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 This study evaluated the effects of dietary marine microalgae supplementation on 

growth performance, growth- and immune-related transcriptional responses, bacterial 

load and post-challenge survival in Nile tilapia (Oreochromis niloticus). Fish were 

fed a basal diet or diets supplemented with 5% (w/w) Chaetoceros muelleri, 

Tetraselmis chuii, or Thalassiosira weissflogii for 30 days. Growth performance and 

mRNA abundance of growth-related genes (GH, IGF1 and MSTN) were assessed at 

the end of feeding.  Fish were subsequently challenged with Streptococcus agalactiae 

(1105CFU fish-1). Immune-related genes (hepcidin, IgM, IL-1β, MHC-II, TLR5 and 

TLR9) were quantified before challenge and at 1, 3 and 7 days post-infection (dpi) 

and bacterial load was determined at same post-challenge time points. Survival was 

monitored for 10 days. Fish fed C. muelleri and T. chuii-supplemented diets has 

significantly greater final body weight than controls, whereas average daily gain, feed 

conversion ratio and pre-challenge survival were unaffected. T. chuii increased GH 

and IGF1 mRNA abundance in liver and muscle, while MSTN expression decreased 

in all supplemented groups. Following challenge, C. muelleri and T. weissflogii 

produced greater transcriptional responses in several immune-related genes, 

including IgM, MHC-II, hepcidin, IL-1β and TLR9. Bacterial load was significantly 

affected by dietary treatment and sampling time, with lower loads in microalgae-

supplemented groups at 3 and 7 dpi. Post-challenge survival was significantly higher 

only in the T. weissflogii group. Overall, the three microalgae species induced distinct 

physiological, transcriptional and protective responses, supporting their further 

evaluation as targeted functional feed ingredients for Nile tilapia. 
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INTRODUCTION 

 

Nile tilapia (Oreochromis niloticus) is one of the most 

important freshwater aquaculture species worldwide due to 

its rapid growth and high reproductive capacity, with 

spawning occurring approximately every three months, 

making it a reliable food source (Barría et al., 2023; Deck 

et al., 2023). It is also valued as an affordable, high-quality 

protein source with good taste. Nile tilapia was first 

introduced to Thailand in 1965 by King Bhumibol 

Adulyadej (King Rama IX) to enhance protein and nutrient 

availability for rural communities. 

Although Oreochromis niloticus is regarded as a 

relatively resistant species, infection with Streptococcus 

agalactiae can result in rapid and severe mortality in Nile 

tilapia (Ye et al., 2011), leading to substantial economic 

loss (Haenen et al., 2023). Streptococcus agalactiae 

belongs to Lancefield Group B Streptococcus (GBS) and is 
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categorized according to its surface antigen composition 

(Lancefield, 1934). To date, ten serotypes (Ia, Ib and II–IX) 

have been recognized, of which Ia, Ib, II and III are most 

frequently reported in tilapia infections (Gherardi et al., 

2007; Slotved et al., 2007). 

Dietary supplementation in aquafeeds is widely 

recognized as an effective approach to improving growth 

performance and enhancing immune responses in cultured 

fish species (Zlaugotne et al., 2022). Microorganisms 

(probiotics), yeasts, plant-based ingredients and microalgal 

feedstuffs are commonly used as feed additives in Nile 

tilapia diets due to their high levels of bioactive compounds 

which promote growth, stimulate immune responses and 

provide antioxidant properties (Hassaan et al., 2018; Han 

et al., 2019; Hassaan et al., 2019; Opiyo et al., 2019; 

Ahmad et al., 2020; Lumsangkul et al., 2022; Le Xuan et 

al., 2024; Zaid et al., 2025). 
Marine microalgae species, including Thalassiosira 

weissflogii, Chaetoceros spp. and Tetraselmis spp. are 
increasingly used as dietary supplements in aquaculture. 
Their application has been particularly extensive in the 
culture of aquatic invertebrates, such as penaeid shrimps, 
crabs and bivalves, where they serve as valuable sources of 
nutrients and bioactive compounds. Marine microalgae are 
rich in essential fatty acids, especially the long-chain 
omega-3 polyunsaturated fatty acids eicosapentaenoic acid 
(EPA) and docosahexaenoic acid (DHA), which have been 
associated with improved growth performance, immune 
function, antioxidant status and disease resistance in 
cultured aquatic species (Oniam et al., 2015; Southgate et 
al., 2017; Charoonnart et al., 2018; Etesami et al., 2020; 
Wu et al., 2026). In contrast, comparatively few studies 
have evaluated the potential of marine microalgae as 
functional feed ingredients for freshwater finfish species, 
including Nile tilapia (Oreochromis niloticus), one of the 
most important aquaculture species worldwide. Therefore, 
the present study investigated the effects of dietary 
supplementation with Thalassiosira weissflogii, 
Chaetoceros muelleri and Tetraselmis chui on growth 
performance and immune responses in Nile tilapia. 
 

