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Indigenous probiotics are widely applied in Penaeus vannamei aquaculture due to
their potential to enhance disease resistance and promote growth. However, their
biological and environmental safety requires comprehensive evaluation,
particularly during the larval stage. This study investigated the effects of shrimp
derived Lactobacillus casei HD1 and Bacillus licheniformis WZ1 on larval growth
performance, aquatic bacterial communities, potential pathogens, and antibiotic
resistance genes (ARGs), by using illumina sequencing and quantitative PCR
(QPCR), comparing probiotic-treated and control (CK) groups. Probiotic
supplementation significantly improved survival rate, biomass, and individual
weight, while reducing concentrations of NH4*-N, NOz -N, and PO, -P in
rearing water. Compared to the control, a-diversity of the aquatic microbiota
increased significantly, accompanied by elevated relative abundances of
Bacteroidota, Bacillota, and Balneolota. The results of gPCR showed that no
significant changes in abundance of ARGs and Lactobacillus in taxa were
observed, whereas Bacillus was significantly enriched within probiotic-adding,
compared to CK group. Notably, structural equation modeling (SEM) revealed
that probiotics enhanced aquaculture performance through multiple pathways:
indirectly by modulating aquatic microbial communities and directly by mitigating
waterborne nutrients. These findings support the use of targeted indigenous
probiotics as a sustainable strategy to balance productivity with environmental
health, reduce reliance on antibiotics, overcome larval survival bottlenecks, and
ensure ecological safety. Furthermore, the distinct impacts of different probiotics
on microbial structure and host performance highlight the importance of strategic
formulation in probiotic combinations for shrimp larval aquaculture.
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1 Introduction

Shrimp farming constitutes a cornerstone of the global aquaculture
industry, contributing significantly to both economic development and
food security. According to the Food and Agriculture Organization
(FAO), global shrimp production surpassed 6.8 million tons in 2023,
with a market value exceeding 42 billion USD, representing 12.7% of
the total value of aquaculture production (FAO, 2024). This sector
supports livelihoods for over 10 million individuals, primarily in
developing countries across Asia and Latin America. As a high-value
aquatic commodity, shrimp holds a pivotal position in international
trade with an annual economic value surpassing 100 billion USD
(Umamaheswari et al., 2025). Despite its economic significance, the
rapid expansion of shrimp aquaculture has been accompanied by
substantial challenges, particularly during the larval rearing phase,
where frequent disease outbreaks and low survival rates remain
critical technical bottlenecks to sustainable industry growth
(Thitamadee et al., 2016). Historically, disease management has
relied heavily on antibiotics and chemical therapeutics, practices that
have contributed to the proliferation of antibiotic resistance genes
(ARGS) and pose risks to aquatic ecosystem integrity (Bailey et al,
2014). In light of increasing regulatory restrictions on antibiotic use and
the growing demand for cost-effective, environmentally sustainable
practices, there is an urgent need to transition toward green and
ecologically sound management strategies, such as the application of
probiotics and other biocontrol methods, to shift shrimp farming from
a quantity-driven to a quality- and sustainability-oriented model
(Kronman et al., 2012).

Within shrimp larvae culture systems, the symbiotic microbial
communities associated with shrimp play a fundamental regulatory
role in host physiology and health (Andriantahina et al., 2013). The
establishment and succession of intestinal microbial communities
during early development not only influence larval survival and
growth performance but also shape microbial colonization patterns
that may have lasting effects on shrimp health and productivity in
later life stages (Holt et al., 2021; Tamburini et al., 2016; Wang et al.,
2020). Concurrently, microbial communities in the rearing water
are integral to biogeochemical cycling, particularly in the
transformation of nitrogenous compounds. Fluctuations in
concentrations of toxic metabolites such as ammonia and nitrite
are closely tied to the composition and functional dynamics of the
aquatic microbiome (Wang et al., 2020). Critically, the microbial
communities in the water and the shrimp gut are interconnected
through continuous microbial exchange. The aquatic environment
serves as a primary inoculum for the intestinal microbiota,
suggesting that manipulation of the water microbiome can be an
effective strategy for modulating gut microbial composition and
promoting intestinal health (Maynard et al., 2012). Furthermore,
the supplementation of probiotics and prebiotics, such as
fermentable carbon sources, has been shown to effectively shape
the structure and function of the shrimp gut microbiome (Zhou
et al., 2009; Thakur et al., 2025).

Lactic acid bacteria (LAB) and Bacillus species are among the
most widely studied probiotic candidates in shrimp aquaculture.
Lactobacillus in particular, exhibits multiple beneficial traits,
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including the ability to ferment diverse carbohydrates, thereby
enhancing nutrient availability and absorption (El-Saadony et al.,
2021). For instance, L. casei functions as a multifunctional probiotic,
capable of modulating gut microbiota, improving digestive efficiency,
and enhancing immune responses. Dietary supplementation with L.
casei has been shown to improve growth performance and reduce the
incidence of enteritis in shrimp (Figueras et al., 2022). Similarly, B.
licheniformis demonstrates denitrifying activity, contributing to
water quality improvement (Seabkongseng et al., 2025), while also
producing a suite of extracellular digestive enzymes including
proteases, amylases, lipases, and saccharifying enzymes that
facilitate nutrient digestion and utilization (Li et al., 2018;
Kuebutornye et al., 2019; Ghosh, 2025). These enzymes further
assist in the breakdown of otherwise indigestible feed components
such as pectin, glucans, cellulose, and hemicellulose (Zhou et al.,
2009). Additionally, Bacillus subtilis could secrete phytase in the
shrimp gut, enhancing the bioavailability of plant-derived
phosphorus and improving lipid metabolism (El-Saadony et al,
2021; Li et al, 2018). However, the majority of research on
microbial interventions has focused on grow-out phases, with
limited attention devoted to the larval rearing stage, where
microbial community assembly and host immune development are
particularly vulnerable.

