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Simple Summary: Procambarus clarkii, an important freshwater species in China, is predominantly
cultivated in an integrated rice—crayfish co-culture system. However, potential regional differences in
the quality of P. clarkii have been scarcely reported. Therefore, the aim of this study was to assess the
regional differences of P. clarkii through analyzing gut microbiota composition in specimens from ten
major producing areas in China. Microbial sequencing analysis demonstrated that P. clarkii across
various regions exhibit distinct microbial diversity and composition. These data would contribute to
the assessment of the quality of P. clarkii aquaculture.

Abstract: The aim of this study was to assess the regional differences of Procambarus clarkii through
analyzing gut microbiota in specimens from different areas in China. The P. clarkii were collected
from ten integrated rice—crayfish farming systems locating across ten major producing areas as
follows: Feixi (FX), Sugian (SQ), Yangzhou (YZ), Xuyi (XY), Qianjiang (QJ), Jianli (JL), Honghu (HH),
Yueyang (YY), Changsha (CS), and Nanxian (NX). The composition of gut microbiota was assessed
by analyzing 165 rRNA sequences. The PCoA results indicated significant differences in microbial
community composition among the ten areas (R = 0.999, p = 0.001). The intestinal microbial diversity
in P. clarkii cultured in rice fields from YY and CS exceeded that of other regions, with NX displaying
the least diversity. At the phylum level, Proteobacteria were most abundant in HH, while Firmicutes
showed increased relative abundances in FX and SQ, contrasted by lower relative abundances of
Bacteroidetes in these areas. At the genus level, Ralstonia, Amedibacillus, Bacteroides, Anaerorhabdus, and
Dysgonomonas were the dominant bacteria. The bacterial co-occurrence networks analysis revealed
that the community structures in locations FX, SQ, XY, HH, and NX were comparatively simplistic,
whereas those in the YZ, QJ, JL, YY, and CS regions displayed as more complex. In summary, the
diversity and relative abundance of intestinal bacteria exhibits regional variability. These findings
can offer theoretical data for evaluating the quality of P. clarkii aquaculture.

Keywords: Procambarus clarkii; integrated rice—crayfish co-culture; intestinal microbiota; microbial
diversity; co-occurrence networks

1. Introduction

The red swamp crayfish (Procambarus clarkii), an important freshwater species in China,
holds considerable economic value [1]. It is highly valued for artificial breeding due to
its rapid growth, substantial fecundity, and broad dietary range [2]. The scale of P. clarkii
aquaculture has experienced annual growth, reaching a production volume of 2.89 million
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tons in 2022. The regions leading in P. clarkii production include Hubei, Hunan, Jiangsu, and
Anhui, situated in eastern and central China [3]. P. clarkii cultivation practices encompass
various models such as pond monoculture, integrated rice—crayfish farming, and lotus root
field culture. Among these models, integrated rice—crayfish co-culture is the predominant
cultivation model [4]. The robust expansion of the crayfish industry is largely attributable
to the optimization of the integrated rice—crayfish farming approach [5].

Integrated rice—crayfish farming is a sustainable agricultural production system that
aims to reduce pollution, enhance ecological stability, and improve economic benefits [6].
By integrating rice and crayfish farming, a mutually beneficial relationship is established
between the two. The rice field offers an abundant food source for crayfish, including
aquatic insects, zooplankton, and phytoplankton. In turn, crayfish help maintain the
health of the paddy field by consuming excess nutrients, thereby preventing the outbreak
of pests and pathogens [7]. In this system, crayfish farming can improve soil fertility
and increase soil carbon and nitrogen content [8]. It can effectively achieve resource
conservation, environment protection, and ecological balance [5]. In 2022, integrated rice—
crayfish farming spanned 1.57 million hectares and yielded 2.40 million tons, representing
83% of China’s total cultured crayfish production [9]. The predominant crayfish-producing
provinces (Hubei, Jiangsu, Hunan, Anhui, and Jiangxi) exhibited high yields and expansive
cultivation territories, collectively comprising over 90% of China’s rice—crayfish farming
area and production [10].

