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• The mechanisms of N transformation in
biocrusted soils to warming at different
levels (functional genes→enzymes)
were studied.

• Warming significantly inhibited soil Ra
and Rmdue to the decrease in the abun-
dance of functional genes and enzyme
activities.

• The Rn and related genes were in-
creased in cyanobacteria-covered soil
after warming.

• Warming affects the N transformation
process selectively instead of regulating
every process due to the mediation of
biocrusts.
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Soil nitrogen (N) mineralization is a microbially-mediated biogeochemical process that is strongly influenced by
changing climates. However, little information is available on the mechanisms behind the response of N miner-
alization to prolonged warming coupled with drought in soils covered by biocrusts.We used open top chambers
to investigate the rate of soil N transformation (ammonification, nitrification andmineralization), enzyme activ-
ity and gene abundance in response to warming coupled with reduced precipitation over three years
(2016–2018).Warming and drought significantly reduced theN transformation rate, extracellular enzyme activ-
ity, and gene abundance in moss-covered soil. For cyanobacteria-covered soil, however, it inhibited enzyme ac-
tivity and increased the abundance of the nitrification-related genes and therefore nitrification rate. Our
treatments had no obvious effects on N transformation and enzyme activity, but reduced gene abundance in
bare soil. Biocrusts may facilitate N transformation while the degradation of moss crust caused by climate
warmingwill dampen any regulating effect of biocrusts on the belowgroundmicrobial community. Furthermore,
belowground microbial communities can mediate N transformation under ongoing warming and reduced pre-
cipitation by suppressing ammonification- and nitrification-related gene families, and by stimulating
nitrification-related gene families involved in cyanobacteria-covered soil. This study provides a basis for identi-
fying the functional genes involved in key processes in the N cycle in temperate desert ecosystems, and our re-
sults further highlight the importance of different biocrusts organisms in the N cycle in temperate deserts as
Earth becomes hotter and drier.
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1. Introduction
Global terrestrial surface temperature will likely increase by
2.6–4.8 °C at the end of this century (IPCC, 2014). Temperature has in-
creased over the past century and is predicted to increase further
(Xiao et al., 2016). Earth will also experience uncertainty in the amount
and intensity of rainfall (Li et al., 2018a), with declines in some years
and increases in others according to long-term climatic records (Li
et al., 2016; Li et al., 2018a).

Nitrogen (N) is one of the most limiting nutrients in desert ecosys-
tems. It plays an important role in the carbon (C) cycle and climate
change (Gruber and Galloway, 2008). Nitrogen transformation, particu-
larly N mineralization (Nm) is closely linked to temperature (Brzostek
et al., 2012; Hu et al., 2017; Song et al., 2018), and ongoing climate
warming will profoundly affect the mineralization process and alter
ecosystem N cycling (Bai et al., 2013; Bhatti et al., 2018; Liu et al.,
2017a). Previous studies have shown that warming has increased
(Hovenden et al., 2017; Li et al., 2018b; Melillo et al., 2002), reduced
(Allison and Treseder, 2008; Hagedorn et al., 2010) or had no effect on
Nm (Fu et al., 2019; Wang et al., 2012), depending on ecosystem type.
To date, however, most studies have investigatedwarming and drought
effects onNm in grassland, forest and agroecosystems (Lang et al., 2010;
Schutt et al., 2014; Wei et al., 2013), but its effects in moisture-limited
ecosystems such as deserts remains largely unexplored (Dijkstra et al.,
2010). Consequently, further information on the process of N transfor-
mation in response to warming is necessary to understand N cycling
process in deserts under future climatic change scenarios.