MATERIALS AND METHODS 

 

Marine microalgae preparation and diet formulation: 

Chaetoceros muelleri, Thalassiosira weissflogii and 

Tetraselmis chuii were obtained from the Microalgal 

Laboratory, Walailak University. The microalgae were 

cultured in Guillard’s F/2 medium and harvested at the 

stationary phase after 5 days. Biomass was freeze-dried, 

ground into powder and sieved (100μM) (Pooljun et al., 

2022). A preliminary feeding trial evaluated dietary 

inclusion levels of 0, 2.5, 5.0 and 7.5% (wt/wt). Based on 

statistical analysis, the 5.0% inclusion level was selected 

for subsequent experiments because it resulted in highest 

final growth, while increasing supplementation to 7.5% did 

not provide a significant additional growth benefit. 

Microalgal powder was mixed with commercial feed 

(CP9931; crude protein ≥18%, lipid ≥3%). Pellets were air-

dried, coated with 1.5% fish oil to reduce nutrient leaching 

(Guo et al., 2021) and stored at 4°C until use. 

 

Experimental design and growth performance: A total 

of 300 juvenile Nile tilapia (Oreochromis niloticus) were 

randomly allocated to four dietary treatments: control 

(basal diet), C. muelleri, T. chuii and T. weissflogii. Each 

treatment consisted of five independent replicate 100L 

tanks with 15 fish per tank. Fish were maintained under 

continuous aeration and fed at 5% body weight day⁻¹ for 30 

days. Body weight was recorded at the beginning and end 

of the feeding trial to calculate final weight, average daily 

gain (ADG), feed conversion ratio (FCR) and survival rate. 

For growth-related gene expression analysis, liver and 

muscle tissues were sampled from two fish per tank across 

five replicate tanks per dietary treatment; gene expression 

values from two fish within each tank were averaged to 

yield a single value per tank (n=5 tanks per treatment) prior 

to statistical analysis. 

 

Streptococcus agalactiae challenge: A virulent strain of 

Streptococcus agalactiae serotype Ia was obtained from 

the Center of Excellence for Aquaculture Technology and 

Innovation and confirmed by PCR and molecular 

serotyping (Martinez et al., 2001; Imperi et al., 2010; 

Wongsathein et al., 2019) (Fig. 2A). The median lethal 

dose (LD₅₀) was determined by intraperitoneal injection 

of serially diluted S. agalactiae bacterial suspensions 

(Khunrang et al., 2023) and calculated using the Reed-

Muench method based on cumulative mortality recorded 

over 10 days post-challenge (Reed and Muench, 1938). 

Based on the LD₅₀ determination, a sublethal challenge 

dose of 1×10⁵CFU fish⁻¹ were selected for the infection 

experiment to induce bacterial infection while 

maintaining sufficient survival for immune response 

evaluation. 

Following sample collection for growth-related gene 

expression analysis, the remaining fish were used for S. 

agalactiae challenge experiment. A total of 50 fish from 

each dietary treatment were randomly distributed into five 

replicate tanks (10 fish per tank). One replicate tank was 

injected with sterile saline as the control, while the 

remaining four replicate tanks were challenged with S. 

agalactiae. The challenged fish were further divided into 

two groups: a survival monitoring group and an immune 

gene expression analysis group. Two replicate tanks were 

monitored for clinical signs and mortality for 10 days post-

infection (dpi). Mortality was recorded daily and bacterial 

infection in dead fish was confirmed by PCR analysis. The 

remaining two replicate tanks were used for immune gene 

expression analysis, Head kidney and spleen tissues were 

randomly collected from five fish per treatment at 1, 3 and 

7 dpi, with individual fish serving as the replicate unit (n=5 

fish per treatment per time point). Brain tissue was 

additionally collected from these same fish at each time 

point to determine bacterial load. 

 

Gene expression analysis: Total RNA was extracted from 

liver, muscle, head kidney and spleen tissues using 

GeneZol reagent. RNA quality and concentration were 

determined spectrophotometrically and cDNA was 

synthesized using a commercial reverse-transcription kit. 

Quantitative real-time PCR (qRT-PCR) was performed to 

determine the expression of growth-related genes (GH, 

IGF1 and MSTN) and immune-related genes (hepcidin, 

IgM, MHC-II, IL-1β, TLR5 and TLR9). β-actin was used as 

the reference gene based on its established use in qRT-PCR 

studies of Nile tilapia (Huervana et al., 2022; Van Doan et 
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al., 2023; Khalafalaa et al., 2025) (Table 1). Relative gene 

expression was calculated using the 2-ΔΔCt method (Livak 

and Schmittgen, 2001). 

