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Sediment nitrogen and sulfur cycles are essential biogeochemical processes that regulate 
the microbial communities of environmental ecosystems, which have closely linked to 
environment ecological health. However, their functional couplings in anthropogenic 
aquaculture sedimentary ecosystems remain poorly understood. Here, we explored the 
sediment functional genes in shrimp culture pond ecosystems (SCPEs) at different culture 
stages using the GeoChip gene array approach with 16S amplicon sequencing. Dissimilarity 
analysis showed that the compositions of both functional genes and bacterial communities 
differed at different phases of shrimp culture with the appearance of temporal distance 
decay (p < 0.05). During shrimp culture, the abundances of nitrite and sulfite reduction 
functional genes decreased (p < 0.05), while those of nitrate and sulfate reduction genes 
were enriched (p < 0.05) in sediments, implying the enrichment of nitrites and sulfites from 
microbial metabolism. Meanwhile, nitrogen and sulfur reduction genes were found to 
be linked with carbon degradation and phosphorous metabolism (p < 0.05). The influence 
pathways of nutrients were demonstrated by structural equation modeling through 
environmental factors and the bacterial community on the nitrogen and sulfur reduction 
functions, indicating that the bacterial community response to environmental factors was 
facilitated by nutrients, and led to the shifts of functional genes (p < 0.05). These results 
indicate that sediment nitrogen and sulfur reduction functions in SCPEs were coupled, 
which are interconnected with the SCPEs bacterial community. Our findings will be helpful 
for understanding biogeochemical cycles in anthropogenic aquaculture ecosystems and 
promoting sustainable management of sediment environments through the framework of 
an ecological perspective.
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INTRODUCTION

Biogeochemical cycles play irreplaceable roles in global ecosystem 
sustainability. The cycles are also strongly linked to environmental 
pollution (Nriagu and Coker, 1983; Kondratyev et  al., 2004; 
Kuypers et  al., 2018). For example, nitrogen and sulfur cycles 
are important biogeochemical processes in global ecosystems 
(Canfield and Farquhar, 2012; Kuypers et  al., 2018). As 
environmental pollutants, nitrite and sulfite are formed from 
nitrogen dioxide and sulfur dioxide, respectively, compounds 
that are toxic to animal health (Akanji et  al., 1993; Xu et  al., 
2021). Nitrite can be  generated by the metabolism of amino 
acids from microbes (Neis et  al., 2015), and sulfite is generated 
by the metabolism of methionine and cysteine, and from sulfates 
in response to bacterial lipopolysaccharides (Kabil et  al., 2014). 
Both sediment nitrogen and sulfur compounds can be the causes 
of acidification of the aquatic and soil environments (Nriagu 
and Coker, 1983; Doney et  al., 2007; Kissel et  al., 2020). At 
the cellular level, those processes are generally coupled with 
microbial metabolism such as degradation processes of organic 
matter by microbes (Kleindienst et al., 2014), while the relationships 
between nitrite and sulfite generation and the environmental 
microbial community need further investigation.

Biogeochemical function couplings and their interactions 
with the microbial community are important ecological topics 
(Gao et al., 2021; Ma et al., 2021). Researchers have demonstrated 
that the connections among species, as well as between species 
and their habitats, have been disrupted due to the current 
dramatic global environmental changes, with far-reaching 
consequences for the future trajectory and functioning of entire 
ecosystems (Tylianakis et al., 2008; Valiente-Banuet et al., 2015; 
Ochoa-Hueso et  al., 2021). The exploration of biogeochemical 
couplings and their interactions with biotic and abiotic factors 
is needed to understand the regeneration of sustainable 
ecosystems (Wubs et  al., 2016), as well as the future ecological 
intensification of agroecosystems (Toju et  al., 2018).

Since the aggravation human activities, the topic of 
ecosystem health has received increasing attention (Zhu et al., 
2019). It is critical to understand microbial identity, diversity, 
function, and the interactions between these factors and 
their relative impact on ecosystem functioning. From the 
perspectives of “One Health” and “Planet Health” (Zhu et al., 
2020), concerns have arisen about shifts of soil ecosystems 
as a result of human activities. From the basic perspective 
of cellular metabolism to ecosystem structure and nutrient 
cycling, elements are biologically coupled through their effects 
on the biochemical reactions that regulate primary production, 
respiration, and decomposition in global ecosystems and 
these effects are connected to environmental health (Yuan 
and Chen, 2015). Among the affected ecosystems, sediment 
biogeochemical cycles are the foundation of ecosystem 
functions, as they affect nutrient and energy flows that 
regulate productivity within both terrestrial and aquatic 
ecosystems (Wardle et  al., 2004). Diverse results regarding 
interactions between functional coupling and soil taxa have 
been observed. A low connectivity between soil functions 
and the microbial community has been reported from 