Arid and semiarid lands account for approximately 41% of Earth's
land surface and are involved in the release of 30% of gaseous N (N2,
N2O,NOx, andNH3) from the globalN cycle (Bowden, 1986). Vegetation
cover in these high temperatures, low rainfall environments is charac-
terized by discrete patchiness (Valentin et al., 1999). The unvegetated
open areas are covered by a community of highly specialized organisms
collectively known as biocrusts, which comprise cyanobacteria, algae,
mosses, and lichens that regulate many functional processes of desert
ecosystems (Eldridge, 2000; Li et al., 2016; Li et al., 2017), They also
play major roles in soil hydrology (Belnap, 2003; Belnap, 2006; Kidron
et al., 2003; Li et al., 2018a; Maestre et al., 2002; Pan et al., 2010), N
and C cycling (Billings et al., 2003; Hu et al., 2015; Li et al., 2012; Su
et al., 2011) and microbial interactions (Liu et al., 2018; Liu et al.,
2017b; Louge et al., 2013) depending on different successional stages
(e.g., from cyanobacteria-to lichen- or moss-dominated crusts).
Biocrusts multifunctionality, particularly in relation to N cycling, is
closely linked to temperature and soil water availability, but there is lit-
tle information about the dynamics of N transformation under global
warming in biocrusts-covered temperate deserts, particularly among
different crusts types. Several studies have examined the response of
Nm to warming in laboratory experiments (Hu et al., 2014). Neverthe-
less, Nm exhibits substantial spatial heterogeneity in temperature and
precipitation in arid regions on an interannual scale. Additionally, to
our knowledge, few studies have examined the mechanisms of Nm
from different perspectives (e.g., enzyme activities and gene function)
in biocrusts-covered soils. Finally, there are still considerable gaps in
our understanding of the linkage between enzyme activities, microbial
functional genes, and Nm under global warming associated with re-
duced precipitation.

Extracellular enzymes secreted by soil microbes play a key role in
degrading soil organic matter and might therefore be a principal driver
of the within-system cycling of soil N (Gallet-Budynek et al., 2009;
Nannipieri et al., 2012). Enzyme pools and activity could provide in-
sights into the biochemical controls on Nm (Awad et al., 2018; Hu
et al., 2016). Higher temperatures increase the activity of extracellular
enzymes that convert large dissolved organic molecules to a form that
can readily be assimilated by microbes that contribute to Nm (Allison
and Treseder, 2008; Hu et al., 2014). Furthermore, warming-induced
soil water shortage (Butenschoen et al., 2011) could induce diffusion
limitations on enzymes and substrates (Allison, 2005; Brzostek et al.,
2012). These contradictory effects might be due to the inconsistent re-
sponse of enzyme activity to changes in temperature (Steinweg et al.,
2013). Urease, N-acetyl-glucosaminidase (NAG) and L-leucine amino-
peptidase (LAP) are involved in Nm, from chitin and proteins, as well
as hydrolyzing urea to ammoniacal N. Zhou et al. (2013) and Hu et al.
(2016) have shown that elevated temperatures increase the activity of
these enzymes by enhancing soil microbial activity. L-leucine amino-
peptidase is also sensitive to temperature, increasing markedly with
warming (Ayo et al., 2017), but few effects of warming on NAG within
soil aggregates have been reported (Fang et al., 2016). However, condi-
tions of low water availability, such those in the arid and semiarid re-
gions, combined with the regulation of biocrusts on enzyme activity is
more complicated and has not been clarified for soil in desert ecosystem
(Miralles et al., 2012; Steinauer et al., 2015). Studying the enzymatic ac-
tivity in biocrusts-covered areas may yield important insights into the
mechanism of N cycling under global warming on the level of enzyme
kinetics in desert ecosystems.

Soil microorganisms are key components of below-ground ecosys-
tems (Fang et al., 2016; Streit et al., 2014), and play a critical role in
maintaining the function of terrestrial ecosystems and soil biogeochem-
istry (Canarini et al., 2017; Mangan et al., 2010; Waldrop et al., 2017).
Previous studies have shown that soil microbial functional genes and
their relatedmicrobial processes serve a crucial role in N transformation
(Weedon et al., 2012). Althoughmicrobes are important players inN cy-
cling, and sensitive to global warming, there is still a paucity of informa-
tion needed to understand the response ofmicrobial functional genes to
environmental changes (Allison and Treseder, 2008). Changes inmicro-
bial community structure and function do not always co-occur. The
large diversity of soil microbial communities may not always equate
with high functional diversity due to functional redundancy among
taxa (Fierer et al., 2012; Nie et al., 2013; Six et al., 2006). It is crucial,
therefore, to examinemicrobial functional signatures such as character-
izing functional genes involved in multiple N cycling processes, and re-
late genetic information to ecosystem functioning (Petersen et al.,
2012). The rapid development of high-throughput DNA sequencing
technology has enabled scientists to conduct detailed investigations of
microbial communities in different ecosystems (Liu et al., 2018; Xue
et al., 2016). This has coincided with a growing tendency to investigate
relationships between microbial communities and N cycling processes
by analyzing N-related gene families, particularly in response to chang-
ing climate (Tu et al., 2017). Nevertheless, we still have a poor under-
standing of how Nm-related gene functions change in arid regions in
response to global warming, and whether changes in key microbial
functional genes can explain the mechanism of microbe-mediated N
transformation processes to warming.

