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Abstract

Climate change is projected to have impacts on precipitation and temperature regimes
in drylands of high elevation regions, with especially large effects in the
Qinghai-Tibetan Plateau. However, there was limited information about how the
projected climate change will impact on the soil microbial community and their
activity in the region. Here, we present results from a study conducted across 72 soil
samples from 24 different sites along a temperature and precipitation gradient
(substituted by aridity index ranging from 0.079 to 0.89) of the Plateau, to assess how
changes in aridity affect the abundance, community composition and diversity of
bacteria, ammonia-oxidizers and denitrifers (nirk/S and nosZ genes-containing
communities) as well as nitrogen (N) turnover enzyme activities. We found V-shaped
or inverted V-shaped relationships between the aridity index (Al) and soil microbial
parameters (gene abundance, community structures, microbial diversity, and N
turnover enzyme activities) with a threshold at Al=0.27. The increasing or decreasing
rates of the microbial parameters were higher in areas with Al<0.27 (alpine steppes)
than in mesic areas with 0.27<Al<0.89 (alpine meadow and swamp meadow). The
results indicated that the projected warming and wetting have a strong impact on soil
microbial communities in the alpine steppes.

Keywords: Climate change; Warming and wetting; Bacterial 16S rRNA; Nitrification;
Denitrification; Alpine grassland

Introduction

Global warming is an indisputable fact, which has caused the increase of
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approximately 0.75 °C in the earth’s surface temperature over the last Century [22].
As a consequence of global warming, changes in precipitation patterns, including in
the amount, intensity, frequency, and type of precipitation, have already occurred
around the world within the past few decades [18]. A continuous and more rapid
warming trend during this century has been simulated by many models (e.g., General
circulation models, IPCC climate model and so on), which are predicted to increase
by 1.8-4.0 °C [23]. In general, global climate pattern represents more warmer and
wetter climate change in the mid- to high latitudes of the Northern Hemisphere.

The warming rate is amplified with elevation, which is particularly true to the
Qinghai-Tibetan plateau [31]. As the highest (>4000 m above sea level, a.s.l.) and
largest plateau (with a size of about 2.5 million km?) on earth, the Qinghai-Tibetan
plateau is very sensitive to changes in climate, and served as a sensitive indicator of
regional and global climate change [42]. During the last 60 years (1951-2012), the
plateau experienced a warming at a rate of 0.36 °C per decade [29, 47], which is
threefold the average global rate (0.12 °C) [23]. The mean annual precipitation trends
show a significant increase during the winter and spring since 1960 [29]. The IPCC
global climate models clearly indicate that the warming and wetting trend on the
Qinghai-Tibetan Plateau will continue, while mean annual temperature and mean
annual precipitation are expected to increase by 2.6 - 5.2 °C and 38 - 272 mm,
respectively by 2100 [8, 22, 31, 57].

A growing body of evidence has demonstrated that climate warming and

changing precipitation can profoundly influence soil ecosystem processes [6-8, 11, 25,
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35]. For instance, elevated temperature can influence the aboveground net primary
production and therefore impact the pool and input of available substrates utilized for
microbial growth in the underground ecosystem [52]. Elevated temperature can
directly impact the soil microbial community abundance, structure, biomass and
activity [46]. A result from a global survey of dryland showed that increased aridity
with climate change is a major driver of biodiversity loss in terrestrial ecosystems
[32]. Altered precipitation regimes caused by elevated temperature also increase the
evaporative flux of water from the soil and therefore indirectly affect microorganisms
[33, 51]. Soil drying will dramatically alter the functioning of natural ecosystems,
such as decoupling of biogeochemical cycles of C, N and P under rapid climate
change [9]. Besides, the extreme climate driven soil drying-rewetting cycles could
pulse on soil microbial respiration (the “Birch Effect”) [3] and N mineralization [34].
These changes may influence the turnover of the soil organic matter (SOM), which
plays an important role in the global C cycle and may further intensify the warming at
regional and even global scales [53].

However, there is limited information about how the soil microbial communities
and their potential to emit greenhouse gases respond to climate change in high
elevation regions [37]. Previous studies on the effect of climate change on soil
microbial communities in the Plateau were mainly conducted by using artificial
warming [62], observational investigations along an elevation gradient [55, 61],
and/or garden transplant experiments [30, 63]. However, artificial warming and soil

transplant experiments may underestimate the responses of microbial communities to
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the climate change [41, 50]. Additionally, artificial simulation of the climate change
can only reflect the influence of a particular climate zone on the soil microbial
community [59]. To address the question and to better understand how the microbial
community might respond to climate change in the alpine ecosystems, we collected
soil samples along a strong temperature and precipitation gradient from west to east of
the Tibetan Plateau. Due to the temperature and precipitation gradients the
corresponding ecosystems are arid, semi-arid and humid, and hence we used the
aridity index (Al, where Al is mean annual precipitation/potential evapotranspiration)
as a proxy for the parameters of climate change [32, 48, 49]. The gradient covered an
aridity gradient with values from Al=0.079 to 0.89, the larger the value, the warmer
and wetter itself. We hypothesized that (1) warming and wetting tendency could
increase soil microbial community abundance and diversity; (2) warming and wetting
could stimulate N cycling functional community-mediated greenhouse gas metabolic
ability; (3) microbial communities in the alpine steppes are more sensitive in their
response to warming and wetting than microbes in the mesic meadows; (4) there may
be a tipping point in the relationship between aridity and soil microbial parameters.
Materials and Methods

Site description and soil sampling

Three predominant grassland ecosystems, including alpine swamp meadow
(0.43<Al<0.89), alpine meadow (0.23<Al<0.43) and alpine desert steppe
(0.079<Al<0.23) located on the Tibetan Plateau, were selected for the study and their

geographical coordinates is summarized in supplementary table s1. The climate of
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alpine swamp meadow is a warm temperate damp monsoon, with mean annual
temperature (MAT) of 3.2 °C and mean annual precipitation (MAP) of 700-1100 mm.
Soils of alpine swamp meadow are flooded and displayed patchy distributions at the
foot of the Sejila Mountain of Nyingchi Prefecture (including LZ-1, LZ-2 and LZ-3).
The climate of alpine meadow is a sub-frigid and semi-arid high-plateau monsoon
climate, with MAT of -1.2 °C and MAP of 400 mm. Soils of alpine meadow are very
compact and distributed in the Damxung (including MLS, DX, YBJ) and Nagchu (NQ)
counties of the northern Tibetan. The climate of alpine desert steppe is a frigid and
high-plateau dry climate, with MAT of -4 °C and MAP of 150 mm. Soils of alpine
desert steppe are loosely structured and presented fierce wind erosion and
desertification in the north-western of Tibet. A total of 72 soil samples were collected
from 24 different sites along the temperature and precipitation gradients of the Plateau
(Figure 1). At each sampling site, triplicate samples of the topsoil (0-15 cm) were
taken at the vertex of a triangle with an edge distance of 50-100 m in May 2013. Soil
samples were collected using a stainless-steel shovel and were mixed uniformly and
sealed in plastic bags and shipped to the laboratory.