Disruption of the microbial community structure induced by
environmental stressors, pathogen invasion, or other biotic and
abiotic factors could be frequently associated with the proliferation
of opportunistic pathogens and the dissemination of ARGs (Dong
et al,, 2021a; Dong et al., 2021b; Liu et al., 2019). A stable intestinal
microenvironment is maintained through a dynamic equilibrium of
interspecies microbial interactions and host-microbe immune
crosstalk, which collectively suppress the overgrowth and spread of
potential pathogens (Xiong et al., 2018). Perturbations to this
equilibrium, whether from external stressors (e.g., environmental
fluctuations) or internal challenges (e.g., pathogen incursion), can
trigger microbial community shifts and niche reorganization,
creating conditions conducive to pathogen dominance and ARG
propagation (Su et al., 2017; Luo et al., 2025). For example, in adult
shrimp, invasion by Vibrio species disrupts gut microbiota
homeostasis, thereby facilitating further colonization and infection.
Conversely, supplementation with beneficial microbes such as
Rhodobacteraceae taxa has been shown to enhance microbial
stability and confer resistance to pathogen invasion (Guo et al,
2020; Dong et al, 2023). Current safety assessments of probiotics
primarily focus on the genomic absence of virulence factors and
ARGs in the probiotic strains themselves, with insufficient attention
paid to the broader ecological impacts—particularly how probiotic
application may influence the abundance and dynamics of
indigenous pathogens and ARGs within the host-associated and
environmental microbiomes (Gadhiya et al., 2025). Moreover,
comprehensive safety evaluations of probiotics during the sensitive
larval stage remain scarce. Consequently, it is still unclear whether
probiotic supplementation during larval rearing could inadvertently
promote pathogen expansion or ARG dissemination, thereby
limiting the safe and effective deployment of probiotics at this
critical developmental phase.
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To systematically evaluate the probiotic efficacy and
environmental safety of shrimp-derived strains, specifically L.
casei HD1 and B. licheniformis WZ1, a mixed probiotic
formulation was administered continuously throughout the larval
rearing period. Shrimp larval survival, growth performance, and key
water quality parameters were monitored and statistically analyzed.
Additionally, high-throughput sequencing was employed to
characterize the microbial community structure, diversity, and
taxonomic composition in both shrimp gut and rearing water,
with a specific focus on identifying potential pathogens and ARGs
(Dong et al.,, 2025; Love et al, 2014). This integrated approach
enabled a quantitative assessment of the mixed probiotic’s effects on
larval development and microbial environmental safety, providing
essential data and evaluation criteria to support the safe and
sustainable application of probiotics in shrimp aquaculture,
particularly during the shrimp larval stage.

2 Materials and methods

2.1 Shrimp source and bacterial isolation
from culture system of shrimp

The healthy sub-adult Pacific white shrimp (Penaeus vannamei)
with an initial body weight of 8.0 + 1.2 g were obtained to isolate the
potential probiotics strains from the Yongxing Base of the Zhejiang
Provincial Marine Aquaculture Research Institute (Zhejiang,
China). The specific pathogen-free shrimp larvae (Zoea I) of the
brand “Zhehai No.1” from Zhejiang Provincial Marine Aquaculture
Research Institute were purchased and cultured in standardized
system of shrimp farming, and used for the addition experiments of
indigenous probiotics.

To isolate the potential probiotics strains including lactic acid
bacteria and Bacillus taxa, serial dilutions of the glycerol stocks
obtained from shrimp guts and enrichment culture were plated on
marine MRS and R2A liquid media prepared with 75% seawater
(salinity 30%o) based on the methods of Guo et al. (2023). Plates
were incubated at 28°C for 12 hours, and colonies of bacteria
showing different morphological features (e.g., size and color of
colonies) were re-streaked on 1/10 marine broth 2216E (MB;
Becton-Dickinson) plate to ensure purity. The total DNA genome
of the purified strain was extracted by using FastPure Bacteria DNA
Isolation Mini Kit (DC103, Vazyme, China), and the full-length
sequences of 16S rRNA gene were amplified using the universal
primers 27F (5-AGAGTTTGATCMTGGCTCAG-3’) and 1492R
(5-TACGGYTACCTTGTTACGACTT-3’), and purified for Sanger
sequencing (Sangon Biotech, China). These sequences were then
submitted to EZBioCloud of the database (https://www.ezbiocloud.
net) for taxonomic identification.

After taxonomic annotation, the strains of HD1 and WZ1 were
identified as Lacticaseibacillus sp. Bacillus sp. from shrimp gut and
rearing water, respectively. Furthermore, those two sequences were
mapped to the database of 16S ribosomal RNA gene from curated
type bacteria and archaea strain sequences in Genbank with web-
blastn suite (http://www.ncbinlm.nih.gov) to find the most similar
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type strains of Lacticaseibacillus sp. and Bacillus sp. Furthermore, to
identify the reliable taxonomy of the bacterial isolations of HD1 and
WZI, the full-length sequences of those two strains were aligned
against the sequences of L. casei (Type strain NBRC 15883,
NR_113333.1), L. casei (Type strain ATCC 393T, NR_041893.1),
L. paracasei (strain NBRC 15889, NR_113337.1), L. paracasei (Type
strain ATCC 25302T, NR_117987.1), L. mingshuiensis (Type strain
117-1, NR_179363.1), L. hegangensis (Type strain 73-4,
NR_180276.1), L. Camelliae (Type strain MCH3-1,
NR_041457.1), L. jixianensis (Type strain 159-4, NR_180278.1),
L. rhamnosus (Type strain NBRC 3425, NR_113332.1), B.
paralicheniformis (Type strain KJ-16, NR_137421.1), B.
glycinifermentans (Type strain GO-13, NR_137407.1), B. piscis
(Type strain 16MFT21, NR_165685.1), B. haynesii (Type strain
NRRL B-41327, NR_157609.1), B. swezeyi (Type strain NRRL B-
41294, NR_157608.1), B. sonorensis (Type strain NBRC 101234,
NR_113993.1), B. licheniformis (Type strain ATCC 14580T,
NR_074923.1), B. licheniformis (strain DSM 13, NR_118996.1), B.
licheniformis (strain NBRC 12200, NR_113588.1), B. capparidis
(Type strain EGI 6500252, NR_156073.1), B. subtilis (Ehrenberg)
Cohn (Type strain ATCC 6051T, NR_102783.2), and Streptomyces
rutgersensis (outer group of tree, Type strain DSM 40077,
NR_119349.1) by using Muscle (version 5.3, https://drive5.com/
muscle/). The evolutionary distances were computed using the
Maximum Composite Likelihood method. The evolutionary
relationships of taxa were inferred using the UPGMA method
and were. Finally, the phylogenetic tree between strains of HD1
and WZI, and those type strains were conducted in MEGAI11
(Tamura et al., 2021).