Mediterranean-type natural grassland soil (Gao et  al., 2021), 
while a strong relationship between functions and microbes 
has been observed in forest soils (Ma et al., 2021). In aquatic 
environments, reports have profiled the weak influence of 
the taxonomic composition within marine ecosystems (Louca 
et  al., 2016). Nevertheless, the ecological patterns of 
anthropogenic ecosystem functional couplings and their 
taxonomic interconnections are still unclear.

As one of the intensive agroecosystems, inland aquaculture 
ecosystems are influenced by human production activities that 
differ from natural ecosystems. According to the statistics 
recorded by the Fishery and Agriculture Organization (FAO), 
the reclamation of aquaculture ponds covered 1.27 million 
hectares, with the amount of aquaculture products being 
31,304,026 tons on the Chinese mainland in 2017 (FAO, 2017). 
Although the expansion of inland aquaculture has contributed 
to global food security and the sustainability of wild fishery 
ecosystems, scientific management is still required for dealing 
with the potential challenges from farming (Naylor et al., 2021). 
For instance, the shrimp culture pond ecosystem (SCPE) is 
an important part of the inland aquaculture ecosystems that 
are continuously fed with additive nutrients (fodder) during 
farming, and those nutrients that are not completely consumed 
by the cultured animals will settle into the sediments. The 
accumulated redundant nutrients affect the microbial community 
structure (Carrero-Colón et  al., 2006; Mello et  al., 2016; Hou 
et  al., 2018), and thus potentially alter the ecological functions 
of the sediment environment. These ecological shifts may 
challenge the health of both the environment and aquaculture 
species. For the environment, the shrimp aquaculture sediment 
promotes the production of bioavailable ammonium by 
dissimilatory nitrate reduction that can aggravate nitrogen 
loading in coastal wetlands (Gao et  al., 2019). For aquaculture 
species, shrimps are sensitive to the environment (Huang et al., 
2020), and the enrichment of hazardous substances, such as 
nitrite and sulfite, is thought to be the cause of shrimp diseases 
(Bonerba et  al., 2013; Hou et  al., 2017; Valencia-Castañeda 
et  al., 2018). Previous studies reported that the microbial 
community composition in SCPE sediments changed dramatically 
during shrimp culture (Zhou et  al., 2021), while the ecological 
functional dynamics and their relationship with the microbial 
drivers in shrimp culture sediment remain unknown.

Herein, we  report the results of an investigation of the 
functional genes and microbial community in sediments at 
different stages of shrimp culture. SCPE sediments are under 
long-term feed deposition during shrimp culture activities. Thus, 
abundant nutrients could be  the dominant factor governing the 
sediment ecosystem. In this study, we  hypothesized that (H1) 
sediment functional genes varied along with the shrimp culture 
at different culture stages and that (H2) sediment functional 
couplings connected with the microbial community. To verify 
these hypotheses, we  conducted functional gene detection using 
a micro-array approach, with microbial community exploration 
via 16S rRNA amplicon sequencing. The results of this study 
will improve our understanding of sediment functional gene 
dynamic patterns during aquaculture activities and will be helpful 
for the management of sediment environments.
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MATERIALS AND METHODS

Sampling and Measurement of 
Physicochemical Parameters
From June to August 2017, sediment samples were collected 
from four commercial shrimp (Penaeus vannamei) culture ponds 
in Zhuhai (113.22°E, 22.37°N), Guangdong, China. The ponds 
were approximately uniform in size (2,000 m2) with about 0.7 m 
of water depth. Shrimp larvae were introduced into the ponds. 
The length of shrimp averaged 0.8 cm and the stocking density 
was 100,000 shrimp for each pond in zero-water exchange 
culture with major protein-source feed every day. Sediment 
samples from surface sediment were collected in triplicate using 
a core sampler (Wei et  al., 2021), from the 2nd day after the 
shrimp larvae were introduced into the pond to the 58th day 
of culture, with an interval of approximately 8 days (designated 
as Day 02, Day 13, Day 21, Day 31, Day 42, Day 51, and 
Day 58). Sediments from each pond were pooled and placed 
into sealed sterile plastic bags in a cooler with ice for transport 
to the laboratory. Finally, a total of 27 samples were collected. 
The samples were homogenized and dried with a freeze dryer 
(LGS-50F, Beijing, China). The other sediments were stored 
at −80°C for DNA extraction.

