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Saline water irrigation (SWI) plays an important role in alleviating water resource
shortages. At the same time, the salt input of irrigation water affects soil
microorganisms which participate in various ecological processes of terrestrial
ecosystems. However, the responses of soil microbial functional potential to
long-term SWI remains unclear. Therefore, Metagenomics method was utilized
in cotton fields under long-term SWI to reveal the microbial functional profiles
associated with soil carbon and nitrogen cycles. Results indicated that SWI
impacted the microbial functional profiles of soil carbon and nitrogen cycles
in the cotton fields significantly. Especially, irrigation water salinity inhibited the
relative abundances of sacC and vanB, which are soil carbon degradation genes.
SWI also affected the functional gene abundance of nitrogen degradation,
dissimilatory nitrate reduction, and nitrification. Moreover, SWI significantly
increased the abundance of Candidatus_Cloacimonetes in both carbon and
nitrogen cycles. In the discussion, we used person analysis found that soil
salinity, pH, and ammonium nitrogen were important factors affecting the
abundance of functional genes and microbial taxa. Overall, this study indicated
that long-term SWI significantly influenced specific microbial functional genes
and taxa abundance, which may lead to predictable outcomes for soil carbon
and nitrogen cycling, and is of great importance in exploring the impact of SWI
on soil environments.

KEYWORDS

soil metagenomics, saline water irrigation, carbon cycle, nitrogen cycle, functional
genes

1 Introduction

Soil carbon (C) and nitrogen (N) cycles is the conversional process of soil C and N
between different forms (Luo et al., 2020), which are important for soil quality, affecting the
productivity and stability of the agroecological system (Shah et al., 2020). It is well known that
soil microbes are the drivers of soil C and N cycles (Du et al., 2023). Therefore, studying

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2024.1310387﻿&domain=pdf&date_stamp=2024-03-14
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1310387/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1310387/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1310387/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1310387/full
mailto:gaoyang@caas.cn
mailto:jshsun623@163.com
https://doi.org/10.3389/fmicb.2024.1310387
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2024.1310387

Zhou et al.

microbial functional profiles changes related to soil C and N cycling
is crucial for improving soil quality and agricultural
system productivity.

Reduced rainfall and the scarcity of freshwater lead to soil
moisture deficits and decreased crop yields (Han et al., 2023). It is
necessary to find a way to alleviate those questions to ensure the
stability of agricultural production. Utilizing saltwater resources
judiciously has been demonstrated feasible (Lew et al., 2020).
Nevertheless, saline water irrigation (SWI) brings salt into the soil.
Some studies found salt could affect microbial processes of soil C and
N cycles (Poffenbarger et al., 2011; Yu et al., 2019; Shahariar et al.,
2021). Our previous research has also found that SWT alters the
content of soil environmental factors involved in C and N cycles, such
as soil organic matter, inorganic N, and greenhouse gasses (Zhou
etal, 2023, 2024). The changes in soil environmental factor content
are crucial for assessing soil quality and health. In order to safely
utilize SW1, it is necessary for us to explore the impact of SWI on soil
microbial processes involved in C and N cycling.

Soil microbial processes are orchestrated by microorganisms
through the activation of functional genes (Zhang et al., 2021; Shi
etal,, 2023). The study results about how salt affects the C cycle genes
are inconsistent. Mamilov et al. (2004) demonstrated that salinity can
inhibit soil C cycle functional gene abundance, while Morrissey et al.
(2014) showed that salinity significantly enhanced C cycle genes. A
similar phenomenon emerges in N cycle analysis (Tang et al., 2012;
Cui et al., 2016). It was found that elevated soil salinity markedly
suppresses the prevalence of denitrification and nitrification genes (Li
etal, 2012; Wang et al.,, 2018), while some studies showed SWI could
increase the abundance of denitrification genes (Guo et al., 2023). The
soil microbial genes involved in C and N cycles are abundant, and
their response to salt is intricate. So the effect of salinity on different
functional genes remains further investigated. In addition, Microbial
taxa have received extensive attention as performers of functional
genes. Yang et al. (2023) indicated that soil salinity significantly
reduced soil C cycling-related microbial diversity. Guo et al. (2023)
suggested that SWI significantly reduced the abundances of
Proteobacteria and Acidobacteria, while simultaneously boosting the
abundances of Gemmatimonadetes, Actinobacteria, and Chloroflexi.
Previous findings suggested that the varied responses of distinct soil
C and N cycle microbial taxa to salt stress (Zhang et al., 2023). It is
imperative to give greater consideration to soil microbial taxa
under SWL

