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A B S T R A C T

Pond microbiota play a crucial role in maintaining water quality and the health of aquaculture species. This 
study aimed to explore the relationship between pond water and sediment microbiota (especially potential 
pathogens) and physicochemical parameters under different aquaculture conditions. Samples of pond water and 
sediment were collected from 21 monitoring sites across eastern, western, and northern Guangdong, and the 
Pearl River Delta in November 2021, March 2022, and July 2022. Microbial structures were analyzed using high- 
throughput sequencing of the 16S rRNA gene. The results indicated that sediment microbiota distribution was 
more uniform than that of water microbiota. Additionally, sampling time significantly influenced the uniformity 
of water microbiota distribution more than that sediment microbiota. Factors such as aquaculture species, cul
ture pattern, NH4

+-N, longitude, latitude, total nitrogen (TN), NO3
− -N, NO2

− -N, and total phosphorus (TP) were 
significantly correlated with water microbiota structure, and TN, TP, and organic carbon were significantly 
correlated with sediment microbiota structure. Furthermore, an increase in the NH4

+-N concentration in the pond 
water significantly increased the variety of pathogenic bacteria. Higher nitrogen levels also increased the relative 
abundance of Mycobacterium in pond water, whereas the culture pattern (freshwater, seawater, brackish, modern 
captive culture, freshwater factory container aquaculture, or seawater factory culture) and species significantly 
influenced the relative abundances of Vibrio, Tenacibaculum, Pseudoalteromonas, and Francisella. Additionally, the 
relative abundance of pathogenic bacteria in the sediment microbiota was significantly higher than that in the 
water microbiota. Our results suggest that the culture patterns, species, and nitrogen concentrations should be 
considered when preventing pathogenic bacteria growth in aquaculture waters.

1. Introduction

In 2020, fishery and aquaculture production reached 214 million 
tons, and aquatic foods constituted approximately 17 % of global animal 
protein (FAO, 2022). As fishery resources continue to decline owing to 
overfishing, pollution, and other factors and intensive aquaculture 
technology is being promoted, aquaculture has become an important 
method for producing aquatic products. Although intensive aquaculture 
technology has driven the rapid development, especially in Asia and 
mainland China, its high density and feed characteristics result in sig
nificant amounts of undigested feed entering aquaculture water, 

resulting in high nitrogen and phosphorus contents (Li et al., 2023). 
Untreated effluents from aquaculture, industrial wastewater, and 
sewage damages the ecology of culture areas, causing pathogenic mi
croorganisms to proliferate and spread quickly (Zhou et al., 2009). 
Therefore, a systematic assessment of the compositions of pollutants and 
microbiota in aquaculture wastewater is important for assessing their 
impact on the surrounding aquatic environment and formulating 
reasonable treatment plans.

Microorganisms play a crucial role in the transformation and cycling 
of most of the biologically active elements in aquaculture ecosystems 
(Newton et al., 2011; Robles-Porchas et al., 2020; Zhao et al., 2023). 
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This key position does not only originate from the role of bacteria as the 
principal degraders and mineralizers of organic compounds to their 
inorganic constituents, but also from their biomass production and 
trophic coupling to eukaryotic predators, which, by supporting the food 
web, profoundly impact elemental fluxes and water quality in an 
ecosystem (Newton et al., 2011). Liang et al. (2015) reported that sup
plementation with Bacillus licheniformis BSK-4 significantly decreased 
the levels of NO3

− -N, NO2
− -N, and total nitrogen (TN) and altered the 

microbiota in grass carp culture water. Zhang et al. (2022a) studied a 
novel Bacillus species capable of simultaneous heterotrophic nitrifica
tion and aerobic denitrification from aquaculture pond sediments and 
shrimp guts and demonstrated that Bacillus amyloliquefaciens effectively 
removed NO2

− -N and NH4
+-N in recirculating aquaculture water. Our 

previous study demonstrated that the aerobic denitrifying Pseudomonas 
furukawaii ZS1 isolated from a grass carp culture pond could effectively 
remove nitrogen (Zhu et al., 2020) and regularly regulate the water 
microbiota structure in grass carp culture ponds (Gong et al., 2021).