Intestinal bacteria in aquatic animals significantly contribute to host metabolism,
growth, and immunity, serving as an essential factor for maintaining aquatic animal
health [11]. Some microbiotas can produce specific metabolites through their unique
metabolic functions, which can significantly affect the growth performance of aquatic
animals and accelerate or inhibit the host’s nutrient absorption efficiency and energy acqui-
sition [7]. Its composition and diversity are highly susceptible to the farming environment,
such as the water quality and temperature. In addition, age and feed composition can also
significantly affect the composition and diversity of intestinal bacteria [12,13]. The relative
abundance of intestinal bacteria in Litopenaeus vannamei exhibited significant variation be-
tween individuals cultured in freshwater and those cultured in marine environments [14].
Furthermore, the distinct changes in flavor observed in E. sinensis from different regions
can be attributed to variations in gut microbial composition [15]. From summer to autumn,
P. clarkii cultivated in integrated rice—crayfish farming systems exhibit more stability in an
intestinal microbial community than those raised in a pond model [16].

Several comparative studies have been conducted on the integrated rice—crayfish
farming in various regions, but most of these studies have primarily focused on changes in
the farming environment [17,18] and the accumulation of harmful substances, such as heavy
metals [19,20] and microplastics [21]. However, there has been limited research comparing
the intestinal microbial composition of P. clarkii farmed in various rice paddy regions.
Therefore, in this study, we collected P. clarkii samples from ten principal production regions
in China and analyzed the composition of gut microbiota with 16S rRNA sequencing. These
findings may provide a reference for enhancing crayfish farming methods and facilitating
quality control.

2. Materials and Methods
2.1. Sample Collection and Pretreatment

In this study, P. clarkii were collected from ten integrated rice-crayfish farming systems.
These farms were located across five different provinces: Feixi County (FX) in Hefei, Anhui
Province; Sugian city (SQ), Yangzhou city (YZ), and Xuyi (XY) of Huaian city, Jiangsu
Province; Qianjiang (QJ), Jianli (JL) and Honghu (HH) all in Jingzhou city, Hubei Province;
and Yueyang city (YY), Changsha city (CS), and Nanxian (NX) of Yiyang city, Hunan
Province. Intestinal contents were collected from 200 P. clarkii per region, with a sex ratio
of 1:1, and the contents from 20 individuals were pooled to create a single sample. The
collection period was from 20 June to 10 July in 2022, along with a strictly controlled
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consistency of sampling. The average weight of the P. clarkii ranged from 25.18 to 38.61 g.
All samples were stored at —80 °C until analysis.

2.2. DNA Extraction, PCR Amplification, and Sequencing DNA

Microbial DNA was isolated from the P. clarkii intestinal samples employing the
E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA). The integrity and concentra-
tion of the extracted DNA were assessed utilizing a NanoDrop 2000 Spectrophotometer
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The polymerase chain reaction (PCR)
amplification was performed specifically on the V3-V4 hypervariable regions of the bacte-
rial 16S rRNA gene, utilizing the primers 515F (5'-barcode -GTGCCAGCMGCCGCGG-3)
and 907R (5'-CCGTCAATTCMTTTRAGTTT-3'). The PCR products were purified with
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and
quantified using the QuantiFluor™-ST (Promega, Madison, WI, USA).

2.3. Statistical Analysis

All data were analyzed using SPSS software (version 25.0). A one-way analysis of
variance (ANOVA) with post hoc LSD was used to compare the significant differences
between the different groups. The values were expressed as mean =+ SE (standard error).
Statistical significance was set at p < 0.05. The results were plotted using GraphPad Prism
8.0 software.