Soil physicochemical analysis and DNA extraction

The soil samples for physicochemical analysis were air-dried, manually ground, and
sieved through a 2-mm mesh to remove large debris, roots and other residue. Soil pH
was determined after diluting 3 g of air-dried soil in 7.5 ml of 0.01 M CacCl; solution
and measured by glass electrode using a Mettler Toledo DL-25 pH meter (Shanghai,

China, Mettler-Toledo (Shanghai) Ltd). Soil moisture content (SMC) was measured
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by oven-drying (Beijing, China, Thermo Scientific (China) Ltd) the samples at 105 °C
for 24 h. Soil cation exchange capacity (CEC) was quantified by extracting
exchangeable cations using 1 M neutral ammonium acetate solution. The total
nitrogen (TN) and total carbon (TC) contents were determined by dry combustion at
1200 °C on an LECO CNS 2000 elemental analyzer (Saint Joseph, Indiana, LECO
CO.) with infrared and thermal conductivity detectors, respectively. Soil organic
carbon (SOC) was determined using the K,Cr,O; oxidation titration method [58]
(Thermo Multiskan GO microplate reader, Shanghai, China). Nitrate (NO3 —N) and
ammonium (NH;"—N) were extracted using 2 M KCI at a soil/extractant ratio of 1:5
and measured using a LACHAT Quickchem Automated lon Analyzer (Loveland,
Colorado, Lachet Instruments Loveland, CO.). Climate data were collected from
China Meteorological Administration (www.cma.gov.cn)

Soil samples for molecular biology analysis were vacuum freeze-dried, manually
ground, sieved through a 2 mm mesh and stored at -80 °C. DNA was extracted from
triplicate soil samples (0.5 g dry soil) using a Power soil DNA isolation kit (MO BIO
Laboratories, San Diego, CA, USA) according to the manufacturer’s protocol. The
quantity of the extracted DNA was checked with NanoDrop ND-2000 UV-vis
Spectrophotometers (NanoDrop Technologies, USA).

Quantitative PCR (qPCR) analysis
Quantitative PCR (qPCR) was carried out with a Bio-Rad iQ™ 5 thermocycler
(Bio-Rad Laboratories, Hercules, CA, USA) to determine the bacterial and N cycling

functional community gene abundance. A TagMan probe TM1389 was employed to
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quantify the bacterial 16S rRNA gene by using the primer pairs 1369 F/1492R, the 3’
end of which was marked as TAMRA, whereas the 5’ end was marked by FAM [40].
The 25-ul PCR reactions contained 12.5 pl Premix Ex TaqTM (Takara Biotechnology,
Dalian, China), 2.5 uM of each primer, 1.5 uM of the Tagman probe, and a 1-ul DNA
template (>10 ng). Ammonia-oxidation communities (bacterial and archaeal amoA
genes) were quantified according to He et al [17]. Denitrifying bacterial abundances
(nirK/S and nosZ) were carried out according to Brankatschk et al [2].

Standard curves for real-time PCR assays were developed using primer pairs
27F/1492R (Lane, 1991), amoAlF/amoA2R [39], CrenamoA23f/CrenamoA616r [1],
Nirs-cd3aF/Nirs-R3cd [36, 45], nirK-F1laCu/nirK-R3Cu [45] and nosZF/nosZ2R [19]
to amplify bacterial 16S rRNA gene, bacterial amoA gene (AOB), archaeal amoA gene
(AOA), nirS, nirK and nosZ genes from templates, respectively. To get more details
on these primer sequences and amplification conditions please see the supplementary
table s2. The purified PCR products were ligated into a pMD19-T Vector and
transformed into E. Coli JM109 competent cells (TaKaRa, Dalian, China). The
transformed cells were plated on Luria-Bertani plates containing 100 ul of ampicillin
(100mg-ml™), 100 pl of IPTG (24 mg-ml™), 200 pl of X-Gal (50 mg-ml™) and
incubated for 12-16 h at 37 °C. Plasmids from the positive clone that screened by
blue-white spot screening with the target gene insert were extracted for sequencing
and used as standards for calibration curves. The plasmid concentration was
determined on a Nanodrop ® ND-1000 UV-Vis Spectrophotometer and used for the

calculation of standard copy numbers. Ten-fold serial dilutions of a known copy
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number of the plasmid were subject to real-time PCR assay in triplicate to generate an
external standard curve.

Miseq sequencing analysis of the bacterial 16S rRNA gene amplicons

The primer pair 515 F (5°- GTGCCAGCMGCCGCGG -3°) and 907R (5'-
CCGTCAATTCMTTTRAGTTT -3°) was used to amplify the V4 region of the
bacterial 16S rRNA gene [64]. Primer sequences were modified by adding Illumina
adaptor A to the 5’-ends of the forward primers, and adaptor B followed by 12
nucleotide barcode sequences to the 3'-ends of the reverse primers. The 50 pl reaction
system consists of 20 pl Premix Ex Taq (Takara Biotechnology, Dalian, China), 0.4 pl
of each primer (10 uM), 4 ul of five-fold diluted template DNA (1-10 ng) and 25.2 ul
sterilized water. Thermal cycling conditions were an initial denaturation of 3 min at
94 °C; six touch down cycles of 45 s at 94 °C, 60 s from 65 °C to 58 °C, 70 s at 72 °C,
followed by 22 cycles of 45 s at 94 °C, 60 s at 58 °C, and 60 s at 72 °C, with a final
elongation of 72 °C for 10 min. The PCR products were purified using a Wizard SV
Gel and PCR Clean-up system (Promega, USA), and then sequenced on the MiSeq
platform (Illumina, San Diego, CA, USA) at Novogene, Beijing, China. High-quality
raw sequences were processed using the UPARSE to pick operational taxonomic units
(OTUs) at the >97 9% identity threshold and filter chimera sequences [12].
Representative sequences were processed using the QIIME [5]. PyNAST alignment,
and ribosomal database project (RDP) assignment were carried out based on the latest
Green genes database 4 (http://greengenes.lbl.gov/). We used a randomly selected

subset of 34565 sequences per sample for subsequent community analysis. Sequences
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of the bacterial 16S rRNA gene have been deposited in the DNA Data Bank of
European Molecular Biology Laboratory (EMBL) under the accession number
PRJEB13060.

Terminal restriction fragment length polymorphism (T-RFLP) analysis

The FAM-labeled PCR products were digested with Rsa | (AOA), Hha | (AOB), and
Hae 11l (nosZ) in 20 pl reactions. Three replicates of PCR products were mixed at the
equal gquantity ratio and purified using a Wizard SV Gel and PCR Clean-up system
(Promega, San Luis Obispo, CA, USA). The mixture (20 pl) contained 2 pl of
10xBuffer, 0.5 ul of restriction enzyme (10 U-pl™, TaKaRa), < 1 ug of amplicon and
ddH,O to adjust the total volume to 20 pl. All the digests were incubated at 37 °C for
3 h, followed by deactivation at 95 °C for 15 min (supplementary table s2).

Cloning, sequencing and phylogenetic analysis

The purified non-FAM-labeled PCR products (AOA-amoA, AOB-amoA, nosZ genes)
were ligated into a pMD19-T Vector and transformed into E. Coli JM109 competent
cells (TaKaRa, Dalian, China). The transformed cells were plated on Luria-Bertani
plates containing 100 pl of ampicillin (100mg-ml™), 100 pl of IPTG (24 mg-ml™),
200 pl of X-Gal (50 mg-ml™) and incubated for 12-16 h at 37 °C. In order to identify
the T-RFs determined from environmental samples, gene positive clones were
re-amplified with their FAM-labeled primer sets and detected according to the above
T-RFLP procedure. The positive clones that had the same T-RFs with environmental
samples were sequenced by the Sanger sequencing method [66]. The relative

abundance of a T-RF was calculated by dividing the peak height of the T-RF by the
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total peak height of all T-RFs in the profile. The peaks with heights < 1% of the total
peak height were not included for further analyses [4]. FAM-labeled primer sets, PCR
reactions, amplification conditions were all listed in the supplementary table s2.

All the functional gene sequences obtained in this study were submitted for
comparison to the GenBank databases using the BLAST algorithm. Neighbor-joining
phylogenetic trees were constructed from dissimilar distance and pair-wise
comparisons with the Jukes—Cantor distance model using the MEGA software
(version 6.0) [43]. A bootstrap value of 1000 replications was assessed in the analysis.
Each gene sequences obtained from this study has been deposited in the Genbank
database under accession numbers: KU937454 to KU937529 (AOA); KU937530 to
KU937549 (AOB); KU937550 to KU937627 (nosZ).

