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Within the field of sustainable aquaculture, the use of innovative probiotics has gained 
increasing attention. We previously isolated a marine bacterial strain from the intestine 
of healthy turbot (Scophthalmus maximus) and identified it as Halomonas titanicae 
HT-Tc3. This study aimed to systematically evaluate the probiotic potential of the 
bacterium in turbot. Two experimental groups were established: a control group (CK) fed 
a basal diet, and a treatment group (TC) fed the basal diet supplemented with H. titanicae 
HT-Tc3. Over a 60-day feeding trial, we assessed the effects of TC supplementation on 
growth performance, digestive enzyme activity, antioxidant capacity, intestinal histology, 
and gut microbiota composition. A subsequent challenge test with Aeromonas 
salmonicida BHAS-1 was conducted to evaluate the long-term protective effects following 
withdrawal of TC supplementation. The results demonstrated that dietary TC 
significantly improved growth performance compared with the CK group: on day 60, the 
final body weight of the TC group was 34.8% higher, and body length was 10.2% higher 
than those of the CK group (P < 0.05). For antioxidant enzymes, compared with the CK 
group, the TC group showed 53.4% higher superoxide dismutase (SOD) activity and 82.2% 
higher alkaline phosphatase (AKP) activity on day 60 (P < 0.05). For digestive enzymes, 
amylase (AMS), trypsin (TPS), and lipase (LPS) activities in the TC group were increased 
by 33.3%, 35.0%, and 15.4%, respectively, on day 60, with statistically significant 
differences in AMS and TPS (P < 0.05), whereas the change in LPS was not significant (P > 
0.05). Intestinal morphological parameters, including villus height, villus width, and 
muscular layer thickness, showed an increasing trend in the TC group compared with the 
CK group. Furthermore, TC supplementation increased the relative abundance of several 
potentially beneficial bacterial taxa relative to the CK group. In the challenge assay, the 
TC group achieved a 16-percentage-point higher survival rate than the CK group (28% vs. 
12%) following A. salmonicida infection, demonstrating that the beneficial effects 
persisted even after cessation of probiotic administration. These findings indicate that H. 
titanicae HT-Tc3 is a promising novel probiotic candidate for sustainable turbot 
aquaculture. 

1. INTRODUCTION 

The turbot (Scophthalmus maximus), originally native to Eu
rope, was introduced to China in 1992.1 It is recognized as a 
crucial commercial fish species due to its rapid growth rate, 
low-temperature resistance, high feed conversion rate, and 
extensive industry chain, making it a cornerstone of in

dustrial farming in China.2 Marine aquaculture has expe
rienced rapid development and has transitioned towards 
intensive factory farming. However, this rapid expansion 
has also led to frequent disease outbreaks, necessitating 
increased antibiotic production to prevent disease. Unfor
tunately, the long-term use of antibiotics has caused nu
merous adverse effects, including increased antimicrobial 
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resistance, persistent accumulation in organisms, and dis
ruption of microbial equilibrium within the animal gut.3 

Given the marine fish farming industry’s focus on green 
development, it is crucial to seek safe, efficient, environ
mentally friendly, and residue-free products. Probiotics are 
widely considered the best solution for ensuring product 
quality, economic benefits, disease resistance, and immu
nity in marine fish. Currently, probiotics are globally rec
ognized as natural alternatives to antibiotics due to their 
high ecological value. The Food and Agriculture Organiza
tion (FAO) and the World Health Organization (WHO) de
fine probiotics as “live microorganisms that, when adminis
tered in sufficient quantities, provide health benefits to the 
host.” Practical applications in aquaculture have confirmed 
the advantages of using probiotics. These advantages in
clude promoting metabolism and growth, improving the 
micro-ecological structure, increasing feed conversion effi
ciency, and restoring the aquatic environment. Probiotics 
achieve these benefits by producing digestive enzymes, se
creting antibacterial substances, stimulating immunity, in
terfering with population sensing, and competing for adhe
sion sites.4‑6 