Purified PCR products were used to construct a DNA library, which was sequenced
on an [llumina MiSeq platform (Shanghai BIOZERON Co., Ltd., Shanghai, China). The raw
data were processed using the DADA2 R package (version 1.14) to eliminate low-quality
sequences and chimeras, then to produce amplicon sequence variants (ASVs). Sequence
alignment was performed using the UCLUST (v1.2.22q) based on the SILVA database.
The QIIME software (version 1.9.1) were utilized to compute Alpha diversity metrics,
including Chaol, Shannon, Simpson, and evenness. For the visualization of community
composition relationships, principal coordinate analysis (PCoA) predicated on weighted
UniFrac distances was enacted using R project. Additionally, the analysis of similarities
(ANOSIM) was performed to evaluate the statistical significance between different groups,
employing the Vegan package (version 2.5.3).

3. Results
3.1. Intestinal Microbiota Alpha-Diversity Analysis

The gut microbes of P. clarkii were compared in three dimensions of richness, evenness,
and diversity, in which the Chaol index was used to indicate richness, and Shannon and
Simpson indices were used to quantify diversity (Table S2). The results are presented in
Figure 1, indicating that QJ and JL significantly exhibited a higher species richness (p < 0.05).
In contrast, NX, XY, and HH displayed a significantly lower richness (p < 0.05). As for
species evenness, CS and YY ranked the highest, while NX demonstrated the least evenness,
with FX, 5Q, and XY also showing notably lower values, exhibiting significant differences
(p < 0.05). CS and YY exhibited a significantly higher diversity compared to other areas,
while NX, FX, and SQ had a significantly lower diversity (p < 0.05). Overall, the P. clarkii gut
bacterial communities in YY and CS demonstrated higher richness and diversity compared
to those in other regions. Conversely, these attributes were markedly lower in NX, with 5Q,
FX, and XY also showing reduced levels.
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Figure 1. The alpha diversity analysis for intestinal bacteria of P. clarkii from different areas: (A) Chaol
index; (B) evenness; (C) Shannon index and (D) Simpson index. The different letters indicate
significant difference (p < 0.05). FX, Feixi County; SQ, Suqgian city; YZ, Yangzhou city; XY, Xuyi
County; QJ, Qianjiang city; JL, Jianli County; HH, Honghu city; YY, Yueyang city; CS, Changsha city;
NX, Nanxian County.

3.2. Intestinal Microbiota Beta-Diversity Analysis

To assess the variability of gut microbiota across different regions, a principal coordi-
nate analysis (PCoA) was performed, which yielded PC1 explaining 51.80% of the variation
and PC2 accounting for 24.06%. The results of the PCoA revealed distinct clustering pat-
terns among samples from various groups (Figure 2). Additionally, an analysis of similarity
(ANOSIM) indicated significant differences in microbial community composition between
groups (R =0.999, p = 0.001). Furthermore, cluster analysis (Bray—Curtis) on the phylum
and genus levels showed that samples from the same region had a tendency to group
together (Figure 3).
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Figure 2. Principal coordinate analysis (PCoA) of gut microbial communities based on weighted
unifrac. FX, Feixi County; SQ, Suqian city; YZ, Yangzhou city; XY, Xuyi County; QJ, Qianjiang city;
JL, Jianli County; HH, Honghu city; YY, Yueyang city; NX, Nanxian County.
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Figure 3. Cluster analysis (Bray—Curtis) of intestinal bacteria at the phylum (A) and genus (B) levels.

