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Abstract

Oases soils n northwestern China are widely used for agricultural production,
but low soil moisture and fertility necessitate high volumes of wrigation and fertilization,
with significant losses of water via evaporation and nitrogen via denitrification. The
dynamics of denitrifying communities and therr responses to potential denitrification
rate (PDR) in continuously-irrigated oases remain unclear. In this study, we examined
the dynamics of nrK and nrrS denitrifying communities i three distinct areas: an old
oasis field (OOF, 54 years of cultivation), a young oasis field (YOF, 20 years), and an
adjacent uncultivated sandy land (USL, O years), and used the partial least squares path
model (PLS-PM) to predict how and to what extent soil properties and denitrifying
communities may be responsible for changes in PDR. Our findings indicate that
cultivation, compared to the USL treatment, improved soil structure and fertility,
mncreased the abundance and diversity of denitrifying microbes, resulting n a further
elevation of soil PDR in YOF and OOF. Additionally, our analysis highlights the
potential dominance of the nirK gene in denitrification. PLS-PM revealed that soil

chemical properties and microbial biomass indirectly affected soil PDR by regulating
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the abundance and diversity of nirK and nirS genes. Conversely, soil physical properties
had a direct negative impact on PDR. Alterations in PDR were, in part, attributed to
changes in abundance, richness, and beta-diversity, but not correlated with changes in
alpha-diversity. Notably, the standardized total effect demonstrated that the denitrifier
community exhibited greater responsiveness to changes in PDR than did soil properties.
Overall, our findings suggest that the denitrifying communities may play a more
mportant role than soil properties in PDR and an increased understanding of the
denitrifying communities allows PDR prediction during conversion of oasis to

cultivated land conversion.

Keywords: Cultivation; Denitrification rate; Denitrifying community; Desert-oasis
region; Illumina Miseq sequencing

1. Introduction

The oasis area in northwest China has grown from 2.5x10* kn? to 12.8x10% km?
since the 1950s due to ongoing agricultural land development (Xue et al., 2019). The
change in land use brought on by the development of oases into desert fully changing
atmosphere—water—soil-plant system processes in arid regions.

Cultivation, irrigation, and fertilization accelerate soil development processes.
Changes in soil properties impact the management of fertilizer and water. Conversion
of native desert soil to an irrigated field changes edaphic properties and agricultural
practices, and can affect soil microorganisms (Szukics et al., 2009; Attard et al., 2011;
Chen et al., 2023). Denitrifying bacteria are mvolved in nitrate reduction, N loss, and

N20 emissions; their existence is crucial to the soil N cycle even though they only
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make up 0.5-5% of the entire microorganism population (Prescott et al., 2014;
Canfield et al., 2016).

Denitrification (NO3-N—NO2-N—-NO—N>0—N>2), akey link in the nitrogen
(N) cycle, is an important pathway resulting i the loss of available N in soils (Attard
et al, 2011; Li et al, 2021; Lan et al,, 2023). Nitrite reductase-mediated reduction of
NO2z-to NO is the central step in denitrification because dissolved N becomes gaseous
N for the first time (Yin et al, 2014; Yang et al., 2017; Gineyts et al., 2023).

Currently, nitrite reductase marker genes (nirK and nirS) are routinely used, enabling
us to revealing abundance and structure of denitrifying microbes in soil samples.

In desert ecosystems, soil microbes are typically severely limited by the availability
of water, organic matter, and nutrients. Agricultural practices (such as tillage,
fertilization, and irrigation) have a substantial impact on the amount of soil moisture
and nutrients available when a native desert is converted to an irrigated area (Su et al,
2010; Wang et al, 2019), which may modify the dynamics of the denitrification
community and the potential denitrification rate (PDR) (Attard et al, 2011; Wang et al.,
2019). For example, Wu et al. (2021) detected that moisture and fertilizer addition
stimulated the activity of nirK and nirS genes, resulting in an increase in the microbial
potential for denitrification in hyperarid Atacama Desert, and similar trends for
denitrifier abundance (nirK and nirS) and PDR were observed in the Omani Desert

(Abed et al, 2015). Irrigated cropland soils exhibit an increased abundance and
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diversity of denitrifying microbes due to increased soil porosity and liquid water
nutrient supply in a Desert-Oasis Ecotone in northwestern China (Chen et al., 2019).
Bu et al. (2020) observed that the desertification process resulted in a considerable
decrease in soil moisture, available N, and available phosphorus, which in turn led to a
decrease m the richness of nirK and nirS, with a reduction n N loss potential n the Mu
Us Desert. In addition, changes i soil texture due to cultivation could also explain
changes in denitrifying microbes (Cheng et al., 2018; Wang et al., 2019).
Understanding the community composition of nirK and nirS genes is an effective
way to predict PDR since their abundance and community composition dominate NO3-
N reduction as well as N2O and N2 emission. However, a quantitative relationship
between PDR and community composition of nirK and nirS in soil along a cultivation
chronosequence is unknown. Moreover, the relationship of biological and
environmental explanatory variables to the observed changes in PDR following those
conversions is still unclear. Here, we aimed to determine the differences in PDR and in
the abundance and diversity of denitrifier communities along a cultivation
chronosequence made up of uncultivated sandy land (USL, O year, never used for
agriculture), a young oasis field (YOF, cultivated for 23 years), and an old oasis field
(OQOF, cultivated for crop production for 54 years). We used gas chromatography, real-
time qPCR, and high-throughput pyrosequencing. We hypothesized that agricultural