While previous research primarily focuses on probiotics 
or prebiotics that are not derived from fish, such as Lac
tobacillus, Bacillus, oligofructose, grobiotic-A, and oregano 
oil,7‑10 these probiotics or prebiotics may not effectively 
colonize the intestine or dominate the intestinal flora com
pared to endogenous probiotics.11 In our previous study, 
we isolated a Halomonas spp. strain from the intestine of 
healthy turbot and identified it as Halomonas titanicae. H. 
titanicae was initially isolated and identified from rusticle 
samples formed by a consortium of microorganisms col
lected from the RMS Titanic wreck site.12 Halomonas spp. 
have mainly been studied for ecological applications rather 
than for aquaculture. However, Halomonas sp. B12, which 
was isolated from the intestine of shrimp (Fenneropenaeus 
chinensis), significantly enhanced the shrimp’s resistance to 
white spot syndrome virus (WSSV).13 Similarly, H. titanicae 
was also found in wastewater, activated sludge, oil fields, 
wetlands, and other areas with complex organic composi
tions, indicating its potential to degrade organic pollution 
in aquaculture environments. 
H. titanicae, being an endogenous microbe, shows 

promise as a candidate for the development of innovative 
aquatic probiotics. However, the potential role of H. titan
icae has yet to be explored. To determine the suitability of 
this microbial strain as a probiotic, we conducted a com
prehensive examination of its effects on the growth per
formance, digestibility, antioxidant activity, intestinal his
tology, and intestinal flora of juvenile turbot. Additionally, 
we conducted a continuous challenge assay to assess the 
prolonged probiotic performance of this newly discovered 
strain after H. titanicae feeding was discontinued. 

2. MATERIALS AND METHODS 

2.1. SELECTION OF POTENTIAL PROBIOTIC BACTERIA 

2.1.1. ISOLATION OF POTENTIAL PROBIOTICS 

In our previous study, we isolated several strains of dom
inant intestinal bacteria (such as Bacillus velezensis, 
Pseudoalteromonas issachenkonii, Psychrobacter nivimaris, 
Bacillus simplex, and Halomonas titanicae) from the healthy 
intestinal tract of farmed turbot cultured in a fishery in 
Yantai, Shandong Province, China. The purified strain was 
stored in MRS medium containing 15% sterile glycerol at 
−80 °C until use. 

2.1.2. SCREENING OF POTENTIAL PROBIOTICS 

A pre-experiment was conducted to select a strain with 
good probiotic properties from these strains. The experi
mental site and the source of the 30-day-old experimental 
fish (0.35 ± 0.03g) were the Weihai Aquatic Technology 
Company in Rongcheng, Shandong Province. These purified 
strains were stored in MRS medium containing 15% sterile 
glycerol solution and kept at −80 °C until use. In the pre-
experiment, a common feeding group and a group supple
mented with the candidate strains were established. These 
candidate strains were added to the basal diet at 1×1011 

CFU/mL. The nutrient and ingredient composition of the 
basal diet is shown in Table 1. The powdered feed is thor
oughly mixed with the probiotic solution and physiological 
saline. The prepared feeds were naturally dried at room 
temperature and stored at 4 °C. To ensure the activity of 
the added strains, fresh diets should be prepared daily. Each 
treatment consisted of three replicates of 60 fish. The wa
ter temperature, pH and salinity were maintained at 17 ℃ 
± 1 ℃, 8.0 ± 0.3 and 29.0 ± 0.5, respectively. The fish were 
fed twice a day (at 9 a.m. and 6 p.m.). On day 30, 20 fish 
were randomly selected from each group. Their length and 
weight were measured using vernier caliper and electronic 
balance. 

2.2. EVALUATION OF PROBIOTIC PROPERTIES OF THE 
CANDIDATE STRAINS 

After a 30-day pre-experiment, the strain with the most 
pronounced growth-promoting effect on turbot was se
lected. Subsequently, the strain’s probiotic properties were 
studied in depth from various perspectives. 

2.2.1. SECURITY EVALUATION AND EXPERIMENTAL 
MANAGEMENT 

In this experiment, the hemolysis test was employed to 
evaluate the biological safety of the potential probiotic 
strain. The strain was streaked onto Columbia blood agar 
plates containing 5% (v/v) defibrinated sheep blood and in
cubated at 28 °C under aerobic conditions for 48 h. The ab
sence of clear zones (β-hemolysis) or greenish surrounding 
areas (α-hemolysis) around colonies indicated γ-hemoly
sis and a lack of hemolytic activity, confirming the strain’s 
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Table 1. Nutrient and ingredients composition of the       
basal diet (%, dry weight)      

Term Percentage (%) 

Nutrient composition 

Crude protein 49.0 

Crude lipid 9.0 

Crude fiber 2.0 

Crude Ash 16.0 

Lysine 2.5 

Water content 10.0 

Total phosphorus 3.0 

Ingredients composition 

Fish meal 47.1 

Casein 18.0 

Squid visceral meal 3.0 

Fish oil 8.0 

Starch 5.0 

Alpha-starch 12.5 

Sodium carboxymethyl cellulose 4.4 

Mineral premix 1.0 

Vitamin premix 1.0 

biosafety for further application.14 The experimental feed 
configuration, feeding management, and feeding condition 
were the same as those of the pre-experiment model. 