Enzyme activity assay

Potential nitrification rate (PNR) was performed as a microtiter plate assay following
the method described by Hu et al [20]. Briefly, 5 g fresh soil was incubated in 20 ml
of 1 mM ammonium sulfate solution amended with 50 ml of 1.5 M sodium chlorate
solution. Triplicate samples were incubated at 25 °C for 24 h in the dark, and nitrite
was extracted with 5 ml of 2 M KCI and determined using a spectrophotometer at a
wavelength of 540 nm with N-(1-naphthyl) ethylenediamine dihydrochloride [21].
Denitrification enzyme activity (DEA) was determined as reported by Brankatschk et
al [2]. Three replicates of 10 g fresh soil were saturated with 0.1 mM glucose and
nitrate solution. The headspace of the serum bottle was flushed with helium and 10 %

acetylene was added. N,O was analyzed on a Shimadzu GC-14B (Ddusseldorf,
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Germany) gas chromatograph. The soil was incubated at 20 °C and headspace
samples were taken after 3 and 6 h. Preliminary experiments showed that in all soils
considered, the N,O production was a linear function of time from 0 to 6 h (data not
shown).
Climate data sources
Aridity index (Al, the ratio of precipitation to potential evapotranspiration) [44], MAP
and MAT data of each sampling site were obtained from the WorldClim database
(http://www.worldclim.org/bioclim).
Statistical analysis
Functional communities’ alpha- and beta-diversity was determined using Shannon
index (H’) and Bray-Curtis index, respectively by QIIME 1.7.0 [5]. Bacterial
beta-diversity was determined using weighted UniFrac distance. Spearman’s
correlation analysis was conducted to examine the relationships between the microbial
gene abundances (bacterial 16S rRNA, amoA, nirS/K and nosZ) and environmental
parameters in SPSS 21.0 (IBM Co., Armonk, New York). The significance of the
community composition difference was tested by the permutation multivariate
analysis of variance (PERMANOVA) in R 3.2.2 using the Vegan package [26]. A
Mantel test was performed to examine the relationships between soil physiochemical
factors and microbial community compositions.

Structural equation model (SEM) was constructed to investigate the direct and
indirect effects of Al and physical/chemical variables on biological variables (gene

abundance, composition and diversity) and N turnover activities (nitrification and
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denitrification enzyme activities). We devised three distinct full models with bacterial
diversity, PNR and DEA, N-cycling functional diversity as dependent variables.
Diversity was characterized by Shannon-Weiner index, and composition was
characterized by first axis of principal component analysis (PCA) by using Euclidian
dissimilarity matrix. Based on the theoretical knowledge, we assumed that the
climatic parameters (Aridity index) determined soil physical and chemical parameters
and their changes affect the variations of microbial abundance, diversity, composition
and N turnover activities. Maximum likelihood estimation method was used to
compare the SEM with the observation. Model adequacy was determined by xz-tests,
Akaike Information Criteria (AIC), goodness-of-fit index (GFI) and root square mean
errors of approximation (RMSEA). Adequate model fits were indicated by a
non-significant y°-test (P > 0.05), low AIC and RMSEA (<0.05), but high GFI (>0.90)
[14]. Finally, we revised our conceptual model based on these indexes. SEM analysis
was performed using IBM SPSS AMOS 21.0 (Amos Development Corporation,
Meadville, PA, USA).

Results

Variations of soil physicochemical properties, spatial parameters and climate factors
along the aridity gradient

The aridity index (Al) is the ratio between precipitation to potential
evapotranspiration, and thus the higher the value the higher the moisture [44]. In this
study, Al ranged from 0.079 to 0.89, which was significantly and positively correlated

with MAP (r=0.99, p<0.01), MAT (r=0.47, p<0.01) and SMC (r=0.68, p<0.01) from
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west to east in the Tibetan plateau (Figure 2). Notably, we found a quadratic
relationship between Al and all soil parameters with a threshold at Al= 0.27. Soil TN,
TC, CEC, SOC, and C/N ratio significantly increased in the area with Al < 0.27, but
most did not significantly change in the area with 0.27<Al<0.89. Soil pH ranging
from 4.69 to 8.98 showed a significantly linear decline in the area with Al<0.27
(R?=0.33, p<0.01), while pH was relatively stable in the area with 0.27<Al<0.89
(R?=0.028, p>0.05) (Figure 2).

Changes of soil bacterial abundance and structure along the Al gradient

The log normalized bacterial 16S rRNA gene abundance showed a quadratic
relationship between Al, which significantly increased in samples with Al<0.27, but it
significantly decreased in areas with 0.27<Al1<0.89 (Figure 3A). Spearman correlation
analysis showed that soil nutrient (TC, TN and SOC) levels have greatest influences
on bacterial abundance, followed by soil pH and spatial parameters (Supplementary
table S3).

None-metric multidimensional scaling (NMDS) based on the weighted unifrac
dissimilarity matrices showed that the whole bacterial composition was distributed
according to the Al=0.27 as a critical value (Figure 3B). Further linear regression
between bacterial beta-diversity (NMDS1) and aridity index showed the slopes of soil
samples with Al<0.27 were higher than in samples in areas with 0.27<Al<0.89
(Figure 3C). The relative abundance of soil microbial phyla also showed a significant
shifting pattern at a threshold of Al=0.27. For example, Acidobacteria, Actinobacteria,

Bacteroidetes and Proteobacteria were the most dominant phyla of the bacterial
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community, and the relative abundance of Acidobacteria (R*=0.17, p<0.01),
Bacteroidetes (R?=0.20, p<0.01), and Proteobacteria (including a-, B-, y-, and &-
Proteobacteria) (p<0.01) significantly increased, whereas Actinobacteria (R*=0.24,
p<0.01) and Chloroflexi (R’=0.35, p<0.01) significantly decreased in areas with
Al<0.27. The relative abundance of the most prominent bacterial phyla has a stable
trend in areas with 0.27<Al<0.89 (Figure 3D). The Mantel test showed all soil
parameters were significantly correlated with bacterial community compositions
(p<0.01). Of these, Al had the largest influence on soil bacterial communities,
followed by MAP and SMC (Supplementary Table S4).

Changes in abundance and structure of the N cycling functional communities along
the Al gradient

Nearly all of the standardized N cycling microbial functional gene abundances
(except for AOB) significantly increased in samples with Al<0.27, but them (except
for nirS and nosZ genes) significantly decreased in areas with 0.27<Al<0.89 (Figure
4A). Abundances of AOA-amoA and AOB-amoA were mainly influenced by MAT,
but the abundances of denitrifies were highly correlated with soil nutrients (TC, TN,
SOC, CEC), pH, MAP and geographic locations (Supplementary table S3).

The N cycling functional communities (AOA, AOB and nosZ) were detected by
the combination of T-RFLP and clone library approaches. The overall N cycling
functional community compositions also presented clear shifting patterns with a
threshold at Al=0.27, which showed linear decreasing patterns in areas with Al1<0.27,

but were significantly increased (except for AOB) in areas with 0.27<Al<0.89 (Figure
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4B). In the AOA community, 7 T-RFs classified into 4 clusters (soil and sediment 1, 2,
3 and Nitrosotalea cluster), were detected in all the soil samples (Supplementary
Figure S1 and S2). The relative abundance of soil and sediment 1 (T-RFs 61 bp)
significantly decreased in areas with AI<0.27, but greatly increased in areas with
0.27<Al<0.89. On the contrary, soil and sediment 2 (T-RFs 19, 202, 324 and 385bp)
presented an opposite trend compared with the soil and sediment 1 group (Figure 4C).
The AOB community was comprised of 8 clusters (cluster 1, 2R, 7, 9, 3a.1, 3a.2, 3b
and cluster ME) (Supplementary Figure S3 and S4). Cluster 3b (T-RF 247 bp, ranging
from 12.8 to 55.5%) was the predominant group in the selected soils, which slightly
increased along the gradient. Cluster 3a.2 (T-RFs 251 bp) was the dominate group in
semi-arid soils, and their fractions decreased in the region, but relatively stable in
more mesic soils. In contrast, the relative abundance of cluster 1 (T-RFs 67 bp,
ranging from 2.8 to 18.7 %) increased along the Al gradient with a greater increasing
rate in areas with Al<0.27 (Figure 4D). T-RFs 116 bp (Rhodopseudomonas palustris,
CP000250, 91 % of gene similarity), and 44 bp, 55bp (Chelatococcus sp, CP012399,
91 % of gene similarity) were the most dominant nosZ-containing communities in the
selected soils. The relative abundance of Rhodopseudomonas significantly increased
in areas with Al<0.27, and decreased in areas with 0.27<Al<0.89. In contrast, the
relative abundance of Chelatococcus significantly decreased in areas with Al<0.27,
but relatively stable in areas with 0.27<Al<0.89 (Supplementary Figure S5 and S6,
Figure 4E).

