 105 houndfish were divided into five treat
ments (DW, CTS, CROPE1, CROPE2, CROPE3), with 21 fish per treat
ment. Samples were analyzed at days 0, 4, 8, 12, 16, 20, and 24, with 
three independent replicates per treatment at each time point. Before 
analysis, the fish was filleted, removing bones and skin. The core tem
perature of the houndfish ranged from 1.43 ± 0.12–2.27 ± 0.06 ◦C 
during storage, which was maintained by daily ice addition and removal 
of meltwater from the boxes.

2.5. Quality assessment of houndfish

2.5.1. pH measurement
The pH was measured using a pH meter (Mettler Toledo, Columbus, 

USA) in a homogenate prepared from 15 g of fish mince and 15 mL of 
0.15 M KCl (Hultmann et al., 2012).

2.5.2. Total volatile basic nitrogen (TVBN)
TVBN was determined as described by Velho (2001). A 5 g sample 

was placed in a Kjeldahl tube, followed by the addition of 2 g MgO and 
50 mL deionized water. The mixture was distilled for 5 min, and the 
distillate was collected in boric acid containing a mixed indicator (35 mg 
methyl red and 50 mg bromocresol green). After standing for 5 min, the 
solution was titrated with 0.1 N sulfuric acid.

2.5.3. Water holding capacity (WHC)
Water holding capacity (WHC) was determined according to 

Hultmann et al. (2012). Briefly, 1.5 g of minced fish was placed in a 
15 mL centrifuge tube and centrifuged at 300 × g and 4 ◦C for 10 min 
(Mikro 22-R, Hettich Zentrifugen, Tuttlingen, Germany). WHC was 
expressed as the percentage of bound water remaining after centrifu
gation relative to the total water content. 

%WHC = 100 −

((
M2 − M3

M2 − M1

)

× 100
)

N.T.N. Ha et al.                                                                                                                                                                                                                                 Regional Studies in Marine Science 99 (2026) 105108 

2 



Where M₁ is the mass of the empty centrifuge tube (g), and M₂ and M₃ 
represent the masses of the tube with the sample before and after 
centrifugation, respectively (g).

2.5.4. Hardness
Texture analysis was performed using a TA-XT2i texture analyzer 

(Stable Micro Systems, Godalming, UK) with a 75 mm diameter cylin
drical probe (P75) in a double compression test (TPA) (Saavedra et al., 
2017). Fish fillets (30 × 30 × 10 mm) were equilibrated at 4 ◦C and 
compressed to 50% of their original height. Pre-test, test, and post-test 
speeds were set at 1.0, 2.0, and 5.0 mm/s, respectively

2.5.5. Trichloroacetic acid-soluble (TCA-soluble) peptides
TCA-soluble peptide content was determined according to Benjakul 

et al.(2002). Briefly, 3 g of the sample was homogenized with 27 mL 
of chilled 5% TCA at 11,000 rpm for 1 min, followed by incubation on 
ice for 30 min and centrifugation at 5000 × g and 4 ◦C for 20 min. The 
peptide content in the supernatant was quantified using the Lowry 
method (Lowry et al., 1951) and expressed as µmol tyrosine/g muscle.

2.5.6. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE)

SDS-PAGE was performed according to Laemmli (1970) with slight 
modifications. Fish muscle (0.5 g) was solubilized in 20 mL of SDS-urea 
buffer (20 mM Tris-HCl, pH 8.8, 2% SDS, 8 M urea, and 2% β-mercap
toethanol) and stirred overnight. Electrophoresis was conducted on 10% 
resolving and 4% stacking polyacrylamide gels at a constant current of 
20 mA per gel using a Criterion system (Bio-Rad, Hercules, California, 
USA). Protein samples (10 µg) were loaded per well. Gels were stained 
with 0.1% Coomassie Brilliant Blue R− 250 in methanol/acetic acid/
water (30:10:60, v/v/v) and subsequently destained using the same 
solvent system without dye.

2.5.7. Peroxide value (PV)
PV was determined using the ferric thiocyanate method (IDF, 2006). 

Fish samples (7.5 g) were extracted with 30 mL chloroform:methanol 
(2:1, v/v) for 3 h, followed by centrifugation at 700 × g and 25 ◦C for 
5 min. The lower phase was collected for fat determination and used as 
the sample extract. An aliquot (1 mL) was mixed with 3.9 mL chloro
form:methanol (2:1, v/v), followed by sequential addition of 50 µL 
0.018 M Fe²⁺ and 50 µL 30% NH₄SCN, and vortexed for 15 s. Absorbance 
was measured at 480 nm against a reagent blank. PV (meq peroxide/kg 
lipid) was calculated from Fe³ ⁺ concentration using a standard regres
sion equation (y = ax + b) and the fat content of the samples.

2.5.8. Thiobarbituric acid reactive substances (TBARS)
The TBARS were determined following the spectrophotometric 

method of Raharjo et al. (1993). Samples were homogenized and 
extracted with 5% TCA, then centrifuged at 1050 xg and 4 ◦C for 15 min. 
The supernatant was collected and adjusted to a final volume of 50 mL. 
An aliquot (2 mL) was mixed with 2 mL of 80 mM TBA, vortexed for 
15 s, and heated in a water bath at 94 ◦C for 5 min. After cooling, 
absorbance was measured at 530 nm. A standard curve was constructed 
using TEP (0–10 µM). Results were expressed as mg malondialdehyde 
(MDA)/kg sample.

2.5.9. Total viable count (TVC)
The fish sample (25 g) underwent a decimal dilution under sterile 

conditions. The diluted samples were combined with the plate count 
media in a Petri dish, which was incubated at 30 ◦C for 48 h. The number 
of viable aerobic microorganisms per gram of sample was calculated 
based on the number of colonies on the Petri dish. TVC was determined 
using the pour plate method (NMKL, 2013).

2.5.10. Sensory assessment
Fish fillets were prepared and steamed for 10 min, then cut into 

pieces of approximately 3.0 × 2.0 cm for sensory evaluation, following 
the method of Piedrahíta Márquez et al. (2019) with minor modifica
tions. The sensory panel consisted of 10 trained members who followed 
ISO 8586:2012 standards to identify quality parameters and descriptive 
attributes and to use scoring scales, with eight training sessions totaling 
18 h. Cooked fish samples were presented on white paper plates under 
white fluorescent lighting at room temperature and were randomly 
coded with three-digit numbers. Samples were evaluated for odor, color, 
texture, appearance, and overall acceptability using a five-point hedonic 
scale (1 = dislike extremely; 2 = dislike; 3 = neutral; 4 = like; 5 = like 
extremely).

2.6. Data analysis

All data were shown as mean ± standard deviation. Data were 
analyzed using one-way ANOVA followed by Tukey’s multiple com
parison test at a significance level of p < 0.05. Statistical analyses were 
performed using Minitab 20.0 and GraphPad Prism 10.0.0. Pearson 
correlation assessed parameter relationships.

3. Results and discussion

3.1. DPPH radical scavenging activity of ROPE and CROPE

The antioxidant activity of CROPE solutions was evaluated using the 
DPPH radical scavenging assay (Fig. 1a), based on the reduction of 
DPPH radicals and the corresponding decrease in absorbance (Gulcin, 
2025). The 1.5% (w/v) chitosan solution exhibited a scavenging activ
ity of 29.7%, attributed to the interaction of its amino groups (-NH₂) 
with free radicals (Farajzadeh et al., 2016). Red onion peel extract 
(ROPE) showed strong antioxidant capacity, with an IC₅₀ of 27 µg/mL 
and a total phenolic content of 467 mg GAE/g (Ha et al., 2025). Incor
poration of ROPE into chitosan significantly enhanced DPPH scavenging 
activity, increasing from 31.6% to 74.0% with ROPE concentrations of 
10–30 µg/mL (p < 0.0001), corresponding to a 1.1–2.5 fold increase 
compared to chitosan alone. Notably, CROPE exhibited 9–18% higher 
activity than ROPE alone at equivalent concentrations. While ROPE 
showed no significant difference between 10 and 15 µg/mL, CROPE 
exhibited significantly higher values at 15 µg/mL than at 10 µg/mL 
(p < 0.0001). In addition, both CROPE concentrations were higher than 
their corresponding ROPE concentrations, indicating improved antiox
idant efficiency. This synergistic effect probably results from in
teractions between chitosan and polyphenols, enhancing radical 
scavenging through hydrogen bonds and functional group interactions 
(Bertolo et al., 2021). Similar enhancements have been reported for 
chitosan films enriched with plant extracts (Wang et al., 2022), high
lighting the potential of ROPE as an effective additive in bioactive 
coatings.

3.2. The antibacterial activity of CTS and CROPE

Antibacterial activity of chitosan (CTS) and CROPE against Bacillus 
cereus and Salmonella enterica is illustrated in Fig. 1b. Chitosan is a 
cationic polysaccharide whose positively charged amino groups enable 
electrostatic interactions with negatively charged bacterial cell compo
nents, such as lipopolysaccharides (LPS) in Gram-negative bacteria and 
teichoic acids in Gram-positive bacteria, leading to membrane disrup
tion and leakage of intracellular contents (Helander et al., 2001).

The initial samples (column A) were subjected to a two-fold serial 
dilution to column N, resulting in progressively decreasing concentra
tions. Pink coloration indicated bacterial growth, while unchanged wells 
indicated inhibition. For both B. cereus (ATCC 11778) and S. enterica 
(ATCC 13076), chitosan exhibited antibacterial activity at wells E4-E6 
(234 ppm), where no color change was observed, indicating an MIC of 

N.T.N. Ha et al.                                                                                                                                                                                                                                 Regional Studies in Marine Science 99 (2026) 105108 

3 



234 µg/mL. In contrast, acetic acid at the corresponding concentration 
(156 µg/mL, well E7) showed no inhibitory effect, with its MIC of 

625 µg/mL (well C7), confirming that the antibacterial activity at 
234 µg/mL was primarily due to the chitosan solution.

Fig. 1. Antioxidant and antibacterial activities. (a) DPPH free radical neutralization activity (%) of ROPE and CROPE; ROPE: red onion peel extract; CROPE: chitosan 
solution combined with ROPE, where ROPE concentrations of 0, 10, 15, 20, 25, and 30 µg/mL; ns: no significance; **** (p < 0.0001). (b) Antibacterial activity of 
chitosan (CTS) and CROPE on Bacillus cereus and Salmonella enterica; CROPE: chitosan was serially diluted in wells A-N (3750− 7 µg/mL) + 125 µg/mL 
ROPE + indicator + bacteria; CTS: chitosan was serially diluted in wells A-N (3750− 7 µg/mL) + indicator + bacteria; Negative control: Acetic acid was serially 
diluted in wells A-N (2500− 5 µg/mL) + indicator + bacteria; Positive control: Gentamicin was serially diluted in wells A-N (25,000− 49 µg/mL) +
indicator + bacteria.

Fig. 2. Changes in pH and TVB-N of houndfish treated with DW, CTS, CROPE1, CROPE2, and CROPE3 during ice storage (mean ± SD, n = 3). Statistical significance 
among treatments was p < 0.05 and was indicated with capital letters for data obtained from pH and lowercase letters for data obtained from TVB-N. DW: houndfish 
treated with distilled water; CTS: houndfish treated with chitosan (1.5%, w/v); CROPE1, CROPE2, CROPE3: houndfish treated with chitosan solution combined with 
ROPE at the concentrations of 27, 500, 1000 μg/mL, respectively.
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CROPE exhibited stronger antibacterial activity, with MIC values at 
wells H1–H3 (29 µg/mL chitosan combined with 125 µg/mL ROPE). The 
substantial reduction in MIC compared with chitosan alone provides 
strong evidence of synergistic effects between chitosan and ROPE 
polyphenols, resulting in markedly enhanced antibacterial potency. 
These synergistic effects may be associated with the combined actions of 
chitosan-mediated membrane disruption and polyphenol-induced 
impairment of membrane integrity and cellular metabolism. More
over, interactions between chitosan and polyphenols may contribute to 
the formation of a more compact antimicrobial matrix and pH- 
dependent release kinetics, potentially enabling sustained antibacterial 
activity during storage (Helander et al., 2001; Popa et al., 2000; Wang 
et al., 2015).

3.3. Quality assessment of houndfish

3.3.1. pH
On the first day of storage, no significant differences in pH were 

observed among treatments (p > 0.05) (Fig. 2), indicating that chitosan 
and CROPE coatings did not affect the initial pH of houndfish. During 
cold storage, pH values in all samples gradually increased from 6.13 to 
6.17–6.32–6.63 over 24 days (Fig. 2), mainly due to the degradation of 
proteins and amino acids, which produced volatile basic compounds 
(Hultmann et al., 2012). From day 8 onwards, DW exhibited signifi
cantly higher pH values compared to CROPE-treated samples 
(p < 0.05). After 16 days, CROPE2 and CROPE3 maintained signifi
cantly lower and more stable pH values than the 1.5% (w/v) 
chitosan-treated samples (p < 0.05), whereas no significant difference 
was observed between CROPE1 and chitosan alone throughout storage 
(p > 0.05). The addition of ROPE at 500 and 1000 µg/mL to CTS 
effectively slowed the increase in pH, thereby improving quality sta
bility compared to DW and CTS samples. This effect is attributed to the 
high phenolic content of ROPE, which inhibits microbial growth and 
reduces the formation of basic nitrogenous compounds such as ammonia 
and trimethylamine (Ha et al., 2025; Zolfaghari et al., 2010).

3.3.2. TVBN
The degradation of proteins and other nitrogenous compounds by 

endogenous enzymes and spoilage microorganisms generates volatile 
bases, including ammonia, trimethylamine, and dimethylamine, 
collectively referred to as TVBN (Ha et al., 2025). Accordingly, TVBN 
values in all treatments increased progressively during storage due to 
microbial activity and proteolysis (Ruiz-Capillas and Moral, 2005), 
consistent with the observed rise in pH. Initial TVBN values ranged from 
8.8 to 9.3 mg N/100 g (Fig. 2), and by day 4, DW exhibited significantly 
higher TVBN than all coated samples (p < 0.05), confirming the anti
microbial effect of the coatings in suppressing protein degradation and 
oxidative deamination (Fan et al., 2008). From day 16 onward, the CTS 
samples showed higher TVBN than the CROPE samples (p < 0.05). This 
result is consistent with the antibacterial effects of the CTS and CROPE 
solutions tested as mentioned above (Fig. 1B). At the end of storage, 
CROPE2 and CROPE3 reduced TVBN by 28.8–31.6% and 11.7–15.3% 
compared to DW and CTS, respectively, while further reductions were 
observed relative to CROPE1. These results demonstrate that ROPE at 
500–1000 µg/mL effectively retarded protein degradation due to 
bioactive compounds, including flavonols (quercetin, kaempferol) and 
allicin (Chadorshabi et al., 2022). Notably, TVBN values in all treat
ments remained below the rejection limit of 30 mg N/100 g throughout 
24 days of storage (Zolfaghari et al., 2010).

3.3.3. TVC
Total viable counts (TVC) increased progressively in all treatments 

during 24 days of storage but remained below the acceptability limit of 
7 log₁₀ CFU/g (ICMSF, 1986), except for DW, which reached 7.44 log₁₀ 
CFU/g at the end of storage (Table 1). From day 12, CROPE2 and 
CROPE3 exhibited significantly lower TVC than DW and CTS, and from 

Table 1 
Changes in hardness (gramf), TVC (log10 CFU/g), and WHC (percentage) of 
houndfish treated with DW, CTS, CROPE1, CROPE2, and CROPE3 during ice 
storage.

Stoarge time 
(days)

Samples Hardness (gf) TVC (log10 

CFU/g)
WHC (%)

0 DW 18,560 

± 100a

2.43 ± 0.03a 83.0±0.6a

CTS 18,404 

± 148a

2.27 ± 0.08a 83.3±1.2a

CROPE1 18,067 

± 188a

2.30 ± 0.08a 83.1±1.4a

CROPE2 18,408 

± 349a

2.28 ± 0.08a 82.9±0.4a

CROPE3 18,136 

± 131a

2.32 ± 0.21a 83.1±0.8a

4 DW 16,881 

± 211a

2.81 ± 0.09a 84.1±1.1a

CTS 17,082 

± 195a

2.45 ± 0.04b 83.6±0.4a

CROPE1 17,289 

± 280a

2.39 ± 0.04b 83.6±1.7a

CROPE2 17,274 

± 271a

2.39 ± 0.04b 83.3±0.7a

CROPE3 17,290 

± 211a

2.37 ± 0.09b 83.3±1.8a

8 DW 14,519 ± 65d 3.53 ± 0.10a 86.7±1.2a

CTS 15,406 

± 151c

2.89 ± 0.05b 84.2±0.4ab

CROPE1 16,060 

± 151b

2.78 ± 0.08bc 83.8±0.8b

CROPE2 16,518 

± 319ab

2.70 ± 0.03bc 83.6±1.5b

CROPE3 16,697 

± 178a

2.63 ± 0.11c 83.3±1.2b

12 DW 12,228 

± 287d

4.68 ± 0.06a 88.0±0.7a

CTS 13,136 

± 131c

3.51 ± 0.08b 84.9±1.0b

CROPE1 14,409 

± 301b

3.35 ± 0.11bc 84.7±0.7b

CROPE2 15,593 

± 163a

3.22 ± 0.07c 84.2±1.4b

CROPE3 15,786 

± 194a

3.14 ± 0.06c 83.8±1.5b

16 DW 10,559 

± 104d

5.92 ± 0.06a 90.7±1.3a

CTS 12,161 ± 91c 4.13 ± 0.14b 86.7±0.7b

CROPE1 13,412 

± 300b

3.85 ± 0.12c 85.8±0.4b

CROPE2 14,337 

± 229a

3.55 ± 0.09d 85.6±1.0b

CROPE3 14,730 

± 268a

3.45 ± 0.08d 84.9±0.8b

20 DW 7928 ± 153e 6.99 ± 0.05a 93.3±0.7a

CTS 10,407 

± 149d

5.43 ± 0.04b 87.6±0.8b

CROPE1 12,167 

± 237c

5.01 ± 0.08c 86.9±0.8b

(continued on next page)
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day 16, lower than CROPE1 (p < 0.05), indicating enhanced antimi
crobial efficacy at higher ROPE concentrations (500–1000 µg/mL). By 
the end of storage, TVC values for CROPE2 (5.83 log₁₀ CFU/g) and 
CROPE3 (5.75 log₁₀ CFU/g) were not significantly different and were 
comparable to DW at day 16, indicating a marked delay in bacterial 
growth. Phenolic compounds can damage cell walls, increase membrane 
permeability, induce leakage of intracellular constituents, alter lipid 
structures, and interfere with nucleic acid synthesis and protein trans
port. This antimicrobial effect is enhanced by the synergistic interaction 
between chitosan and ROPE, whereby phenolics impair microbial 
membranes and metabolic functions (Shan et al., 2007), while chitosan 
binds to negatively charged cell surfaces, leading to membrane desta
bilization and intracellular leakage (Helander et al., 2001). These find
ings agree with Raeisi et al. (2020), TVC of the control sample reached 
8.40 log CFU/g after 12 days of cold storage, whereas chitosan-coated 
samples enriched with plant extracts ranged from 4.93 to 6.13 log 
CFU/g.

3.3.4. WHC and texture
Water holding capacity (WHC), defined as the proportion of water 

retained after centrifugation, increased progressively in all treatments 
during storage, indicating reduced water retention associated with 
protein degradation and structural breakdown. This change might also 
be attributed to collagen fiber degradation and disruption of protein 
cross-links caused by microbial proteases (Olsson et al., 2003). No sig
nificant differences were observed within the first 4 days; however, 
variations became significant thereafter (p < 0.05). At the end of stor
age, the DW sample exhibited the highest WHC (95.1%), indicating 
greater water loss than the CTS (90.0%) and CROPE-treated samples 
(87.3–89.6%) (p < 0.05). The effectiveness of chitosan-coated samples 
in maintaining water retention has been reported previously (Ha et al., 
2024). Notably, the CROPE3 sample retained more water than the CTS 
sample (p < 0.05). This is due to polyphenol compounds in ROPE 
interacting with the hydroxyl and amino groups of chitosan via 
hydrogen bonds, forming a denser polymer network (Wang et al., 2022).

Texture analysis showed a continuous decline in hardness from 
18,067 to 18,560 gf to 6894–12,492 gf over 24 days (Table 1). During 
the initial 4 days, there was no significant difference, whereas from day 
8 onward, DW exhibited significantly lower hardness than coated sam
ples (p < 0.05). This softening is primarily attributed to protein degra
dation induced by oxidative and microbial activity (Ge et al., 2016; 
Piedrahíta Márquez et al., 2019). Notably, CROPE2 and CROPE3 
maintained higher hardness values from day 16 (p < 0.05), suggesting 

that the combined antioxidant and antimicrobial effects of chitosan and 
ROPE effectively limited muscle degradation. The presence of phenolic 
compounds, such as quercetin, may further contribute to texture pres
ervation by inhibiting proteolytic enzymes (e.g., cysteine cathepsin) (Xu 
et al., 2015)

3.3.5. TCA-soluble peptides and SDS-PAGE
TCA-soluble peptides, an indicator of protein degradation, increased 

from 0.24 to 0.27–1.43–3.41 µmol tyrosine/g during 24 days of storage 
(Fig. 3A), reflecting progressive proteolysis in houndfish muscle. The 
increase occurred in two phases: an initial stage dominated by endog
enous enzymatic activity, followed by a later stage involving both en
zymes and microbial activity (Ge et al., 2016; Yi and Xie, 2022). In the 
control (DW), rapid peptide accumulation was observed after day 8, 
whereas CTS- and CROPE-treated samples showed a delayed increase, 
becoming more pronounced after day 12. This delay may be attributed 
to chitosan’s ability to inhibit enzymatic activity through hydrogen 
bonding and metal ion interactions (Piedrahíta Márquez et al., 2019), as 
well as the antimicrobial effect of ROPE (Ha et al., 2025). After 16 days, 
CTS and CROPE1 exhibited significantly higher peptide contents (1.42 
and 1.31 µmol tyrosine/g) than CROPE2 and CROPE3 (1.13 and 1.05 
µmol tyrosine/g), indicating more advanced protein degradation. No 
significant difference was observed between CROPE2 and CROPE3, 
suggesting comparable inhibitory effects at ROPE concentrations of 500 
and 1000 µg/mL.

SDS-PAGE patterns of myofibrillar proteins from houndfish under 
different treatments on days 0 and 24 are shown in Fig. 3B. Major 
protein bands, including myosin heavy chain (MHC), actin, α-actinin, 
tropomyosin, and troponin, were clearly identified. Myosin and actin are 
the predominant proteins that play a key role in determining the func
tional properties of myofibrillar proteins. At day 0, all samples displayed 
comparable SDS-PAGE profiles. By day 24, additional protein bands in 
the 100–250 kDa range (bands I and II) and a band at approximately 
75 kDa (band III) became more evident. Notably, bands I, II, III, and two 
bands within the range of 37–50 kDa (band IV) were absent in the DW 
sample but were clearly retained in the CTS- and CROPE-treated sam
ples, indicating improved preservation of myofibrillar proteins. More
over, CROPE2 and CROPE3 exhibited markedly higher intensities for 
bands I, II, III, and α-actinin than CTS and CROPE1, suggesting enhanced 
inhibition of proteolytic degradation. These results suggest that CROPE 
treatments effectively delayed proteolytic degradation of MHC and its 
fragments. Consistent with Ha et al. (2025) ROPE incorporation 
inhibited myofibrillar protein degradation during storage. Moreover, 
higher ROPE concentrations (500–1000 µg/mL) combined with chito
san exhibited greater protective effects than lower ROPE concentrations, 
indicating concentration-dependent efficacy in preserving protein 
structure.