2.2.2. EFFECT OF POTENTIAL PROBIOTIC 
SUPPLEMENTATION ON GROWTH INDEX 

Twenty fish were randomly selected from each group on day 
60. The length and weight were measured using a vernier 
caliper and an electronic balance. 

2.2.3. EFFECT OF POTENTIAL PROBIOTICS 
SUPPLEMENTED ON DIGESTIVE AND IMMUNE ENZYME 
ACTIVITY 

On days 30 and 60, nine turbot fish from each group were 
sampled and dissected on ice using sterile instruments. 
The liver lobe was selected as the tissue to determine the 
activities of superoxide dismutase (SOD), catalase (CAT), 
and alkaline phosphatase (AKP) as indicators of antioxidant 
activity. Trypsin (TPS), lipase (LPS), and amylase (AMS) 
were selected to indicate digestive enzyme activity. Tissue 
samples were homogenized in ice-cold physiological saline 
(1:9, w/v) and centrifuged at 3,000 × g for 10 min at 4°C. 
Enzyme activity was determined using a kit from the Nan
jing Jiancheng Bioengineering Institute, according to the 
kit instructions. The mid-gut was also dissected at the same 
time, frozen in liquid nitrogen, and stored at -80 ℃ for 
analysis of intestinal flora. 

2.2.4. EFFECT OF POTENTIAL PROBIOTIC 
SUPPLEMENTED ON INTESTINAL STRUCTURE AND 
MICROBIAL COMPOSITION 

Three fish from each group were randomly selected for his
tological examination on day 60. The midgut tissues were 
dissected from each fish and fixed in 4% paraformaldehyde 
solution for 24 h, dehydrated through a graded ethanol se
ries, cleared in xylene, and embedded in paraffin wax. Sec
tions were cut at a thickness of 5 μm using a rotary micro
tome (Leica RM2235, Germany), stained with hematoxylin 
and eosin (H&E), and examined under a light microscope 
(Olympus, Japan). Image-Pro Plus 6.0 software was used to 
measure villus height (VH), villus width (VW), and muscu
laris thickness (MC) of the gut at 40× magnification. Then, 
three fish from each group were collected for microbial 
composition analysis on day 30 and day 60. 
Sequencing was performed by Biomarker Technologies 

Co., Ltd. (Beijing, China). Total genomic DNA was extracted 
from intestinal contents using the TianGen DNA Kit (Tian
Gen, China) following the manufacturer’s protocol. The 
V3-V4 hypervariable region of the bacterial 16S rRNA gene 
was amplified using the universal primers 338F (5’-ACTC
CTACGGGAGGCAGCA-3’) and 806R (5’-GGAC
TACHVGGGTWTCTAAT-3’). PCR amplification was per
formed under the following conditions: initial denaturation 
at 98°C for 2 min, followed by 30 cycles of denaturation 
at 98°C for 15 s, annealing at 55°C for 30 s, and extension 
at 72°C for 30 s, with a final extension at 72°C for 5 min. 
Sequencing libraries were prepared and sequenced on the 
Illumina NovaSeq 6000 platform (Illumina, USA) using 
paired-end 250 bp reads. The raw data obtained from high-
throughput sequencing were converted into sequencing 
reads through base-calling analysis. The raw data were then 
filtered, primarily by Trimmomatic0.33, according to single 
nucleotide quality. Primer sequence identification and re
moval were performed using Cutadapt1.9.1. PE reads gen
erated in previous steps were assembled with USEARCH 
10.0, and chimeras were removed with UCHIME 8.1. The 
high-quality reads generated from the above steps were 
used in the following analysis. Finally, the obtained high-
quality reads were analyzed in the following aspects: OTU 
analysis, species annotation and taxonomic analysis, di
versity analysis, association analysis, significant difference 
analysis, and functional prediction. 

2.2.5. CHALLENGE ASSAYS 

After the feeding experiment, the turbots were temporarily 
held for 1 week, and then the challenge experiment was 
conducted. The pathogenic bacterium Aeromonas salmoni
cida BHAS-1 was kept in the laboratory. BHAS-1 was plated 
on BHI plates for 48 h, and the pure culture was rinsed with 
sterilized normal saline to make 1.62×108 CFU/mL bacterial 
suspension. In our previous study, we calculated 1.62×108 

CFU/mL as the semilethal concentration (LC50) of BHAS-1 
by the karbers method.15 Fifty juvenile turbots were ran
domly selected from the CK group and TC group, respec
tively, of which 100 μL BHAS-1 was injected into all fish in 
both groups by the intraperitoneal injection method. The 
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Table 2. Effect of candidate strains supplementation      
on the growth performance     

