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Abstract Unraveling the distribution patterns of plants and
animals along the elevational gradients has been attracting
growing scientific interests of ecologists, whether the micro-
bial communities exhibit similar elevational patterns, howev-
er, remains largely less documented. Here, we investigate the
biogeographic distribution of soil archaeal and bacterial
communities across three vertical climate zones (3,106–
4,479 m.a.s.l.) in Mt. Shegyla on the Tibetan Plateau, by
combining quantitative PCR and high-throughput barcoded
pyrosequencing approaches. Our results found that the ratio of
bacterial to archaeal 16S rRNA gene abundance was nega-
tively related with elevation. Acidobacteria dominated in the
bacterial communities, Marine benthic group A dominated in
the archaeal communities, and the relative abundance of both
taxa changed significantly with elevation. At the taxonomic
levels of domain, phylum, and class, more bacterial taxa than
archaeal exhibited declining trend in diversity along the in-
creasing elevational gradient, as revealed by Shannon and
Faith’s phylogenetic diversity indices. Unweighted UniFrac
distance clustering showed that the bacterial communities
from the mountainous temperate zone clustered together,

whereas those from the subalpine cool temperate zone clus-
tered together. However, the partitioning effect of elevational
zones on the archaeal community was muchweaker compared
to that on bacteria. Redundancy analysis revealed that soil
geochemical factors explained 58.3 % of the bacterial com-
munity variance and 75.4 % of the archaeal community var-
iance. Taken together, we provide evidence that soil bacteria
exhibited more apparent elevational zonation feature and de-
creased diversity pattern than archaea with increasing eleva-
tion, and distribution patterns of soil microbes are strongly
regulated by soil properties along elevational gradient in this
plateau montane ecosystem.

Introduction

Since Alexander von Humboldt’s journey off the Chimborazo
volcano in Ecuador in 1802, global ecologists have been
exploring the montane ecosystem for over 200 years. Two
important features of montane ecosystem have been well
documented through these studies. One is the altitudinal belts
of community in montane ecosystems. For instance, environ-
mental factors including temperature, precipitation, solar ra-
diation, etc. experience dramatic changes over short spatial
distances from the baseband to the top of the mountain [1].
These changes could collectively lead to formation of natural
climate gradients regulating biodiversity succession and or-
ganism distributions [2]. In this case, altitudinal zonation of
macro communities has been widely observed along the
elevational gradient [3]. For example, cryptogamic plant com-
munities along an altitudinal gradient showed obvious zona-
tion in tropical Andean rain forests [4], and altitudinal zona-
tion of bird communities was observed along a 1,550-m forest
gradient in the Udzungwa Mountains in Tanzania [5].
However, as for the microorganisms, despite the strong influ-
ences of environmental factors on their community structures
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[6] and the significant importance of microbes in ecosystem
functioning and primary production, it is largely unknown
how these microbes are structured by elevations, and limited
studies have been conducted to provide microbial community
composition patterns in montane ecosystems.

Another important feature of montane ecosystem is the
changing biological diversity with elevation. There has been
a large body of studies addressing how the biodiversity of
plant and animal changes along the elevations in montane
ecosystems. Most of these investigations, however, focused
on the macroorganisms and had reported a variety of contrast-
ing biodiversity elevation patterns, for instance, a pattern of
decline [7], a unimodal pattern [8], and a pattern of increase
[9]. However, the diversity pattern of microorganisms along
the elevational gradients was not observed until an investiga-
tion using modern molecular approaches was carried out on
the Rocky Mountains across a 920-m elevational gradient
from 2,460 to 3,880 m [10]. In this survey, Bryant et al.
found that soil Acidobacteria exhibited a declining pattern of
phylogenetic diversity with increasing altitude, whereas
Angiosperm showed a typical unimodal pattern. Another
comparative study between the diversity patterns of
macroorganism and microorganism along an elevational
gradient from 200 to 3,450 m in the eastern Peru montane
areas observed no clear pattern for the bacterial diversity,
whereas plants and animals exhibited a significant pattern of
decline [11]. In addition, a significant unimodal pattern of soil
bacterial diversity along an elevational gradient was reported
on the Mt. Fuji from 1,000 to 3,700 m recently [12].