 

Bacterial load quantification: Genomic DNA was 

extracted from brain tissue using DNeasy Blood & Tissue 

kit according to the manufacturer's instructions (QIAGEN) 

and DNA concentrations were standardized before qPCR. 

S. agalactiae DNA was quantified using the F1-IMOD 

primer set (Martinez et al., 2001) with SYBR Green 

detection (5×HOT FIREPOl qPCR Supermix; Solis 

Biodyne). A standard curve was generated from serial 

dilutions of S. agalactiae cultures with known 

concentration (CFU mL-1). Sample Cq values were 

converted to CFU-equivalent quantities, normalized to 

tissue weight and expressed as log10 CFU equivalents g-1 of 

brain tissue. 

 

Statistical analysis: Growth performance and growth-

related gene expression data were analyzed using one-

way ANOVA followed by Tukey’s multiple comparison 

test, with difference considered significant at P<0.05. For 

immune-related gene expression, ∆Cq values were 

analyzed separately for each gene using a three-way 

factorial ANOVA with dietary treatment, tissue and 

sampling times as fixed factors, including all two-way 

and three interactions. Because gene expression is 

inherently tissue- and time-dependent, treatment effects 

were further examined within each tissue Í sampling time 

combination using one-way ANOVA followed by 

Tukey's multiple comparison test, to compare dietary 

treatment within the corresponding biological context. 

Differences were considered significant at P<0.05 and 

gene-expression data are presented as mean ± SD. 

Survival following bacterial challenge was analyzed 

using Kaplan–Meier survival curves and compared using 

the log-rank (Mantel–Cox) test, performed in GraphPad 

Prism 9. All analyses were performed using SPSS 22.0 

except for the three-way factorial ANOVA, which was 

performed using Python. 
 

RESULTS  

 

Growth performance: Table 2 presents the growth 

performance and survival rate of the fish following the 

experimental trial. No significant differences (P>0.05) 

were observed in initial body weight or intermediate weight 

gain among treatments. Similarly, fish fed the control and 

T. weissflogii-supplemented diets showed no significant 

difference (P=0.9950) throughout the experimental period. 

However, fish fed diets supplemented with C. muelleri and 

T. chuii exhibited significantly higher body weight gain at 

day 30 compared to the control group (P=0.0468 and 

0.0382, respectively). Although no significant differences 

in average daily gain (ADG) and feed conversion ratio 

(FCR) were found among treatments, fish fed T. chuii-

supplemented diets tended to exhibit better growth and a 

low FCR than the other groups.   

No significant differences (P>0.05) in survival rate 

were observed among treatments, with survival ranging 

from 85 to 90% at the end of the experiment. Overall, 

dietary supplementation with 5% microalgae improved 

growth performance without adversely affecting the 

survival rate of tilapia. 
 
Table 1: Primer sequences, annealing temperatures, PCR amplification efficiencies, R2 values and amplicon sizes of target genes analyzed in this study. 

Genes Primer sequence (5’→3’) Annealing 
temperature (°C) 

Amplification 
efficiency (%) 

R2 Amplicon 
(bp) 

Reference 

Reference gene 
β-actin F: GACCCACACAGTGCCCATCT  

R: TCTCGGCTGTGGTGGTGAA 
58 104.5 1.000 140 Wang et al., 2015 

Growth-related genes 
Growth hormone: GH F: TCGGTTGTGTGTTTGGGCGTCTC 62 99.6 0.998 90 Qiang et al., 2012 

R: GTGCAGGTGCGTGACTCTGTTGA      
Insulin-like growth factor 1: IGF1 F: TTGTCTGTGGAGAGCGAGGCTT 60 98.9 0.999 103 Qiang et al., 2012 

R: CAGCTTTGGAAGCAGCACTCGT      
Myostatin: MSTN F: GCATCTGTCTCAGATCGTGCT 58 100 0.970 95 Aboukila et al., 2021 

R: TGCCATCATTACAATTGTCTCCG     
Immune-related genes 
Hepcidin F: CGTTCAGTGTTGCAGTTGCAG 

R: GCAGCAAACTCCACAGATACC 
60 99.9 0.996 242 Wuthisuthimethavee 

et al., 2025 
Immunoglobulin M: IgM F: GGGAAGATGAGGAAGGAAATGA  

R: GTTTTACCCCCCTGGTCCAT 
58 99.6 0.994 120 Wang et al., 2015 

Interleukin-1 beta: IL-1β F: CAAGGATGACGACAAGCCAACC 
R: AGCGGACAGACATGAGAGTGC 

60 100 0.991 149 Won et al., 2020 

Major histocompatibility complex 
class II: MHC-II 

F: TCAGCTGCACTCGTTCC 
R: CCAGCATCAACGTTCCTC 

58 103 0.979 250 Chen et al., 2019 

Toll-like receptor 5: TLR5 F: CAGGGTAAACATTTCACGCTTCT  
R: ACGCTTTGCCATGGGAACTTT 

60 100 0.995 162 Basu et al., 2015 

Toll-like receptor 9: TLR9 F: CCAGAGTCATTGGCTGGTGT 
R: CAGTACCACAGGTCCCAACC 

60 99.8 0.997 158 Gao et al., 2023 

 
Table 2: Effects of 5% dietary supplementation with Chaetoceros muelleri, Tetraselmis chuii and Thalassiosira weissflogii on body weight gain (BWG), average 
daily gain (ADG), feed conversion ratio (FCR) and survival over 30 days. Values are mean±SD; different superscripts indicate significant differences 
(P<0.05) 

