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Although the microbial ecology of integrated rice-crayfish farming systems is receiving increasing attention with the expanding application area in China, the effects of rice transplanting patterns on the microbial community of water, sediment and Procambarus clarkii intestine in rice-crayfish system has yet to be determined. This study explored the microbial community present in water, sediment and intestine samples from three transplant patterns (rice crayfish with wide-narrow row transplanting, rice-crayfish with normal transplanting and pond-crayfish, abbreviated as RC-W, RC, and PC, respectively) using high-throughput sequencing. The results showed that the dominant microbial taxa from sediment, surrounding water, and intestine at phylum level were Proteobacteria, Chloroflexi, Cyanobacteria, Actinobacteria, Bacteroidetes. The patterns of rice transplanting had significant effects on microbial biodiversity and species composition in surrounding water. The OTUs community richness of water under RC group was significantly higher than that of PC group and RC-W group. The OTU relative abundance of top 10 operational taxonomic units had significantly different (p < 0.05) in the water samples from the three groups. The intestinal OTU community richness of Procambarus clarkii in the three groups was positively correlated with the community richness of water. The proximity between intestinal and water samples in PCA diagram indicated that their species composition was more similar. The results also showed that rice transplanting patterns can affect intestinal microbial biodiversity of Procambarus clarkii and the intestinal microbial biodiversity correlated with water bodies. Although the intestinal microbial diversity of crayfish in RC-W group was lower than that in RC group, the relative abundance of potential pathogenic bacteria, such as Vibrio, Aeromonas, in intestine of the crayfish in the RC-W group was significantly decreased under rice wide-narrow row transplanting model. Redundancy analysis revealed that environmental parameters, such as pH, DO, nitrate, which regulate the composition of microbial community structures. This study provides an understanding for microbial response to different rice transplanting pattern in rice-crayfish farming system.
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1. Introduction

The red swamp crayfish (Procambarus clarkii) belongs to Crustaceans, Procambarus, is one of the most important crustacean aquaculture species in China (The People's Republic of China Ministry of Agriculture, 2022). By 2021, the total production reached approximately 2.63 × 106 tons. Integrated rice-crayfish farming model has developed vigorously in China, accounting for 80.77% of the farming area and contributed more than 83.54% of the total yield of crayfish in China (The People's Republic of China Ministry of Agriculture, 2022; XiuJuan et al., 2022).

Rice-crayfish system is a three-dimensional ecological agriculture model that effectively combines rice production and aquaculture. It guarantees a stable rice yield, significant raised the rice taste value and raised the economic benefits by 429.73% (Yang et al., 2021), and decreased CH4 emissions by 18.1–19.6%, decreased GWP by 16.8–22.0% (Sun Z. et al., 2019). Furthermore, the rice-crayfish system increased the soil total organic carbon, particulate organic carbon, strongly affects the soil microbial community composition, thus accelerating subsurface soil nutrient cycling (Si et al., 2017). Plants affect the composition of sediment microorganisms through root exudates (Bais et al., 2006; Orwin et al., 2006), and aquatic plants can form biofilms around the plant area to increase the microbial biomass of adjacent waters (Xie et al., 2011b). The transplanting pattern of rice affects the environmental parameters such as water and soil properties (Iqbal et al., 2014; Singh et al., 2020). Microbial composition in aquaculture environment not only interacts with the aquaculture environment parameters, but also affects growth and health of aquatic animals (Moriarty, 1997; Xie et al., 2011a; Lin et al., 2017; Hernandez-Perez et al., 2020). Different culture environments (pond or rice field) can significantly affect the relative abundance of intestinal microbial and archaeal communities of red swamp crayfish (Chen et al., 2021), and rice field model could provide a more stable intestinal environment and a better intestinal immune enzyme activity and muscular flavor (Liu et al., 2020).