2.2 Experimental design and sample
collection

After the bacterial isolation was finished, the probiotic-adding
experiment was conducted by using the same farm and culture
systems of bacterial isolation. Twelve standardized shrimp nursery
ponds (cement pool with waterproof paint, 6 m x 5 m x 1.3 m) were
randomly divided into two groups with larvae density of 1.33x10°
ind./m? (each group containing six ponds as replicates): the control
group (CK) and the probiotics-adding group (Probiotics). All ponds
were managed uniformly, including seawater introduction and
treatment. The experiment began at 3 dph (days post hatching),
and the developmental stage of shrimp larvae had changed from
Nauplius to Zoea. In the Probiotics group, the composite probiotics
(L. casei HD1 and B. licheniformis WZ1 mixed in a 1:1 ratio) with a
composite probiotic solution concentration 1.0 x 10°CFU/mL based
on our previous studies (Liu et al, 2018; Du et al., 2021) were
uniformly applied to the ponds every morning. The amount of feed
had been gradually increasing and the residual feed and excreta of
shrimp were also accumulating along as the developmental stages of
larva. Therefore, the usage of probiotics gradually increases, and the
probiotic dosage was set at 3, 5, and 10L per pound (Liu et al., 2018),
respectively, during the Zoea I, Mysis I, and Postlarvae I stages.
Continuous aeration was maintained throughout the experiment,
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and the following water parameters were reported: temperature 30-
32 °C, pH 8.0-8.3, salinity 28 psu, dissolved oxygen 5-8 mg/L. At the
start of the experiment, inorganic nitrogen concentrations were
monitored, revealing nitrite nitrogen < 0.5 mg/L and ammonia
nitrogen < 0.1 mg/L. Throughout the entire experimental period of
15 days, fundamental water quality parameters, including
temperature, pH, salinity, and dissolved oxygen, were monitored
daily using a multi-parameter (Jingcheng, China) water
quality instrument.

At the end of experiment, water samples and all the shrimps
were collected from each pond. The indexes including the survival
rate, average body length, weight, total biomass, and weight gain
ratios of shrimp larvae were calculated by using the methods of
(Wang et al., 2020). Water samples were collected from six
randomly selected points within each pond for the analysis of
water quality and microbial community. At each point, 50 mL of
water was collected and pooled to form a composite sample for each
parameter. The water samples were pre-filtered through a 100 pm
polycarbonate membrane (Merck KGaA, Germany) and analyzed
for NH,*-N, NO, -N, NO;™-N, and PO, -P following GB
17378.4-2007. Each measurement was performed in triplicate to
ensure analytical precision. Water microbial samples were pre-
filtered through a 100 um membrane, then 100 mL of water was
filtered through a 0.22 um polycarbonate membrane (Merck KGaA,
Germany) to capture microbial biomass. All filters were
immediately stored at —80 °C until DNA extraction.

2.3 DNA extraction, 16S rRNA gene
amplification, and Illumina sequencing

Microbial DNA from aquatic samples was extracted from
polycarbonate filter membranes using the PowerSoil® DNA Kit
(MOBIO, USA). The V4 region of the bacterial 16S rRNA gene was
amplified using primers 515F-Y (5'-GTGYCAGCMGCCGCGGTAA-
3') and 806R-B (5-GGACTACNVGGGTWTCTAAT-3) with dual
barcodes (Wang et al,, 2022). To minimize amplification bias, three
independent PCR reactions were performed per sample. The total PCR
volume was 20 pl, with the following conditions: 95 °C initial
denaturation for 3 min; followed by 27 cycles of 95 °C denaturation
for 30 s, 55 °C annealing for 30 s, and 72 °C extension for 45 s; with a
final extension at 72 °C for 10 min. PCR products from the three
reactions per sample were pooled, purified using the TaKaRa PCR
Fragment Purification Kit (TaKaRa, Japan), and sequenced on the
Ilumina NovaSeq platform. All those sequencing data were available in
CNCB (China National Center for Bioinformation, https://
ngdc.cncb.ac.cn/) with the accession number of PRJCA044428.

2.4 The relative abundance of Lactobacillus
sp. Bacillus sp. and ARGs by using gPCR

The copy number of total bacterial 16S rRNA gens and

Lactobacillus genus-specific, Bacillus genus-specific and ARGs
(including acrB, tetA, ermF, floR, blaTEM) from rearing water
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were tested by using Quantitative PCR (Bio-Rad, USA). The
information of those genes was shown in Supplementary Table
S1. The copy numbers of those genes were tested at same time for
each sample, and all qQPCR experiments were performed in
triplicate, with the following process: initial denaturation at 95 °C
for 10 minutes; denaturation at 95 °C for 30 seconds; annealing at
60 °C for 30 seconds; and 40 cycles are performed. Finally, the
software in qPCR automatically generated a melting curve analysis.
The data quality control conditions were: (1) efficiency within the
range of (90%-110%); (2) no multiple melting curves in the
amplicon; (3) all three replicates are within the detection limit at
cycle threshold (Ct) of 31. The construction method of 16S standard
curve refers to the method of Lu et al (Lu et al., 2024). The standard
curve of the 16S rRNA gene was generated by a ten-fold dilution
series of the standard plasmid which was constructed with One step
ZTOPO-Blunt/TA (Zomanbio, China) as the vector and containing
the 288 bp bacterial targeted fragment amplified from water
samples, with R higher than 0.999. The copy numbers of the 16S
rRNA gene generated according to the standard curves were defined
as absolute prokaryotic microbial biomass. The copy numbers of
ARGs were calculated according to the following equation: relative
gene copy number The relative abundances (copies/16S rRNA gene
copies) of ARGs were normalized to 16S rRNA gene copies (Looft
et al, 2012; Yu et al, 2025). The formulas with the relationship
between Ct values and concentration of gene copies (Copies) for
16S rRNA gene, Bacillus taxa, Lactobacillus taxa and, ARGs were as
follows:

168 rRNA gene: Ct = =3.137 x logyo(Copies) +24.686, R* = 0.9995
Bacillus taxa: Ct = —3.125 x log;o(Copies) +71.906, R* = 0.9991
Lactobacillus taxa: Ct = -3.14 X log,o(Copies) + 74.04, R? =0.9998

ARGs: Copies = 10" (31 — Ct)(10/3)

2.5 Sequencing data processing process

Raw sequencing data underwent quality control by using
trimmomatic (version 0.40, https://github.com/usadellab/
Trimmomatic) software (Bolger et al., 2014), and then the paired
reads were merged together, and the primer sequences were
removed by using USEARCHI11 (version 11.0.667, https://
drive5.com/usearch) software (Edgar, 2010). The resulting high-
quality sequences were denoised and chimeric sequences were using
the UNOISE3 algorithm (Edgar, 2016) to call the zero-radius
operational taxonomic units (ZOTUs, Supplementary Table S2).
Those ZOTU sequences were taxonomically classified using the
NCBI RefSeq Targeted Loci Project (Bacteria and Archaea 16S
ribosomal RNA Nucleotide sequence record database, release-2025-
01-12, https://www.ncbi.nlm.nih.gov/refseq/targetedloci/).
Sequences of ZOTUs classified as chloroplasts, mitochondria,
unclassified Archaea or Bacteria, and singletons were removed.
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All those data analysis processes were finished by using the Dix-seq
pipeline (version 1.0, https://github.com/jameslz/dix-seq, Dong
et al., 2025). Potential pathogens were annotated using the
DPiWE database (http://pathogen.umehd.com, Dong et al,
2021a). For sequencing depth normalization, ZOTU tables were
rarefied to a minimum depth of 24,900 sequences per sample for
downstream analysis. Antibiotic resistance genes (ARGs) were
prediction following the method described by Luo et al (Luo
et al., 2025).