The sediment pH value was measured by a pH meter (ZD-06, 
ZD instrument, China). Oxidation–reduction potential (ORP) 
was measured by an ORP meter (Sanxin-5,041, Shanghai San-Xin 
Instrumentation Inc., China). Total phosphate (TP) and total 
nitrogen (TN) were measured as described previously (Hou 
et al., 2021; Huang et al., 2021). Sediment ammonium nitrogen 
(NH4

+-N), nitrite nitrogen (NO2
−-N), and nitrate nitrogen 

(NO3
−-N) were measured by spectrophotometric methods using 

an auto discrete analyzer (Model CleverChem 380, DeChem-
Tech, Germany). Sediment total carbon (TC) and total organic 
carbon (TOC) were analyzed by a TOC analyzer (Aurora 
1,030 W, OI, United  States). The sediment physicochemical 
information at different shrimp culture stages is presented in 
Supplementary Table S1.

DNA Extraction and 16S rRNA Amplicon 
Sequencing
Genomic DNA in sediment samples was extracted with a Power 
Soil DNA Isolation Kit (QIAGEN, Hilden, Germany) according 
to the manufacturer’s protocol. The PCR products were equally 
combined and paired-end sequenced (2 × 300) by an Illumina 
MiSeq platform (Illumina, San Diego, United  States) from 
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). 
The universal primer pair of 338F and 806R (5′-ACTCCTACGG 
GAGGCAGCAG-3′ and 5′-GGACTACHVGGGTWTCTAAT-3′) 
was used to amplify the V3-V4 regions of the bacterial 16S 
rRNA gene.

Sequencing data from this study have been submitted to 
the NCBI BioProject under accession number PRJNA686005.

Bioinformatic Analysis
The 16S rRNA amplicon paired-end sequences were merged 
using FLASH (Magoc and Salzberg, 2011), and the merged 

sequences were processed with the Usearch pipeline (version 
11.0.667). In brief, the sequences with ambiguous bases were 
discarded if the expected error value was higher than 1.0 
(Edgar, 2010). Chimeric sequences were removed using the 
UCHIME algorithm (Edgar et  al., 2011). Sequences with a 
distance-based identity of 97% or greater were grouped into 
operational taxonomic units (OTUs) using the UPARSE-OTU 
algorithm (Edgar, 2013). The most abundant sequence from 
each OTU was selected as representative and then was 
taxonomically assigned against the Silva SSU database 132 
using the RDP Classifier algorithm (http://rdp.cme.msu.edu/) 
that enables each identified OTU to have a close relative.

Detection and Analysis by GeoChip
We used a comprehensive functional gene array (GeoChip 5.0) 
to analyze all samples, comprising a total of 57,603 gene variants 
from 373 functional gene families involved in C, N, S, and 
P cycling and six other functional categories, as well as 44 
classified functional subcategories.1 The detection of functional 
genes in shrimp culture pond sediment was performed by 
MAGIGENE (Guangzhou, Guangdong, China). The raw data 
were first normalized by Log10 conversion and then scaled 
by the average. These data represent relative abundances based 
on signal intensities that were normalized to the total intensities 
determined for the arrays for each sample (Morrison et  al., 
2016), and further analysis of sediment functional gene dynamics 
at different shrimp culture stages was conducted based on 
variation of gene relative abundances (He et  al., 2020).

Structural Equation Modeling
We examined the relationships among sediment physicochemical 
properties, the bacterial community, and nitrogen and sulfur 
reduction functions using a structural equation modeling 
(SEM) framework. Within the model, physicochemical 
properties were linked by correlations. The nutrient addition 
effects and their effects on the bacterial community function 
profiles were modeled with causal relations (directed paths). 
The SEM framework was fitted using the R sem function 
from the Lavaan package (version 0.6–8; Rosseel, 2012). The 
profiles of the microbial community and functional genes 
were calculated using eigenvalues derived from Bray-Curtis 
distance-based non-metric multidimensional scaling (NMDS) 
calculations using one dimension. To avoid any model-fit 
deviation due to scale differences between variables, all 
explanatory variables were centered and divided by two 
standard deviations for our analyses using the R rescale 
function from the arm package (version 1.11–2). The model 
fit to the data and model quality were assessed using three 
complementary indices: (1) the root mean square error of 
approximation (RMSEA), (2) the comparative fit index (CFI), 
and (3) the standardized root mean squared residual (SRMR). 
Model fits were considered acceptable when the RMSEA was 
<0.06, the goodness-of-fit index (GFI) was >0.90, the CFI 
was >0.9, and the SRMR was <0.08 (You et  al., 2014).