Quite a few hypothesis and theories have been proposed to
uncover the mechanisms that drive those elevational biologi-
cal diversity patterns. For example, a mid-domain effect
(MDE) was widely used in the interpretation of unimodal
diversity pattern in macro ecology, which emphasizes the
geometric constriction upon species distribution, and proposes
that species usually accumulate in the middle areas along
elevation [13]. However, applicability of MDE in explaining
microbial distribution was doubtable when the measurement
of dispersal limits for microbes is still ambiguous [14]. In a
research on freshwater habitat, the elevational diversity pat-
tern of microbes was better explained by environmental fac-
tors rather than by MDE [15]. The decreased pattern of soil
Acidobacteria on Rocky Mountains, as reported by Bryant
et al. [10], also found to be closely related to environmental
factors. These findings highlight the role of environmental
factors in structuring elevational microbial distribution pat-
terns, suggesting that related theory like Bass-Becking hy-
pothesis might be indicative in interpreting microbial distri-
bution patterns in montane ecosystems.

Despite of the available knowledge, we are still unclear
about the altitudinal distribution patterns of microbial com-
munities when considering the differences in sampling and
analytical methodologies across different investigations.

Comparative studies are common in biogeography; however,
most of microbial biogeographic studies have focused merely
on bacteria [11] or archaea [16]. In fact, both bacteria and
archaea have been found to be remarkably abundant and
functionally important in terrestrial ecosystems, and could
contribute differently to ecosystem functioning and biogeo-
chemical cycling [17]. Archaea and bacteria highly differ in
their metabolic characteristics and genetic features [18], indi-
cating that these two prokaryotic taxa may respond differently
to environmental factors.

As the highest plateau in the world, the Tibetan Plateau is a
unique habitat that characterizes by harsh climatic conditions
including dry air, high UV, and low oxygen. These special
conditions make the Tibetan Plateau a separate geographic
region, resulting in the formation of particular flora and fauna
[19, 20]. However, scant information is available concerning
the biogeographic patterns and ecological characteristics of
microbial communities in this typical plateau. On the other
hand, the Tibetan Plateau is a vulnerable landscape that is
highly sensitive to global climate change, which could greatly
impact plant nutrition and ecosystem functioning by inevita-
bly affecting the distribution of microorganisms [21]. Soil
microbes have been recognized as a keystone in the global
cycling of nitrogen and carbon, and a better understanding of
their distribution characteristics along the elevational gradi-
ents would strengthen our ability to manage montane
ecosystems and to mitigate the impacts of global climate
changes (e.g., elevated atmospheric temperature and green-
house gases) [22] by developing targeted options on soil
microorganisms.

In this study, we examined the altitudinal distribution of
soil bacteria and archaea across three climate zones along a
montane forest landscape on the Tibetan Plateau. We aimed to
determine whether soil bacteria and/or archaea exhibit clear
elevational patterns in this plateau montane ecosystem. We
hypothesized that (1) similar to macroorganisms, soil archaea
and bacteria might also show certain distribution patterns
along the altitude elevations because of the remarkable altitu-
dinal shifts in environmental factors in montane ecosystems;
(2) archaeal and bacterial taxa might have divergent distribu-
tion patterns due to their highly different genetic features and
inconsistent metabolic characteristics affected by environmen-
tal factors.

Materials and Methods

Site Description and Soil Sampling

Mount Shegyla, an offshoot of Mt. Nyainqêntanglha, is char-
acterized by a plateau landscape that lies in Nyingchi (94°25′-
94°45′ E, 29°35′-29°57′ N) in Southeast Tibet, China. We
investigated here because there are very typical high plateau
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landscapes on this mountain. Along the elevational gradient,
there are apparent mountainous temperate zones between
2,700 and 3,400 m, subalpine cool temperate zones between
3,400 and 4,300 m, and alpine frigid zones above 4,300 m.
Aboveground plant species in these zones are highly different:
Quercus semecarpifolia and Abies are abundant in mountain-
ous temperate zones, Aibes georgei var. smithii is abundant in
subalpine cool temperate zones, and Rhododendron and
Sabina saltuaria are abundant in alpine frigid zones. Soil
samples were collected across the three vertical climate zones
in July 2011. Six elevational sites with representative above-
ground vegetation were identified ranging from 3,118 to
4,477 m across the elevational zones. We did not sample from
the baseband because of the obvious anthropogenic distur-
bance there. At each site, we collected three soil samples from
three separated 10 m×10 m plots, by pooling eight upper
10-cm soil cores randomly taken from every plot. Detailed
information about these soil samples is listed in Table 1. For
each sample, 500 g of soil sieved to 2 mm was stored at 4 °C
for physicochemical analyses, and 50 g of soil was encapsu-
lated in a plastic tube and kept at −80 °C before DNA
extraction.