Additionally, microbiota in aquaculture systems play a crucial role in 
the health and growth of aquaculture organisms (Zhang et al., 2022b; 
Lorgen-Ritchie et al., 2023). Previous studies have shown that low mi
crobial diversity may increased risk of invasion by disease-causing 
species, which in turn adversely affects aquaculture (De Schryver and 
Vadstein, 2014). Murphy et al. (2022) reported that aquaculture pro
duction of Hawaiian bobtail squid (Euprymna scolopes) hatchlings is 
negatively affected by low environmental microbiome diversity. Lian 
et al. (2023) reported that many opportunistic pathogens could be 
detected in the microbiota in the water of grass carp aquaculture ponds.

Considering the important role of microbiota in nutrient cycling and 
health of aquaculture organisms, exploring factors influencing micro
biota structure in aquaculture and mechanisms for maintaining diversity 
has important theoretical and practical value (Tarnecki and Guttman, 
2023). Microbiota in aquaculture water is easily influenced by aqua
culture pattern and water treatment methods, while the sediment 
microbiota is more affected by regional limitations and seasons factors. 

We hypothesize that aquaculture pattern and water treatment methods 
primarily influence water microbiota, while sediment microbial com
munity show regional differences. Furthermore, compositional changes 
in the microbiota would affect the relative abundance of pathogenic 
bacteria. To verify these hypothesis, we collected water and sediment 
samples from aquaculture pond systems in different regions of Guang
dong Province, China, and used high-throughput sequencing technology 
to analyze the microbial community structures, combining the sampling 
season, region, and aquaculture methods to analyze the changes in and 
factors influencing the water and sediment microbiota structure in the 
system.

2. Results

2.1. Variations in physicochemical characteristics of water and sediment 
in aquaculture ponds

The physicochemical characteristics of the pond water exhibited 
significant regional differences in July, whereas only a few character
istics exhibited significant regional differences in March and November 
(P < 0.05; Fig. 1). In July, the COD concentration of the pond water in 
the eastern Guangdong region was significantly higher than those in the 
Pearl River Delta and western Guangdong regions (P < 0.05; Fig. 1A). 
Similarly, the TN concentration in the pond water in the eastern 
Guangdong region was significantly higher than those in the other three 
regions (P < 0.05; Fig. 1B). NO3

− -N and NO2
− -N concentrations were 

significantly higher in eastern Guangdong and the Pearl River Delta than 
in western and northern Guangdong (P < 0.05; Fig. 1C and 1D). The 
NH4

+-N concentration in the pond water in northern Guangdong was 
significantly lower than those in the other three regions (P < 0.05; 
Fig. 1E). In contrast, TP concentration in pond water in the Pearl River 
Delta was significantly higher than that in the northern Guangdong re
gion (P < 0.05; Fig. 1F).

In March, the COD, TN, NO2
− -N, and TP concentrations of pond water 

Fig. 1. Differences in water physicochemical indicators of aquaculture ponds in different seasons and regions.
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in the Pearl River Delta were significantly higher than those in the 
western Guangdong region (P < 0.05; Fig. 1A and 1B). Seasonal com
parisons revealed that in western Guangdong, COD concentrations in 
July were significantly higher than in March and November (P < 0.05; 
Fig. S2A), while NO2

− -N concentration in November was significantly 
higher than those in March and July in northern Guangdong (P < 0.05; 
Fig. S2D). Similarly, NH4

+-N concentration in July were significantly 
lower than those in March and November in both the Pearl River Delta 
and western Guangdong regions (P < 0.05; Fig. S2E).

In pond sediments, OC, TN, and TP concentrations in eastern 
Guangdong were significantly higher in November compared to March 
and July, while the highest values for these parameters were recorded in 
northern Guangdong and the Pearl River Delta in July (Fig. S3A-C). In 
saltwater aquaculture systems, the concentrations of OC, TN, and TP in 
sediments were the highest in November, while in freshwater systems, 
they were highest in July (Fig. S3D-F).