2.6 Statistical analysis

Alpha- and beta-diversity indices were calculated using QIIME
and the ‘vegan’ package in R (v 4.4.1). The coefficient of variation
(CV) for alpha-diversity indices was calculated in R. Differences in
alpha-diversity indices and beta-diversity between groups were
assessed using the Wilcoxon rank-sum test. Differences in the
relative abundance of taxonomic units between groups were also
analyzed using R. Constrained principal coordinate analysis (CAP)
based on Bray-Curtis dissimilarity was performed to visualize
microbial community structure differences between CK and
probiotics groups samples, and significance was tested using
analysis of similarities (ANOSIM). Differential abundance of
ZOTUs between the CK and Probiotics groups was identified
using the negative binomial generalized linear model in the
‘DESeq2’ R package (Love et al, 2014), with significant ZOTUs
selected based on |logy(fold change) | > 2 and adjusted P < 0.05
(-logo (adjusted P) > 1.3). To investigate correlations between
biomarker ZOTUs, host health status, environmental factors, and
probiotic supplementation, a partial least squares path model (PLS-
PM) was constructed using the ‘plspm’ R package (Dong et al.,
2021b). Differences in water physicochemical parameters between
groups were analyzed using one-way analysis of variance (ANOVA)
with the ‘aov’ function, followed by Duncan’s multiple range test for
post-hoc comparisons.

3 Results

3.1 The taxonomy and phylogenetic
information of strain HD1 and WZ1

The full-length sequences of 16S rRNA gene in strain HD1 and
WZ1 were blast against the database of 16S ribosomal RNA gene
from curated type bacteria and archaea strain sequences in
Genbank, and top hits results (Supplementary Table S3) showed
that For HD1 strain, the top five similar type strains were
Lacticaseibacillus casei ATCC 393 (Similarity: 97.05%, Coverage:
98.00%, Accession: NR_041893.1), Lacticaseibacillus casei strain
NBRC 15883 (96.66%, 98.00%, NR_113333.1), Lacticaseibacillus
casei strain BCRC 10697 (96.49%, 98.00%, NR_115322.1),
Lacticaseibacillus zeae strain RIA 482 (96.33%, 98.00%,
NR_037122.1), and Lacticaseibacillus chiayiensis strain BCRC
81062 (96.16%, 98.00%, NR_179712.1), and WZ1 were Bacillus
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licheniformis strain DSM 13 (99.92%, 100.00%, NR_118996.1),
Bacillus licheniformis strain BCRC 11702 (99.86%, 100.00%,
NR_116023.1), Bacillus paralicheniformis strain KJ-16 (99.80%,
87.00%, NR_137421.1), Bacillus licheniformis strain ATCC 14580
(99.80%, 100.00%, NR_137421.1), Bacillus licheniformis strain
NBRC 12200 (99.66%, 100.00%, NR_137421.1). Although the
similarity between B. paralicheniformis strain KJ-16 and strain
WZ1 was over 99%, the coverage between those two strains was
less than 87%, which may not be supported on identifying strain
WZ1 as B. paralicheniformis. Therefore, the strain HD1 and WZ1
were preliminarily identified as Lacticaseibacillus casei and Bacillus
licheniformis, respectively. Similarly, the phylogenetic relationship
between strain HD1 and L. casei strain NBRC 15883 and L. casei
strain ATCC 393T was more closed to other Lacticaseibacillus taxa,
and B. licheniformis strain NBRC 12200 and B. licheniformis strain
DSM 13 were more closed to strain WZI1 (Supplementary
Figure S1).

3.2 Effects of probiotic supplementation on
water quality and culture performance of
shrimp larvae

Following composite probiotic supplementation, analysis of
water quality parameters (Supplementary Figure S2) revealed that,
compared to the CK group, concentrations of NH,"-N, NO;™-N,
and PO, -P were significantly lower in the Probiotics group (P <
0.05), whereas NO, -N concentration did not differ significantly.
Additionally, probiotic addition significantly improved shrimp
larvae growth performance: survival rate, biomass, and individual
body weight were significantly higher in the Probiotics group
compared to the CK group (P < 0.05, Supplementary Figure S2).

3.3 Effects of probiotic supplementation on
microbial diversity in rearing water

Composite probiotic addition significantly increased o.-
diversity indices (richness, evenness, Shannon, phylogenetic
diversity) of water microorganisms in the Probiotics group
compared to the CK group (P < 0.05; Figure 1A). For water
microorganisms, the coefficient of variation (CV) for richness and
phylogenetic diversity was significantly lower in the Probiotics
group, whereas CV for evenness and Shannon index was
significantly higher (P < 0.05; Figure 1B). Quantitative PCR
(qPCR) analysis (Supplementary Table S4; Supplementary Figure
S3) revealed that both the absolute and relative abundance (against
the total copies of 16S rRNA gene) of Bacillus taxa in the Probiotics
group were obviously increased with 7.13 (P < 0.05) and 1.68 (P <
0.05) fold changes, respectively, compared to the control group.
However, no significantly different absolute and relative
abundances of Lactobacillus taxa were compared between
Probiotics and control groups. The correlation analysis between
the relative abundance of Lactobacillus and Bacillus and the o-
diversity index of aquatic microorganisms revealed that the relative
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FIGURE 1

The effects of probiotics addition on alpha diversity indices of the bacterial community in shrimp larvae rearing water. (A) Comparison of alpha
diversity indices including richness, evenness, Shannon, and phylogenetic diversity indexes between Probiotics and control groups in rearing water
bacterial community. Violin plots show the frequency distributions of the diversity indices, and the black points and lines inside the violin plots
display the median, and 95% confidence interval within each data set, respectively; (B) Coefficient of variation (CV) for the diversity indices between
Probiotics and control groups in shrimp larvae rearing water. Asterisks denote levels of significance (*P < 0.05, **P < 0.01, ***P < 0.001, Kruskal-

Wallis test).

abundance of Lactobacillus significantly affected o-diversity,
particularly richness and phylogenetic diversity (P < 0.05;
Supplementary Figure S4). However, Bacillus had no significant
effect on a-diversity.”