Soil Physicochemical Analyses and DNA Extraction

Soil texture was evaluated using a Mastersizer 2000 Laser
Diffraction Particle Analyzer (Malvern Instruments Ltd,
Malvern, UK) according to the universal criteria of soil
particle size (clay <0.002 mm, silt 0.02–0.002 mm,
sand >0.02 mm). Exchangeable cations were extracted
using 1 M neutral ammonium acetate solution and quantified
through the Kjeldahl method to measure the cation exchange
capacity (CEC). Soil pH was determined at a ratio of 1:2.5
(soil to water, w/w). Soil organic carbon (SOC) was deter-
mined by the K2Cr2O7 oxidation method mentioned by Cao
et al. [23]. Total nitrogen (TN) was determined using a Vario
EL III analyzer (Elementar Analysensysteme GmbH, Hanau,
Germany).

The total genomic DNA was isolated from 0.25 g of soil
using the MOBIO Ultraclean Soil DNA Isolation Kit
(MOBIO laboratories, Carlsbad, California, USA) as per the
manufacturer’s instructions, with slight modifications that the
filters were washed twice with the solution C5. The extracted
DNAwas stored at −80 °C, and tenfold diluted DNAwas used
in the downstream PCR and quantitative PCR analyses.

16S rRNA Gene Amplification and Barcoded
Pyrosequencing

Quantitative PCR assays were carried out on a BIO-RAD IQ5
thermal cycler (Bio-Rad Laboratories, Inc., California, USA)
to determine the prokaryotic abundance. A TaqMan probe
TM1389F was employed to 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 [24]. The 25-μl PCR reactions contained
12.5 μl Premix Ex TaqTM (Takara Biotechnology, Dalian,
China), 2.5 μM of each primer, 1.5 μM of the Taqman probe,
and a 1-μl DNA template. The abundance of the archaeal 16S
rRNA gene was measured using the primer pairs 364 F/934R
[25] according to the SYBR® TAKARA Premix Ex Taq
manual (Takara Biotechnology).

A barcoded pyrosequencing procedure targeting the 16S
rRNA gene of bacteria and archaea was employed to decipher
the prokaryotic community composition. The primer pair 27 F
(5′-AGAGTTTGATCCTGGCTCAG-3′) and 519R (5′-
GWATTACCGCGGCKGCTG-3′) was used to amplify the
V1–V3 region of the bacterial 16S rRNA gene [26], and the
primer pair 364F (5′-CGGGGYGCASCAGGCGCGAA-3′)
and 934R (5′-GTGCTCCCCCGCCAATTCCT-3′) to amplify
the V3–V6 region of the archaeal 16S rRNA gene [25]. Two
Roche-provided adaptors, a Primer A-Key (5′-CGTATCGC
CTCCCTCGCGCCATCAG-3′) and a Primer B-Key (5′-
CTATGCGCCTTGCCAGCCCGCTCAG-3′), were added to
the 5′ end of the forward primer and reverse primer, respec-
tively. A 10-bp MID sequence was inserted between the
Primer A-Key and the forward primer for barcode identifica-
tion. The 25-μl PCR reaction system consisted of 12.5 μl
Premix Ex Taq™ Version 2.0 (Takara Biotechnology), 1 μl
forward primer (10 μM) and 1 μl reverse primer (10 μM), 2 μl
DNA template (1–10 ng), and 8.5 μl sterilized H2O. AWizard
SV Gel and PCR Clean-Up System (Progema Corporation,
Madison, USA) was used in the purification of PCR products,
according to the manufacturer’s instructions. The purified
PCR products were equimolarly mixed in a 2-ml tube. The
sequencing was carried out on a 454 GS FLX Titanium
pyrosequencer (Roche 454 Life Sciences, Branford, CT,
USA).

