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ABSTRACT

Probiotic supplementation enhances the abundance of gut-
associated Rhodobacteraceae species, critical symbionts
contributing to the health and physiological fithess of
Litopenaeus vannamei. Understanding the role of
Rhodobacteraceae in shaping the shrimp gut microbiota is
essential for optimizing probiotic application. This study
investigated whether probiotics benefit shrimp health and
fitness via the recruitment of Rhodobacteraceae
commensals in the gut. Probiotic supplementation
significantly enhanced feed conversion efficiency, digestive
enzyme activity, and immune responses, thereby
promoting shrimp growth. Additionally, probiotics induced
pronounced shifts in gut microbial composition, enriched
gut Rhodobacteraceae abundance, and reduced
community variability, leading to a more stable gut
microbiome. Network analysis revealed that the removal of
Rhodobacteraceae nodes disrupted gut microbial
connectivity more rapidly than the removal of non-
Rhodobacteraceae nodes, indicating a disproportionate
role of Rhodobacteraceae in maintaining network stability.
Probiotic supplementation facilitated the migration of
Rhodobacteraceae taxa from the aquatic environment to
the shrimp gut while reinforcing deterministic selection in
gut microbiota assembly. Transcriptomic analysis revealed
that up-regulation of amino acid metabolism and NF-kB
signaling pathways was positively correlated with
Rhodobacteraceae abundance. These findings
demonstrate that probiotic supplementation enriches key
Rhodobacteraceae taxa, stabilizes gut microbial networks,
and enhances host digestive and immune functions,
ultimately improving shrimp growth performance. This
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study provides novel perspectives on the ecological and
molecular mechanisms underlying the beneficial effects of
probiotics on shrimp fitness.
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INTRODUCTION

Litopenaeus vannamei is the predominant shrimp species
cultivated worldwide, with annual yields surpassing 5.8 million
tons (FAO, 2022). However, the rapid intensification of
aquaculture is increasingly challenged by the rising
prevalence and severity of shrimp diseases, leading to
substantial economic losses each year (Han etal., 2020).
Antibiotics are commonly used to prevent and treat infectious
diseases, particularly in small-scale aquaculture facilities in
developing countries. However, the escalating threat of
antibiotic resistance and associated health risks necessitates
the establishment of alternative disease management
strategies (Defoirdt et al., 2011; Sha et al., 2025), especially
given the lack of a vertebrate-like adaptive immune system in
shrimp, which complicates vaccine development (Falaise
et al., 2016). Under such constraints, probiotics have emerged
as a promising approach in sustainable aquaculture (Newaj-
Fyzul et al., 2014).

The gut microbiota, often referred to as the “second
genome”, plays an integral role in nutrient digestion, immune
modulation, and host development (Holt et al., 2021; Xiong
etal., 2024). Modulating gut microbial composition offers a
potential strategy to improve the health, growth, and survival
of aquatic animals (Merrifield & Ringo, 2014; Sha et al., 2024).
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Increasing evidence indicates that probiotic supplementation
alters the diversity and structure of shrimp gut microbiota,
particularly promoting the proliferation of heterotrophic
bacteria, such as Rhodobacteraceae species (Chien et al.,
2020; Du et al., 2022). Global meta-analyses of L. vannamei
gut microbiota consistently demonstrate that
Rhodobacteraceae is a dominant bacterial family across
shrimp life stages and represents a core commensal group
essential for maintaining host health and growth (Cornejo-
Granados etal., 2018). Indeed, gut-associated
Rhodobacteraceae species perform critical functional roles,
including the production of antibacterial compounds (D'Alvise
etal., 2014) and biosynthesis of vitamins (Sonnenschein
etal., 2017), among other metabolic processes (Xiong et al.,
2024). Moreover, Rhodobacteraceae members have been
identified as keystone species that contribute to the stability of
shrimp gut microbial networks (Guo etal., 2022). The
abundances of Rhodobacter and Ruegeria, two genera within
Rhodobacteraceae, are positively associated with improved
shrimp growth and survival (Guo etal., 2020; Sha etal.,
2024). These findings suggest that the beneficial effects of
probiotics may be mediated through the selective recruitment
of specific bacterial taxa. Therefore, elucidating the
mechanisms by which probiotic supplementation regulates
shrimp gut microbiota, especially core and keystone
Rhodobacteraceae taxa, is essential for optimizing probiotic
applications in aquaculture.

Gut-associated Rhodobacteraceae species are frequently
enriched in hosts experiencing environmental stress (Copetti
et al., 2021), suggesting their potential role in enhancing host
adaptation. Studies have demonstrated that glucose addition
induces the aggregation of Rhodobacteraceae species and
promotes their migration from the aquatic environment to the
shrimp gut, ultimately improving aquaculture performance
(Dong et al., 2023). A comprehensive understanding of the
mechanisms governing bacterial dispersal from surrounding
environments into the host gut, particularly in aquatic
organisms, is essential for microbiome regulation (Xiao et al.,
2021; Xiong et al., 2018). The neutral community model has
been widely applied to evaluate the contribution of dispersal
processes in shaping microbial communities (Zhou & Ning,
2017). This model estimates stochastic processes by
analyzing the relationship between the occurrence frequency
of amplicon sequence variants (ASVs) in local communities
and their relative abundance in the broader metacommunity
(Ostman etal., 2010). ASVs that differ significantly from
neutral model predictions are considered to be either
selectively favored or opposed by the local community (Xiong
etal., 2017). Using this framework, studies have shown that
Rhodobacteraceae taxa in seawater can colonize and adapt to
the shrimp gut microenvironment, where they are actively
selected by larval shrimp (Wang etal., 2020a). Given the
ecological significance of Rhodobacteraceae in gut microbiota
assembly, further investigation is needed to elucidate how
probiotic intervention modulates their recruitment and
functional contributions, providing a foundation for optimizing
probiotic strategies in shrimp aquaculture.