Recently, several studies have indicated that sediment and water are major sources of intestinal microbes (Huang et al., 2014; Sun et al., 2020). More research shows that microbes in water is the main factor in determining the fitness of crustacean intestinal microbial communities. Rungrassamee et al. (2013) found that the initial intestinal microbe mainly came from the water, and the shrimp health status of ponds could be distinguishable and indicated by the bacterioplankton composition (Zhang et al., 2014). Based on these results, we hypothesize that different rice transplanting patterns may affect crayfish by influencing the environmental microorganisms. Intestinal microbiota in crustations were recognized as a key element for maintaining homeostasis and health, and numerous studies have shown that the intestinal microbiota appears to predict shrimp health status (Xiong et al., 2014; Dai et al., 2017). In fact, many intestinal microbial species participate in the digestion of food, they secrete some active substances, such as vitamins, essential amino acids, and highly unsaturated fat acids, which can be used by host (Almansa et al., 2012). In addition, crustaceans lack specific immunity and antibody mediated immune response, thus intestinal microbiota also affects the processes of immune response to maintain the normal function of the immune system (Vazquez et al., 2009; Musthaq and Kwang, 2014).

The transplanting environment of rice fields is crucial to the development of the crayfish farming industry (Moriarty, 1997; Abid et al., 2013; Cahenzli et al., 2013; Hou et al., 2014). Therefore, in this study, the high-throughput sequencing technology was used to explore the responses of microbial communities in water, sediment, and intestine to different rice transplanting patterns. This work aimed to investigate the responses of intestinal microbiota to different rice transplanting patterns, and determine the suitable rice cultivation pattern in rice-crayfish system.



2. Materials and methods


2.1. Sample collection

Water, sediment, and intestine samples were collected from nine transplanting fields (three experimental groups with three replicates in each group) located at Quanjiao district, Anhui Province, China (31.93° N, 118.18° E) on 26 May 2020 (Late tillering stage of rice). All fields had the same water source and shared the intake system. Each field had an area of approximately 2.7–2.8 ha. Rice and aquatic plants were planted simultaneously in the three groups in early April 2020. Each transplanting field had a circular trench around it, with a depth of approximately 1 m, and the area of ditch did not exceed 10% of the total plot area. Three ponds (PC) were planted with aquatic plants (Elodea nuttallii) in the field platforms. Three fields (RC) were planted with rice in the field platforms, and the spacing of rice was 0.2 m. Three fields (RC-W) were planted with rice in the field platforms, and the spacing of rice was 0.2 m and 0.4 m, respectively. During the farming period, crayfish formula feed was fed at 8:00 and 18:00 every day. Eight intestinal samples (pond culture GPC1-8, rice crayfish culture GRC1-8 and rice crayfish wide-narrow row planting GRC-W1-8), ten water samples (pond culture Verrucomicrobiaceae 1–10, rice crayfish culture WRC1-10 and rice crayfish wide-narrow row planting WRC-W1-10), and nine sediment samples (pond culture SPC1-9, rice crayfish culture SRC1-9 and rice crayfish wide-narrow row planting SRC-W1-9) were taken from three fields for each group. Water samples were randomly collected from 9 fields using a glass water hydrophore. The water sample (50 mL) was filtered using a polycarbonate membrane (Millipore, USA) with a pore size of 0.22 μm. After filtration, the membrane was placed in a 2 mL centrifuge tube. Another part of water sample (500 mL) was collected to measure water quality. The water quality (nitrite, nitrate, ammonia, total nitrogen, phosphate and total phosphorus) was measured by using standard analytical methods. Dissolved oxygen, and pH were measured by using a Hach HQ40d Portable Multi-probe Multi Handheld Meter (USA). Water quality indicators denote significant differences as evaluated by Tukey’s HSD test (p < 0.05). Sediment samples were random collected from 9 fields using a core sampler and each sediment sample (2–3 cm) was placed in a 5 mL sterile centrifuge tube. The surfaces of the crayfishes were sterilized with 70% ethanol. The intestines were aseptically separation and placed in a sterile 1.5 mL centrifuge tube, all samples were stored at −80°C immediately before DNA extraction.