practices following cultivation increase soil denitrification via therr positive effects on
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the abundance and diversity of the denitrifying community. Our objectives were to (1)
quantify the difference in soil PDR following the conversion of native desert to an
wrigated field, (2) assess the response to cultivation of the structure of nirS- and nirk-
type denitrifier communities, and (3) identify and rank biological and abiotic drivers

that explain the temporal changes in PDR.
2. Materials and methods

2.1 Study site description

The study was directed in Zhangye oasis (100°07" E, 39°24’ N) in the middle
reaches of the Heihe River Basin of Gansu province, China. It has a typical temperate
continental climate, with an annual temperature of 7.6°C, annual precipitation of 117
mm, and annual pan evaporation of 2388 mm. According to the World Reference Bade
(WRB) classification system, soil is categorized as the Calcic Yermosol; it is often
coarse-textured, contains a lot of sand, and has poor water and nutrient retention. (Xiao
etal, 2009; Su et al., 2010). The depth of the groundwater level is between 2.5 and 4.5
m due to the fluctuation of the water level of the Hethe River (Wang et al. 2022).
Agricultural production depends fully on irrigation, of which about 70% is obtained
from groundwater, and the rest from the Heihe River (Wang et al., 2020).

Since the 1950s, sandy lands outside the oasis have progressively been reclaimed
for agricultural purposes, resulting in a range of irigated farmland ages, spanning from
1 year to over 60 years (Zhang et al., 2017). The primary crops cultivated in this region

are maize and wheat, with a single annual harvest cycle. Before the year 2000, the
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dommant cultivation pattern was wheat-maize ntercropping. Since then, approximately
75% of the cropland was switched to a monoculture of seed maize mulched. In recent
years, the rate of fertilizer application in maize reached 300-450 kg N-ha™!, 90-150 kg
P20s-ha™!, and 60-90 kg K2O-ha™! per year. These fields undergo irrigation 6 to 8 times
during each growing season, employing flood irrigation to reach a depth of 600-1200
mm (Su et al,, 2017).

In the peripheral desert, some drought-tolerant desert shrub species (Haloxylon
ammodendron, Tamarix chinensis), perennial herb species (Artemisia desertorum,
Kalidium) and annual sand-fixing plants (Salsola collina) have been planted for more
than 35 years on sand dunes to protect against sandstorms and to stabilize the dunes
(Zhang et al,, 2017). The presence of these sand-fixing plants enabled the desert-oasis
region to mamntain a more stable environment and reduced the incidence of sandstorms
by 45% (Luo et al, 2018).

2.2 Experimental design

Two irrigated croplands and one adjacent uncultivated sandy land were used in this
study to quantify potential changes in soil denitrification with different cultivation
periods. The soil parent material of croplands was the same as that of natural sandy land
before agricultural use, and there was no significant difference in soil particle size
composition and organic matter content in the initial stage of croplands in the study

area (Su et al., 2004).
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In this study, five plots (1030 m) that have been continuously cropped for 54 years
(“old oasis field” (OQOF)), five plots (18x16 m) that have been cultivated for 23 years
(“young oasis field” (YOF)), and five plots (1030 m) on adjacent sandy land that have
never been developed for agricultural use (“uncultivated sandy land” (USL)) were used
to conduct the study. The duration of cropland cultivation was determined using records
from the Linze Ecological Observational and Experimental Station, Chinese Academy
of Sciences, established in 1965. Before the year 2000, all cropland plots underwent
wheat (Triticum aestivum L) - maize (Zea mays L) rotation, with one annual harvest.
Since then, maize was grown in monoculture, with plastic film used as mulching. Maize
was sown in all cultivated plots on about April 20th and harvested on about September
25t Conventional tillage was used in YOF and OOF, and the same amounts of
fertilizers and irrigation. The fertilization rate was 330 kg N-ha™!, 90 kg P,Os-ha™!, and
60 kg K2O-ha! each year in the last 20 years. Approximately 90% of irrigation water
was sourced from groundwater over the past decade. Cropland plots were irrigated 7 to
9 times depending on soil conditions, with irrigation depth of 100 mm each time.

In October 2020, about one month after maize harvest, 12 topsoil samples (0-20
cm) were collected along the S-shaped transect at each site; samples were composited
per plot, stored in ziplock bags and immediately put on ice for transport to the laboratory.
In the laboratory, plant residues and litter debris were removed, then soil samples were

screened through a2-mm mesh. Aliquots of fresh samples were stored at -80°C for later
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DNA extraction orat 4°C to determine the concentrations of soil inorganic nitrogen and
microbial biomass carbon and nitrogen. Remaining samples were air-dried for other
physiochemical analyses.
2.3 Physiochemical analysis

Soil pH and soil salinity were determined i 1:2.5 soilwater suspensions. A laser
particle analyzer was used to determine the size distribution of soil particles. (Microtrac
S3500, Microtrac, USA). Soil ammonium-N (NHs"-N, AN) and nitrate-N (NO3™-N, NN)
were extracted with 2M KCL and then determined with an automatic flow-injection
analyzer (AA3, Seal Analytical, Bran + Luebbe, Hamburg, Germany). Soil total
nitrogen (TN) was determined mn a digest of H2SO4- CuSO4-K2SO4 solution and
measured using AA3. Organic matter (OM) was determined with the K2Cr2O7-HaSO4
oxidation technique, and titration with FeSO4-7H20.
2.4 Potential denitrification rates