Previous studies have indicated a strongly correlation between soil
microbial functional genes and taxa abundance with soil
environmental factors (Cui et al., 2016; Guo et al., 2023; Xiang et al.,
2023). Loganathachetti et al. (2022) proposed that soil salinity was an
important determinant of bacterial richness and shannon diversity
index. Shen et al. (2016) discovered that the bacterial taxonomic
diversity/structure was strongly influenced by soil pH. Sun et al.
(2021) found that some special microbial taxa abundance was
significantly correlated with nitrate N, ammonium N and total N
content. Furthermore, Luo et al. (2020) and Suter et al. (2021)
suggested that there was a close coupling relationship between the
functional genes of C and N cycles. In order to explore the reasons for
the change of microbial profiles under SWI, it is essential to explore
the connection between microorganisms and soil properties, and the
correlation of genes between the two cycles. However, few studies
examined the relationships between microorganisms and soil

Frontiers in Microbiology

10.3389/fmicb.2024.1310387

properties, as well as the relationships between C and N cycles. It is
imperative to undertake the aforementioned research in the long-term
SWI field.

Based on our previous findings indicating that SWT alters the
content of soil environmental factors involved in C and N cycles,
we hypothesize that SWI changes the microbial functional profile
of soil C and N cycling, leading to the aforementioned outcomes.
In this study, we utilized metagenomics and statistical techniques
to quantify the abundance of functional genes and microbial taxa
linked to soil C and N cycling. The objectives of this study
encompassed four main aspects: (i) investigating the impact of
SWI on functional genes related to soil C and N cycles, (ii)
pinpointing the key microbial taxa harboring characteristic genes
related to soil C and N cycles, (iii) developing connections between
functional genes, microbial taxa, and soil properties, and (iv)
evaluating the interaction among these genes in soil C and
N cycling.

2 Materials and methods
2.1 Experimental setup and soil sampling

The experiment was conducted at the experimental station of
Hebei Province Academy of Agriculture and Forestry Sciences,
China. The climate in this area is a warm temperate continental
monsoon climate, and the soil is loam. Three treatments were set
up in the 15-year SWI experiment: irrigation of local groundwater
(SWI1: 1gL™), irrigation of 4gL™"' salt water (SWI4), and
irrigation of 8 gL™! salt water (SWI8). Border irrigation was used
for the study. In addition, cotton exhibits robust salt tolerance and
drought resistance, making it a frequent choice as an initial crop
during SWI (Wang et al, 2022). More details about the
experimental setup can be found in Zhou et al. (2023) and
Supplementary Table S1.

Soil samples were collected at the 0-20 cm depth in July 2021. Soil
was taken according to the S method and mixed into one sample at
each plot. From each treatment, three composite samples were
gathered. The soil samples were employed for the extraction of DNA
and the measurement of soil properties. In this study, we evaluated soil
salinity (EC,), pH, ammonium N, nitrate N, and organic matter. Soil
salinity was measured using a conductivity meter (Orion Star A322,
Thermo Scientific, United States) (Zhang et al., 2020). Soil pH was
measured using a pH probe (Orion Star A321, Thermo Scientific,
United States) (Shen et al., 2016). Soil nitrate N and ammonium N
were measured by a flow analyzer (Thermo, VarioskanFlash,
United States) (Gao et al., 2013). Soil organic matter was determined
by the low-temperature external thermal potassium dichromate
oxidation-colorimetric method (Cao et al., 2011). Details regarding
the techniques used for measuring these soil characteristics can
be found in Supplementary Text S1.

2.2 DNA extraction and sequencing
DNA was extracted and measured by FastDNA® SPIN Kit (MP

Biomedicals, United States) and NanoDrop 2000 spectrophotometer,
respectively. The information on soil DNA was transmitted to the
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The flow of metagenomic sequence data processing. KEGG was the Kyoto Encyclopedia of Genes and Genomes. NCBI was the National Center for
Biotechnology Information. NR database was the Non-Redundant protein sequence database.

Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China) for
metagenomics sequencing. The sequencing was conducted in an
Mlumina NovaSeq 6000 platform (Illumina Inc., San Diego, CA,
United States). The Sequence raw data can be found in the National
Center for Biotechnology Information (NCBI) with accession NO
PRJNA1018300." Figure 1 illustrates the flow of metagenomic
sequence data processing. Supplementary Table S2 shows the basic
sequence information. Supplementary Table S3 provides the KEGG
orthology number, name, and encoded protein of functional genes.
The relative abundance of functional genes was calculated using
Reads Per 2017) for
statistical analysis.

Kilobase Million (Lawson et al,

2.3 Statistical analysis

The statistical analyses were performed utilizing R language
(v4.0.4). To elucidate variations in microbial functional gene groups
across various treatments, PCoA (principal coordinate analysis) and
ANOSIM (analysis of similarities) was applied, utilizing the Bray-
Curtis distance. We employed the Kruskal-Wallis test to ascertain
notable dissimilarities in functional genes and microbial taxa (with
relative abundances exceeding 0.1%) among the various treatments.
We utilized Spearman correlation analysis to evaluate the association
between soil properties and genes/taxa. The associations were
visualized in heatmaps. The co-occurring network was constructed by
Gephi® to show the relationship between functional genes of the
two cycles.

1 http://www.ncbi.nlm.nih.gov/bioproject/1018300
2 https://gephi.org/
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3 Results

3.1 SWI affects the functional groups of soil
C and N cycling

Fifty eight functional genes related to the soil C cycle and 37 genes
related to the N cycle were detected from all samples
(Supplementary Table S3). The C cycle functional genes contains: C
degradation (40 genes), C fixation (13 genes), and methane
metabolism (5 genes). The N cycle functional genes contains: N
fixation (2 genes), nitrification (4 genes), denitrification (8 genes),
assimilatory nitrate reduction to ammonium (ANRA: 5 genes),
dissimilatory nitrate reduction to ammonium (DNRA: 7 genes), N
degradation (11 genes). The p-value of the significance difference after
performing ANOSIM test was 0.04 for both the C and N cycles
(Figure 2). SWI accounted for the majority of variations observed in
functional profiles among treatments (PC1:39.68% for C cycle;
PC1:59.20% for N cycle) (Figure 2). The results indicated that SWI
changed the C and N cycling function of soil microorganisms. SWI
significantly changes functional gene abundance of the soil C cycle.

3.2 SW1 significantly changes functional
gene abundance of the soil C cycle

Functional genes of soil C cycle in this study are mainly divided
into 3 categories: C degradation, C fixation, and methane
metabolism (Supplementary Table S3). Starch and hemicellulose-
degrading genes demonstrated a greater abundance than others
among C-degrading genes (Figure 3). The rank of functional gene
abundance among C fixation was CO oxidation > multiple systems
> reductive tricarboxylic acid cycle (rTCA cycle) > reductive
acetyl-CoA pathway > Calvin cycle. In methane metabolism, the
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PCoA analysis and ANOSIM analysis of carbon and nitrogen cycling functional genes in saltwater-irrigated cotton fields. C is carbon. N is nitrogen.
PCoA analysis was used to determine microbial functional profiles in the soil carbon and nitrogen cycle. ANOSIM analysis was used to determine
differences in microbial functional profiles between treatments.
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FIGURE 3
Relative abundance ratio of functional genes in each pathway of the soil carbon cycle. Cis carbon. N is nitrogen. rTCA cycle is the reductive

tricarboxylic acid cycle.

Kruskal-Wallis test indicated that SWI significantly affected
C-degrading gene abundance (sacC, Catalase, and vanB)
(Supplementary Figure S1). In particular, salinity significantly
decreased the abundance of sacC (hemicellulose degradation) and

abundance of methanogen genes exceeded that of methane
oxidation (Figure 3). Compared to the SWI1, the C degradation
gene abundance of SWI4 and SWIS8 increased by 0.35 and 3.12%,
the C fixation gene abundance of SWI4 and SWI8 decreased by

0.32 and 3.03%, and the methane metabolism gene abundance of
SW1I4 and SWI8 decreased by 0.52 and 1.11%.
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vanB (lignin degradation). We also found that irrigation water with
varying salinity levels exerted a notable influence on the abundance of
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diverse functional genes (Figure 4). Compared with SWI1, SWI4
decreased the abundance of sacC by 40.52% and increased abfA by
2.25%, respectively (Figure 5), the gene abundances of sacC, vanB,
facA (C fixation) in SWI8 were significantly decreased by 71.45, 36.27,
and 6.60%, respectively, while the gene abundances of abfA, amyA
(starch degradation), celF (cellulose degradation), and bgIX (cellulose
degradation) were markedly increased by 18.62, 38.88, 29.45, and
11.45%, respectively (Figure 5). Furthermore, the abundance of sacC,
Catalase, and abfA differed significantly between SWI4 and SWI8
(Figure 5).