2.2. Geographical differences in water and sediment microbiota structures 
in aquaculture ponds

A total of 7174,281 high-quality 16S rRNA gene (V4–V5 region) 
were obtained from 175 samples (103 water and 72 sediment samples). 
Based on a 97 % sequence similarity threshold, 367,438 operational 
taxonomic units (OTUs) were identified, of which 253,730 were sin
gletons. The rank–abundance curve indicated that the sediment micro
biota were more evenly distributed than the water microbiota, and that 
sampling time had a greater impact on the distribution of the water 
microbiota compared to sediment microbiota (Fig. 2A). The α-diversity 
indices (OTU richness, Chao1, and Shannon) were significantly higher 
for sediment microbiota than for water microbiota (p < 0.01; Fig. 2B–D), 
resulting in a lower Good’s coverage for sediment samples (Fig. 2E). 
Principal coordinates analysis (PCoA) revealed substantial composi
tional differences between water and sediment microbiota, with water 
microbiota showing greater variability over time (Fig. 2F).

Microbiota sequences were classified into 78 phyla (3 archaea, 75 
bacterial), with dominant groups including Crenarchaeota, Eur
yarchaeota, Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, 
Firmicutes, and Proteobacteria (Fig. 2G). Although the relative abun
dances of these phyla remained relatively stable over time, significantly 
differences were observed between water and sediment microbiota (p <
0.05; Fig. S4). Heatmap analysis of 109 dominant genera showed clear 
separation between water and sediment microbiota, with significant 
differences detected at all sampling time points (Fig. S5 and S7). Linear 
discriminant analysis effect size (LEfSe) further supported that most 
differences were attributed to water and sediment microbiota, rather 
than temporal variation (Fig. S6).

Distance-based redundancy analysis (db-RDA) indicated that water 
microbiota structure was significantly influenced by aquaculture spe
cies, culture pattern (freshwater, seawater, brackish, modern captive 
culture, freshwater factory container aquaculture, or seawater factory 
culture), NH4

+-N, longitude, latitude, TN, NO3
− -N, NO2

− -N, and TP (p <
0.05; Fig. 3A), while sediment microbiota were primarily affected by 
TN, TP, and organic carbon (OC) (p < 0.001; Fig. 3B). Spearman cor
relation analysis showed that the relative abundances of key genera (e. 
g., Synechococcus, Polynucleobacter, Mycobacterium) were significantly 
correlated with nitrogen and phosphorus levels in the pond water (p <
0.05; Fig. 3C). In sediment, genera such as Thiobacillus, Gallionella, and 
Crenothrix showed significant correlations with OC, TN, and TP con
centrations (p < 0.05; Fig. 3D).

2.3. Correlation between geographical distance and microbiota 
dissimilarity

The linear regression models for water microbiota dissimilarity 
shown positive slopes (p < 0.001), suggesting that as geographical dis
tance increases, microbiota composition becomes more dissimilar 

(Fig. 4A–C). Similarly, sediment microbiota dissimilarity also exhibited 
positive correlations with geographical distance (p < 0.001; Fig. 4D–F). 
However, the limited strength of the correlation between distance and 
microbiota composition highlights the need for a more comprehensive 
set of variables to explain the observed dissimilarities.

2.4. Temporal variation in pathogenic bacterial communities

A total of 65 pathogenic genera were identified from the aquaculture 
bacterial pathogen database described by Lo et al. (2023) (Table S2). 
The most abundant pathogenic genera included Clostridium, Acineto
bacter, and Flavobacterium (Fig. S8A). Temporal analysis revealed that in 
November and July, the relative abundance of pathogenic bacteria in 
sediment was significantly higher than in water (p < 0.01; Fig. S8B-D). 
In July, the relative abundance of pathogenic bacteria in water was 
significantly lower compared to March and November (p < 0.01), 
showing a downward trend over time (Fig. S8E). In sediment, the 
abundance of pathogenic bacteria in July was significantly lower than in 
March (p < 0.05) but not significantly different from November 
(Fig. S8F).