3.3. Microbial Community Composition

Raw data sequences (34,337-43,694) were filtered to produce clean data sequences
(33,004—41,997) (Table S1). A total of 9360 ASVs were identified, with 37 ASVs shared across
all groups (Figure 4A). At the phylum level, 36 phyla were identified, 13 of which were
common across all groups (Figure 4B). At the genus level, 971 genera were identified, with
91 genera shared among the groups (Figure 4C). Microbial compositional analysis indicated
that Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and Cyanobacteria were
the five most prevalent phyla. Notably, Proteobacteria were the dominant gut bacterial
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phylum, with its relative abundance exceeding 50% in all regions (except XY, 38.67%). The
relative abundance of HH and YY in Proteobacteria was significantly higher than other
areas, while XY was the lowest (p < 0.05). Bacteroidetes dominated from the gut of P. clarkii
in XY and CS, but in FX and SQ, were significantly lower. Firmicutes dominated in FX
and SQ, but was significantly lower in HH and CS. Meanwhile, the relative abundance of
Actinobacteria in QJ and Cyanobacteria in CS was significantly higher than that in other
regions (Figures 5A and 6).

N
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Figure 4. Venn diagram in ASVs (A), phylum (B), and genus (C) of intestinal microbiota in P. clarkii
from different areas. FX, Feixi County; SQ, Suqian city; YZ, Yangzhou city; XY, Xuyi County; QJ,
Qianjiang city; JL, Jianli County; HH, Honghu city; YY, Yueyang city; CS, Changsha city; NX,
Nanxian County.
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Figure 5. The proportions of intestinal microbiota at phylum level (A) and genus level (B). FX, Feixi
County; SQ, Sugian city; YZ, Yangzhou city; XY, Xuyi County; QJ, Qianjiang city; JL, Jianli County;
HH, Honghu city; YY, Yueyang city; CS, Changsha city; NX, Nanxian County.

A genus-level analysis revealed that there were significant differences in dominant
genera in different areas. Ralstonia was the dominant genus (>10%, except HH) in all
areas, and FX and NX also exhibited significantly higher relative abundances of this genus.
Moreover, Amedibacillus was the dominant genus in the FX, SQ, and JL regions, while
Bacteroides prevailed in CS and Citrobacter in HH, YY, and NX. Dysgonomonas was the
leading genus in NX, XY, and QJ, and Anaerorhabdus in XY, YZ, and NX regions. The relative
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abundance of these dominant bacterial genera was significantly higher than in other areas
(Figures 5B and 6).

A Proteobacteria B Bacteroidetes C Firmicutes
0.3

a
=

FX SQ YZ XY QJ JL HH YY CS NX FX 8Q YZ XY QJ JL HH YY CS NX FX SQ YZ XY QJ JL HH YY CS NX

D Actinobacteria E Cyanobacteria
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1 J ys9 K

FX SQ YZ XY QJ JL HH YY CS NX FX SQ YZ XY QJ JL HH YY CS NX FX SQ YZ XY QJ JL HH YY CS NX

Figure 6. Difference in dominant intestinal microbiota at phylum (A-E) and genus (F-K) level. The
different letters indicate significant difference (p < 0.05). FX, Feixi County; SQ, Sugian city; YZ,
Yangzhou city; XY, Xuyi County; QJ, Qianjiang city; JL, Jianli County; HH, Honghu city; YY, Yueyang
city; CS, Changsha city; NX, Nanxian County.

3.4. Co-Occurrence Networks of P. clarkii Intestinal Bacterial Communities in Different Areas

An analysis of bacterial co-occurrence networks revealed significant variability in
community structure across the different regions (Figure 7). In locations FX, SQ, XY, HH,
and NX, the structures were comparatively simplistic. Networks were characterized as
follows: FX comprised 10 nodes and 15 edges; SQ encompassed 8 nodes with 13 edges; XY
consisted of 10 nodes connected by 7 edges; HH displayed 12 nodes and 14 edges; and
NX contained 9 nodes with 6 edges. In contrast, the community structures within the YZ,
QJ, JL, YY, and CS regions were more complex. The respective co-occurrence networks
for these groups consisted of 16 nodes with 44 edges in YZ, 18 nodes with 57 edges in QJ,
20 nodes with 105 edges in JL, 17 nodes with 51 edges in YY, and 17 nodes with 36 edges
in CS. (Table 1). In addition, we compared the ratio of positive to negative edges across
various regional networks. The results indicated that the ratio of positive edges exceeded
50% in all examined regional networks, with particularly high ratios observed in FX, XY,
HH, and NX, reaching levels as elevated as 70% and, in some cases, up to 100%.
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Figure 7. Co-occurrence networks of P. clarkii intestinal bacterial communities in different areas. FX,
Feixi County; SQ, Sugian city; YZ, Yangzhou city; XY, Xuyi County; QJ, Qianjiang city; JL, Jianli
County; HH, Honghu city; YY, Yueyang city; CS, Changsha city; NX, Nanxian County.