Processing of the Pyrosequencing Data

Raw sequences that obtained through high-throughput
barcoded pyrosequencing were processed following the
Quantitative Insights into Microbial Ecology (QIIME) pipe-
line [27]. Prior to clustering, reads with quality score lower
than 20, improper primers, or ambiguous bases were
discarded. The FASTA files of all samples were combined
together through an add_qiime_labels.py script. We selected
PyNAST as the alignment algorithm [28] against a 13_8
Greengenes database [29]. Chimeras were identified and elim-
inated via performing the identify_chimeric_seqs.py and
filter_fasta.py scripts within QIIME. The resultant high-
quality sequences that shared at least 97 % similarity were
clustered into operational taxonomic units (OTUs) by using
uclust [30]. Representative sequences from individual OTUs
were classified by the RDP classifier [31] against the
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Greengenes taxonomic database with a confidence threshold
of 0.8. The community compositions of bacteria and archaea
were then described by the relative abundance of sequences
that assigned to each taxon. At each taxonomic level, we
included only the taxa that were observed in all of the samples.
Taxa that occasionally observed in individual samples
accounted for a minor fraction of total bacteria (<0.01 %)
and were not included in the downstream assemblage
analyses.

To eliminate the bias on diversity comparison caused by
unevenly sequencing, 869 bacterial and 278 archaeal se-
quences per sample were stochastically picked out through a
resampling step before the subsequent diversity calculation.
The 97 % similarity was employed in the OTU definition for
estimation of the alpha and beta diversity. The Shannon index
and Faith’s phylogenetic index [32] were calculated to com-
pare the alpha diversity. The unweighted UniFrac distance
[33] was introduced as the beta diversity metrics. A taxa
filtering script provided by QIIME was performed to separate
the OTU tables of individual microbial taxa, according to
which the diversity of specific taxa was analyzed. An
Unweighted Pair Group Method with Arithmetic Mean clus-
tering (UPGMA) procedure based on the unweighted UniFrac
distance was performed in QIIME to compare the pair-wise
community similarity.

Statistical Analysis

Spearman’s correlation analysis was performed to examine
the relationships between altitude and soil physiochemical
factors in SPSS 19 (IBM Co., Armonk, NY, USA). A permu-
tation multivariate analysis of variance (PERMANOVA) was
conducted to test the significance of community composition
variance in R 3.0.1 [34] using the Vegan package [35].
Redundancy analysis was employed to measure the effects
of soil geochemical factors on community structures, and a
Monte Carlo test with 999 permutations was carried out to test
the significance of relationship between community and en-
vironmental matrix. An envfit function in Vegan package was
employed to exclude factors that have no significant effects on
community structure from RDA plots. Relative contribution
of each environmental variable was then distinguished using a
distance-based linear modeling approach in R [36].

Results

Changes in Soil Geochemical Factors Along the Elevations
on Mt. Shegyla

A very obvious trend of soil geochemical factors along
the altitude elevations was observed. Among all the
factors examined (Table 1), soil pH ranging from 4.68

to 6.43 behaved a significantly negative relationship
with altitude (r=−0.541, p<0.01). Soil organic carbon
(r=0.654, p<0.01) and moisture content (r=0.656, p<0.01),
on the contrary, showed a significantly positive relationship
with altitude. The content of clay showed a significantly
negative relationship with altitude (r=−0.488, p<0.05). No
significant relationships with altitude could be detected on
total nitrogen (r=0.476, p=0.054), C/N ratio (r=0.179,
p=0.492), or CEC (r=0.280, p=0.277).

Abundance and Community Compositions of Soil Bacteria
and Archaea Assemblages on Mt. Shegyla

The log numbers of archaeal 16S rRNA gene copies (ranging
from 7.82 to 8.43) was much lower than those of bacterial 16S
rRNA gene copies (ranging from 10.04 to 10.93) in each gram
of soil (Fig. 1). Archaeal abundance accounted for 1–13 % of
the total prokaryotes (the sum of the bacterial and archaeal
16S rRNA gene copy numbers in individual samples). A
significantly higher abundance of bacteria was observed at
the elevational sites of 3,352 m compared to those in other
elevations. Along the increasing elevation from 3,106 to
4,479 m, a significant negative relationship between altitude
and the log ratio of bacterial to archaeal abundance was
observed (r=−0.515, p<0.05). However, no significant corre-
lations between altitude and the bacterial (r=−0.341, p=0.18)
or archaeal abundance (r=0.323, p=0.21) could be observed.