Changes in potential nitrification rate (PNR) and denitrification enzyme activity
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(DEA) along the Al gradient

PNR decreased from 0.1 to 0.004 nmol NO,” h™ g™ in soils with Al<0.27, but slightly
increased up to 0.029 nmol NO, h™* g? in areas with 0.27<Al<0.89. Both AOA
(r=0.27, p<0.05) and AOB (r=0.30, p<0.01) abundances were positively correlated to
PNR. In contrast, DEA significantly increased with the increase of Al in areas with
Al<0.27, but with a greater increase in areas with 0.27<Al<0.89, where activity
increased from 0.045 to 32 nmol N,O h™ g* (r=0.51, p=0.001). The abundances of
nirk/S (r=0.44, p<0.01 and r=0.36, p<0.01) and nosZ (r=0.25, p<0.05) were
significantly and positively correlated with DEA (Figure 5). PNR was positively and
significantly related to SOC (r=2.7, p<0.01), TN (r=3.3, p<0.01) and TC (r=3.2,
p<0.01), whereas it was negatively related to NO3™ (r=-0.30, p<0.05). Nearly all of the
soil parameters (soil pH, SOC, SMC, CEC, clay, sand, NH4*, NO3), climate factor
(MAP), and longitude were significantly correlated to DEA (Supplementary table s3).
Shift of overall soil microbial alpha-diversity along the Al gradient

The overall alpha-diversity (Shannon-Weiner index) of bacteria, ammonia-oxidizers
(AOA and AOB), and denitrifiers (nosZ) all showed a clearly changing pattern with a
threshold at Al=0.27 (Figure 6). For example, all soil microbial diversity showed a
decreasing trend in areas with Al<0.27, but to the contrary, had greatly increased
(AOB and nosZ-containing microbial diversity) or decreased (bacterial diversity) in
areas with 0.27<AlI<0.89 (Figure 6). Spearman’s correlation analysis showed that
CEC (r=-0.53, p<0.001), SMC (r=-0.61, p<0.001), SOC (r=-0.60, p<0.001), TC

(r=-0.61, p<0.01) and pH (r=0.41, p<0.01) were significantly correlated with bacterial
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diversity. TC (r=0.27, p=0.023) and NH,4" (r=0.31, p=0.009) was positively correlated
with nosZ-containing bacterial diversity, while only MAT was positively correlated
with alpha-diversity of AOB. None of parameters were correlated with diversity of
AOA.

Contributions of Al and soil properties to soil microbial abundance, community
structure, diversity and soil enzyme activity

The first principal component of a PCA on the soil physical properties (CEC, Clay,
Sand, SMC) explained 66% of the total variances, suggesting that it can be a good
descriptor of “soil conditions”. All models showed reasonable fits as hypothesized and
could explain most of the variance in soil microbial abundance, composition and
diversity (Figure 7). The model could explain 57.7%, 57.6% and 45.9 % of the
variance in bacterial abundance, composition and diversity, respectively (Figure 7A).
Al had a strong direct negative effect on bacterial abundance and diversity, but
indirectly impacted bacterial composition by a strong effect on soil pH. Al had a
direct negative effect on the abundance of the ammonia oxidizers, but strong positive
effects on PNR and DEA (Figure 7B). The abundance of denitrifiers was mainly
directly affected by the abundance of ammonia-oxidizers, SOC and soil properties.
Soil pH had a direct negative effect on AOA community composition, whereas a
strong positive effect on the nosZ community was found. The AOB community was
only negatively affected by the TN content. Al had a strong positive effect on AOB
and nosZ-containing microbial diversities (Figure 7C). Standardized total effects

(direct plus indirect effects) showed that Al had the largest contribution to the
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variation in diversity of bacteria and nosZ-containing bacteria, abundance of AOA,
AOB and nirS genes and DEA (Supplementary Figure S7 A-C).

Discussion

Soil microbial communities in alpine steppes appear more sensitive to climate change
In the study, we provide strong evidence that bacteria, N cycling functional
communities and soil N transformation enzyme activities in alpine steppes (Al<0.27)
would show a more sensitive response to a warming and wetting climate scenario than
mesic alpine meadow and swamp meadow (0.27<Al<0.89). Notably, we also found
that soil physical and chemical factors (such as SMC, pH, CEC, SOC, TN, TC and
C/N) also showed a significant and strong increase in steppes, but less changed in
mesic meadows. These findings may suggest the effect of warming and wetting on
soil microbial communities in some way alter soil physical and chemical parameters
in alpine grassland ecosystems. Our findings were supported by a long-term soil
transplant experiment, which showed soil physical and chemical factors (such as CEC,
temperature, SOC) and soil microbial communities significantly changed in soils
transplanted from lower to higher elevation in alpine meadows of the Tibetan plateau
[30]. Yang et al also showed that vegetation and some soil physical and chemical
factors (such as soil pH, temperature and NH4") accounted for the majority of
microbial community variation along an elevation gradient in alpine meadows of the
Tibetan plateau [55]. However, the result was not consistent with previous research
that showed N-cycling microbial functional gene abundances (nitrification and

denitrification genes) increased along an aridity index with a threshold at Al=0.32 in
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Chinese northern temperate steppes [48]. The discrepancy may be attributed to the
sensitivity of climate change to higher elevations in the Tibetan plateau [56].
Numerous studies indicated that warming is more prominent at higher elevations [31,
56]. The increased warming leads to increased soil water evaporation, particularly in
arid and semi-arid areas of the plateau which are characterized by high radiation and
evaporation, but lower precipitation. Therefore, more severe water availability, which
is usually considered as the main driving factor of the soil microbial community and
activity in arid and semi-arid drylands in the plateau, may lead to a more sensitive
response to precipitation [8, 53]. Delgado-Baquerizo et al showed that increased
aridity in drylands may lead to the decoupling of C, N and P cycling, suggesting
accelerated warming and wetting could eliminate the effect of aridity stress on both
ground vegetation and underground biogeochemical cycling processes [9, 24]. This
hypothesis is further supported by the Mantel test in the present study (Supplementary
table S4), which showed SMC and precipitation were the most important factors
influencing soil microbial communities and activity, indicating the microbial and
functioning responses to the availability of water are remarkably more obvious and
positive in alpine dryland soils.