3.3 Response of soil N cycle functional
gene abundance to SWI

The soil N cycle genes include N fixation, denitrification,
nitrification, ANRA, and DNRA in the study. N-degrading gene
abundance was the highest, accounting for 58.72-62.32%. It was
followed by denitrification, N fixation, DNRA, and ANRA
(Figure 6). As the salinity of irrigation water increases, the
abundance of soil N degradation genes gradually decreases, while
the abundance of denitrification, N fixation, and DNRA genes
gradually increases. Compared to SWI1, the N degradation gene
abundance of SWI4 and SWI8 decreased by 2.19 and 5.78%, the
denitrification gene abundance of SWI4 and SWI8 increased by
5.56 and 15.76%, the N fixation gene abundance of SWI4 and SWI8
increased by 3.89 and 2.05%, DNRA gene abundance of SWI4 and
SWIB increased by 4.12 and 8.30%. The abundance of ANRA and
nitrification genes varied across different irrigation water salinity.
Compared with SWI1, ANRA and nitrification gene abundance of
SWI4 decreased by 3.63 and 1.31%, while the gene abundance of
SWIS8 increased by 3.99 and 3.05%. SWI significantly affected soil
N degradation (ginA, arcC, ureA), DNRA (napB), and nitrification
(amoC) gene abundance (Supplementary Figure S2). Among the

10.3389/fmicb.2024.1310387

genes, SWI significantly decreased the abundance of glnA, arcC, and
ureA, while markedly increasing napB abundance. The impact of
varying salt concentrations in irrigation water exhibited diverse
effects on the functional attributes of N-cycling microorganisms
(Figure 7). SW14 significantly increased the gene abundance of nirS
by 26.97% and decreased the gene abundance of nirA by 30.16%
(Figure 8). SWI8 decreased the abundance of glnA, arc, and ureA by
8.58, 11.65, and 21.80%, respectively, (p <0.05), while increased
napB, nirS, narG, narH, ureAB, hao, and norC abundance by 82.30,
28.38, 19.75, 25.64, 36.67, 117.42, and 93.96%, respectively,
(p<0.05) (Figure 8). Moreover, the results also indicated ginA,
narH, and hao abundance differed significantly between SWI4 and
SWIS8 (Figure 8).

3.4 Effects of SWI on soil C and N cycle
microbial taxa

The predominant phyla associated with soil C cycling genes were
Actinobacteria, Acidobacteria, and  Chloroflex
(Supplementary Figure S3). SWI affected the abundance of Bacteroidete
and Candidatus-Cloacimonetes significantly (Supplementary Figure 54).
Compared with SWI1, SWI4 and SWI8 increased the abundance of
Bacteroidete (31.16 and 59.54%) and Candidatus_Cloacimonetes (120.30
and 434.37%) (Supplementary Figure S5).

Actinobacteria and Proteobacteria accounted for 59.16-60.72%
within microbial taxa related to soil N cycle. In addition to the two

Proteobacteria,

dominant phyla, the abundance of Acidobacteria, Thaumarchaeota,
and  Chloroflexi higher than other
(Supplementary Figure S6). SWI significantly changed the abundance

was microbial taxa
of Candidatus-Cloacimonetes (Supplementary Figures S7, S8). The
abundance of Candidatus_Cloacimonetes increased significantly by
78.27% in SWI4 and by 236.38% in SWI8 compared with SWI1

(Supplementary Figure S8).
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3.5 Correlations between functional
profiles of soil microbes and environmental

factors

Soil properties of the saltwater-irrigated cotton fields are
provided in Supplementary Table S4. Correlation analysis results
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indicated a substantial impact of salinity on both C and N cycling

in the soil (Supplementary Figure S9). There were negative

correlations observed between soil salinity and C-degrading genes
(rfbB, MAN2CI, xylF, sacC, and bglA), C fixation genes (facA,

