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Global warming leads to deglaciations in high-elevation regions, which exposes deglaciated
soils to microbial colonization. Disparity in year-to-year successional patterns of bacterial
community and influencing factors in freshly deglaciated soils remain unclear. We explored the
abundance of bacterial 16S rRNA gene and community succession in deglaciated soils along
a 14-year chronosequence after deglaciation using gPCR and lllumina sequencing on the
Tibetan Plateau. The results showed that the abundance of bacterial 16S rRNA gene gradually
increased with increasing deglaciation age. Soil bacterial community succession was
clustered into three deglaciation stages, which were the early (zero-year old), transitional
(1-7 years old) and late (8-14 years old) stages. A significantly abrupt bacterial community
succession occurred from the early to the transitional stage (P <0.01), while a mild succession
(P =0.078) occurred from the transitional to the late stage. The bacterial community at the early
and transitional stages were dominated by Proteobacteria, while the late stage was dominated
by Actinobacteria. Less abundant (<10%) Acidobacteria, Gemmatimonadetes, Verrucomi-
crobia, Chloroflexi, Planctomycetes, unclassified bacteria dominantly occurred in the transition
and late stage and Cyanobacteria in the early stage. Total organic carbon (24.7%), post
deglaciation age (21%), pH (16.5%) and moisture (10.1%) significantly contributed (P <0.05)
to the variation of bacterial community succession. Our findings provided a new insight that
short time-scale chronosequence is a good model to study yearly resolution of microbial
community succession.
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1 Introduction

Global warming has contributed to glacial retreat in both high
elevation and high latitude regions over the past 100 years
(Yao et al., 2012). Glaciers on the Tibetan Plateau (TP, above
sea level>4500 m) that covering more than 100 000 km?
(Kang et al., 2010), have been experiencing fast retreat in the
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last few decades due to warming (Yao et al., 2012). Glacier
retreats expose a large mass of frequently oligotrophic
deglaciated soils, which are rapidly colonized by pioneering
microorganisms (Liu et al., 2016). A large pool of studies
demonstrated that these pioneering microorganisms play a
key role in elemental biogeochemical cycling and the
accumulation of nutrients for plant establishment in the
recently deglaciated soils (Bradley et al., 2014).

Microbial communities in deglaciated soils usually show
clear succession patterns along a large timescale deglaciation
chronosequence, ranging from dozens to thousands of years
(Zumsteg et al., 2012). Past research has shown that in
deglaciated soils microbial communities usually follow pat-
terns of succession (Fierer et al., 2010). Cyanobacteria and
Betaproteobacteria, for example, have been observed as
particularly prominent in early succession (Zumsteg et al.,
2012; Liu et al., 2016; Khan et al., 2019). Other studies have
shown increases in the relative abundance of Alphaproteo-
bacteria in later succession (Nemergut et al., 2007; Kim et al.,
2017). Actinobacteria have been observed to show a stable
trend along the whole profile of chronosequences, such as at
the Tianshan No. 1 glacier, China (6-100 years) (Wu et al.,
2012). However, shifts in bacterial community structure and
compositions are dependent on geographical locations of the
glacier and often times lack a consistent pattern along
chronosequences at different sites (Bajerski and Wagner,
2013; Kim et al.,, 2017). A large body of studies on
chronosequence soils has concentrated on long timescales
from decades to millennia of soil development (Walker et al.,
2010). Such research has included chronosequences that
span hundreds if not thousands of years of soil development
such chronosequences studied at Yukon, Canada > 200 years
(Kazemi et al., 2016) to the Franz Josef chronosequence in
New Zealand which spans 120 000 years (Jangid et al., 2013).
However, as we increasingly come to understand that
microbial succession is occurring on a shorter time-scale
hence, yearly characterization of microbial community suc-
cession after glacier retreat remains unclear.

The aim of this study was to characterize the difference in
the yearly shift of bacterial colonization, community succes-
sion and their driving environmental factors in freshly
deglaciated soils on the TP using high throughput sequencing
method. We hypothesized that the bacterial community
succession exhibited a clear disparity pattern of colonizing
on yearly basis in a short time-scale chronosequence, and
their influencing factors would vary along the deglaciation
chronosequence.

2 Material and methods
2.1 Study site description and sampling

The study site was at Muztag Ata glacier (38°16' N, 75°0' E),
whose glacier termini was 4350 m above sea level on the
north-western TP. Muztag Ata glaciers are climatically
controlled by mid-latitude westerlies, and the highest

precipitation in the region occurs in summer. The glacier mass
loss and retreating rate have been yearly monitored for the
last decade, and glacier retreat rate was approximately
1 m year ' (Yao et al, 2012; Zhang et al., 2016). The
deglaciated soil samples were collected in August 2015. Soil
samples were collected from 15 sites along chronosequence
using an ethanol-cleaned shovel to prevent contamination
between samples. The surface soils (0-5 cm depth) were
randomly sampled in three replicates in sterile sampling bags
(Labplas, Canada) every 1 m along an un-vegetated
chronosequence from the glacier terminus. Thus the degla-
ciation chronosequence ranged from zero to 14 years. The
soils sieved through a 2-mm mesh to remove stones and were
transported to the laboratory in an icebox. Soils for DNA
extraction were stored at — 80°C and the remaining samples
were air-dried for physicochemical analysis.

2.2 Soil physicochemical analysis

Soil physicochemical factors were analyzed using standard
methods (Tan, 2005). Soil moisture was gravimetrically
determined after oven-drying at 105°C for 12 h. Soil pH was
measured in a 1:5 soil-to-water suspension using a pH meter
(Sartorius PB-10, Germany). Total organic carbon (TOC) was
measured in the solid state using a TOC analyzer (TOC-
VCPH, Shimadzu, Japan), while contents of total nitrogen
(TN), total organic carbon (TC), total sulfur (TS), TC to TN ratio
(C/N) were measured using elemental analyzer (vario MAX,
elementar, Germany).