The gut microbiome modulates host gene expression,
influencing host immunity and metabolism through complex
host-microbe interactions (Nichols & Davenport, 2021). For
example, probiotic Bacillus subtilis promotes the expression of
immune-related genes in shrimp, including heat shock protein
70, penaeidin-2b, and B-1,3-glucan binding protein (Chien

etal,, 2020). Similarly, supplementation with Rhodovulum
sulfidophilum has been shown to stimulate the expression of
myosin heavy chain b, thereby promoting shrimp growth
(Koga etal., 2022). These findings suggest that probiotic-
induced gene expression in shrimp follows a strain-specific
pattern (Richards et al., 2019). The Rhodobacteraceae family,
one of the nine most widely distributed bacterial lineages in
marine habitats, comprises over 190 genera and 300 species
(Simon et al., 2017). This bacterial group exhibits extensive
metabolic, phenotypic, and genotypic diversity. For example,
Labrenzia species produce medium-chain fatty acids that
enhance oyster immunity (Amiri Moghaddam etal., 2018),
while members of the Ruegeria genus synthesize vitamin By,,
which supports shrimp growth (Cooper & Smith, 2015). Given
this functional diversity, exploring the complex interactions
between gut-associated Rhodobacteraceae and host gene
expression may provide crucial insights into the molecular
mechanisms through which probiotics improve shrimp health.

In our recent work, four probiotic strains with high anti-Vibrio
efficiency were successfully isolated from healthy shrimp, with
probiotic supplementation shown to significantly enrich
Rhodobacteraceae in the shrimp gut (Sha etal., 2024).
However, the ecological and molecular mechanisms linking
Rhodobacteraceae enrichment to shrimp health and fithess
remain to be explored. To address this gap, this study aimed
to: (i) determine how probiotic supplementation influences the
Rhodobacteraceae community and the stability of the shrimp
gut microbiota; (ii) assess whether probiotic supplementation
facilitates the migration of Rhodobacteraceae taxa from
rearing water into the shrimp gut and the ecological processes
governing this transition; and (iii) investigate the complex
interplay among probiotics, gut-associated
Rhodobacteraceae, host gene expression, and shrimp growth
performance.

MATERIALS AND METHODS

Probiotic preparation

Four probiotic strains, Ruegeria lacuscaerulensis (RI), Nioella
nitratireducens (Nn), Bacillus subtilis (Bs), and Streptomyces
euryhalinus (Se), with antagonistic activity against shrimp
white feces syndrome (WFS) were isolated from the gut of
healthy L. vannamei (Sha etal., 2024). Each strain was
harvested by centrifugation at 3 000 xg and 4°C for 5 min,
followed by resuspension in 0.9% sterile saline. The optical
density at 600 nm (ODgqg) of each probiotic suspension was
adjusted to 1.0 (10° colony forming units (CFU)mL). A
probiotic consortium was formulated based on the natural
abundance ratios of these strains in the gut of healthy shrimp
(RI:Nn:Bs:Se=4:3:2:1). The final concentration of probiotics in
the diet was adjusted to 1x10” CFU/g by evenly coating a
commercial diet with the probiotic mixture.

Experimental design and sample collection

In total, 600 healthy L. vannamei larvae (mean weight 0.62 g)
were obtained from a commercial farm in Zhejiang, China
(N29°32°, E121°31"). The shrimp were randomly distributed
across 12 aquaria (30 L each), with 50 individuals per
aquarium and six replicates per treatment. Following a 7 day
acclimation period on a commercial basal feed, shrimp in the
control group (CK) continued receiving the basal diet
(Supplementary Table S1), while those in the probiotics-added
(PA) group were fed the same diet supplemented with
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probiotics for an additional 14 days. Shrimp were fed twice
daily (10:00h and 16:00h) at a feeding rate of 3.0% of body
weight. To maintain optimal water quality, uneaten feed and
fecal matter were siphoned before each feeding, and 10% of
the rearing water was exchanged every three days.

Shrimp samples were collected at the start (day 0) and end
(day 14) of the experiment. Additionally, rearing water
samples were obtained on day 14 to evaluate the influence of
planktonic bacteria on shrimp gut microbiota (Supplementary
Table S2). Hepatopancreatic tissues were collected on day 14
for enzyme activity analysis. The feed conversion ratio (FCR)
was determined using the following equation:

Total feed intake (g)
Final shrimp weight (g)—Initial shrimp weight (g)

FCR(%) = %100

(1)

Digestive and immune enzyme assays

The activities of digestive enzymes (pepsin and lipase) and
immune enzymes (alkaline phosphatase, lysozyme, and
peroxidase) in the hepatopancreas were determined using
commercial assay kits (Nanjing Jiancheng Institute, China)
according to the protocols suggested by the manufacturer.

16S rRNA gene sequencing and data processing

Shrimp gut tissues were dissected using sterile forceps. To
ensure sufficient DNA yield and minimize individual variability,
gut tissues from three shrimp within the same tank were
pooled into a single biological sample. To assess microbial
biomass, 0.5 L of rearing water from each tank was filtered
through a 0.22 ym membrane (Millipore, USA). Genomic DNA
was then extracted with a Fast DNA Spin Kit (MOBIO
Laboratories, USA) following the provided protocols. DNA
concentration and purity were measured using a NanoDrop
2000 spectrophotometer (NanoDrop Technologies, USA).