In this study, we aimed to examine enzyme activity and microbial
functional gene diversities of biocrusts along a succession sequence
under increased temperatures and reduced precipitation in the Tengger
Desert, China, and to determine themechanisms underlying changes in
soil net Nm rates in biocrusts-covered ecosystems. To accomplish this,
we conducted a series of experiments with simulatedwarming coupled
with reduced precipitation using open top chambers (OTCs). Specifi-
cally, we addressed two main questions: (i) How will a combination
of warming and lower precipitation affect rates of N transformation
(ammonification, nitrification and mineralization) under different
biocrusts types (moss and cyanobacteria); and (ii) How will soil en-
zymes and functional genes associated with soil microorganisms
change with warming and consequently affect N transformation.

2. Materials and methods

2.1. Study sites

This studywas conducted in the Shapotou–Yiwanquan region at the
southeasternmargin of the Tengger Desert, China (37°25′N and 104°36′
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E, 1339m above sea level). The mean annual air temperature is 10.6 °C,
and the mean annual precipitation is 191 mm, 80% of which occur be-
tween July and September. According to the localmeteorological station
(SDRES, CAS), over the past decade, the annualmean temperature in the
current decade increased by approximately 0.5 °C, while the annual
mean precipitation declined by about 4 mm (Li et al., 2016; Li et al.,
2018a). The major natural vegetation in the study site is arid shrubland
dominated by Artemisia ordosica and Caragana korshinskii; the shrub in-
terspaces are dominated by well-developed biocrusts, comprising
cyanobacteria, algae, lichen and mosses (Li et al., 2016).

2.2. Experimental design

Three OTCswere established before the study commenced (2016) to
simulate increased temperature and reduced precipitation according to
the SDRES observation records. These chambers were designed as a
square composed of stalinite, with sloping sides of
100 × 100 × 100 cm. The glass walls exclude part of the precipitation
from the OTCs. Air temperature and humidity in the OTCs were re-
corded by Mlog5W-rt data logger (Germany), and they increased the
average temperature by 0.7 °C and decreased average precipitation by
10 mm.

Three microhabitats dominated by moss, cyanobacteria (N80% of
total biocrusts cover) and bare soil, were randomly selected, separated
by distances of 5–10 m. Thirty samples were collected in each micro-
habitat by polyvinyl chloride (PVC) tubes (10 cm in length and 10 cm
in diameter), litter removed, and the bottoms sealed with fine mesh
nylon to allow gas exchange. Sample tubes were 1–3 m apart. Finally,
we collected 90 samples (30 samples × 3 microhabitats). A total of
five samples for each of the two biocrusts types and bare soil were
placed into each OTC and control. The field plots were monitored from
January 2016 to December 2018. After three years of treatment, we re-
moved the biocrusts and the upper layer crusts-covered soil (0–5 cm)
was collected and five samples obtained. These samples were then ho-
mogenized to reduce spatial heterogeneity. For each treatment
(warmingwith reduced precipitation and control), triplicate composite
samples of each soil (two biocrusts-covered soil and bare soil) were col-
lected, preserved in an ice box, and transported to the laboratory. All the
samples were immediately sieved (by 1 mm) to remove stones and
plant roots, and thoroughly homogenized. For microbial DNA extrac-
tion, samples were stored at−80 °C. To measure the soil other physio-
chemical properties and soil enzyme activity, samples were dried at
room temperature.