Across all the examined samples, the barcoded pyrose-
quencing yielded 96,965 high-quality 16S rRNA gene se-
quences in total. Of these sequences, 75 % could be classified
into the bacteria domain, and the other 25% could be affiliated
within the archaea domain. On average, 4,279 bacterial se-
quences and 1,424 archaeal sequences were obtained for each
sample. The bacterial and archaeal community compositions
were profiled according to their relative abundance at the
taxonomic levels of phylum and order (Fig. 2). Nearly
100 % of the amplicons generated by the primer set
27 F/519R hit the bacteria domain according to the
Greengenes database. Among those taxa examined,
Acidobacteria (37.8 %) and Proteobacteria (35.4 %) were
the most dominant phyla of the bacterial community, and we
noticed that the relative abundance of Acidobacteria was
significantly higher in the elevational sites above 3,915 m.
Planctomycetes (3.3 %), Actinobacteria (4.2 %),
Bacteroidetes (2.9 %), Gemmatimonadetes (2.4 %), and
Verrucomicrobia (1.8 %) were also found to be widely dis-
tributed in all of the samples. A total of 98.1 % of the archaeal
sequences were classified into Crenarchaeota (73.7 %) and
Euryarchaeota (24.3 %) as shown in Fig. 2b. At the taxonom-
ic level of class, Marine benthic group A (MGBA, 62.1 %),
Thaumarchaeota (10.4 %), and Thermoplasmata (18.8 %)
dominate the archaeal community (Fig. 2b). The relative
abundance of MBGA exhibited an apparent increasing trend

138 J.-T. Wang et al.



with altitude before reaching the alpine frigid zones at
4,477 m.

Diversity Patterns of the Bacterial and Archaeal Communities
on Mt. Shegyla

To explore their elevational diversity patterns, we fitted the
altitude curve with both Faith’s PD index and Shannon index
of bacteria and archaea at different taxonomic levels (Table 2).
Bacteria were determined at the levels of domain and phylum,
and Proteobacteria were further analyzed at the class level

because of its high relative abundance in total bacteria.
Archaea were studied at the levels of domain, phylum, and
class.

A pattern of decline in the bacterial community diversity
along the increasing elevations could be detected at all taxo-
nomic levels (Table 2). For instance, at the domain level,
bacteria exhibited a declining pattern of phylogenetic diversi-
ty. At the level of phylum, Acidobacteria showed a pattern of
decline in both diversity index. Planctomycetes showed a
decreasing pattern via Faith PD, and Actinobacteria,
Gemmatimonadetes, and Verrucomicrobia showed a

Table 1 Site information and soil physicochemical properties

ID Elevational zones Altitude m pH TN % SOC % CEC cmol kg−1 C/N H2O% Clay% Sand%

T1 Mountainous
temperate zone

3,106 5.53 0.31 4.57 21.9 14.7 11.1 22.2 60.0

T2 3,117 6.43 0.18 2.63 13.1 14.8 5.0 18.3 70.9

T3 3,132 6.01 0.14 1.83 14.2 12.9 6.1 14.2 72.3

T4 3,344 6.03 0.19 2.52 14.5 13.4 20.8 6.90 77.9

T5 3,355 5.87 0.35 4.87 23.9 13.9 35.4 15.8 57.9

T6 3,356 5.52 0.29 3.98 18.4 13.5 26.4 8.50 75.1

C1 Subalpine cool
temperate zone

4,030 5.21 0.25 4.63 24.2 18.3 35.6 23.8 56.3

C2 4,046 4.68 0.44 5.23 29.7 12.0 39.4 28.2 47.9

C3 4,050 4.61 0.51 6.37 31.6 12.6 39.6 19.6 60.6

C4 3,912 5.04 0.32 6.21 22.8 19.6 19.1 21.0 69.0

C5 3,918 4.68 0.37 5.67 28.6 15.3 27.3 25.7 58.5

C6 4,298 5.04 0.31 5.57 22.2 18.1 35.5 27.9 52.5

C7 4,295 4.87 0.54 6.84 37.1 12.7 46.1 22.1 54.6

C8 4,304 5.26 0.42 6.07 27.7 14.5 38.4 29.1 51.2

F1 Alpine frigid zone 4,479 5.26 0.33 5.34 12.6 16.1 30.9 18.6 73.8

F2 4,479 5.07 0.25 5.28 15.3 20.9 26.0 19.8 75.1

F3 4,474 5.24 0.45 6.00 26.9 13.5 42.5 24.9 56.7

TN total nitrogen, SOC soil organic carbon, CEC cation exchangeable capacity

Fig. 1 Log numbers of 16S
rRNA gene copies of soil bacteria
and archaea and their ratio at
different altitude gradient
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declining pattern via Shannon index. At the class level, alpha-
Proteobacteria and delta-Proteobacteria showed a declining
diversity pattern, despite that no significant trend was ob-
served in total Proteobacteria. Archaea did not show obvious
diversity patterns at the domain level along the increasing
elevations. At the levels of phylum and class, only
Euryarchaeota and their dominant clade Thermoplasmata
showed a declining pattern as revealed by Shannon index.