In total, 18 shrimp gut samples and 12 water samples were
subjected to sequencing. The V3-V4 hypervariable regions of
the 16S rRNA gene were amplified in duplicate using the
primers 341F (5-ACTCCTACGGGAGGCAGCA-3’) and 806R
(5-CTACHVGGGTWTCTAAT-3’). Polymerase chain reaction
(PCR) amplicons were pooled, purified using a PCR Fragment
Purification Kit, and quantified using a PicoGreen-iT dsDNA
Assay Kit (Invitrogen, USA). Equimolar amplicons from all
samples were pooled and sequenced using the NovaSeq
PE250 platform (lllumina, USA).

Raw sequencing reads were processed using the QIIME 2
(v.2023.2) (https://giime2.org/) pipeline (Bolyen etal., 2019).
The DADAZ2 algorithm was employed to filter low-quality reads
(Q<20) and denoise reads into amplicon sequence variants
(ASVs) (Callahan et al., 2016). Taxonomic classification was
assigned to each ASV using the “classify-sklearn” package
(Pedregosa et al.,, 2011) against the Silva-138-99 database.
ASVs identified as archaea, chloroplasts, mitochondria, or
unclassified sequences were removed. Singleton ASVs were
also discarded. After quality control, 1 382 109 clean reads
were retained across 30 samples, with a mean of 40 085
reads per sample (Supplementary Table S2). To account for
variations in sequencing depth, reads were rarefied to a
minimum depth of 16 019 sequences per sample.

Transcriptomic analysis of gut samples

Total RNA was extracted from 12 biological gut samples
collected on day 14 (Supplementary Table S2) using TRIzol
reagent, following the manufacturer's guidelines. RNA
concentration and integrity were measured using a NanoDrop
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2000 spectrophotometer and an Agilent 2100 Bioanalyzer.
RNA purity was further confirmed by measuring the 260/280
absorbance ratio, ensuring values of 1.9 or higher. mRNA was
isolated using oligo (dT) magnetic beads and fragmented into
100400 bp segments using an ultrasonicator. mMRNA was
subsequently reverse-transcribed into first-strand cDNA using
an MGIEasy RNA Directional Library Prep Set Kit. The cDNA
fragments were diluted to a concentration of 200 ng/uL before
the addition of sequencing adapters. Sequencing was
conducted using the NovaSeq 6000 platform (lllumina, USA).
Raw sequencing data were evaluated and processed using
FastQC (v.0.11.6) (Brown etal.,, 2017). After eliminating
adaptors, contaminants, and low-quality reads, the remaining
reads were mapped to the L. vannamei reference genome
(NCBI Accession No. ASM378908v1) (Zhang etal., 2019)
using HISAT2 (v2.2.1) (Kim etal., 2019). The DESeq2
package (Love etal, 2014) was utilized to identify
differentially expressed genes (DEGs) between the CK and
PA cohorts, with the thresholds set at a false discovery rate
(FDR)<0.05 and |log, Fold Change|=1. Functional enrichment
analyses were performed by mapping DEGs to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database to
identify key biological functions and signaling pathways.

Statistical analysis

All statistical analyses were conducted using R v.3.6.3, unless
otherwise specified (R Core Team, 2016). Both a-diversity
(Shannon’s diversity index and observed ASVs) and fB-
diversity (Bray-Curtis dissimilarity) were calculated in QIIME2
using the diversity core-metrics-phylogenetic script. Principal
coordinate analysis (PCoA) was conducted to visualize
compositional differences in the overall bacterial community
and the Rhodobacteraceae subset across shrimp gut and
aquaculture water samples. Permutational multivariate
analysis of variance (PERMANOVA) was conducted to assess
the relative contribution of probiotic supplementation on
variances in bacterial community structure (Dixon, 2003). To
predict the sources of gut-associated Rhodobacteraceae on
day 14, SourceTracker was used with default parameters
(Knights etal.,, 2011). Gut microbiota on day 14 were
designated as the sink, while rearing water bacteria from day
14 and gut microbiota on day O were considered potential
sources.

A Random Forest model was implemented to identify ASVs
most responsive to probiotic supplementation (Breiman,
2001). The optimal number of features was determined using
10-fold cross-validation with five repetitions, performed using
the “rfcv” function (Refaeilzadeh etal., 2009). Model
performance was assessed using the area under the receiver
operating characteristic (ROC) curve (AUC), with AUC values
greater than 0.7 considered indicative of a robust predictive
model (Hong et al., 2017).

Stability of the co-occurrence network

The microbial co-occurrence network was constructed using
the “Hmisc” and “igraph” packages (Harrell Jr, 2015). Only
highly robust and statistically significant correlations (|r{>0.8,
P<0.05) were included in the network. To evaluate network
stability, robustness, cohesion, and modularity were
calculated. Lower absolute values of negative/positive
cohesion and modularity indicate weaker potential competition
and reduced network stability (Coyte et al., 2015; Hernandez
etal.,, 2021). Robustness was assessed by measuring the
ability of the network to maintain stability after the random
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removal of target nodes (Montesinos-Navarro et al., 2017). A
steeper decline in robustness, represented by a greater
absolute slope value in the regression curve, signifies lower
network stability (Peng & Wu, 2016). Linear regression was
performed to examine the relationships between
Rhodobacteraceae relative abundance and network cohesion
or modularity using the “Hmisc” package with the “Im” function.
In addition, to assess the role of Rhodobacteraceae in network
stability, network invulnerability and robustness were further
tested by selectively removing Rhodobacteraceae and non-
Rhodobacteraceae nodes (Coyte et al., 2015).