ID Length(cm) Weigh(g) 

Bacillus velezensis 4.87 ± 0.48 1.92 ± 0.06 

Pseudoalteromonas issachenkonii 5.23 ± 0.39 2.16 ± 0.11 

Psychrobacter nivimaris 5.27 ± 0.42 2.37 ± 0.09 

Bacillus simplex 5.08 ± 0.48 2.03 ± 0.07 

Halomonas titanicae 5.34 ± 0.50 2.42 ± 0.06 

CK 5.07 ± 0.43 1.92 ± 0.05 

Note: This table presents screening data; statistical comparisons were not performed as 
the purpose was to select the best-performing candidate for further evaluation 

two groups were fed with a basal diet, and the other feed
ing conditions are described in section 2.1.2. The number of 
deaths in each group was observed and recorded daily after 
infection. After the turbot stopped dying, three individuals 
from each group were randomly selected for determination 
of intestinal flora. The 16S rRNA sequencing method was 
described in section 2.2.4. 

2.3. STATISTICAL ANALYSES 

All statistics were analyzed by GraphPad Prism8.0.2. Statis
tical differences were assessed using t-test, and the level of 
statistical significance was set at P ≤ 0.05. 

3. RESULTS 

3.1. SELECTION OF POTENTIAL PROBIOTIC BACTERIA 

After a 30-day pre-experiment, the results showed that 
Halomonas titanicae (CMCC Name HT-Tc3, TC) significantly 
improved individual growth performance compared to 
other strains (Table 2). Therefore, TC was identified as the 
potential probiotic bacteria. 

3.2. EVALUATION OF PROBIOTIC PROPERTIES OF HT-
TC3 

3.2.1. SECURITY EVALUATION 

A hemolytic test was conducted on agar plates containing 
sheep blood, and no hemolytic zones were observed. This 
proves that the strain is harmless to human and can be used 
as a potential probiotic for further study. 

3.2.2. EFFECT OF HT-TC3-SUPPLEMENTT ON GROWTH 

On day 60, the growth performance of the fish was calcu
lated. The TC group exhibited a 10.2% increase in length 
and a 34.8% increase in weight compared to the CK group 
(Table 3). 

3.2.3. EFFECT OF HT-TC3-SUPPLEMENT ON 
ANTIOXIDANT ACTIVITY 

To analyze the effect of probiotic supplementation on an
tioxidant activity in fish, we determined the activities of 

Table 3. Growth statistics of turbot on day 60        

ID Length(cm) Weigh(g) 

CK 7.21 ± 0.54a 6.31 ± 0.13a 

TC 7.95 ± 0.56b 8.51 ± 0.15b 

Note: Values are presented as mean ± SD (n = 20 fish per group, pooled from three repli
cate tanks). Different superscript letters within a column indicate significant (P < 0.05) 
differences as evaluated by t-test. 

SOD, CAT, and AKP (Fig. 1). On day 30, AKP activity showed 
a significant increase compared to the CK group (P < 0.05), 
while there was no significant change in SOD and CAT ac
tivity in the TC group (P > 0.05). On day 60, the TC group 
exhibited significantly higher SOD and AKP activity than 
the CK group (P < 0.05), whereas CAT activity showed a sig
nificant decrease compared to the CK group. (P < 0.05). 

3.2.4. EFFECT OF HT-TC3-SUPPLEMENT ON DIGESTIVE 
ENZYME ACTIVITY 

TPS, LPS and AMS were chosen to assess the effect of pro
biotics on intestinal digestibility (Fig. 2). On day 30, there 
was no significant change in AMS and TPS activity (P > 
0.05), while LPS activity significantly decreased in the TC 
group (P < 0.05). On day 60, AMS and TPS activities showed 
a significant increase in the TC group (P < 0.05), whereas 
LPS activity showed no significant change (P > 0.05). 

3.2.5. EFFECT OF HT-TC3-SUPPLEMENT ON THE 
STRUCTURAL MORPHOLOGY OF THE INTESTINE 

The results of histology in the intestine indicated that VH, 
VW and MC were increased in the TC group compared to 
the CK group (Fig. 3 and Table 4) 

3.2.6. EFFECT OF HT-TC3-SUPPLEMENT ON INTESTINAL 
FLORA 

All sequences were categorized into operational taxonomic 
units (OTUs) based on ≥ 97% similarity, with each OTU rep
resenting a unique unit of classification. Alpha diversity 
indices reflect species richness. The coverage index was 
≥99.9% in all samples, indicating that microorganisms were 
adequately detected and that sequencing quality was good. 
The results showed that the number of OTUs and alpha di
versity indices of TC group was higher than those of the CK 
group on day 30 and 60 (Table 5 and Table 6) 
On day 30, at the phylum level, the dominant phyla 