2.2. DNA extraction and sequencing

Total DNA of water filter membranes, sediment and intestinal samples were extracted following the E.Z.N.A.® Water (Soil, Stool) DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to the manufacturer’s protocols. PCR amplification of the bacterial 16S rRNA genes V3-V4 region was performed using the forward primer 338F (5’-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer 806R (5’-GGACTACHVGGGTWTCTAAT-3′). Sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. The PCR components contained 5 μL of Q5 reaction buffer (5×), 5 μL of Q5 High-Fidelity GC buffer (5×), 0.25 μL of Q5 High-Fidelity DNA Polymerase (5 U/μl), 2 μL (2.5 uM) of dNTPs, 1 μL (10 uM) of each forward and reverse primer, 2 μL of DNA Template, and 8.75 μL of ddH2O. Thermal cycling consisted of initial denaturation at 98°C for 2 min, followed by 25 cycles consisting of denaturation at 98°C for 15 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s, with a final extension of 5 min at 72°C. PCR amplicons were purified with Agencourt AMPure Beads (Beckman Coulter, Indianapolis, IN) and quantified using the PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual quantification step, amplicons were pooled in equal amounts, and pair-end 2 × 300 bp sequencing was performed using the Illlumina MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).



2.3. Bioinformatics and statistical analysis

The Quantitative Insights Into Microbial Ecology (QIIME, v1.9.1) pipeline was employed to process the sequencing data, as previously described (Caporaso et al., 2010). Briefly, raw sequencing reads with exact matches to the barcodes were assigned to respective samples and identified as valid sequences. The low-quality sequences were filtered through following criteria (Gill et al., 2006; Chen and Jiang, 2014) sequences that had a length of <150 bp, sequences that had average Phred scores of <20, sequences that contained ambiguous bases, and sequences that contained mononucleotide repeats of >8 bp. Paired-end reads were assembled using FLASH (Magoc and Salzberg, 2011). After chimera detection, the remaining high-quality sequences were clustered into operational taxonomic units (OTUs) at 97% sequence identity by UCLUST (Edgar, 2010). A representative sequence was selected from each OTU using default parameters. OTU taxonomic classification was conducted by BLAST searching the representative sequences set against the Greengenes Database (DeSantis et al., 2006) using the best hit (Altschul et al., 1997).

The diversity index was calculated from the OTUs of each library to estimate and compare the microbial community diversity in each group. Welch’s t-test was used to compare the microbial diversity and OTU richness of water, sediment, and crayfish intestine; p < 0.05 was considered significant. A Principal Component Analysis (PCA), Network analysis (Networkx), Redundancy analysis (RDA) and Venn diagrams were carried out in the R environment (version 3.3.1), explored and visualized using the Majorbio I-Sanger Cloud Platform.1 Raw reads were deposited in the NCBI Sequence Read Archive (SRA) database Accession Number: SUB12421940.




3. Results


3.1. Status of water quality parameters

Table 1 shows the results of water quality monitoring across the 9 fields. By comparing the results, it can be seen that water physical–chemical properties varied greatly under different rice planting patterns. The dissolved oxygen values varied from 5.73 to 11.28 mg/L (Table 1) in different groups, whereby the highest value was recorded in WRC. The labile Phosphorus in this study varied from 1.42 to 2.53 μg/L (Table 1), with the highest levels in WRC and the lowest levels in WPC. The ANOVA test showed that there were significant differences (p < 0.05) among the three groups.