Neutral model of gut Rhodobacteraceae community

To assess shifts in the ecological processes governing the gut
Rhodobacteraceae community under the influence of
probiotics, a neutral community model (NCM) was applied
using Rhodobacteraceae ASVs extracted from the overall
bacterial community (Sloan et al., 2006). Model goodness-of-
fit (GoF, R? value) was determined using Ostman’s method
(Gstman etal., 2010), with higher R? values indicating a
greater contribution of stochastic processes. The immigration
rate (m) was determined using non-linear least squares fitting
(Elzhov et al., 2023). Confidence intervals (95%) for all model
parameters were determined via bootstrapping with 1 000
replicates (Sloan et al., 2006).

Partial least squares path modeling (PLS-PM)

PLS-PM was used to evaluate the complex interactions
among probiotic supplementation, gut Rhodobacteraceae
community, enzyme activity, overall gut network stability,
DEGs, and shrimp growth performance (Sanchez et al., 2024).
The model was developed based on the following theoretical
assumptions: (i) probiotic supplementation directly alters gut
microbial composition and enhances network stability, and (ii)
probiotics improve shrimp digestive and immune functions,
which synergistically promote growth. Model fit was assessed
using the GoF statistic, while path coefficients and coefficients
of determination (R?) were computed based on 999
permutations (Sanchez et al., 2024).

RESULTS

Shrimp growth performance and enzyme activity

Shrimp fed the probiotic-supplemented diet exhibited
enhanced growth performance compared to the control group
(Supplementary Figure S1A). Among the probiotic strains, RI,
Nn, and Bs were detected in the shrimp gut and were
significantly enriched in the PA-treated shrimp relative to the
CK group (Supplementary Figure S2). The FCR was
significantly lower in PA shrimp than in CK shrimp
(Supplementary Figure S1B), corresponding with notable
increases in body length (13.1%, P<0.01) and body weight
(16.2%, P<0.05) (Supplementary Figure S1C, D).
Furthermore, digestive (lipase) and immune enzyme (catalase
and alkaline phosphatase) activities were significantly higher
in PA shrimp than in CK shrimp (Supplementary Figure
S1F-H). However, no significant difference in mortality was
observed between the two groups (Supplementary Figure
S1J).

Probiotic supplementation
Rhodobacteraceae

Taxonomic classification revealed that Rhodobacteraceae was
a dominant bacterial family across all samples. The relative
abundance of Rhodobacteraceae in the shrimp gut and

enriches gut

surrounding water was 49.1% and 43.9% in the CK group,
respectively, increasing significantly to 65.3% and 50.6% in
the PA group (Supplementary Figure S3 and Table S3). At the
genus level within Rhodobacteraceae, probiotic
supplementation  significantly increased the relative
abundance of Ruegeria in both the shrimp gut and rearing
water, whereas Shimia exhibited the opposite trend
(Supplementary Figure S4A). The proportion of unique ASVs
in the gut was comparable between CK and PA shrimp
(Supplementary Figure S4B). However, in the CK group,
48.2% of ASVs were shared between rearing water and
shrimp gut, whereas this proportion decreased to 40.5% in the
PA group. Conversely, the cumulative relative abundance of
shared ASVs in the PA group increased to 83.1%, compared
to 79.1% in the CK group (Supplementary Figure S4C). These
findings suggest that probiotic supplementation enriched the
dominant ASVs shared between shrimp gut and rearing water,
particularly Rhodobacteraceae taxa. Notably, more than one-
third of these shared ASVs belonged to Rhodobacteraceae,
with significant enrichment of Paracoccus and Ruegeria
(P<0.05) in PA shrimp compared to CK shrimp
(Supplementary Figure S4C and Table S4).

The o-diversity analysis results revealed no significant
differences in microbial richness between CK and PA shrimp
or rearing water (unpaired t-test, P>0.05) on day 14
(Supplementary Figure S5). However, probiotic
supplementation significantly altered gut microbial composition
(Figure 1A; Supplementary Figure S6A) and reduced
community dissimilarity (P<0.05, Figure 1B, C) for both
Rhodobacteraceae and the overall gut microbiota (P<0.05,
Supplementary Figure S6B, C) compared with CK shrimp. In
contrast, no significant changes were observed in the
Rhodobacteraceae community of rearing water (Figure 1B, C).

A Random Forest model was constructed to identify gut
biomarkers characterizing probiotic supplementation. Notably,
the top 12 discriminatory ASVs, including seven affiliated with
Rhodobacteraceae, achieved an AUC of 0.97 (Figure 2A, B).
The relative abundances of these 12 biomarkers were
significantly altered by probiotic supplementation. For
example, ASV423 Roseovarius pacificus and ASV97 Marivita
hallyeonensis were significantly enriched in PA shrimp
compared to CK shrimp, while ASV143 Demequina flava and
ASV126 Shimia marina exhibited the opposite trend
(Figure 2C).

Effects of probiotic supplementation on gut microbiota
networks

Probiotic supplementation significantly improved the negative
cohesion, negative-to-positive cohesion ratio, and modularity
of the overall gut bacterial network (Figure 3A), as well as
those of the Rhodobacteraceae subnetwork (Supplementary
Figure S7). In addition, these three topological parameters of
the gut microbiota network exhibited strong positive
correlations with the relative abundance of gut-associated
Rhodobacteraceae (Figure 3B). Overall gut network
robustness (resistance to node loss) was assessed by
randomly removing nodes. The PA-treated shrimp exhibited
higher gut network robustness than the CK group, as indicated
by a lower absolute slope in the regression curve (Figure 3C).
Additionally, Rhodobacteraceae played a disproportionately
significant role in maintaining network stability following
probiotic supplementation. The regression slope was steepest
in PA shrimp after Rhodobacteraceae node removal, whereas
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Figure 1 Effects of probiotic supplementation on Rhodobacteraceae community structure in shrimp gut and rearing water