The db-RDA results showed that aquaculture species, culture pattern 
(freshwater, seawater, brackish, modern captive culture, freshwater 
factory container aquaculture, or seawater factory culture), and site 
geography (longitude, latitude) significantly influenced water and 
sediment pathogenic (p < 0.05; Fig. 5A and B). Among physicochemical 
parameters, NO3– N concentration was significantly correlated with 
water pathogenic bacteria (p < 0.05; Fig. 5A). In water, Citrobacter and 
Klebsiella were positively correlated with sampling time (p < 0.05), 
while Stenotrophomonas was negatively correlated (p < 0.05). Culture 
patterns were positively correlated with pathogenic genera such as 
Francisella, Pseudoalteromonas, Tenacibaculum, and Vibrio, while nega
tively correlated with Edwardsiella (p < 0.05). Nitrogen compounds (TN, 
NO₃⁻-N, NH₄⁺-N, and NO₂⁻-N) were positively correlated with Mycobac
terium, and NO₃⁻-N was negatively correlated with Vibrio (p < 0.05; 
Fig. 5C). In sediment, genera such as Acinetobacter, Clostridium, Delftia, 
and Stenotrophomonas were significantly negatively correlated with 
sampling time, while only Myxococcus was positively correlated with 
culture patterns (p < 0.05; Fig. 5D). Nitrogen and phosphorus concen
trations were significantly correlated with pathogenic genera such as 
Aeromonas, Serratia, and Vibrio, showing negative correlations with TN 
and TP (p < 0.05). These findings indicate that elevated NH₄⁺-N levels in 
pond water significantly increased the diversity of pathogenic bacteria, 
while nitrogen levels positively correlated with the abundance of 
Mycobacterium. Culture patterns and species also influenced the relative 
abundance of key pathogens, including Vibrio, Tenacibaculum, Pseu
doalteromonas, and Francisella. Furthermore, culture pattern mainly 
caused the relative abundance differences of Tenacibaculum, Aeromonas, 
Microbacterium, Eubacterium, Plesiomonas, Flavobacterium, Pseudoalter
omonas, and Francisella in water microbiota, and Myxococcus in sedi
ment microbiota (Fig. S9). Moreover, culture species mainly caused the 
relative abundance differences of Plesiomonas, Flavobacterium, and 
Mycobacterium in water microbiota, and Mycoplasma, Acinetobacter, and 
Enterobacter in sediment microbiota (Fig. S9).

Co-occurrence networks based on the spearman correlation coeffi
cient of genera indicated that the water microbiota exhibited the highest 
co-occurrence in March, the lowest co-occurrence in July, and that the 
average clustering coefficient increased from November to July 
(Fig. 6A–C). The sediment microbiota exhibited the highest co- 
occurrence in November, whereas they exhibited the lowest co- 
occurrence in July, and the average clustering coefficient increased 
from November to July (Fig. 6D–F). Although only three pathogenic 
genera showed significant co-occurrence with other genera in the water 
microbiota in July, more pathogenic genera showed significant co- 
occurrence with other genera in the sediment microbiota (Fig. 6C and 
6F).
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Fig. 2. Water and sediment microbiota structures in aquaculture pond systems. (A) Rank–abundance curve; (B) OTU richness; (C) Chao1 index; (D) Shannon index; 
(E) Good’s coverage; (F) PCoA based on weighted UniFrac distances of water and sediment microbiota; (G) dominant phyla of water and sediment microbiota. ** P <
0.01; *** P < 0.001.
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Fig. 3. Correlations between physicochemical indicators and microbiota in aquaculture water and sediments. (A) Distance-based redundancy analysis (db-RDA) 
profile indicating correlations between water physicochemical characteristics and microbiota in aquaculture pond systems; (B) db-RDA profile indicating correlations 
between sediment physicochemical characteristics and microbiota in aquaculture pond systems; (C) correlations between water physicochemical characteristics and 
top 50 microbial OTUs in aquaculture pond systems; (D) correlations between sediment physicochemical characteristics and top 50 microbial OTUs in aquaculture 
pond systems. * p < 0.05; ** p < 0.01; *** p < 0.001.
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3. Discussion

Microbes communities play a key role in aquaculture systems by 
influencing water quality, animal health, and disease dynamics (Perry 
et al., 2020). Our results confirm that microbial diversity, particularly in 
sediments, is crucial for the stability of pond ecosystems. High microbial 
diversity is known to confer resilience to ecological disturbances and 
reduce the risk of pathogenic invasions (De Schryver and Vadstein, 
2014). The higher diversity in sediments may contribute to the resilience 
of these systems, buffering against pathogen invasions and environ
mental disturbances. In contrast, water microbiota exhibited lower di
versity, which could make water more vulnerable to opportunistic 
pathogens (Liu et al., 2020). . Our results indicated that the culture 
pattern and species significantly influenced the relative abundances of 
pathogenic genera such as Vibrio, Tenacibaculum, Pseudoalteromonas, 
and Francisella in pond water. Intensive aquaculture systems, with their 
nutrient inputs, often lead to stress in organisms and may promote 
pathogen proliferation (Tarnecki and Guttman, 2023). Our findings 
highlight that high microbial diversity in aquaculture systems is essen
tial for disease prevention and ecosystem stability, reinforcing the idea 
that biodiversity contributes to ecosystem health.