A UPGMA hierarchical clustering procedure was per-
formed to compare the β-diversity of the bacterial and archae-
al communities using the unweighted UniFrac distance. Three
main clusters that were marked with different colors could be
clearly identified for bacteria, which showed good consistence
with the sample locations from different vertical climate zones
(Fig. 3a). There were also three main clusters in the archaeal
UPGMA dendrogram (Fig. 3b), but consistence between the
locations and clusters of archaeal communities was much
weaker than that of the bacterial communities. For both

bacteria and archaea, we found that communities from the
same elevational zones were more likely to be clustered
together.

A PERMAVONA test based on the unweighted UniFrac
matrix was performed to further determine the significance of
the divergence in bacterial and archaeal community composi-
tions between different elevational zones. The bacterial com-
munities could be clearly separated based on different sample
sources (p<0.01). Archaeal communities, although not as
significant as bacteria, were also found to be significantly
separated by the different elevational zones (p<0.05).

Redundancy Analysis of Soil Physiochemical Factors
and Community Structures

The influences of different soil geochemical factors on com-
munity assemblages were measured by redundancy analysis
(Fig. 4). The first two axes accounted for 58.3 and 75.4 % of

Fig. 2 Relative abundance of
dominant phyla of bacteria (a)
and archaea (b) along an
elevational gradient.
Unclassified_Cre indicates the
unclassified Crenarchaeota
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the variance for the bacterial (Fig. 4a) and archaeal (Fig. 4b)
communities, respectively. Of all the soil geochemical factors
examined, soil pH (43.7 %), clay contents (6.1 %), TN
(3.2 %), and SOC (1.0 %) were found to be significant for
the bacteria, while the archaeal community was found to be
significantly affected by soil pH (52.9 %), clay contents
(6.0 %), TN (1.9 %), SOC (3.2 %), CEC (0.2 %), and soil
moisture (5.7 %) content. For the bacterial communities, soil
pH was positively correlated with those from the temperate
zone but negatively correlated with those from the cool tem-
perate zone. A similar finding was observed for the archaeal
communities, except that the soil moisture content and CEC
positively affected those from the cool temperate zone.

Discussion

Altitudinal Distribution Patterns of Soil Microorganisms
on Mt. Shegyla

In this investigation, by employing quantitative PCR and
next-generation barcoded pyrosequencing, our study provided
important evidence that soil bacterial and archaeal community
compositions exhibited an altitudinal zonation feature on
Mt. Shegyla, accompanied by apparent decreasing diversity
patterns along the increasing elevation. These findings
corresponded to our first hypothesis, indicating that
elevational distribution patterns of soil microbes could also
be observed in this high plateau montane ecosystem.

Since no unimodal pattern was detected for any bacterial or
archaeal taxa, the MDE would not be suitable for interpreting
the diversity patterns of soil microbes on Mt. Shegyla. A
decreased diversity pattern, however, was observed on several
microbial taxa at different taxonomic levels examined. Several
researches reporting a decreased elevational pattern of mi-
crobes have emphasized the great importance of environmen-
tal variables [10]. We examined the correlations between the
matrix of environmental variables and community structure,
and found that the distribution patterns of soil microbes were
closely related with environmental factors on Mt. Shegyla,
indicating that the Bass-Becking hypothesis should be taken
into consideration. Bass-Becking hypothesis, known as “ev-
erything is everywhere, but the environment selects,” assumed
that microbes are ubiquitous, and environmental factors make
decisive contributions to structuring microbial community
compositions [37]. In our study, correlation analyses revealed
that the soil geochemical factors exhibited an obvious distri-
bution trend on Mt. Shegyla, and the redundancy analysis
showed that they greatly influenced the microbial community
compositions. Apparent diversity patterns of different micro-
bial taxa highlighted the importance of these soil environmen-
tal factors in regulating microbial distribution.