A: Principal coordinate analysis of Bray-Curtis distance showing variations in Rhodobacteraceae community between control (CK) and probiotic-
added (PA) groups. B, C: Comparisons of dissimilarities and average variation degree of Rhodobacteraceae communities between CK and PA
treatments in gut and rearing water, respectively. " P<0.05; " P<0.01; ns: Not significant, Wilcoxon rank-sum test.

it was lowest when non-Rhodobacteraceae nodes were
removed (Figure 3C), highlighting the greater sensitivity of the
network to Rhodobacteraceae loss. A similar trend was
observed in the rearing water bacterial community (Figure 3).
Collectively, these findings indicate that probiotic
supplementation strengthens microbiota network stability in
both the shrimp gut and rearing water through the enrichment
of Rhodobacteraceae taxa.

Probiotic supplementation alters ecological processes
underlying Rhodobacteraceae community

Probiotic supplementation increased the relative importance of
deterministic processes (model fit R?=0.64) governing the
overall gut microbiota compared to controls (R?=0.68)
(Supplementary Figure S8), suggesting that probiotics
potentiated host-driven selection. Among the overrepresented
ASVs, Rhodobacteraceae taxa accounted for 57.5% of the
microbial community in PA shrimp compared to 54.5% in CK
shrimp (Supplementary Figure S8). Overrepresented ASVs
are considered potential probiotics due to their higher
likelihood of successful colonization in the shrimp gut (Xiong
etal., 2018). Therefore, focus was placed on the
Rhodobacteraceae = community. The model fit for
Rhodobacteraceae in CK shrimp was R?=0.42, which
increased to R?=0.55 in the PA cohort (Supplementary Figure
S9A). In addition, the migration rate (m) of Rhodobacteraceae
taxa from rearing water to the shrimp gut was higher in PA
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shrimp  (m=0.010) than in CK shrimp (m=0.008)
(Supplementary Figure S9A). This indicates that probiotic
supplementation facilitated the transfer of Rhodobacteraceae
from the surrounding water into the shrimp gut. In line with
this, probiotics reduced the contribution of homogenous
selection in structuring the Rhodobacteraceae community
(32.0% in PA vs. 60.4% in CK). The role of homogenizing
dispersal, which was 1.87% in CK shrimp, was significantly
enhanced in PA shrimp, reaching 5.91% (Supplementary
Figure S9B). SourceTracker analysis further confirmed that a
significantly higher proportion of gut Rhodobacteraceae taxa
in PA shrimp originated from the surrounding water compared
to CK shrimp (unpaired t-test, P=0.028). Additionally, probiotic
supplementation increased the inheritance of
Rhodobacteraceae taxa from younger shrimp (individuals on
day 0, Supplementary Figure S9C).

Effects of probiotic supplementation on the shrimp
transcriptome
As mRNA abundance does not always directly correspond to
enzymatic activity, the activity levels of lipase, catalase,
lysozyme, and alkaline phosphatase were regressed against
the mRNA expression of their corresponding encoding genes.
Results showed significant positive associations
(Supplementary Figure S10), suggesting that observed
transcriptional changes reflect functional enzymatic activity.

A total of 2 946 genes were functionally annotated across
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12 shrimp gut transcriptomes on day 14. A clear separation
between the CK and PA cohorts was detected (ANOSIM
r=0.259, P=0.017) (Figure 4A). Differential expression analysis
identified 62 DEGs between the two groups, based on a cutoff
of P<0.05 and |log, FC|21 (Figure 4B). Among these, 55
genes were up-regulated in PA shrimp, primarily affiliated with
signal transduction, carbohydrate metabolism, and immune
system function, while the down-regulated genes were
predominantly linked to amino acid metabolism, glycan
biosynthesis, and metabolic pathways (Figure 4C).

Procrustes analysis revealed no significant association
between the overall gut microbiota and shrimp transcriptomic
profile (M?=0.856, P=0.400) (Supplementary Figure S11A).
However, a significant correlation was observed between the
Rhodobacteraceae community and DEGs (M?=0.660,
P=0.037) (Supplementary Figure S11B), indicating that
specific gut bacterial populations, such as Rhodobacteraceae,
are associated with host gene expression. KEGG pathway
mapping of DEGs highlighted two key pathways related to
amino acid metabolism (Figure 5A) and immune responses
(Figure 5B). Notably, the expression of DEGs within these
pathways were positively correlated with five key biomarkers
affiliated  with  Rhodobacteraceae, including ASV11
Paracoccus homiensis and ASV20 Ruegeria arenilitoris
(Figure 5C).

Enrichment of Rhodobacteraceae
growth performance

PLS-PM effectively captured the interrelationships among
probiotic supplementation, digestive and immune activities,

improves shrimp

gut Rhodobacteraceae community, overall gut network
stability, DEGs, and shrimp growth (GoF=0.759, Figure 6A).
Probiotic supplementation emerged as the primary driver of
improved shrimp growth performance (0.927), exerting both
direct (0.569) and indirect (0.358) effects (Figure 6B).
Probiotic addition also had a significant positive effect on
digestive enzyme activity (0.779), immune function (0.964),
and the abundance of gut Rhodobacteraceae (0.513)
(Figure 6). The Rhodobacteraceae community contributed
substantially to shrimp growth (0.713), driven by both direct
(0.502) and indirect (0.211) pathways. Digestive activity also
played a crucial role (0.545), including both direct (0.511) and
indirect (0.034) effects. Gut microbiota network stability
(indirect, 0.182) and DEGs (direct, 0.305) positively influenced
shrimp growth, whereas immune enzyme activity did not
exhibit a significant indirect effect (—0.064) (Figure 6).