TABLE 1 Means of the water physical and chemical parameters in the three habitats.
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3.2. Characteristics of 16S rRNA sequencing and microbial community diversity

A total of 4,772,094 reads were obtained from high-throughput sequencing of the V3-V4 regions of 16S rRNA genes. The total number of OTUs were 3,326, 3,239 and 1,504 in water, sediment and intestine, respectively. The number of OTUs varied greatly among the three experimental groups. The diversity index was calculated from OTUs of each library to estimate and compare the microbial community diversity in each sample. Microbial community diversity estimated by Shannon’s index varied from 2.40 to 2.73 in intestines, 3.81 to 5.02 in water, 5.71 to 5.87 in sediment (Table 2). ACE analysis conducted for estimating microbial community richness indicated a range of values from 407.71 to 550.15 in intestines, 1268.6 to 1627.5 in water, and 1844.7 to 1905.6 in sediment (Table 2). These results indicated that, compared with water and sediment, crayfish intestine had the lowest OTU richness and microbial community diversity. Welch’s t-test result showed that there were significant differences in the community diversity and OTUs richness of the water (p < 0.001), the OTUs richness of the intestines were significant different (p < 0.001), while the microbial diversity and OTUs richness of sediment were not significantly different among the three experimental groups.



TABLE 2 Summary of the evenness index (Shannon) and estimated OTU richness (ACE) for the prokaryotic community diversity analysis from the intestinal, water, and sediment samples.
[image: Table2]



3.3. Overall microbial communities in water, sediment, and crayfish intestine

Figures 1, 2 shows the OTU distribution of 78 samples, including 3,239 sediment OTUs, 3,326 water OTUs and 1,504 intestinal OTUs. A total of 15 microbial phyla (OTU values >1%) were detected as shown in Figure 1. Figure 1 shows the abundant phyla in the intestine, water and sediment samples. Proteobacteria, Chloroflexi, and Proteobacteria had the highest relative abundance in intestine, water, and sediment samples, respectively. The Proteobacteria relative abundance fluctuated around 34.47% for GPC, 35.60% for GRC-W, 47.87% for GRC, 34.50% for WPC, and 34.50% for WRC-W for 30.93, 45.36% for WRC. The Chloroflexi relative abundance fluctuated around SPC for 38.10%, SRC-W for 45.23% and SRC for 42.34% (Figure 1).

[image: Figure 1]

FIGURE 1
 The phylum level relative abundance of microbial communities in the Procambarus clarkii intestines, surrounding water, and sediment samples. (A) Water microorganisms, (B) Sediment microorganisms, (C) Intestinal microbiota The abscissa is the group name, and the ordinate is the phylum name. Only phyla that are present at relative abundance >1% in at least one sample are shown.


[image: Figure 2]

FIGURE 2
 The genus level relative abundance of bacterial communities in the crayfish intestines, water, and sediment samples. The abundance changes of different species in the sample are displayed through the color gradient (number of OTUs) of the color block.


The composition of dominant taxa of each sample at the genus levels can be seen in Figure 2. The dominant bacterial genus in intestine samples were Pseudomonas, Candidatus_Bacilloplasma, Rashf231, Bacteroides, Anaerorhabdu_Furcosa_Group, Vibrio, ZOR0006, Shewanella. The dominant bacterial genus of water samples was norank_o_chloroplast, unfied_burkhoideraceae, Mycobacterium, norank_f_rhizobiales_incertae_sedfis, polynucleobacter, C39, hgcl_clade, CL500-29_marine_group. The dominant bacterial genus in sediment samples was norank_f_norank_o_RBG-13-54-9, norank_f_norank_o_SBR1031, norank_f_anaerolineaceae, RBG-16-58-14, norank_f_norank_o_noranka_c_kd4–29-1, norank_f_norank_o_noranka_c_KD4-96, Anaeromyxobacer. As seen in Figure 3, genus classification revealed that samples differed in terms of dominant microbial genera (p < 0.05). There were significant differences of dominant microbial (top 5 genus) in water and intestinal samples, which norank_o_RBG-13-54-9 presented differed significant in soil samples.