3.3.6. Lipid oxidation during storage periods
Lipid oxidation plays a critical role in fish spoilage during storage, 

causing rancidity, discoloration, and flavor deterioration due to the high 
levels of unsaturated fatty acids (Ali et al., 2019; Ha et al., 2025). A 
critical step in lipid oxidation is the reaction between oxygen and un
saturated fatty acids, leading to the formation of hydroperoxides. PV is 
widely used to monitor primary oxidation, reflecting both the formation 
and subsequent decomposition of hydroperoxides (Ali et al., 2019; 
Yerlikaya et al., 2004). In this study, initial PV values ranged from 3.46 
to 3.54 meq/kg and increased to 7.28–13.77 meq/kg after 24 days. In 
DW and CTS samples, PV increased from day 0–4, declined until day 12, 
and then rose again, whereas in CROPE-treated samples, this pattern 
was delayed by approximately 4 days (increase to day 8, decline to day 
16, then increase). On day 4, CROPE2 and CROPE3 exhibited signifi
cantly lower PV than DW and CTS (p < 0.05). The PV of DW exceeded 
the acceptability threshold of 10 meq O₂/kg by day 16, while CTS and 
CROPE1 reached this level on day 24. In contrast, CROPE2 and CROPE3 
remained below this limit throughout storage, indicating enhanced 

Table 1 (continued )

Stoarge time 
(days) 

Samples Hardness (gf) TVC (log10 

CFU/g) 
WHC (%)

CROPE2 13,154 

± 307b

4.65 ± 0.18d 86.0±1.2b

CROPE3 13,838 

± 177a

4.56 ± 0.04d 85.6±0.4b

24 DW 6894 ± 221e 7.44 ± 0.09a 95.1±0.4a

CTS 9072 ± 179d 6.34 ± 0.06b 90.0±0.8b

CROPE1 10,731 

± 278c

6.08 ± 0.06c 89.6±0.8bc

CROPE2 11,634 

± 268b

5.83 ± 0.11d 88.2±0.8bc

CROPE3 12,492 

± 164a

5.75 ± 0.09d 87.3±1.3c

*Values are mean ± SD (n = 3). Values with different superscripts within the 
same sampling day are significantly different (p < 0.05). DW: houndfish treated 
with distilled water; CTS: houndfish treated with chitosan (1.5%, w/v); 
CROPE1, CROPE2, CROPE3: houndfish treated with chitosan solution combined 
with ROPE at the concentrations of 27, 500, 1000 μg/mL, respectively.
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oxidative stability Fig. 4.
The improved performance is attributed to the synergistic antioxi

dant effects of chitosan and ROPE. Chitosan can chelate metal ions and 
scavenge free radicals (Farajzadeh et al., 2016), while phenolic com
pounds in ROPE, particularly quercetin derivatives, inhibit lipid oxida
tion by donating hydrogen and interrupting radical chain reactions (Ali 
et al., 2019; Kim and Kim, 2006; Tang and Cronin, 2007). Consequently, 
CROPE-treated samples showed PV reductions of 14.04–38.04% 
compared to CTS and 26.65–47.13% compared to DW after 24 days, 
consistent with previous reports on polyphenol-enriched coatings (Ha 
et al., 2025; Raeisi et al., 2020; Zhang et al., 2020).

TBARS values (Table 2) increased during the first 12 days of storage, 
followed by a decline in the later stage, likely due to the decomposition 
of secondary oxidation products (Haghighi and Yazdanpanah, 2020). 
The initial increase can be attributed to the accumulation of free iron, 
pro-oxidants, and aldehydes generated from hydroperoxide breakdown. 
From days 8–24, DW and CTS samples exhibited significantly higher 
TBARS values than CROPE-treated samples (p < 0.05), indicating a 
faster lipid oxidation rate. This trend is consistent with previous studies 
reporting reduced TBARS in chitosan coatings enriched with 
plant-derived antioxidants (Haghighi and Yazdanpanah, 2020; Raeisi 
et al., 2020).

Fig. 3. Changes in TCA-soluble peptides (A) and SDS-PAGE patterns (B) of houndfish treated with DW, CTS, CROPE1, CROPE2, and CROPE3 during ice storage 
(mean ± SD, n = 3). Values with different superscripts among treatments are statistically significant (p < 0.05). DW: houndfish treated with distilled water; CTS: 
houndfish treated with chitosan (1.5%, w/v); CROPE1, CROPE2, CROPE3: houndfish treated with chitosan solution combined with ROPE at the concentrations of 27, 
500, 1000 μg/mL, respectively; M: Marker; 1, 6: houndfish treated with DW; 2, 7: houndfish treated with CTS; 3, 8: houndfish treated with CROPE1; 4,9: houndfish 
treated with CROPE2; 5,10: houndfish treated with CROPE3.

Fig. 4. Changes in peroxide value (milliequivalent peroxide/kilogram) of houndfish treated with DW, CTS, CROPE1, CROPE2, and CROPE3 during ice storage. 
Values with different superscripts among treatments are statistically significant (p < 0.05). DW: houndfish treated with distilled water; CTS: houndfish treated with 
chitosan (1.5%, w/v); CROPE1, CROPE2, CROPE3: houndfish treated with chitosan solution combined with ROPE at the concentrations of 27, 500, 1000 μg/mL, 
respectively.
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By day 24, TBARS values for DW, CTS, and CROPE1 reached 2.03, 
1.54, and 1.32 mg MDA/kg, respectively, which were significantly 
higher than those of CROPE2 (1.09 mg MDA/kg) and CROPE3 (1.19 mg 
MDA/kg) (p < 0.05). The enhanced oxidative stability in CROPE sam
ples can be attributed to the synergistic effects of chitosan and ROPE, in 
which chitosan acts as a barrier to oxygen transfer and scavenges free 
radicals, while the phenolic compounds in ROPE further inhibit oxida
tive reactions (Farajzadeh et al., 2016). Importantly, all samples 
remained below the acceptability threshold of 5 mg MDA/kg 
throughout storage (Sallam, 2007), indicating that product quality was 
maintained.

3.3.7. Sensory evaluation
Sensory evaluation using a hedonic scale indicated that storage time 

significantly affected all sensory attributes of houndfish (Fig. 5). Off- 
odor, a key indicator of spoilage, is commonly associated with lipid 
oxidation and the formation of volatile compounds such as alcohols, 
aldehydes, ketones, pyrazines, and furans (Pan et al., 2018; Sae-leaw 

and Benjakul, 2014). The DW sample showed the earliest quality dete
rioration, with odor and texture scores falling below the acceptability 
threshold (score 3) by day 12, followed by color, appearance, and 
overall acceptability by day 16. Chitosan coating delayed sensory 
decline, extending acceptability to day 20 for odor and day 24 for the 
remaining attributes. These findings are consistent with Ha et al. (2024), 
who reported sensory rejection of untreated samples after 16 days, while 
chitosan-coated samples (1.5–2%) maintained acceptable quality up to 
20 days under iced storage. Notably, the combination of chitosan with 
red onion peel extract (ROPE) further enhanced preservation efficiency. 
While CTS and CROPE1 extended overall acceptability to day 24, higher 
ROPE concentrations (CROPE2 and CROPE3) maintained all sensory 
attributes above the acceptability threshold (>3) throughout 24 days of 
storage, indicating a synergistic effect in inhibiting lipid oxidation and 
microbial spoilage.

3.3.8. Pearson correlation
The Pearson correlation coefficients were used to assess relationships 

Table 2 
Changes in thiobarbituric acid reactive substances (milligram MDA/kilogram) of houndfish treated with DW, CTS, CROPE1, CROPE2, and CROPE3 during ice storage.

Samples Storage time (days)

0 4 8 12 16 20 24

DW 0.67 ± 0.09a 1.16 ± 0.04a 2.15 ± 0.03a 2.85 ± 0.08a 2.32 ± 0.04a 2.22 ± 0.06a 2.03 ± 0.08a

CTS 0.69 ± 0.04a 1.02 ± 0.05b 1.51 ± 0.06b 2.11 ± 0.13b 1.72 ± 0.03b 1.59 ± 0.04b 1.54 ± 0.04b

CROPE1 0.67 ± 0.08a 0.91 ± 0.05bc 1.35 ± 0.04c 1.79 ± 0.01c 1.50 ± 0.05c 1.39 ± 0.05c 1.32 ± 0.02c

CROPE2 0.64 ± 0.04a 0.83 ± 0.07 cd 1.22 ± 0.04d 1.46 ± 0.02d 1.37 ± 0.03d 1.25 ± 0.02d 1.19 ± 0.04d

CROPE3 0.66 ± 0.05a 0.76 ± 0. 05d 1.10 ± 0.04d 1.31 ± 0.03d 1.27 ± 0.03d 1.17 ± 0.05d 1.09 ± 0.05d

* Values are mean ± SD (n = 3). Values with different superscripts within the same sampling day are significantly different (p < 0.05). DW: houndfish treated with 
distilled water; CTS: houndfish treated with chitosan (1.5%, w/v); CROPE1, CROPE2, CROPE3: houndfish treated with chitosan solution combined with ROPE at the 
concentrations of 27, 500, 1000 μg/mL, respectively.

Fig. 5. Changes in sensory acceptance of color (C), odor (O), texture (T), appearance (A), and overall acceptability (OA) of houndfish treated with DW, CTS, CROPE1, 
CROPE2, and CROPE3 during ice storage. 
DW: houndfish treated with distilled water; CTS: houndfish treated with chitosan (1.5%, w/v); CROPE1, CROPE2, CROPE3: houndfish treated with chitosan solution 
combined with ROPE at the concentrations of 27, 500, 1000 μg/mL, respectively.
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among sensory properties, microbial load, and physicochemical char
acteristics, to evaluate fish freshness and quality (Ha et al., 2025). 
Generally, a positive correlation was observed between overall accept
ability (OA) and hardness (H) (r ≥ 0.96, p < 0.01), whereas the physi
cochemical parameters (e.g., pH, TVBN, TCA-soluble peptides, PV, and 
TBARs) and TVC in the samples were negatively correlated with OA (r 
ranged from − 0.55 to − 0.99, p < 0.05) (Fig. 6). These findings indicate 
that increases in quality deterioration parameters were associated with 
reductions in sensory quality and texture during storage. The DW and 
CTS samples exhibited strong correlations (r ≥ 0.8, p < 0.01) for most 
quality parameters, except for TBARS (r ranged from 0.44 to 0.68, 
p < 0.05). In contrast, the CROPE samples showed weak to moderate 
correlations between PV/TBARS and other quality parameters, sug
gesting that ROPE supplementation may have helped retard oxidative 
deterioration during storage. Furthermore, TVC showed strong positive 
correlations with protein degradation parameters TVBN and 
TCA-soluble peptides (r ≥ 0.93, p < 0.01), and significant negative 
correlations with OA and hardness (p < 0.01). These results suggest that 
the combination of CTS and ROPE effectively delayed the deterioration 
of fish muscle quality by suppressing microbial growth and reducing 
protein degradation.

4. Conclusion

The incorporation of ROPE into 1.5% (w/v) chitosan coatings 
markedly enhanced the preservation of houndfish during ice storage 
through synergistic antioxidant and antimicrobial effects. ROPE- 
enriched coatings, particularly at 500–1000 µg/mL, effectively inhibi
ted bacterial growth, protein degradation, and lipid oxidation while 
preserving texture, water holding capacity, and sensory attributes. 
Overall, the synergistic interaction between chitosan and ROPE dem
onstrates strong potential as a sustainable, efficient strategy for 
extending the shelf life of houndfish during ice storage.
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A B S T R A C T

Inflammation is a protective response to harmful stimuli; however, excessive or persistent inflammation con
tributes to chronic disease and remains a therapeutic challenge. Marine algae are promising sources of bioactive 
metabolites, yet the anti-inflammatory potential and oral safety of Tricleocarpa cylindrica remain poorly char
acterized. This study characterized the chemical profile of T. cylindrica using LC-MS and GNPS-based molecular 
networking, identifying triterpene sulfates as the primary bioactive constituents. The in vivo anti-inflammatory 
activity was evaluated using carrageenan-induced paw edema, cotton pellet-induced granuloma, and acute/ 
chronic carrageenan-induced arthritis models. The extract significantly reduced carrageenan-induced paw edema 
by 34.79 – 40.97% (185 mg/kg) and 35.42 – 57.95% (370 mg/kg). In the granuloma model, the 185 mg/kg 
group reduced granuloma weights by 22.96%. Furthermore, in acute arthritis, joint swelling decreased by 
34–59% and 49–65% at 185 and 370 mg/kg, respectively, while in chronic arthritis treatment with 185 mg/kg, 
joint circumference decrease by 42–55% from day 3 to day 12. These results highlight the anti-inflammatory 
potential of T. cylindrica and provide promising leads for identifying novel bioactive compounds in this species.

1. Introduction

Marine macroalgae constitute one of the most diverse and underex
ploited biological resources in coastal and marine ecosystems. Beyond 
their ecological roles in primary production, habitat formation, and 
nutrient cycling, macroalgae have increasingly attracted scientific in
terest as renewable sources of structurally diverse natural products with 
potential applications in pharmaceuticals, nutraceuticals, cosmeceut
icals, and functional foods (Choo et al., 2025, Rocha et al., 2022). Their 
continuous exposure to intense light, salinity fluctuations, oxidative 

stress, microbial colonization, and herbivory has driven the biosynthesis 
of a wide range of secondary metabolites, including fatty acids, sterols, 
terpenoids, phenolic compounds, pigments, sulfated polysaccharides, 
and halogenated metabolites (Choo et al., 2025, Rocha et al., 2022, 
Sunarwidhi et al., 2023). Many of these compounds have been reported 
to possess antioxidant, antimicrobial, antiviral, antidiabetic, anticancer, 
immunomodulatory, and anti-inflammatory properties (Choo et al., 
2025, Rocha et al., 2022, Sunarwidhi et al., 2023). In this context, 
tropical and subtropical coastal regions, including the Vietnamese 
coastline, represent promising but still insufficiently explored reservoirs 
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of marine bioactive compounds (Nguyen et al., 2013, Wiriyadamrikul 
et al., 2013).

Inflammation is an essential biological response to infection, tissue 
injury, or chemical irritation. However, when inflammatory responses 
become excessive, unresolved, or chronically activated, they may 
contribute to progressive tissue damage and the pathogenesis of several 
chronic diseases, including arthritis, diabetes, cardiovascular disorders, 
cancer, and autoimmune diseases (Chen et al., 2017). At the cellular and 
molecular levels, inflammatory activation involves pattern-recognition 
receptors, downstream signaling pathways such as nuclear factor 
kappa B, mitogen-activated protein kinases, and Janus kinase/signal 
transducer and activator of transcription; and the subsequent production 
of inflammatory mediators, including nitric oxide, prostaglandins, 
tumor necrosis factor-alpha, interleukins, and reactive oxygen species 
(Chen et al., 2017; Lawrence, 2009; Li and Wu, 2021; Schaper and 
Rose-John, 2015; Carlini et al., 2023). Although non-steroidal anti-in
flammatory drugs, corticosteroids, and immunosuppressive agents 
remain widely used, their long-term application is limited by adverse 
effects such as gastrointestinal bleeding, hepatic and renal impairment, 
hemodynamic disturbances, osteoporosis, and increased cardiovascular 
risk (Varga et al., 2017, Buchman, 2001). These limitations have 
intensified the search for new anti-inflammatory agents from natural 
sources, particularly marine organisms with distinctive chemical pro
files (Choo et al., 2025).

Among marine macroalgae, red algae of the family Galaxauraceae 
are of interest in marine natural-product research because several 
members contain lipophilic and steroidal metabolites with reported 
biological activities (Sunarwidhi et al., 2023, Rocha et al., 2022, 
González et al., 2015). Tricleocarpa cylindrica (J. Ellis & Solander) 
Huisman & Borowitzka, formerly reported under synonyms such as 
Corallina cylindrica and Galaxaura cylindrica, is a red alga belonging to 
the phylum Rhodophyta and the family Galaxauraceae (Wiriyadamrikul 
et al., 2013). This species is distributed in tropical and subtropical ma
rine waters, including parts of the Indo-Pacific region (Wiriyadamrikul 
et al., 2013). In Vietnam, T. cylindrica has been recorded from several 
coastal areas, including Ly Son, Nha Trang, Kien Giang, and Phu Yen, 
suggesting that it may represent a locally available marine resource for 
further bioprospecting (Nguyen et al., 2013, Do et al., 2025). Recent 
taxonomic work on Vietnamese Galaxauraceae has also provided 
morphological descriptions and images of natural habit, fresh and dried 
specimens, branch details, and cellular structures, including those of 
T. cylindrica (Do et al., 2025).

Previous phytochemical investigations have indicated that 
T. cylindrica contains several classes of bioactive constituents, including 
fatty acids, terpenoids, diterpenes, and steroids (Sunarwidhi et al., 
2023). Compounds reported from this species include tetradecanoic 
acid, hexadecanoic acid derivatives, methyl esters of fatty acids, terpe
noid hydrocarbons, diterpenoid alcohols, and steroid-related molecules 
(Sunarwidhi et al., 2023). Although the extract evaluated in the present 
study was not chemically standardized, the known metabolite profile of 
T. cylindrica supports further testing of its pharmacological activity, 
particularly in relation to oxidative stress and inflammation 
(Sunarwidhi et al., 2023, Rocha et al., 2022).

While studies on T. cylindrica remain limited, available evidence 
suggests that this species may possess relevant pharmacological poten
tial. Sunarwidhi et al. (2023) investigated marine algae, including 
T. cylindrica, as potential sources of compounds for conditions involving 
diabetes and COVID-19 comorbidity. In that study, lipid-rich extracts 
were obtained using a chloroform:methanol:water solvent system, and 
T. cylindrica extract exhibited hypoglycemic effects in alloxan-induced 
diabetic mice after 15 days of treatment. Furthermore, the extract dis
played moderate in vitro antioxidant activity, with IC50 values of 
252 ± 0.10 µg/mL (DPPH) and 353.22 ± 0.070 µg/mL (ABTS). Although 
these antioxidant activities were lower than those of ascorbic acid, they 
were better than those reported for some other marine algae, supporting 
the potential of T. cylindrica as a source of natural antioxidant 

compounds (Sunarwidhi et al., 2023).
Despite these findings, comprehensive data regarding the chemical 

composition and anti-inflammatory properties of T. cylindrica remain 
limited and are yet to be fully explored. Therefore, this study aims to 
investigate the chemical profile of this species using LC/MS techniques 
and evaluate its anti-inflammatory activity through various in vivo 
models. The finding provides initial pharmaceutical evidence for the 
potential value of T. cylindrica as a marine-derived bioresource from 
Vietnamese coastal waters.

2. Materials and methods

2.1. Sample collection and preparation

Tricleocarpa cylindrica (J. Ellis & Solander) Huisman & Borowitzka 
was collected by SCUBA diving from two coastal locations in Vietnam in 
2024. The sample coded RVB-LS2–3 was collected in May 2024 at a 
depth of approximately 4.0 m from Ly Son Island, Quang Ngai Province 
(15◦25′54″ N, 109◦04′38″ E). The sample coded VHS-NT3–8 was 
collected in June 2024 at a depth of approximately 3.5 m from Nha 
Trang Bay, Khanh Hoa Province (12◦11′07″ N, 109◦13′40″ E). The algal 
material was authenticated by morphological comparison, based on 
external morphology and microscopic anatomical characters, with 
reference to published descriptions of Galaxauraceae seaweeds distrib
uted in Vietnam (Do et al., 2025). The identification of this species was 
confirmed by Dr. Do Anh Duy at the Northern Research Center for 
Marine Fisheries, Viet Nam Academy of Fishery Sciences (VAFIS). After 
collection, the algal material was washed with seawater to remove sand, 
epiphytes, and other impurities, shade-dried to a moisture content 
below 12%, and ground into coarse powder for extraction. Voucher 
material (AlgaeNT0624) was deposited at the Department of Pharma
cognosy and Traditional Pharmacy, Faculty of Pharmacy, University of 
Medicine and Pharmacy at Ho Chi Minh City, Vietnam.

Algae powder (2.5 kg) was percolated with 96% ethanol (30 L), and 
the extract was subsequently evaporated to yield 360 g of crude extract. 
Due to its high salt content, which could potentially interfere with the 
investigated pharmacological activities, a desalting process was carried 
out. The crude extract was dissolved in ethanol to form a concentrated 
solution, mixed with clean sand as the carrier, and evaporated to dryness 
to obtain a sample powder. This mixture was then loaded onto a column 
that was packed a layer of reversed-phase silica gel (100 g). Elution was 
performed with water (2 L) until the eluate was salt-free. Then, the 
organic components were eluted using 96% ethanol (0.5 L) followed by 
acetone (0.5 L). The ethanol and acetone eluates were concentrated 
under reduced pressure to yield the extract (33.25 g) with a moisture 
content of 10.5% and an ash content of 0.45%. This extract was used for 
all subsequent experiments.

2.2. Chemicals and reagents

Food-grade ethanol (96%) used for extraction was purchased from 
OPC Pharmaceutical Joint Stock Company (Vietnam); acetonitrile and 
formic acid (LC-MS grade) were supplied by Merck (Germany). Diclo
fenac sodium (Voltaren, VN-13293–11, Novartis, Switzerland) was used 
as the reference drug in the in vivo experiments. Carrageenan (CAS: 
9000–07–1) was purchased from Sigma (Germany), and the ELISA kit 
test TNF-α, IL-10, IL-1β was supplied by BioLegend (USA).

2.3. Animals

Healthy male and female ICR mice, 6–8 weeks old and weighing 
20–25 g, were supplied by the Biotechnology Center of Ho Chi Minh 
City. The animals were acclimatized for at least 5 days before experi
ments and maintained under standard laboratory conditions with free 
access to food and water. For the in vivo anti-inflammatory experiments, 
mice were randomly assigned to experimental groups according to each 
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model. The investigation adheres to the ARRIVE guidelines (Percie Du 
Sert et al., 2020), ensuring randomization in animal allocation and 
blinding throughout biochemical analysis. The protocols of the experi
ments were authorized by the University Ethics Committee. (Approval 
No. 2448/GCN-HĐĐĐNCTĐV).

2.4. Analysis of chemical profiling by LC-MS

2.4.1. Utilization of ultra-performance liquid chromatography-tandem 
mass spectrometry (UPLC-MS/MS) for the collection of fragment ions

MS/MS data were acquired using a Waters XEVO G2-XS QTOF mass 
spectrometer (Waters Corp., USA) equipped with an electrospray ioni
zation (ESI) source operating in negative ion mode. Chromatographic 
separation was performed on a Waters UPLC C18 column (4.6 × 100 mm, 
2.7 µm). The mobile phase consisted of water containing 0.1% formic 
acid (A) and acetonitrile containing 0.1% formic acid (B). The gradient 
elution program was as follows: 0.01–20 min, 90–50% A; 20–50 min, 
50–5% A; 50–60 min, 5% A; 60–63 min, 5–90% A; and 63–65 min, 90% 
A. The flow rate was maintained at 0.3 mL/min. Samples were prepared 
by dissolving 5.0 mg of extract in 1 mL methanol and filtering through a 
0.22 µm membrane filter prior to analysis. An injection volume of 1 µL 
was used for UPLC-MS/MS analysis. MSe data were acquired over an m/ 
z range of 100–1500 using a data-independent acquisition (DIA) mode 
with alternating low collision energy (6 eV) and a high-energy ramp of 
40–50 eV. Data acquisition and processing were performed using UNIFI 
3.15.1 and Progenesis QI 3.1 software (Waters Corp., Milford, MA, USA).

2.4.2. The Global Natural Product Social Molecular Networking (GNPS)- 
based molecular networking analysis

GNPS-based molecular networking analysis was conducted using the 
Global Natural Products Social Molecular Networking (GNPS2) web 
platform (jobID: 4e0c9c53cf714322a4059314fc1393fb). MS/MS 
spectra were filtered by retaining the top five fragment ions within 
a ± 50 Da window across the spectrum. A molecular network was then 
generated using a cosine similarity threshold of 0.70 with a minimum of 
four matched fragment ions. The generated molecular network was 
visualized and arranged using Cytoscape 3.10.4 software (NRNB, USA), 
and putative compound annotations were assigned based on MS/MS 
fragmentation patterns.

2.5. Acute oral toxicity study

Acute toxicity was evaluated in accordance with the Organization of 
Economic Co-operation and Development OECD (Guideline No.423 for 
acute Oral Toxicity, Acute Toxic Class Method) (OECD, 2002). A group 
of mice (3 males and 3 females) was provided with water ad libitum but 
fasted for at least 12 h prior to receiving a single maximum testing dose 
of 5000 mg/kg of the extract. The mice were continuously monitored for 
72 h for signs of toxicity, including general movements; abnormal res
piratory and gastrointestinal functions (e.g., dyspnea and diarrhea), 
feeding and drinking reflexes, and mortality rate. If no mortality 
occurred, the observation period was extended for an additional 14 
days.