Proteobacteria (31.25% vs 30.11%) and Actinobacteriota 
(9.45% vs 8.91%) exhibited higher relative abundances in 
the TC group than in the CK group. At the genus level, 
the relative abundances of unclassified_Vicinamibacterales 
(2.04% vs 1.85%), Sphingomonas (1.87% vs 1.72%, unclas
sified_Vicinamibacteraceae (1.68% vs 1.43%) and unclassi
fied_Lachnospiraceae (1.58% vs 1.38%) were all higher in the 
TC group than in the CK group. The statistical distribu
tion of the intestinal microbiota on day 30 is presented in 
Fig. 4. On day 60, there was a significant change in the 
structure of the intestinal microbiota in both groups com
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Figure 1. Changes in antioxidant activity in different groups.        
The statistical significance of differences was determined using Student’s t-tests (two-tailed) and is denoted as * P < 0.05. 
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Figure 2. Changes in digestive enzyme activity in different groups.         
The statistical significance of differences was determined using Student’s t-tests (two-tailed) and was denoted as * P < 0.05. 

Figure 3. Histology of the intestine after addition of HT-Tc3.         
(A) CK group; (B) TC group. VH, villus height; VW, villus width; MC, muscularis thickness. Scale bar = 100 μm 
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Table 4. Intestine histological statistics of the sample       

Group VH(μm) VW(μm) MC(μm) 

CK 334.11±27.39 74.81±25.17 71.33±6.98 

TC 381.25±26.67 82.45±19.01 79.64±4.93 

Table 5. OTU data statistics of the sample during the         
feeding trial   

ID OTU number Sequences Number 

30 Day 
CK 3,618 55,180 

TC 3,737 56,609 

60 Day 
CK 2,944 77,083 

TC 3,027 88,683 

pared with day 30. At the phylum level, the relative abun
dance of Bacteroidota and Cyanobacteria increased from 
day 30 to day 60 within both groups. At the genus level, 
unclassified_Cyanobacteriales, Cyanobium_PCC_6307, unclas
sified_Rhodobacteraceae, and unclassified_Comamonadaceae, 
and Lactobacillus became the dominant microbiota. Com
pared with the CK group, the relative abundance of dom
inant bacteria Proteobacteria (36.71% vs 34.68%) and Fir
micutes (18.86% vs 16.25%) was higher in the TC group at 
the phylum level, and the relative abundance of beneficial 
bacteria Lactobacillus (2.38% vs 1.73%) was higher in the TC 
group at the genus level. The statistics on the distribution 
of the intestinal microbiota on day 60 are shown in Fig. 5. 

3.2.7. CHALLENGE ASSAY 

The TC group achieved a 16-percentage-point higher sur
vival rate (28% vs. 12%) following challenge with A. 
salmonicida BHAS-1 (Fig. 6). 
For the CK group and TC group, an average of 943 and 

1,057 OTU numbers were obtained, respectively (Table 7), 
and the Alpha diversity indices of TC group was higher 
than those of the CK group (Table 8). The coverage index 
was ≥ 99.9% in all samples, indicating that microorganisms 
were adequately detected and the sequencing quality was 
good. At the phylum level, the relative abundance of the 
Bacteroidota and Verrucomicrobiota was higher in the TC 
group compared with the CK group. At the genus level, the 
dominant microflora differed between the two groups. In 
the CK group, the dominant genera were Vibrio (11.4%), 
Rubritalea (8.40%), Pseudomonas (4.62%), P3OB_42 (4.53%), 
and unclassified_Rhodobacteraceae (4.35%). The dominant 

Table 6. The Alpha diversity indices of the sample during the feeding trial            

ID Feature ACE Chao1 Simpson Shannon PD whole_tree Coverage 

30 Day 
CK 3,618 3,621 3,618 0.9987 10.6131 398.0358 0.9997 

TC 3,737 3,741 3,738 0.9988 10.7552 402.6922 0.9997 

60 Day 
CK 2,944 2,945 2,944 0.9981 10.3308 324.9621 0.9999 

TC 3,027 3,028 3,027 0.9981 10.3391 347.1032 1.0000 

genera in the TC group were Rubritalea(9.85%), unclassi
fied_Rhodobacteraceae(7.45%), Vibrio (7.42%), Marini
cella(4.67%), and unclassified Flavobacteriaceae (4.14%). 
The statistics of intestinal microbiota distribution are 
shown in Fig. 7. 