2.3. Soil analysis

The soil samples before and after warming and precipitation treat-
ments were extracted with 1 M KCl, and the inorganic N (nitrate and
ammonium) in the extracts measured using a continuous flow analyzer
(AutoAnalyzer 3, Germany). The rates of net ammonification (Ra), nitri-
fication (Rn) and mineralization (Rm) during warming and reduced
precipitation treatments were calculated according to the previous
methods (Hu et al., 2015; Kong et al., 2019). The particle size distribu-
tion was determined by the pipette method (Nanjing Institute of Soil
Sciences, 1978). Soil pHwas determined in a 1:5 soil and water extract.
Soil total C (TC) and total N (TN) were measured with the element an-
alyzer (Vario MACRO cube, Elementar INC., Germany).

2.4. Soil enzyme activity

All enzymes analyzed were hydrolases involved in N transformation
and included N-acetyl-glucosaminidase (NAG), L-leucine aminopepti-
dase (LAP), and urease. NAG and LAP activities were measured using a
fluorometric method (DeForest, 2009) with black polystyrene 96-well
microplates (300 μl, SPL Life Sciences Co. Ltd., Pocheon-si, South
Korea); Urease (E.C. 3.5.1.5) activity was determined using 10% urea
solution as the substrate and incubation at 37 °C for 24 h. A spectropho-
tometer was used to determine NH4

+-N concentration at 578 nm
(Nannipieri et al., 1980).

2.5. DNA extraction, library construction and metagenomics sequencing

For each sample, a single DNA extraction was performed directly
from 0.5 g of soil using the Fast DNA Spin Kit for Soil (MP Biomedicals,
Santa Ana, CA, USA) according to the manufacturer's instructions. Con-
centration and purity of extracted DNA was monitored on 1% agarose
gels and the concentration was measured using a Qubit® dsDNA
Assay Kit in Qubit® 2.0 Flurometer (Life Technologies, CA, USA). DNA
extract was fragmented to an average size of about 300 bp using Covaris
M220 (Gene Company Limited, China). Paired-end library was con-
structed using NEXTFLEX Rapid DNA-Seq (Bioo Scientific, Austin, TX,
USA), and it was performed on an Illumina Hiseq 4000 platform
(Illumina Inc., San Diego, CA, USA) using Hiseq 3000/4000 PE Cluster
Kit and Hiseq3000/4000 SBS Kit according to the manufacturer's in-
structions (www.illumina.com).

2.6. Sequence quality control and gene prediction

Adapter sequence was stripped from the 3′ and 5′ end of paired end
Illumina reads using SeqPrep (https://github.com/jstjohn/SeqPrep).
Low-quality reads (length b 50 bp or with a quality value b20 or having
N bases) were removed by Sickle (https://github.com/najoshi/sickle).
Metagenomics data were assembled using MEGAHIT (https://github.
com/voutcn/megahit). Contigs with the length being or over 300 bp
were selected as the final assembling result for further gene prediction.

Open reading frames (ORFs) from each assembled contigs were pre-
dicted using MetaGene (http://metagene.cb.k.u-tokyo.ac.jp/). The pre-
dicted ORFs with length being or over 100 bp were retrieved and
translated into amino acid sequences. All predicted geneswith a 95% se-
quence identity (90% coverage) were clustered using CD-HIT (http://
www.bioinformatics.org/cd-hit/), the longest sequences from each
cluster was chosen as representative sequences to construct non-
redundant gene catalog. Reads after quality control were mapped to
the representative sequences with 95% identity using SOAPaligner
(http://soap.genomics.org.cn/), and gene abundance in each sample
were evaluated.

2.7. Statistical analysis

Two-way Analysis of Variance was used to examine the effects of
warming and N transformation and enzyme activities, and microbial
functional genes among different biocrusted and control soils. A heat-
map was generated in the R statistical software package to illustrate
the independent and interactive effects of warming and soil type.
Paired-sample Student t-test were used to test for differences of soil N
transformation, enzyme activity and functional genes between control
and warming. The relationships between soil N mineralization and
functional genes and enzyme activities were examined using linear re-
gression models. Significant differences were determined using Tukey's
HSD test at a probability level of 0.05. All analyseswere performed using
the SPSS 16.0 statistical software (SPSS Inc., Chicago, IL, USA), and the
results are reported as the mean ± standard error.