2.6. Carrageenan-induced paw edema model

The acute anti-inflammatory effect of the extract was evaluated using 
the carrageenan-induced paw edema model (Fehrenbacher et al., 2012). 
Healthy male mice were acclimatized for 7 days and randomly divided 
into five groups, with eight mice per group. The experimental doses 
were determined based on the extraction yield (1.28%) and the con
version factor for laboratory animals (human/mouse Km ratio of 37/3) 
(Nair and Jacob, 2016). Two dosage levels were selected: 185 mg/kg 
and 370 mg/kg. 

+Group 1 (normal control group): received distilled water

+Group 2 (disease control group): received distilled water
+Group 3 (diclofenac-treated group - Diclo): received diclofenac at 
10 mg/kg
+Group 4 (test group 1 - AE-185) received the algae extract at 
185 mg/kg
+Group 5 (test group 2 - AE-370) received the algae extract at 
370 mg/kg

One hour after the administration of the reference drug or algae 
extracts, mice in groups 2, 3, 4, and 5 were induced with inflammation 
by a subplantar injection of 25 µL of 1% carrageenan into the right hind 
paw. Mice in group 1 received an injection of 0.9% NaCl. Paw volume 
was measured before carrageenan injection and at 1, 3, 5, 24, 48, and 
72 h after induction using a plethysmometer. The percentage increase in 
paw volume (X%) and inhibition of paw edema (Y%) were calculated as 
follows: 

X (%) = [(Vt - V0) / V0] × 100                                                       (1)

Y (%) = [(Mc - Mt) / Mc] × 100                                                     (2)

where V0 (mL) is the paw volume before carrageenan injection, Vt (mL) 
is the paw volume at each time point, Mc (%) is the percentage increase 
in paw volume in the disease control group, and Mt (%) is the percentage 
increase in paw volume in the treated group.

2.7. Cotton pellet-induced granuloma model

The chronic anti-inflammatory effect of the extract was assessed 
using the cotton pellet-induced granuloma model (Kumar et al., 2016). 
Healthy male mice were randomly divided into four groups, with eight 
mice per group: disease control, diclofenac-treated group, and two 
extract-treated groups. The disease control group received distilled 
water, the reference group received diclofenac at 10 mg/kg, and the 
extract-treated groups received the extract at 185 or 370 mg/kg.

The mice were shaved in the dorsal area (2 ×2 cm), sanitized with 
alcohol, and locally anesthetized with a subcutaneous injection of 0.04% 
lidocaine. A small incision was made in the dorsal region, and a sterile 
cotton pellet weighing 10 ± 1 mg, previously soaked with 100 µL of 1% 
carrageenan, was implanted subcutaneously. The incision was sutured 
and disinfected with povidone. The animals were orally treated once 
daily for 7 days. At the end of the experiment, the mice were euthanized 
using CO2, granuloma tissues were collected, dried at 60 ◦C until 
reaching a constant weight (18 h), and then weighed. The chronic in
flammatory inhibition was calculated as follows: 

Inhibition (%) = [(Mcontrol - Mtreated) / Mcontrol] × 100                     (3)

where Mcontrol (mg) is the weight of cotton pellet granuloma in the 
vehicle control group and Mtreated (mg) is the weight of cotton pellet 
granuloma in the mice treated with diclofenac or extract.

Simultaneously, blood samples were collected via cardiac puncture. 
The levels of IL-1β, IL-10, and TNF-α were quantified using the LEGEND 
MAX™ Mouse ELISA kit, with concentrations calculated based on the 
linear regression equation derived from the standard curve.

2.8. Carrageenan-induced acute arthritis model

The anti-arthritic effect of the extract was evaluated using 
carrageenan-induced acute arthritis in mice (Hansra et al., 2000). 
Healthy male mice were randomly divided into five groups, following 
the same protocol as described above.

The circumference of the right knee joint was measured before in
duction. One hour after oral administration, arthritis was induced by 
intra-articular injection of 15 µL of 2% carrageenan into the right knee 
joint in the disease control, diclofenac, and extract-treated groups, while 
mice in the normal control group received 0.9% NaCl. Treatments were 
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continued once daily for 3 days. Knee joint circumference was measured 
at 2, 4, 6, 24, 48, and 72 h after carrageenan injection using millimeter 
paper.

2.9. Carrageenan-induced chronic arthritis model

Chronic arthritis was induced by repeated intra-articular injection of 
carrageenan into the right knee joint (Hansra et al., 2000). Mice were 
assigned to the same five groups as described above. Mice in the disease 
control, diclofenac, and extract-treated groups received 15 µL of 2% 
carrageenan into the right knee joint once every 3 days for 18 days, on 
days 1, 3, 6, 9, 12, 15, and 18. Mice in the normal control group received 
15 µL of 0.9% NaCl. Treatments were administered orally once daily for 
21 days.

Knee joint circumference was measured before induction and on 
days 3, 6, 9, 12, 15, 18, and 21. The percentage increase in joint 
circumference was calculated as follows: 

X (%) = [(Ct - C0) / C0] × 100                                                       (4)

where C0 (mm) is the knee joint circumference before carrageenan 
injection and Ct (mm) is the circumference at each evaluation time 
point. On day 21, mice were euthanized with CO2. The right knee joint 
was exposed and evaluated macroscopically using a 0–3 arthritis scoring 
scale: 0 = no signs of inflammation; 1 =mildly inflamed; 2 =moderately 
inflamed; and 3 = severely inflamed in 0.25 increments, where 0.25 
indicated initial swelling and redness. Scoring was conducted by two 
independent investigators blinded to the treatment groups 
(Bileviciute-Ljungar et al., 2006, Marchetti et al., 2018).

2.10. Statistical analysis

Data were analyzed using Microsoft Excel 2021 and SPSS 26.0. 
Statistical differences among groups were evaluated using one-way 
ANOVA followed by Tukey’s post hoc test for normally distributed 
data. For non-normally distributed data, Kruskal-Wallis followed by 
Dunn’s test and the Mann-Whitney test were used. A value of p < 0.05 
was considered statistically significant.

3. Results and discussion

3.1. Characterizing the triterpene sulfates distribution through multi- 
informative molecular networking (MIMN)

The MIMN analysis was performed using MS/MS data processed on 
the GNPS2 platform. The resulting molecular network was visualized 
according to precursor ion m/z values, as illustrated in Fig. 1A. A total of 
five major molecular clusters (A-E) were identified, comprising 5–51 
nodes per cluster, predominantly distributed within the m/z range of 
500–600, consistent with sulfated triterpenoid-type metabolites.

Cluster annotation was performed using a multi-layer dereplication 
strategy, including GNPS spectral library matching, cosine similarity- 
based networking, and in silico fragmentation analysis. To ensure 
transparency and reproducibility of annotations, compounds were 
classified according to the Metabolomics Standards Initiative (MSI). 
Nodes with high-confidence spectral library matches (cosine similarity 
> 0.70 and ≥4 matched fragment ions) were assigned as MSI Level 2 
annotations, while nodes inferred through network connectivity and 
structural analogy were classified as MSI Level 3 (putatively character
ized compounds).

Cluster A–E showed distinct yet closely related MS/MS fragmenta
tion patterns characterized by diagnostic sulfate-related fragment ions 
and shared triterpenoid backbone fragments, supporting their structural 
coherence as a chemical family. Representative nodes from each cluster 
were selected based on highest degree centrality and MS/MS spectral 
quality, and their fragmentation spectra are presented in Fig. 1B. Within 

these clusters, several nodes were successfully dereplicated as previ
ously reported triterpene sulfates (Table 1), including methyl-3β,23(R)- 
dihydroxycycloart-24-en-28-oate 3-sulfate, methyl-3β,23(R)-dihydroxy- 
29-nor-lanosta-8,24-dien-28-oate 3-sulfate, 3β,28-dihydroxycycloart- 
24-en-23-one 3-sulfate, cycloart-24-en-3β,23(R),28-triol 3-sulfate, and 
related analogues.

Overall, the MIMN results provide a structured and confidence- 
annotated molecular framework for triterpene sulfate distribution in 
T. cylindrica, thereby strengthening the reliability of compound-level 
interpretation and supporting subsequent biological correlation.

3.2. Acute toxicity of T. cylindrica extract

The acute toxicity test was performed at the highest dose of 
5000 mg/kg in accordance with OECD guidelines. There was no mor
tality within 72 h or over the subsequent 14-day observation period. The 
mice exhibited normal behavior and showed a slight weight gain with no 
signs of weight loss. Therefore, the algae extract can be considered safe, 
with the lethal dose (LD50) greater than 5000 mg/kg.

3.3. Acute anti-inflammatory effect in carrageenan-induced paw edema 
model

In the paw-edema model, the disease control group exhibited a sig
nificant increase in hind paw volume at all observation time points, 
confirming the effectiveness of 1% carrageenan as an inflammatory 
agent in this model. The positive control group (diclofenac 10 mg/kg) 
exhibited a significant decrease in paw edema volume throughout the 
observation period, demonstrating potent anti-inflammatory efficacy 
(inhibition rates ranging from 34.86% to 54.13%). Both test groups 
administered with algae extract at doses of 185 mg/kg and 370 mg/kg 
displayed anti-inflammatory activity compared to the control group. 
The 370 mg/kg dosage group demonstrated a rapid effect at the first 
hour post-carrageenan injection with an inhibition rate of 57.95%; this 
inhibitory effect remained up to 72 h and showed no statistically sig
nificant difference compared to the diclofenac group 
(p = 0.504–0.942 > 0.05). The 185 mg/kg dosage group showed a 
delayed onset of action; the inhibition of paw edema volume appeared 
after 3 h of inflammation induction (34.82%), and then the effect pro
longed during the 72-hour observation period (Fig. 2).

3.4. Chronic anti-inflammatory effect in the cotton-pellet-induced 
granuloma model and serum cytokines

The chronic anti-inflammatory effect was evaluated based on the dry 
weight of granuloma tissue isolated on day 8th of the model and the 
quantification of inflammatory mediators (IL-1β, IL-10, and TNF-α). The 
results for granuloma weight and the expression levels of anti- 
inflammatory cytokines (IL-1β, IL-10 and TNF-α) are presented in 
Table 2 and Fig. 3. The results demonstrated that the groups treated with 
diclofenac and algae extract (185 mg/kg) reduced the dry granuloma 
weight by 24.03% and 22.96%, respectively, compared to the disease 
control group (p = 0.004 < 0.01). Meanwhile, the algae extract group 
at a dosage of 370 mg/kg reduced the dry granuloma weight by 12.18% 
compared to the disease control group (p = 0.574 > 0.05), with no 
significant difference observed compared to the diclofenac group. The 
quantification of cytokine concentrations revealed that treatment with 
both diclofenac and algae extracts decreased the levels of IL-1β. Spe
cifically, the group treated with 185 mg/kg of algae extract showed the 
most significant reduction (57.78% compared to the disease control), 
followed by the diclofenac group (a reduction of 35.95%), and the 
370 mg/kg algae extract group inhibited 26.81%. However, there were 
no statistically significant differences between the algae extract-treated 
groups and the diclofenac group (p = 0.053 for the 185 mg/kg group 
and p = 0.775 for the 370 mg/kg group). Regarding IL-10 and TNF- α, 
the treatment groups showed a decreasing trend, but these results were 
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Fig. 1. MS/MS molecular networking (MN) reveals the chemical diversity of triterpene sulfates derived from Tricleocarpa fragilis. (A) The MN profile is color-coded 
based on m/z values. (B) The unique triterpene sulfates identified within clusters A− E are highlighted.
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Table 1 
The annotated triterpene sulfates originating from the extract of Tricleocarpa cylindrica.

No tR 

(min)
Compound name Ion 

adduct
Precursor/ 
Product ion (m/z, intensity a.u.)a

Molecular 
formula (error in 
ppm)

Ref

1 41.20 methyl-3β,23(R)- 
dihydroxycycloart-24-en-28-oate 
3-sulfate

[M]- 565.319/ 
146.9640 (732), 163.8959 (180), 165.8948 (193), 183.0097 
(622), 255.2312 (367), 353.1774 (914), 379.1901 (173), 
397.1412 (333), 407.2269 (312), 421.2415 (302), 519.3172 
(382), 521.3308 (26020), 531.2478 (287), 533.2562 (236), 
535.3027 (301), 537.3162 (296), 547.3124 (825), 549.2963 
(757), 563.3019 (708)

C31H49O7S- 

(-1.77)
(Horgen et al., 
2000)

2 36.81 methyl-3β-hydroxy-23- 
oxocycloart-24-en-28-oate 3- 
sulfate

[M]- 563.304/ 
126.9039 (1278), 163.8961 (201), 165.8951 (310), 183.0109 
(1229), 255.2340 (650), 281.2473 (387), 339.1976 (202), 
366.2306 (125), 505.3024 (784), 519.3129 (338), 521.3270 
(353), 531.2540 (330), 536.3115 (187), 537.3259 (421), 
547.3087 (463), 549.2886 (321)

C31H47O7S- 

(0.00)
(Horgen et al., 
2000)

3 27.65 cycloart-24-en-3β,23(R),28-triol 3- 
sulfate

[M]- 537.325/ 
126.9035 (1244), 146.9643 (544), 163.8949 (219), 165.8904 
(242), 183.0103 (369), 258.7335 (184), 260.7331 (245), 
262.7241 (211), 306.6795 (148), 353.1795 (364), 397.1670 
(275), 465.2659 (5040), 495.2738 (1006), 514.3232 (286), 
523.2710 (4009), 531.2550 (385)

C30H49O6S- 

(0.00)
(Horgen et al., 
2000)

4 39.00 3β,28-dihydroxycycloart-24-en-23- 
one 3-sulfate

[M]- 535.310/ 
126.9039 (782), 146.9667 (531), 163.8960 (260), 174.0006 
(168), 183.0106 (664), 255.2309 (293), 339.1974 (59), 353.1756 
(340, 379.1953 (199), 397.1682 (289), 421.2406 (251), 505.2986 
(982), 519.3172 (291), 521.3297 (7529), 531.2521 (500), 
533.2611 (342), 534.2956 (148)

C30H47O6S- 

(1.87)
(Horgen et al., 
2000)

5 40.29 cycloart-24-en-3β,23(R)-diol 3- 
sulfate

[M]- 521.334/ 
126.9041 (1110), 146.9652 (530), 163.8967 (260), 165.8930 
(290), 174.0020 (176), 183.0103 (656), 255.2340 (330), 
353.1793 (694), 397.1489 (195), 465.2509 (117), 479.2514 
(154), 515.2238 (215), 519.3165 (327)

C30H49O5S- 

(7.67)
(Horgen et al., 
2000)

6 47.10 3β-hydroxycycloart-24-en-23-one 
3-sulfate

[M]- 519.315/ 
126.9032 (1126), 146.9649 (613), 163.8952 (134), 165.8940 
(332), 183.0091 (577), 255.2299 (334), 353.1792 (294), 
421.2383 (308)

C30H47O5S- 

(1.93)
(Horgen et al., 
2000, Tran et al., 
2021)

7 38.71 methyl-3β,23(R)-dihydroxy-29- 
nor-cycloart-24-en-28-oate 3- 
sulfate

[M]- 551.304/ 
126.9029 (1018), 146.9675 (452), 163.8978 (189), 165.8961 
(250), 173.9997 (178), 183.0092 (1015), 255.2337 (335), 
279.2344 (266), 339.1851 (147), 353.1790 (367), 379.1927 
(182), 397.1630 (229), 421.2448 (270), 505.2978 (2713), 
514.3204 (213), 519.3188 (278), 521.3298 (5608), 531.2616 
(423), 533.2579 (497), 535.3092 (1006), 537.3071 (195), 
547.3064 (806), 550.2907 (263)

C30H47O7S- 

(0.00)
(Horgen et al., 
2000)

8 61.84 methyl-3β-hydroxy-23-oxo-29-nor- 
cycloart-24-en-28-oate 3-sulfate

[M]- 549.289/ 
126.9047 (372), 146.9658 (1608), 157.0119 (344), 163.8983 
(257), 171.9806 (400), 180.9734 (386), 183.0106 (1247), 
197.9613 (330), 208.0758 (141), 248.9616 (505), 255.2352 
(289), 306.9151 (222), 316.9482 (302), 333.9366 (408), 
350.9319 (186), 503.3221 (244), 505.3333 (977), 520.3214 
(175), 535.3442 (1077), 547.3073 (909)

C30H45O7S- 

(0.00)
(Horgen et al., 
2000)

9 37.21 methyl-3β,23(R)-dihydroxy-29- 
nor-lanosta-8,24-dien-28-oate 3- 
sulfate

[M]- 551.306/ 
126.9051 (797), 146.9664 (647), 165.8952 (259), 183.0121 
(1936), 339.1990 (413), 353.1726 (165), 397.1639 (214), 
505.2999 (571), 507.3153 (499), 521.3316 (756), 531.2662 
(229), 533.2611 (252), 535.3083 (429), 537.3224 (524), 
547.3150 (369), 548.3055 (305), 549.2949 (559)

C30H47O7S- 

(3.63)
(Horgen et al., 
2000)

10 62.14 methyl-3β-hydroxy-23-oxo-29-nor- 
lanosta-8,24-dien-28-oate 3-sulfate

[M]- 549.290/ 
126.9036 (364), 146.9653 (1722), 163.8947 (308), 165.8935 
(159), 171.9771 (379), 183.0119 (1068), 255.2337 (398), 
279.2335 (295), 505.3331 (1629), 521.3231 (151), 531.2521 
(223), 533.2571 (205), 535.3460 (1906), 547.3114 (1134)

C30H45O7S- 

(1.82)
(Horgen et al., 
2000)

11 40.56 methyl-3β,23(R)- 
dihydroxycycloart-24-en-28-oate 
3-sulfate

[M]- 565.319/ 
126.9037 (1002), 163.8946 (317), 165.8914 (242), 183.0126 
(724), 255.2323 (501), 353.1818 (354), 379.1981 (156), 
407.2275 (140), 421.2456 (135), 479.2522 (133), 503.3119 
(138), 519.3102 (272), 521.3306 (9843), 531.2565 (209), 
533.2540 (371), 535.3109 (753), 537.3213 (214), 547.3105 
(820), 563.3058 (2764)

C31H49O7S- 

(-1.77)
(Tran et al., 2021)

12 52.23 methyl-3β-hydroxy-25- 
methoxycycloart-23-en-29-oate 3- 
sulfate

[M]- 579.336/ 
126.9048 (1226), 146.9652 (411), 171.9828 (103), 174.0002 
(239), 183.0117 (965), 248.9614 (225), 255.2321 (403), 
519.3209 (191), 521.3296 (503), 549.3283 (1237), 551.3304 
(410)

C32H51O7S- 

(0.00)
(Tran et al., 2021)

(continued on next page)
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not statistically significant.

3.5. Anti-arthritic effect in acute carrageenan arthritis

The acute anti-arthritic effect was evaluated by measuring joint 
circumference at 1–72 h carrageenan-induced arthritis. Results showed 
that the group administered algae extract at 370 mg/kg exhibited a 
significant reduction in joint swelling, beginning 24 h after induction, 
with a decrease of 49–65%. The 185 mg/kg dosage group also demon
strated efficacy in reducing joint circumference after 24 h, although the 
effect was less significant than that of the 370 mg/kg dose at all 
observed time points. The positive control group (diclofenac) exhibited 
significant anti-inflammatory action 1 h after injection with a 25.11% 
decrease, peaked at 24 h (56.00%), and maintained its effect throughout 
the 72-hour observation period (Fig. 4).

3.6. Anti-arthritic effect in chronic carrageenan arthritis

In the chronic arthritis model, mice were orally administered the 
algae extract for 21 days, and their body weight was monitored. There 
were no significant changes in body weight in the algae extract-treated 
groups compared to other groups.

Anti-inflammatory effects were also assessed by measuring joint 
circumference every 3 days over the 21-day period. The results indicated 
that the diclofenac (10 mg/kg) group exhibited anti-arthritic effects at 
all observation time points, reducing the increase in knee joint 
circumference by approximately 46–76% compared to the disease 

Table 1 (continued )

No tR 

(min) 
Compound name Ion 

adduct 
Precursor/ 
Product ion (m/z, intensity a.u.)a

Molecular 
formula (error in 
ppm) 

Ref

13 40.03 3β-hydroxy-25-methoxycycloart- 
23-en 3-sulfate

[M]- 535.345/ 
126.9036 (1196), 146.9641 (856), 163.8950 (200), 165.8893 
(307), 174.0023 (271), 183.0125 (664), 255.2347 (396), 
353.1806 (344), 397.1475 (327), 407.2265 (137), 465.2366 
(238), 505.3015 (123), 519.3149 (454), 521.3315 (7706), 
531.2515 (153), 533.2570 (316)

C31H51O5S- 

(-1.87)
(Tran et al., 2021)

a : Product ions with the highest relative abundance are underlined.

Fig. 2. Effect of T. cylindrica extract on carrageenan induced paw edema in 
mice. Results were presented as Mean ± standard error of mean (SEM), (n = 8). 
Comparison of the results was performed using analysis of variance (ANOVA) 
followed by Tukey’s post hoc test. * p < 0.05, ** p < 0.01: compared with the 
control group. # p < 0.05; ## p < 0.01 compared with the disease group.

Table 2 
Effect of the algae extract on cotton pellet granuloma model.

Group Granuloma dry weight (mg) Inhibition (%)

Disease control 34.88 ± 2.14 -
Diclofenac 10 mg/kg 26.50 ± 0.84## 24.03
Algae extract 185 mg/kg 26.87 ± 0.88## 22.96
Algae extract 370 mg/kg 30.63 ± 1.76 12.18

Each value is the mean ± SEM (n = 8), ## p < 0.01 compared with the disease 
group

Fig. 3. Concentration of IL-1β, IL-10 and TNF-α in serum of mice. Results were 
presented as Mean ± standard error of mean (SEM), (n = 8). Comparison of the 
results was performed using analysis of variance (ANOVA) followed by Tukey’s 
post hoc test the control group; ** p < 0.01 compared with the disease group.

Fig. 4. Effect of T. cylindrica extract on carrageenan induced chronic arthritic. 
Results were presented as Mean ± standard error of mean (SEM), (n = 8). 
Comparison of the results was performed using analysis of variance (ANOVA) 
followed by Tukey’s post hoc test. * p < 0.05, ** p < 0.01: compared with the 
control group. # p < 0.05; ## p < 0.01 compared with the disease group.
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control group (p = 0.004 – 0.041 < 0.05), and showing no significant 
difference compared to the normal control group (p = 0.485–0.937 >

0.05). The algae extract at a dose of 185 mg/kg reduced knee joint 
circumference by approximately 42–55% compared to the disease con
trol group from day 3 to day 12 (p = 0.026–0.041 < 0.05); however, 
from day 15 to day 21, the reduction was approximately 26 – 35% but 
was not statistically significant (p = 0.132–0.310 > 0.05). The group 
treated with 370 mg/kg of algae extract showed a 41.03% reduction in 
knee joint circumference on day 3 compared to the disease control group 
(p = 0.015 < 0.05). From day 6 to day 21, the reduction ranged from 
9% to 34% compared to the disease control group, but these differences 
were not statistically significant (p = 0.093–0.937 > 0.05) (Fig. 5 and 
Table 3).

The results of the arthritis scoring scale showed that mice in the 
disease control group had a mean score approximately 9 times higher 
than that of the normal control group (p = 0.001 < 0.01). The 10 mg/kg 
diclofenac group had a mean inflammation score 2.9 times lower than 
the disease control group (p = 0.009 < 0.05) and showed no significant 
difference compared to the normal control group (p = 0.194 > 0.05). 
The groups treated with the algal extract at doses of 185 mg/kg and 
370 mg/kg exhibited reductions in the mean arthritis score by 46.08% 
and 27.19%, respectively, however, there was no significant difference 
compared to the disease group (p = 0.555 and 0.913 > 0.05) (Table 4).