Soil potential denitrification rates (PDR) were calculated using the acetylene
(C2H2) mhibition approach (Yan et al., 2018). Briefly, 10 g fresh soil was weighed mto
a 50 ml serum bottle with 20 ml incubation solution containing 0.18 g-L"! glucose, 1.0
gL' chloramphenicol, and 0.1 gL™' KNOs. All of the bottles were filled with N at
least 3 times. C2Hz was added to the bottle's headspace in around 10% of the bottle's
total volume to prevent N2O from being reduced to N2. Bottles were placed on a shaker

(100 rpm'min’!) and incubated in the dark for 24 h at 25 °C. The N2O concentratio ns

85US017 SUOLLLIOD BAIFER1D 3|l jdde auy Aq pausenob afe 9Pl VO ‘88N JO'S3|NI o Are1q17 8UIIUO AB|IM UO (SUO I IPUOO-PUR-SLLLBHWOD" A3 |IMARe.q)1)BUI|UO//:SANY) SUORIPUOD pUe SWiie L 8U) 335 *[£202/TT /2] Uo ARigITauliuo AB|IM ‘piuewuoliug suoifey pUY % PloD AQ SZrET'SSB/TTTT 0T/I0p/wod A8 M Ariq1jeulu0's euInofsssay/sdny woly pepeojumoq ‘el ‘68e259ET



were measured by gas chromatography (Agilent 6890 N, Agilent Technologies Inc.,
USA).
2.5 Microbial analysis
2.5.1 Microbial biomass carbon and nitrogen

The carbon (MBC) and nitrogen (MBN) content of soil microbial biomass were
measured using the chloroform fumigation-extraction method (Wu et al, 1990). In a
nutshell, 15 g fresh soil was subjected to chloroform for 24 h. Using a vacuum pump to
completely remove all of the chloroform, soil samples were extracted using 50 mL of
0.05 mol L! K2SO4. After fumigation and extraction, the total dissolved organic C in
the liquid was measured using a total organic C analyzer (Phoenix 8000; Teldyne
Tekmar, Mason, OH, USA), and mineral N in the liquid was measured using AA3. The
MBC = Ec/KEec, where Ecwas the difference between extracted organic C in fumigated
soil and non-fumigated soil and Kzc of 0.45 was a correction factor; MBN = En/Kkn,
where En was the difference between extracted mmeral N in fumigated and non-
fumigated soil and Kenof 0.54 was a conversion coeflicient.
2.5.2 DNA extraction

Deoxyribonucleic acid (DNA) was created from roughly 0.5 g of fresh soil using
the FastDNA Spin Kit (MP Biomedical, Carlsbad, CA, USA). Purification and
concentration of DNA were determmed with 260/280 and 260/230 nm absorbance

ratios using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
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MA, USA). For subsequent testing, qualificd DNA was kept in a freezer at -20 °C.
2.5.3 Quantitative PCR

Numerous studies have employed the genes nirK and nirS as functional gene
markers to determine the abundance of nitrifying and denitrifying bacteria (Gao et al,
2020). The qPCR reactions were carried out n ABI PRISM 7300 Sequence Detection
System (Applied Biosystems, USA). The 20.0 pL reaction mixture contained 10.0 puL
of 2X Taq Plus Master Mix (ChamQ SYBR Color qPCR Master Mix (2X), Nanjing,
China), 0.8 uL of each forward and reverse primers (5 M), 1.0 uL of template DNA,
and 7.4 pL of ddH20. The standard curve of nirK and nirS was obtained using a 10-
fold dilution of finctional gene plasmids DNA, with R? ranging from 0.993 to 0.997.
The qPCR reaction of the nirK and nirS gene was 5 min at 95°C, and the subsequent
thermal profile of the four genes (Table 1). The gene copy numbers for nirK and nirS
were calculated based on the relationship between the standard concentration and the
converting cycle threshold (Ct) value using external standard methods. Based on Eff =
[10(-1/slope)-1] x 100%, the amplification efficiencies of nirK and nirS were 87.9 and
87.4%, respectively.
2.5.4 PCR amplification

The diversity and gene-community composition of nirK and nirS were determined
using the polymerase chain reaction (PCR). Sequencing was done using the primers

LWC-nirK F/R (nirK) and nirS 4F/6R (nirS) (Table 1). Independent PCR amplifications
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were conducted in triplicate on ABI GeneAmp® 9700 (ABI, USA). The PCR reaction
was provided in 20.0 pL including 4.0 pL of 5xFastPfu Buffer, 2.0 pL of 2.5 mM
dNTPs, 0.8 puL of each forward and reverse primers (5 uM), 0.4 pL of FastPfu
Polymerase, 0.2 uL BSA, 10.0 ng of DNA template, and 1.8 uL ddH20. All genes
underwent 37 cycles of denaturation at 95 °C for 30 seconds, annealing at 60 °C for 30
seconds, extension at 72 °C for 45 seconds, and final extension at 72 °C for 10 minutes.
PCR products were purificd with AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA), detected with 2% agarose gel electrophoresis, and
quantified with Quantus™ Fluorometer (Promega, USA). NEXTFLEX Rapid DNA-
SEQ Kit was used for DNA library construction. Amplicon sequencing was performed
on the Illumina MiSeq PE300/NovaSeq PE250 platform (Majorbio Company, Shanghai,
China).
2.5.5 Bioinformatics analysis