The critical soil geochemical factors, as we showed in this
study, highly varied across the elevational climate zones. Of
all the factors we examined, soil pH, SOC, and TN gained
more attention for their considerable influences on microbial
community compositions and diversity patterns (Table S1).
As the most important feature of soil, pH affected soil

Table 2 Elevational diversity
patterns of the bacterial and ar-
chaeal taxa at the taxonomic
levels of domain, phylum, and
class according to RDP assign-
ment against Greengenes

Only taxa that can be detected in
all of the samples are listed. The D
in column Pattern is short for
pattern of decline

**p<0.01; *p<0.05 (two-tailed,
significance level)

Domain Phylum Class Relative
abundance

Faith-PD Shannon Pattern

Bacteria −0.538* −0.475 D

Acidobacteria 0.38 −0.589* −0.540* D

Proteobacteria 0.35 −0.077 −0.443
Alpha-Proteobacteria 0.21 −0.131 −0.620** D

Beta-Proteobacteria 0.09 0.363 −0.349
Gamma-Proteobacteria 0.04 −0.227 −0.272
Delta-Proteobacteria 0.01 −0.261 −0.495* D

Actinobacteria 0.04 −0.481 −0.491* D

Planctomycetes 0.03 −0.725** −0.344 D

Gemmatimonadetes 0.02 0.127 −0.535* D

Verrucomicrobia 0.02 −0.077 −0.664* D

Bacteroidetes 0.03 −0.193 −0.930
Archaea −0.086 −0.297

Crenarchaeota 0.74 0.005 0.139

MBGA 0.62 −0.240 −0.130
Thaumarchaeota 0.11 0.05 0.324

Euryarchaeata 0.24 0.031 −0.528* D

Thermoplasmata 0.19 −0.466 −0.618** D
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microbes not only by conditioning enzymes activity but also
by constraining the availability of nutrients through determin-
ing the ionization equilibrium in soil. For instance, pH deter-
mined the community composition and biogeography of am-
monia oxidizers by affecting ionization equilibrium of nitrate
and ammonia in soils [17]. And pH-driven diversity patterns
were observed horizontally [6] as well as along the elevational
gradient [38]. As the fundamental energy sources and compo-
nent elements for microorganisms, soil organic material and
nitrogen also significantly affected the elevational distribution

patterns of soil microbes via determining the metabolism of
soil microbes [39]. In addition to the edaphic factors, climatic
scenarios on the Tibetan Plateau should also be an important
consideration. Effects of climate can be interpreted at both
regional and local scales. At regional scale, harsh climatic
conditions make the Tibetan Plateau a particular biogeograph-
ic region. For example, seasonal freezing and thawing is a
very important ecological process in the Tibetan Plateau.
Alternative freezing and thawing impact on soil microbial
communities not only by directly affecting on the metabolic
activity and reproduction of soil microbes but also by indi-
rectly changing soil physical properties like temperate, mois-
ture, and rock weathering that closely related with soil

Fig. 3 UPGMA dendrogram constructed from an unweighted UniFrac
matrix of the bacterial (a) and archaeal (b) 16S rRNA gene sequences.
Three main clusters colored with red, green, and blue are distinguished
for both bacteria and archaea. The sources of communities are
also listed as follows: T represents the mountainous temperate zones,
C represents the subalpine cool temperate zones, and F represents the
alpine frigid zones

Fig. 4 Redundancy analysis of the environmental factors and communi-
ty structures of bacteria (a) and archaea (b). The red spot represents
communities from the mountainous temperate zones; the green
square represents communities from the subalpine cool temperate
zones; and the purple triangle represents communities from the
alpine frigid zones. All of the displayed geochemical factors have
passed a significance test. SOC indicates the soil organic carbon,
CEC indicates the cation exchangeable capacity, and TN indicates
the total nitrogen. The Ac indicates Actinobacteria; Ba indicates
Bacteroidetes; Ge indicates Gemmatimonadetes; Pl indicates
Planctomycetes; and Ve indicates Verrucomicrobia
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mechanical composition like clay content. At local scale,
different climate zones can preserve over very short geograph-
ic distances because of the steep environmental gradient. The
elevational climate zones structured the community of plant,
and variation in plants could be an important factor that
resulting into variable soil microbial communities especially
in the rhizosphere [40].

