Original Research

:' frontiers ‘ Frontiers in Microbiology 22 July 2022

‘ @ Check for updates

OPEN ACCESS

Matthias Labrenz,
Leibniz Institute for Baltic Sea
Research (LG), Germany

Chao Song,

Chinese Academy of Fishery Sciences,
China

Mitsunori Tarao,

Tokyo University of Agriculture

and Technology, Japan

Yi Geng
gengyisicau@126.com

fThese authors have contributed
equally to this work

This article was submitted to
Microbial Symbioses,

a section of the journal
Frontiers in Microbiology

13 April 2022
04 July 2022
22 July 2022

Huang X, Li M, Huang Y, Yang H,

Geng Y, Ouyang P, Chen D, Yin L,

Yang S, Jiang J, Luo W and He Z (2022)
Microbiome analysis reveals
microecological advantages

of emerging ditchless rice-crayfish
co-culture mode.

Front. Microbiol. 13:892026.

doi: 10.3389/fmicbh.2022.892026

© 2022 Huang, Li, Huang, Yang, Geng,
Ouyang, Chen, Yin, Yang, Jiang, Luo
and He. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Microbiology

10.3389/fmicb.2022.892026

Microbiome analysis reveals
microecological advantages of
emerging ditchless rice-crayfish
co-culture mode

Xiaoli Huang't, Minghao Li, Ya Huang!f, Hai Yang?,

Yi Geng3*, Ping Ouyang?3, Defang Chen?, Lizi Yin3,

Shiyong Yang?, Jun Jiang?!, Wei Luot! and Zhi He!

!Department of Aquaculture, College of Animal Science and Technology, Sichuan Agricultural

University, Chengdu, China, ?Haide Aquatic Technology Co., Ltd, Yibin, China, *College
of Veterinary Medicine, Sichuan Agricultural University, Chengdu, China

Ditchless rice-crayfish co-culture is an emerging model of rice-crayfish
farming that circumvents the potential hazards of digging ditches in traditional
rice-crayfish farming. However, due to the complex interactions among
crayfish, ambient microbiota, and environmental variables, it is necessary to
assess the differences in bacterial structure between ditchless and traditional
rice-crayfish culture. In this study, the crayfish culture area in the Sichuan
basin was selected as the study area, and the bacterial communities of two
rice-crayfish culture systems were compared by high-throughput sequencing
of 16S rDNA. The results showed that the ditchless system had lower water
depth, higher dissolved oxygen, lower total ammonia nitrogen and lower
morbidity. There are intuitive differences in the composition of environmental
bacterial communities due to environmental changes, even if they are similar
in composition at the phylum level. Microbiota in sediments from ditchless
systems appear to produce less ammonia nitrogen. The abundance of the
pathogens colonizing the intestine of ditchless crayfish was lower than
ditched one, and the composition was similar to water. Ditch-farmed crayfish
appear to be more susceptible to environmental microbes and have a more
fragile intestinal structure. Water depth and dissolved oxygen are the main
environmental factors that determine the distribution of microbiota. This
study is the first to investigate the bacterial ecology of a ditchless rice-
crayfish farming system. The results show that the ditchless rice-crayfish
culture model has a more superior bacterial system than the traditional
rice-crayfish culture.

aquaculture environment, ditchless rice-crayfish cultivation, gut microbiota,
Procambarus clarkii, bacterial interaction
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Introduction