Treatment Body weight gain 
(BWG: g) 

Average daily gain 
(ADG: g/day) 

Feed conversion ratio (FCR) Survival rate (%) 

Initial (Day 0) 14 days 30 days 14 days 30 days 14 days 30 days 30 days 

Control 2.698±0.58a 4.460±1.24a 6.848±2.22a 0.126±0.023a 0.138±0.040a 1.38±0.320a 1.29±0.560a 90a 
C. muelleri 2.726±0.83a 4.747±1.67a 8.026±3.18b 0.144±0.020a 0.177±0.037a 1.33±0.470a 1.24±0.430a 85a 
T. chuii 2.621±0.59a 4.720±1.36a 8.065±2.74b 0.150±0.025a 0.182±0.054a 1.27±0.521a 1.14±0.323a 90a 
T. weissflogii 2.585±0.69a 4.274±1.33a 6.943±2.57a 0.121±0.031a 0.145±0.036a 1.41±0.422a 1.22±0.452a 88a 
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Growth-related gene expression: The mRNA expression 

levels of GH, IGF1 and MSTN in the liver and muscle 

tissues of Nile tilapia were analyzed by real-time PCR after 

the feeding trials (Fig. 1). GH mRNA expression was 

significantly elevated in fish fed the T. chuii-supplemented 

diet, with higher expression observed in the muscle of all 

microalgae-fed groups compared to the control group (Fig. 

1A; Fig. 1D). IGF1 mRNA expression was significantly 

upregulated in the liver of fish fed the T. chuii-

supplemented diet compared with the control group. In 

skeletal muscle, IGF1 mRNA expression was significantly 

higher in fish receiving diets supplemented with C. 

muelleri and T. chuii, whereas no significant difference was 

observed in fish fed the T. weissflogii-supplemented diet 

relative to the control (Fig. 1B; Fig. 1E). MSTN mRNA was 

significantly downregulated in both liver and muscle 

tissues of fish fed microalgae-supplemented diets 

compared to the control group (Fig. 1C; Fig. 1F). 

 

Immune-related gene expression: The mRNA expression 

levels of immune-related genes (hepcidin, IgM, IL-1β, 

MHC-II, TLR5 and TLR9) in the kidneys and spleens of 

Nile tilapia were measured using quantitative RT-PCR 

(qRT-PCR). The specificity of the immune-related primers 

was evaluated through a melting curve analysis. The PCR 

amplification efficiencies of all primers ranged from 99.6 

to 103% and the coefficients of determination (R2) for 

standard curves were all greater than 0.99 (Table 1).  

In the kidney after 30 days of feeding, IgM and MHC-

II mRNA expression were significantly upregulated in 

fish fed diets supplemented with C. muelleri and T. 

weissflogii compared with the control group. In contrast, 

fish fed the T. chuii-supplemented diet exhibited no 

significant differences in the expression of either gene 

relative to the control. Following S. agalactiae challenge, 

IgM and MHC-II mRNA expression progressively 

increased from day 1 to day 7 post-infection, reaching 

peak levels at day 7 (Fig. 3). Prior to challenge (after 30 

days of feeding), no significant differences were observed 

in the mRNA expression of hepcidin, IL-1β, or TLR5 

among the dietary treatments. In contrast, TLR9 mRNA 

expression was significantly higher in fish fed the T. 

weissflogii-supplemented diet than in the control group. 

Following S. agalactiae challenge, hepcidin, IL-1β and 

TLR9 mRNA expression was significantly upregulated in 

all microalgae-supplemented groups at 1day post-

infection (dpi), followed by a gradual decline at 3 and 7 

dpi. In contrast, TLR5 expression remained relatively 

stable throughout the post-challenge period. 