Warming and wetting climate reduces soil bacterial diversity by the way of decreasing
soil pH

A large number of studies have indicated that global warming and wetting is
positively correlated with soil bacterial diversity in dryland ecosystems as we

hypothesized [32]. However, a recent study in a temperate grassland ecosystem
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showed that a quadratic relationship was observed between aridity index and bacterial
diversity - that is, larger diversity in semi-arid grassland than in more mesic areas [49].
We found the aridity index had a significant negative linear correlation with bacterial
alpha-diversity (R?=0.29, p<0.01). This contrary finding in bacterial diversity is most
likely related to a significant decrease of soil pH. Soil pH decreased from 8.98 to 5.27
with increasing Al, which was positively correlated with bacterial diversity (r=0.41,
p<0.001), with negative correlations with nearly all of the most abundant bacterial
phyla. Bacterial phyla such as Acidobacteria (r=-0.43, p<0.001), Bacteroidetes
(r=-0.36, p<0.001), Alphaproteobacteria (r=-0.30, p<0.001), Betaproteobacteria
(r=-0.33, p<0.001), and Deltaproteobacteria (r=-0.48, p<0.001), were significantly
negative correlated with soil pH. Similar results were found in many continental-scale
investigations which showed that soil pH was the major determining factor
controlling bacterial composition and diversity [13, 15, 27]. Besides, in the study we
found soil pH had a direct negative effect on TC and SOC content. While, TC had a
direct negative effect on bacterial composition, but SOC was positively correlated
with microbial abundances and diversity. (Figure 6A). The results suggested that
abruptly decreasing soil pH could significantly alter bacterial communities involved
in SOC decomposition leading to increased plant-derived carbon inputs to soils
exceeding increases in decomposition [54]. Yue et al investigated the mechanisms by
soil transplant to stimulate warming, and results indicated warming significantly
reduced microbial gene abundances involved in decomposition of recalcitrant C

substrates, and soil pH was significantly positively correlated with functional
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diversity [59].

Warming and wetting could directly increase soil PNR, but this positive impact could
be offset by decreased soil pH

The impact of warming and wetting climate change on N cycling functional genes
(amoA, nirK/S and nosZ genes) and their mediated N transformation enzyme activities
(PNR and DEA) were investigated by SEM, and results showed that Al had a direct
strong positive effect on PNR and DEA (Figure 7B). However, standardized total
effect results showed that Al was marginally negatively correlated with PNR, but soil
pH had a larger and positive effect on PNR (Supplementary Figure S7 B). This may
suggest that warming and wetting could directly increase soil potential nitrification
activity, but its positive impacts could be indirectly offset by the decreased soil pH.
Similar studies have demonstrated that the increase in pH could stimulate gross and
net nitrification rates while soil acidification decreased gross and net nitrification rates
in forest and grassland soils [8, 21]. Besides, in the N-cycling model we found that the
total effect of AOA gene abundance on PNR was larger than AOB gene and Al,
suggesting AOA maybe more prominent than AOB in the nitrification process
(Supplementary Figure S7 B). This observation was in contrast to previous findings
highlighting that nitrification was driven by AOB rather than AOA in nitrogen-rich
grassland soils [10]. Several studies have demonstrated that AOA may play the
dominant role in acid soil nitrification [16, 20, 60]. Because pH could significantly
affect soil ammonia availability that leads to niche specialisation and differentiation

between soil AOA and AOB [20, 38]. We found that soil pH had a direct positive
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impact on both AOA community compositions but an indirect effect on AOB by
affecting TN, suggesting the direct or indirect pH-associated influences might result
in the observed changes of ammonia oxidizers in alpine grassland ecosystems. The
dominant AOA lineage soil and sediment 1 cluster was negatively correlated (r=-0.25,
p=0.032) with soil pH. Nitrosospira lineage (including 3a.2 and 3b) was
predominantly distributed in neutral and alkaline soils, which was the most dominant
AOB and significantly related to soil pH.

Warming and wetting climate would promote soil N loss in the mesic alpine meadow
Standardized total effects showed that Al had a strong positive direct effect on DEA,
suggesting warming and wetting are probably able to increase N,O release rates in
alpine grassland soil (Supplementary Figure S7 B). The results were in agreement
with previous research that showed soil temperature and soil water content (or
precipitation) could increase N,O emissions [8, 25, 61, 65] in alpine meadows on the
Qinghai-Tibetan Plateau. Our models also showed that Al indirectly reduces the soil
TN content by strongly affecting soil pH, which further supported our hypothesis that
warming and wetting could probably reduce the concentration of soil N by way of
stimulating N,O release into the atmosphere. Notably, in the study we found
denitrification enzyme activity only slightly increased in areas with Al<0.27, but
greatly increased in areas with 0.27<Al<0.89. In contrast, the relative abundance of
denitrification marker genes all significantly increased in areas with Al<0.27, whereas
only nirS gene abundance greatly increased, while other genes (nosZ gene) did not

respond or decreased (nirK gene) in areas with 0.27<Al<0.89. There are two ways to
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explain the inconsistency of denitrification enzyme activity and the corresponding
abundance of functional genes. Firstly, warming and wetting could significantly
stimulate the growth of nirS/K and nosZ gene-containing communities in water-deficit
environments, but their mediated enzyme activities are usually determined by some
soil characters (such as water content, organic C, anaerobic condition and NO3-N
content) [20-21, 38]. Steppe soils, as opposed to mesic soils, are characterized by
coarse texture, good aeration and lack of water, which militates against the formation
of anaerobic conditions for denitrification. Secondly, enzyme activity and gene
abundances merely reflected the genetic potential of denitrification capacity and the
potential of microbial participation, such parameters do note denote functional
community activity and function [2]. Lennon and Jones argued that a large fraction of
the microorganisms in soils were in the dormant state that exhibited metabolical
inactivity at some aridity threshold in dryland ecosystems [28]. In addition, the
abundance of ammonia oxidizers and PNR all showed a decreasing trend with
increasing Al, which correlated significantly with abundances of denitrifers.
Synthesizing the above results, we believed that the effect of warming and wetting on
N loss may be only marginal in areas with Al<0.27 (alpine steppes), while the mesic
regions would likely face a pronounced increase of N,O release [8, 11, 21, 62].
Conclusion

Soil microbial abundance, community structures, and enzyme activities were
presented a clear quadratic relationship with increasing Al and with a consistently

threshold value of AI=0.27 in the Qinghai—Tibetan Plateau grassland ecosystems,
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indicating a different response mechanism of grassland to climate change. Warming
and wetting could significantly increase bacterial and N-cycling microbial functional
gene abundance in the alpine steppes but significantly decrease that in more mesic
meadows. Soil microbial communities in alpine steppes may be more sensitive to the
climate change than in more mesic meadows. Warming and wetting may be
contributed to soil C sequestration in alpine steppes through altering soil physical
properties and decreasing soil pH. In contrast, N loss caused by warming and wetting
could be more obvious in mesic alpine meadows (0.27<Al<0.89). In general, we
highlight if future climate change increased aridity over the threshold, the responses
of microbes and their mediated biogeochemical processes may have profound impacts
on soil nutrient cycling, ecosystem stability and services in the most sensitive and
fragile ecosystems.
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Figure legends

Figure 1. Study area and sampling sites. A total of 72 samples from 24 sites along the
temperature and precipitation gradients of Tibetan Plateau. Black triangle means
sampling sites: LZ: Nyingchi; MLS: Mila Mountain; YBJ: Yambajan; DX: Damxung;
NQ: Nagchu; NMC: Namco; BG: Bangor; NM: Nima; GZ: Gerze; CQ: Cuoqin; SG:
Saga; DR: Tingri; RKZ: Shigatse

Figure 2. Variations of soil physical and chemical parameters along an aridity
gradient. All the parameters showed a similar pattern with increasing Al above and
below the threshold Al=0.27. The triangle represents the soil samples in areas with
Al<0.27 (60 samples from 20 sites); The circle represents the soil samples in areas
with 0.27<Al<0.89 (12 samples from 4 sites). The proportion of variance explained
(R?) of regressions and significant level was tested by spearman correlation analysis.
Figure 3. Changes of bacterial 16S rRNA gene abundance, distributional pattern and
the relative abundances of the most dominant lineages of bacteria with increasing
aridity index. (A) Correlations between the log normalized bacterial 16S rRNA gene
abundances and aridity index. (B) Nonmetric multidimensional scaling (NMDS) plots
derived from the weighted unifrac dissimilarity matrices between soils with symbols
colored by different aridity index categories for bacteria. (C) Linear regressions
between bacterial beta-diversity (NMDS1) and aridity index. (D) Relationships

between aridity index and the relative abundance of the most dominant soil bacteria.
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The triangle represents the soil samples in areas with Al<0.27; The circle represent
the soil samples in areas with 0.27<Al<0.89. The proportion of variance explained
(R?) of regressions and significant level was tested by spearman correlation analysis.
Figure 4. Changes of N cycling microbial functional gene abundances, distributional
pattern and the relative abundances of the most dominant lineages of N cycling
microbial communities with increasing aridity index. (A) Correlations between the
log normalized N cycling microbial functional gene abundances and aridity index. (B)
Linear regressions between AOA, AOB and nosZ-containing bacterial beta-diversity
(NMDS1) and aridity index. (C-E) Relationships between aridity index and the
relative abundance of the most dominant AOA (C), AOB (D) and nosZ-containing
bacteria (E). The triangle represents the soil samples in areas with Al<0.27 (60
samples from 20 sites); The circle represents the soil samples in areas with
0.27<Al<0.89 (12 samples from 4 sites). The proportion of variance explained (R?) of
regressions and significant level was tested by spearman correlation analysis.