The crayfish (Procambarus clarkii), a member of the
Cambaridae family, was introduced to China in the 1930s
and has become popular for its delicious meat (Li et al,
2012). In recent years, rice-crayfish co-culture, a revolutionary
farming model, has been widely promoted in China, with
12,613 km? of farming area and an annual production of
2.06 million tons of crayfish, accounting for 86% of the total
production (MARA, 2021). Compared to traditional pond
farming, rice-crayfish co-culture systems take advantage of the
shallow water environment and the idle production period of
the paddy fields in winter, and also increase the utilization
and productivity of the fields (Si et al., 2017). However, the
traditional rice-crayfish model requires digging ditches around
the paddy fields. In Sichuan Province, for example, the depth
and width of the ditches are required to be 150 to 200 cm
and 200 to 300 cm, respectively, covering about 10% of the
entire paddy area, to provide living and breeding sites for
crayfish (Affairs, 2021). From the production practice in the
past decade, ditches have reduced the area and the yield of
rice cultivation (Hu et al.,, 2016). Since ditches occupy a large
area of paddy fields, they are not suitable for promotion
in hilly areas with little land resources and narrow areas,
which leads to the concentration of farming areas mainly in
plain regions (Hou et al., 2021). Furthermore, deposition of
feed residues and aquatic animal excreta may also lead to
environmental stress in ditch-farmed rice-crayfish co-culture
systems, resulting in high mortality during the hot season
(Cao et al, 2017; Shen et al, 2020). Due to the problems
posed by ditches, an emerging model of farming, ditchless rice-
crayfish co-culture, has been proposed and implemented in
recent years. Since no ditching is required, the rice culture
area is increased directly and crayfish have a greater range of
movement, avoiding localized water and sediment deterioration
and reducing mortality (Huang J. et al,, 2020). In addition,
compared to traditional rice-crayfish farming systems, ditchless
rice-crayfish farming systems increase the area of rice planted by
about 10%, thus increasing the economic efficiency. Therefore,
the ditchless rice-crayfish farming system has research value as a
potential sustainable farming model.

Intestinal microbiota is symbiotic with the host and play
an important role in immune response, digestive physiology,
and regulation of body functions (Mueller et al., 2012). The
intestinal microbiota of aquatic animals are greatly influenced
by the environmental bacterial community, which means they
may be more susceptible to environmental microbiota (Zhao
et al., 2020). On the other hand, the distribution patterns
and trait variation of environmental microbiota are influenced
by environmental conditions (Chen et al., 2021). Due to the
complexity and high variability of aquatic ecosystems in rice
fields, environmental microbiota may be more significantly
affected by environmental changes. Compared to vertebrates,

Frontiers in Microbiology

02

10.3389/fmicb.2022.892026

aquatic invertebrate crustaceans lack typical adaptive immunity,
and a stable intestinal microbiota is more important in disease
prevention (Cerenius et al, 2010). As benthic organisms,
crayfish are between the water and the sediment, and are
affected by the microbiota in the sediment and aquaculture
water environment. This bacterial environment may have
unique regulatory mechanisms on the intestinal microbiota
of crayfish and affects the health of the host. Given the
important role of intestinal microbiota in regulating the health
of aquatic animals and the impact of environmental changes
on surrounding microbiota, understanding the ecological
patterns of crayfish intestine and environmental microbiota
is important for the engineering design of aquaculture
(Hou et al, 2020; Huang Z. et al, 2020). However, the
bacterial communities of the ambient water, sediment and
intestine in ditchless rice-crayfish co-culture systems are still
relatively unknown.

In the present study, we aimed to understand the differences
in bacterial ecology between ditched and ditchless rice-crayfish
co-culture systems. For this purpose, water, sediment and
intestine samples were collected from ditch and ditchless
systems in Yibin, China, a region with a diverse topography
and a preference for rice-crayfish culture. In addition, our
findings will help to provide decision makers with informative
suggestions regarding the design of culture engineering by
comparing bacterial patterns in different aquaculture systems.

Materials and methods
Sampling area

The experiment was selected to be conducted in Nanxi
District, Yibin City, Sichuan Province, China (104°96'E,
28°87'N), located in a typical mountainous hilly region in
the upper Yangtze River. The climate in this region is
subtropical humid monsoonal, with an average annual rainfall
0f 1072.71 mm, an average annual frost-free period of 348 days,
and an average annual temperature of 18.7°C, which is suitable
for crop growth. Meanwhile, the region has a well-developed
aquaculture industry because of its abundant water resources,
including crayfish as a special breed with an annual production
of more than 1,800 tons. All samples were collected from real
farming regions, and the farming regions and the types of
samples were shown in Figure 1. The area of the farming
region ranged from 0.14 to 0.79 hm2. All farming regions
were built on the topography of the hills and irregular
in shape. Fertilizers and pesticides were not permitted to
use during breeding in both models. The same commercial
feed (Purina, Cargill) was fed at 3% of the total crayfish
weight every afternoon and the culture water used was from
the same source.
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FIGURE 1

distribution of sampling points and type of samples collected.