Integrated analysis of water quality parameters, growth
performance, and probiotic supplementation was performed using
redundancy analysis (RDA). The results revealed significant
separation between the microbial communities in the CK and
probiotics compartments (Figure 2A). The CAP model explained
15.49% (R* = 0.92, P = 0.042) of the compositional variation in
bacterial communities between the control and probiotics-added
groups in rearing water. Bray-Curtis and weighted Unifrac
distances between samples within the Probiotics group were
significantly lower than those within the CK group. Similarly, the
coefficient of variation (CV) calculated for both distance metrics
was significantly lower in the Probiotics group compared to the CK
group (P < 0.05; Figure 2B).

3.4 Effects of probiotic supplementation on
the microbial composition of water

The impact of composite probiotic supplementation on
bacterial composition was analyzed for the top 10 bacterial
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groups at the phylum and family levels based on relative
abundance. At the phylum level (Figure 3A), Alphaproteobacteria
exhibited the highest relative abundance in the water, followed by
Bacteroidota and Actinobacteriota. Probiotic addition significantly
increased the relative abundances of Bacteroidota, Bacillota, and
Balneolota in the Probiotics group compared to the CK group (P <
0.05). At the family level (Figure 3B), Roseobacteraceae displayed
the highest relative abundance in the water, followed by
Flavobacteriaceae. Probiotic addition significantly enhanced the
relative abundance of Saprospiraceae and Balneolaceae in the
Probiotics group compared to the CK group (P < 0.05).
Furthermore, alterations in the relative abundance of other
uncultured Roseobacteraceae bacteria at the genus level were
dominant taxa both in the Probiotics group compared to the CK
group, and observed more enrichment in the Probiotics group
compared to the CK group (P < 0.05, Supplementary Table S5).

3.5 Correlation analysis among key ZOTUs,
water quality parameters, and growth
performance in rearing water

The effects of composite probiotic treatment on bacterial
community structure and composition were analyzed by using
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Effects of probiotics addition on the structure of the bacterial community in rearing water. (A) Constrained principal coordinate analysis (CAP) based
on Bray-Curtis dissimilarity constrained by NO, -N and NH4*-N in rearing water, survival and biomass of shrimp larvae, and relative abundance of
Bacillus and Lactobacillus in total bacterial community from larvae rearing system of shrimp larvae. The non-redundant indicators including
hydrochemistry, culture performance of shrimp, and relative abundance of probiotics were selected by using multiple collinear tests with variance
inflation factor (VIF < 10). The model of CAP explaining 15.49% variation in composition of bacterial community between the control and probiotics-
added groups in rearing water, and permutational multivariate analysis of variance (PERMANOVA, global R? = 0.92, P = 0.042) was used to test the
difference across sample types and treatments. (B) Compare the differences in bacterial communities between the control group and the probiotic
group in the aquaculture water and the coefficient of variation (CV) of bacterial community differences. Asterisks denote levels of significance (*P <

0.05, **P < 0.01, ***P < 0.001, Kruskal-Wallis test).

DESeq2 (Supplementary Figure S5). The results revealed that
probiotic addition significantly increased the relative abundance
of 12 ZOTUs (belonging to families including Cryomorphaceae,
Flavobacteriaceae), while significantly decreasing the relative
abundance of 7 ZOTUs (belonging to families such as Maritalea,
Nitrospinota) in rearing water (P < 0.05).Correlations between key
differential ZOTUs and water quality parameters/growth
performance were calculated using Spearman correlation analysis
with Z-score standardization (Figure 4). Differential ZOTUs
exhibited stronger negative correlations with survival rate and the
relative abundances of Bacillus and Lactobacillus, but stronger
positive correlations with NO, -N, NO; -N, PO43_-P, and
the weight.

3.6 Effects of probiotic supplementation on
the composition of potential pathogenic
bacteria and antibiotic resistance genes in
aquatic environments of shrimp larvae

The distribution of potential pathogenic bacteria, antibiotic
resistance genes (ARGs), and microbial composition were
annotated to assess the risk of probiotic supplementation. The
results for potential pathogenic bacteria (Figure 5A) showed that
in aquatic microbial communities, the relative abundance of most
potential pathogenic bacteria increased in the probiotic group
compared to the control group; however, these changes were not
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statistically significant. Next, we used the PICRUSt2 software
package to predict ARG distribution. The results of qPCR and
PICRUSt2 predictions (Figure 5B; Supplementary Table S4)
indicated decreases in most antibiotic resistance genes (e.g.,
multidrug, beta-lactam, and tetracycline-resistance genes), while
increases occurred in a few genes (e.g., vancomycin and quinolone-
resistance genes). Nevertheless, none of the ARG changes was
statistically significant.

3.7 Pathways of probiotics affecting the
physical and chemical properties of water
and the growth performance of shrimp
larvae

A fitness-well structural equation modeling (SEM, goodness of fits
index, GoFs > 0.57) was employed to analyze the interrelationships
among variables in the system at three levels (Figure 6). In the shrimp
larvae intestinal model: at the first level, composite probiotics exerted a
significant direct positive effect on shrimp farming performance,
irrespective of the pathway (waterborne microorganisms or water
quality parameters). At the second level, composite probiotics
indirectly influenced shrimp growth performance by regulating the
dynamic balance of intestinal and water microbial communities.
Regulation of dynamic changes in the intestinal microbial
community also significantly enhanced shrimp farming performance;
however, the water microbial pathway did not yield a significant
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FIGURE 3

The different relative abundances of the dominant taxa (> 0.001%)
between control and Probiotics groups in rearing water bacterial
communities. Relative abundances of the dominant bacterial phylum
classes (A), and families (B) between control and Probiotics groups
in rearing water. Data were statistically compared between control
and Probiotics groups by using Wilcoxon Rank Sum test. Significant
differences across entire samples compartments are indicated with *
(P < 0.05), and ** (P < 0.01). The decreasing or increasing average
relative abundance of taxa in Probiotics groups compared to control
are indicated with “|", “1".

improvement. Additionally, composite probiotics regulated potential
pathogenic bacteria and ARGs. Potential pathogenic bacteria and
ARGs exerted a significant negative impact on shrimp growth
performance. The intestinal microbial community had a significant
positive influence on potential pathogenic bacteria and ARGs. At the
third level, composite probiotics improved shrimp farming
performance by regulating environmental factors.