The PE reads by Miseq sequencing were spliced, controlled, and filtered to obtain
valid sequences using Quantitative Insights Into Microbial Ecology (QIIME)

(httpsv//docs.qiime2.org, version:17.0) (Bolyen et al, 2019). Primers, low-quality

sequences (quality score <20; homologs longer >10 bp; length < 150 bp; with one or
more ambiguous bases), duplicated sequences, and single sequences without repetition
were removed using fastp (httpsy//github.com/OpenGene/fastp, version 0.20.0) (Chen

et al., 2018; Chen et al,, 2021). The remaining reads were spliced based on the overlap
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relation between PE reads using FLASH (http//www.cbcb.umd.edu/so ftware/flash,

version 1.2.7) (Mago¢ and Salzberg, 2011). Representative sequences of operational
taxonomic units (OTUs) sequence cluster (excluding chimera) with a sequence identity
threshold of 97% were performed with UPARSE program
(http//drive5.com/uparse/,version 7.0.1090) (Edgar, 2013). Representative sequences
of OTUs were generated by selecting the most abundant sequences, and OTUs with
abundance < 0.001% were discarded (Bokulich et al, 2013). A total of 1298 and 499
OTUs were obtained for nirK and nirsS, respectively. Ribosomal Database Project (RDP)
naive Bayesian classifier (http//sourceforge.net/projects/rdp-classifier/, version 2.11)
was used to classify the nirK and nirS genes OTUs to taxonomic groups at 70%
confidence threshold base with GeneBank database (Release7.3

http//fungene.cme.msu.edu/) (Fish et al, 2013). Community alpha diversity were

calculated using the Chaol (Chao, 2003) and Shannon indices (Chao and Shen, 2003);
community beta diversity was examined with PCoA (Chen et al., 2021).
2.6 Statistical analysis

All data were tested for normality in SPSS 21.0 (Chicago, IL, USA) before
statistical analysis. One-way analysis of variance (ANOVA) and Least Significance
Difference (LSD) were applied to assess differences in soil properties, absolute and
relative abundances, OTUs number, coverage, and alpha diversity indices (Chaol index

and Shannon index) among USL, YOF, and OOF. The Alpha diversity index of nirK
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and nirS genes consisted of OTUs at OTU level. The community composition of nirK
and nirS genes consisted of OTUs at genus level. Kruskal-Wallis H test was adopted to
examine species abundance differences at phylum level among sampling sites. Principal
Component Analysis (PCoA) and ANOSIM test were performed to assess variations in
the community composition of nirK and nirS genes among sampling sites (USL, YOF
and OOF) based on Bray Curtis dissimilarities using vegan package in R Studio 3.5.2

software (http://cran.r-project.org/).

Partial least squares path modeling (PLS-PM) was conducted to assess the
connections among soil properties, microbial communities, and PDR. PLS-PM is the
extension of a multiple linear regression model, which is often used to mvestigate
complex multivariate relationships between predictor and response variables (Sanchez,
2013). The R package ‘plspm’ was used to construct the model. The acceptable range
of goodness of fit (GoF) and average variance extracted (AVE) were 0.40 < GoF <1.0,
and AVE > 0.5, respectively (Vanalle et al. 2017). In the model, eight latent variables
were used, namely, (1) soil physical properties, (2) soil chemical properties, (3)
microbial biomass, (4) richness and (5) abundance of nirK and nirS genes, (6) alpha-
diversity and (7) beta-diversity of nirK and nirS genes, and (8) PDR. SMC, sand content,
and BD represented soil physical properties; pH, salinity, AN, NN, and OM represented
soil chemical properties, MBC and MBN represented microbial biomass; the number

of OTUs, and the copy numbers of nirK and nirS genes represented richness and
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abundance, respectively; the Shannon and Chaol indices, and the first axes from a
PCoA analysis within the OTU community matrix (PC1) of nirK and nirS genes

represented the alpha- and beta-diversity, respectively.

3. Results

3.1 Soil properties and PDR

Soil BD and particle size distribution differed significantly across cultivation
types (Fig. 1b and c). Sand content at USL was > 90%, while that at YOF and OOF
was lower than at USL (P < 0.05); soils were correspondingly classified as sandy at
USL, sandy loam at YOF, and loamy at OOF, based on the United States Department
of Agriculture (USDA) soil classification. Soil pH was greater at OOF than at USL (P
<0.05), but the soil salinity did not alter over the course of cultivation (Fig. 1d and e).
Sites exhibited a significant increase in soil moisture (Fig. 1a) and soil nutrients (Fig.
1£h and 1k-I), but a significant reduction in soil C/N ratio (Fig. 1j) with cultivation
time (P <0.05). Contents of AN, NN, and TN at OOF were 6.9, 38.5, and 6.4 times
greater than at USL. OM at USL, YOF, and OOF was 4.88, 16.03, and 21.5 g'kg !,
respectively. As cultivation time increased, the content of MBC and MBN increased
from 15.92 g-kg ~! at USL to 129.95 g'kg ~! at OOF for MBC, and from 62.12 g'kg !
at USL to 316.8 g'kg ! at OOF for MBN.