Sample collection site in Yibin, Sichuan, China. (A) Schematic diagram of ditched and ditchless rice-shrimp co-culture systems. (B) Specific

Sample collection

All intestine, water and sediment samples were collected
from two different culture model areas that had been utilized
for 45 days in March 2021. Each culture model area contains six
culture sites. During sampling, the dorsal carapace of crayfish
with similar weight was opened and the whole intestine was cut
off and rinsed several times with sterile phosphate buffer. Three
crayfish intestines were combined into one intestine sample
for DNA extraction. Water samples were collected from the
area at a depth of 30 cm using the 5-point method, and then
500 mL of the mixture was filtered through a 0.22 pm pore size
microfiltration membrane to obtain microbe samples for our
analysis. Three surface sediment samples from different points
in each area were eventually mixed into a single sample with
a wet weight of approximately 500 g to represent the area. To
reduce errors in the outdoor data, samples of the same type for
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each culture mode were mixed to finally obtain three regional
replicates. The corresponding label information of samples was
shown in Supplementary Table 1. All samples were collected
and rapidly frozen with liquid nitrogen and stored in a —80°C
refrigerator until DNA extraction.

DNA extraction, bacterial 16S rRNA
gene amplification and miSeq
sequencing

The total DNA was extracted from the water, sediment,
and intestinal contents using a bacterial DNA isolation kit
(Foregene, Chengdu, China) according to the manufacturer’s
instructions. The DNA extract was checked on 1% agarose
gel, and DNA concentration and purity were determined
with NanoDrop 2000 UV-vis spectrophotometer (Thermo
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Fisher Scientific, Wilmington, CA, United States). The V3-
V4 hypervariable region of 16S rRNA was amplified using
the 338F (5-ACTCCTACGGGAGGCAGCAG-3') and 806R
(5'-GGACTACHVGGGTWTCTAAT-3') primers. The PCR
product was detected using 2% agarose gel, purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, United States) and quantified using Quantus™
United States).
sequencing was performed in a paired-end model using

Fluorometer (Promega, High-throughput
the Illumina MiSeq PE300 platform (Illumina, San Diego,
CA, United States).

Bioinformatics analysis

After Miseq sequencing, non-conforming reads were
removed from the raw data by using Qiime (version 1.9.1).
Filtered sequences were clustered into operational taxonomic
units (OTUs) at 70% confidence level by using Uparse (version
7.0.1090)! via the SILVA rRNA database. The RDP Classifier
was used to obtain OTU annotation information at a 97%
similarity level. Alpha diversity, including Shannon, Simpson,
chao and Coverage index were calculated by using Mothur
(version v.1.30.2). Beta diversity and hierarchical clustering
trees constructed by the unweighted pair group method with
arithmetic mean (UPGMA) were used to compare the similarity
of comparative cluster composition. The artificially constructed
FAPROTAX database was used to annotate the metabolic or
ecologically relevant functions of biological taxa. The functional
abundance profiles of bacterial communities in different systems
were inferred and obtained from 16S rRNA marker gene
sequences by using PICRUSt II. Networkx was used to show the
distribution between samples and species and to calculate the
species-to-species correlations. Redundancy analysis (RDA) was
selected to address the impact of environmental variables on the
system microbiota with the vegan package in the R software.

Determination of water quality

The water depth of the ditched system was defined as the
distance from the bottom of the ditch to the water surface, while
the ditchless system was the distance from the sediment surface
at the bottom of the paddy field to the water surface. Each area
was measured using the five-point method. The temperature at
30 cm below the water surface is measured with a thermometer.
The dissolved oxygen and the pH in water were measured with
the dissolved oxygen meter and pH meter, respectively. Water
transparency was assessed by the Behcet’s disk method. The
breeding logs for the study area from February 15 to April 15,

1 http://drive5.com/uparse
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2021 were provided by the technicians. All data were recorded
to Excel and counted.

Statistical analysis

All data were expressed as mean =+ standard deviation.
between the
t-test
Wilcoxon signed-rank tests. The level of statistical significance

Significant  differences two systems were

determined using Students and non-parametric
was accepted by as P < 0.05. Statistical analysis and data
visualization were performed on the online platform.?

Results
Site characteristics

Supplementary Table 2 showed the physicochemical
properties of the different sampling sites and the status of
crayfish culture. The results showed that ditchless culture has a
lower water depth. The higher water temperature and dissolved
oxygen in the ditchless culture may be due to the shallower
water. Total ammonia nitrogen and nitrite were higher in
the ditch system than in the ditchless system. There was no
difference in pH and water transparency between the two culture
systems. It is interesting to noted that morbidity and mortality
were higher in traditional ditched farming compared to ditchless
farming, which may implied that environmental differences in
different farming systems can affect the farming species.