[image: Figure 3]

FIGURE 3
 Test for statistical significance in the intergroup rank-sum in the intestines, water, and sediment samples. The value represented by the color gradient is shown on the right side of the figure. Columns of different colors represent different groups, and the rightmost point is the p-value. (A) Water microorganisms, (B) Sediment microorganisms, (C) intestinal microbiota.


In order to assess the environmental health of the aquaculture systems, two types of aquatic microorganisms known for their indicative value and three categories of bacteria commonly associated with infections in aquatic organisms were selected for analysis. The findings revealed noteworthy differences in abundance among these microorganisms. Specifically, in terms of water samples, the relative abundance of Rhodobacteraceae was significantly lower in both the RC-W group and PC group compared to the RC group. Furthermore, the relative abundance of Verrucomicrobiaceae in the RC-W group was notably lower compared to the other two groups. When considering intestinal microbiota, the relative abundance of Vibrio and Aeromonas in the RC-W group exhibited significantly higher levels compared to the other two groups. Conversely, the relative abundance of Pseudomonas in the RC-W group was significantly lower when compared to the other two groups (Figure 4).

[image: Figure 4]

FIGURE 4
 The relative abundance of two types of aquatic microorganisms known for their indicative value and three common harmful bacteria. (A) Rhodobacteraceae and Verrucomicrobiaceae were microorganisms in water bodies, (B) Pseudomonas, Vibrio, Aeromonas were intestinal microbiota.




3.4. Correlation between intestine and environmental microbe in the three experimental groups

In the PC group, the Venn shows the number of intestinal OTUs shared with sediment and water accounted for 445. In the RC-W group, the Venn shows the number of intestinal OTUs shared with sediment and water accounted for 335. In the RC group, the Venn shows the number of intestinal OTUs shared with sediment and water accounted for 392 (Figure 5). The correlation analysis was performed on the species abundances of water, sediment and intestine microbes in the three groups by Networkx software. The results showed that the bacteria (top 30 genera) in the three groups shared a high-er number of populations in the water and intestinal samples than in the sediment samples. Pseudomonas dominated the PC group and the RC-W group, which Vibrio dominated the RC group (Table 3).

[image: Figure 5]

FIGURE 5
 Venn diagram analysis of the OTUs numbers in the crayfish intestine (A) sediment (B), and water (C) samples. Different colors represent different groups, overlapping numbers represent the number of species common to multiple groups, and nonoverlapping numbers represent the number of species unique to the corresponding group.




TABLE 3 Attributes of the water, sediment, and intestinal microbial network nodes in the three experimental groups.
[image: Table3]

The similarity matrix of the samples was analyzed by PCA. All samples of the same group (source) tended to cluster together in Figure 6. The sediment samples showed the highest similarity and shortest distance between each other, no significant differences in microbial communities among three groups. Some intestine samples showed a high level of variability. In the three groups, the biological distance of microbial communities in water samples were closer to that of the intestinal samples of Procambarus clarkii than that of the sediment samples.

[image: Figure 6]

FIGURE 6
 Similarity among the microbial communities associated with different samples. Principal Component Analysis (PCA) based on weighted UniFrac analysis of microbe. Points of different colors represent samples of different groups, and distance between sampling points represents the level of similarity. (A) Water microorganisms, (B) Sediment microorganisms, (C) Intestinal microbiota, (D) Pond-crayfish, (E) Rice-crayfish with normal transplanting, (F) Rice crayfish with wide-narrow row transplanting.


RDA was used to identify the key relationship of environmental factors with microbial community. Figure 7 shows a clear correlation between the microbial communities in water and water environmental parameters, namely, pH, DO, nitrate, and the intestinal microbial community and water environmental parameters, namely, Total nitrogen, pH, total phosphorus, phosphate, nitrate. Pseudomonas had a significant positive correlation with nitrate, nitrite, temperature, pH, and negatively correlated with total nitrogen, total phosphorus, phosphate. Pathogenic bacteria, including Vibrio, Shewanella had a significant positive correlation with phosphate, total nitrogen, temperature, DO, and negatively correlated with nitrate, nitrite, total phosphorus, pH.