4. Discussions

4.1. Chemical analysis

Reported studies on Tricleocarpa fragilis, a species within the same 
genus, have indicated that triterpene sulfates are the important class of 
compounds responsible for its biological activities (Horgen et al., 2000, 
Tran et al., 2021). Based on the analytical results, it is evident that the 
chemical constituents of T. cylindrica also consist mainly of sulfated 
triterpenoids, which were previously identified in T. fragilis. Interest
ingly, besides the annotated nodes corresponding to known compounds, 
these clusters also contained numerous unannotated nodes exhibiting 
highly similar fragmentation behaviors and close spectral relationships 
to the identified triterpene sulfates. The occurrence of these unidentified 
nodes strongly suggests the presence of structurally related metabolites 
that have not yet been reported in the literature. Since compounds 
grouped within the same molecular cluster generally possess similar 
core skeletons and biosynthetic relationships, these unknown nodes 
were considered potential novel triterpene sulfate derivatives and 
require further investigation.

4.2. In vivo assay

The carrageenan-induced acute inflammation model exhibits a 
classic biphasic mechanism. The early phase is triggered by primary 
vascular mediators like histamine and bradykinin, whereas the delayed, 
mature phase is sustained by a complex network of prostaglandins, nitric 
oxide (NO), progressive leukocyte infiltration, and elevated pro- 
inflammatory cytokines. (Fehrenbacher et al., 2012, Posadas et al., 
2004, Lopes et al., 2020). Carrageenan edema also shows differential 
NO/COX-2 dependence over time (Posadas et al., 2004), and macro
phage exposure to carrageenan can engage TLR4-linked cytokine 
signaling and IL-1β maturation via the canonical NLRP3 inflammasome 
(Lopes et al., 2020, Swanson et al., 2019). In the present study, the weak 
185 mg/kg response at 3 h but clearer efficacy from 5 h to 72 h suggests 
greater activity during the later prostaglandin/NO/cytokine-dominant 
phase than during the earliest permeability phase. The dose of 
370 mg/kg exhibited a faster onset of action starting from 1 h 
post-inflammation induction, indicating its ability to neutralize chemi
cal mediators as well as inhibit the production of prostaglandins, NO, 
and cytokines.

Similarly, in the acute arthritis model, the 370 mg/kg dose exhibited 
better efficacy than the 185 mg/kg dose, indicating that the constituent 
compounds in the extract possess an inhibitory effect on delayed-phase 
mediators. Phytochemical profiling of the algal extract revealed that 
sulfated triterpenes are the predominant compound class potentially 
responsible for the observed anti-inflammatory effects. The distinctive 
structural features of the predicted triterpenes in T. cylindrica are the 
cycloartane skeleton and the sulfate moiety. While there is a lack of 
reported data regarding the impact of the sulfate group on anti- 
inflammatory efficacy, the cycloartane skeleton is well-recognized as a 
structural determinant for this biological activity. Previous studies have 
shown that cycloartane triterpenes exert anti-inflammatory effects by 
inhibiting NO, the NLRP3 inflammasome, interleukins, and TNF-α 
(Wang et al., 2025). These findings are in strong agreement with our in 
vitro anti-inflammatory observations.

However, in the chronic inflammation and chronic arthritis models, 
the results were different, as the lower dose of 185 mg/kg exhibited 
better efficacy than the 370 mg/kg dose. This is considered a non- 
monotonic, bell-shaped dose-response relationship, which is well- 
documented in pharmacological studies (Calabrese, 2013). The thera
peutic mechanisms for acute and chronic inflammation differ based on 

Fig. 5. Effect of T. cylindrica extract on carrageenan induced chronic arthritic. 
Results were presented as Mean ± standard error of mean (SEM), (n = 8). 
Comparison of the results was performed using analysis of variance (ANOVA) 
followed by Tukey’s post hoc test. * p < 0.05, ** p < 0.01: compared with the 
control group. # p < 0.05; ## p < 0.01 compared with the disease group.

Table 3 
Arthritis inhibition (%) of treatment groups relative to disease control in the 
chronic arthritis model.

Group 
(n = 8)

Day 
3

Day 
6

Day 
9

Day 
12

Day 
15

Day 
18

Day 
21

Diclofenac 
10 mg/kg

75.57 66.61 62.80 59.15 46.10 51.51 51.57

Algae extract 
185 mg/kg

53.07 42.16 48.43 54.59 25.77 35.07 29.97

Algae extract 
370 mg/kg

41.03 24.96 14.52 31.86 8.74 27.06 33.62

Table 4 
Arthritis scores of the right knee joint in experimental groups on day 21.

Group 
(n = 8)

Normal 
Control

Disease 
control

Diclofenac 
10 mg/kg

Algae 
extract 
185 mg/ 
kg

Algae 
extract 
370 mg/ 
kg

Inflammation 
score

0.25 
± 0.11

2.17 
± 0.40**

0.75 
± 0.28#

1.17 
± 0.42

1.58 
± 0.40*

Each value is the mean ± SEM (n = 8)
*: p < 0.05 and ** p < 0.01 compared with normal control group, # p < 0.05 
compared with disease group
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the progression of the ongoing inflammatory process. During acute 
inflammation, chemical mediators (such as histamine, serotonin, NO, 
and prostaglandins) are massively released; therefore, 
anti-inflammatory agents must be introduced immediately to rapidly 
and profoundly neutralize these mediators (Ayoub, 2010). This mech
anism explained the algal extract at a dose of 370 mg/kg exhibited su
perior efficacy compared to the 185 mg/kg dose. However, chronic 
inflammation is a complex, cell-mediated process involving prolonged 
macrophage activation, fibroblast proliferation, and intricate cytokine 
networks (Ayoub, 2010). The administration of high-dose extracts may 
trigger feedback mechanisms, leading to the down-regulation of target 
receptors and the shunting of metabolic pathways (Lin et al., 2011, 
Calabrese, 2013). Furthermore, high-dose administration can induce 
cellular stress that promotes secondary inflammatory responses, thereby 
reversing the initial anti-inflammatory effects (Du et al., 2013).

The IL-1β pattern is relevant to chronic inflammation. IL-1β lies 
downstream of both inflammatory priming and inflammasome- 
dependent maturation, so a marked fall in IL-1β with a smaller TNF-α 
effect is compatible with interference at the NF-κB priming step, the 
NLRP3/caspase-1 processing step, or both (Lopes et al., 2020, Swanson 
et al., 2019, Yin et al., 2022). The NLRP3/IL-1β axis is recognized as an 
amplifier in rheumatoid and related chronic synovitides (Swanson et al., 
2019, Yin et al., 2022). The present dataset cannot prove NLRP3 inhi
bition, but the combination of late-phase paw-edema efficacy, IL-1β 
suppression, and chronic granuloma reduction supports direct 
protein-level testing in follow-up work.

Regarding the chronic arthritis model, a limitation of the present 
study is that the evaluation was restricted to knee joint circumference 
and macroscopic manifestations, without conducting histological anal
ysis or measuring inflammatory mediators. This model relies on 
carrageenan-induced inflammation in the knee joint, suggesting that its 
mechanism of action is potentially similar to that of the chronic 
inflammation model. However, to fully understand the mechanisms of 
action, an in-depth analysis of molecular expressions at the knee joint is 
required.

Overall, the algae extract at a dose of 185 mg/kg demonstrated 
consistent and effective anti-inflammatory activity in both acute and 
chronic models. The 370 mg/kg dose remained biologically active, but 
its less stable performance across endpoints argues against simple dose 
escalation as the next development step.

Based on the obtained results, T. cylindrica emerges as a potential 
natural source exhibiting anti-inflammatory activity, with sulfated tri
terpenes being the responsible bioactive compounds. The scalability and 
sustainability of using T. cylindrica as a source of triterpene sulfates 
depend on both biomass availability and environmentally responsible 
production. This species is relatively widely distributed in tropical and 
subtropical waters and commonly occurs on rocky substrates and dead 
coral surfaces in subtidal habitats with moderate-to-strong water 
movement (Do et al., 2025). In Vietnam, it generally grows well from 
February to June. Previous observations also suggest relatively rapid 
growth and the capacity to form substantial biomass within a short 
period (Tsutsui et al., 2005). However, quantitative data on natural 
stocks, annual productivity, and recovery after harvesting remain 
limited. Therefore, future large-scale utilization should be based on 
resource surveys, seasonal monitoring, suitable harvesting limits, and 
recovery periods rather than uncontrolled collection from natural pop
ulations. The seasonal and geographical variation in triterpene sulfate 
content should also be evaluated to identify the optimal harvest period.

Controlled cultivation of T. cylindrica has not yet been reported. 
Nevertheless, its relatively rapid growth supports further studies on 
vegetative propagation, regeneration, attachment to artificial sub
strates, and land-based or nearshore cultivation. Successful cultivation 
could provide a more stable raw-material supply and reduce pressure on 
natural populations. At the processing level, 2.5 kg of dried algal ma
terial yielded 33.25 g of desalted extract in the present study. However, 
the concentrations and recovery yields of individual triterpene sulfates 

were not quantified. Future work should therefore focus on chemical 
standardization, batch-to-batch consistency, extraction optimization, 
greener solvent use, and techno-economic evaluation. At present, 
T. cylindrica should be considered a promising source for further bio
prospecting rather than an immediately scalable commercial raw 
material.

5. Conclusions

Chemical analysis of T. cylindrica identified triterpene sulfates as the 
major constituents, indicating a significant potential for the discovery of 
novel compounds within this scaffold. In vivo, the algae extract reduced 
carrageenan-induced paw edema, cotton pellet-induced granuloma 
formation, and joint swelling in acute and chronic carrageenan arthritis. 
A notable dose-dependent pattern emerged: 370 mg/kg was more active 
in acute exudative inflammation, whereas 185 mg/kg produced the 
more favorable profile in chronic granulomatous inflammation, IL-1β 
suppression, and chronic arthritis endpoints. These findings support 
T. cylindrica from Vietnamese waters as a marine-derived bioresource for 
further anti-inflammatory research, while also indicating the need for 
chemical isolation, mechanism-based assays, histopathological confir
mation, pharmacokinetic evaluation, and repeat-dose safety studies.
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A B S T R A C T

Chemical investigation of the marine alga Tricleocarpa cylindrica collected in Vietnamese waters led to the 
structural elucidation of six compounds, including four triterpenoids (methyl-3β-hydroxycycloart-23,25-dien-29- 
oate-3-sulfate (1), 3β-hydroxycycloart-23,25-dien-3-sulfate (2), 3β-hydroxycycloart-24-en-23-one-3-sulfate (3) 
and methyl-3β-hydroxycycloart-24-en-23-one-29-oate-3-sulfate (4)) and two carbohydrate derivatives (O-α-gal
actopyranosyl (1″→6′)-O-β-galactopyranosyl-(1′→1)-glycerol (5) and floridoside (6)). Compounds 1 and 2 were 
identified as new natural compounds, and all six compounds were reported from T. cylindrica for the first time. 
These compounds were evaluated for their cytotoxic activities using the MTT assay and their anti-inflammatory 
effects against LPS-induced inflammation in RAW 264.7 cells via the NO inhibition assay. Compounds 3 and 4 
exhibited cytotoxicity against the MDA-MB-231 cell line, with IC50 values of 66.24 ± 0.09 µM and 
62.15 ± 0.25 µM, respectively. Notably, five out of the six isolated compounds demonstrated promising anti- 
inflammatory potential, with IC50 values ranging from 6.76 to 18.07 µM.

1. Introduction

Algae are a huge natural resource with diverse applications across 
the food, cosmetics, and healthcare industries (Koru et al., 2013). Red 
algae are regarded as having a greater quantity of natural bioactive 
chemicals compared to other categories of algae. Over 1600 compounds 
have been found in Rhodophyta, representing 53% of the bioactive 
compounds reported in algae (Leal et al., 2013). Vietnam is located in a 
tropical monsoon region with a coastline of approximately 3260 kilo
meters and a sea area of 1 million square kilometers, providing optimal 
conditions for rich marine algal diversity. The checklist of marine 
macroalgae of Vietnam in 2013 reported 827 species, of which red algae 
(Rhodophyta) represented nearly 50% of all recorded seaweed species 

(412 species) (Van Nguyen et al., 2013).
In the report about marine algae of the South China Sea, Vietnam has 

the highest number of distributed red algae, with 409 species belonging 
to 36 different families, compared with Indonesia, Malaysia, the 
Philippines, Singapore and Thailand (Phang et al., 2016). However, the 
research on bioactive compounds from algae species in Vietnam remains 
highly limited. Among the red algae, the Galaxauraceae family has over 
10 species distributed in Vietnam (Phang et al., 2016). Notably, the 
species Tricleocarpa fragilis has been relatively well-studied for its 
chemical constituents and biological activities. Sulfated terpenoids have 
been identified as the main compounds in this species that demonstrated 
shrimp toxicity, cytotoxicity and α-glucosidase inhibitory activity 
(Horgen et al., 2000; Tran et al., 2021). Specimens of T. fragilis collected 

* Corresponding author.
E-mail addresses: ttvananh@ump.edu.vn (T.V.A. Tran), hien153152@gmail.com (T.D.H. Nguyen), tranduyhien@ump.edu.vn (D.H. Tran), lethikimanh@ump.edu. 

vn (T.K.A. Le), hongtuoi@ump.edu.vn (T.H.T. Do), minhnv@ntu.edu.vn (V.M. Nguyen), hannt@ntu.edu.vn (T.H. Nguyen). 
1 ORCID: https://orcid.org/0000-0001-6998-2450
2 ORCID: https://orcid.org/0009-0008-5110-2361
3 ORCID: https://orcid.org/0009-0004-4850-3333
4 ORCID: https://orcid.org/0000-0002-5445-0694
5 ORCID: https://orcid.org/0000-0001-5316-8067
6 ORCID: https://orcid.org/0000-0002-8154-6739

Contents lists available at ScienceDirect

Regional Studies in Marine Science

journal homepage: www.elsevier.com/locate/rsma

https://doi.org/10.1016/j.rsma.2026.105462
Received 29 May 2026; Received in revised form 9 September 2026; Accepted 9 September 2026  

Regional Studies in Marine Science 102 (2026) 105462 

Available online 15 September 2026 
2352-4855/© 2026 Published by Elsevier B.V. 

https://orcid.org/0000-0002-8154-6739
https://orcid.org/0000-0002-8154-6739
mailto:ttvananh@ump.edu.vn
mailto:hien153152@gmail.com
mailto:tranduyhien@ump.edu.vn
mailto:lethikimanh@ump.edu.vn
mailto:lethikimanh@ump.edu.vn
mailto:hongtuoi@ump.edu.vn
mailto:minhnv@ntu.edu.vn
mailto:hannt@ntu.edu.vn
https://orcid.org/0000-0001-6998-2450
https://orcid.org/0009-0008-5110-2361
https://orcid.org/0009-0004-4850-3333
https://orcid.org/0000-0002-5445-0694
https://orcid.org/0000-0001-5316-8067
https://orcid.org/0000-0002-8154-6739
www.sciencedirect.com/science/journal/23524855
https://www.elsevier.com/locate/rsma
https://doi.org/10.1016/j.rsma.2026.105462
https://doi.org/10.1016/j.rsma.2026.105462


from the Andaman Sea (India) were analyzed for the fatty acid 
composition using GC-MS. The analysis identified a mixture of fatty 
acids, consisting of one monounsaturated fatty acid (58%), four satu
rated fatty acids (38%), and one polyunsaturated fatty acid (3.86%) 
(Banu and Mishra, 2018) and the n-hexadecenoic acid was determined 
as the dominant compound (Banu et al., 2024). Furthermore, phyto
chemical screening of T. fragilis from the Indonesia sea indicated the 
presence of alkaloids, flavonoids, tannins, triterpenes/steroids and sa
ponins (Singkoh et al., 2019). Besides, T. fragilis exhibited potential 
antibacterial activity. The crude chloroform extract and purified fraction 
of T. fragilis exhibited significant activity against four bacterial patho
gens, Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus cereus and 
Salmonella enterica Typhimurium, but not against Listeria monocytogenes. 
Fatty acids were considered responsible for this observed activity (Banu 
et al., 2024).

Tricleocarpa cylindrica, a species within the same genus as T. fragilis, 
is abundantly found in Vietnamese coastal waters such as Ly Son, Nha 
Trang, and Phu Quy (Do et al., 2024). In a recent biological activity 
screening of various Vietnamese red algae species, T. cylindrica and 
T. fragilis exhibited distinct effects. Specifically, T. cylindrica exhibited 
cytotoxicity against the MDA-MB-231 cell line with an IC50 value of 
53.87 ± 6.35 µg/mL, while T. fragilis displayed weak activity (its IC50 
value could not be established due to less than 50% inhibition at the 
highest dose of 100 µg/mL). Furthermore, their anti-inflammatory ac
tivities also differed; T. fragilis inhibited NO production in 
LPS-stimulated RAW 264.7 cells with an IC50 of 92.76 ± 3.15 µg/mL, but 
the IC50 for T. cylindrica could not be determined due to its cytotoxicity 
to the examined cells (Nguyen et al., 2025). These differences suggest 
that the two species may contain different chemical constituents and 
support further investigation of T. cylindrica. While the chemical con
stituents of T. fragilis have been extensively reported, data on the 
phytochemical profile of T. cylindrica remain limited. Therefore, the 
present study aimed to identify the chemical constituents of T. cylindrica 
collected from Vietnamese waters and to evaluate their cytotoxic and 
anti-inflammatory activities.

2. Materials and methods

2.1. Sample collection and preparation

The samples of T. cylindrica were collected from the coastal waters of 
Ly Son, Quang Ngai Province, Vietnam, using SCUBA diving equipment. 
The algal samples were collected in two separate batches in July 2023 
and May 2024. The specimens were authenticated by Dr. Do Anh Duy at 
the Northern Research Center for Marine Fisheries, Viet Nam Academy 
of Fishery Sciences (VAFIS), to ensure the accuracy of the scientific 
nomenclature. After collection, the algal samples were washed with 
seawater and then sun-dried. Surface salt crystals were removed from 
the dried algal material. A voucher specimen is deposited at the 
Department of Pharmacognosy – Traditional Pharmacy, University of 
Medicine and Pharmacy at Ho Chi Minh City (voucher numbers 
AlgaeNT0923 and AlgaeNT1024). To obtain a suitable biomass for 
extraction, the two batches of algal samples were initially analyzed for 
chemical consistency by thin-layer chromatography (TLC). Upon 
confirmation of their similar chemical profiles, the batches were com
bined for the next extraction process.

2.2. Apparatus and reagents for chemical study

Column chromatography was performed with reverse phase silica gel 
(40 – 63 µm, Merck, Germany), normal silica gel (40 – 63 µm, Prolabo, 
France) and Sephadex LH-20 (GE Healthcare Life, USA). Thin layer 
chromatography (TLC) was carried out using pre-coated silica gel 60 
F254 (1.05554.0001, Merck, Germany) and RP-18F254 plates 
(1.15685.0001, Merck, Germany). Spots were identified by using the 
vanillin-sulfuric reagent and subsequently heating to 105 ◦C. High- 

resolution mass spectrometry (HR-ESIMS) was measured on Acquity 
UPLC-Xevo G2 QTof MS G2 system (Waters, USA). Nuclear magnetic 
resonance (NMR) spectra were recorded on a Bruker Avance III 600 FT- 
NMR spectrometer with Tetramethylsilane (TMS) as an internal stan
dard. Optical rotation was measured in Jasco P-2000 digital polarimeter 
(Jasco, Japan).

2.3. Reagents for bioassay

The RAW 264.7 and MDA-MB-231 cell lines, originally from the 
American Type Culture Collection (ATCC), were provided by the Pasteur 
Institute in Ho Chi Minh City, then reactivated and maintained at the 
UMP Center for Science and Technology. Dulbecco’s Modified Eagle 
Medium (DMEM), fetal bovine serum (FBS), L-glutamine, penicillin- 
streptomycin, trypsin-EDTA, and phosphate-buffered saline (PBS) were 
purchased from Gibco (USA). Trypan blue, dexamethasone, and lipo
polysaccharide (LPS from Escherichia coli O111:B4) were obtained from 
Sigma-Aldrich (Germany). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide (MTT) was procured from Invitrogen (USA). 
Doxorubicin was supplied by Ebewe Pharma (Austria). Griess reagent 
(comprising 1% sulfanilamide, 0.1% N-naphthylethylenediamine dihy
drochloride, and 5% phosphoric acid) was purchased from Sigma- 
Aldrich (Germany). Sodium nitrite (NO2) standard was obtained from 
Merck (Germany).

2.4. Extraction, purification, and structural analysis

The seaweed material (2.0 kg) was percolated with 96% ethanol (w/ 
v, 1:15). The solvent was evaporated to obtain the total crude extract 
(310 g). The extract was dissolved in a solvent to form a concentrated 
solution, mixed with clean sand as a carrier, and then dried to evaporate 
the solvent, yielding a powder sample. The column was packed with 
reversed-phase silica gel (50 g) at the bottom, topped with the powder 
sample. The column was first eluted with water (1 L) to remove salts, 
followed by ethanol (500 mL) and acetone (500 mL). The ethanol and 
acetone eluates were combined and concentrated under reduced pres
sure to yield the extract (24.5 g). The extract was dissolved in CHCl3 and 
partitioned with 10% H2SO4. The CHCl3 layer was washed with water 
until the washings were neutral, and then evaporated under reduced 
pressure to afford fraction A (5.22 g). The acidic aqueous layer was 
neutralized to pH 7 with 10% NaOH and subsequently extracted with 
CHCl3. The resulting CHCl3 layer was concentrated in vacuo to yield 
fraction B (4.61 g).

Fraction A was separated over a Sephadex LH-20 column and eluted 
with 100% MeOH (repeated 10 times on a 3 cm × 100 cm column) to 
afford 9 subfractions. Fraction A.8 (1.15 g) was subjected to reversed- 
phase silica gel column chromatography, eluting with a water–acetone 
(6:4, v/v) system to yield 13 subfractions (A.8.1–A.8.13). Fraction A.8.8 
(117 mg) was further purified on a reversed-phase column using a 
water–acetonitrile (6:4, v/v) solvent system to give 12 subfractions. 
From subfractions A.8.8.3 and A.8.8.7, compound 3 (6.2 mg) and 
compound 4 (3.5 mg) were obtained, respectively. Fraction A.8.11 
(45 mg) was purified over a reversed-phase column with a water
–acetone gradient (from 10:0–5:5, v/v) to obtain compound 1 (2.8 mg). 
Similarly, purification of fraction A.8.13 (31 mg) over a reversed-phase 
column using a water–acetone gradient (from 9:1–4:6, v/v) yielded 
compound 2 (3 mg).

Fraction B (4.61 g) was separated by Sephadex LH-20 column 
chromatography to obtain five fractions (B.1-B.5). Fraction B.3 
(44.7 mg) was separated by silica gel column, using EtOAc – MeOH - H2O 
(8:2:1) as the eluant to obtain compound 5 (3.3 mg) and compound 6 
(4.2 mg).

Methyl-3β-hydroxycycloart-23,25-dien-29-oate-3-sulfate (1): Col
ourless gum; α27

D + 17.31 (MeOH, c 0.1); UV λmax (MeOH) 229 nm, 1H- 
NMR and 13C-NMR data, see Table 1; HR-ESIMS m/z: [M - H]- 
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547.30978 (calcd. for C31H47O6S- 547.3093).
3β-hydroxycycloart-23,25-dien-3-sulfate (2) Colourless gum; 

α27
D + 28.2 (MeOH, c 0.1); UV λmax (MeOH) 230 nm, 1H-NMR and 13C- 

NMR data, see Table 1; HR-ESIMS m/z: [M - H]- 503.3168 (calcd. for 
C30H47O4S- 503.3195).

3β-hydroxycycloart-24-en-23-one 3-sulfate (3) Amorphous white 
powder; α27

D + 23.0 (MeOH, c 0.1); UV λmax (MeOH) 237 nm, 1H-NMR 
and 13C-NMR data, see Table 1; HR-ESIMS m/z: [M - H]- 519.31213 
(calcd. for C30H47O5S- 519.3144).

Methyl-3β-hydroxycycloart-24-en-23-one-29-oate-3-sulfate (4) 
Amorphous white powder; α27

D 38.0 (MeOH, c 0.1); UV λmax (MeOH) 
238.5 nm, 1H-NMR and 13C-NMR data, see Table 1; HR-ESIMS m/z: [M- 
H]- 563.30412 (calcd. for C31H47O7S- 563.30479).