1 http://ieg.ou.edu/microarray/

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
http://rdp.cme.msu.edu/
http://ieg.ou.edu/microarray/


Zhou et al. Functional-Coupling Interplays With Microbial Community

Frontiers in Microbiology | www.frontiersin.org 4 March 2022 | Volume 13 | Article 830777

Statistical Analysis
The species richness, Shannon and inverse Simpson indices 
were calculated using the picante package (version 1.8.2) in 
R (Kembel et  al., 2010). The significance (value of p) and 
explained sum of squares (R-squared value) of the fitted curves 
from linear regression were summarized using R version 3.6.1 
(Revolution Analytics, United  States; Zhou et  al., 2020). The 
expected increment or decrement of the gene dynamics during 
shrimp culture was represented by the fitted curve slope, 
and the values of change were calculated according to the 
estimated value from the final shrimp culture stage (Day 
58). Bray–Curtis similarity calculations and NMDS of each 
sample were conducted using vegan (version 2.5–6) in R 
(Anderson, 2001). The Mantel test was conducted to analyze 
the relationships among functional genes, microbial 
communities, and environmental factors (Anderson, 2001). 
Distance-based redundancy analysis (db-RDA) and variation 
partitioning analysis (VPA) were used to examine the 
explanatory power of microbial communities, environmental 
factors, and accumulated feed nutrients in relation to functional 
genes (Yergeau et  al., 2010; Zhu et  al., 2017). The normalized 
stochasticity ratio of the microbial community was calculated 
using the NST package (version 3.0.3) based on the weighted 
Bray-Cutis distance (Ning et  al., 2019). All the values of p 
generated from multiple correlation analysis were adjusted 
by the false discovery rate (FDR) algorithm (Benjamini and 
Hochberg, 1995). The data were normalized into Z-score 
standardized values using scale function in R.

RESULTS

Functional Gene Composition and 
Diversity in SCPE Sediments
A total of 32,688 detected gene variants, involved in eight 
classified gene categories, 44 subcategories, and covering 358 
functional gene families, were derived by GeoChip 5.0 (Table 1). 
The category of carbon cycling was the dominant function, 
accounting for 42.89% of the functional gene abundance. 
Organic remediation accounted for 22.21%, followed by nitrogen 
(12.72%), sulfur (8.48%), metal homeostasis (7.18%), and 
phosphorus (4.26%) related genes. The main function in the 
subcategory was carbon degradation that accounted for 31.13% 
of the functional gene abundance. Aromatics-related genes 
accounted for 14.32%, followed by carbon fixation (10.99%), 
denitrification (6.47%), sulfite reduction (4.14%), and arsenic 
(2.83%) and polyphosphate degradation (2.8%) subcategory 
functions (Figure  1). Bacteria contributed 88.01% of the 
microbial functional genes, and eukaryotes accounted for 
8.55% (Supplementary Figure S2). Proteobacteria accounted 
for 40.36%, followed by Actinobacteria (17.33%). The sediment 
microbial functional diversity was also assessed 
(Supplementary Figure S2). The functional gene richness of 
temporal shrimp culture pond sediments ranged from 26,979 
to 30,704, and their Shannon indices ranged from 10.19 to 
10.32. Their inverse Simpson indices ranged from 26,223.52 
to 29,684.06.