Table 1. Topological parameters of co-occurrence networks based on gut bacterial communities in
different areas.

FX SQ XY YZ QJ JL HH YY CS NX
Nodes 10 8 10 16 18 20 12 17 17 9
Edges 15 13 7 44 57 105 14 51 36 6

Positive edge ratio ~ 80.00%  53.85%  7143%  52.27%  59.65%  46.67%  100%  49.02%  66.67%  100%

Negative edge ratio ~ 20.00%  46.15%  2857%  47.73%  40.35%  53.33% 0%  5098%  3333% 0%

4. Discussion

Gut microbes compose a complex and dynamic microbial community [19] that influ-
ences host growth, metabolism, immunity, and overall health [16,22]. This microbiome is
subject to various factors in the aquaculture, including the growth stage of the host, feed
composition, and an array of environmental conditions [23-25]. The diversity of the gut
microbiota is widely recognized as an indicator of host health [26]. Numerous studies have
highlighted the close connection between the gut microbiota of aquatic animals and that of
their environmental counterparts [27,28]. In this experiment, 3-diversity revealed distinct
clustering by region, suggesting that varying farming environments markedly influence
microbial community composition. A higher x-diversity in the intestinal microbiome was
indicative of stability, which in turn was associated with a beneficial impact on crayfish
health. The intestinal bacterial communities in YY and CS P. clarkii exhibited superior
structure, abundance, and diversity compared to those in other regions, which may denote
a more stable and growth-favorable intestinal microbiome. Conversely, NX displayed the
least-structured and diverse microbial community, paralleled by SQ, FX, and XY, potentially
increasing susceptibility to diseases in P. clarkii.

Our results also showed that the predominant bacterial phyla in P. clarkii include
Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and Cyanobacteria, with Pro-
teobacteria being the most prevalent, which was consistent with the bacterial profiles
observed in studies of Procambarus clarkii [5] and Litopenaeus vannamei [29]. Proteobac-
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teria are highly abundant in freshwater ecosystems, where they play a crucial role in
the degradation of organic macromolecules [30]. Moreover, these bacteria are commonly
found in the gut microbiomes of aquatic invertebrates [31] and represent the predominant
microbial phylum in the shrimp gut [32]. Previous studies have demonstrated a higher
abundance of Proteobacteria in P. clarkii ponds compared to paddy fields [16]. Additionally,
the abundance of Proteobacteria of P. clarkii from the Hubei province surpasses that of
Hunan or Guangdong [10]. However, in this study, Proteobacteria were observed to be
the most relevantly abundant across all sampled areas, exhibiting a stable presence with a
small relative abundance gap in most areas. This finding suggests that Proteobacteria are a
consistent and integral component of P. clarkii intestinal microbiota.