O-α-galactopyranosyl (1″→6′)-O-β-galactopyranosyl-(1′→1)-glycerol 
(5). Colourless gum; α27

D + 42.9; UV λmax (MeOH) 201 nm, 1H-NMR and 
13C NMR, see Table 2; HR-ESIMS m/z: [M-H]- 415.14378 (calcd. for 
C15H27O13

- 415.1451).
Floridoside (6) Colourless oil; α27

D + 98.4; UV λmax (MeOH) 201 nm, 
1H-NMR and 13C-NMR data see Table 2; HR-ESIMS m/z: [M-H]- 

253.09216 (calcd. for C9H17O8
- 253.0923).

2.5. Cytotoxicity assay

The cytotoxic activity of compounds 1- 6 against the breast cancer 
cell line (MDA-MB-231) was determined using the MTT assay, with 

doxorubicin as a positive control. Briefly, compounds were dissolved in 
DMSO to prepare a stock solution at a concentration of 20 mg/mL, and 
subsequently diluted in the culture medium to achieve testing 

Table 1 
1H and 13C-NMR data of isolated compounds 1–4 (δ in ppm; J in Hz) (600 MHz for 1H-NMR and 150 MHz for 13C-NMR in CD3OD).

Position 1 2 3 4

δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC

1α 
1β

1.66 m 
1.34 m

32.5 1.58 m 
1.30 m

32.9 1.57 m 
1.30 m

32.9 1.68 m 
1.35 m

32.5

2α 
2β

2.25 m 
1.69 m

28.1 2.22 m 
1.72 m

28.6 2.21 m 
1.73 m

28.6 2.25 m 
1.71 m

28.1

3 4.74 dd (4.4, 11.4) 83.3 4.01 dd (4.5, 11.8) 87.2 4.01 dd (4.5, 11.5) 87.4 4.75 dd (4.5, 11.5) 83.3
4 - 55.2 - 41.3 - 41.3 - 55.2
5 2.12 dd (4.5, 12.5) 45.8 1.40 m 48.7 1.40 m 49.0 2.11 m 45.9
6α 

6β
1.07 m 
0.96 m

24.0 1.63 m 
0.83 m

22.4 1.63 m 
0.85 m

22.2 1.07 m 
0.98 m

23.9

7α 
7β

1.12 m 
1.32 m

26.6 1.15 m 
1.36 m

27.1 1.13 m 
1.36 m

27.1 1.33 m 
1.17 m

26.6

8 1.60 m 49.3 1.56 m 49.4 1.57 m 49.4 1.63 m 49.4
9 - 21.3 - 21.3 - 21.2 - 21.2
10 - 26.3 - 26.3 - 26.3 - 26.3
11α 

11β
2.05 m 
1.20 m

27.4 2.05 m 
1.18 m

27.5 2.04 m 
1.19 m

27.4 2.05 m 
1.21 m

27.4

12 1.67 m (2H) 33.9 1.66 m (2H) 34.1 1.67 m (2H) 34.1 1.67 m (2H) 33.9
13 - 46.5 - 46.5 - 46.6 - 46.6
14 - 50.0 - 49.5 - 50.2 - 50.1
15 2.19 m 

1.35 m
36.6 2.19 m 

1.37 m
36.7 1.35 m 36.6 1.34 m 36.5

16α 
16β

1.96 m 
1.36 m

29.0 1.97 m 
1.36 m

29.2 1.93 m 
1.33 m

29.4 1.93 m 
1.35 m

29.3

17 1.64 m 53.4 1.64 m 53.4 1.62 m 53.2 1.67 m 53.9
18 1.02 s (3H) 18.6 1.03 s (3H) 18.6 1.05 s (3H) 18.6 1.04 s (3H) 18.5
19α 

19β
0.45 d (4.4) 
0.65 d (4.4)

30.1 0.38 d (4.2) 
0.59 d (4.2)

30.8 0.39 d (4.2) 
0.60 d (4.2)

30.8 0.46 d (4.2) 
0.65 d (4.2)

30.6

20 1.51 m 38.0 1.53 m 38.0 2.00 m 35.0 1.98 m 35.0
21 0.90 d (6.5) (3H) 18.9 0.90 d (6.4) (3H) 18.9 0.88 d (6.5) (3H) 19.6 0.89 d (6.4) (3H) 19.7
22 1.85 m 

2.29 m
40.8 1.85 m 

2.29 m
40.7 2.11 m 

2.54 m
52.7 2.12 m 

2.55 dd (3.0, 15.0)
52.7

23 5.66 ddd (15.3, 8.5, 6.3) 130.0 5.66 ddd 
(15.0, 8.5, 6.2)

130.2 - 204.3 - 204.2

24 6.12 d (15.6) 135.5 6.12 d (15.0) 135.5 6.17 p (1.4) 125.4 6.20 s 125.3
25 - 143.5 - 143.5 - 156.9 - 156.9
26 4.85 s (2H) 114.5 4.83 s (2H) 114.5 1.90 s (3H) 27.5 1.91 s (3H) 27.7
27 1.82 s (3H) 18.9 1.83 s (3H) 18.9 2.14 s (3H) 20.9 2.12 s (3H) 20.8
28 1.17 s (3H) 10.6 0.87 s (3H) 15.4 0.87 s (3H) 15.4 1.17 s (3H) 10.6
29 - 178.0 1.84 s (3H) 26.3 1.02 s (3H) 26.3 - 178.0
30 0.94 s (3H) 19.7 0.94 s (3H) 19.8 0.95 s (3H) 19.7 0.97 s (3H) 19.7
29-OCH3 3.67 s (3H) 52.4 - - ​ - 3.70 s (3H) 52.7

Table 2 
1H and 13C-NMR data of isolated compounds 5 and 6 (δ in ppm; J in Hz) 
(600 MHz for 1H-NMR and 150 MHz for 13C-NMR in CD3OD).

Position 5 6

δC δH δC δH

1 64.07 3.60 dd (11.3, 5.3) 
3.57 m

​ 62.98 3.70 m (2H)

2 70.27 3.77 m ​ 81.59 3.71 m
3 72.21 3.84 m 

3.70 m
​ 62.32 3.70 m 

3.66 m
1’ 105.21 4.25 d (7.4) ​ 100.42 5.02 d (3.2)
2’ 72.59 3.54 m ​ 70.51 3.77 t (3.3)
3’ 74.59 3.51 m ​ 71.16 3.88 dd (2.9, 2.3)
4’ 70.24 3.86 d (4.3) ​ 71.51 3.78 m
5’ 74.69 3.76 m ​ 72.66 4.01, ddd (6.6, 5.0,1.3)
6’ 67.83 3.67 m 

3.92 m
​ 62.84 3.70 m (2H)

1” 100.43 4.86 over l. ​ ​ ​
2” 72.34 3.79 m ​ ​ ​
3” 71.44 3.76 m ​ ​ ​
4” 71.04 3.89 m ​ ​ ​
5” 72.48 3.88 m ​ ​ ​
6” 62.71 3.71 m (2H) ​ ​ ​
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concentrations. 5 × 104 cells/well were seeded into 96-well plates and 
were treated with the test compounds at different concentrations (100, 
50, 25, 12.5 and 6.25 µM). After 72 h, the culture medium was removed, 
50 µL MTT (0.5 mg/mL) and 150 µL culture solution were added to each 
well, followed by incubation at 37◦C and 5% CO2 for 3 h. Subsequently, 
200 µL of DMSO was added to solubilize the resulting formazan crystals. 
The optical density (OD) was measured at 570 nm using a Multiskan™ 
FC microplate photometer (Denizot and Lang, 1986). IC₅₀ values were 
calculated for each independent experiment from the 
concentration-response curves using nonlinear regression in GraphPad 
Prism. The results are expressed as the mean ± standard deviation (SD) 
of three independent experiments.

2.6. Anti-inflammatory assay

Initially, the test compounds were evaluated for their cytotoxicity 
against RAW 264.7 cells at various concentrations using the MTT assay. 
From non-cytotoxic concentrations, subsequent dilutions were prepared 
from these levels to evaluate the anti-inflammatory activity. NO con
centration in the cultured medium was quantified based on the Griess 
reaction. Briefly, 100 µL of the culture supernatant was mixed with 
100 µL of Griess reagents (1% sulfanilamide in 5% phosphoric acid and 
0.1% naphthylethylenediamine dihydrochloride in water). The resulting 
mixture was incubated for 10 min at room temperature in the dark. 
Then, the absorbance was measured at 540 nm with a microplate reader 
(Lee et al., 2019).

3. Results

3.1. Identification of isolated compounds

Compound 1 was obtained as a colorless gum. Its molecular formula 
was determined as C31H48O6S based on the quasimolecular ion at 
547.30978 m/z [M-H]- in the HR-ESIMS spectrum. The 1H-NMR spec
trum of 1 exhibited characteristic signals of a pair of cyclopropane 
methylene protons (δH 0.45 and 0.65, both d with J = 4.4 Hz), one 
oxymethine proton (δH 4.74, dd, J = 4.4, 11.4 Hz), four tertiary methyls 
[δH 1.82, 1.17, 1.02 and 0.94 (each 3H, s)], a secondary methyl (δH 0.90, 
d, J = 6.5 Hz), a methoxy group (δH 3.67, s), two trans-olefinic protons 
(δH 5.66, ddd, J = 15.3, 8.5, 6.3 Hz; δH 6.12, d, J =15.6 Hz), and two 
olefinic methylene protons (δH 4.85, 2H, s). The 13C-NMR spectrum of 1, 
in combination with HSQC data, displayed 31 signals, including a 
methoxy group (δC 52.4), an oxygenated methine carbon (δC 83.3), four 
olefinic carbons (δC 143.5, 135.5, 130.0 and 114.5), together with 5 
methyl groups (δC 19.7, 18.9 (x 2), 18.6 and 10.6) and a carbonyl group 
(δC 178.0). Several key resonances of compound 1 are very close to the 
sulfated cycloartane triterpenoids reported by Horgen et al. (2000)
(Fig. 1). The sulfate group was assigned at C-3 when the H-3 (δH 4.74) 

and C-3 (δC 83.3) were shifted downfield compared to typical triterpe
noids possessing a free hydroxyl group at this position (Lu et al., 2019). 
Additionally, a pair of cyclopropane methylene protons is characteristic 
of H2-19, whereas the -COOCH3 substituent at C-29 induced noticeable 
shifts in the signals of C-4 (δC 55.2), C-5 (δC 45.8) and H-5 (δH 2.12) 
compared to those of typical cycloartanes bearing a -CH3 group at C-29. 
These signals, when compared with previously reported data (Horgen 
et al., 2000; Tran et al., 2021), confirmed the cycloartane skeleton. 
Detailed 2D-NMR analyses (COSY, HSQC, HMBC and NOESY) were 
performed to unambiguously elucidate the structure. The side chain of 
compound 1 differed from those of previously reported cycloartanes due 
to the presence of a terminal double bond, which was confirmed by the 
exocyclic methylene signals (δC 114.5 and δH 4.85, s, 2H). The protons at 
δH 4.85 showed HMBC correlations to a methyl group (δC 18.9) and an 
olefinic carbon at δC 135.5, while the proton attached to the carbon at δC 
135.5 exhibited HMBC correlations to the carbons at δC 143.5, 114.5 and 
130.0. This established the presence of a conjugated diene system. The 
HMBC correlations from the olefinic proton at δH 5.66 to carbon δC 143.5 
and from the proton δH 6.12 to the carbons at δC 143.5, 114.5 and 18.9, 
further supported this deduction. In addition, the proton at δH 6.12 
showed an HMBC correlation with a methylene carbon at δC 40.8, which 
was further correlated to the protons of the C-21 methyl group (δH 0.90). 
Finally, the COSY correlations between the methylene protons at δH 1.85 
and 2.29 (attached to the δC 40.8) and the olefinic proton (δH 5.66) 
determined that the side chain of compound 1 features a -CH2- at C-22, 
two double bonds at C-23/C-24 and C-25/C-26, and a methyl group at 
C-27 (Fig. 2). The relative stereochemistry of 1 was assigned based on 
coupling constants and NOESY data. The sulfate group attached to C-3 in 
β-orientation was due to the coupling constant between H-3 and H-2 
(J3a, 2a = 11.4 Hz and J3a, 2e = 4.4 Hz), which indicated an α-axial 
orientation for H-3. This was further corroborated by the NOESY 
cross-peak between H-3 and H-5. Additionally, the NOESY correlation 
between H-19 (δH 0.65) and H3-28 (δH 1.17) supported the β-orientation 
of 28-CH3. The coupling constant of H3-21 (δH 0.90, d, J = 6.5 Hz) and 
NOESY correlations of H3-30/H-17/H3-21 indicated the 20 R stereo
chemistry (Fig. 2). The NOESY spectroscopic data of compound 1 were 
similar to those of previously reported cycloartane-type triterpenoids 
(Horgen et al., 2000; Lu et al., 2019; Tran et al., 2021). Consequently, 
the structure of compound 1 was determined as methyl-3β-hydrox
ycycloart-23,25-dien-29-oate-3-sulfate.

Compound 2 showed the HR-ESIMS negative molecular ion at m/z: 
[M - H]- 503.3168, indicating a molecular formula C30H48O4S. The NMR 
spectroscopic data of compound 2 were closely related to those of 1, 
with the exception of the absence of the methyl ester group and the 
presence of an additional methyl signal. The HMBC spectrum displayed 
correlations from the proton H-3 (δH 4.01, dd, J = 4.5; 11.8 Hz) to two 
methyl carbons (δC 18.9 and 26.3). Furthermore, the chemical shifts of 
C-3 (δC 87.2), C-4 (δC 41.3), and C-5 (δC 48.7) of compound 2 were 

Fig. 1. Structures of isolated compounds (1 - 6).

T.V.A. Tran et al.                                                                                                                                                                                                                               Regional Studies in Marine Science 102 (2026) 105462 

4 



significantly altered compared to compound 1; specifically, C-3 and C-5 
were shifted downfield, whereas C-4 was shifted upfield. These findings 
indicated that a methyl group substituted the methoxycarbonyl moiety. 
The key NOESY correlations of compound 2 were identical to those of 
compound 1, including H-3 (δH 4.01)/ H-5 (δH 1.40), H-19 (δH 0.59)/H3- 
28 (δH 0.87), H-19 (δH 0.59)/H-8 (δH 1.56) and (H-8 (δH 1.56)/ H3-18 (δH 
1.03). Accordingly, the structure of compound 2 was elucidated as 3β- 
hydroxycycloart-23,25-dien-3-sulfate. To the best of our knowledge, 
compounds 1 and 2 were identified as previously undescribed natural 
products (Fig. 1).

Compound 3 exhibited spectral features similar to those of 3β- 
hydroxycycloart-24-en-23-one-3-sulfate which was identified from 
T. fragilis (Horgen et al., 2000; Tran et al., 2021). The NMR spectral data 
of compound 4 closely resembled those of compound 3; however, 
compound 4 contained an additional methyl ester group (δC 178.0, 52.7 
and δH 3.70 s, 3H) and lacked a methyl group. Furthermore, the carbon 
signal at C-3 in 4 was shifted upfield to δC 83.3 (compared to δC 87.4 in 
compound 3). The HMBC correlation from H-3 ( δH 4.75) to the ester 
carbonyl carbon (δC 178.0) confirmed the replacement of the C-29 
methyl group by a methyl ester moiety. Comprehensive analysis of the 
spectroscopic data led to the elucidation of compound 4 as methyl-3
β-hydroxycycloart-24-en-23-one-29-oate-3-sulfate. Compound 4 has 
also been previously reported to be isolated from the alga T. fragilis 
(Horgen et al., 2000) (Fig. 1).

Compounds 5 and 6 are two carbohydrate derivatives whose struc
tures were elucidated through NMR spectral analysis and comparison 
with reported literature data. Compound 5 was identified as O- 

α-galactopyranosyl (1″→6′)-O-β-galactopyranosyl-(1′→1)- sn-glycerol 
(Baruah et al., 1983; Hisamatsu et al., 2005), and compound 6 was 
determined to be floridoside (Abreu et al., 1997; Karsten et al., 1993). 
All six compounds were isolated from the alga T. cylindrica for the first 
time (Fig. 1).

3.2. Anti-cancer properties of isolated compounds

The cytotoxic activity of the isolated compounds was evaluated 
against the breast cancer cell line (MDA-MB-231) at a range of con
centrations (100, 50, 25, 12.5, and 6.25 µM). The results indicated that 
only compounds 3 and 4 exhibited determinable IC50 values, which 
were 66.24 ± 0.09 µM and 62.15 ± 0.25 µM, respectively. The 
remaining compounds showed inhibition percentages below 50% at the 
highest tested concentration of 100 µM; therefore, the IC50 value could 
not be determined (Fig. 3). The positive control was doxorubicin, with 
an IC50 value of 1.64 ± 0.01 µM.

3.3. Anti-inflammatory activity of isolated compounds

The cytotoxic activity of the tested compounds against RAW 264.7 
cells was evaluated to assess cell viability, ensuring that cytotoxicity 
would not interfere with the measurement of NO production in LPS- 
stimulated cells. The cytotoxicity assay results indicated that com
pounds 3 and 4 induced % inhibition of 22.70% and 35.25% at the 
concentration of 12.5 µM, respectively. The higher concentrations 
increased cell death in a dose-dependent manner. Compound 2 

Fig. 2. Key COSY, HMBC and NOESY correlations of compound 1.

Fig. 3. Anti-cancer properties of compound (1- 6) on MDA-MB-231 cells. The results were presented as mean ± standard deviation (SD), (n = 3).
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exhibited inhibition of 20.03% at 12.5 µM whereas compounds 1, 5, and 
6 were considered safe at concentrations of 50 µM (inhibition of only 
22–28%) and lower concentrations (Fig. 4). Based on these findings, the 
NO inhibitory assay was performed using different concentration 
ranges. Compounds 3 and 4 were tested at concentrations of 10, 5, 2.5, 
1.25, and 0.625 µM. The results showed that compound 3 exhibited only 
31.4% inhibition at the highest tested concentration (10 µM) and thus its 
IC50 value could not be determined (Fig. 5). In contrast, compound 4 
inhibited NO production in a concentration-dependent manner, with a 
calculated IC50 value of 6.84 ± 0.61 µM. Compounds 3 and 4 share an 
identical structural core, differing only in the substituent at C-29. 
Therefore, the difference in anti-inflammatory activity may be attrib
uted to the structural differences between compound 3 (possessing a 29- 
CH3) and compound 4 (possessing a 29-COOCH3 group). However, 
further experimental studies are required to confirm this hypothesis.

Compound 2 was tested at a concentration range from 25 to 1.56 µM, 
and the IC50 value was determined at 9.01 ± 0.68 µM. Compounds 1, 5, 
and 6 were evaluated over a concentration range from 50 to 3.13 µM, 
exhibiting concentration-dependent NO inhibitory percentages. Their 
IC50 values were determined to be 18.07 ± 1.85 µM, 7.29 ± 0.86 µM, 
and 6.76 ± 0.85 µM, respectively (Fig. 6). Besides, the IC50 value of 
positive reference dexamethasone was determined at 12.34 ± 0.15 µM.

4. Discussion

Initial descriptions of the genus Tricleocarpa included only two spe
cies: T. fragilis and T. cylindrica (Huisman and Borowitzka, 1990). 
Currently, the expansion of specimen collection across various marine 
regions combined with advanced morphological and DNA sequencing 
analyses has led to the discovery of several novel species, including 
T. jejuensis and T. natalensis (Wiriyadamrikul et al., 2013), and 
T. confertus (Liu et al., 2015).

The presence of the marine algal genus Tricleocarpa in Vietnam is 
characterized by two species, T. cylindrica and T. fragilis (Van Nguyen 
et al., 2013). While T. fragilis has been extensively investigated for 
both its chemical constituents and biological activities, data regarding 
T. cylindrica remain largely unestablished. Previous studies demon
strated that the main constituents of T. fragilis are C-3 sulfated 
cycloartane-type triterpenoids, which have been proven to exhibit 
potent cytotoxicity and α-glucosidase inhibitory activities (Horgen et al., 
2000; Tran et al., 2021). Based on the taxonomic relationship, evalu
ating the chemical constituents of T. cylindrica represents a highly 
promising approach to discovering bioactive compounds.

Extraction from marine material often encounters obstacles due to 
the high accumulation of residual salts in the crude extract. In this study, 
96% ethanol was employed as the extraction solvent to minimize the 

Fig. 4. Cytotoxicity activities of compounds (1- 6) on RAW 264.7 cells. The results were presented as mean ± standard deviation (SD), (n = 3).

Fig. 5. % inhibition NO of compounds 3 and 4 on LPS-induced RAW 264.7 cell. 
The results were presented as mean ± standard deviation (SD), (n = 3).

Fig. 6. % inhibition NO of compounds 1, 2, 5 and 6 on LPS-induced RAW 
264.7 cell. The results were presented as mean ± standard deviation 
(SD), (n = 3).
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extraction of highly polar components; however, the resulting yield still 
contained a substantial amount of salt. Consequently, a desalting 
method was developed based on solid-liquid extraction, utilizing clean 
sand as a carrier matrix for the organic components, followed by water 
elution. Reversed-phase silica gel was introduced during the elution 
process to prevent the loss of organic compounds present in the extract. 
After washing with water, the desalted extract was recovered using 96% 
ethanol and acetone. This purification process eliminated conventional 
liquid-liquid partitioning, a process in which the sulfated triterpenoids 
can act as emulsifiers, making phase separation extremely difficult.

The isolation process successfully yielded six compounds, including 
four triterpenoids and two carbohydrate derivatives. The structures of 
the triterpenoids exhibited features similar to those previously identified 
from T. fragilis, characterized by a cycloartane skeleton and a sulfate 
group at the C-3 position. The structural differences in these compounds 
are characterized by differences in their side chains and the substituents 
at C-29. Notably, compounds 3 and 4 demonstrated significant cytotoxic 
activity against MDA-MB-231 cancer cells, whereas compounds 1 and 2 
exhibited weak effects. Furthermore, compounds 3 and 4 also showed 
more potent cytotoxicity against RAW 264.7 cells. This suggests that the 
conjugation of the ketone group at C-23 with the C-24/C-25 double bond 
plays a crucial role in this activity. Previous studies have also indicated 
that this specific structural feature influences α-glucosidase inhibitory 
activity (Tran et al., 2021). However, due to the limited number of 
isolated and evaluated compounds, this hypothesis is considered pre
liminary. To definitively establish the structure-activity relationships, 
further screening of a broader library of cycloartane derivatives is 
required, together with molecular investigations into the interactions 
between these structural components and the target proteins that 
mediate cytotoxicity. These preliminary data suggest that 
cycloartane-type triterpenoids possessing a sulfate group at C-3 
contribute to the cytotoxic activity of the T. cylindrica extract. Further 
phytochemical studies on this class of derivatives are needed to eluci
date the key structural features responsible for their biological effects.

Regarding the anti-inflammatory activity of the triterpenoids, com
pounds 1, 2, and 4 exhibited notable inhibitory effects on NO produc
tion, whereas the IC₅₀ value of compound 3 could not be determined 
within the non-cytotoxic concentration range. Among the triterpenoids 
tested, compound 4 showed the strongest activity, with an IC₅₀ value of 
6.84 ± 0.61 µM.