Figure 5. Correlations between N turnover enzyme activities and aridity index. (A)
Potential nitrification rate; (B) Denitrification enzyme activity.

Figure 6. Changes of microbial alpha-diversity with increasing aridity index. (A)
Correlations between bacterial alpha-diversity and aridity index. (B) Correlations
between alpha-diversity of AOA and aridity index. (C) Correlations between
alpha-diversity of AOB and aridity index. (D) Correlations between nosZ-containing
bacterial alpha-diversity and aridity index.

Figure 7. Final “Aridity index effects” structural equation modeling results. (A) SEM
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fitted to bacterial abundance, composition and diversity; (B) SEM of the aridity index
impact on N cycling functional gene abundances and N turnover enzyme activities; (C)
SEM of the aridity index impact on N cycling functional community composition and

diversity.
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Figure 3
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Figure 4

105

0.95

1 dry soil

08

Log normalized gene copies g-

0.6

0.4

0.4

0.4

Bray-Curtis dissimilarity

0.6

80%

60%

40%

20%

0%

€
&
S
2

P
e

10%

Relative abundanc:
N
2
s

)
S
$

g
$

40%

20%

Aridity index (unitless)

40

(A)
Archaeal amoA gene abundance i Bacterial amoA gene abundance i Bacterial NirS gene abundance
R: = 0.084, P>0.05 : : °
R® = 0.96, P<0.01 : 2=027,P<001 @
. 0.8 0.85
) [] [
2 °
: 0.31, P<0.01 04 [ R=0.034,P>0.05 0.65
: ® :
H o :
I g : 0.45 :
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 08 0.2 0.4 0.6 08
Bacterial NirK gene abundance e Bacterial NosZ gene abundance
R? = 0.58, P<0.01 = A R2 =0.0006, P>0.05
. 0.65
045
2 = 0.42,2P<0.01
: 0.25
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
(B)
AOA beta-diversity . AOB beta-diversity » nosZ-containg bacterial beta-diversity
" 4 .
4 03 i H 03
F‘ =10.2975, P<0.05 A $ R = 0.5783, P<0.01 L4 R = 0.145, P<0.01
i 02 Y 02
A A 0.1 A AL
sl L ae A .
A X 0.4 0.6 s @ 0
A, 2 0.1 g
\ L4 0.1
Y = & 2 £'0.1685, P<0.05 5
A‘ N 1 03 - A R? = 0.8484, P<0.01
AL M 04 2 03
ax
oo (©)
N ® Soil and sediment 1 Soil and sediment 2
Py b 804 °
A e R:=0.19,P<001 @
A 60
A A
A
'y 2= 0.47, P<0.01 a0%
® [ ]
A -~ :
M R:=0.128, P<0.01
» R* = 0.1282, P<0.01
L4 o%
o 0.2 04 0.6 08 0 02 04 0.6 08
(D)
. 100% 00%
i Cluster1 [ ] Cluster 3b Cluster 3a.2
{ {P>0.05
H 80% 80%
i R? = 0.0048} P>0.05 ! ®
R* = 0.22,{P<0.01 {
E 60% ‘ - 60% H
® A A i
; R:=0.0004, 7>0.05 P b
A A A 40% ° 0% 2 = (.0289, P>0.05
A o . L
® R =0.16,P<0.01 el A res ® 20% ’
H ) H
C -‘ d 0% - 0% H
n n na ne ns 0 0.2 04 0.6 08 0.2 0.4 0.6 08
80% (E)
Chelatococcus ® | Rhodopseudomonas
A “
A ‘A L R: = 0.67, P<0.01
p 3
2 = 0.051, P>0.05 ' % Ay |
2 A % s
e
A ' [ ] 20% H
A R® = 0.11{ P<0.01
R*=0.12, P<0.01 i
0% -
0 0.2 04 0.6 08 0 0.2 04 0.6 08




Figure 5
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Figure 7
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Table S1 Geographical coordinates and environmental conditions of the soil samples

Sample Latitude (N) | Longitude Elevation Dominated Plant Soil Type Soil parental
name (E) (m) vegetation cover material
(%)
Lz-01 29°36'21"90 | 94°36'23"06 4185 Grass.,
LZ-02 29°36'21"00 | 94°36'22"63 4208 Cyperaceae., >05 Boggy meadow soil | Magmatite-granite
LZ-03 29°36'21"55 | 94°36'22"87 4188 Primula L., Felty soil
LZ-04 29°36'47"80 | 94°38'54"80 4504 Armoise L., >05 (Brown soil)
LZ-05 29°36'47"65 | 94°38'54"67 4506 Potentilla L.,
LZ-06 29°36'47"31 | 94°38'55"59 4520 Cyperaceae., >95
LZ-07 29°52'37"37 | 92°32'41"58 4187 Grass., Alpine shrubby Silicarenite
LZ-08 29°52'37"68 | 92°32'41"90 4191 Cyperaceae., >90 meadow soil
LZ-09 29°52'37"132 | 92°32'41"80 4184 Iridaeeae., (Brown soil)
Caragana.,
MLS-01 | 29°49'23"74 | 92°21'52"70 4941 Alpine meadow soil
MLS-02 | 29°49'23"56 | 92°21'52"86 4951 >85 (Dark brown soil)
MLS-03 | 29°49'23"32 | 92°21'52"46 4949 Pedicularis L.,
YBJ-01 | 30°10'31"22 | 90°35'25"18 4516 Saxifraga L., _ Granite
YBJ-02 | 30°10'29"80 | 90°35'27"15 4522 Artemisia L., =85 Brown soil
YBJ-03 | 30°10'29"11 | 90°35'27'57 4532 Potentilla L.,
DX-01 30°31'50"17 | 91°18'10"36 4354 Carex invaoviae., _
DX-02 30°31'48"15 | 91°18'09"15 4359 Festuca ovina., =80 Dark brown soil
DX-03 30°31'51"70 | 91°18'18"73 4370 Oxytropis spp.,
NQ-01 31°17'09"23 | 91°48'20"98 4660 Stipa capillace., _
NQ-02 31°17'07"34 | 91°48'21"25 4670 =80
NQ-03 31°17'06"66 | 91°48'19"50 4677 Dark brown soil
NQ-04 31°38'46"42 | 92°00'47"16 4591
NQ-05 31°38'45"16 | 92°00'43"29 4601 _
NQ-06 31°38'46"30 | 92°00'50"90 4601 =80
=80
=80
NMC-01 | 30°48'07"40 | 91°06'29"90 4773 Stipa purpurea., Desert steppe soil | Psammite
NMC-02 | 30°48'07"90 | 91°06'29"70 4764 Kobresia _ (Grey desert soil)
NMC-03 | 30°48'09"71 | 91°06'32"08 4770 macrantha., =40
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BG-01 31°17'30"07 | 90°20'25"72 4652 Granite
BG-02 31°17'30"30 | 90°20'30"17 4641