Similar to open water systems, aquaculture ponds are subject to 
fluctuating environmental parameters, but their but their small size and 
limited water exchange result in rapid shifts in physicochemical and 
biotic conditions. These fluctuations can significantly influence the 
composition of microbial communities, especially when compared to 
more stable open water environments (Lorgen-Ritchie et al., 2023). Our 
study demonstrated that geographic distance was positively correlated 
with microbiota dissimilarity in both water and sediment samples, 
supporting the hypothesis of a distance-decay relationships in microbial 
biogeography (Huang et al., 2016). However, the correlation was 
weaker for water microbiota, suggesting that local environmental fac
tors such as aquaculture practices and nutrient concentrations may play 
a more significant role than spatial distance alone in shaping water 
microbiota. The relative isolation of pond environments, often coupled 
with limited water exchange, could exacerbate this pattern by creating 
localized microbial communities. During the summer months, where 
sedimentary microbial communities have shown stronger spatial struc
turing due to the more stable nature of sediment environments (Sriyasak 

et al., 2015; Dien et al., 2019). Seasonal shifts in microbial communities 
and pathogen abundance were evident in both water and sediment 
microbiota. Temperature, nutrient levels, and other physicochemical 
factors likely contribute to these temporal dynamics (Resende et al., 
2015). These seasonal patterns in microbial interactions suggest that 
microbial networks become more fragmented in the warmer months, 
potentially reducing the ability of the microbiome to suppress pathogens 
during this period. This is particularly concerning in the summer, when 
environmental factors such as high temperatures and eutrophication 
may further exacerbate the risk of disease outbreaks (Dien et al., 2019).

Bacillus species are commonly used as probiotics in aquaculture to 
control nitrogenous pollutants (Hlordzi et al., 2020; Ren et al., 2021). 
However, we observed a very low relative abundance of Bacillus in the 
pond water and sediment microbiota. Diseases in cultured animals cause 
serious losses in aquaculture and mariculture (Zhang et al., 2022a). This 
finding points to the need for a more integrated approach to microbial 
management in aquaculture, where probiotic use is combined with 
broader practices such as controlling nutrient inputs, monitoring water 
chemistry, and optimizing pond design to promote the growth of 
beneficial microbes. An ecosystem-based approach that takes into ac
count the complex interactions between the microbiome, environmental 
factors, and host organisms is essential for ensuring the sustainability of 
aquaculture practices (Lorgen-Ritchie et al., 2023).

According to incomplete statistics in China, the culture area with 
medium disease prevalence accounted for 15–20 % of the total culture 
area, with a loss of over 1 million tons a year (Zhou et al., 2009). 
Clols-Fuentes et al. (2023) investigated water bacterial communities at 
three locations within recirculating aquaculture systems for African 
catfish (Claria gariepinus) at different stocking densities and detected 
potentially pathogenic genera with their total abundance increasing 
with fish biomass. The monitoring and screening of pathogens in culture 
water are considered important ways to prevent the occurrence of 
aquaculture diseases (Lo et al., 2023). Another approach is to analyze 
and control the factors that affect pathogenic bacteria. Our results sug
gest that culture practices such as stocking density and water exchange 
frequency might play a key role in influencing the abundance of these 
pathogenic genera and most pathogenic genera were detected in the 
pond water and sediment microbiota, with sediment showing higher 
relative abundances of pathogenic bacteria. The increase in the NH4