In addition to the triterpenoid constituents, carbohydrate derivatives 
were also identified from this species for the first time. Compound 5, O- 
α-galactopyranosyl (1″→6′)-O-β-galactopyranosyl-(1′→1)-glycerol, was 
previously reported from two red algal species, Polysiphonia fastigiata 
and Corallina officinalis (Wickberg et al., 1958). Biological activity re
ports indicated that this compound exhibited weak inhibitory effects on 
rat lens aldose reductase (Matsuda et al., 1999). Compound 6 was 
identified as floridoside, which has been found in over 160 red algal 
species, particularly within the genus Porphyra and Gracilaria. The 
finding of this compound in a species belonging to the genus Tricleocarpa 
provides additional data for the chemotaxonomic analysis of red algae 
(Semmouri et al., 2025). Floridoside isolated from Laurencia undulata 
has also been reported to possess antioxidant effects with an IC50 value 
of 39.3 µM (Li et al., 2010). This compound showed no cytotoxicity 
against several cultured cell lines, including human hepatocyte L-02, 
BV-2, MRC-5, RAW 264.7, HL-60, and HT-1080 (Semmouri et al., 2025). 
The findings of the present study are consistent with these reports, as 
compound 6 was found to be non-cytotoxic to MDA-MB-231 cells. 
Furthermore, floridoside has been evaluated for its prebiotic potential 
and it also functions as an artificial sweetener (Semmouri et al., 2025). 
In this study, both compounds 5 and 6 were found to exhibit potent 
anti-inflammatory activities. These results provide additional data 
regarding the biological activities of carbohydrate derivatives discov
ered in red algae.

5. Conclusion

The phytochemical investigation of Tricleocarpa cylindrica led to the 
isolation and identification of six compounds, including four 
cycloartane-type triterpenoids and two carbohydrate derivatives. Com
pounds 1 (methyl-3β-hydroxycycloart-23,25-dien-29-oate-3-sulfate) 
and 2 (3β-hydroxycycloart-23,25-dien-3-sulfate) are new natural prod
ucts, and all isolated compounds were reported from this species for the 
first time. In addition, their cytotoxic and anti-inflammatory activities 
were evaluated. Only compounds 3 (3β-hydroxycycloart-24-en-23-one 
3-sulfate) and 4 (methyl-3β-hydroxycycloart-24-en-23-one-29-oate-3- 
sulfate), which are characterized by a conjugated system between the 
ketone group and the double bond in the side chain, exhibited cyto
toxicity against MDA-MB-231 cancer cells, whereas the remaining 
compounds showed weak or no cytotoxic effects. Notably, both the tri
terpenoids and carbohydrate derivatives displayed potent anti- 
inflammatory activities in the LPS-stimulated RAW 264.7 assay by 
suppressing NO production. These findings highlight the potential of the 
genus Tricleocarpa as a promising source of bioactive compounds for 
further investigation and practical applications.
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A B S T R A C T

This study presents the fabrication and properties of eco-friendly composite materials using recycled high-density 
polyethylene (rHDPE) as the matrix, reinforced with agricultural by-products, including wood powder, coconut 
fiber, and rice-husk-derived nano-silica (SiO2). Nano-SiO2 with a size range of 10–20 nm was successfully 
extracted from rice husk ash. The composites were prepared via thermal melting and compression molding at 
180◦C and 5 tons of pressure. Structural and morphological properties were analyzed using scanning electron 
microscopy (SEM), X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR). Mechanical tests 
revealed that the addition of 2 wt% nano-SiO2 significantly improved the tensile strength (640.88 MPa) and 
elastic modulus (1141.48 MPa) compared to those of pure rHDPE, 402.16 and 953.07 MPa, respectively. While 
increasing the content of wood powder or coconut fiber generally decreased tensile strength, these fillers 
modified flexural and water absorption properties. The significantly improved tensile and elastic properties 
confirm that structural requirements for marine aquaculture systems. By utilizing agricultural waste and recycled 
plastics, this material serves as a potential low-cost substitute for expensive virgin HDPE, drastically reducing the 
capital investment for offshore cage frame fabrication. These findings support the transition towards sustainable, 
bio-based engineering solutions for the regional mariculture industry.

1. Introduction

The exponential growth of plastic waste, particularly high-density 
polyethylene (HDPE), has become a global environmental concern 
(Geyer et al., 2017). Despite HDPE’s widespread use owing to its me
chanical strength and chemical resistance, the prevalent linear “take-
make-dispose” model has led to vast accumulations of durable waste. 
Effective recycling of HDPE (rHDPE) is essential for advancing the cir
cular economy and reducing environmental harm (Kumi-Larbi Jnr et al., 
2022; Arumugam et al., 2026). Yet, a major challenge is that rHDPE 
suffers mechanical property losses after repeated processing, restricting 
its industrial reuse. Addressing this degradation through targeted rein
forcement strategies is therefore vital to restoring rHDPE’s performance 
and making recycling a more robust environmental solution (Nasr et al., 
2025).

The development of "green" polymer composites reinforced with 
natural fibers has gained significant traction in materials science due to 
their sustainability, low cost, and partial biodegradability (Mohanty 
et al., 2018). Vietnam, as a leading agricultural nation, produces 

abundant lignocellulosic by-products, including rice husk, wood pow
der, and coconut fiber. Wood powder and coconut fiber are particularly 
attractive as fillers due to their high cellulose content, which provides 
significant stiffness and reduces the composite's overall density and cost 
(Nadzri et al., 2022). Recent studies by Ogah et al. (2022) highlighted 
that incorporating agricultural waste into polymer matrices not only 
addresses waste management issues but also produces materials with 
specific strengths competitive with those of traditional 
glass-fiber-reinforced plastics. However, a major bottleneck in natural 
fiber composites is the inherent incompatibility between the hydrophilic 
nature of lignocellulosic fibers and the hydrophobic HDPE matrix. This 
mismatch often leads to poor interfacial bonding, resulting in voids and 
stress concentration points that compromise the material’s long-term 
durability (Pickering et al., 2016; Kannan and Thangaraju, 2022).

To tackle interface issues, recent research now focuses on making 
blends that include tiny inorganic particles, such as nanoparticles 
(Shakil et al., 2026; Chen et al., 2026). Nano-silica (SiO2) is well known 
for its large surface area and ability to improve the strength, flexibility, 
and heat resistance of plastics (Kennedy and Pandian, 2025). Making 
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nano-silica from rice husk ash, a common farm waste in the Mekong 
Delta and central Vietnam, offers a more environmentally friendly and 
cost-effective alternative to using regular silica (Yaqueen et al., 2025). 
As noted by Sinha et al. (2020), nano-silica can connect parts at the 
joining surfaces, fill small spaces in the natural fiber-plastic mix, and 
create a stronger internal structure. This blending effect reduces water 
infiltration into the material and improves its resistance to tough con
ditions (Mishra et al., 2025). Besides, it was reported that the 
HDPE-composite containing SiO2 offered high flexural strength of 
124.82 MPa, a low water absorption rate of 6.01%, and low mass loss at 
a higher temperature (Venkatesh et al., 2023).

In Vietnam's mariculture industry, there is an urgent need for durable 
materials to construct offshore cage frames. Traditional materials like 
bamboo or wood lack longevity, while virgin HDPE pipes are increas
ingly expensive. Utilizing rHDPE reinforced with nano-SiO₂ and agri
cultural fibers offers a promising approach to creating high- 
performance, low-cost materials that withstand harsh marine condi
tions, including UV radiation and high salinity (Webo et al., 2026a, 
2026b; Mullungal and Shaju, 2026). Recent advancements in 
melt-mixing and compression-molding techniques have enabled precise 
control over the distribution of these multiscale reinforcements, yet 
studies focusing on the synergistic interactions among rHDPE, 
rice-husk-derived nano-SiO₂, and organic fibers, such as wood and co
conut, remain limited (Jonathan et al., 2021).

To address these critical research gaps, the primary objective of this 
study is to systematically evaluate the synergistic effects of rice-husk- 
derived nano-SiO₂ combined with organic agricultural fillers (wood 
powder and coconut fiber) on the morphological, chemical, mechanical, 
and water absorption characteristics of a recycled high-density poly
ethylene (rHDPE) matrix. It is hypothesized that the incorporation of 
highly dispersed, amorphous nano-silica will function as an effective 
nano-filler and interfacial bridge, filling microstructural voids and 
enhancing stress transfer between the hydrophobic matrix and hydro
philic organic fibers, thereby mitigating the processing-induced me
chanical degradation typical of rHDPE. Furthermore, it is expected that 
while the organic fillers modify the flexural attributes of the matrix, SiO2 
nanoparticles will successfully restrict water infiltration under salinity 
conditions. This study contributes to the field of sustainable materials 
science by providing multi-filler rHDPE biocomposites with an eco- 
friendly and cost-effective material composition for for the regional 
mariculture industry.

2. Materials and Methods

2.1. Materials

Recycled high-density polyethylene (rHDPE) was obtained from 
post-consumer plastic waste (plastic bottles), ground to an average 
particle size of approximately 4 mm, and used as the polymer matrix. 
Rice husk ash, collected from a biomass combustion process, was used as 
the precursor for the synthesis of nano-sized SiO2. Wood powder and 
coconut fiber were supplied by local agricultural processing facilities. 
Prior to composite fabrication, the organic fillers were washed thor
oughly with distilled water, dried at 75◦C overnight to remove moisture, 
and sieved to obtain a uniform particle size distribution (< 4 mm). All 
chemical reagents used for nano-SiO2 synthesis were of analytical grade 
and used without further purification.

2.2. Composite fabrication

The composites were fabricated via a melt-mixing followed by 
compression molding process. Recycled HDPE, nano-SiO2, and organic 
fillers were blended at various weight ratios (denoted as M1–M9), as 
summarized in Table 1. The mixtures were heated in a furnace from 
room temperature to 180◦C over 30 min and maintained at this tem
perature for 15 min to ensure complete melting and homogeneous 

mixing. Subsequently, the molten materials were compression-molded 
under a pressure of 5 tons for 10 min, followed by cooling to room 
temperature inside the mold before demolding.

2.3. Characterization

The morphologies were examined using SEM (Cube II, Tabletop, 
EMCrafts). Phase composition was then analyzed by XRD (X′Pert-PRO 
MPD, PANalytical) under Cu Kα radiation. The chemical structure was 
determined via FTIR (Nicolet iS10, Thermo Scientific) from 525 to 
4000 cm− 1 at a resolution of 16 cm− 1 for 32 scans. The instrument is 
equipped with a diamond ATR accessory. Compact tension tests were 
conducted using an Instron Universal Testing Machine type 3366. The 
flexural strength and elastic modulus were tested following ASTM 
standards (AGX− 50kNVD, Shimadzu).

The water absorption test specimens measured 80 mm in length, 
10 mm in width, and 4 mm in thickness. All specimens were required to 
have flat surfaces. The test was conducted as per ASTM D570 standard. 
Prior to measurement, specimens were dried at 80◦C until a constant 
mass was achieved, then cooled in a desiccator before determining the 
initial mass m0. The specimens were simultaneously immersed in tap 
water and seawater (NaCl 0.35 wt%) at ambient conditions to compare 
water absorption in different environments. The mass of each specimen 
was recorded after immersion periods of 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 
days. Before weighing, each specimen was wiped dry with a clean cloth 
and paper.

The water absorption of the specimens was calculated using the 
following formula: 

W =
m − m0

m0
(%)

where: W is the water absorption after immersion time t (%); m is mass of 
the specimen after immersion (g); m0 is the initial mass of the specimen 
(g).

3. Results and Discussion

3.1. Recovery and characteristics of nano SiO2

Rice husk ash is a silica-rich byproduct obtained from burning rice 
husks, a common agricultural waste. Silica (SiO2) accounts for about 
85–95% of the weight of rice husk ash, depending on the burning con
ditions. The remainder is carbon and a small amount of metal oxides 
(Mezan et al., 2021). Nano-SiO2 is obtained from rice husk ash using 
NaOH and HCl according to the following reactions: 

SiO2 + 2NaOH→Na2SiO3 + H2O                                                     (1)

Na2SiO3 + 2HCl→SiO2 + 2NaCl + H2O                                           (2)

The shape, size, and structure of the prepared SiO2 were analyzed 
using digital photography, SEM, XRD, and FTIR (Fig. 1). From the digital 
photograph in Fig. 1a, the obtained nano-SiO2 exhibits a fine, loose, and 

Table 1 
Formulations of recycled HDPE composites with different filler contents.

Sample rHDPE (wt 
%)

Wood powder (wt 
%)

Coconut fiber (wt 
%)

SiO2 (wt 
%)

M1 89 9 0 2
M2 79 19 0 2
M3 69 29 0 2
M4 59 39 0 2
M5 89 0 9 2
M6 79 0 19 2
M7 69 0 29 2
M8 98 0 0 2
M9 100 0 0 0
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brilliant white powder, qualitatively indicating the high chemical purity 
and the successful elimination of organic matter and unburnt carbon 
residues during the alkaline extraction and acid precipitation cycles.

The microscopic morphology is illustrated in the SEM micrograph in 
Fig. 1b. Due to the high surface energy and nanoscale dimensions typical 
of rice-husk-derived silica, the SiO2 nanoparticles exhibit a strong ten
dency to cluster into agglomerated networks. These clusters create 
random inter-particle voids and a loose macro-assembly, rather than a 
strictly defined or verified internal porous framework. Because of this 
extensive aggregation and the inherent resolution limits of tabletop SEM 
at these scales, individual particle boundaries are partially obscured 
within the clusters, making an accurate direct evaluation of primary 
particle size uniformity difficult from the micrograph alone. This nano- 
scale morphology is consistent with rice-husk-derived silica observa
tions reported in previous studies (Mezan et al., 2021; Nayak and Datta, 
2021).

The chemical framework was verified via the FTIR spectrum in 
Fig. 1c, which displays prominent peaks at 792 and 1043 cm− 1 char
acteristic of the symmetric and asymmetric stretching vibrations of the 
Si-O-Si siloxane bonds, respectively. The spectral region at approxi
mately 1640 cm− 1 is the bending vibration of the water molecule (O-H) 
surrounding the SiO2 nanoparticle surface (Mezan et al., 2021; Nayak 
and Datta, 2021). The peak at 2347 cm− 1 may be due to the C––O 
stretching vibration of CO2 in air, a common feature in FTIR spectra. The 
broad, low-intensity spectral region at approximately 3300 cm− 1 cor
responds to the O-H vibration of water adsorbed on the sample. The 
exceptional purity of the recovered nano-SiO2 and the complete elimi
nation of original lignocellulosic organic components from the rice husk 
are substantiated by multiple lines of evidence across the spectrum. 
Beyond the total absence of aliphatic C-H stretching peaks in the 
2500–3000 cm− 1 region, there are no detectable absorption bands near 

1700 cm− 1 (indicative of C––O carbonyl stretching from hemicellulose 
or organic residues) or between 1500–1600 cm− 1 (indicative of aro
matic skeletal vibrations from residual lignin). This high chemical purity 
aligns with the brilliant white appearance of the powder (Fig. 1a), 
confirming the absolute volatilization of residual carbon, as well as the 
clean, single-phase amorphous halo verified via XRD analysis (Fig. 1d).

The phase structure and crystallographic composition of the syn
thesized SiO2 were examined via XRD, as shown in Fig. 1d. The 
diffraction pattern shows two characteristic peaks of SiO2 at 2θ 11.2◦

and 22.5◦. The pattern displays a characteristically broad amorphous 
diffraction centered near 2θ of 22.5◦, confirming the completely disor
dered, non-crystalline nature of the silica (Azmi et al., 2016; Mohamed 
et al., 2015). Based on this peak and the Debye–Sherrer formula, the 
average size of the SiO2 nanoparticles was calculated to be approxi
mately 20 nm, close to the size observed by SEM above.

3.2. Fabrication and physiochemical properties of the composites

The process of making the composite material includes mixing, 
melting, and pressing, as shown in Fig. 2. This produces sheets whose 
colors depend on the starting material ratio. Afterward, the samples are 
checked for microstructure and tested for mechanical properties and 
water permeability. This method enabled controlled inclusion of varying 
filler weight ratios, facilitating a direct comparison of the performance 
of wood powder and coconut fiber reinforcements.

Fig. 3 presents the surface morphology and internal distribution of 
fillers within the rHDPE matrix, as observed through photographs and 
SEM images. The macroscopic images reveal distinct color differences: 
M1 (wood powder) and M5 (coconut fiber) exhibit a dark, textured 
appearance, suggesting high biomass content, while M8 (rHDPE/nano- 
SiO2) displays a more uniform and lighter coloration. SEM analysis at 

Fig. 1. (a) Digital photo, (b) SEM image, (c) FTIR spectrum, and (d) XRD pattern of as-prepared SiO2 powder from rice husk ash.
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higher magnifications indicates that nano-SiO2 is incorporated relatively 
smoothly into the polymer matrix in M8, whereas the organic fillers in 
M1 and M5 produce more complex and heterogeneous surfaces. These 
fibers and powders modify the interfacial region, which plays a critical 
role in stress transfer during mechanical loading.

To clarify the influence of the mixing ratio between components on 
crystallization properties, composite material samples were evaluated 
using XRD. Fig. 4 shows XRD patterns of obtained materials with 
different compositions and ratios, but all using HDPE as the substrate. 
On the XRD pattern, characteristic peaks of HDPE appear at 2θ 21.3◦ and 
23.4◦. However, the intensity and location of these peaks differ. The 
peak positions, peak shifts, and crystallinity values are shown in details 
in Table S1. This indicates interactions and structural changes in the 
material when the composition (SiO2, coconut fiber, wood powder) and 
their ratios are varied (Table 1). As the concentration of reinforcing 
substances increases, the peak strength of HDPE decreases. Three- 
component composite samples (HDPE, SiO2, and coconut fiber or 
wood powder) exhibit a shifted peak compared to samples containing 
only two components (HDPE and SiO2). This result has also been noted 
in previous studies (Li and Wang, 2018; Webo et al., 2026a, 2026b; 
Grozdanov et al., 2007; Lei et al., 2007; Han et al., 2018).

FTIR spectra were used to examine the chemical properties of com
posite material samples with different compositions and ratios (Fig. 5). 
The spectrum of the composite material consisting of two components, 
HDPE and SiO2 (M8), showed peaks consistent with the FTIR spectrum 
of polyethylene (Lei et al., 2007; Han et al., 2018). The two peaks 
observed at 2916 cm− 1 and 2847 cm− 1 are characteristic of asymmetric 
and symmetric C-H vibrations, respectively. The remaining peaks 
represent out-of-plane vibration modes of the methylene group, where 
the peak at 1467 cm− 1 is characteristic of the methylene cross-vibration, 
and the peak at 723 cm− 1 is characteristic of the methylene translation 
vibration. No peak characteristic of the presence of SiO2 appeared 
because SiO2 exists in amorphous form, as observed above. On the other 
hand, upon the introduction of wood powder and coconut fiber, the 
characteristic functional groups of these lignocellulosic fillers, such as 
the broad hydroxyl group (− OH) stretching at 3300 – 3400 cm⁻¹ and the 
carbonyl (C––O) stretching of hemicellulose at about 1735 cm− 1, exhibit 
remarkably low intensities in the composite spectra. This attenuation is 

primarily governed by two distinct phenomena: (i) The composites were 
fabricated via thermal compression molding, a process that naturally 
forces a thin, resin-rich rHDPE polymer layer ('skin') to migrate to the 
outer mold surface. Besides, because ATR-FTIR analysis relies on a 
shallow evanescent wave penetration depth, the infrared beam pre
dominantly samples this hydrophobic outer skin layer, effectively 
masking the embedded filler fibers and reducing their functional group 
intensities close to the detection baseline. (ii) While the aliphatic C-H 
stretching bands of the natural fibers are completely obscured by the 
massive absorption peaks of the rHDPE matrix, the C-O and C-O-C 
stretching vibrations of the cellulose/hemicellulose carbohydrate rings 
(1030 – 1050 cm− 1) are completely enveloped by the prominent, broad 
asymmetric stretching band of the Si-O-Si siloxane network at 
1043 cm− 1 originating from the co-blended nano-SiO2 filler. The slight 
widening of the 1043 cm− 1 band in the multi-filler hybrid samples (M2, 
M4, M7) compared to the binary blend (M8) qualitatively supports the 
overlapping presence of these cellulosic components, confirming suc
cessful physical encapsulation without the formation of unexpected 
secondary chemical artifacts.

3.3. Mechanical properties of the composites

The mechanical performance of the fabricated composites, including 
tensile strength, elasticity (elastic modulus), and flexural strength, was 
evaluated to determine their suitability for offshore cage frames. As 
shown in Fig. 6a, the pure rHDPE matrix (sample M9) exhibited the 
lowest tensile strength at 402.16 MPa. The incorporation of 2 wt% 
nano-SiO₂ (sample M8) successfully enhanced the tensile strength to 
485.62 MPa, demonstrating the reinforcing efficiency of the synthesized 
nanoparticles. Interestingly, the addition of wood powder up to 29 wt% 
yielded a steady increase in tensile strength, with sample M3 reaching 
the peak value of 640.88 MPa. However, a further increase to 39 wt% 
wood powder (sample M4) caused a slight drop to 620.20 MPa, likely 
due to filler agglomeration and localized stress concentrations within 
the polymer matrix. For the coconut fiber series, incorporating 9 wt% 
fiber (sample M5) initially increased the tensile strength to 514.68 MPa, 
but higher loading levels resulted in fluctuations, with sample M6 
dropping to 419.12 MPa before recovering slightly to 507.02 MPa in 

Fig. 2. Schematic illustration of the fabrication process of the composite materials.
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sample M7. This can be attributed to the complex fibrous morphology of 
coconut fiber, which tends to clump and hinder uniform dispersion at 
higher concentrations (Webo et al., 2026a, 2026b; Grozdanov et al., 

2007; Lei et al., 2007; Han et al., 2018).
Fig. 6b presents the elasticity (elastic modulus) of the selected 

composite formulations. Pure rHDPE (M9) possessed a relatively low 
elastic modulus of 183.15 MPa. The introduction of 2 wt% nano-SiO2 

Fig. 3. Photographs (left) and SEM micrographs (right) of various composite samples.

Fig. 4. XRD patterns of different composite samples. Fig. 5. FTIR spectra of different composite samples.
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(M8) nearly doubled the stiffness, raising the value to 349.42 MPa. The 
inclusion of lignocellulosic reinforcements further stiffened the mate
rial; for the wood powder series, elasticity increased from 460.80 MPa 
(M1) to a maximum of 600.12 MPa (M4). Similarly, the 9 wt% coconut 
fiber composite (M5) achieved a high elasticity value of 557.47 MPa, 
though it decreased to 396.60 MPa at 29 wt% loading (M7), confirming 
that excessive fiber concentrations lower overall elastic performance.

The flexural strength trends are illustrated in Fig. 6c. Sample M8, 
composed of 98% rHDPE resin and 2 wt% nano-SiO2, exhibited the 
highest overall flexural strength at 1141.48 MPa, clearly surpassing the 
953.07 MPa observed for the pure rHDPE control (M9). The addition of 

agricultural biomass generally resulted in a reduction in flexural 
strength compared to the nano-SiO2 reinforced matrix. For the wood 
powder composites, the flexural strength was 727.48 MPa at 9 wt% 
loading (M1) but dropped drastically to 426.57 MPa at 29 wt% loading 
(M3), before recovering slightly to 709.50 MPa at 39 wt% loading (M4). 
On the other hand, the coconut fiber composites retained stable flexural 
properties, displaying values of 738.36 MPa (M5) and 768.45 MPa 
(M7), indicating that the structural length and stiffness of coconut fibers 
provide better bending resistance than highly loaded wood powder 
blends.

Water absorption analysis is a crucial step in evaluating the 

Fig. 6. Effect of composite formulation on (a) tensile strength, (b) elastic modulus, and (c) flexural strength.

Fig. 7. Effect of composite formulation on (a) distilled water and (b) simulated seawater absorption behavior.
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applicability of composite materials (Arumugam et al., 2026; Tkue et al., 
2026). Fig. 7 shows that the content of reinforcement (wood powder or 
coconut fiber) and HDPE resin clearly affects the material's water ab
sorption, including distilled water (Fig. 7a) and simulated seawater 
(NaCl 0.35 wt%) (Fig. 7b). For both cases, at a ratio of M8 (98% resin, 
2% SiO2), the material has the lowest water absorption, even lower than 
that of sample M9 (100% resin). This result shows that adding SiO2 not 
only increases stiffness but also helps reduce water absorption. When 
comparing samples using wood powder (M1, M2, M3) with those using 
coconut fiber (M5, M6, M7), coconut fiber shows much higher water 
absorption. This is because coconut fiber has a lower density 
(0.1–0.25 g/cm3) compared to wood powder (0.3–0.6 g/cm3), resulting 
in more voids and higher water retention and absorption capacity. 
Interestingly, the water absorption contents in seawater were lower than 
those of distilled water, which suggested the more stability of the ob
tained composites in the seawater and a high potential application of 
them as cage frames for the regional mariculture industry.