3. Results

3.1. Soil physicochemical properties

During the study period, soil temperature and moisture were signif-
icantly affected by warming coupled with reduction in precipitation
(P b 0.01, Fig. 1). Warming coupled with reduced precipitation can in-
crease the soil temperature by 15%, 16% and 14% formoss, cyanobacteria
and bare soil, respectively. The soil moisture at the three microsites in

http://www.illumina.com
https://github.com/jstjohn/SeqPrep
https://github.com/najoshi/sickle
https://github.com/voutcn/megahit
https://github.com/voutcn/megahit
http://metagene.cb.k.u-tokyo.ac.jp/
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http://soap.genomics.org.cn/


Fig. 1. The monthly variations in soil temperature and moisture from January 2016 to December 2018 in the study site. A: moss-covered soil; B: cyanobacteria-covered soil; C: bare soil.
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the warming coupled with reduction in precipitation treatment was
25%, 35% and 45% lower than that of the control treatment, respectively.
Although the effects of warming with lower precipitation on soil tem-
perature and moisture were also consistent across study plots, the in-
creases in soil temperature and decreases in soil moisture were
greater in cyanobacteria-covered soil than in the other two soils.
3.2. Soil net N transformation rate

Warming coupled with reduced precipitation resulted in significant
reductions in of biocrusts-covered soil net ammonification rates, with
49% and 57% reduction after warming, for moss and cyanobacteria, re-
spectively (Fig. 2). However, no differences in Ra were observed be-
tween warming and soil types (Fig. 3). Warming resulted in a 63%
reduction in Rn in moss-covered soil, and a 32% increase in that rate in
the cyanobacteria-covered soil. No remarkable changes were found in
Rn for bare soil (Fig. 2). The response of Rm among the three soil sur-
faces was similar to the Rn; The soil net Nm rate in moss-covered de-
clined from 0.37 mg·kg−1d−1 to 0.15 mg·kg−1d−1 with warming and
lower precipitation, but no obvious changes were found in the other
two soils.

For the biocrusts-covered soil and bare soil, warming and precipita-
tion reduction inhibited Ra, but no differences were observed among
the three soils (Fig. 2). Moreover, the Rn and Rm were significantly
higher in moss-covered soil under normal conditions, but after the
warming treatment, cyanobacteria-covered soil exhibited higher net N
turnover rates (nitrification and mineralization) than the other two
soils.
3.3. Soil enzyme activities

Nitrogen-degrading enzyme activities were interactively deter-
mined by warming treatments and soil types (Fig. 3). The activities of
NAG, LAP and ureasewere significantly lower in thewarming treatment
than the control for biocrusted (Fig. 4). No differences in NAG and LAP
activitieswere found in bare soil. Moss-covered soil had greater NAG ac-
tivity than the other soil types, but NAG activity declined significantly
after warming. The activity of LAP declined by 23% and 31% in the
moss-covered soil and bare soil, respectively, after warming. Compared
with the other two soils, cyanobacteria-covered soil exhibited the larg-
est decline in urease activity, falling from 229 μg·d−1 g−1 to
120 μg·d−1 g−1.
3.4. Effect of warming on N transformation genes

Warming and soil types can significantly affect genes related to soil
Nm processes (Fig. 3), and obvious differences in Nm genes were
found after thewarming treatment (Fig. 5). For example, the abundance
of ammonification genes (ureC and gdh) was significantly reduced
under warming, but the gdh genes in moss-covered soil showed no sig-
nificant difference between the warming and control. Surprisingly, the
hao gene of cyanobacteria-covered soil involved in nitrification signifi-
cantly increased after warming, whereas no obvious differences were
found in the amoA gene of cyanobacteria-covered soil and bare soil. In
most cases, the genes involved in ammonification and nitrification
were markedly higher in moss-covered soil than in cyanobacteria-
covered soil and bare soil.
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Fig. 3. The main and interactive effects of soil type (S) and warming (W) on the soil net N ammonification (Ra), net nitrification rate (Rn), net N mineralization (Rm), N-related gene
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Asterisks indicate significant differences at P b 0.05 and P b 0.01 (* and **, respectively; white fields, not significant).
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Fig. 4.Changes of the soil enzyme activities of different biocrusts after 3-year experimental periodswithwarming and reduced rainfall treatments. Different letters have the samemeaning
as Fig. 2. NAG: N-acetyl-glucosaminidase; LAP: L-leucine aminopeptidase.
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3.5. Relationship between soil genes abundances, soil enzymes activities
and N mineralization