06

pccA, rbeL, and coxM), and N-degrading genes (ginA, arcC, ureC,
and ureA), but positively correlated with denitrification (narG,
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Diagram depicting the different nitrogen cycling processes based on metagenomic sequencing. N is nitrogen. SWI1: irrigation water salinity was 1g L™
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treatment. Black indicates no significant difference between the treatments.

nirS, and norC), DNRA (napA and napB), and nitrification (hao)
genes. According to the heat map (Supplementary Figure S9), soil
pH affected soil C degradation and fixation gene abundance
significantly, with a negative correlation observed between
MAN2CI, facA, and pH (p <0.01). In addition, the denitrification
genes (narG and nirS) were positively correlated with soil pH. Soil
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ammonium N was positively correlated with DNRA (napB) and
negatively with (amoB)
(Supplementary Figure S9). Moreover, the abundance of
Proteobacteria and Bacteroidetes was positively correlated with soil

correlated nitrification

salinity, and the abundance of Acidobacteria was negatively
correlated with soil salinity (Supplementary Figure S10).
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3.6 Interaction among soil C and N cycling
functional genes

Figure 9 shows a co-occurring network of the internal connections
of functional genes during the C and N cycles. The top 15 genes
ranked according to degree included 9 C-cycle Genes (icd, facA, pccA,
xyIF, malZ, coxM, bglB, katG, and amyA) and 6 N-cycle genes (glnA,
GDH2, nirB, gitB, arcC, and nrfA). According to Spearman correlation
analysis, there were complex relationships between C and N cycle
genes. Among the top 15 genes, there was a notable positive correlation
between functional genes of C fixation (pccA, pecA, facA, and pccA)
and DNRA (nirB), soil N degradation (GDH2, glnA, and gItB).
Additionally, a notable positive correlation existed between soil
functional genes involved in C degradation (xyIE, katG, amyA, and
katG) and those related to denitrification (narG and nirK) and DNRA
(nirB and nirB), while a notable negative correlation existed between
amyA, malL (C degradation) and arcC (N degradation), nrfA (DNRA).

4 Discussion

4.1 SWI induced variations in soil functional
gene groups in the cotton field

Previous studies have demonstrated that SWT has the potential to
alter soil microbial communities and enzyme activities (Saviozzi et al.,
2011; Haj-Amor et al., 2022). However, the impact of SWI on microbial
functional gene groups remains unclear. This study revealed different
SWI treatments have significant differences in the soil C and N
functional gene groups through PCoA and ANOSIM analyses
(Figure 2). This indicates that SWI significantly influences the
composition of soil C and N functional genes. Du et al. (2023) indicated
that changes in soil C and N cycling genes and microorganisms were
closely related to soil properties. Hu et al. (2022) also found that
variations in the soil environment may lead to disparities in microbial
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taxa and functional genes. In Section 3.5, we also observed this
phenomenon in the correlation analysis between functional genes and
soil environmental factors. The study found that changes in soil
functional gene abundance were closely associated with soil salinity, pH
value, and ammonium N content (Supplementary Figures S9, S10). To
further explore the impact of SWI on the soil C and N cycling functional
gene groups, we conducted comparative analysis of every soil C and N
cycling functional gene abundance.

4.2 SWI altered the abundance of
functional genes associated with C
degradation and fixation

The functional genes of soil C degradation dominated the C cycle
gene composition with a large proportion, which aligns with the
outcomes observed in Du et al. (2023) and Hu et al. (2022). The reason
why C degradation genes occupy a large proportion in soil is related to
the characteristics of soil microorganisms and ecosystem environment
(Ren et al., 2022). Kruskal-Wallis test in the study showed that SWI
significantly reduced the abundance of C degradation genes sacC and
vanB, which was consistent with earlier researches. The decrease in the
abundance of C degradation functional genes due to salinity is
associated with its reduction in soil microbial activity and biomass (Yan
etal., 2015). However, not all C degradation genes significantly affected
by SWI exhibit a trend of decreasing abundance with increasing
irrigation salinity. In the multi-group comparison of soil C functional
gene abundance, the soil C degradation gene Catalase was also
significantly affected by SW1I, with its abundance being lowest in the
SWI4 treatment and highest in the SWI8 treatment, which may
be because the selective decomposition of soil C sources by microbial
communities in response to varying external conditions (Hu et al.,
2022). Furthermore, both VanB and Catalase are functional genes
related to lignin degradation, but their responses to SWI were different.
This variation could be attributed to different C degradation functional
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genes responding differently to the soil environment (Jing et al., 2021).
This situation also occurred in the results of a pairwise comparison
between SWII and SWI4. In the comparison between SWII and SWIS,
our investigation revealed that SWI8 markedly suppressed the presence
of certain C degradation genes, while concurrently elevating the levels
of genes associated with starch degradation (amyA) and cellulose
degradation (celF and bglX). This may be because microorganisms
need to promote the degradation of different C sources to maintain the
element balance in the soil (Luo et al., 2019). In addition, SWI exerted
a substantial impact on the process of soil C fixation. The abundance
of facA in SWI8 was significantly lower than that in SWI1, which
indicated that the ability of high-salinity soil to synthesize stable C
compounds and store them in soil for a long time may be reduced.