BG-03 31°17'31.40 | 90°20'30.91 4646 70%

BG-04 31°28'39.70 | 89°54'30.72 4755 Bunch grass., Sandstone
BG-05 31°28'42.35 | 89°54'28.29 4761 Kobresia L.,

BG-06 31°28'41.04 | 89°54'25.13 4770 Poa crymophila., Alpine steppe soil

BG-07 31°36'51.25 | 89°36'40.22 4598 Carex

BG-08 31°36'51.72 | 89°36'39.65 4597 moorcroftii.,

BG-09 31°36'52.22 | 89°36'41.18 4594 Orinus thoroldii.,

NM-01 31°37'15.31 | 88°52'09.52 4645 Artemisia Sandstone
NM-02 31°37'17.17 88°52'09.96 4637 wellbyi., 60%

NM-03 31°37'16.10 | 88°52'13.63 4642

NM-04 31°51'13.52 87°46'04.83 4612

NM-05 31°51'11.97 87°46'03.64 4596

NM-06 31°51'10.85 87°46'04.62 4597

NM-07 31°54'11.82 86°16'39.54 4768

NM-08 31°54'11.81 86°16'37.51 4767

NM-09 31°54'12.21 86°16'35.63 4767

Gz-01 32°12'56.81 | 84°29'57.58 4473 Sandstone
Gz-02 32°12'55.56 84°29'58.07 4473

GZ-03 32°12'53.33 | 84°29'55.90 4476

GzZ-04 32°17'17.01 84°06'57.76 4437

GZ-05 |32°17'14.75 |84°06'57.38 | 4452 =30

GZ-06 32°17'12.99 84°06'59.10 4446

CQ-01 32°18'41.20 85°07'26.26 4723

CQ-02 32°18'39.36 | 85°07'26.94 4714 Kobresia L., Sandstone
CQ-03 32°18'39.93 | 85°07'26.97 4719 Stipa capillace.,

CQ-04 30°50'22.01 | 85°05'59.76 4729 Oxytropis spp., Alpine desert soil

CQ-05 30°50'21.16 | 85°05'59.84 4724 Poa crymophila., _ (Grey desert soil)

CQ-06 30°50'20.60 | 85°06'00.67 4725 =20

CQ-07 30°34'55.82 | 85°24'03.21 4805

CQ-08 30°34'55.03 | 85°24'04.81 4809

CQ-09 30°34'52.22 | 85°24'04.14 4804

CQ-10 30°09'30.95 | 85°22'56.46 5373

CQ-11 30°09'31.11 85°22'55.57 5373 _

CQ-12 30°09'31.33 | 85°22'56.62 5378 =10
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SG-01
SG-02
SG-03
DR-01
DR-02
DR-03
RKZz-01
RKZ-02
RKZ-03

29°05'17.62
29°05'17.59
29°05'17.24
28°51'06.91
28°51'06.76
28°51'07.07
29°19'49.48
29°19'48.95
29°19'49.05

85°23'23.42
85°23'22.98
85°23'21.45
87°20'13.32
87°20'14.47
87°20'14.92
89°10'52.79
89°10'53.13
89°10'53.72

4696
4701
4714
4908
4915
4922
3827
3835
3839

Kobresia L.,

Pennisetum L.,
Polygonum L.,

Oxytropis L.,
Tribulus L.,

=30

=40

=50

Alpine steppe soil
(Yellow brown soil)

Shale

Shale

Psammite

Abbrev Letter and number mean sampling locations: LZ: Nyingchi; MLS: Mila

Mountain; YBJ: Yambajan; DX: Damxung; NQ: Nagchu; NMC: Namco; BG: Bangor;

NM: Nima; GZ: Gerze; CQ: Cuoqin; SG: Saga; DR: Tingri; RKZ: Shigatse.
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Table S2 List of PCR primers used in this study for T-RFLP and sequencing analyses

Target Primer set Sequences (5°-3”) gPCR Thermal profile References
gene efficiency
16SrRNA  27F AGAGTTTGATCCTG Lane, 1991
gPCR: 95°C/10 s; 40 cycles of
GCTCAG
1492R TACGGCTACCTTGT .
TACGACTT 95°C/15 s, 56°C/1 min
1369 F* CGGTGAATACGTTC _ '
Clone library: 94°C/5 min; 30
Probe YCGG
TM1389F* CTTGTACACACCGC Suzuki et al., 2000
cCoTC cycles of 94°C/30 s, 54°C/30 s,
72 °C/1 min, 72°C/10 min
amoA CrenamoA23f®  ATGGTCTGGCTWAG 87% gPCR: 95°C/1 min; 35 cycles of Avrahami et al., 2003
(ACA) ACG 95°C/30s, 55°C/305,72°C/30 s.
CrenamoA616r GCCATCCATCTGTA Clone library: 94°C/5 min; 10
TGTCCA cycles of 94°C/30 s, 60°C/30 s
(-0.5Clcycle), 72 ‘C/30 s; 25
cycles of 94°C/30 s, 55°C/45 s,
72 ‘C/1 min, 72°C/5 min.
amoA amoA1F® GGGGTTTCTACTGG 85% gPCR: 95°C/1 min; 35 cycles of Rotthauwe et al.,,
(AOB) TGGT 95°C/30s,60°C/305s,72°C/30s. 1997
amoA2R CCCCTCKGSAAAGC Clone library: 94°C/5 min; 10
CTTCTTC cycles of 94°C/30 s, 62°C/45 s
(-0.5CJcycle), 72 ‘C/1 min; 25
cycles of 94°C/30 s, 57°C/45 s,
72 °C/1 min, 72°C/5 min.
nirS Nirs-cd3aF” GTSAACGTSAAGGA 97% gPCR: 94°C/2 min; 5 cycles of Michotey et al., 2000
RACSGG 94°C/1 min, 58°C/1 min (-1°C  Throback et al., 2004
Nirs-R3cd GASTTCGGRTGSGT leycle), 72°C/30 s; 30 cycles of
CTTGA 94°C/30 s, 53°C/1 min, 72 ‘C/30
S.
Clone library: 95°C/5 min; 6
cycles of 95C/15 s, 63°C/30 s
(-1 °C /cycle), 72 C /30 s; 25
cycles of 95°C/15 s, 58°C/30 s,
72 ‘C/30s, 72°C/5 min.
nirk nirk-FlaCu® ATCATGGTSCTGCC 95% gPCR: 95°C/3 min; 6 cycles of Throback et al., 2004
GCG 95°C/30's, 63°C/30 s (-1°C/cycle),
nirk-R3Cu GCCTCGATCAGRTT 72 °C/30 s; 30 cycles of 95°C/30
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noszF®
nosZ
nosZ2R°

nosZ2F

GTGGTT

CGYTGTTCMTCGA
CAGCCAG
CAKRTGCAKSGCRT
GGCAGAA
CGCRACGGCAASA
AGGTSMSSGT

97%

s,58C/30s, 72°C/30 s.
Clone library: 95°C/5 min; 6
cycles of 95°C/30 s, 63°C/30 s
(-1 °C /eycle), 72 C /20 s; 25
cycles of 95°C/30 s, 58°C/30 s,
72 ‘C/30s, 72°C/5 min.

gPCR: 95°C/1 min; 6 cycles of

95°C/30 s, 65°C/30 s (-1°Cl/cycle),

72 °C/30 s; 30 cycles of 95°C/30

s, 60°C/30's, 72°C/30 s.

Clone library: 95°C/5 min; 30

cycles of 95°C/30 s, 60°C/30 s,

72 °C/30s, 72°C/5 min.