Our modelling (Table 1) showed that soil gene abundance and soil
enzyme activities were positively correlated with the rate of Nm in
moss-covered soils, explaining 67%–96% and 76%–94% of variations in
Rm, respectively. However, the relationships between soil gene amoA
and Rm were not statistically significant in cyanobacteria-covered soil
and bare soil. Significant negative correlations between genes (except
hao), enzymes and Rm were found in cyanobacteria-covered soil.
These results indicate that the response of Rm to warming depends
upon soil gene and enzyme, and that, this relationship is regulated by
biocrusts.
4. Discussion

It has been proposed that biocrusts regulate the hydrolases activities
(Miralles et al., 2012), and their development directly affects themicro-
bial functional structure (Liu et al., 2018) by adjusting the soil microen-
vironment. Our results demonstrate that warming with reduced
precipitation would reduce the soil N transformation rates (ammonifi-
cation, nitrification and mineralization) in crusts-covered soil (Fig. 2).
This observation was surprising in light of previous studies reporting
warming increased Nm (Dawes et al., 2017; Dijkstra et al., 2010; Fu
et al., 2019). Our contrasting results may be attributable to two reasons.
First, warming-induced drought may offset the effects of warming on
soil Nm (Hagedorn et al., 2010; Liu et al., 2009), particularly in our
OTC method, which had reduced precipitation. Soil moisture can affect
soil aeration and microbial activities related to soil N turnover, and fur-
ther regulating Nm (Hu et al., 2015; Zaman and Chang, 2004). Second,
biocrusts play a crucial role in controlling soil water availability and reg-
ulating water redistribution. Ten years study in the same region indi-
cated that warming, coupled with a reduction in precipitation, causes
the degradation of biocrusts, especially the moss crust (Li et al.,
2018a). The reduced cover and biomass of mosses in biocrusted com-
munities may lead to maladjustment of the soil microenvironment
and would not support more abundant microbial communities (Hu
et al., 2014; Kandeler et al., 2006). As a result, both Ra and Rm declined
rapidly after warming and reduced precipitation in moss-covered soils.
Surprisingly, the soil Rn in cyanobacteria-covered soil increased after
warming. This is consistent with result from Yu and Ehrenfeld (2009),
who observed that lower moisture is favorable to soil nitrification, and
accord with our previous study (Hu et al., 2015). The higher tempera-
ture and lower moisture conditions in cyanobacteria-covered soil facil-
itate aerobic microbes, a key microbial component in the nitrification
process, thus stimulating soil nitrification (Corre et al., 2002). Further-
more, reduced leaching due to lower precipitation will increase the
emission of nitrogen oxide. Therefore, the pronounced changes in Nm
due to warming and reduced precipitation were biocrusts-mediated,
and our findings apply specifically to arid and semiarid regions. How-
ever, what is the driving mechanism of Nm in biocrusts-covered soil
under the warming, particularly in deserts?

In terms of enzyme activity levels, enzymatic expressions are the
proximate representations ofmicrobial nutrient demand for biogeochem-
ical transformations, such as those of soil N, and they can provide impor-
tant information on the soil's microbial status and physicochemical
properties and represent a useful indicator for studying the effects of



Table 1
Parameter values of the models for the relationship between the Rm and functional genes and enzyme activities in three soil types.