PDR increased significantly with the increase i cultivation time (P =0.001)
(Fig. 2). PDR at USL, YOF, and OOF was 10.08 + 2.88, 23.68 + 3.62 and 52.8 + 6.78

ug-g!-d-!, respectively.
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3.2. Abundance of denitrifying microbes

Absolute abundances of nirK and nirS genes were significantly affected by the
cultivation period and significantly increased from USL to OOF (P = 0.001) (Fig. 3).
The average abundance of nirK genes copies per gram of dry soil ranged from
1.03x10 to 6.33x107(Fig. 3a), whereas that of nirS genes copies ranged from
4.25%10% to 5.40x10° (Fig. 3b); this indicated that copy numbers of nirK dominated in
the desert oasis soil. In addition, ratios of nirK to nirS n YOF and OOF were
generally one order of magnitude greater than those in USL (P = 0.001) (Fig. 3c).
3.3. Community and diversity of denitrifying microbes
3.3.1 Community composition

A total of 27 nirK gene genera was detected in all soil samples. We found 10, 23,
and 25 nirK gene genera n USL, YOF, and OOF soils, respectively. Ten nirK gene
genera were common across the three sites. The number of nirK gene genera in YOF
and OOF soil was significantly greater than that in USL. The predominant genera
with the nirK gene were significantly different among the three sampling sites. At
USL, nearly 80% of genera species run to completion in
unclassified k norank d Bacteria, followed by unclassified d Unclassified
(15.1%). However, in YOF and OOF, unclassified k norank d Bacteria,
Simorhizobium, Ensifer, unclassified f Bradyrhizobiaceae, and

unclassified o Rhizobiales jomntly dominate nirK gene communities (Fig. 4a).
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We detected 15 nirS functional gene genera in the three sites. We found 3,10 and
14 nirS gene genera in USL, YOF, and OOF soils, respectively. Three nirS gene
genera were common across the three sites. unclassified p  Proteobacteria (45.3%),
unclassified k norank d Bacteria (46.4%) and unclassified ¢ Betaproteobacteria
(8.3%) dominated the nirS gene community in USL. The predommant nirS species
were largely consistent in YOF and OOF; however, differences in relative abundances
were observed (Fig. 4b). In YOF and OOF, the dominant species were
unclassified p Proteobacteria, unclassified k norank d Bacteria, and
norank p environmental samples, accounting for 65.4, 20.0, and 9.8% of the
relative abundance m YOF, and 49.7, 24.1, and 19.8% in OOF, respectively.
3.3.2 Community richness and diversity

The full dataset yielded a total of 244929 nirK gene sequences and 297416 nirS
gene sequences, and a total of 1298 OTUs for nirK gene and 499 OTUs for nirS gene
were discovered. All samples had nirK and nirS gene coverage levels that were above
99% (Fig. 5 a and e), indicating that the number of nirK and nirS genes sequences
obtained represented nirK and nirS genes communities well.

Cultivation significantly affected the number of OTUs; OTUs number of nirk
and nirS genes increased significantly with the increase in cultivation time (Fig. 5b
and f). The conversion from native desert soils to rrigated croplands significantly

increased richness and diversity of nirK and nirS gene communities. The Chaol index
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of nirK and nirS genes and the Shannon index of nirK genes differed significantly
among USL, YOF, and OOF (Fig. 5 ¢, d and g). The Shannon index of nirS gene in
cultivated fields (YOF and OOF) was significantly higher than that in uncultivated
sandy land (Fig. Sh).

The PCoA of community B-diversity clearly grouped the nirK and nirS genes
communities according to the three sampling sites (Fig. 7 a and b). The first two axes
(PC1 and PC2) explained 99.68 and 91.4%, respectively, of the total variance for nirk
and nirS genes communities. In addition, the ANOSIM test revealed a significant
difference among USL, YOF and OOF (P =0.001) along coordinate 1 in the
compositions of nirK and nirS communities at the phylum level (Fig. 6).

3.3.3 Community differences

At the phylum level, in USL, two groups of nirK genes community and one
group of nirS geness community were significantly enriched as indicated by the
Kruskal-Wallis H test, these were unclassified k norank d Bacteria,
unclassified d  Unclassified (Fig. 7a) and unclassified k norank d Bacteria (Fig.
7b). Proteobacteria phyla were significantly enriched in YOF of nirK and nirS genes
community (Fig. 7 a,b). In OOF, 2 groups of nirK genes community and 2 groups of
nirS genes community were significantly enriched, namely Proteobacteria,
environmental samples k norank d Bacteria (Fig. 7a), Proteobacteria and

environmental samples (Fig. 7b). At the phylum level, the relative abundance of
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Euryarchaeota i nirK genes community (Fig. 7a) and unclassified d  Unclassified
in nirS genes community (Fig. 7b) showed no significant difference among USL,
YOF and OOF as summarized by the Kruskal-Wallis H test.

3.4 Relationships among PDR, soil properties, and denitrifiers

The PLS-PM results (GOF = 0.854) showed that soil physical properties, soil
chemical properties, and microbial biomass affect PDR directly, and also indirectly, by
changing the abundance and community structure of denitrifiers (Fig. 8b). Soil physical
properties had a negative effect on PDR, with a direct effect of -0.6004 and an indirect
effect of -0.018 (Fig. 8a and b); within that, sand content had the strongest effect on
PDR (Table 2).

The direct positive path coefficient of soil chemical properties effect on PDR was
0.987, while the indirect path coefficient was -0.847; the resulting total effect of soil
chemical properties on PDR did not reach the significant level (P> 0.05). Soil chemical
properties of AN, NN, and C/N had the strongest positive effect on PDR (Table 2).