In the spleen after 30 days of feeding, IgM and MHC-

II mRNA expression levels were significantly upregulated 

in fish fed the C. muelleri- and T. weissflogii-supplemented 

diets, whereas no significant differences were observed in 

fish receiving the T. chuii-supplemented diet compared 

with the control group. Following S. agalactiae challenge, 

IgM mRNA expression increased significantly in all 

microalgae-supplemented groups at 1 dpi and continued to 

rise through 7 dpi. No significant differences in MHC-II 

mRNA expression were detected among treatments at 1 

dpi. However, at 3 dpi, fish fed the C. muelleri- and T. 

weissflogii-supplemented diets exhibited significantly 

higher MHC-II mRNA expression than those fed the T. 

chuii-supplemented diet, which did not differ from the 

control group. By 7 dpi, all microalgae-supplemented 

groups showed significantly higher MHC-II mRNA 

expression than the control group. Likewise, the mRNA 

expression of hepcidin, IL-1β and TLR9 was significantly 

upregulated in the spleen of all microalgae fed groups at 1 

dpi, followed by a gradual decline at 3 and 7 dpi (Fig. 4). 

In contrast, TLR5 mRNA expression remained unchanged 

in both the kidney and spleen throughout the experimental 

period. 
 

 
 

Fig. 1: Relative mRNA expression of GH, IGF1 and MSTN in the liver (A-C) and muscle (D-F) of Nile tilapia fed diets supplemented with different 
marine microalgae compared with the control diet. Data are presented as the mean±SD (n=5). Significant differences compared with the control group 
are indicated by letters above the bars: a, P≤0.05; b, P≤0.01; c, P≤0.001; and d, P≤0.0001. “ns” indicates no significant difference.  
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Fig. 2: Agarose gel electrophoresis analysis. (A) Multiplex PCR products used to determine the molecular serotypes of Streptococcus agalactiae based 
on their banding patterns. Lane M, 100-bp fluorescent DNA ladder (SOMOBIO Technology, Taiwan); lane P1, positive control for S. agalactiae serotype 

Ia with amplicons at 688 and 272 bp; lane P2, positive control for S. agalactiae serotype III, with amplicons at 688 and 352 bp; lanes 1–4, S. agalactiae 
isolates used in this study; lane N: negative control containing distilled water. (B) PCR products of S. agalactiae detected in pooled brain tissues from 
tilapia that died following bacterial challenge. Lane M, 100-bp fluorescent DNA ladder; lane P, positive control for S. agalactiae; lane 1, pooled brain 

tissue from the control group; lanes 2–3, pooled brain tissues from the C. muelleri-supplemented group; lanes 4–5, pooled brain tissues from the 
Tetraselmis chuii-supplemented group; lanes 6–7, pooled brain tissues from the Thalassiosira weissflogii-supplemented group; lane N, negative control 
containing distilled water. 

 

 
 

Fig. 3: Relative mRNA expression of hepcidin, IgM, IL-1β, MHC-II, TLR5 and TLR9 in the kidney of Nile tilapia fed diets supplemented with different 

marine microalgae compared with the control diet after 30 days of feeding and at 1, 3 and 7 days post-Streptococcus agalactiae infection (dpi). Data are 

presented as the mean±SD (n=5). Significant differences compared with the control group are indicated by letters above the bars: a, P≤ 0.05; b, P≤0.01; 

c, P≤0.001; and d, P≤0.0001. “ns” indicates no significant difference. 
 

 
 

Fig. 4: Relative mRNA expression of hepcidin, IgM, IL-1β, MHC-II, TLR5 and TLR9 in the spleen of Nile tilapia fed diets supplemented with different 

marine microalgae compared with the control diet after 30 days of feeding and at 1, 3 and 7 days post-Streptococcus agalactiae infection (dpi). Data are 
presented as the mean±SD (n=5). Significant differences compared with the control group are indicated by letters above the bars: a, P≤0.05; b, P≤0.01; 

c, P≤0.001; and d, P≤0.0001. “ns” indicates no significant difference. 
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Three-way ANOVA of ΔCq values further showed 

significant overall effects of dietary treatment on 

hepcidin, IgM, IL-1β, MHC-II and TLR9 mRNA 

expression, whereas no significant treatment effect was 

detected for TLR5. Tissue significantly affected all six 

genes, while sampling time significantly affects 

hepcidin, IgM, MHC-II and TLR9 mRNA, but not IL-1β 

or TLR5. No significant treatment × tissue interaction 

was detected for any gene. A significant treatment × 

time interaction was observed only for hepcidin, 

whereas significant tissue × time interactions were 

detected for hepcidin, IgM, IL-1β, MHC-II and TLR9, 

but not TLR5. The treatment × tissue × time interaction 

was not significant for any of six immune-related genes 

examined (Table 3). 