Global analysis of 16S rDNA
sequencing

To further explore possible differences between the two
culture systems, we analyzed the microbiota in 18 samples
from 12 different sites (Supplementary Table 1). After quality
filtering and assignment, a total of 846,508 high-quality
sequences with an average length of 419 bp were obtained.
A total of 5,281 OTUs were annotated, belonging to 2,222
species, from 1,139 genera, from 56 phyla. The Shannon
and Simpson indices were used to calculate species diversity.
The results showed that bacterial diversity was highest in the
sediment, intermediate in the water, and lowest in the crayfish
intestine (Supplementary Figure 1A and Supplementary
Table 1). The Chao index used to calculate community richness
showed a similar trend to the diversity analysis (Supplementary
Table 1). In addition, the rank-abundance and PAN also
illustrated the differences in community richness among

2 https://cloud.majorbio.com/
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different types of samples (Supplementary Figures 1B,C).
The coverage of all samples was greater than 97%, and there
was a high similarity among the replicates (Supplementary
Figures 2, 3).

A total of 326 bacterial species were found in all samples.
The different types of samples showed similar annotation
in both culture systems, the most unique species in the
sediment and the least unique species in the crayfish
intestine (Supplementary Figure 4A). Furthermore, no
significant difference in diversity was found between the
two systems (Supplementary Figure 4B). The multilevel
species Sunburst diagram (Figure 2A) showed that bacteria
of both culture systems belonged to six main phyla, ie.,
Firmicutes, Actinobacteriota, Bacteroidota, Proteobacteria,
Cyanobacteria, and Verrucomicrobiota. Among them, the
ratio of Actinobacteriota and Cyanobacteria were distinctly
different between the ditched and ditchless systems. There
were some similarities in species annotation between the
two systems, with Rhodoluna being dominant in the ditched
group, while ZOR0006 was dominant in the ditchless group,
and Candidatus Bacilloplasma and norank_o__RsaHf231 had
a larger proportion in both systems. There were significant
differences in bacterial composition between samples of
the same type from the two culture models (Figure 2B).
Anaerorhabdus furcosa, Exiguobacterium, Clostridiaceae, and
Dysgonomonas showed the most significant changes in both
systems (Supplementary Figure 4C). In general, the alpha
diversity of bacterial communities was similar between the
two culture systems, but bacterial species composition differed

according to the environment.

Comparison of environmental
microbiota among different
rice-crayfish co-culture systems

Water and sediment samples from both systems were
analyzed jointly to provide a broader picture of the differences
in environmental bacterial communities. The sunburst plots
in Figure 3A shows the overall bacterial communities at the
phylum level in the water and sediment. Actinobacteriota,
Proteobacteria and Bacteroidota had the highest abundance
in the water. Notably, the abundance of Actinobacteriota
was significantly higher in ditched water than in ditchless
water samples, while Cyanobacteria and Verrucomicrobiota
were more abundant in ditchless water, although their
relative abundance was lower in the overall. Relative
abundance of Methylomirabilota and Proteobacteria, as
well as Actinobacteria, are clearly different in the sediments of
the ditched and ditchless systems. On the other hand, similar
to the composition of the water samples, Methylomirabilota
and Nitrospirota, which had overall low relative abundance,
were more abundant in the sediments of the ditchless group
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than in the ditched group. In addition, Actinobacteriota and
Proteobacteria had higher abundances in both water and
sediment and showed similar trends. Overall, the sediments
exhibited a richer and more diverse bacterial community
structure compared to the water samples. Although the two
systems differed significantly in the bacterial composition of
samples of the same type, the trends of variation were similar
between the different types of samples.