Henry et al., 2006

2 Bacterial probe sequences. "(6-FAM) was attached to the 5° end of the primers. ¢ (nosZ-F+nosZ2R)
were used for nosZ gene T-RFLP analysis.
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Table S3. Spearman correlation between soil physical and chemical properties and

microbial community gene abundances and enzyme activity

Soil parameters Bacteria AOA AOB NirS NirK NosZ PNR DEA
Aridity index 0.48** -0.16 -0.13 0.38**  0.52** (0.55** -0.66 0.51**
Longitude 0.42** -0.12 0.058 0.43** 0.30** 0.53** 0.0040 0.53**
Latitude -0.29* 0.13 0.061 -0.28*  -0.61** -0.39** -0.035 -0.21
Elevation (m) 0.037 0.29* 0.39**  0.059 -0.0030 0.18 0.24* -0.11
MAP (mm) 0.38** -0.18 -0.12 0.37** 0.46** 0.52** -0.11 0.51**
MAT (°C) -0.025 -0.43** -0.35** -0.13 0.27* -0.12 -0.21 0.14
CEC (cmol kg™ 0.72** 0.20 0.066 0.53**  0.60** 0.66** 0.20 0.55**
Clay (%) 0.19 -0.19 -0.072  0.13 0.43** 0.39** -0.72 0.29*
Sandy (%) -0.097 0.20 0.12 -0.082  -0.43** -0.33** 0.079 -0.29*
pH -0.46**  0.0090 0.10 -0.43** -0.55** -0.77** 0.016 -0.76**
SMC (%) 0.61** 0.022 -0.074  0.40** 0.62** 0.58** 0.12 0.59**
TN (%) 0.71** 0.25**  0.20 0.63** 0.53** 0.67** 0.32** 0.52**
TC (%) 0.63** 0.14 0.10 0.37*%*  0.44** 0.45** 0.32** 0.38**
SOC (g kg™ 0.68** 0.25* 0.0070  0.50** 0.67** 0.70** 0.25* 0.64**
NH4" (g-kg™) 0.37** 0.060 0.043 0.14 0.32** 0.23* 0.22 0.38**
NOs (g kg™) 0.25* -0.27*  -0.23 0.28*  0.15 0.36** -0.37**  0.48**
C/N 0.46** 0.12 -0.26*  0.23*  0.60** 0.55** -0.31 0.60**

MAP: mean annul pricipitation; MAT: mean annul temperature; SMC: soil moisture content; TN: soil

total nitrogen; TC: soil total carbion; SOC: soil organic carbon; C/N: the ratio of SOC to TN.
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Table S4. Mantel correlations between the microbial community structure and soil

characteristics

Soil parameters Bacteria ~ AOA AOB NosZ
Longitude 0.48** 0.32** 0.22** 0.09*
Latitude 0.19** 0.10** 0.06* 0.13**
Elevation 0.21** 0.06 0.022 0.009
MAP (mm) 0.65** 0.32** 0.21** 0.26**
MAT(°C) 0.26** 0.20** 0.014 0.077
Aridity index 0.69** 0.30** 0.20** 0.10*
pH 0.47** 0.25** 0.164** 0.22**
SMC (%) 0.57** 0.22** 0.26** 0.18**
CEC 0.28** 0.17** 0.23** 0.13*
TN (%) 0.35** 0.18** 0.16** 0.10
TC (%) 0.29** 0.12* 0.07 0.046
SOC 0.42** 0.24** 0.26** 0.18**
NH," 0.38** 0.15** 0.20** 0.036
NO3 0.30** 0.24** 0.25** 0.091*

MAP: mean annul pricipitation; MAT: mean annul temperature; SMC: soil moisture content; TN: soil
total nitrogen; TC: soil total carbion; SOC: soil organic carbon; C/N: the ratio of SOC to TN.
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Supplementary figure legends

Figure S1 The shift of AOA community compositions along the aridity gradient.
Figure S2 Neighbor-joining phylogenetic tree based on archaeal amoA gene clone
library from alpine grassland soils of the Tibetan Plateau, numbers on the nodes are
the bootstrap values (percentages) based on 1,000 replicates and values of above 50%
were presented. The sequences identified for the TRFs digested by the Rsa | enzyme.
Figure S3 The shift of AOB community compositions along the aridity gradient.
Figure S4 Neighbor-joining phylogenetic tree based on bacterial amoA gene clone
library from alpine grassland soils of the Tibetan Plateau, numbers on the nodes are
the bootstrap values (percentages) based on 1,000 replicates and values of above 50%
were presented. The sequences identified for the TRFs digested by the Hha | enzyme.
Figure S5 The shift of nosZ-containing bacterial community compositions along the
aridity gradient.

Figure S6 Neighbor-joining phylogenetic tree based on nosZ-containing bacterial
clone library from alpine grassland soils of the Tibetan Plateau, numbers on the nodes
are the bootstrap values (percentages) based on 1,000 replicates and values of above
50% were presented. The sequences identified for the TRFs digested by the Hae 11l
enzyme.

Figure S7 (A) Standardized total effects of Al (direct plus indirect effects) on
bacterial abundance, composition and diversity; (B) Standardized total effects of Al

on N cycling functional gene abundances and N turnover enzyme activities; (C)
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Standardized total effects of Al on composition and diversity of bacteria,

ammonia-oxidizers and denitrifer.
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Figure S1
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Figure S2

Mirososphasra
Candidatus
n/_ 3

Zoil and Sediment 2 KFTIETE2
AZITE-5IR

sp.JFT48T23
Mitrososphaars sp. FRTT3188
-3E5k

19bp

(dq 5gc +dq pzE+dq Z0E+10q 6T) 7 JUSLIPIS PUE Jlog

& AB-T1E224bp
A1Z-37T
5 B335 19 bp
— A35T-3
ABadn
Sail and Sediment 2 KFTDET20
ATTB2ET]
B
e
5 A A TTERE-38-2020p
Sl and Sedi t 2 KFTOSTEE
it 'I.an.m ament £ o lﬂlhp
AlTEzEE
1 AE-I-
JoZ-E-14
5l AEZ-15
1 AB-I-18
A28
AB-3-25
E:Eﬂ and 5=r'|rrertz_ KFTOETs4 b
S o S ment 2 KFTOSTE! 19bp
552 KFTOaTT3
AB-3-Z5
Eml an: Sediment 2 KFF0EE13
U:IEB Mitrosopumiles Tharitinws H 345508 -
iy R T
71 =] Mitmeopumiis op. DO145540 Nitrosopumilus
Nitrxsopumilus. Wlﬂntlmjlg?@‘:ﬁéj
ForSOipLImiiLES: .
100, S znd SeimentV FEITET
T L 5o diment ¥ FJB5227
£ B n Cetomrt f DOTAET
w & ozt sp. 540208 itrosotal b
fr, b = A
Sail and Sedment V EF20T2 Nitrosotalea sp.(22 bp)
Mitrosotsles E'EF-::LET_E JMZIT 485
Mitrosoles spJMIT
Mitrosotalea sp. FJ.»..»_'-"-‘SIH
A39-7-23
L] Soil =nd Sediment 3 FlREDEY
H ail and Sediment 3 DOEI4E
=) —|i Sgil and Sadimeant 2 ELGE-L»_E.
A3Z-F1E
T A3Z3 ) )
A%ﬂ'gﬁ Sadiment 3 FJB52TS Soil and Sediment 3 (297 bp)
Sail and Sediment 3 EUISTTTD
AI2-124
AJZ-1-3
ATZ-15
A3Z-3E
A1TEZ-5-45 - -
ATTEZ-E2T
15
5ul.=r Sediment 1 KFTIST3Z
f.
aF
oy N
Soil and Sediment 1 FJA53280
AJBT-32
Soil and Sediment 1 DQ534861
A1TEZ-E24
ATS T4
35-.?_. T FaTees Soil and Sediment 1 (61 bp)

AZITEEZD
AZAT2EAD
Sail and Sediment 1 KFTOSTH
ADE

54



Figure S3
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Figure S4
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Figure S5
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Figure S6
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Figure S7
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