Abundance of Element Metabolism 
Functions in SCPE Sediments
The relevant nutrient metabolism functions were assessed, including 
the functions of carbon, nitrogen, phosphorus, and sulfur. For 
phosphorus metabolism, the signal intensity of the polyphosphate 
degradation gene ppx ranged from 758.20 to 870.08. The intensity 
of the polyphosphate synthesis gene ppk ranged from 261.84 to 
310.20, and the values for the phytic acid hydrolysis gene phytase 
ranged from 126.78 to 147.94 (Supplementary Figure S3A). The 
carbon metabolism functional genes were classified into three 
subcategories, methane metabolism, carbon fixation, and carbon 
degradation functions. Methane metabolism genes, such as mcrA 
(113.39–131.99) and pmoA (66.92–88.52) as well as the 
methanogenesis gene mmoX (22.45–28.95), were identified. For 
the carbon fixation function, Calvin cycle genes were the most 
abundant, ranging from 1875.81 to 2129.89, followed by bacterial 
microcompartment-related function (451.74–520.00), reductive 
acetyl-CoA pathway-related genes (420.71–491.82), and reductive 
tricarboxylic acid cycle genes (102.63–125.35). The carbon 
degradation-related functional genes were sorted by the difficulty 
of degrading target compounds (Supplementary Figure S3B). 
The most abundant carbon degradation gene was the alpha-amylase 
gene amyA, which ranged from 2534.73 to 2742.79, followed 
by the chitinase gene (626.68–731.54), acetylglucosaminidase 
(396.11–458.61), and the alpha-L-arabinofuranosidase gene ara 
(371.62–424.66).

As for nitrogen metabolism-related genes, the genes related 
to denitrification had the highest signal intensity; these included 
narG (661.56–734.93), nosZ (411.80–481.86), nirS (315.84–
373.53), and nirK (219.19–332.20), followed by the nitrogen 
fixation gene nirH (558.15–665.77, Supplementary Figure S3C). 
The sulfite reduction-related genes had the highest signal 
intensity; these included dsrA (559.65–665.41), dsrB (408.92–
481.06), and sir (131.69–154.46), followed by the reduction 
gene cysJ (252.83–290.43, Supplementary Figure S3D).

Gene Dynamics of Nitrogen and Sulfur 
Metabolism in Sediments During Shrimp 
Culture
The variation in functional genes related to nitrogen and sulfur 
metabolism in sediments was assessed during shrimp culture 
activity (Figure  2). There were 2,832 sulfur metabolism genes 
belonging to 15 gene families were identified that could 
be  classified into seven reaction processes according to the 
sulfur cycle (Figure  2A). Within these aspects of metabolism, 
the abundance of sulfate reduction genes aprA and aprB was 
significantly increased (p < 0.05) by 3.24 and 4.10%, respectively. 
During the shrimp culture, the abundance of the sulfur-oxidizing 
protein gene soxA controlling oxidation of thiosulfate into 
sulfate decreased significantly by 10.32% (p < 0.05).

A total of 4,208 nitrogen metabolism-related genes covering 
18 gene families were identified. Those could be  classified into 
14 reaction processes according to the nitrogen cycling model 
(Figure  2B). Within these processes, the abundance of the 
nitrate reductase gene napA was significantly increased (p < 0.05) 
by 3.17% during the shrimp culture, while the abundance of 
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the hydroxylamine dehydrogenase gene hao and the ferredoxin-
nitrite reductase gene nirA was decreased significantly (p < 0.05) 
by 8.93 and 4.36%, respectively.

Taxonomic Responses to Nitrate and 
Sulfate Reduction in Sediments During 
Shrimp Culture
In order to identify the taxonomic responses responsible for 
the results regarding the significant shifts in sediment nitrogen 
and sulfur reduction gene abundances, the corresponding taxa 
derived from amplicons was assessed (Figure  3). There were 
67 genera in 11 phyla found to be the carriers of sulfate reduction-
related genes, and the Proteobacteria (58.49%) phylum made 
the largest contribution, followed by Firmicutes (8.34%). 
Desulfovibrio (8.63%) was the most common genus carrying 
sulfate reduction genes, followed by Thiobacillus (5.66%) and 
Desulfotomaculum (4.74%; Figure  3A). There were 111 genera 
in eight phyla that carried nitrate reduction-related genes, and 
the Proteobacteria (15.34%) phylum also took the most 
contribution, followed by Actinobacteria (3.63%). Pseudomonas 
(1.36% of the classified genus) was the leading contributor in 
carrying sulfate reduction-related genes, followed by 
Bradyrhizobium (1.36%; Figure  3B). After assessing the 
corresponding genera, Desulfovibrio, Desulfococcus, Desulfobulbus, 
Fibrobacter, Desulfonema, and Desulfomicrobium were found to 
be significantly correlated with the abundance of sulfate reduction 
genes (p < 0.05), and Halomonas and Lautropia had significant 
correlations with the abundance of nitrate reduction genes 
(p < 0.05; Figure  3C).