+-N 

Fig. 4. Correlation between geographical distance and Bray–Curtis dissimilarity. (A), (B), and (C) Water microbiota. (D), (E), and (F) Sediment microbiota. The light- 
purple background represents the 95 % confidence interval.
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concentration in the pond water significantly increased the variety of 
pathogenic bacteria. Vibrio plays an important role in the metabolism of 
nitrogen, carbon, and sulfur in aquaculture environments, and Vibrio 
and Pseudoalteromonas have been proven to be closely associated with 
seawater eutrophication (Liu et al., 2024). However, sediment patho
gens were most affected by sampling time. Resende et al. (2015) also 
reported significant seasonal changes in the abundances of several 
pathogenic bacteria in Nile tilapia aquaculture systems. These results 
suggest that the importance of culture practices such as aquaculture 
pattern, species selection, and nutrient management in pond water, 
should be considered when preventing the growth of pathogenic 

bacteria in aquaculture water.
As aquaculture continues to expand, it would be beneficial to employ 

an ecosystem-based approach when designing and optimizing aquacul
ture systems to integrate interactions between the physical environ
ment, host, and microbiome in order to promote the establishment of 
desirable microbiomes for productivity and host health (Lorgen-Ritchie 
et al., 2023). This suggests that aquaculture managers should consider 
adjusting farming practices (e.g., water exchange rate, stocking density, 
and feeding practices) to optimize microbiome health and prevent 
pathogen proliferation. Several studies have highlighted that integrated 
approaches, combining probiotic use with the optimization of water 

Fig. 5. Correlations between pathogenic bacteria and environmental factors in pond water and sediment. (A) db-RDA profile indicating correlations between water 
physicochemical characteristics and pathogenic bacteria in aquaculture pond systems; (B) db-RDA profile indicating correlations between sediment physicochemical 
characteristics and pathogenic bacteria in aquaculture pond systems; (C) correlations between water physicochemical characteristics and pathogenic bacteria in 
aquaculture pond systems; (D) correlations between sediment physicochemical characteristics and pathogenic bacteria in aquaculture pond systems. * p < 0.05; ** p 
< 0.01; *** p < 0.001.
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management strategies, significantly improve the microbiome stability 
in aquaculture environments (Hlordzi et al., 2020; Li et al., 2023).

In low-diversity microbial environments with an input of organic 
material, fast-growing opportunistic R-strategists, which are markers of 
instability, can outcompete slow-growing K-strategists, which are 
markers of stability. However, if the water retention time in the system is 
short, opportunists are less able to replicate, and the stability of the 
system is more likely to be maintained (Attramadal et al., 2012; Vadstein 
et al., 2018). A key end goal of system optimization in aquaculture is to 
define environmental parameters that are conducive to desirable 
microbiomes in terms of sustainability and productivity, and to monitor 
and control these parameters in order to ensure optimal performance. 
However, owing to the wide range of aquaculture system types (cate
gorized as flow-through, open, or recirculating) and their associated 
temporal dynamics, adopting a flexible, adaptive management strategy 
that accounts for specific system needs and farming conditions is 
essential (Lorgen-Ritchie et al., 2023). Instead, aquaculture managers 
must adopt flexible, adaptive management strategies that consider the 
specific needs and conditions of each system. These strategies could 
include regular microbiome monitoring, nutrient management to con
trol eutrophication, and the use of beneficial microbial consortia that 
enhance system stability and productivity.

4. Materials and methods

4.1. Study area and sample collection

Pond water and sediment samples were collected from 21 monitoring 
sites in eastern, western, and northern Guangdong and the Pearl River 
Delta in November 2021, March 2022, and July 2022 (Fig. S1 and 
Table S1). The main aquaculture pattrerns in the investigated area are: 
freshwater pond, seawater pond, seawater intensive aquaculture, 

freshwater factory aquaculture, and higher-place pond aquaculture. The 
high level pond is usually a cement pond or an earth pond with mulch. 
Compared with the common pond, the higher-place ponds has a perfect 
inlet and drainage system, and its bottom level is higher.

Approximately 500-mL water sample was collected using the five- 
point sampling method from 0.5 m below the water’s surface at each 
pond using an organic glass water sampler. The water samples were then 
stored in ice bags and transported to the laboratory, where their phys
icochemical characteristics were measured within 24 h To analyze the 
microbiota composition, microorganisms were collected by filtering 
approximately 500 mL of water through a polycarbonate membrane 
with an aperture of 0.22 μm (47-mm diameter, Whatman, Maidstone, 
UK). All filter membranes were stored at − 80 ◦C until DNA extraction. 
Sediment samples were collected using the five-point sampling method 
from 0 to 5 cm using a cylindrical sampler and transported to the lab
oratory in ice bags and stored at − 20 ◦C. In the laboratory, each sample 
was divided into two sub-samples, one for physicochemical analysis and 
the other kept at − 80 ◦C for microbiota composition analysis.