DISCUSSION

Extensive evidence has demonstrated that probiotics
effectively potentiate shrimp growth and immune function by
modulating the gut microbiota and inducing immune
responses (Fraher etal., 2012; Newaj-Fyzul etal.,, 2014;
Xiong etal.,, 2024). However, not all gut commensals
contribute equally to host fitness. Instead, specific bacterial
taxa play disproportionately critical roles in shaping gut
microbiome stability and function, independent of their overall
abundance (Dai et al., 2019). Identifying these key microbial
groups is essential for designing targeted microbiota-based
interventions. Given the crucial role of Rhodobacteraceae in
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A: Comparison of network stability parameters between CK and PA treatments in shrimp gut and rearing water, including proportions of negative

and positive associations, negative-to-positive cohesion ratios, and modularity. ": P<0.05; : P<0.01; ™: P<0.001; ns: Not significant, Wilcoxon rank-

sum test. B: Correlations between relative abundance of Rhodobacteraceae family and network properties in shrimp gut and rearing water. C:

Invulnerability test of network complexity based on removal of random nodes, Rhodobacteraceae nodes, or non-Rhodobacteraceae nodes.

promoting shrimp growth (Guo et al., 2022), this study focused
on how Rhodobacteraceae taxa influence microbiome
structure, host transcriptomic responses, and growth
performance under probiotic supplementation.

Probiotic supplementation significantly increased shrimp
body weight and length (Supplementary Figure S1C, D).
These improvements were likely driven by enhanced digestive
enzyme activity, which led to a 19.3% increase in feed
conversion efficiency (Supplementary Figure S1B). Previous
studies have demonstrated that probiotics promote shrimp
growth by optimizing feed utilization (Chen et al., 2021). For
instance, dietary supplementation with Bacillus species has
been reported to increase the FCR by 16.0% in L. vannamei
(Sadat Hoseini Madani etal., 2018) and 15.6% in Penaeus
monodon (Boonthai etal.,, 2011). In addition to growth

394

WWW.Zoores.ac.cn

benefits, probiotic supplementation markedly enhanced
shrimp immune responses (Supplementary Figure S1G-l),
although this enhancement did not directly improve shrimp
growth performance (Figure 6A). This suggests that, in healthy
shrimp, probiotics may preferentially direct energy allocation
toward growth rather than immune defense. Overall, the
formulated probiotic consortium effectively improved shrimp
FCR and growth performance. However, as probiotics remain
exogenous additives, further research is needed to evaluate
their long-term ecological impact, including potential
disruptions to native microbial communities and the adaptive
responses of pathogenic bacteria to probiotic antagonism.
Probiotic  supplementation  significantly enriched the
abundance of gut-associated Rhodobacteraceae, particularly
members of the genera Paracoccus and Ruegeria


www.zoores.ac.cn

A . B 7
010k ‘i @ cK ®55 07 PA vs CK ,.,
v - s
| & PA i P
—_ . | * 1 ° ’.,,’ P
< 0.05} | . .,.o:/’,’
© ' = s
N () ! 3 )f’,/
N0.00 ' E1op o
______________ S — s
<o . ‘ : E ./’:,:,6
& ) | o g i
| AR
-0.05} ® ! — 5| _....,f,;/- ® Up
! S o
PERMANOVA i ] o ' e @ Down
R?=0.259 X a4 -
—0.10F 55017 i o 0_,:,:/. . Not significant
02  -01 0.0 0.1 0.2 0 5 10 15
C PCoA 1 (54.9%) Log, (CK_mean)
e ———— “@| JAK-STAT signaling pathway
A L ' fffff C—type lectin receptor signaling pathway
I855 S‘Y r d - fffff ‘ ffffffff Phospholipase D signaling pathway
% S | - - - - . ————————— Ubiquitin mediated proteolysis
889 PIP5K \““ 77777 ® - Toll-like receptor signaling pathway
V' gmummnmm |----- @ - Toll and Imd signaling pathway
=g§g 52%2 A <> : NOD-like receptor signaling pathway
IK10456 KLHL19" " - @ - NF-kappa B signaling pathway
L)
. M\}D88 “‘\ ‘\\‘ - - - ‘ ffffffffff MAPK signaling pathway
\
) = f‘ fffffffffff Fc gamma R-mediated phagocytosis
8 38 1STMNT - - - ——————————— mTOR signaling pathway
.688?75’3@(! - @® - —- Arginine and proline metabolism
KO0797 speE & - Glycolysis / Gluconeogenesis
K11394 PRODH2 & yeoy g

K00002 AK

-
L O B ‘ 7777777777777
.584 ITGA8 °
K16340 PHLPP\‘ P.—value
0.01
.719 COL2A o @002
K01298 CPA2 °®
-831 serCG—. e ! 9?%
-
K01079 serB - Qoo

[ Signal transduction

Digestive system [l Amino acid metabolism [l Carbohydrate metabolism

I Immune system

Folding, sorting and degradation

15 18
Log, (Fold Change)

I Metabolism of cofactors and vitamins

Figure 4 Effects of probiotic supplementation on shrimp gut transcriptome

Propanoate metabolism
Pyruvate metabolism

Tryptophan metabolism
Butanoate metabolism

Regulation of actin cytoskeleton
PI3K-Akt signaling pathway

ECM-receptor interaction
Protein digestion and absorption

Biosynthesis of amino acids

= Vitamin B, metabolism

Signaling molecules and interaction [l Cell motility

Global and overview maps

A: Principal coordinate analysis (PCoA) based on expression of genes between CK and PA shrimp. B: Volcano plot depicting differentially

expressed genes (DEGs) between CK and PA shrimp. Significantly up-regulated and down-regulated genes are highlighted in blue and green,

respectively. C: KEGG pathway enrichment analysis of DEGs.