In a biogeographic frame of environmental factors and
historical contingencies, the distribution patterns of microbes
were more susceptible to environmental factors at local scale
(ecological process) [41], whereas the patterns responded to
climate conditions at a large scale (historical contingencies)
[42]. The pedogenesis theory might be a possible hub that
linking Bass-Becking hypothesis with climate in structuring
elevational distribution patterns of soil microbes. According
to Dokuchaev, climate is a key determinant of pedogenesis by
exerting influences on weathering of rocks, leaching, and
biological processes [43]. While biological factors like
plant would also impact on the pedogenesis, which
determined the soil environmental variable for soil mi-
croorganisms. Taken together, both ecological processes
and climatic conditions could be very important in deter-
mining elevational distribution patterns of soil microbes in the
montane ecosystem.

Differential Patterns of Bacterial and Archaeal Taxa

In the second hypothesis, we suggested that soil bacterial and
archaeal taxa might distribute differently along the elevational
gradients, due to their disparate genetic and metabolic fea-
tures. In our study, we found that bacterial and archaeal
patterns shaped by environmental factors were not exactly
the same. The ratio of bacterial to archaeal 16S rRNA gene
abundance presented declined variation tendencies along the
altitudinal gradient, which demonstrated that bacteria tend to
be abundant in the relatively lower altitude while archaea
preferred the relatively higher altitude. This result might imply
a niche separation of bacteria and archaea at different
elevational site, as caused by their differential response to
the same environmental factors [44]. The diversity patterns
of bacteria and archaea might be more convincing to demon-
strate the variations of bacteria and archaea along the vertical
altitude gradient. Compared with previous studies which re-
ported a unimodal or declining diversity pattern on merely
bacteria [10, 12], our results illustrated that bacterial commu-
nity rather than archaeal presented a significant decreasing
diversity pattern as the altitude increased. The reason might be
that diversity of bacterial community was strongly affected by
soil pH and clay content which decreased with the increasing
elevation [10]. Archaeal community diversity, however, was
less influenced by these environmental factors. In addition, we
found that altitudinal zonations of bacteria communities were
more apparent than archaeal across climate zones. This

phenomenon can be supported by that archaea might less
participate in the litter decomposition compared with bacteria
[45]. The aboveground vegetation is the primary litter con-
tributor to soils, and the highly differences of vegetation
across altitudinal climate zones could result in different accu-
mulation of plant residuals. Therefore, microorganisms like
bacteria, which are more dependent on the plant litters for
substrates, would show more obvious zonation feature than
archaea, which are less engaged in the ecological processes of
litter decomposition.

Apart from the diversity patterns and elevational zonations
of the bacterial and archaeal communities, we also focused on
the variations of specific taxa in the community along the
elevational gradient. The dominant taxa in bacterial and ar-
chaeal community also contributed largely to the differential
patterns of bacteria and archaea. For both bacteria and ar-
chaea, we found that Acidobacteria in the bacterial commu-
nities and MBGA in the archaeal communities were the dom-
inant taxa, which were very sensitive to environmental factors.
This finding highlighted the role of soil environmental factors,
especially soil pH, in structuring microbial diversity along the
elevational gradients. Surprisingly, MBGA, which were usu-
ally found to be abundant in marine sediments [46], presented
an absolute superiority over other groups in almost all of our
samples. They were also detected in another study on soil
archaeal communities where only a small portion was ob-
served [45]. We suggested that it might be attributed to a
historical contingency of Tibetan Plateau uplifting. As the
youngest plateau in the world, the Tibetan Plateau began to
rise from the sea since 55 Ma (mega-annum) ago and the
formation of southern mountains to the plateau was resulted
from the most recent abrupt uplift (<7 Ma) [47]. Considering
the relatively shorter geological history of Mt. Shegyla, we
presumed that the current soil archaeal communities might
preserve some characteristics of the previous marine archaeal
communities. This biogeographic pattern of microbes along
the altitude gradient investigated in our study, if could be
supported by further research, may better describe a microbial
geographic region for Tibetan Plateau.

Conclusion

Through this comparative investigation on the soil bacteria
and archaea along the elevational gradients ofMt. Shegyla, we
observed clear but differential distribution patterns of these
two kinds of prokaryotes. Our findings strongly supported that
soil prokaryotic microorganisms exhibited community zona-
tions and decreasing diversity patterns along the altitude gra-
dient as macroorganisms. Considering that the soil sampling
sites along the elevation are not in a continuous gradient, the
distribution patterns of bacteria and archaea merit further
study and verification. Our study also highlighted the critical
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roles of environmental factors in structuring microbial com-
munity biogeographic patterns, and might provide new in-
sights into the Bass-Becking hypothesis.
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