The Structural Dynamics of Sediment 
Functional Genes and the Microbial 
Communities During Shrimp Culture
A Bray-Curtis distance-based NMDS analysis was conducted on 
the sediment microbial community and functional gene structure. 
The results showed a clear path across the centroid of each 
shrimp culture period, both in microbial community and functional 
genes (Figure  4). Moreover, the results of k-means algorithm 
analysis indicated that both microbial community and functional 
gene structure could be  clustered into two significantly different 
culture periods (PerMANOVA, p = 0.001). Nevertheless, functional 
genes structure at Day 31 was clustered into the first period 

(Figure  4A), while the microbial community structure in Day 
31 was clustered into the second period (Figure 4B). The results 
of temporal distance decay suggested that both functional genes 
and 16S bacterial community structure varied significantly during 
the shrimp culture. The linear regression slopes implied the 
turnover rates of the genes and bacterial community within the 
culture periods, suggesting that the turnover rates of the bacterial 
community were over 10 times higher than those of functional 
genes (Supplementary Figure S4).

Relationships of Sediment Functional 
Genes With the Microbial Community and 
Environmental Factors
The sedimentary physicochemical parameters of ORP (−291.25–-
170.5 mV), TC (19.66–26.2 mg·g−1), TOC (16.43–24.44 mg·g−1), 
TP (0.49–1.32 mg·g−1), NO2

−-N (0.8–6.3 mg·kg−1), and NH4
+-N 

(27.23–69.37 mg·kg−1) showed increase, while pH (6.47–4.6) was 
decreased during the shrimp culture (Supplementary Table S1).

The results of VPA indicated that microbial community 
structure could explain 46.12% of the variation in functional 
genes, and the values of nutrient accumulation and environmental 
factors were 40.58 and 71.28%, respectively. All factors together 
explained 81.23% of the variation in functional genes, with an 
18.77% unexplained portion. For sediment environmental factors, 
pH, ORP, TC, TOC, TP, NH4

+-N, and NO2
−-N had significant 

explanatory power in relation to functional genes (p < 0.05, 
Figure  5A) and were also correlated both with functional genes 
and the microbial community according to the results of the 
Mantel test (Figure  5B). The results of microbial community 
stochasticity analysis indicated that the microbial community 
assembly in shrimp pond sediments was driven more strongly 
by deterministic processes than by stochasticity during the shrimp 
culture (Figure  5C). A close correlation has also been observed 
between the bacterial community and functional genes (Mantel 
test, Spearman’s ρ = 0.343, p = 0.002).

Physicochemical Properties and Microbial 
Community Influence on Nitrogen and 
Sulfur Reduction Functions
A Mantel test-based network was constructed to evaluate the 
relationships of nitrogen and sulfur to carbon degradation and 
phosphorus metabolism using a threshold of Spearman’s 

TABLE 1 | The richness of functional gene categories detected at different culture stages.

Gene category (richness) Day 02 Day 13 Day 21 Day 31 Day 42 Day 51 Day 58 Total

Carbon cycling 12,473 13,163 13,402 13,501 12,261 12,453 12,562 14,192
Organic remediation 6,357 6,615 6,710 6,742 6,216 6,352 6,380 7,017
Nitrogen 3,674 3,894 3,968 3,987 3,601 3,700 3,717 4,208
Sulfur 2,474 2,617 2,662 2,706 2,417 2,482 2,494 2,832
Metal homeostasis 2063 2,176 2,202 2,212 2040 2082 2,100 2,320
Phosphorus 1,231 1,288 1,312 1,316 1,197 1,221 1,239 1,378
Virulence 464 492 489 499 460 465 467 518
Secondary metabolism 49 52 50 52 50 48 49 54
Other 133 148 150 156 133 134 134 169
Total 28,918 30,445 30,945 31,171 28,375 28,937 29,142 32,688
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coefficient ρ ≥ 0.5. A total of 29 nodes, with 104 links, including 
18 classes of carbon degradation function and three classes 
of phosphorus function, were found to be  correlated with 
nitrogen and sulfur reduction (Figure  6A). Among the nodes 
of the network model, carbon degradation was strongly correlated 
with nitrate reduction (Mantel test, Spearman’s ρ = 0.975, 
p = 0.001), followed by the connection between starch degradation 
and nitrate reduction (Mantel test, Spearman’s ρ = 0.972, p = 0.001). 
Meanwhile, the total carbon degradation and phosphorus 
metabolism functions were also correlated with sulfur and 
nitrogen reduction. According to the SEM analysis, a path of 
effect from nutrient accumulation to nitrate and nitrite reduction 
functional genes, via sediment physicochemical properties and 
the bacterial community, was presented (Figure 6B). The additive 