4 Discussion

4.1 Adding indigenous probiotics from
shrimp could improve the culture
performance of larvae and water quality in
shrimp culture system

The aquatic environment serves as the fundamental medium for
the survival and development of cultured aquatic species. As fish
and shrimp reside in water throughout their life cycle, their health
and growth performance are intrinsically linked to water quality.
Thus, maintaining optimal water conditions is essential for
sustainable aquaculture. However, intensive farming systems often
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face challenges such as heightened environmental stress, frequent
disease outbreaks, and effluent nutrients due to high stocking
densities and excessive feeding (Dubey et al., 2024). Accumulation
of organic waste and subsequent water quality deterioration are key
drivers of pathogenic microbial proliferation. In this context,
probiotics have been extensively adopted in aquaculture as feed
additives or water amendments. This practice aims to enhance the
living environment of aquatic organisms and modulate the
microbiota associated with them (Butt et al., 2021). Over the past
decade, numerous bacterial strains have been screened and
evaluated as potential probiotics. Probiotic formulations may
consist of single strains or, more commonly, multiple strains, with
composite formulations typically exhibiting enhanced efficacy
(Mathan Muthu et al., 2024; Wang et al., 2019). Probiotics exert
multiple beneficial effects on the host by modulating host or
environmental microbial communities, including improved feed
utilization, enhanced growth, strengthened immunity, and
increased survival rates (El-Saadony et al, 2022; Thakur et al,
2025). Among the most studied genera are Lactobacillus and
Bacillus, which are valued for their antagonistic activity against
pathogens, ability to regulate intestinal microbiota, and secretion of
extracellular digestive enzymes that aid nutrient digestion and
growth in aquatic animals (Kewcharoen and Srisapoome, 2019;
Ringp et al., 2020; Wang et al., 2019).

In the present study, probiotic supplementation significantly
improved shrimp larval growth performance and water quality.
Specifically, the addition of probiotics significantly increased larval
survival rate biomass, and individual body weight (Supplementary
Figure S1). These results are consistent with numerous studies
demonstrating that probiotics enhance feed utilization and nutrient
absorption (Ringg et al, 2020; Rohani et al.,, 2022). The growth-
promoting effects may stem from improved nutrient digestion,
absorption, and assimilation facilitated by probiotics (Abarike
et al., 2018; Mathan Muthu et al., 2024). Evidence indicates that
probiotics enhance shrimp growth through multiple mechanisms,
including increased digestive enzyme activity, provision of essential
nutrients, and improved water quality. For instance, Xie et al. (2019)
reported that shrimp fed a diet supplemented with a composite
probiotic (B. subtilis, B. licheniformis, and Lactobacillus spp) for 8
weeks exhibited significantly higher final body weight (FBW), weight
gain (WG), and specific growth rate (SGR) compared to controls,
along with elevated lipase and amylase activities. Similarly, Lee et al.
(2022) demonstrated in a 12-week trial that supplementation with
the commercial probiotic SYNSEA (B. subtilis and Lactobacillus)
significantly increased final body weight, average pond yield, and
weight gain percentage in shrimp. Wang et al. (Wang et al., 2020)
also observed improved growth performance in Micropterus
salmoides following dietary supplementation with L. casei K17,
which was attributed to significantly enhanced intestinal amylase
and lipase activities.

Notably, the benefits of probiotics extend beyond gut health,
contributing to overall host resilience through pathogen inhibition
and water quality improvement (Butt et al., 2021; Rohani et al,,
2022). Seabkongseng et al. (2025) reported that supplementation
with B. velezensis S141 significantly improved the survival rates of
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Differences in ZOTUs between control and probiotics-added groups associated with biotic and abiotic factors in the shrimp larval rearing system.
The correlation between the relative abundance of top 19 key differential ZOTUs and the non-redundant indicators in cultivation system of shrimp
larvae. The heatmap shows the relative abundances of the 19 ZOTUs normalized by Z-score scales in the control and probiotics-added groups. The
significant positive correlations (p > 0.3, P < 0.05) between relative abundances of ZOTUs and Ln transformation of non-redundant indicators
(including culture performance, environmental factors, and the relative abundance of probiotics) were plot as red lines, whereas those with
significant negative correlations (p < —0.3, P < 0.05) as blue. The colors of dots present different genera. All the P values were adjusted using the

Benjamini-Hochberg method.

shrimp and concurrently reduced the pathogen loads, when
infected with white spot syndrome virus (WSSV), acute
hepatopancreatic necrosis disease (AHPND), and Enterocytozoon
hepatopenaei (EHP). Kewcharoen and Srisapoome (2019) isolated
B. subtilis AQAHBS001 from shrimp intestine, which not only
enhanced growth performance and intestinal morphology
(increased microvillus height and intestinal wall thickness) but
also effectively suppressed Vibrio growth and improved resistance
to AHPND. Hamza et al. (2018) found that the cell-free supernatant
of B. licheniformis inhibited the growth of pathogenic V.
alginolyticus and P. gessardii, exhibiting anti-adhesion and
antibacterial properties. Kong et al. (2019) demonstrated that
recombinant L. casei expressing viral and bacterial antigens
enhanced innate immunity in Cyprinus carpio and conferred
protection against Aeromonas veronii infection.

In the current study, probiotic supplementation not only
improved shrimp growth performance but also significantly
reduced concentrations of NH,*-N, NO;™-N, and PO,*>"-P in the
culture water (P < 0.05). The role of probiotics in water quality
improvement is well established. Khademzade et al. (2020) reported
that supplementation with Bacillus cereus and Lactobacillus
acidophilus significantly reduced NH,"-N and NO; -N levels in
shrimp culture systems. A study on the probiotic of tilapia was
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observed that application of the probiotic AquaStar® Pond (Bacillus
sp., Pediococcus sp., Enterococcus sp.) resulted in significantly lower
total TAN and NH; concentrations compared to the control
(Redhwan et al.,, 2024). Zhang et al. (2020) found that co-
amendment of sucrose and B. licheniformis in Penaeus vannamei
larval rearing water significantly reduced NH,*-N, NO, -N, and
NO; -N after 20 days. Additionally, probiotics may indirectly
improve water quality by promoting beneficial algal growth and
suppressing harmful algal blooms (Raza et al., 2025).