[image: Figure 7]

FIGURE 7
 Redundancy analysis (RDA) of the dominant water microbial taxa and the environmental factors. The dots with different colors in the figure represent sample groups in different environments. The length of the environmental factor arrow can represent the degree of impact of environmental factors on species data; The angle between the arrows of environmental factors represents a positive and negative correlation.





4. Discussion

Understanding the impacts of rice transplanting patterns on a rice–crayfish system’s environment is crucial as the aquaculture environment is closely related to aquatic animals, which has been widely studied (Cahenzli et al., 2013; Sun F. et al., 2019; Sun et al., 2020). Therefore, this study used high-throughput sequencing to analyze the microbial community compositions of intestinal, water, and sediment samples under different rice transplanting patterns in rice–crayfish systems. It was found that rice transplanting patterns significantly changed the biodiversity and species composition of the water and intestinal samples, particularly, the levels of Procambarus clarkii.

These results indicated that how the rice was transplanted had significant effects on the microbial community structures of the water bodies. The relative abundance of the dominant phyla and genera showed significant differences among the three groups, and the PCA results proved that the three groups were highly differentiated. The dominant bacterial phyla recorded in the water were Proteobacteria, Cyanobacteria, Actinobacteria, Bacteroidetes, which are the most common microflora in an aquaculture environment (Rungrassamee et al., 2013; Sun F. et al., 2019). Environmental factors could directly alter microbial community structures by inhibiting microbial physiology, or indirectly by producing conditions that affect the microorganisms (Fuhrman et al., 2008; Lin et al., 2017). Rice transplanting patterns may affect the microbial community composition of water by affecting the physical and chemical properties of the water in fields (Orwin et al., 2006; Panizzon et al., 2013). In the present study, using redundancy analysis, the pH, and DO levels were found to be the primary parameters affecting the microbial communities in water, which was consistent with previous studies on water microorganisms (Addo et al., 2021; Li et al., 2021). The oxygen provided by plants to the microbes is an important aspect of the mutually beneficial relationship between plant and microbes (Srivastava et al., 2016), and it may be the reason why the microbial community richness in water of the RC group was significantly higher than that of the PC and RC-W groups. An interesting finding in this study was that the relative abundance of Cyanophyta in the paddy water with a conventional transplanting pattern was significantly lower than that of the other two groups. Cyanobacteria outbreaks often pose a threat to aquaculture production by affecting the water quality, community structure, and the survival of economic animals (Vasconcelos and Pereira, 2001; Romo et al., 2012). As light is one of the limiting conditions for the growth of Cyanobacteria (Reynolds, 2006; Foy et al., 2007), it is speculated that the shading effect of rice plants on sunlight is the primary reason to restrict the growth of Cyanobacteria.

Different rice transplanting patterns had no significant effects on sediment microbial biodiversity. A large number of studies have proven that soil type is the primary influencing factor on sediment microorganisms (Chiarini et al., 1998; Gelsomino et al., 1999; Silva et al., 2003). In this study, each experimental plot was adjacent, and their soil types were consistent. This could explain why there were no significant differences in sediment microbial biodiversity in the different rice transplanting patterns or even in the control group (the pond model). However, the presence of rice in a field continues to impact the composition of sediment microorganisms. Existing studies have shown that the type and quantity of vegetation are the primary factors affecting sediment microorganisms (Iii et al., 2009; Gray et al., 2011). Among the three experimental groups, the relative abundance of Planctomycetes and Firmicutes in the fields without rice (PC) was significantly higher than that of the fields with rice (RC and RC-W), and relevant studies have confirmed that crops could significantly reduce the relative abundance of Planctomycetes and Firmicutes in sediment (Zhang et al., 2020).