Apart from Proteobacteria, Firmicutes and Bacteroidetes represent important phyla in
intestinal microbiome of the P. clarkii. Firmicutes have been linked to the transformation of
complex organic matter such as protein and fat during the growth of the host, providing
essential nutrients and energy for the organism [33]. Bacteroidetes aid in the breakdown
of carbohydrates and maintaining gut homeostasis [34]. Previous studies have revealed
that the abundance of Firmicutes in the gut of P. clarkii was higher during summer months
compared to autumn, and it was also higher in P. clarkii guts cultured in rice fields than
in ponds [16]. In this study, we found that the gut microbiota in FX and SQ exhibited
a higher relative abundance of Firmicutes, while CS was lower, which may suggest an
increased capacity for nutrient transport and energy utilization in P. clarkii from FX and
SQ. Conversely, the relative abundance of Bacteroidetes in the above areas displayed an
inverse trend, which may reflect a potentially antagonistic functional role between these
bacterial phyla.

At the genus level, the predominant bacteria identified were Ralstonia, Amedibacillus,
Bacteroides, Citrobacter, Anaerorhabdus and Dysgonomonas, with Ralstonia being the most
prevalent in the intestines of P. clarkii. Ralstonia, belonging to Proteobacteria, is a core
microbe in aquatic animals with a high enzyme-producing capacity [35] and has been con-
sidered as a potential probiotic in aquaculture [36]. Studies have found that the abundance
of Ralstonia in the gut microbes of diseased fish and shrimp was significantly lower than
that in healthy individuals [37,38], indicating that Ralstonia may be one of the health indica-
tors in cultured organisms. In this study, the relative abundance of Ralstonia was found to
be higher in all areas, indicative of a good health status of P. clarkii across each culture areas.
Significantly higher relative abundances in FX and NX, contrasted with lower levels in HH
and CS, suggest that the former groups of P. clarkii were in better health, potentially as a
result of superior farming conditions. Bacteroides, a genus of anaerobic bacteria prevalent in
both the environment and within aquatic animals [35], possesses the ability to hydrolyze
proteins, lipids, cellulose, and other organic compounds [39]. These bacteria confer benefits
to the immune response and the maintenance of intestinal homeostasis, thereby exerting
a direct or indirect influence on host health [40]. This study observed higher relative
abundances of Bacteroides in CS and YY, with lower levels detected in NX. It can be inferred
that the culture environments of CS and YY may be favorable for promoting organic matter
hydrolysis, thus improving metabolic functions and potentially augmenting antibacterial
or anti-inflammatory responses, as well as enhancing the immunity of P. clarkii [41], but the
specific impact still needs further study.

The composition and structure of intestinal microbiota in aquatic organisms are in-
tricate, with most bacteria engaging in interactions that form complex networks. These
interactions not only complicate the functions but also enhance the connectivity and sta-
bility of the microbial structure [42]. Bacterial co-occurrence networks have been used to
assess bacterial community structures and patterns of interconnectedness [43]. Healthy
communities are characterized by high levels of interconnectivity, modularity, and dy-
namism, which contribute to systemic stability and organism health [44,45]. Co-occurrence
networks exhibit variability in relation to farming activities [46]. In this study, distinct
co-occurrence networks of microbiota were observed across various regions, suggesting
that the cultural environment exerts an influence on their composition. The co-occurrence
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networks in YZ, QJ, JL, YY, and CS were more complex, with more nodes and edges,
indicating that the gut microbes in these areas had closer interactions and connections,
higher stability, and stronger resistance to interference [47,48]. In addition, we found that
the positive edge ratios were more than 50% in all areas, with particularly higher ratios in
areas with a simple co-network structure. Positive interactions promote bacterial evolution
by improving fitness, suggesting lower competition and niche differentiation among gut
microbes [46].

5. Conclusions

This study compared the composition and diversity of gut microbiota in P. clarkii
among various regions. The results revealed significant regional disparities in the levels of
diversity and relative abundance of intestinal microbes. The gut microbial diversity and
relative abundance in YY and CS surpassed those of other regions, with NX displaying
the least. Moreover, the co-occurrence networks analysis showed that the gut microbiota
structure might be more stable in YZ, QJ, JL, YY, and CS. These findings can offer theoretical
data for evaluating the quality of P. clarkii aquaculture.
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