4.2 The different processes of indigenous
probiotic mixture between regulating the
growth performance of larvae shrimp and
water environment

Intensive aquaculture systems often lead to elevated stress
responses in farmed organisms, increased disease incidence, and
pollution of water, sediment, and surrounding environments.
Under such conditions, probiotic application is recognized as an
effective strategy for modulating microbial communities in pond
ecosystems and improving water and sediment quality (Thakur
etal,, 2025). Probiotics enhance host health by stimulating immune
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probiotics-added groups in the bacterial communities of rearing water. Data were statistically compared between control and Probiotics groups by
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responses and competitively excluding pathogens; they may also
reduce the emergence frequency of antibiotic resistance genes
(ARGs), offering a viable alternative to antibiotics (Rohani et al.,
2022). Probiotics improve feed utilization, water quality, and stress
resilience in diverse aquaculture species through mechanisms like
competitive exclusion, immune modulation, and antimicrobial
compound production (Kewcharoen and Srisapoome, 2022; Sha
etal., 2016; Zhang et al., 2020). Structural equation modeling (SEM)
analysis in this study suggests that the composite probiotic
enhances shrimp farming performance by regulating the complex
interactions among the host microbiome, host immune and
metabolic states, and environmental factors (Figure 6).

The applied probiotics exhibited distinct spatial distribution
patterns: Bacillus significantly increased in relative abundance
within aquatic microbial communities, whereas Lactobacillus did
not show a significant change in the water microbiota. This
differential distribution may reflect the specific colonization
capabilities of probiotic strains in distinct microenvironments,
potentially explained by niche differentiation theory (Bydalek
et al,, 2024; Zhao et al., 2024). Through spatial niche partitioning
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and functional complementarity, the two probiotics may efficiently
utilize aquaculture environmental resources, potentially leading to
synergistic enhancement of shrimp larval growth performance.
Bacillus primarily exerts indirect effects by improving water
quality, thereby promoting shrimp growth. This genus is
characterized by aerobic metabolism, robust extracellular enzyme
secretion, and high metabolic activity, enabling strong adaptability to
aquatic environments (Kuebutornye et al, 2019). By efficiently
degrading organic detritus, such as uneaten feed, feces, and
biological remains, Bacillus could be significantly reduced
concentrations of harmful nitrogenous compounds (e.g., NH,"-N,
NO, -N, NO; -N, TAN), and also helpful to improve the rearing
environment of shrimp. Our previous research also indicates that
exogenous additives (e.g., carbon sources, probiotics) could shape the
gut microbiota of shrimp by modulating the surrounding microbial
community (Guo et al., 2022; Liu et al., 2018). Numerous studies
confirm the efficacy of Bacillus in water quality management, with
Bacillus strains commonly dominating biofloc systems, where they
contribute to sustained water quality improvement (Ghosh, 2025;
Nayak, 2021; Qiu et al, 2023). Moreover, supplementation of
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Effects of probiotics addition on environmental factors, culture
performance of shrimp larvae, bacterial communities, potential
pathogenic bacteria, and predicted antibiotic resistance genes
(ARGs) by partial least squares path models (PLS-PM). Directed
graph illustrating differences in rearing water microbiota response to
probiotic addition, based on total effects derived from PLS-PM
analysis. Path coefficients (A) of total effects are reflected with red
and green indicating positive and negative effects, respectively.
Dashed arrows show coefficients that were insignificant (P > 0.1).
The environmental factors included NO, -N, and NH,*-N, the
culture performance included survival rate and biomass of shrimps,
and relative abundance of probiotics. The goodness of fits index
(GoFs) for this PLS-PMs are 0.574.

Bacillus, such as B. subtilis) and B. licheniformis (Monier et al., 2023)
not only could improve water quality with reducing NH;, NO, -N,
NO;™-N (Mohamed et al., 2024, and Huang TY. et al, 2025) in
shrimp culture system, but also enhance digestive enzyme activities
(e.g., protease, amylase), immunity and stress resistance in shrimp
(Zokaeifar et al., 2014; Sadat Hoseini Madani et al., 2018) and modify
flavor quality of shrimp meat by increasing polyunsaturated fatty
acid content (Liu et al., 2025).

In contrast, Lactobacillus may act more directly on the host.
Studies show that heat-inactivated Lactobacillus can adhere to
intestinal mucus and utilize steric hindrance to block pathogen
colonization in fish (Bernardeau and Vernoux, 2024). Du et al.
(2022) demonstrated that L. plantarum HC-2 colonizes the host
intestine via secretion of adhesion proteins, primarily in the foregut,
followed by the midgut. Lactobacillus can competitively occupy host
cell surface receptors through adhesion protein expression, effectively
inhibiting pathogen adhesion and colonization (Evangelista et al.,
2025; Lau and Chye, 2018). In this study, the relative abundance of
lactic acid bacteria in the aquatic microbiota was not obviously
difference between probiotics and CK groups. In this study, we
observed no statistically significant variation in the relative
abundance of lactic acid bacteria within the aquatic microbiota
between the probiotic group and the CK group. According to
extant literature, exogenous lactobacilli demonstrate a higher
propensity for intestinal colonization. It is reasonable to
hypothesize that exogenous lactobacilli strains do not inhabit the
water column freely, but rather colonize the intestine of shrimp.
However, the present experiment did not reveal alterations in the
abundance of lactic acid bacteria within the shrimp intestine.
Subsequent experiments are planned to provide further evidence to
support or refute this hypothesis.

Frontiers in Marine Science

11

10.3389/fmars.2025.1683189

4.3 The addition of indigenous probiotics
did not significantly change the distribution
of the potential pathogens and ARGs in
shrimp aquaculture water microbial
community

The rapid expansion of the aquaculture industry has been
accompanied by significant challenges, including frequent disease
outbreaks, low survival rates, and environmental nutrients from
wastewater discharge. Historically, antibiotics have been widely
used to manage disease (Gadhiya et al., 2025). Although effective
in the short term, excessive antibiotic use leads to several adverse
consequences: disruption of host microbiota, particularly depletion
of beneficial microbes, proliferation of antibiotic-resistant bacteria
(ARBs), accelerated horizontal transfer of antibiotic ARGs to
human-associated microbiomes, and potential environmental
contamination (Cheruvari and Kammara, 2025). Consequently,
identifying safe and effective alternatives to antibiotics has
become a research priority, with biosafety as a critical concern.
Recent studies confirm that probiotics, prebiotics, and synbiotics
can reduce pathogen loads and enhance host disease resistance
without promoting antimicrobial resistance (Butt et al., 2021;
Rohani et al., 2022).