The specificity of the microbial communities in the intestines was regulated by the selective pressure of the intestinal habitat and the host genotype (Rawls et al., 2006; Rungrassamee et al., 2014). While previous studies have shown that most crustaceans have a relatively stable core microorganisms in their intestines (Sun F. et al., 2019; Sun et al., 2020), the OTUs shared by intestinal microbes in the three groups accounted for only 27.21% of the total OTUs, indicating that environmental microbes have important effect on the intestinal microbes of Procambarus clarkii. In this study, the intestinal community richness of Procambarus clarkii in the RC group was significantly higher than those of the RC-W and PC groups, which was positively correlated with the community richness in the water. The closer biological distance revealed by the principal component analysis further suggested that the microbial communities in water samples may be the primary source of intestinal samples. At the genus level, we found that that the relative abundance of Aeromonas in the intestinal samples was positively correlated with that in the water samples, which further confirmed water as the primary source of intestinal microbiota. Previous studies have shown that Aeromonas species in the intestines are affected by environmental elements (Caruso et al., 2004; Rungrassamee et al., 2013), and water microbes were the primary influencing factors on the intestinal microbial composition (Rungrassamee et al., 2013; Sun F. et al., 2019). Therefore, the absence of rice in the field also affected the intestinal microbiota of the Procambarus clarkii. In the PC group, the Procambarus clarkii fed on more aquatic plants than those of the RC and RC-W groups, and Bacteroidetes could ferment the plant-derived substrates in the intestines, enabling the hosts to obtain additional energy (Nayak, 2010; van Rooyen et al., 2011), which could better explain the relative abundance of Bacteroidetes in the intestines of the Procambarus clarkii in the PC group, which was significantly higher than that of the other two groups.

In intestinal microecosystems, each bacterium occupies a specific ecological niche (Cadotte, 2004), and susceptibility to invasion by exotic species is strongly influenced by species composition and generally decreases with increasing species richness (Hooper et al., 2005). Previous studies have shown that intestinal microbial biodiversity in healthy aquatic animals is often higher than that of in diseased animals (Liu et al., 2018). Therefore, we hypothesized that the intestinal microecosystem of Procambarus clarkii in paddy fields was more resistant to external pathogens. From the perspective of microbial biodiversity, the higher microbial biodiversity of the water in the RC group implied that a water ecosystem may be more stable under a normal rice transplanting pattern (Tilman et al., 2001; Hooper et al., 2012). However, the results were not as expected from the perspective of the abundance of some disease-associated microbial groups. Previous studies have shown that the relative abundance of Rhodobacteraceae and Verrucomicrobiaceae in pathogenic shrimp ponds was significantly higher than that of healthy ponds (Zhang et al., 2014). The lower relative abundance of Rhodobacteraceae and Verrucomicrobiaceae suggested that the RC-W group appeared to have a healthier environment. The relative abundance of Vibrio and Aeromonas, which are the primary pathogens of aquatic animals (Zeng, 2020; Gan et al., 2022), was higher in the RC group among the three groups of intestinal microorganisms. The numbers and types of pathogenic bacteria are the key factors affecting the production of high-quality aquatic products, and these bacteria are directly affected by environmental factors (Caruso et al., 2004; Anneke et al., 2013). Therefore, in terms of the abundance of pathogenic microorganisms, narrow and wide transplanting patterns may be better choices for rice–crayfish farming plots.

In conclusion, the different rice transplanting patterns had significant effects on microbial biodiversity and species composition in surrounding water. Under the conditions of this experiment, the intestinal community richness of Procambarus clarkii in the three groups was positively correlated with the community richness of the water. The proximity between intestinal and water samples in the PCA diagram indicated that their species composition was more similar. Rice transplanting patterns can affect the intestinal microbial biodiversity of Procambarus clarkii, and the water microbes were the primary factor affecting the intestinal microbes. Although the diversity of environmental microorganisms was better under conventional rice planting patterns, from the perspective of pathogenic microorganisms, a wide–narrow row transplanting pattern may be a more beneficial choice for rice–crayfish farming.
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