4. DISCUSSION 

The use of probiotics in the aquaculture industry has at
tracted interest, particularly for promoting environmen
tally friendly breeding practices. Halomonas titanicae, 
known for its ability to degrade organic pollutants and oil, 
is a promising probiotic. 
A qualified probiotic strain must meet the following cri

teria: 1) It must be safe for humans. 2) It should be able 
to survive the intestinal tract of aquatic hosts. 3) It should 
provide benefit to the aquatic host.16 In this study, we con
ducted a comprehensive examination of H. titanicae HT-
Tc3, laying the foundation for the development of microbi
ological products. 
Probiotics are used as dietary supplements in aquacul

ture, and these aquatic products are eventually consumed 
by humans. Therefore, ensuring the safety of both humans 
and the host is of utmost importance in probiotic screening. 
Since HT-Tc3 was isolated from the turbot intestine, it can 
be confidently assumed to be harmless to the host. Our he
molytic tests have confirmed that this strain is safe for hu
mans. No hemolytic zones were observed, which demon
strates that the strain is harmless to humans. 
After confirming its safety, we evaluated the probiotic 

properties of HT-Tc3 from multiple aspects. Our feeding 
trial demonstrated that HT-Tc3 supplementation signifi
cantly improved growth performance, indicating its poten
tial for development and application in aquaculture. Diges
tive enzymes, including proteases, amylases, and lipases, 
are critical for growth and serve as key indicators of feed 
utilization and digestive capacity. Previous studies have 
shown that probiotics can actively produce digestive en
zymes such as amylase, pepsin, and lipase.17 Additionally, 
because digestive enzyme activities in fish can be mod
ulated by dietary composition, probiotic supplementation 
may also stimulate the host to enhance endogenous en
zyme production.18 On day 30, most digestive enzyme ac
tivities showed no significant differences between the TC 
and control groups, except for LPS activity, which was sig
nificantly inhibited in the TC group. Despite this inhibition, 
juvenile turbot in the TC group still exhibited robust 
growth. By day 60, however, AMS and TPS activities were 
significantly higher in the TC group than in the control 
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Figure 4. Histogram of intestinal microbiota distribution at the phylum level(A) and genus level(B) on day 30                

Figure 5. Histogram of intestinal microbiota distribution at the phylum level(A) and genus level(B) on day 60                

Figure 6. The survival curve of the two treatment        
groups after the challenge assay      

Table 7. OTU data statistics of the sample after the         
challenge assay   

Sample OTU_Number Seqs_Number 

CK 943 51,466 

TC 1,057 54,554 

group, and the suppression of LPS activity was no longer 
observed. The delayed enhancement of enzyme activities is 
likely attributable to the gradual process of intestinal ad

hesion and colonization. The adhesion and colonization of 
gut microbiota are dynamic processes that require a suffi
cient population size to achieve stable establishment.19,20 

At the early stage of HT-Tc3 supplementation, the strain 
had not yet fully colonized the intestinal tract and thus 
could not fully exert its beneficial effects. Over time, how
ever, HT-Tc3 became thoroughly established, the gut mi
crobial structure stabilized, and positive effects on host di
gestion began to emerge. 
SOD and CAT are essential components of the antioxi

dant system, which can contribute to resilience. Their main 
function is to eliminate harmful oxygen radicals produced 
during respiratory bursts, thereby protecting the structure 
and function of cell membranes from interference and dam
age caused by peroxides.21,22 Studies have suggested that 
the host’s commensal intestinal bacteria can stimulate the 
activation of defense mechanisms, and the extent of this 
activation depends on the bacterial species and its viabil
ity.23‑25 On day 30 of our study, the expression patterns 
of antioxidant enzymes were similar to those of digestive 
enzymes. On day 60, SOD activity was significantly higher 
in the TC group compared to the control group. This trend 
may also be attributed to the mechanisms of gut flora adhe
sion and colonization. Interestingly, CAT activity was sig
nificantly lower in the TC group on day 60. This observation 
may reflect a compensatory regulation within the antiox
idant defense network. Given the significant elevation of 
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Table 8. The Alpha diversity indices of the sample after the challenge assay            

ID Feature ACE Chao1 Simpson Shannon PD whole_tree Coverage 

CK 943 943 943 0.9895 7.8592 83.5179 1.0 

TC 1,057 1,057 1,057 0.9915 8.1532 84.5869 1.0 

Figure 7. Histogram of intestinal microbiota distribution at the phylum level(A) and genus level(B) after              
challenge assay   