nutrients accumulated in the sediments had direct effects on 
the pH, ORP, TOC, and TN (SEM regression, p < 0.05). Sediment 
ORP had a direct effect on the bacterial community, and TOC 
had a direct effect on nitrogen and sulfur reduction (SEM 
regression p < 0.05). The bacterial community had a direct effect 
on sulfate and nitrite reduction genes (SEM regression p < 0.05). 
Meanwhile, the structures of nitrogen and sulfur reduction 
genes were highly correlated (SEM regression, p < 0.05).

DISCUSSION

Biogeochemical cycles are essential to the planet’s ecosystems, 
especially to sediment ecosystems (Aufdenkampe et  al., 2011), 

FIGURE 1 | Composition of functional gene categories and gene subcategories. The inner circle represents the gene category; the outer circle represents the gene 
subcategory.
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while little is known about the patterns of biogeochemical 
functional coupling and their relationship with bacterial 
communities in anthropogenic sediments. This study found 
that sediment nitrogen and sulfur reduction functional genes; 
sediment functional genes were coupled, which were highly 
correlated with the microbial community.

Variation of Functional Genes With the 
Microbial Community
The aquaculture ecosystem is a typical system that experiences 
frequent fluctuations in environmental variables caused by 
production activities such as nutrient supplementation and 
water regulation. Our results showed that most of the 

environmental variables were correlated with bacterial community 
and functional gene structures (Figure 5B, Mantel test, Spearman’s 
correlation, p < 0.05). Moreover, the shifts of bacterial community 
and functional gene structure were both discernable at different 
shrimp culture stages (Figure  2; PerMANOVA, p < 0.05), 
indicating that shrimp farming activities profoundly altered 
the bacterial component and microbial function of the SCPE 
sediments. The analysis of temporal distance decay suggested 
the turnover rates of the bacterial community structure were 
over 10 times higher than those of the functional gene structure 
(Supplementary Figure S3; linear regression p < 0.05), in despite 
of a trend of resilience observed in the functional turnover 
pattern. This finding suggested that functional genes were slower 
than the bacterial community in responding to the surrounding 

A

B

FIGURE 2 | Nitrogen and sulfur cycling in the shrimp pond sediments. (A) Changes in the abundance of sulfur cycling-related genes. (B) Changes in the 
abundance of nitrogen cycling-related genes at different stages of culture. The central points and deviation bars indicate the mean ± SD.
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environment. The simultaneous but slower turnover of functional 
gene profiles compared with the bacterial community also 
corresponds to the concept of functional redundancy in microbial 
systems (Louca et  al., 2018; Gao et  al., 2021).

Nitrite and sulfite are environmental pollutants. They can 
be  generated from nitrate and sulfate reduction by bacteria 
(Kaster et  al., 2007; Zhou and Xing, 2021). Our study found 
that all the nitrate reduction genes (napA, narG, nasA, and 
narB) increased along with abundance of sulfate reduction 
genes (aprA and aprB), whereas the abundances of most nitrite 
reduction genes (nirS, nirK, hzo, nrfA, nirA, and nirB) and 
sulfite reduction genes (sir and cysI) decreased during shrimp 
culture (Figure  3). The increase in the nitrate and sulfate 
reduction gene abundances implied the enhancement of reduction 
function. Meanwhile, a number of bacterial taxa were found 
to have significant responses to these shifts. Halomonas and 
Lautropia are facultatively anaerobic bacteria (Vreeland et  al., 
1980; Gerner-Smidt et  al., 1994) that were highly correlated 
with the abundance of nitrate reduction genes. Desulfovibrio, 
Desulfococcus, Desulfobulbus (strictly anaerobic), Fibrobacter, 

Desulfonema, and Desulfomicrobium are also anaerobic bacteria 
(Gokarn et  al., 1997; Warren et  al., 2005; Kleindienst et  al., 
2014) that were correlated with the abundance of sulfate 
reduction genes. The significant increase in nitrate reduction 
gene abundance explains the increased concentration of nitrites 
in the sediments found in this study (Supplementary Table S1). 
These results may be  due to the anaerobic environment in 
sediments that facilitate the reduction reactions of nitrates and 
sulfates (Baldwin and Mitchell, 2012), and the results are in 
agreement with a previous report concerning the nitrate reduction 
enhancement in shrimp pond sediments (Gao et  al., 2019).