Microbial biomass had direct negative and indirect positive effects on PDR, with
path coeflicients of -0.517 and 0.773, respectively (Fig. 8b). Beta-diversity had
significant negative effects on PDR, while richness and abundance had significant

positive effects on PDR, with path coefficients of-0.901, 0.864 and 0.604, respectively.
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4. Discussion
4.1 Responses of soil properties to cultivation

In arid regions, uncultivated sandy soils typically display a loose structure and
possess low levels of water and nutrients due to prolonged wind erosion (Chen et al.,
2019). Following the transformation of uncultivated sandy soil into cropland, the
processes of tillage, irrigation, and fertilization exert significant effects on soil
formation. These practices enhance soil structure and elevate soil moisture and nutrient
levels (Su et al, 2010; Su et al., 2017; Zhang et al., 2017). In this study, we observed
that silt and clay concentrations increased with the duration of cultivation, while bulk

density decreased (Fig. 1b and c). The rise in sit and clay content primarily resulted

from the continuous inflow of sediment carried by irrigation water from the Heihe River.

Research indicates that the irrigation of Heihe River water, which contams silt, can
transport over 2500 kg * hm2 « y'! of particles into the cropland (Su etal., 2017). The
mtroduction of clay had a substantial positive impact on the formation of soil aggregates
and led to a reduction in bulk density in these arid soils (Zhang et al., 2018).

Soil SMC, AN, NN, TN, OM, MBC and MBN exhibited substantial increases with
prolonged cultivation time (Fig.la, f-I). The favorable trend in soil moisture and
nutrient enhancement can be attributed to agricultural practices. Agricultural manure
and irigation increased the mput of organic cementing materials, and crop residues

increased the mput of biomass and nutrients to the soil, promoting soil evolution
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(Saviozzi et al. 2001). In addition, fertilization and irrigation increased crop yield,
which in turn increased the input of organic carbon and nitrogen through litter and roots,
resulting in a positive transformation of soil fertility (Lozano et al. 2014). Cultivation
also resulted in a significant decrease in soil pH, which may be related to the
accumulation of organic acids secreted by crop roots and the leaching of alkaline ions
due to high volumes of irrigation (Li etal 2015; Chen et al. 2019).
4.2 Responses of denitrifiers to cultivation

There was mounting evidence that the abundance and diversity of denitrifiers are
sensitive to agricultural practices (Li et al, 2014; Yang et al,, 2017; Wang et al.,2019)
especially in desert soils in arid climates (Lozano etal 2014; Wu et al.,2021). The nirK
and nirS genes can reduce NO3™to NO through denitrification and are commonly-used
metabolic markers (Barta et al, 2010). In this study, the abundance of nirK and nirS
genes significantly increased with the cultivation period (Fig. 3a and b). This might be
the result of prolonged cultivation increasing moisture and substrate in the plough layer,
where a deficiency in oxygen was favorable for denitrifier development (Ym et al, 2014;
Wu et al.,2021). The higher SMC and NO3'N content in YOF and OOF in this study
also supported such an effect (Fig. laand g). Herold et al. (2018) and Wang et al.(2019)
observed that denitrifying bacteria prefer to grow in a weakly alkaline soil environment;
thus, the reduction in pH following cultivation (Fig. 1d) may also promote the higher

abundance of denitrifiers in YOF and OOF.
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Previous studies have shown that the nirK gene often exhibited higher abundance
than the nirS gene in different tillage, irrigation and fertilization systems (Tang et al.,
2020); this 1s consistent with our results, but contrary to the result of Wang et al. (2019),
Xiao et at. (2021) and Wang et al. (2022). nirK gene abundance was at least an order of
magnitude higher than nirS gene abundance i all three treatments, and it was 23.5
orders of magnitude higher m USL. However, despite nirK gene abundance increasing
with continuous cultivation, nirS gene increase rate was much higher than NirK gene
increase rate (Fig. 3c). Similar results have been reported in other studies; nirS-type
denitrifiers appear to be more sensitive to moisture and available nitrogen addition in
hyperarid desert soils (Wu et al., 2021), paddy soils (Xiao et al.,, 2021) and dryland soils
(Wang et al., 2022) than nirK-type denitrifiers. The differences between nirK and nirS
genes are likely due to distinctive niche preferences of the functional genes, and nirK
genes may preferentially participate in denitrification in nitrogen-deficient soil, while
nirS genes may be more sensitive to available water and nutrient additions (Wu et al.,
2021). Thus, the higher rate of increase of nirS than of nirK may be attributed to
increased soil moisture and nutrients following cultivation.

Sequencing results showed that Sinorhizobium, Bradyrhizobiaceae, Ensifer,
Rhizobiales, Rhodanobacter and Proteobacteria are the dominant genera in
proteobacterial phyla n YOF and OOF (Fig, 4). Bacterial phyla decreased and

proteobacterial phyla increased both in nirK and nirS community following cultivation
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(Fig, 4 and 7). The OTU number and a-diversity index (Chaol and Shannon) in nirK
and nirS communities increased with the increase in the cultivation period (Fig, 5). The
PCoA clearly grouped nirK and nirS gene communities (Fig, 6). The Kruskal-Wallis H
test indicated significant species differences among USL, YOF, and OOF (Fig, 7).
These results support our hypothesis that cultivation can shape a microbial community
structure, alter denitrifier community and diversity composition, and alter soil
ecosystem functions. In this study, proteobacterial phyla were the common dominant
phyla of nirK and nirS community in irrigated cropland soil (YOF and OOF), which
was consistent with results for saline and alkaline soils (Yang et al., 2018), paddy soils
(Xiao et al, 2021), and dryland soils (Wang et al, 2022). Wei et al. (2015) and
Shapleigh (2013) also showed that most denitrifying bacteria belonged to
proteobacterial phyla, and an increase in therr abundance was conducive to
denitrification. Bacterial phyla play an important role in an uncultivated desert soil
(USL), confirming the results of Wu et al. (2021), who also found that bacteria were a
dominant phylum i a denitrifier community in arid and barren desert soil The
differences between an uncultivated desert soil and an irrigated cropland soil n nirkK
and nirS community are likely due to a different composition of dominant strains in
nirK and nirS communities, with different strains of denitrifiers responding to different

stresses in their environment (Attard et al., 2010).
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4.3 Relative importance of edaphic factors and denitrifiers for explaining variation
in PDR