At the species level, bacterial communities in water and
sediment differed greatly between the ditched and ditchless
systems. Further comparing the most abundant bacteria
in the environment in the ditched and ditchless systems
(Figure 3B), we found that the bacteria that exhibited the
greatest differences in water were Polynucleobacter asymbioticus
and Aurantimicrobium. Polynucleobacter asymbioticus was more
abundant in the ditchless group, while Aurantimicrobium
had a higher abundance in the ditched group. Rhodoluna,
which had the greatest abundance in water, was more
abundant in the ditched group. In the sediments, Marmoricola
was most variable and more abundant in the ditch group,
followed by Steroidobacteraceae and Nocardioides with similar
distributions. Rokubacteriales, Pseudolabrys, and Gaiella show
great differences in sediments and higher abundance in the
ditchless group. Using FAPROTAX to predict the ecological
function of sediment bacterial communities and select pathways
related to ammonia nitrogen synthesis and utilization, given
the enrichment and biochemical response capacity of sediments
in aquaculture systems (Supplementary Figure 5). Microbiota
in ditchless sediments acquire more mapping of nitrite
respiration, sulfite respiration, chloroplasts, nitrogen fixation,
and fermentation pathways. In contrast, ureolysis, nitrate
respiration, nitrogen respiration, and nitrate reduction were
more annotated in the ditched sediments.

Lower abundance of potential
pathogens in intestinal contents in
ditchless systems

The above studies show that bacterial communities in the
environment were influenced by culture systems (geographical
factors). To determine the effects of environmental changes on
cultured species, bacterial communities in the crayfish intestine
were compared. Although the Shannon and Simpson index
changed between the two systems, they did not show significant
(Figure 4A). We compared the relative abundance of the top
10 species in total abundance in intestinal contents. The results
showed that there were some differences in the abundance of
intestinal bacteria from different culture systems (Figure 4B).
Specifically, the highest abundance of ZOR0006 and Candidatus
Bacilloplasma were more predominant in the ditchless group. In
addition, Clostridiaceae and Dysgonomonas also showed higher
abundance in the ditchless group. In contrast, Exiguobacterium
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FIGURE 2

Bacterial community structures of ditched and ditchless systems. (A) Sunburst plots and pie charts of the most abundant phyla. The samples of
the ditched system include DI, DW, and DS. The samples of the ditchless system include LI, LW, and LS. (B) Species composition of each sample

and Weeksellaceae were more abundant in the ditched group
than in the ditchless group. Notably, Exiguobacterium was only
annotated in DIF2, which resulted in a high standard deviation.

The
interfered with the performance of potential pathogens and

abundant environmental bacterial community
reduced the signal-to-noise ratio of potential pathogens in
the total community. To present the colonization patterns of
potential pathogenic bacteria in the intestine more accurately,
we selected seven categories of bacteria commonly infecting
aquatic organisms and analyzed the differences in abundance

under different culture systems (Figure 4C). The results

Frontiers in Microbiology

06

showed that all these bacteria had colonized the intestine.
The relative abundance of Aeromonas, Vibrio, Flavobacterium,
Acinetobacter, and Pseudomonas was much lower in the
intestine of ditchless cultured crayfish, while the relative
abundance of Staphylococcus and Corynebacterium was higher,
even though their absolute abundance was low. Interestingly,
the relative abundance of these potentially pathogenic bacteria
differed in sediment and water (Supplementary Figure 6).
Briefly, the relative abundance of potential pathogenic bacteria
in water were similar to those in the intestine, whereas the
opposite pattern was observed in sediment.
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Intestinal microbiota of ditch-farmed
crayfish are more susceptible to
environmental microbiota

Despite the high degree of similarity between replicates
of water, sediment, and gut contents (Supplementary
Figures 2, 3), we sought to explore potential interactions
between different sample types. Correlation networks were
used to screen for dominant species in the total community.
Determining the importance of species in the network based on
Degree, Closeness, Betweenness centrality values. The results
showed that norank_o__Gaiellales, norank_o__Subgroup_17,
and Nocardioides were the dominant species in the bacterial
the ditched group,
norank_f Sporichthyaceae,

community of while hgcl_clade,
and Sediminibacterium were
dominant in the ditchless group (Figures 5A,B). Interestingly,
the distribution of dominant species in water, sediment,
and intestinal contents differed between culture systems.
Specifically, the dominant species in the ditched group
were distributed in water, sediment, and intestinal contents.
In contrast, only norank_f__Sporichthyaceae in the ditchless
group were distributed in all samples, and no Sediminibacterium
and hgcl_clade were annotated in the intestinal samples, where
hgcl_clade was annotated only in water. In addition, we did
not find any significant functional differences between the
bacterial communities of the ditched and ditchless systems

(Supplementary Figures 7).