(Supplementary Figure S4A). Paracoccus species are well-
documented producers of astaxanthin, a potent antioxidant
(Olmos-Soto & Ruiz, 2012), while Ruegeria is capable of
synthesizing B vitamins essential for metabolic and immune
functions (Cooper & Smith, 2015). Both astaxanthin and B
vitamins play critical roles in shrimp growth and immunity

(Zhang etal, 2013; Cui etal., 2016), with dietary
supplementation of these compounds shown to enhance
shrimp immune responses (Cui etal., 2016; Wang etal.,
2018). Consistent with these findings, the increased
abundance of Paracoccus and Ruegeria in PA-treated shrimp
was  associated with enhanced immune  activity
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Figure 5 Proposed regulatory networks of growth-promoting metabolic and immune pathways in shrimp based on DEGs

A: Amino acid metabolism pathways. B: NF-kB signaling pathway. Up arrows indicate up-regulated DEGs in PA shrimp compared to CK shrimp. C:
Heatmap depicting correlations between the relative abundances of Rhodobacteraceae biomarkers and expression levels of genes involved in
amino acid metabolism and the NF-kB signaling pathway. Only significant Spearman rank correlations are shown (: P<0.05; ™: P<0.01).

(Supplementary Figure S12). Notably, ASV21 Ruegeria
arenilitoris and ASV11 Paracoccus homiensis emerged as the
most responsive taxa to probiotic supplementation
(Figure 2C). Ruegeria arenilitoris harbors quorum-sensing
systems that facilitate adaptation to environmental stress (Lee
etal., 2011), while Paracoccus homiensis produces
carotenoids with antioxidant and antibacterial properties
(Jaber & Majeed, 2021). Their increased abundance in PA-
treated shrimp likely contributed to improved host fitness.
Beyond their metabolic functions, Rhodobacteraceae species
are recognized as K-strategists with high resource affinity,
favoring the formation of stable microbial communities (Yang
et al., 2020). Accordingly, PA-treated shrimp exhibited greater
gut microbiota stability (lower AVD) compared to the CK
cohort (Figure 1C). Similarly, the enrichment of gut-associated
K-strategist bacteria has been linked to improved health and
survival in aquaculture species (Vadstein et al., 2018). These
findings suggest that probiotic supplementation reshapes gut
microbiota assembly in shrimp via Rhodobacteraceae
enrichment, leading to a more stable and convergent microbial
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community structure.

Probiotic supplementation significantly increased negative
cohesion while reducing positive cohesion within the overall
gut network (Figure 3A), with both parameters strongly
influenced by the enrichment of Rhodobacteraceae
(Figure 3B). Microbial community stability is closely associated
with the prevalence of negative correlations among taxa, as
competitive interactions reduce network vulnerability to
species loss (Hernandez et al., 2021). Elevated competition
among symbionts has been shown to increase gut microbiota
stability (Goldford etal.,, 2018), and Rhodobacteraceae
species are known to form competitive networks under
fluctuating environmental conditions (Goldford et al., 2018). In
line with this, probiotic supplementation promoted competitive
interactions among gut Rhodobacteraceae taxa
(Supplementary Figure S7A), which may have contributed to
enhanced gut network stability. Increased microbial
competition has also been associated with higher metabolic
activity, potentially enabling aquatic animals to adapt to
diverse environmental conditions (Ding et al., 2022). Network
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Figure 6 Effects of key factors on shrimp growth performance based on partial least squares path modeling (PLS-PM)

A: PLS-PM illustrating the cascading relationships among different factors influencing shrimp growth. Each box represents either an observable or
latent variable. Loadings for gut network stability, which contribute to the latent variables, are shown in dashed rectangles. Path coefficients,
calculated from 1 000 bootstraps, are represented by arrow width, with red indicating positive relationships and blue indicating negative
relationships. Model performance was evaluated using goodness-of-fit (GoF). B: Standardized effects of each factor on shrimp growth performance,
derived from PLS-PM results. Total effects were calculated as the sum of direct and indirect impacts.

invulnerability tests further demonstrated that the removal of
Rhodobacteraceae taxa resulted in a more rapid decline in
network connectivity in both the shrimp gut and rearing water
compared to removal of non-Rhodobacteraceae taxa
(Figure 3C). Conversely, the enriched Rhodobacteraceae
population significantly strengthened gut network stability
(Figure 6). This is consistent with previous findings showing
that a higher proportion of core microbes belonging to
Rhodobacteraceae improves shrimp gut network stability (Guo
et al., 2020). Collectively, these results indicate that probiotic-
induced enrichment of Rhodobacteraceae promotes gut
microbiota resilience by acting as keystone species that
sustain a more stable and invulnerable microbial network in
shrimp.