4.3 SWI significantly affected the
abundance of soil N cycle functional genes

SWI significantly affected soil N degradation (glnA, arc, and
ureA), DNRA (napB), and nitrification (amoC) gene abundance.
Highly active N degradation genes can promote NH," production
which could be directly absorbed and utilized by crops (Geisseler
et al., 2010). Soil microorganisms conversion of ammonia into
glutamine (ginA) and the breakdown of urea into ammonia (ureA) can
expedite the N cycle, thereby supplying nutrients for plant growth
(Dixon et al., 1976; Bernard and Habash, 2009). However, the
abundance of glnA, arcC, and urea declined as irrigation water salinity
increased in the study, which indicated that SWI inhibited soil N
degradation (Haj-Amor et al, 2022). This could be because soil
salinity has the potential to restrict crucial N transformation processes
by modifying microbial and soil physical and chemical characteristics
(Hu et al, 2014). In contrast to the observed pattern of soil N
degradation gene changes, the abundance of napB increased in
tandem with irrigation water salinity. This suggests that SWT facilitated
the soil DNRA process. Numerous research studies have demonstrated
that soil DNRA enhances the conversion of N into NH,*, serving to
safeguard soil N and mitigate the production of N,O (Riitting et al.,
2011; Bakken et al., 2012). Moreover, the study demonstrated that
SWI significantly impacted the abundance of soil nitrification genes
(amoC), showing a pattern of initially decreasing and then increasing
abundance with the increase in irrigation salinity. However, Guo et al.
(2023) suggested that soil salinity decreased the abundance of the
nitrifying gene amoC. The difference may be related to the diverse soil
properties. Furthermore, Compared with SWI1, both SWI4 and SWI8
significantly increased denitrifying genes, while SWI4 significantly
decreased ANRA genes (nirA). This finding aligned with the outcomes
of Guo et al. (2023). The surge in denitrification genes could be linked
to the adaptation of salt-resistant denitrifying bacteria thriving in
high-salinity environments (Magalhaes et al., 2005).

4.4 Response of microbial taxa in Cand N
cycling under different levels of irrigation
water salinity

Soil contains diverse microbial species with different physiological

characteristics (Zhang et al., 2023). Microbial taxa are intricately linked
to both the composition and operation of soil ecosystems, playing a vital
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role in sustaining soil fertility and ecological equilibrium (Jacobsen and
Hjelmso, 2014). In this study, bacteria held a dominant position among
soil microorganisms, aligning with the findings of Guo et al. (2023).
Additionally, Actinobacteria and Proteobacteria played a crucial role in
both  C and N
(Supplementary Figures 4, S7). Actinobacteria have a significant impact

cycling within saltwater-irrigated fields
on biogeochemical cycling and soil quality improvement. Wang et al.
(2016) showed that Actinobacteria was the most abundant halophilic
bacteria in saline soils. Proteobacteria were recognized as possessing a
substantial nutrient utilization capacity and played a pivotal role in
steering alterations in soil functionality (van der Bom et al,, 2018).
Moreover, our results indicated that SWT significantly increased the
abundance of Bacteroidetes and Candidatus_Cloacimonetes. Canfora
etal. (2014) also indicated that the abundance of Bacteroidetes increased
with soil salinity. The changes in soil microbial abundance may
be related to soil physical and chemical properties. Guo et al. (2023)
suggested that SWT significantly affected soil physical and chemical
properties, thus affecting microbial community composition. Moreover,
a majority of the microorganisms participating in C and N cycles
exhibited similarity at the phylum level (Supplementary Figures §4, 57),
suggesting that these predominant microorganisms can be regarded as
versatile species with multiple ecological functions (Du et al., 2023). Our
results indicated that Actinobacteria, Proteobacteria, and Acidobacteria
may be considered general taxa in saltwater-irrigated fields.