Soil Rm Y = a + bx Y = Exp (a + b/x)

a b R2 P a b R2 P

Moss ureC 445.449 1157.517 0.817 0.013 7.001 −0.086 0.872 0.006
gdh 301.047 331.929 0.669 0.047 6.181 −0.049 0.667 0.047
hao 10.822 32.205 0.860 0.008 3.372 −0.093 0.907 0.003
amoA 7.819 122.866 0.933 0.002 4.447 −0.177 0.962 0.001
NAG 7.018 30.304 0.941 0.001 3.206 −0.113 0.927 0.002
LAP 13.823 13.068 0.784 0.019 3.036 −0.041 0.756 0.024
urease 210.736 283.910 0.896 0.004 5.903 −0.055 0.900 0.004

Cyanobacteria ureC 2851.636 −9453.865 0.819 0.013 −0.868 1.759 0.815 0.014
gdh 592.611 −219.850 0.753 0.025 6.176 0.028 0.743 0.027
hao −22.853 152.755 0.675 0.045 5.075 −0.586 0.610 0.067
amoA 34.884 −13.135 0.146 0.454 3.346 0.027 0.129 0.484
NAG 43.449 −126.283 0.791 0.018 −0.792 0.814 0.815 0.014
LAP 35.048 −92.877 0.706 0.036 0.090 0.594 0.698 0.038
urease 1091.343 −3507.516 0.635 0.048 −0.461 1.452 0.671 0.046

Bare ureC 99.225 4296.065 0.865 0.007 6.520 −0.035 0.702 0.037
gdh 139.847 2351.716 0.837 0.011 6.095 0.680 0.680 0.043
hao −0.422 87.793 0.848 0.009 2.490 −0.051 0.691 0.040
amoA 195.721 1541.039 0.502 0.115 6.058 −0.022 0.552 0.090
NAG 4.576 41.507 0.312 0.249 2.269 −0.017 0.295 0.265
LAP 4.641 59.656 0.549 0.092 2.455 −0.029 0.325 0.238
urease 41.772 413.171 0.627 0.046 4.533 −0.018 0.501 0.115

All ureC 322.200 942.284 0.249 0.035 6.355 −0.026 0.170 0.089
gdh 271.761 695.240 0.528 0.001 6.255 −0.034 0.698 0.000
hao 3.138 55.135 0.845 0.000 3.193 −0.087 0.870 0.000
amoA 20.039 67.470 0.434 0.003 3.714 −0.032 0.408 0.004
NAG 5.493 27.623 0.638 0.000 2.654 −0.039 0.604 0.000
LAP 31.388 6.069 0.771 0.000 2.763 −0.098 0.598 0.000
urease 53.988 625.011 0.528 0.001 5.582 −0.071 0.595 0.000

Fig. 5. Changes of the genes abundance of different biocrusts after 3-year experimental periods with warming and reduced rainfall treatments. Different letters have the samemeaning as
Fig. 2.
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environmental changes (Allison et al., 2007; Chen et al., 2010). The en-
zyme NAG and LAP are involved in the mineralization of N from chitin
and proteins and soil urease is also a key enzyme for N transformation,
as it can hydrolyze carbamide to ammonium (Bai et al., 2014; Zhou
et al., 2013). Theoretically, warming will increase the rate of enzymati-
cally catalyzed reactions due to an increase in kinetic energy up to an op-
timumof catabolic activity (Wallenstein andWeintraub, 2008). However,
our study revealed that enzyme activity significantly declined with
warming and reduced precipitation, consistent with the results showing
that the activities of NAG and LAP were highest in moister environments
(Guenet et al., 2012). Nevertheless, soil microorganisms may reduce en-
zyme synthesis and secretion due to warming and lower moisture
(Vogel et al., 2012). Furthermore, the higher nutrition level under
biocrusts enhances enzyme activity (Table S1), which is consistent with
the findings of previous studies (Hu et al., 2014; Liu et al., 2014). There-
fore, a potential shift in the soil enzyme activity could primarily be af-
fected by soil moisture and soil nutrient content regulated by biocrusts
under climate warming, and further modulated N transformation.