A comparative analysis between pure rHDPE (M9) and the binary 
nano-composite containing 2 wt% nano-SiO2 (M8) demonstrates that 
even a minor incorporation of nanosilica yields a noticeable reduction in 
the equilibrium water absorption capacity and diffusion rate. This 
improved moisture resistance can be explained by two fundamental 
microstructural mechanisms that alter the water diffusion pathways: (i) 
In pure rHDPE, water molecules diffuse through the amorphous free- 
volume regions of the polymer matrix via relatively straight, low- 
resistance pathways. When 2 wt% of nano-SiO2 is uniformly dispersed 
within the matrix, these rigid, impermeable spherical nanoparticles act 
as physical nano-barriers. Diffusing water molecules cannot penetrate 
the silica structures and are forced to detour around them. This signif
icantly increases the geometric tortuosity (the ratio of the actual path 
length to the straight-line distance), effectively extending the travel 
distance for moisture, lowering the overall diffusion coefficient, and 
delaying the onset of moisture saturation. (ii) Recycled plastics typically 
exhibit higher baseline microstructural defects, such as internal micro- 
voids, weld lines, and free-volume expansion induced by prior thermal 
degradation cycles. The ultra-fine primary nanoparticles (10–20 nm) 
physically occupy these micro-voids and intermolecular gaps within the 
amorphous regions of the rHDPE. By packing into these structural flaws, 
the nano-SiO2 reduces the total net volume available for water molecule 
clustering and capillary condensation, minimizing structural moisture 
storage capacity. Furthermore, the high surface area of the nano-filler 
facilitates favorable localized physical anchoring with the surrounding 
polymer chains, restricting local chain mobility and further suppressing 
the transient free-volume fluctuations necessary for water transport.

4. Conclusion

This study successfully developed high-performance hybrid com
posites by reinforcing recycled HDPE with rice-husk-derived nano-SiO2 
and lignocellulosic fibers, specifically engineered for marine-grade ap
plications. Structural analyses confirmed that the 10–20 nm amorphous 
nano-SiO2 facilitates superior physical interlocking within the matrix, 
ensuring structural reliability in aquatic environments. While higher 
loadings of organic fillers increased water sensitivity, a critical factor for 
marine durability, the addition of 2 wt% nano-SiO2 optimized the 
composite, achieving a peak tensile strength of 640.88 MPa and an 
elastic modulus of 1141.48 MPa. These findings demonstrate that the 
proposed composite serves as a robust, low-cost, and sustainable alter
native to expensive virgin HDPE and traditional materials. By bridging 
the gap between waste management and offshore infrastructure, this 
research provides a scalable solution for the regional mariculture in
dustry, supporting the transition toward a circular blue economy 
through long-lasting and eco-friendly cage frames.
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A B S T R A C T

Marine capture fisheries have contributed significantly to Vietnam’s economy through employment, food se
curity, export values, and income generation for coastal communities. However, the labour system remains 
characterized by informality, economic insecurity, and high occupational risk. We examine Vietnamese fisheries 
labour through an integrated Fisheries Labour Systems Framework (FLSF) adapted from the Social-Ecological 
Systems (SES) literature collected from selected Association of Southeast Asia Nations (ASEAN) and Organiza
tion for Economic Co-operation and Development (OECD) fisheries. The critical review shows that labour re
lations in Vietnam are predominantly informal, shaped by community-based recruitment, share-based 
remuneration, and widespread reliance on informal credit systems. These structural features contribute to in
come instability, labour dependency, and high mobility. Behavioural dynamics, including risk normalization, 
masculine occupational identities, and heterogeneous risk perception, further reinforce hazardous working 
practices. Comparative evidence highlights stark contrasts with OECD fisheries, where formal contracts, insti
tutionalized safety systems, and regulatory oversight have reduced but not eliminated occupational risks. The 
paper also identifies persistent governance gaps in Vietnam, where fragmented legal frameworks and weak 
enforcement limit integrating labour protections into fisheries management. By situating Vietnamese fisheries 
labour within broader regional and global contexts, the study underscores the need for coordinated reforms that 
address informality, enhance safety, and strengthen labour governance as integral components of sustainable 
fisheries development.

1. Introduction

Fisheries are simultaneously productive economic sectors, livelihood 
systems, workplaces, and social institutions. Globally, the fisheries 
sector supports hundreds of millions of livelihoods across harvesting, 
processing, trade, and associated value chains. In 2024, an estimated 
65.3 million people were directly employed in primary fisheries and 
aquaculture production, with approximately 85% located in Asia (FAO, 
2026). In Vietnam, marine capture fisheries employ approximately 830 
thousand workers directly on fishing vessels, in addition to around four 
million seasonal or temporary workers engaged across the broader value 
chain, including seafood processing and fisheries-related services 

(National Statistics Office, 2024; Nguyen et al., 2024a; Bình et al., 2025; 
Le et al., 2025). Meanwhile, the aquaculture sector provides employ
ment for more than two million people (Bình et al., 2025; FAO, 2026). 
While fisheries play an important role in social economic development 
in many coastal countries, fishing remains one of the world's most 
hazardous occupations, characterized by high levels of occupational 
risk, income uncertainty, and labour informality. In contrast to OECD 
countries, where labour relations are generally governed by formal 
contracts, occupational safety regulations, and institutional oversight, 
fisheries in many developing countries continue to rely on informal 
employment arrangements embedded within local social and commu
nity networks (Béné, 2003; Henry and Olson, 2014; OECD, 2025).
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Vietnam is a particularly important case because fisheries combine 
substantial production and export activity with a labour system that 
remains strongly embedded in household and community institutions. 
Existing research describes offshore crews as overwhelmingly male, 
with occupational entry frequently mediated by kinship and community 
networks, remuneration commonly linked to catch shares, and 
employment relationships often established verbally rather than 
through standardized written contracts (Alonso, 2022; Phuong and 
Pomeroy, 2025; Le et al., 2026). Informal credit further connects labour 
and household finance, sometimes creating dependencies between crew 
members, vessel owners, and intermediaries (Ruddle, 2011). These ar
rangements are not simply remnants of a traditional sector. They remain 
economically functional because they lower recruitment costs, facilitate 
trust, provide flexibility in an uncertain production environment, and 
connect fishing labour to local social networks. At the same time, these 
institutional arrangements can reproduce vulnerability. Income depends 
on catch, prices, costs, and vessel performance; labour mobility may be 
constrained by social and financial ties; and occupational safety may be 
subordinated to the need to maintain fishing activity. Empirical evi
dence indicates that fishers experience substantial injury risks and that 
inadequate use of personal protective equipment is associated with 
markedly higher injury risk (Nguyen et al., 2024b). Risk is therefore not 
generated by weather or vessel technology alone. It is produced through 
interactions among institutional rules, labour-market organization, 
economic incentives, occupational culture, and individual and collective 
decision-making.

The governance context is also changing. Vietnam has strengthened 
fisheries monitoring and traceability in response to illegal, unreported 
and unregulated (IUU) fishing concerns, while international supply 
chains increasingly connect labour conditions with market access and 
due-diligence expectations (Alonso and Marschke, 2023; Haas et al., 
2023; Honniball, 2026). The ILO Work in Fishing Convention, 2007 
(C188), provides an international reference point for working condi
tions, safety, accommodation, food, and other labour protections, but 
Vietnam has not ratified the Convention (ILO, 2007). These de
velopments make it increasingly difficult to treat fisheries labour as 
separate from fisheries governance. We therefore conducted this study 
as a critical review of Vietnam’s fisheries labour system rather than a 
descriptive literature review. The central analytical question is: how do 
institutional settings shape labour-market structures, how do those 
structures influence behavioural responses, and how do the resulting 
interactions affect labour outcomes and governance and sustainability? 
To answer this question, the paper applies an integrated Fisheries La
bour Systems Framework (FLSF) (Basurto et al., 2013; Cinner et al., 
2013; McGinnis and Ostrom, 2014) that is adapted from 
Social-Ecological Systems (SES) (Ostrom, 2009) and uses it as the 
organizing structure throughout the review. Within each component, 
Vietnamese evidence is examined first and then compared with selected 
ASEAN and OECD evidence. The paper also integrates macro-level data 
from the Food and Agriculture Organization (FAO) and Vietnam’s na
tional statistics to provide an empirical context for the literature 
synthesis.

2. Methodologies

2.1. Literature search and acquisition

This study uses a structured literature review approach to synthesize 
current knowledge on Vietnamese fishing labour and compare it with 
labour systems in the ASEAN and OECD countries. Rather than con
ducting a statistical meta-analysis, the review integrates empirical 
studies, policy documents, international conventions, and comparative 
fisheries literature to identify recurring patterns and governance chal
lenges. A structured review was considered appropriate because fishing 
labour research spans multiple disciplines, including fisheries science, 
labour studies, sociology, occupational health, governance and others, 

and therefore requires conceptual rather than quantitative synthesis.
In this study, all information from both peer-reviewed articles, grey 

literature, technical reports, websites, databases, and other relevant 
sources was considered. Relevant literature was searched through online 
sources of databases, such as Web of Science, Scopus, ScienceDirect, 
Google Scholar, and official government sources and organizations such 
as FAO, ILO, and OECD, between January and March 2026. This critical 
review focuses on studies investigating labour characteristics of marine 
capture fisheries associated with institutional context, labor market 
structure including recruitment, contracts, remuneration, occupational 
safety, and governance. Although the primary focus is Vietnam’s fish
eries labour system, the review also compares Vietnam with neigh
bouring ASEAN countries and developed OECD countries. The review 
excludes studies that focus on fisheries biology, stock assessment, gear 
technology, or aquaculture without labour-related information.

Because official statistics do not consistently separate marine capture 
employment from the wider agriculture, forestry and fisheries sector, 
macro-level indicators are used cautiously. For example, Vietnam’s na
tional statistics recorded employment in agriculture, forestry and fish
eries, whereas FAO reported job opportunities in fisheries and 
aquaculture (National Statistics Office, 2024; FAO, 2026). These in
consistencies are not directly interchangeable, but together they provide 
a useful scale for the sector while highlighting a major data gap: the 
absence of a consistently reported national series for marine capture fish 
workers alone.

2.2. Analytical framework

The SES framework provides the conceptual starting point because it 
emphasizes that social and ecological outcomes arise from interactions 
among resource systems, governance systems, users, and institutions 
(Ostrom, 2009; Basurto et al., 2013; Cinner et al., 2013; McGinnis and 
Ostrom, 2014). The present paper does not claim to apply the SES 
framework in its original form. Instead, it adapts its relational logic to 
the specific problem of fisheries labour. The resulting analytical anchor 
is termed the Integrated Fisheries Labour Systems Framework (Fig. 1).

The framework consists of five interconnected components (Basurto 
et al., 2013; Cinner et al., 2013; McGinnis and Ostrom, 2014; Ostrom, 
2009). Institutional settings comprise fisheries legislation, labour law, 
community institutions, international labour standards, market re
quirements, and the capacity to inspect and enforce rules. These con
ditions define the formal and informal rules under which fishing takes 
place. Labour-market structures translate those rules into recruitment 
practices, employment contracts, remuneration, access to credit, 
mobility, and retention. Behavioural responses represent how fishers 
and vessel organizations interpret and act within these conditions, 
including occupational identity, risk perception, safety behaviour, 
communication, and adaptive decision-making. Labour outcomes cap
ture the consequences for income stability, injuries, health, social pro
tection, retention, and well-being. Finally, governance and 
sustainability outcomes capture whether labour relations become more 
formal and accountable and whether labour governance becomes inte
grated with fisheries compliance and long-term sustainability. The 
components are interconnected rather than sequential in a one-way 
causal chain. Institutional arrangements shape labour-market in
centives, but labour markets can also influence institutional change 
when shortages, worker mobility, international market requirements, or 
collective action create pressure for reform. Labour-market insecurity 
can encourage risk-taking, while occupational culture can normalize 
those behaviours. Resulting injuries, turnover, or labour shortages can 
then influence governance responses. Fig. 1 therefore represents feed
back as well as pathways. The framework is comparative by design: 
Vietnam is the primary case, while ASEAN and OECD evidence is used to 
identify which mechanisms are context-specific and which reflect 
broader characteristics of fishing as a hazardous and socially embedded 
occupation.
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3. Context and institutional settings

3.1. Scale, employment context, and institutional landscape in Vietnam

Vietnam’s fisheries labour system must first be situated within a 
much larger national employment structure. In 2024, 51.9 million 
people were employed nationally, including 13.7 million in agriculture, 
forestry and fisheries (26.5% of total employment) (National Statistics 
Office, 2024). FAO’s latest employment estimates place Vietnam 
among the world’s major aquatic-sector employers, with approximately 
2.8 million people directly employed in fisheries and aquaculture in 
2024 (FAO, 2026). The difference between these reports is analytically 
important: national statistics aggregate agriculture, forestry and fish
eries, while FAO’s fisheries and aquaculture estimate covers primary 
aquatic production. Neither data isolate marine capture fishers. Conse
quently, the manuscript treats sectoral employment estimates as 
contextual indicators rather than as a precise count of fishing crews.

The broader economic significance of fisheries is nevertheless clear. 
Vietnam is a major producer and exporter of aquatic products, and 
capture fisheries remain important to coastal economies and have 
remained a top ten country for seafood exports in the world during the 
past two decades (FAO, 2026). Fisheries support not only vessel crews 
but also processing, trading, transport, repair, ice production, gear 
supply, and household-based post-harvest work. Women are particularly 
important in these downstream activities but are less visible in con
ventional measures of fishing labour (Febri et al., 2017; Torell et al., 
2021; Alonso, 2022; Phuong and Pomeroy, 2025; Le et al., 2026). The 
labour system is therefore larger than the population physically present 
at sea. Institutionally, fisheries labour is governed through overlapping 
fisheries, labour, maritime, and local administrative arrangements. The 
Fisheries Law and Labour Code provide important legal foundations, but 
fisheries labour has historically been regulated primarily through 
fisheries-management and vessel-safety instruments rather than through 
a dedicated and fully integrated labour regime (Cuong et al., 2025; Le 
et al., 2026). This creates a gap between the formal existence of labour 
rights and their practical application aboard fishing vessels. The prob
lem is not necessarily an absence of rules; rather, the rules are dispersed 
across institutions and are difficult to implement in a highly decentral
ized and geographically dispersed fleet.

Community institutions remain important within this formal system. 
The historical “Van Chai” system, which is traditional fishing commu
nities, or cultural social organizations, illustrates how coastal commu
nities have long organized fishing activities, cooperation, and resource 
use (Ruddle, 1998; Nguyen and Ruddle, 2010). Contemporary recruit
ment continues to rely heavily on kinship, neighbourhood, and 

long-standing social ties (Phuong and Pomeroy, 2025). These arrange
ments can substitute for formal labour-market institutions by providing 
trust and information, but they can also reproduce hierarchy and reduce 
workers’ ability to bargain independently. Thus, community governance 
should not be treated as simply a weakness to be replaced by state 
regulation. Its social capital is potentially valuable, but its labour im
plications depend on how it interacts with formal rights and enforce
ment. In addition, Vietnam’s response to IUU fishing illustrates the 
changing institutional environment. Since the EU yellow-card decision 
in 2017, Vietnam has expanded vessel monitoring, traceability, catch 
documentation, and port controls (Ho and Ngo, 2023). These measures 
have strengthened surveillance and fisheries compliance, but their la
bour effects have been less direct because labour rights have not been 
fully integrated into IUU governance (Alonso and Marschke, 2023). This 
distinction is central to the framework: institutional modernization in 
fisheries does not automatically produce labour formalization.

3.2. Comparative institutional context: ASEAN and OECD

The Vietnamese pattern is part of a wider regional continuum. In 
Indonesia and Myanmar, community-based recruitment and informal 
labour arrangements remain important, while the Philippines has 
moved further toward standardized labour agreements in some seg
ments, particularly where migrant and distant-water labour is involved 
(Belton et al., 2019; Hung et al., 2022; Danial et al., 2024). Thailand 
provides an important reform case because international scrutiny and 
trade pressure led to major changes in labour registration, contracts, 
inspection, and the adoption of ILO C188 (Kadfak and Linke, 2021; 
MWG, 2021).

OECD fisheries provide a different institutional configuration. Nor
way, Canada, the United States, and Australia combine fisheries regu
lation with more formal labour standards, occupational safety systems, 
professional training, and inspection mechanisms (Håvold, 2010; Henry 
and Olson, 2014; Håvold and Oltedal, 2018; Shan, 2022). These systems 
should not be idealized: accidents, fatigue, human error, and labour 
insecurity remain present. Their importance for Vietnam is instead that 
institutional capacity changes the consequences of behavioural error. 
Stronger systems can prevent a risky decision from escalating into a 
catastrophic outcome through training, vessel standards, communica
tion, emergency response, and enforcement.

Fig. 1. The organizing structure for the critical review, adapted from SES and FLSF.
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4. Labour-market structures

4.1. Occupational entry, demographic structure, and recruitment

Vietnamese fishing labour is socially reproduced to a substantial 
degree. Offshore crews are overwhelmingly male, commonly concen
trated in the 30–50 age range, and often have long fishing experience. 
Educational attainment is generally lower than in formalized labour 
markets, while occupational knowledge is transmitted through experi
ence and intergenerational networks (Carruth et al., 2010; Alonso, 2022; 
Phuong and Pomeroy, 2025; Le et al., 2026). This pattern means that 
occupational entry is not simply a market transaction between em
ployers and workers; it is also a social process embedded in households 
and communities. Community-based recruitment reduces search and 
transaction costs and allows vessel owners to recruit workers whose 
skills and reputations are already known. For workers, social networks 
can provide rapid access to employment when alternative jobs are 
limited. Yet the same networks can constrain exit. A crew member 
whose employment is linked to relatives, neighbours, advances, or 
community obligations may have fewer practical options than a worker 
in a formal labour market. Comparative evidence from Indonesia and 
Myanmar shows similar dependence on local networks, whereas OECD 
systems rely more heavily on standardized recruitment, certification, 
and contracts (Henry and Olson, 2014; Belton et al., 2019). The gender 
dimension further complicates the definition of the fisheries workforce. 
Although offshore fishing is male dominated, women contribute sub
stantially to processing, marketing, household finance, and other 
post-harvest activities. Their labour is often statistically and institu
tionally invisible, which limits access to formal recognition and social 
protection (Febri et al., 2017; Frangoudes and Gerrard, 2018; Torell 
et al., 2021). A labour-system perspective therefore requires attention to 
the full value chain rather than only the workers on board.

4.2. Contracts, remuneration, credit, and mobility

The defining feature of Vietnam’s labour-market structure is the 
combination of share-based remuneration, informal or verbal employ
ment arrangements, and informal credit. Under share systems, crew 
earnings vary with catch volume, market prices, and operating costs 
(Phuong and Pomeroy, 2025; Le et al., 2026). Such arrangements align 
incentives between owners and crews because both benefit from higher 
production, but they also transfer substantial income risk to workers. 
Estimates in the reviewed literature place monthly fishing earnings 
broadly around USD 250 – 600, compared with substantially higher 
earnings in many OECD fisheries (Hoang et al., 2020; OECD, 2025; Le 
et al., 2026) (Table 1). The income gap should not be interpreted as a 
simple productivity comparison because cost structures, purchasing 
power, taxation, social protection, and definitions of fishing income 
differ across countries.

Informal credit is an equally important component of the labour 
system (Table 1). Advances from vessel owners or intermediaries can 
help households finance consumption and fishing operations, but they 
may also generate dependence and reduce workers’ freedom to leave. 
Ruddle (2011) describes informal credit as an established feature of 
Vietnamese fishing communities, while comparative evidence shows 
that debt-linked labour relationships can become more coercive in 
distant-water fisheries (Marschke and Vandergeest, 2016; Yea and 
Stringer, 2023). Informal credit should not, however, be equated auto
matically with exploitation. Rather, credit and employment become 
intertwined when workers lack alternative sources of finance and when 
debts are settled through continued labour. Labour mobility is conse
quently both a response to insecurity and a mechanism that can repro
duce it. Workers may move between vessels when earnings or working 
conditions are poor, but high turnover can also weaken crew cohesion, 
complicate training, and increase safety risks. Recent research on Viet
nam’s labour shortage suggests that recruitment and retention are 
becoming increasingly important constraints on fishing operations 
(Phuong and Pomeroy, 2025). In this sense, labour scarcity may become 
a driver of formalization if vessel owners increasingly need to attract and 
retain workers through better conditions rather than relying on com
munity recruitment alone.

4.3. Comparative interpretation

Table 1 shows that the major difference between Vietnam and OECD 
systems is not one labour practice in isolation but the degree to which 
several institutions are integrated. Informal recruitment becomes more 
consequential when contracts are weak; share-based remuneration be
comes more risky when cost deductions are opaque; and informal credit 
becomes more restrictive when social protection and alternative finance 
are limited. In more formalized systems, these mechanisms are partially 
separated by contracts, financial institutions, insurance, inspection, and 
collective representation. Fig. 2 therefore depicts institutional differ
entiation as a continuum. Vietnam’s labour system should be under
stood as partially formalized rather than simply informal: formal rules 
exist, but their reach and integration into everyday labour relations 
remain uneven.

5. Behavioural responses

5.1. Risk perception and occupational culture

Behavioural responses are the third component of the framework 
because fishers do not respond mechanically to institutional or eco
nomic conditions. They interpret risk through experience, occupational 
identity, social expectations, and immediate livelihood needs. In Viet
nam, repeated exposure to storms, rough seas, equipment failures, vessel 
instability, and onboard injuries can normalize danger and make 

Table 1 
Comparative socio-economic characteristics of fisheries labour systems.

Indicator Vietnam Selected ASEAN 
evidence

OECD evidence Interpretation References

Labour 
structure

Predominantly 
informal

Mixed; transitional More formalized Institutional differences shape bargaining 
power and worker protection

(Johnsen and Vik, 2013; Henry and 
Olson, 2014; Le et al., 2026)

Monthly 
income

Approx. USD 
250–600

Approx. USD 300–800 
in reviewed cases

Often USD 
2500–6000

Income levels are not directly comparable 
across currencies and protection systems

(Hoang et al., 2020; Pham and Saizen, 
2023; OECD, 2025; Le et al., 2026)

Contracts Verbal/informal 
dominant

Increasing formalization Generally regulated Contracts determine transparency, rights 
and access to protection

(ILO, 2007; Henry and Olson, 2014; 
Phuong and Pomeroy, 2025; Le et al., 
2026)

Credit Informal credit 
important

Mixed Formal finance more 
prevalent

Employer-linked credit can increase 
dependency

(Béné, 2003; Phuong and Pomeroy, 
2025; FAO, 2026)

Training Limited/variable Moderate and 
improving

High and 
institutionalized

Training interacts with safety culture and 
enforcement

(Håvold and Oltedal, 2018; Shan, 2022; 
Le et al., 2026)

Mobility Relatively high Moderate Lower in more stable 
segments

Mobility can signal precarity but also 
worker bargaining power

(Johnsen and Vik, 2013; Alonso, 2022; 
Phuong and Pomeroy, 2025)
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hazardous situations appear routine (Carruth et al., 2010; Nguyen and 
Tran, 2013; Cao, 2025). This should not be understood as evidence that 
fishers are unaware of danger. Rather, experience changes the threshold 
at which a hazard is considered unacceptable. Risk normalization is 
closely connected to the economic organization described above. When 
earnings depend on catch and fishing days, suspending operations dur
ing uncertain weather has an immediate financial cost. Decisions to 
continue fishing, postpone maintenance, or use protective equipment 
inconsistently may therefore be rational responses to livelihood con
straints, even when workers recognize the underlying hazard (Pham and 
Saizen, 2023; Nguyen et al., 2024b). This interpretation is important 
because it avoids treating safety behaviour as a purely individual failure.

Occupational masculinity also shapes behavioural responses. Viet
namese fishing culture places strong value on endurance, independence, 
resilience, and practical competence, and these attributes can become 
associated with the ability to tolerate difficult conditions (Alonso, 2022; 
Le et al., 2026). Similar patterns occur in Norway, Australia, and 
distant-water fleets, where professional identity can sometimes favour 
experience and self-reliance over formal procedures (Johnsen and Vik, 
2013; Yea and Stringer, 2023; Syddall and Fisher, 2026). The difference 
is institutional: stronger regulatory systems can counterbalance cultural 
norms through mandatory training, organizational safety management, 
and enforceable standards.