SOD activity, the efficient dismutation of superoxide radi
cals may have reduced the burden on the CAT pathway, a 
phenomenon previously documented in fish fed with pro
biotics.26 Furthermore, the immunoregulatory capacity of 
probiotics is known to vary with the level of supplemen
tation.27 Therefore, the level of probiotic supplementation 
is selected to optimize its effects on improving production 
performance and preventing disease, which is also the main 
focus of our upcoming research. In addition to its role in 
antioxidant defense, AKP is a key enzyme involved in phos
phorus metabolism and nonspecific immunity. In the pre
sent study, AKP activity was significantly higher in the TC 
group than in the control group on days 30 and 60, suggest
ing that HT-Tc3 supplementation may enhance non-spe
cific immune function in turbot. 
In summary, HT-Tc3 enhances digestive absorption ca

pacity and promotes nutrient conversion by increasing di
gestive enzyme activity. It also enhances resistance to ex
ternal pathogens by increasing the activity of immune 
enzymes, thereby affecting the host’s physiological state. 
Studies have reported that probiotics promote growth 

by altering the intestinal environment and the structure of 
the intestinal epithelium.28,29 Our study found that sup
plementing the diet with HT-Tc3increased the villi height, 
width, and muscular thickness, which improves digestion 
and nutrient absorption and ultimately enhances turbot 
growth. Although the improvements in intestinal structure 
were not statistically significant, a positive trend was ob
served. 
The gut microbiota plays a crucial role in nutrient me

tabolism, energy absorption, cholesterol metabolism, and 
in tracking and enhancing the host immune response.30‑32 

Therefore, studying the gut microbiota is essential for eval
uating the effectiveness of probiotics. The results showed 
that the TC group had higher OTU counts and species di

versity index than the CK group. This result suggested that 
continuous supplementation with HT-Tc3 significantly in
creased intestinal flora diversity and effectively enhanced 
the balance of microecological zones, resulting in a series 
of positive effects. On day 30, the phylum structure of the 
intestinal flora between the two groups was similar. The 
dominant phyla in both groups were Proteobacteria, Firmi
cutes, Acidobacteriota, Actinobacteriota, and Bacteroidota, 
which is consistent with previous studies on the intestinal 
flora of turbot.33 Our study also found that Acidobacteriota 
was among the dominant bacteria, a finding not reported 
in previous studies. The presence of Acidobacteriota may 
be related to our specific culture conditions. Members of 
this phylum have recently been recognized for their poten
tial role in the degradation of complex polysaccharides and 
nitrogen cycling in aquatic environments, which may con
tribute to gut health and nutrient utilization.34 The reason 
for this may be related to our cultural patterns. Several ex
ternal factors can affect the establishment and nature of 
the microbial composition, such as the surrounding envi
ronment, feed, and rearing water.35 In the TC group, the 
relative abundance of Proteobacteria and Actinobacteria 
was higher than that in the CK group. Proteobacteria and 
Actinobacteria have been shown to stimulate immune sys
tem development and maintain normal immune func
tion.36‑39 At the genus level, there was no difference in the 
composition of the dominant flora between both groups. 
HT-Tc3 dietary supplementation increased the relative 
abundance of unclassified_Vicinamibacterales and Sphin
gomonas compared to the CK group. Sphingomonas, as a 
new microbial resource for the biodegradation of aromatic 
compounds, occupies a more dominant position in the TC 
group. With their high metabolic capacity and versatile 
physiological properties, Sphingomonas has the potential to 
control and restore the mariculture environment.40‑42 On 
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day 60, there was a gradual change in gut flora structure 
compared to day 30, with Proteobacteria and Firmicutes 
remaining dominant, and a significant increase in Bac
teroidota and Cyanobacteria. The number and composition 
of gut microbial communities change dynamically in re
sponse to individual host development. The continuous ad
dition of HT-Tc3 further increased the abundance of Pro
teobacteria and Firmicute, which are part of the core 
microbiome. In the intestinal microbial system, the core 
microbiome plays a crucial role in controlling the entire 
bacterial community. If the core gut microbial communities 
disappear, the entire bacterial community structure may 
disintegrate.43 At the genus level, the gut microbiota also 
underwent succession as the host developed, with differ
ences between the groups. The dominant bacteria in two 
groups were unclassified_Cyanobacteriales, 
Cyanobium_PCC_6307, unclassified_Rhodobacteraceae, and 
Lactobacillus. In the TC group, the abundance of Lactobacil
lus was significantly higher than that in the CK group. Lac
tobacillus is a widely used microorganism known to im
prove fish growth and disease resistance in commercial 
aquaculture. It is worth noting that Vibrio abundance in
creased in the TC group. Although Vibrio sp. isolates are 
commonly believed to be pathogenic to aquatic animals, 
the experimental fish were in good health, and no signif
icant disease symptoms or deaths occurred during the ex
periment. Previous studies have also shown that Vibrio sp. 
make up a higher proportion of gut microorganisms than 
freshwater fish and often act as the dominant flora in ma
rine fish, especially in turbot.44‑46 Some non-virulent Vibro 
spp. are also believed to have probiotic properties.47,48 For 
example, the dietary supplementation of V. tasmaniensis 
HS10, isolated from the intestine of sea cucumber, can im
prove the innate immunity of sea cucumber.49 Additionally, 
a comparative metagenomics analysis of turbot revealed 
quorum-sensing and biofilm-formation system genes be
longing to Vibrio sp.50 Therefore, we believe that Vibrio 
sp. plays a regular role and promotes various metabolic 
functions under stable aquatic conditions. When the envi
ronmental stability is disrupted, Vibrio sp. may be stimu
lated by these external stresses to express virulence genes 
through cascade reactions that ultimately lead to disease 
or death in turbot. This hypothesis needs to be explored 
in more depth. Nevertheless, monitoring and managing the 
breeding environment should remain of utmost impor
tance. 
It has been established that colonization and persistence 