Water depth and dissolved oxygen are
the main environmental factors
affecting the distribution of microbiota

Microbiota of ditched and ditchless rice-crayfish co-culture
systems showed significant differences by 16S rDNA sequencing
analysis. Further, we would like to explain the reasons for
the differences to apply to the actual farming process. Since
the presence or absence of ditches is the largest perceptible
change between the two farming systems, the resulting
environmental changes were given priority consideration.
RDA was used to assess the relationship between sample
distribution, microbiota and environmental factors. The results
showed that water depth was the decisive environmental
factor affecting the distribution of water samples and was
positively correlated with Actinobacteriota and Bacteroidota
(Figure 6A). Water depth and dissolved oxygen dominate
the distribution of sediment samples and are negatively
correlated each other. Water depth was positively correlated
with Actinobacteriota and Acidobacteriota, while dissolved
oxygen was positively correlated with the combination of
Firmicutes, Desulfobacterota, Proteobacteria, and Chloroflexi
(Figure 6B). For the intestinal microbiota, dissolved oxygen
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is the most important factor affecting distribution, followed
by water depth. In addition, morbidity and mortality were
positively correlated with water depth and ammonia nitrogen,
while negatively correlated with dissolved oxygen. Similarly,
common pathogenic bacteria such as Aeromonas and Vibrio
were positively correlated with water depth and ammonia
nitrogen, while negatively correlated with the combination of
dissolved oxygen, pH, and temperature (Figure 6C).

Discussion

In this work, we tried to illustrate the potential
microecological advantages of ditchless rice-crayfish co-
culture systems by comparing the bacterial communities of
conventional and ditchless rice-crayfish co-culture systems. The
sequencing results showed that the environmental bacterial
composition of the different systems was significantly different.
Sediment bacteria from ditchless systems acquire less functional
annotations related to ammonia nitrogen production. Relative
abundance of pathogenic bacteria in the intestine of crayfish in
ditchless systems is lower than in ditched systems. Water depth
and dissolved oxygen are the main environmental factors that
determine the distribution of microbiota.

Our sequencing results indicate that the two culture systems
differ in the percentage of environmental bacteria at the
phylum level. The alpha diversity of the bacterial community
in the sediment was higher, compared to the potentially
more fragile bacterial ecosystem in the water. This result is
common in natural waters (Liao et al., 2020). In this study, the
Actinobacteria was highly abundant in both water and sediment.
This result is different from the results of some studies in which
Proteobacteria were dominant in water (Wang et al., 2021).
Water and sediment are in direct contact. Therefore, bacterial
communities in both media may be more closely related in
shallow water systems.

For cultured water, Cyanobacteria is also the dominant
phylum, but it varies considerably in different systems.
As this
may be caused by the different light intensities received
at different water depths (Haselkorn, 2009). Stronger light
may also be responsible for higher dissolved oxygen in a

photosynthetic autotrophic bacteria, difference

ditchless environment (Andersen et al., 2017). In addition,
dissolved oxygen usually shows a monotonic decrease along
water depth. Polynucleobacter asymbioticus is the most
diverse species-level bacteria in water. Polynucleobacter
asymbioticus is widely distributed and is a prokaryotic prey
for algal predation (Boenigk et al., 2004). Studies have shown
that Polynucleobacter asymbioticus has different ecological
adaptations and environmental preferences (Jezbera et al,
2011). The
asymbioticus in the two culture systems may laterally reflect

comparable abundance of Polynucleobacter

the environmental differences. In addition, the abundance of
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FIGURE 3
Bacterial community structures of the water and the sediment samples in the ditched and the ditchless systems. (A) Sunburst plots of the most
abundant phyla. (B) The 15 most abundant OTUs. All data are expressed as the mean =+ s.d. The difference test was completed by the Wilcoxon
rank sum test.

Polynucleobacter asymbioticus was higher in the trenchless
environment. This provides a more stable material basis for
the energy flow of the ecological chain. Aurantimicrobium and
Rhodoluna were shown to grow photoresponsive. This may
account for the different abundance in different culture systems
(Hempel et al., 2021).