 
Table 3: F-values from three-way ANOVA testing the effects of dietary 

treatment, tissue, sampling time and their interactions on immune-related 

gene expression (ΔCq) in Nile tilapia 

Source of variation df hepcidin IgM IL-1β MHC-II TLR5 TLR9 

Treatment (Tr) 3 10.27*** 19.51*** 6.11*** 18.83*** 1.02 ns 5.31** 

Tissue (Ts) 1 18.90*** 27.40*** 31.70*** 204.24*** 9.12** 88.40*** 

Time (Tm) 3 130.27*** 71.63*** 2.55 ns 40.16*** 1.62 ns 24.30*** 

Tr × Ts 3 1.44 ns 0.29 ns 0.64 ns 2.30 ns 0.71 ns 0.76 ns 

Tr × Tm 9 4.13*** 1.28 ns 1.66 ns 0.64 ns 0.52 ns 1.16 ns 

Ts × Tm 3 253.39*** 14.70*** 23.56*** 37.72*** 2.01 ns 30.75*** 

Tr × Ts × Tm 9 0.37 ns 0.21 ns 0.65 ns 0.24 ns 0.29 ns 0.21 ns 

Residual 128 - - - - - - 

Analysis was performed on ΔCq values (Cq target gene − Cq β-actin) for 

each gene separately, using a fully balanced three-way factorial ANOVA 

(treatment, 4 levels; tissue, 2 levels; time, 4 levels; n=5 fish per treatment 

× tissue × time combination). P<0.05; P<0.01; P< 0.001; ns, not significant 

(P≥0.05). 

 

Brain bacterial load post-challenge: Brain bacterial load 

(expressed as log10-transformed starting quantity) was 

significantly affected by both dietary treatment and 

sampling time (P<0.001), whereas the treatment × time 

interaction was not statistically significant (P=0.124) 

(Table 4). At 1 dpi, bacterial load was significantly lower 

in the T. weissflogii group compared with the control and 

C. muelleri groups. At 3 and 7 dpi, the control group 

exhibited significantly higher bacterial loads than all 

microalgae-supplemented groups. Within dietary 

treatments, bacterial load decreased significantly from 1 to 

7 dpi in the C. muelleri group, whereas the T. weissflogii 

group showed a transient increase at 3 dpi followed by a 

significant reduction at 7 dpi (Table 5). 

 

Post-challenge survival and disease resistance: The 

bacterial challenge was monitored for 10 days post-

infection (dpi). Mortality began at 1 dpi in fish challenged 

with S. agalactiae and continued until 6 dpi (Fig. 5). At 

the end of the challenge period, survival rates were 45, 70, 

65 and 75% in the control, C. muelleri-, T. chuii- and T. 

weissflogii-supplemented groups, respectively. Survival 

in all marine microalgae-supplemented groups remained 

at or above 65% from 5 dpi until the end of the 

experiment. Kaplan-Meier survival analysis shows a 

significant difference between fish fed T. weissflogii-

supplemented diet and the control groups (P=0.031). In 

contrast, survival did not differ significantly between the 

challenged control group and fish fed the C. muelleri- or 

T. chuii-supplemented diets (P=0.070 and 0.153, 

respectively). 

Table 4: Two-way ANOVA of the effects of dietary treatment and 

sampling time on Streptococcus agalactiae bacterial load in the brain of 
Nile tilapia following challenge. Bacterial load was expressed as log10 

CFU equivalents g-1 of brain tissue. Dietary treatment, sampling time and 
their interaction were included as fixed factors. 

Effect F df P-value 

Dietary treatment 15.71 3, 48 <0.001 
Sampling time 15.51 2, 48 <0.001 

Treatment × time 1.78 6, 48 0.124 

df values are presented as degrees of freedom for effect and error (dfeffect-
dferror). Bacterial load data were log10-transformed prior to statistical 

analysis. Statistical significance was set at P<0.05. 
 
Table 5: Bacterial load of Streptococcus agalactiae in Nile tilapia at 1, 3 

and 7 days post-infection (dpi) following bacterial challenge 

Dietary group 1 dpi 3 dpi 7 dpi 

Control 5.85±0.49ᵃᴬᴮ 6.63±0.50ᵃᴬ 5.40±0.67ᵃᴮ 
C. muelleri 5.57±0.40ᵃᴬ 4.84±1.29ᵇᴬᴮ 3.70±0.63ᵇᴮ 
T. chuii 4.84±1.13ᵃᵇᴬ 4.99±0.72ᵇᴬ 4.11±0.68ᵇᴬ 
T. weissflogii 4.12±0.56ᵇᴮ 5.14±0.54ᵇᴬ 3.47±0.58ᵇᴮ 

Values are expressed as mean±SD of log10 starting quantity (SQ), n=5. 

Different lowercase superscript letters within the same column indicate 
significant differences among dietary groups at the same sampling time 
(P<0.05). Different uppercase superscript letters within the same row 

indicate significant differences among sampling times within the same 
dietary group (P<0.05), based on Tukey-adjusted pairwise comparisons. 