The PLS-PM revealed a clear difference between abiotic (edaphic) and biological
factors in explaining the variaton in PDR (Fig.8b). Specifically, the abundance and
diversity of denitrifiers exert a direct influence on soil PDR, whereas soil properties
indirectly modulate PDR by regulating microbial activity (Fig.8a). Soil physical
properties, such as soil bulk density and sand content, were notably reduced through
cultivation, leading to increased soil capillary pores (Wang et al, 2019). Such a
favourable trend in soil texture is conducive to water storage and provides a local
anaerobic environment for denitrification (Enwall et al., 2005; Lozano et al., 2014).

Soil chemical properties exhibited a direct positive impact on denitrifier
abundance and diversity, with the highest loading coefficients observed for pH, NO3™-
N, organic matter, and microbial biomass carbon and nitrogen (Table 2). Notably, a
strong negative association between soil pH and PDR was evident, with a standardized
loading coefficient of -0.911 (Table 2). Our study recorded pH levels between 7.8 and
8.9 (Fig. 1), falling outside the optimal pH range for denitrification, which typically
ranges from 6.5 to 7.5 (Li et al, 2021). According to Wang et al. (2019), higher pH
inhibits the growth of denitrifying bacteria to some extent and reduces the amount of
organic carbon and mineral nitrogen available to denitrifying microorganisms. As a

reactant of denitrification, soil NO3™-N has a load coeflicient with PDR of up to 0.923
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(Table. 2). Previous research has demonstrated that PDR increases with greater NO3™-
Nlevels (Chen et al, 2019; Wang et al, 2019) due to the heightened activity and
abundance of denitrifying bacteria in the presence of elevated NO3™-Nlevels (Yang et
al, 2014; Xiao et al., 2021). Additionally, the NO3™-N content increased along with the
enzymatic activity of denitrification, including nitrate reductase activity (Ye et al., 2021)
and nitrite reductase activity (Xu et al., 2023). It is necessary for organic carbon to be
available as a substitute electron donor and for NO3™-N to be available as an electron
acceptor for the facultative process of denitrification (Attard etal., 2010). In agricultural
ecosystems, the accumulation of organic matter resulting from agricultural practices not
only supplies electrons for denitrification but also serves as an organic substrate
supporting the growth and activities of denitrifying microorganisms (Su et al., 2010;
Wang et al., 2019). Furthermore, the consumption of oxygen during the decomposition
of organic waste fosters the development of an anaerobic environment, expediting
denitrification (Li et al., 2021). It is worth noting that microbial biomass exhibited a
negative effect on denitrifier abundance and richness (Fig. 7a), potentially due to the
limitations of soil microbial C and N pools in accurately reflecting the availability of
carbon and nitrogen (Chen et al., 2019).

The positive influence of denitrifier abundance on PDR aligns with findings in
soils subjected to both conventional tillage and no-tillage practices (Baudoin et al,

2009), conversions from grassland to cropping systems (Attard et al, 2010), and long-
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term agricultural fertilization systems (Wang et al, 2022). Additionally, during the
ecological restoration ofabandoned farmland, Wang et al. (2019) observed that a higher
abundance of nirK and nirS genes correlated with increased PDR. Mineral and organic
fertilizers can raise the nirK and nirS gene abundance, which could boost the capacity
for potential denitrification activity (Tang et al, 2020). Similarly, Attard et al. (2010)
observed an increase in PDR after cultivation, and this was largely coupled with
changes in the abundance of nirK and nirS genes. In this study, soil structure and fertility
exhibited a favourable trend (Fig.1) with an increase in cultivation period, stimulating
the growth of denitrifying microorganisms (Fig.3 and 4) which had a significant
positive effect on PDR (Fig.2). These observations underscore the pivotal role of nirk
and nirS gene abundance as an integrative ecological variable for predicting and
elucidating the dynamics of PDR during the process of oasis development.

Under certain conditions, different species or strains of denitrifiers can have
different physiological or metabolic features and can generate different levels of
denitrification (Salles et al, 2009). Consequently, the relationship between the
community diversity of denitrifiers and PDR remains uncertain, with conflicting
findings reported in the literature (Graham et al, 2016; Wang et al, 2019). It is
improbable that community diversity alone can explain concurrent PDR levels,
potentially due to the dominant influence of real-time edaphic variables on these rates.