For the bacterial community in the sediment, differences
in the abundance of Actinobacteriota also reflect trends in
the expression of Actinobacteriota in water. It has been
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reported that Actinobacteriota are sensitive to environmental
conditions suitable for Cyanobacteria growth. This explains
to some extent the unique bacterial community characteristics
among different systems (Ghai et al., 2014). The large number
of bacterial communities with unique metabolic functions
in sediments is one of the main sources of ammonia
nitrogen in aquaculture water environments (Zhu et al,
2019). Low relative abundance of different bacteria such as
Marmoricola, Steroidobacteraceae, and Nocardioides in the
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FIGURE 6

Redundancy analysis (RDA) of the relationship between bacterial and environmental factors in water (A), sediment (B) and intestinal (C) samples
for phylum levels and potentially pathogenic bacteria. Depth, AN and DO indicate water depth, total ammonia nitrogen and dissolved oxygen,
respectively. Red and blue arrows represent environmental variables and bacteria respectively.

sediment. However, bacterial communities in the ditchless
sediments were less annotated for ammonia production and
more annotated for ammonia consumption. Field tests also
observed that ammonia nitrogen was significantly lower in
the ditchless system than in the ditched system. Ammonia
nitrogen is one of the major limiting factors for growth,
survival and physiology in crustacean aquaculture. Excess
ammonia nitrogen in the water and sediment can damage
the aquatic ecosystem and induce disease (Chang et al,
2015). In addition, ammonia nitrogen causes a decrease in
lymphocytes and phagocytes and suppression of immune
responses in aquatic organisms. This may increase the risk
of infection with pathogenic bacteria (Cheng and Chen,
2002). For benthic crayfish, ditchless culture environment that
produces less ammonia nitrogen may be more conducive
to maintaining the health of the organism and the balance
of microecology.
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In addition to the environmental microbiota, we also
found some differences in the abundance of intestinal bacteria
in different culture systems by analyzing the sequencing
results. Except for ZOR0006, which was not mapped to any
species, Candidatus Bacilloplasma showed high richness and
comparability. Although studies have claimed that Candidatus
Bacilloplasma is enriched in the intestine of crayfish with white
feces syndrome, it has not been proven pathogenic (Hou et al,,
2018). On the contrary, Candidatus Bacilloplasma, one of the
only dominant genera in the crayfish intestine, is associated
with crayfish physiological health (Huang et al., 2018). Higher
abundance of potential pathogens in the intestinal contents
of the ditched system explains the higher morbidity and
mortality. Low dissolved oxygen in ditch systems may affect
crayfish immune response and promote colonization of the
intestine by potentially pathogenic bacteria (Le Moullac et al,,
1998). Thus, compared to ditched systems, ditchless systems
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without digging ditches improve crayfish intestinal bacterial
structure and facilitate crayfish survival. A close correlation
between crayfish diseases and environmental microbiota has
been observed (Xiong et al., 2014). Water quality degradation
may have indirectly changed the crayfish intestine microbiota
by altering the environmental bacterial community. However,
the intestine microbiota should be more similar to the sediment
bacterial community because pathogens in the environment
can enter the intestine via the oral route (Soonthornchai
et al, 2010; Xiong et al, 2017). However, the results of the
present study were contrary to the speculation. A shorter
breeding time may be a reasonable explanation for this
anomaly. Since rice crayfish culture is concentrated in 3 months,
sediments may not accumulate sufficiently. This leads to
a greater impact of the culture water on the intestinal
contents (Cornejo-Granados et al.,, 2017). As the main place
for bacteria to live in the body, the intestine can form an
effective barrier to isolate bacteria (Nakashima et al., 2018).
However, key bacteria screened by the associated network were
annotated in water, sediment and intestinal contents in the
ditched system. This implies that the intestinal microbiota
of crayfish in the ditched system interacted more strongly
with the environmental microbiota than in the ditchless
system. Combined with previous research results (Feng et al.,
2021), crayfish cultured in ditched systems may be more
susceptible to environmental microbiota. In addition, their
intestinal structure may be more fragile and thus vulnerable to
pathogenic bacteria.

Overall, bacterial communities in the ditchless model
differed significantly from those in the traditional ditch model
due to anthropogenic environmental alterations. Water depth
and dissolved oxygen were the decisive environmental factors
affecting bacterial structure. Compared to the traditional
ditch model, the ditchless model showed microecological
advantages, which were mainly reflected in ammonia nitrogen
production and distribution of potentially pathogenic bacteria.
Therefore, ditchless rice-crayfish farming is a worthy choice for
environmentally friendly farming.
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