At the functional genes level, genes related to the ammonification
process were sensitive to warming with reduced precipitation. The
genes encoding urease and glutamate dehydrogenase declined in abun-
dance with warming. One of the family ureC genes converts urea into
ammonia, and gdh gene decomposes organic N to NH4

+. The decline in
their abundance could be ascribed to reduced abundance of several
dominant bacterial taxa. However, Zhou et al. (2012) studied the
genes involved in N cycling to climate warming and indicated that
warming increased the abundance of N metabolism gene families. This
discrepancy is likely due to differences in the soil moisture conditions.
The OTC method used in our study can identify the combined impact
of warming coupled with a reduction in precipitation, while soil mois-
ture content was not affected by warming in their study. Conversely,
Szukics et al. (2010) showed examined microorganisms performing ni-
trification and denitrification to warming and changed precipitation in
forest soil, and found that lower soil water content with higher temper-
ature will increased archaeal amoA abundance. These differences might
be attributable to microbial functional genetic types. Higher water con-
ditions that were likely oxygen limited will inhibit the archaeal amoA
abundance. Additionally, the abundance of the gene family hao, which
serves as the key gene in transforming NH2OH to NO2

− in the nitrifica-
tion process, increased in cyanobacteria-covered soil. Moreover, the
gene encoding ammonium monooxygenase was unreceptive to
warming combined with reduced precipitation in cyanobacteria crust.
This indicates that warm and dry environments (Fig. 1) may facilitate
theNnitrification process. Bothfindingswere consistentwith ourmeta-
data showing that warming with reduced precipitation decreased the
net ammonification rates while increasing net nitrification rates in
cyanobacteria-covered soil. This suggests that warming with reduced
precipitation disrupts the dynamic equilibriumof ammoniametabolism
by changing the abundance of functional genes, reducing soil N avail-
ability and N metabolic potential, but increasing the nitrification pro-
cess, which can promote N emission. The deterioration of moss-
covered crusts resulting fromwarmingwill alter themicroenvironment
of the soil and further accelerate this process.

Soil functional genes and enzymes regulate the response of Nm to
warming and our results highlight plausible mechanisms from different
levels. The first mechanism is related to changes in the abundance of
genes, which are driven largely by warming-induced changes in the
soil microenvironment (temperature and moisture) and biocrusts
structure. The abundance of functional genes indicates the potential of
soil microbial functional groups (Sinsabaugh et al., 2010), which control
the N transformation process. Warming coupled with reduced precipi-
tation decreased the abundance of microbial functional genes for the
N ammonification process, but not for the N nitrification process in
cyanobacteria-covered soil. This indicates that biocrusts are able to af-
fect N cycling by regulating the soil microenvironment. The increased
nitrification process will increase the emission of nitrogen oxide, and
further affect the climate environment. The secondmechanism is by re-
ducing enzyme activity, which inhibits the N transformation process.
The microbial functions are achieved by catalytic activity. Shifts in en-
zyme synthesis under disturbance can lead to changes in microbial
functions (Sinsabaugh et al., 2010), and further affect the soil N transfor-
mation processes. In brief, these interrelated mechanisms jointly regu-
late the effect on the soil Nm process under climate warming in
biocrusts-covered soil. Whether the response of the microbially-
mediated process is positive or negative depends on which associated
functions are affected. Thus, to fully understand the response of soil N
cycling in biocrusts-covered soil to climate change in arid regions, it is
necessary to consider the responsemechanisms of soil N transformation
to climate warming in different seasonal dynamics, at least at the level
of microbial structure and function.

5. Conclusions

We conclude that warming with reduced precipitation significantly
inhibited the soil Ra and Rm due to the decline in abundance of micro-
bial functional genes and related enzyme activities. The increased gene
abundance of cyanobacteria-covered soil observed in soil N transforma-
tion promoted microbial metabolic potential, and changes in metabolic
potential were primarily associatedwith the nitrification process. These
results indicate that warming under condition of lower precipitation
could reduce soil nutrient availability by inhibiting the ammonification
process in temperate deserts, and that microbial functional genes were
themajor determinants of soil N transformation. Furthermore, coloniza-
tion of the cyanobacterial crust may accelerate the nitrification process
under these conditions, increasing N loss. These results demonstrate
that the development of soil crusts, together with changes in soil abiotic
properties, play key roles in driving the functional shifts in the soil mi-
crobial function and affect the N cycling. This may exacerbate climate
warming (increase the emission of nitrogen oxide) and influence the
ecological health of desert ecosystem.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.137849.
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