in the gut are essential criteria for evaluating probiotics. If 
the strain does not effectively colonize the gut over time, 
it will be metabolized by the host and eliminated from the 
body. This situation has two negative effects. Firstly, pro
biotics need to be added frequently to ensure their effec
tiveness. Secondly, the frequent addition of probiotics in
creases farmers’ expenses. Additionally, some studies have 
highlighted an overlooked fact that abruptly stopping pro
biotic administration may increase susceptibility to host 
pathogens by causing gut dysbiosis, particularly in im
munocompromised populations such as juvenile fish.51 

Therefore, we conducted a challenge assay to assess colo

nization and disease resistance and to determine if discon
tinuing intake of the HT-Tc3 strain made the gut flora more 
vulnerable. It is worth noting that the TC group achieved 
better results in this test. The survival rate of the TC group 
was higher than that of the CK group after turbot were in
fected with A. salmonicida BHAS-1. 16S rRNA sequencing 
results showed higher OTU numbers and a higher species 
diversity index in the TC group than in the CK group. At the 
phylum level, the TC group had a higher relative abundance 
of Firmicutes and Bacteroidota than the CK group. Firmi
cutes, which are crucial for maintaining intestinal flora sta
bility, play a decisive role, especially under external stress. 
Some members of the Bacteroidota have been shown to 
enhance specific immunity.49 At the genus level, the su
periority of the TC group was even more evident. Many 
Pseudomonas species are also among the common patho
genic bacteria in aquaculture.52 

The destruction of the immune barrier caused by the 
Aeromonas salmonicida BHAS-1 attack enabled pathogenic 
bacteria to enter, leading to an increase in Vibrio abun
dance in the CK group. Excitingly, supplementation with 
HT-Tc3 reduced the relative abundances of opportunistic 
pathogens Vibrio and Pseudomonas compared with the CK 
group, effectively halting disease progression. Other dom
inant genera, such as Rubritalea, unclassified_Rhodobacter
aceae, Marinicella, and unclassified_Flavobacteriaceae, were 
also relatively abundant in the TC group compared to the 
CK group. Rhodobacteraceae and Flavobacteriaceae are 
known to enhance non-specific immune functions and re
sistance to infection.53 Although the roles of Rubritaceae 
and Marinicella in aquatic organisms are largely unknown, 
we hypothesize that these two genera may be closely as
sociated with the health status of aquatic organisms. Thus, 
the challenge assay showed that HT-Tc3 can enhance re
sistance to pathogenic strains. This test also demonstrated 
the strain’s strong colonization ability and sustained bene
ficial effects, even after HT-Tc3 suspension. 

5. CONCLUSIONS 

In conclusion, this study provides the first evidence for the 
practical application of H. titanicae HT-Tc3 in turbot aqua
culture. Dietary supplementation with HT-Tc3 for 60 days 
increased body length by 10.2% and improved weight gain 
by 34.8%, accompanied by significantly enhanced diges
tive enzyme activities. Improvements were also observed 
in intestinal morphology and the composition of the gut 
microbiota. Notably, the TC group achieved a 16-percent
age-point higher survival rate (28% vs. 12%) following chal
lenge with A. salmonicida BHAS-1, even after probiotic ad
ministration had been withdrawn. These findings 
demonstrate the long-lasting beneficial effects of H. titan
icae HT-Tc3 and support its potential as a functional feed 
additive for sustainable marine aquaculture. 
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