However, administered probiotics are typically exogenous to
the host’s indigenous microbial community. Research indicates that
microbial community diversity strongly influences the success of
exogenous microbial colonization, with less diverse communities
being more susceptible to invasion (van Elsas et al., 2012; Van Nevel
etal, 2013). The introduction of exogenous microbes may therefore
alter microbial composition and diversity, potentially facilitating the
persistence of potential pathogens or the spread of ARGs. Such
disruptive effects have been documented. For instance, Liu et al.
(2018) reported that adding commercial probiotics (Bacillus,
Lactobacillus, photosynthetic bacteria) to the shrimp larval
rearing medium caused a significant change in the planktonic
microbial community by day 2, which diminished by days 4 and
7. Probiotics substantially reshaped the planktonic bacterial
community within one week. Zhang et al. (2023) further
demonstrated that inoculation with Escherichia coli correlated
positively with the abundance of potential pathogens such as
Prevotella, Aeromonas, and Selenomonas. Moreover, Huang X.
et al. (2025) showed that genetically engineered, chlorine-resistant
E. coli MG1655 was able to transfer exogenous DNA to indigenous
bacteria, thereby conferring enhanced chlorine resistance and
environmental fitness and highlighting potential ecological risks.
Conversely, exogenous additives such as carbon sources and
probiotics can also exert beneficial effects by reshaping aquatic
microbial communities, increasing similarity between water and
host intestinal microbiota, and enhancing microbial community
stability (Feng et al., 2018; Thakur et al., 2025). Supporting this,
Dong et al. (2023) and Guo et al. (2022) demonstrated that carbon
source supplementation (e.g., sucrose, glucose) in shrimp
aquaculture increased microbial community similarity between
shrimp gut and rearing water, and strengthened bacterial
interaction network stability. The findings of the present study
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align with these positive regulatory effects: the probiotic treatment
significantly reduced the beta diversity coefficient and enhanced
structural stability of microbial communities compared to the
control (Figure 2C). This suggests that the applied probiotics not
only improve shrimp farming performance but also promote
microbial community resilience.

Most commercial aquaculture probiotics, isolated from host
intestines, have proven effective in controlling pathogenic diseases,
serving as safe antibiotic alternatives (Gadhiya et al., 2025). For
example, Sekar et al. (2019) screened three Bacillus strains (B.
subtilis KA1, B. licheniformis KA2, B. subtilis KA3), among which
B. subtilis KAl exhibited strong antagonism against Vibrio
parahaemolyticus and white spot syndrome virus (WSSV).
Dietary supplementation with this strain increased beneficial gut
bacteria and effectively suppressed specific pathogens (Ralstonia
pickettii, Aeromonas veronii, Pseudochrobactrum brenneri). Han
et al. (2015) found that supplementation with B. licheniformis
improved growth performance (FBW, WG, SGR) in Oreochromis
niloticus and significantly enhanced serum lysozyme activity,
thereby boosting disease resistance. In contrast, in the present
experiment, the addition of shrimp-derived probiotics improved
larval growth performance, yet did not elicit significant changes in
the abundance of potential pathogenic bacteria in rearing water.
Regarding ARGs, the abundance of certain types (e.g., B-lactam,
vancomycin, aminoglycoside resistance genes) showed a decreasing
trend, while others (e.g., tetracycline, CAMP resistance genes)
increased slightly; however, none of these changes were
statistically significant (P > 0.05). During Zoea I, water
microbiota plays a major role in colonization; external sources
dominate in Zoea II, and gut microbiota succession intensifies
thereafter. Approximately 66.7% of adult shrimp intestinal
prokaryotes originate from larval stages, underscoring the long-
term impact of early microbial community assembly (Heyse et al.,
2021; Wang et al.,, 2020; Zhang et al., 2025). This emphasizes the
importance of microbial safety when applying probiotics during
early development.

In summary, the shrimp-derived composite probiotics used in
this experiment improved environmental biosafety and public
health. Supplementing probiotics significantly improved the
survival rate, biomass, and water quality of shrimp without
causing significant changes in microbial community diversity,
structural stability, potential pathogen abundance, or the risk of
ARGs transmission in aquaculture water. However, the experiment
has some limitations, including only testing in shrimp larvae period
and no specific pathogen challenge. In future research, we will
extend the experimental period and increase the challenge of
specific pathogen attack, such as Vibrio to verify the
environmental biosafety of shrimp-derived composite probiotics.

5 Conclusion

In conclusion, supplementation with a mixed shrimp-derived
probiotic (L. casei HD1 and B. licheniformis WZ1) during the larval
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rearing stage effectively lowered nitrogen and phosphorus nutrients
(e.g., ammonia nitrogen, reactive phosphorus), improves larval
survival rates, and protects the natural microbial community
structure without promoting pathogen proliferation or antibiotic
resistance gene (ARGs) transmission, thereby improving the
environment and biosafety of larval shrimp farming. However,
different probiotic strains exhibit diverse mechanisms in
modulating microbial community dynamics in both aquatic and
intestinal environments, thereby eliciting variable impacts on larval
growth performance. Water-based probiotics primarily modulate
the physicochemical properties of the aquatic environment and
indirectly influence shrimp performance through mediation by the
aquatic microbial community. These findings indicate that shrimp
derived probiotics can improve the water quality and aquaculture
performance of shrimp, providing some ideas or strategies for
enhancing the environmental biosafety and public health of larvae
shrimp farming.
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SUPPLEMENTARY FIGURE 1
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clustered together in the bootstrap test (100 replicates) are shown next to the
branches. This tree involved 23 nucleotide sequences. All ambiguous positions
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SUPPLEMENTARY FIGURE 2

Effects of probiotics on the environmental factors and culture performance in
aquaculture system of shrimp larvae. Data were statistically compared
between control and Probiotics groups by using Wilcoxon Rank Sum test.
Significant differences across entire samples compartments are indicated
with * (P < 0.05), and ** (P < 0.01).
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The relative abundances of Bacillus and Lactobacillus in rearing water
bacterial communities differed significantly between the control and
probiotics-added groups. Data were statistically compared between control
and Probiotics groups by using Wilcoxon Rank Sum test.

SUPPLEMENTARY FIGURE 4
The relationship between relative abundances of genus Bacillus and
Lactobacillus and the values of Alpha diversity in rearing water bacterial
communities. The Pearson correlation analysis was used to statistically test
the relationship of data, and correlation coefficient (r) and P value were also
showed in the figures.

SUPPLEMENTARY FIGURE 5

The difference of ZOTUs between rearing water bacterial communities in the
control and probiotics-added groups by the "DESeg2” R package. The data
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