Random fluctuations in edaphic variables can lead to substantial variations i PDR
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while having minimal impact on community diversity (Wang et al., 2019). Attard et al.
(2010) also found that it edaphic conditions rather than denitrifying communities drove
the variation in PDR after changes in land use. Additionally, microbial communities
might be more important in high PDR than low PDR. (Hallin, etal., 2009). In this study,
PLS-PM showed that a-diversity had no significant effects on PDR, while B-diversity
had a significant negative effect on PDR (Fig.8a). Similarly, Samnur et al (2016)
observed that o-diversity had no significant relationship to PDR in arid pasture soil
ecosystems. Wang et al. (2019) detected a negative relationship between B-diversity and
PDR in plant-restored soils.
Conclusions

Our findings showed that cultivation enhanced soil nutrient and organic C pools,
decreased bulk density, and increased soil clay content in a desert soil. This favorable
trend in soil structure and fertility increased the abundance and diversity of denitrifying
communities, leading to higher soil PDR in wrrigated oasis cropland. Therefore, the
changes in soil properties caused by tillage increase the potential gaseous N loss to
some extent during the process of desert soil oasization. The nirK-type denitrifying
community appeared to be the main drivers of denitrification, but nirS-type denitrifying
community may be more sensitive to cultivation. The composition of the denitrifier
community changed as a result of continuous cultivation, namely with a negative

influence on bacterial phyla and a favorable impact on proteobacterial phyla. Moreover,
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our results also indicate that the variaton in PDR was mamnly explained by the
abundance and B-diversity of denitrifiers. Our results increased the understanding of
the evolution of denitrifying communities and potential N losses, particularly during an

extensive conversion of natural desert nto agricultural land of northwestern China.
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Fig. 1. Differences in soil variables across 3 sites, uncultivated sandy land (USL),
young oasis field (YOF), and old oasis field (OOF). Abbreviations: SMC: Soil
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Fig. 6. Principal coordinates analysis (PCoA) (at the phylum level) of the nirK genes
communities (a) and nirS genes communities (b) across uncultivated sandy land (USL;
green dots), young oasis field (YOF; orange triangles) and old oasis field (OOF;
purple diamonds) (n=5). Values at axes 1 and 2 are the percentages that can be

explained by the corresponding axis.
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Fig. 7 The Kruskal-Wallis H test of species (at the phylum level) with different

abundances of nirK (a), and nirS (b) genes communities across uncultivated sandy

land (USL), young oasis field (YOF) and old oasis field (OOF) (n = 5,*P <0.05, **P

<0.01).
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Fig. 8. The partial least squares path model (PLS-PM) and standardized total effect
(STE, xbootstrap 95% confidence interval). Boxes represent latent or observed
variables. Larger path coefficients are reflected in arrow width. Black arrows indicate
a positive effect; red arrows indicate a negative effect. Solid arrows indicate that the
effect was significant; dashed arrows indicate that the effect was not significant. *P <
0.05, **P < 0.01, or ***P < 0.001. GOF is the goodness of fit, which is a measure of
the overall prediction. AVE is average variance extracted, which is used to estimate

the aggregation validity of the model
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Table 1 Primers and thermal cycling conditions for gPCR

Target Primers Sequence (5°-3") Amplicon Cycling conditions Refs.
gene length (bp)
nirk LWC-nirK-F ATCATGGTSCTGCCGCG 471 95 °C, 60s; 58 °C, 30s; Wang et al.
LWC-nirkK-R GCCTCGATCAGRTTGTGGTT 72 °C, 45s (2022)
nirS nirS4F TTCRTCAAGACSCAYCCGAA 322 95 °C, 60s; 58 °C, 30s; Wang et al.
nirS6R CGTTGAACTTRCCGGT 72 °C, 45s (2021)
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Table 2 Loading coefficient between observed and latent variables

Latent variables  Observation SPP SCP MB Richness  Abundance o-diversity  p-diversity  PDR
variables

SPP SMC -0.952 0.955 0.914 0.901 0.950 0.8518 0.907 0.895
BD 0.944 -0.979 -0.922 -0.939 -0.969 -0.908 -0.928 -0.941
Sand 0.958 -0.962 -0.956 -0.931 -0.954 -0.866 -0.890 -0.965

SCP pH 0.86 -0.849 -0.793 -0.843 -0.837 -0.786 -0.890 -0.911
Salt -0.483 0.412 0.629 0.267 0.378 0.243 0.165 0.565
AN -0.949 0.989 0.915 0.765 0.889 0.827 0.7709 0.84
NN -0.966 0.947 0.934 0.892 0.977 0.922 0.859 0.923

MB MBC -0.922 0.922 0.927 0.821 0.892 0.786 0.805 0.929
MBN -0.947 0.92 0.997 0.852 0.907 0.785 0.810 0.931

Richness nirk-OTU -0.748 0.789 0.733 0.883 0.784 0.871 0.803 0.739
nirS- OTU -0.925 0.97 0.856 0.985 0.967 0.947 0.983 0.891

Abundance nirk -0.957 0.977 0.917 0.959 0.917 0.926 0.955 0.931
nirS -0.907 0.902 0.957 0.809 0.885 0.764 0.768 0.939
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nirk-Shannon

nirS- Shannon

a-diversity nirk-PC1
nirS-PC1
PDR PDR

-0.68

-0.883
-0.878
-0.859
-0.964

0.727
0.934
0.947
0.932
0.94

0.642
0.798
0.799
0.785
0.944

0.775
0.973
0.964
0.966
0.888

0.731
0.938
0.945
0.928
0.932

0.8839
0.948
0.934
0.946
0.834

0.727
0.974
0.996
0.989
0.842

0.684
0.827
0.823
0.796

SPP: soil physical properties, SCP: soil chemical properties, MB: microbial biomas
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