5.2. Experience, personal protective equipment (PPE), communication, 
and adaptive decision-making

Experience has an ambiguous relationship with safety. Less experi
enced workers may face higher injury risks because they have weaker 
hazard recognition and less familiarity with gear and vessel operations. 
At the same time, highly experienced fishers may become more confi
dent and tolerant of risk, relying on intuition developed through years of 
successful fishing (Nguyen and Tran, 2013; Tatar, 2019; Nguyen et al., 
2024a, 2024b). Experience therefore acts as both a protective resource 
and a potential source of overconfidence. Effective safety systems should 
preserve experiential knowledge while adding standardized procedures 
that prevent experience from becoming a substitute for risk assessment. 
Personal protective equipment illustrates the same interaction between 
structure and behaviour. Vietnamese fishers without appropriate pro
tective equipment have been reported to face approximately 3.7 times 
the injury risk of those using appropriate protection (Nguyen et al., 
2024b). Yet low PPE use cannot be explained by negligence alone. 
Cost, availability, discomfort, production pressure, and occupational 
norms all affect compliance. The behavioural component of the frame
work therefore directs attention to the conditions under which safe 
behaviour becomes feasible rather than merely instructing workers to 
behave differently. Communication and hierarchy are also important. 
Fishing operations require coordination during gear deployment, haul
ing, navigation, and emergencies. In hierarchical crews, junior workers 
may hesitate to challenge captains or report hazards, which can suppress 
learning from near misses (Nguyen and Tran, 2013; Phuong and Pom
eroy, 2025). International evidence similarly shows that communication 
problems can undermine safety even in highly regulated fisheries 
(Thorvaldsen and Sønvisen, 2014). Safety culture, therefore, depends on 
formal procedures as well as the social relationships through which 
those procedures are accepted and used.

5.3. Comparative behavioural evidence

The comparative evidence indicates that behavioural risk is univer
sal but shaped by institutional conditions. OECD fisheries have not 
eliminated fatigue, risk of misjudgment, human error, or reliance on 
practical judgement. Instead, organizational systems reduce the proba
bility that these behaviours produce severe outcomes through training, 
inspections, emergency systems, and standardized risk management 
(Håvold, 2010; Håvold and Oltedal, 2018; Shan, 2022). In Vietnam and 
other more informal fisheries, the same behavioural tendencies operate 
with fewer institutional buffers. This suggests that safety interventions 
are unlikely to work well if they are separated from the labour-market 
and institutional conditions in which fishers work.

6. Labour outcomes

6.1. Income security, social protection, and labour retention

The labour-market structures identified above translate directly into 
labour outcomes. Share-based remuneration exposes crews to fluctua
tions in catch, prices, and operating costs, while informal contracts can 
limit access to social insurance, health coverage, and formal grievance 
mechanisms (Hoang et al., 2020; Phuong and Pomeroy, 2025; Le et al., 
2026). Informal credit can smooth short-term consumption but may 
deepen dependence over longer periods. These mechanisms help explain 
why labour insecurity can persist even when fishing remains economi
cally important. Labour shortages and turnover are increasingly visible 
as additional outcomes. Phuong and Pomeroy (2025) identify recruit
ment and retention difficulties as important constraints in Vietnamese 
capture fisheries. This creates a potential feedback loop within the 
framework: precarious employment can encourage workers to leave, 
while labour shortages can increase the bargaining power of some 
workers and encourage vessel owners to improve conditions. Whether 
that feedback produces sustained formalization depends on the avail
ability of alternative employment, the strength of worker organization, 
and enforcement capacity.

The invisibility of women’s labour is another important outcome. 
Women’s contributions to processing, trading, household management, 
and value addition are often poorly represented in fisheries employment 
statistics and governance processes. This limits their access to recogni
tion and social protection and can lead to an incomplete understanding 
of the labour system (Febri et al., 2017; Torell et al., 2021). A critical 
review of fisheries labour must therefore distinguish between offshore 
crew employment and the wider fisheries workforce.

6.2. Occupational injuries, fatalities, and health

Occupational risk is the most visible labour outcome in the reviewed 
literature, but the evidence also reveals a major measurement problem. 
Vietnam has limited systematic data on fisheries-specific fatality rates, 
and underreporting is likely substantial (Nguyen et al., 2024b; FAO, 
2026). Consequently, comparisons of absolute fatality rates should be 
interpreted cautiously. Table 2 summarizes the available evidence and, 
importantly, identifies data limitations rather than presenting all 
country estimates as directly comparable.

The available Vietnamese evidence indicates that soft-tissue injuries, 

Fig. 2. Structural contrast between community-embedded fisheries labour systems of Vietnam and ASEAN vs. formalized OECD systems.
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lacerations, sprains, fractures, crush injuries, and falls are common, 
reflecting physically demanding work and frequent contact with hooks, 
ropes, nets, knives, and machinery (Nguyen et al., 2024b). Fishers 
without appropriate PPE have substantially higher injury risk (Nguyen 
and Tran, 2013). These findings are consistent with international evi
dence showing that gear handling, heavy machinery, overexertion, slips, 
trips, and falls are major sources of non-fatal injuries across fisheries 
(Jensen et al., 2006; Shan, 2022). The important difference is the ca
pacity to prevent or contain these hazards. Fatal incidents show a similar 
pattern. Global syntheses identify vessel disasters, falls overboard, and 
onboard injuries as major categories of fishing fatalities (Remolà and 
Gudmundsson, 2018; Tatar, 2019). Table 3 summarizes these broad 
categories. In Vietnam, small vessel size, ageing infrastructure, uneven 
access to communication and emergency technologies, and severe 
weather can increase the consequences of otherwise survivable incidents 
(Vu and Nguyen, 2008; Tuan, 2012). OECD fisheries face the same 
environmental hazards but generally have stronger emergency response, 
inspection, and vessel-safety systems.

Health outcomes also extend beyond traumatic injuries. Repetitive 
lifting, awkward postures, vibration, engine noise, ultraviolet exposure, 
fatigue, and psychological stress can accumulate over time (Vandergeest 
et al., 2021; Vandergeest and Marschke, 2021; Nguyen et al., 2024b; Van 
et al., 2025). Fatigue is particularly important because it links 
labour-market organization to behaviour and injury: long hours, night 
fishing, irregular sleep, and pressure to maximize catch can reduce re
action time and situational awareness. Mental-health risks are less well 
documented in Vietnam but may be associated with income uncertainty, 
debt, family separation, and increasingly variable weather (Pham and 
Saizen, 2023).

6.3. Comparative interpretation

The comparison does not suggest that OECD fisheries are safe while 
Vietnamese fisheries are dangerous (Table 3). Fishing is hazardous in 

both settings. The more important difference is how institutional sys
tems shape what happens when hazards are encountered. In OECD 
fisheries, stronger vessel standards, training, inspection, emergency 
response, and organizational safety cultures create multiple layers of 
protection. In Vietnam, the same hazards interact with labour infor
mality and economic insecurity, leaving fewer institutional buffers. 
Thus, occupational injuries should be interpreted as labour-system 
outcomes rather than as evidence of poor individual decision-making 
alone.

7. Governance and sustainability outcomes

7.1. Formalization, compliance, and labour governance

The fifth component of the framework concerns what happens to the 
broader governance system as labour conditions interact with fisheries 
management (Table 4). Vietnam has made substantial progress in fish
eries surveillance and IUU-related compliance, but labour governance 
remains less integrated. Vessel monitoring, traceability, catch docu
mentation, and port controls strengthen accountability for fishing ac
tivity, yet they do not automatically establish written contracts, 
transparent remuneration, social protection, or systematic occupational 
safety management (Alonso and Marschke, 2023; Ho and Ngo, 2023). 
This creates a form of partial formalization. Formal laws and monitoring 
technologies coexist with informal recruitment, share-based remunera
tion, and community-based labour relations. Informality persists partly 
because it provides flexibility and reduces transaction costs under un
certain production conditions (Ruddle, 2011; Pham et al., 2013). It 
therefore cannot be eliminated simply by issuing additional regulations. 
Formalization must also alter the economic incentives that make 
informal arrangements functional. International market governance 
increasingly strengthens the case for integration. Labour due diligence 
and measures targeting forced labour can link worker protection with 
seafood trade and supply-chain accountability (Haas et al., 2023; Selig 

Table 2 
Comparative occupational safety evidence in selected fisheries.

Context Evidence base Main hazards/outcomes Institutional interpretation References

Vietnam Limited national surveillance; 
empirical studies of offshore 
crews

Collisions, falls, gear/equipment 
injuries, fatigue; substantial non- 
fatal injuries

High exposure combined with weakly 
integrated labour and safety 
governance.

(Tuan, 2012; Nguyen et al., 2024b; 
FAO, 2026; Le et al., 2026)

Thailand/ Indonesia Regional and reform literature Vessel accidents, unsafe work, 
labour abuse in some segments

Transitional systems; formal reforms 
coexist with enforcement challenges.

(Yea and Stringer, 2023; Liliansa, 
2024; Sunardi et al., 2025; ILO, 
2026)

Myanmar/ high-risk 
frontier fisheries

Limited and fragmented data Unsafe vessels, labour precarity and 
exploitation

Weak governance increases exposure 
and reduces accountability.

(Vandergeest et al., 2021; Belton 
et al., 2019)

United States Longitudinal occupational 
surveillance

Vessel disasters, falls overboard and 
onboard injuries

Strong institutional capacity reduces 
but does not eliminate risk.

(Tatar, 2019; Wilson, 2022)

Canada Occupational safety and 
enforcement literature

Falls overboard, vessel instability 
and human-factor risks

Regulated system with persistent small- 
vessel challenges.

(Shan, 2022; Wilson, 2022)

Norway Long-term safety research Man-overboard and equipment- 
related incidents

Highly regulated system with 
established safety culture.

(Håvold, 2010; Håvold and 
Oltedal, 2018)

Table 3 
Global structure of fishing-related fatalities and contextual modifiers.

Primary 
fatality 
category

Approximate 
global pattern

Contextual modifiers Key implication References

Vessel disasters ~40–50% in broad 
syntheses

Small/older vessels and weak 
emergency systems increase 
consequences

Prevention depends on vessel standards, 
stability, weather decisions and emergency 
preparedness.

(Remolà and Gudmundsson, 2018; Tatar, 2019; 
Nguyen et al., 2024a, 2024b; FAO, 2026; Le 
et al., 2026)

Falls overboard ~20–30% Deck design, PPE, fatigue, weather 
and work organization matter

Human and technological controls must 
operate together.

(Håvold, 2010; Håvold and Oltedal, 2018; Tatar, 
2019; Shan, 2022)

Onboard 
injuries

~10–20% Gear, machinery, overexertion and 
work pace

Training and equipment are most effective 
when embedded in organizational safety 
systems.

(ILO, 2007; Tatar, 2019; Vandergeest et al., 
2021; Wilson, 2022; Yea and Stringer, 2023)

Other causes Remainder Diving, illness, conflict and 
context-specific hazards

Surveillance should capture chronic and 
acute outcomes.

(Remolà and Gudmundsson, 2018; Tatar, 2019; 
Wilson, 2022)
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et al., 2022; Honniball, 2026). This means labour governance is 
becoming part of fisheries sustainability rather than a separate 
social-policy issue. For Vietnam, the policy challenge is to connect 
existing fisheries surveillance infrastructure with labour standards 
without creating burdens that disproportionately exclude small-scale 
operators.

7.2. C188 and institutional alignment

ILO C188 provides a useful benchmark because it brings together 
minimum standards for work in fishing, including conditions of service, 
occupational safety and health, accommodation, food, and related 
worker protections (ILO, 2007). Vietnam has not ratified C188, while 
Thailand ratified it in 2019 as part of a broader reform process (MWG, 
2021) (Table 4). The contrast is informative but should not be reduced 
to a simple ratification effect. Thailand’s experience shows that formal 
commitments can improve institutional architecture while enforcement 
problems persist (Kadfak and Linke, 2021).

For Vietnam, the significance of C188 lies in its potential to provide a 
common reference across fisheries, labour, and maritime institutions. 
Ratification alone would not resolve informality. Implementation would 
require worker registration, standardized contracts, inspection proced
ures, safety training, accessible grievance mechanisms, and coordina
tion across national and provincial authorities. In this review, C188 is 
best understood as a potential bridge between fisheries, labour, and 
maritime institutions, rather than as a policy solution on its own.

7.3. Comparative governance outcomes

Table 4 supports a continuum interpretation rather than a simple 
ranking. Vietnam occupies an intermediate position: it has substantial 
formal fisheries governance and increasingly sophisticated monitoring, 
but labour institutions remain less integrated. Thailand demonstrates 
that rapid formalization is possible, but also that implementation can lag 
behind legal reform. OECD systems show the benefits of long-term 
institutional capacity, while distant-water fisheries demonstrate how 
even formal rules can become fragmented when labour, flag-state, port- 
state, and supply-country jurisdictions overlap (Haas et al., 2023).

8. Discussion and conclusion

8.1. What the framework reveals about Vietnam

The framework brings together problems that are often discussed 
separately in the literature. Community-based recruitment, share-based 

remuneration, informal credit, risk normalization, occupational mas
culinity, injuries, labour turnover, and fragmented governance form a 
connected system. Institutional settings shape the labour market; the 
labour market shapes incentives and behaviour; behaviour and struc
tural exposure shape labour outcomes; and those outcomes feed back 
into governance through labour shortages, safety concerns, compliance 
pressures, and international market scrutiny. Seen this way, informality 
has a different meaning. Informality should not be treated solely as a 
regulatory deficit. It functions partly as an institutional equilibrium 
because it offers flexibility, social trust, and low transaction costs in an 
uncertain production environment (Boonstra and Dang, 2010; Ruddle, 
2011). However, the same equilibrium distributes risk toward workers 
and limits their access to social protection. The policy challenge is 
consequently more specific than simply eliminating informality. It is to 
retain arrangements that provide useful social support while reducing 
those that shift excessive risk onto workers or weaken basic labour 
rights.

The framework also clarifies why behavioural interventions alone 
are unlikely to be sufficient. Risk normalization is reinforced by eco
nomic incentives; economic incentives are shaped by remuneration and 
credit; remuneration and credit operate within institutional arrange
ments; and institutional arrangements determine the credibility of safety 
rules. A training program delivered to a crew that lacks protective 
equipment, faces unstable income, and fears losing earnings during bad 
weather is unlikely to produce durable change. Conversely, formal rules 
without attention to occupational identity and local social organization 
may also fail. The OECD comparison is most useful when it is read in 
terms of mechanisms rather than as a simple ranking of countries. OECD 
systems do not demonstrate that regulation can remove risk. They show 
that institutional capacity can create multiple protective layers around 
inherently hazardous work. Vietnam can draw on this lesson without 
simply copying OECD institutions. Reforms need to fit the social orga
nization of Vietnamese fishing communities and should use community 
networks as channels for worker registration, safety education, recruit
ment standards, and grievance mechanisms rather than treating them 
solely as barriers.

8.2. A human-centred governance pathway

Four priorities emerge from the evidence. First, labour governance 
should be integrated into fisheries governance. Existing vessel registra
tion, monitoring, and port-control systems provide an institutional 
platform for documenting crew members, checking basic employment 
conditions, and identifying safety risks. Second, labour formalization 
should focus on minimum viable protections: written contracts, 

Table 4 
Comparative fisheries labour governance frameworks.

Dimension Vietnam Thailand Indonesia / 
Philippines

OECD Distant-water 
fisheries

References

C188 Not ratified Ratified (2019) Partial/ 
transitioning

Ratified or equivalent 
standards in many 
systems

Variable (ILO, 2007; Belton et al., 2019; Kadfak 
and Linke, 2021; FAO, 2026)

Labour contracts Mostly informal Mandatory in 
regulated 
segments

Increasing 
formalization

Generally formalized Mixed (Henry and Olson, 2014; Yea and 
Stringer, 2023; Nguyen et al., 2024a, 
2024b; Phuong and Pomeroy, 2025; Le 
et al., 2026)

Labour 
inspection

Limited/ 
fragmented

Expanded 
substantially

Moderate/ 
transitioning

Strong institutional 
capacity

Fragmented across 
jurisdictions

(ILO, 2007; Henry and Olson, 2014; 
Håvold and Oltedal, 2018; Belton et al., 
2019; Shan, 2022)

Migrant labour Limited formal 
integration

Formalized 
registration 
systems

Increasing 
bilateral 
arrangements

More controlled High vulnerability in 
some segments

(Marschke and Vandergeest, 2016; 
Vandergeest and Marschke, 2021; Yea 
and Stringer, 2023)

Enforcement 
capacity

Weak–moderate Moderate and 
improving

Moderate/ 
variable

Strong Fragmented (Håvold, 2010; Shan, 2022 Nguyen et al., 
2024b; FAO, 2026; Le et al., 2026)

Overall 
governance 
pattern

Partial 
formalization

Reform with 
enforcement gaps

Transitional Integrated Jurisdictionally 
complex

(Shan, 2022; Yea and Stringer, 2023)
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transparent share calculations and deductions, crew registration, access 
to social insurance, and clear responsibilities for safety equipment and 
emergency preparedness. Third, enforcement should be strengthened 
through coordination among fisheries, labour, and maritime authorities, 
particularly at provincial and local levels. Fourth, economic policies 
should reduce the incentives that sustain informality through access to 
formal credit, livelihood diversification, and better-targeted fisheries 
support (Pham et al., 2021; Le et al., 2025). These measures should be 
sequenced rather than implemented as isolated rules. Formal contracts 
without enforcement may become symbolic. Enforcement without 
alternative finance may push workers and owners toward more hidden 
arrangements. Safety training without improvements in work organi
zation may not change behaviour. For this reason, labour formalization, 
economic resilience, occupational safety, and fisheries compliance 
should be pursued as complementary measures rather than separate 
policy streams. A human-centred approach also has implications for 
sustainability. Fisheries management often focuses on stock status, 
effort, capacity, and compliance. Yet labour conditions affect whether 
fishers comply, whether they remain in the sector, whether they can 
respond to closed seasons or weather restrictions, and whether house
holds can absorb income shocks. Labour governance should therefore be 
treated as part of fisheries resilience. This is consistent with broader 
international efforts to connect decent work with sustainable fisheries 
and the Sustainable Development Goals (SDGs), particularly SDG 8 
(create quality jobs, fair incomes, and safe working environments) and 
SDG 14 (protect marine and coastal ecosystems from pollution and 
address overfishing).

8.3. Research and data priorities

The literature points to an important empirical limitation. Vietnam 
lacks a consistently reported national series that isolates marine capture 
fish workers from broader agriculture, forestry, fisheries, and aquacul
ture employment. FAO’s employment statistics provide a valuable in
ternational benchmark, while national statistics provide broader labour- 
sector indicators, but neither alone captures the full structure of fishing 
crews, migrant fish workers, women’s post-harvest labour, or informal 
employment (National Statistics Office, 2024; FAO, 2026). Future na
tional labour surveys should therefore record fishing occupation, fishing 
method, vessel type, employment status, contract type, remuneration, 
gender, age, migration status, social-insurance coverage, and occupa
tional injury. Longitudinal research is also needed to test the feedback 
mechanisms proposed in Fig. 1. Cross-sectional surveys can identify 
associations between experience, PPE use, income, and injury, but they 
are less able to establish how reforms alter behaviour over time. 
Comparative ASEAN studies could further identify which elements of 
Vietnam’s labour system are distinctive and which reflect wider regional 
conditions. Particular attention should be given to women’s work, 
mental health, fatigue, migrant labour, labour shortages, and the effects 
of fisheries subsidies on labour incentives.

In conclusion, this critical review shows that Vietnamese fisheries 
labour is best understood as an integrated labour system embedded 
within a broader social-ecological and governance context. The pro
posed Fisheries Labour Systems Framework provides a coherent orga
nizing structure linking institutional settings, labour-market structures, 
behavioural responses, labour outcomes, and governance and sustain
ability outcomes. Applying this structure reveals that informality, eco
nomic vulnerability, occupational risk, and fragmented governance are 
mutually reinforcing rather than separate problems. Vietnam’s labour 
system retains important strengths, including community trust, occu
pational knowledge, flexible recruitment, and social networks that help 
sustain fishing livelihoods. However, these same institutions can 
reproduce unequal bargaining power, income instability, labour de
pendency, and weak access to protection. Behavioural responses such as 
risk normalization and reliance on experience should therefore be 
interpreted within these structural conditions. Evidence from ASEAN 

and OECD fisheries suggests that formalization can reduce vulnerability, 
but legal reform by itself is not enough. Enforcement, economic in
centives, organizational learning, and worker participation determine 
whether formal rules become meaningful in practice. The evidence 
points to a practical conclusion: fisheries sustainability and labour 
protection need to be addressed together. Vietnam has already devel
oped important fisheries-monitoring and IUU-compliance institutions; 
the next step is to connect these systems with labour registration, con
tracts, occupational safety, social protection, and international labour 
standards. C188 offers a useful benchmark, but durable reform will 
depend on implementation and on addressing the economic conditions 
that sustain informality. A human-centred fisheries governance model, 
one that treats fishers as workers as well as resource users, offers a more 
realistic pathway toward decent work, safer fishing, stronger compli
ance, and long-term fisheries sustainability.

CRediT authorship contribution statement

Khanh Q. Nguyen: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Methodology, Investigation, Formal 
analysis, Conceptualization, Data curation, Project administration, 
Software. Minh-Hoang Tran: Conceptualization, Formal analysis, 
Investigation, Methodology, Validation, Visualization, Writing – orig
inal draft, Writing – review & editing. Phuong Viet Le: Conceptuali
zation, Data curation, Investigation, Validation, Visualization, Writing – 
original draft, Writing – review & editing. Luong T. Nguyen: Concep
tualization, Data curation, Formal analysis, Funding acquisition, Project 
administration, Writing – original draft, Writing – review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgement

This study received funding from Nha Trang University, Vietnam for 
Science and Technology under grant number 39/QĐ-ĐHNT, dated 05/ 
01/2024. We acknowledge Nguyen Tat Thanh University (Ho Chi Minh 
City, Vietnam) for supporting this study. We also thank our colleagues in 
the Faculty of Fisheries Science of the School of Fisheries and Life Sci
ence and the Faculty of Social Sciences and Humanities for their helpful 
discussion, improvement, and review of feedback on early drafts. We are 
grateful to the editors and anonymous reviewers who had useful com
ments and improvements throughout the peer review process. This work 
contributes to the celebration of the 50th anniversary of Nha Trang 
University, located in Khanh Hoa Province, Vietnam.

Data availability

The data that has been used is confidential.

References

Alonso, G., 2022. Managing masculinities: dynamics of offshore fishing labour in 
Vietnam. Gend. Place. Cult. 29, 1677–1693. https://doi.org/10.1080/ 
0966369X.2022.2134314.

Alonso, G., Marschke, M., 2023. Blue boats in deep waters: how aspects of IUU policy 
impact Vietnamese fish workers. Marit. Stud. 22, 1–10. https://doi.org/10.1007/ 
s40152-023-00303-7.

Basurto, X., Gelcich, S., Ostrom, E., 2013. The social-ecological system framework as a 
knowledge classificatory system for benthic small-scale fisheries. Glob. Environ. 
Chang. 23, 1366–1380. https://doi.org/10.1016/j.gloenvcha.2013.08.001.

Belton, B., Marschke, M., Vandergeest, P., 2019. Fisheries development, labour and 
working conditions on Myanmar’s marine resource frontier. J. Rural. Stud. 69, 
204–213. https://doi.org/10.1016/j.jrurstud.2019.05.007.

K.Q. Nguyen et al.                                                                                                                                                                                                                              Regional Studies in Marine Science 102 (2026) 105461 

8 

https://doi.org/10.1080/0966369X.2022.2134314
https://doi.org/10.1080/0966369X.2022.2134314
https://doi.org/10.1007/s40152-023-00303-7
https://doi.org/10.1007/s40152-023-00303-7
https://doi.org/10.1016/j.gloenvcha.2013.08.001
https://doi.org/10.1016/j.jrurstud.2019.05.007
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