4.2. Determination of physicochemical characteristics

The chemical oxygen demand (COD), TN, total phosphorus (TP), 
NH4

+-N, NO2
− -N, NO3

− -N, and PO4
3− -P of the water were determined ac

cording to our previously described methods (Li et al., 2023). The 
sediment organic carbon (OC), TN, and TP were determined according 
to methods described by Lu et al. (2023).

4.3. Analysis of microbiota structure

Approximately 500 mL of water was filtered through a glass fiber 
filter with an aperture of 0.22 μm (Whatman, Metstone, UK) to separate 
the microbiota. The filters were cut into small pieces (Ni et al., 2010) 

Fig. 6. Co-occurrence networks based on the Spearman correlation coefficient of water and sediment genera showing the co-occurrence at different sampling times. 
(A) Water genera in November; (B) water genera in March; (C) water genera in July; (D) sediment genera in November; (E) sediment genera in March; (F) water 
genera in July. AD, average density; ACC, average clustering coefficient. Pink and blue edges indicate significant positive (Spearman correlation coefficient > 0.7 and 
P < 0.05) and significant negative (Spearman correlation coefficient < − 0.7 and P < 0.05) correlations, respectively. The green nodes indicate the pathogenic genera.
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and microbial DNA was extracted using the FastDNA Spin kit for soil 
(MP Biomedicals, Solon, OH, USA). The sediment microbial DNA was 
extracted from approximately 0.3 g of sediment using the same kit. DNA 
concentration and purity were evaluated using a Nanodrop 2000 spec
trophotometer (Thermo Scientific, USA) and DNA integrity was evalu
ated using 1 % agarose gels.

The V4–V5 hypervariable region of the 16S rRNA gene was amplified 
using the universal primer pair 515F and 907R (Cai et al., 2016; Huang 
et al., 2021) with a 12-nucleotide sample-specific barcode included at 
the 5′-end of the 515F sequence to allow the samples to be distinguished 
(Fu et al., 2023). Polymerase chain reactions (PCRs) and sequencing 
were conducted at Guangdong Meilikang Bio-Science Ltd. (Foshan, 
Guangdong, China) as previously described (Xiang et al., 2018).

Raw sequence data were merged using FLASH 1.2.8 (Magoc and 
Salzberg, 2011) and processed using QIIME 1.9.0 (Caporaso et al., 
2010), as previously described (Ni et al., 2017; Xiang et al., 2018). To 
detect the changes in conditional pathogenic bacteria in water and 
sediment microbiota during the culture process, we acquired the path
ogenic genera from the database described by Lo et al. (2023), 
confirmed the genera according to Irshath et al. (2023), and then 
analyzed the changes in the relative abundances of these genera.

4.4. Data analysis

Data are presented as means ± standard error (SE) for each group. 
PCoA was performed using QIIME 1.9.0. A non-parametric multivariate 
analysis of variance (PERMANOVA) (Anderson, 2001) was conducted 
using the R vegan package (Dixon, 2003). Results with P < 0.05 were 
considered as statistically significant.

5. Conclusions

Although the microbiota were significantly affected by physical and 
chemical parameters, the relative abundance of pathogenic bacteria in 
the pond water microbiota was mainly affected by aquaculture pattern 
and species. Overall, the relative abundances of pathogenic bacteria in 
the sediment were higher than those in the water. In the pond water, an 
increase in the NH4

+-N concentration of the pond increased the variety of 
pathogenic bacteria, an increase in nitrogen significantly increased the 
relative abundance of Mycobacterium, and the culture pattern and spe
cies significantly affected the relative abundances of Vibrio, Tenacibac
ulum, Pseudoalteromonas, and Francisella. However, sediment pathogens 
were most strongly affected by sampling time. These results suggest that 
the culture pattern, culture species, and nitrogen concentration should 
be considered fully when preventing the growth of pathogenic bacteria 
in aquaculture water.
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