 

 
 
Fig. 5: Kaplan-Meier survival curve of Nile tilapia following challenge with 
virulent Streptococcus agalactiae. Survival was recorded daily for 10 days 

post-infection (dpi). Fish were challenged by intraperitoneal injection of 
100 µL of bacterial suspension containing 1x105 CFU fish-1 of S. agalactiae 
serotype Ia. C. muelleri-supplemented diet/Control diet (HR=2.350 

(0.901-6.124), P=0.070). T. chuii-supplemented diet/Control diet 
(HR=1.904 (0.752-4.816), P=0.153); T. weissflogii-supplemented 
diet/Control diet (HR=2.893 (1.076-7.780), P=0.031) 

 

Mortality was first recorded at 2 dpi in the C. muelleri- 

and T. chuii-supplemented groups and at 3 dpi in the T. 

weissflogii-supplemented group, compared with 1 dpi in 

the challenged control group. No mortality was observed in 

the negative-control group injected with sterile normal 

saline throughout the experimental period. Moreover, all 

dead fish from the challenged groups tested positive for S. 

agalactiae by PCR, confirming the presence of the 

challenge bacterium in the examined mortalities (Fig. 2B). 

  

DISCUSSION 

 

Dietary supplementation with microalgae at 5% (w/w) 

improved the growth performance of juvenile Nile tilapia 

(Oreochromis niloticus), with fish fed C. muelleri and T. 

chuii achieving significantly greater final body weights 

than the control. Although average daily gain (ADG) and 

feed conversion ratio (FCR) were not significantly 

affected, microalgae-fed fish showed numerically higher 

ADG and lower FCR; however, these trends should be 
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interpreted cautiously. Survival during the feeding trial was 

also unaffected by dietary treatment, indicating no apparent 

adverse effects at the tested inclusion level.  These findings 

align with previous studies reporting beneficial growth-

related responses to microalgal supplementation, including 

improved growth, survival and n-3 highly unsaturated fatty 

acid (HUFA) accumulation in common sole larvae fed T. 

chuii (Shawky et al., 2021), as well as enhanced growth 

performance in marine shrimp receiving C. muelleri and T. 

weissflogii (Pooljun et al., 2022; 2025). Microalgae contain 

various nutritional and bioactive constituents including 

proteins, essential amino acids, polyunsaturated fatty acids 

(PUFAs), vitamins, minerals, carbohydrates and pigments 

which support growth and metabolic functions in aquatic 

animals (Vallejos-Vidal et al., 2016; Dawood et al., 2017; 

Damaristelma de Jesús-Campos et al., 2020; Hernández-

Sandoval et al., 2022; Conlon et al., 2024; Madyod et al., 

2026). However, because the specific biochemical 

composition of the experimental microalgal biomass was 

not directly characterized in this study, the precise 

contribution of individual constituents remains unresolved 

and requires direct biochemical investigation. 

The enhanced growth performance observed in this 

study was accompanied by alterations in the transcript 

abundance of key growth-related genes. Dietary 

supplementation, particularly with Tetraselmis chuii, 

significantly increased GH and IGF1 mRNA levels in both 

liver and muscle tissues. These changes align with the 

upregulation of the GH–IGF axis, which plays a central 

role in regulating protein accretion, nutrient utilization and 

growth in teleost fish. Nevertheless, because protein 

concentrations and downstream receptor signaling were not 

evaluated, these increases in transcript abundance should 

be interpreted as potential axis modulation rather than 

direct evidence of functional activation. These findings 

consistent with previous work demonstrating that 

Tetraselmis sp. improves growth performance and 

digestive enzyme activities in Nile tilapia (Abdel-Tawwab 

et al., 2023), as well as reports of microalgae-based diets 

upregulating hepatic GH and IGF1 expression in tilapia 

(Soliman et al., 2025) and IGF-II in shrimp (Sharawy et al., 

2020). Conversely, MSTN mRNA abundance was 

significantly reduced in both liver and muscle tissues. 

Because MSTN serves as an established negative regulator 

of skeletal muscle development, diminished MSTN 

expression aligns with a profile of reduced growth-

inhibitory signaling.  Similar responses have been 

documented in Nile tilapia, zebrafish and channel catfish, 

where genetic disruption or suppression of MSTN was 

associated with enhanced body weight and muscle mass 

(Khalil et al., 2017; Wu et al., 2023; Liang et al., 2026). 

The concurrent upregulation of GH and IGF1 transcripts 

alongside MSTN downregulation suggests coordinated 

transcriptional regulation of positive and negative growth 

pathways.  

The successful establishment of Streptococcus 

agalactiae infection was confirmed by clinical signs, 

cumulative mortality and PCR validation, with mortality 

patterns during the first week post-infection matching 

historical challenge models in Nile tilapia (Abdel-Tawwab 

et al., 2023). Following the S. agalactiae challenge, dietary 

microalgae supplementation significantly reduced bacterial 

loads in brain tissue (notably at 3 and 7 days post-

infection). However, Kaplan–Meier analysis demonstrated 

a statistically significant survival benefit exclusively in the 

T. weissflogii group, whereas differences observed for C. 

muelleri and T. chuii represented non-significant numerical 

trends. Discrepancies between these findings and previous 

studies reporting broader post-challenge survival 

improvements following microalgal supplementation 

(Abdel-Tawwab et al., 2023) may stem from variations in 

microalgal species, inclusion levels, feeding duration, 

pathogen strain, challenge dose, host condition, or overall 

experimental design.  