Growing research has shown that the supplementation of
exogenous additives, such as molasses and probiotics,
directly modulates bacterioplankton ~ communities in
aquaculture environments, consequently influencing the
composition of gut microbiota in aquatic organisms (Guo et al.,
2020; Koga etal.,, 2022). However, the extent to which
exogenous additives drive microbial dispersal from the

external environment into the host gut, as well as the
underlying mechanisms, remains poorly understood. In this
study, probiotic supplementation strengthened the role of
deterministic processes in governing the recruitment of
microbial taxa from rearing water into the shrimp gut
(Supplementary Figure S8). This suggests that shrimp exhibit
a stronger selective preference for colonizing external taxa
when exposed to probiotic supplementation (Sha et al., 2024).
A healthy host actively selects beneficial symbionts during
growth, thereby imposing less pressure on the colonization of
beneficial species (Tellier etal., 2010). Consistent with this
notion, probiotic supplementation significantly stimulated the
migration of Rhodobacteraceae taxa from the culture
environment into the shrimp gut (Supplementary Figure S9C).
A higher migration rate facilitates microbiota homogenization
(Evans etal.,, 2017), leading to a more convergent
Rhodobacteraceae community structure (Figure 1B, C).
Consequently, PA shrimp acquired a greater proportion of
Rhodobacteraceae members from bacterioplankton compared
to CK shrimp (Supplementary Figure S8 and Table S3),
alongside a shift toward a more stochastic gut
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Rhodobacteraceae community under probiotic
supplementation (Supplementary Figure S9). Despite these
findings, the contributions of different species to ecological
processes vary, leading to inconsistencies between the
assembly mechanisms of the overall community and specific
bacterial groups. The underlying mechanisms regulating these
disparities remain unclear. For example, in calf fecal
microbiota, Actinobacteria abundance is positively correlated
with deterministic processes, whereas Firmicutes exhibits the
opposite trend (Pan etal., 2024). Similarly, the discrepancy
between the assembly processes of the overall shrimp gut
community and the Rhodobacteraceae subcommunity
suggests that ecological processes are selectively adjusted to
support host growth under probiotic supplementation. A recent
study demonstrated that a stochastic gut microbiota enhances
the resistance of shrimp (Marsupenaeus japonicus) to external
stresses (Zhang et al., 2024). Taken together, these findings
suggest that probiotic supplementation increases the
deterministic processes governing overall gut microbiota
assembly, facilitating the selective recruitment of
Rhodobacteraceae taxa from the external environment into
the shrimp gut. This, in turn, potentiates the resilience and
stability of the shrimp gut microbiome.

The gut microbiota plays a critical role in regulating host
growth by modulating transcriptional activity (Wahlstrom et al.,
2016). In this study, probiotic supplementation significantly
altered shrimp gene expression patterns. However, the overall
gut microbiota composition did not exhibit a strong association
with global transcriptional profiles. Instead, DEGs were
strongly influenced by the Rhodobacteraceae community
(Supplementary Figure S11), underscoring the
disproportionate role of Rhodobacteraceae in shaping shrimp
physiology. Consistent with this, probiotic supplementation
directly enriched Rhodobacteraceae, thereby improving gut
network stability and modulating shrimp gene expression
(Figure 6). Among the DEGs, probiotic supplementation
significantly induced the expression of genes involved in
glycine, serine, and threonine metabolism, as well as cysteine
and methionine metabolism (Figure 5). These amino acids are
essential for growth and immune function in L. vannamei (Wu,
2009; Xie et al., 2014). Lipids serve as crucial energy sources
for shrimp, providing necessary substrates for growth through
digestion and absorption pathways (Wang etal., 2020b).
Notably, sphingolipids play a key role in cell proliferation and
differentiation (Xu etal.,, 2023). In line with this, genes
encoding lipid and sphingolipid metabolism were up-regulated
(Figure 4B), aligning with the improved performance observed
in PA shrimp (Supplementary Figure S1). Additionally, the NF-
kB signaling pathway, a central regulator of shrimp immune
defense (Hoffmann & Baltimore, 2006), is activated by spleen
tyrosine kinase (SYK) and myeloid differentiation primary
response protein 88 (MyD88) (Chtarbanova & Imler, 2011;
Byeon et al., 2012). Probiotic supplementation led to the up-
regulation of SYK and MyD88 (Figure 4C), with their
expression levels positively associated with increased
Rhodobacteraceae abundance (Figure 5C). This is consistent
with findings in other marine species, where gut-associated
Rhodobacteraceae species positively affect the metabolism
and amino acid biosynthesis in swimming crab (Lin etal.,
2023) and enhance immune responses via NF-kB activation in
sea cucumbers (Yang et al., 2015). In addition, both arginine
and proline metabolism are essential for immune regulation
(Figure 4B). Dietary supplementation with arginine or proline
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has been shown to increase the survival rate of shrimp under
Vibrio parahaemolyticus infection (Xie etal., 2015; Wang
etal., 2024). Overall, probiotic supplementation directly
enriches gut Rhodobacteraceae, which further modifies
shrimp transcriptomic responses, inducing key metabolic and
immune pathways while exerting indirect effects on DEGs
(Figures 4-6).

CONCLUSIONS

This study provides a comprehensive assessment of how
probiotic supplementation improves shrimp fithess by
modulating gut microbiota composition and transcriptomic
responses. Notably, supplementation significantly improved
feed conversion efficiency and promoted shrimp growth. In
addition, probiotics induced notable shifts in microbiota, with
particular enrichment of Rhodobacteraceae. The ecological
mechanisms underlying these changes involved a reduction in
homologous and heterogeneous selection pressures on gut
commensals, facilitating the migration of Rhodobacteraceae
taxa from rearing water into the shrimp gut and promoting
microbiota convergence. In addition, gut network stability was
disproportionately influenced by Rhodobacteraceae, with
network robustness shown to be more sensitive to the loss of
Rhodobacteraceae taxa than non-Rhodobacteraceae taxa. At
the transcriptomic level, the altered gene expression patterns
in shrimp were directly shaped by the gut Rhodobacteraceae
community rather than the overall gut microbiota. Collectively,
these findings highlight the pivotal role of Rhodobacteraceae
in regulating shrimp gut microbial dynamics and physiological
responses. This study advances our understanding of the
ecological and molecular mechanisms by which probiotics
enhance shrimp health, offering insights for optimizing
microbiota-based interventions in aquaculture.
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