4.5 C and N cycle processes are intricately
interconnected and related to soil
properties

Soil salinity, pH, and ammonium N were crucial factors
influencing the functional genes and microbial taxa under SWI
(Supplementary Figures S9, S10). The effects of soil salinity on
functional genes and microbial taxa have been discussed in Sections
4.2, 43, and 4.4. It can be seen from Section 3.5 that soil pH
significantly affected the process of soil C degradation and fixation in
the cotton fields. This could be attributed to the fact that soil pH
played the most pivotal role in regulating the potential decomposition
rate of stable soil organic C pools (Xiang et al., 2023). Soil pH was also
the main factor affecting the microbial function of the soil N cycle.
Previous studies have shown that various soil N cycle functional genes
have distinct optimal soil pH values (Ouyang et al., 2018). In addition,
DNRA process-related genes was significantly positively correlated
with soil ammonium N, because it was the product of DNRA (Riitting
et al,, 2011). The higher the abundance of DNRA-related genes, the
more favorable the formation of ammonium N in soil. Moreover,
ammonium N was negatively correlated with amoB. This may
be because the soil nitrification process mainly converts ammonium
N into nitrate N (Cui et al., 2016). The rise in nitrification gene
abundance could lead to a reduction in soil ammonium content,
which serves as the substrate for the soil nitrification process.

In addition to the close correlation between the abundance
variation of microbial functional genes and soil properties, functional
genes associated with soil C and N cycles tightly interact, either
promoting or inhibiting one another, to uphold ecosystem function
stability and adapt to shifts in environmental conditions (Luo et al.,
2020). Among the top 15 genes in the co-occurrence network, the
number in the soil C cycle genes exceeded those in another cycle
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(Ncycle), indicating the importance of C cycle in the saltwater-
irrigated cotton fields. The two cycles were mainly connected by
DNRA in this study. Pappu et al. (2017) and Zhao et al. (2022) also
demonstrated that the process of soil dissimilatory transformation of
fixed N (DNRA) tightly combined the N cycle with the C cycle.
Heterotrophic prokaryotes involved in the N cycle utilize organic
substrates, while autotrophs employ inorganic substrates in their
metabolic processes. This interplay establishes a vital connection
between the soil N and C cycles (Thamdrup, 2012).

4.6 Limitations of this study

In this study, metagenomic methods were used to detect
functional genes, which provided information for microbial
metabolism mechanisms in the cotton fields under SWI. However, our
study should be complemented with transcriptomic information as
well as proteomic information of soil microbes to confirm the changes
in active microbial metabolism associated with SWI. Future sampling
approaches should encompass various growth stages of cotton to
evaluate the potential influence of crops on soil function assessment.
Experiments should be conducted to analyze the correlation between
functional genes and soil microbial metabolites (such as soil CO,,
N,0, and CH,), and determine the appropriate salinity of irrigation to
ensure the balance of soil C and N cycles.

5 Conclusion

This study found that long-term SWTI has significantly impacted
the microbial functional profile of soil C and N cycles in cotton fields.
The data indicates that SWT1 significantly reduced C degradation gene
abundance, which may lead to a decrease in soil C storage. SWT also
significantly affects the abundance of functional genes involved in N
degradation, DNRA, and nitrification in soil N cycle, which meant
that the content of N substrate and microbial metabolites would
be changed by SWI. Additionally, similar to previous studies, bacteria
such as Actinobacteria and Proteobacteria occupied the dominant
position of microbial taxa in this study. In the cotton fields, changes
in the abundance of functional genes and microbial taxa involved in
soil C and N cycling were significantly correlated with environmental
factors such as soil salinity, pH, and ammonium N content, and there
was also evidence of close interconnection between functional gene
abundances across soil C and N cycles. This study contributed to
exploring the safe utilization of SWI and provided data support for
investigating the impact of long-term SWI on the soil C and N cycle
microbial functional profile in cotton fields. However, this study only
conducted research on soil metagenomics. To comprehensively
investigate the microbial impact mechanisms of SWI on soil
environment, further integration with soil microbial transcriptomics
and proteomics information is necessary.
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