Dietary microalgae supplementation also modulated 

the transcription of both innate and adaptive immune-

related genes in Nile tilapia, with responses varying by 

species and tissue. Prior to the bacterial challenge, fish fed 

diets supplemented with C. muelleri and T. weissflogii 

exhibited higher mRNA levels of key immune-related 

genes including MHC-II, IgM, hepcidin, IL-1β and TLR9 

relative to the control group. These findings indicate 

distinct baseline transcriptional priming prior to pathogen 

exposure. (Vallejos-Vidal et al., 2016; Koch et al., 2021; 

Cheong et al., 2026; Madyod et al., 2026). Specifically, 

elevated MHC-II and IgM transcript levels align with 

antigen presentation and humoral immunity processes 

(Cerezuela et al., 2012), while increased expression of 

TLR9, hepcidin and IL-1β reflects early activation of 

pathogen recognition, antimicrobial defense, and 

inflammatory signaling pathways (Wang et al., 2015; Chen 

et al., 2021; Gao et al., 2023; Madyod et al., 2026). In 

contrast, TLR5 transcript abundance remained unchanged 

prior to infection, consistent with its specific role in 

flagellin recognition.  Following the S. agalactiae 

challenge, TLR9, hepcidin and IL-1β transcript levels 

rapidly increases, reflecting early innate immune 

engagement. The stronger induction of TLR9 relative to 

TLR5 aligns with the non-flagellated nature of S. 

agalactiae, suggesting a predominant transcriptional 

involvement of nucleic acid-sensing pathways over 

flagellin-recognition pathways during pathogen infection 

(Gao et al., 2023). Furthermore, IgM and MHC-II transcript 

abundance increased progressively from 1 to 7 days post-

infection, reflecting a delayed transcriptional response of 

genes associated with adaptive immunity, consistent with 

previous observations in gibel carp infected with CyHV-2 

(Gao et al., 2023). 

Collectively, these results demonstrate that elevated 

mRNA abundance of immune-related genes and reduced 

brain bacterial DNA load do not automatically translate 

into enhanced functional immunity or overall host 

protection, which depends on complex interactions among 

pathogen virulence, challenge dose, nutritional status and 

effector protein activity. The three evaluated marine 

microalgae exhibited distinct, species-dependent biological 

response profiles: T. chuii predominantly enhanced 

growth-related responses through modulation of GH-IGF 

axis and MSTN expression, whereas C. muelleri and T. 

weissflogii elicited stronger immunomodulation responses. 

These differences demonstrate that three microalgae 

species are not functionally interchangeable feed 

ingredients. Instead, candidate species should be selected 

based on specific production objectives, such as growth 

promotion, immune enhancement, or a targeted 

combination of both.  
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Key methodological limitations of this study should be 

noted. First, immune gene expression and bacterial load 

were evaluated exclusively at the mRNA and DNA levels, 

respectively, without corresponding protein-level 

quantification or functional immune assays. Second, qRT-

PCR normalization relied solely on -actin (actb) without 

cross-validation against additional candidate reference 

genes across experimental conditions, despite its 

widespread use in Nile tilapia. Therefore, these 

transcriptional responses should be interpreted cautiously 

until confirmed by downstream functional and proteomic 

analyses. 

 

Conclusions: Dietary supplementation with C. muelleri, T. 

chuii and T. weissflogii produced species-specific effects 

on growth performance and growth- and immune-related 

gene transcriptional responses in juvenile Nile tilapia. 

Tetraselmis chuii was associated with more produced 

changed in growth-related transcripts, whereas C. muelleri 

and T. weissflogii produced stronger transcriptional 

responses in several immune-related genes. Following 

Streptococcus agalactiae challenge, bacterial load in brain 

tissue was significantly affected by dietary treatment and 

sampling time, with lower bacterial loads observed in 

several microalgae-supplemented groups, particularly at 3 

and 7 days post-infection. However, a significant 

improvement in post-challenge survival was observed only 

in the T. weissflogii group, whereas C. muelleri and T. chuii 

showed only non-significant numerical increases. These 

findings indicate that the three microalgae species are not 

functionally equivalent and highlight their distinct potential 

as dietary ingredients for Nile tilapia. Further studies 

integrating biochemical characterization, protein-level and 

functional immune measurements, large scale feeding trails 

and economic and environmental assessments will help 

define their practical application to sustainable 

aquaculture. 
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