Functional Genes Coupling and 
Relationship With the Microbial 
Community
In SCPEs, the additive nutrient supply for shrimp growth is 
the fundamental disturbance to the ecosystem. Carbon is the 
primary component of nutrients and its degradation metabolism 
drives other elements (Boroughs and DeBerardinis, 2015). Our 

A

B

C

FIGURE 3 | Taxonomic response to nitrate and sulfate reduction. (A) Taxonomic relationships with sulfate reduction. (B) Taxonomic relationships with nitrate 
reduction based on functional gene host (source). (C) Bacterial genera correlated with sulfate and nitrate reduction according to 16S amplicon operational 
taxonomic units (OTUs). The correlation analysis was conducted using Spearman’s rank correlation.
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study also showed a functional coupling between the metabolism 
of elements. The degradation of carbon and phosphorus was 
highly correlated with the nitrogen and sulfur reduction in 
functional gene structure, indicating the close functional coupling 
between microbial metabolism genes. The results implied that 
the additive nutrient degradation could be  the essential source 
of nitrate and sulfate reduction.

The SCPE sediments show highly functional gene structural 
coupling and a close relationship with the microbial community, 
and the SEM analysis identified the influence paths from 
nutrients to specified microbial functions. The results of the 
SEM corresponded to those of the Mantel test (Figure  6). 
Nitrogen and sulfur reduction gene structures were highly 
correlated (p < 0.05, both SEM regression and Mantel test 

A B

FIGURE 4 | Variation of sediment functional gene structure and the bacterial communities at different shrimp culture stages. Non-metric multidimensional scaling 
(NMDS) analyses of (A) functional gene structure and (B) bacterial communities at different shrimp culture stages.

A

C

B

FIGURE 5 | The relationships of functional genes with additive nutrients, environmental factors, and the bacterial community. (A) Variation partition analysis (VPA) 
shows the effects of environmental factors, additive nutrients, and the bacterial community on the functional genes. (B) Interactions among functional genes, the 
bacterial community, and environmental factors. (C) Stochasticity analysis of the bacterial community. *p < 0.05 and **p < 0.01.
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with Spearman’s rank correlation), thus emphasizing the 
coupling close coupling between them. In comparison, a 
grassland soil ecosystem showed bacterial-functional 
decoupling (Gao et  al., 2021), with a weak interplay between 
community composition and functioning of lake and marine 
bacteria (Langenheder et  al., 2005; Louca et  al., 2016). 
Microbial functional genes and community structure are both 
sensitive to environmental factors (Gao et al., 2021), especially 
for environments under direct production activities; this could 
well explain the conspicuous coupling of microbial function 
and composition observed in this study. In comparison with 
natural and anthropogenic ecosystems, the differences in 
results regarding interactions between functional genes and 
microbial composition are most likely explained by the 
environments, specifically whether they receive additive 
nutrients or not. Meanwhile, the results of the microbial 
assembly process and SEM analyses demonstrate that 
aquaculture farming activities drive the changes in 
environmental factors, facilitate the microbial selective process 
within SCPE sediments, and result in shifts in the bacterial 
community and functional gene structure. In summary, the 
excessive nutrients consumed during the aquaculture activities 
might promote shifts in ecological function genes and lead 
to the enrichment of nitrite and sulfite pollutants in 
aquaculture sediments.

CONCLUSION

This study investigated sediment functional genes in SCPEs 
using GeoChip gene array analysis. The results portrayed 
the relative comprehensive nutrient metabolism function in 
sediments, with signals of nitrate and sulfate reduction 
functional enhancement, and nitrite and sulfite reduction 
functional gene abundance decreased during shrimp culture. 
The SCPE sediment shows highly functional gene structural 
coupling, and ecosystem functions showed an interplay with 
microbial community composition. These results imply that 
the anthropogenic feeding process has profound impacts on 
the bacterial community and has led to changes in the 
ecological functions of the sediment environment. Our 
findings may be  helpful for understanding biogeochemical 
cycles under human influence and for promoting sustainable 
management of the sediment environment through the 
framework of an ecological perspective.
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(SEM) depicts the influence paths from added nutrients, environmental factors, and the bacterial community. NIR, nitrite reduction; NAR, nitrate reduction; SIR, 
sulfite reduction; SAR, sulfate reduction. *p < 0.05, **p < 0.01, and *** p < 0.001.
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