2.3 DNA extraction, PCR and high-throughput sequencing

Total DNA was extracted using the MO BIO Power Soil DNA
extraction kit (Mo Bio Laboratories, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The universal
primer 515F (5-GTGCCAGCMGCCGCGGTAA-3') and 909r
(5'-GGACTACHVGGGTWTCTAAT-3') (Tuan et al., 2014) was
used for lllumina MiSeq sequencing at the Chengdu Institute
of Biology, Chinese Academy of Sciences.

2.4 Quantification of genes

16S rRNA gene was quantified using a specifically designed
primer set 341F/534R (Liu et al., 2016), using a Light Cycler
480 (Roche diagnostics Ltd, USA). Each reaction was
performed in 10 pL reaction volume containing 5 pL of
SYBR Green Premix (Takara, Japan), 0.5 yL each primer and
1 uL template DNA. Quantitative PCR programs followed our
previous study (Liu et al., 2016). The specificity of amplicons
was checked using melting curve and agarose gel electro-
phoresis. The amplification efficiency of the target gene
fragments was >85%.

2.5 lllumina sequence data analysis

Raw sequence data were processed using MOTHUR pipeline
(v. 1.34.3) (Schloss et al.,, 2009). Paired-end reads were
merged and sequences were quality screened with following
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settings: any sequences with length <300 or >400, more
than 1 mismatches at the primer region, average quality <35,
ambiguous bases >0 and homopolymer length>9 were
removed for further analysis. The remaining sequences were
aligned to Silva reference alignment (release 128), which was
trimmed to the same region amplified, and those sequences
that did not align were removed. Chimera sequences were
screened using UCHIME (Edgar et al., 2011). The sequences
were classified using Bayesian classifier against Silva
database (release 128), with a minimum confidence score of
80% (Wang et al., 2007). All Archaea, Eukaryota, chloro-
plasts, mitochondria and unknown sequences were culled. All
sequences were classified into operational taxonomic units
(OTUs) at 97% identity. The data sets were sub-sampled at an
equal depth of 7230, and with a coverage of the sequencing
depth of 0.92. The lllumina sequences have been submitted in
the National Center for Biotechnology Information (NCBI)
Sequence Read Archive database (accession number,
PRJNA503755).

2.6 Statistical analysis

Figures with fitting curves (Pearson’s correlations) were
generated using Sigma Plot 12.5 (Systat Software Inc., CA,
USA). To determine the extents of soil physicochemical
factors in explaining bacterial community variations, a
distance-based redundancy analysis (dbRDA) plot was
constructed using Canoco5 (Microcomputer Power, Ithaca,
NY). Before RDA, the environemtal factors that passed the
Monte Carlo permutation test (P<0.05 or VIF<20) were
counted for further analysis, and the forward selection in
Canonoco was used to chose those significantly explaining
factors (Guo et al., 2015). Difference of bacterial community
structure between deglaciated soils was tested by permuta-
tional multivariate analysis of variance (PERMANOVA) using
R. Heatmap was constructed using ClustVis (Metsalu and
Vilo, 2015).

3 Results

3.1 Abundance of 16S rRNA gene

The 16S rRNA gene abundance linearly and significantly
increased from young soils to old soils along the 14-year
deglaciation chronosequence, ranging from 108 to 10° copies
g 'dry soils (P<0.001, Fig. 1).

3.2 Bacterial community exhibited a three-stage succession
along the short-time deglaciation chronosequence

The deglaciated soil bacterial community exhibited a gradual
succession along the 14-year deglaciation chronosequence
and was grouped into three separate stages based on their
OTU profiles. Bacterial communities in young soils (zero-year
old) grouped into an early deglaciation stage, those in 1- to 7-
year old soils grouped into a transitional stage, and the 8- to
14-year old soils into a late stage (Fig. 2A). The differences of
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Fig. 1 Gene abundance of bacterial 16S rRNA along the 14-
year deglaciation chronosequence, the solid circles representing
the average values.

bacterial community between the early and the other two
stages (transitional/late) were all significant according to the
PERMANOVA test (P<0.001), while the difference between
the transitional and late stages was not significant (P = 0.078).
We further identified the dominant phyla at each succession
stage by assessing their all OTUs at phylum-level profiles of
the three succession stages. The results showed that the
early stage was similar to the transitional stage, and different
from the late stage than the OTU-level profiles (Fig. 2B). The
early and transitional stage soils were dominated by Alpha-
and Betaproteobacteria, while the late stage soils were
dominated by Actinobacteria.

3.3 Key factors influencing the bacterial community
succession

According to the Monti Carlo permutation test; TOC, post
deglaciation age, pH and soil moisture significantly explained
the bacterial community structure. TOC contributed 24.3%,
post deglaciation age 21%, pH 16.5% and moisture 10.1%
(P<0.05). At transitional stage soil, moisture significantly
contributed 22.99% (P <0.05) and TOC showed contribution
of 18.6% (P = 0.07), in the late stage, post deglaciation age
positively contributed 19.9% and soil moisture 18.2%
(P<0.01). While no significant contribution of environmental
factors was found in the early stage (Table 1).

3.4 Annual dynamics of bacterial compositions along the
chronosequence

A total of 39 bacterial phyla were identified in all the
deglaciated soils and their relative abundances exhibited a
clear annual change along the 14-year deglaciation chron-
osequence (Fig. 3). Proteobacteria exclusively dominated the
bacterial communities in all soils, whose relative abundance
accounted for 35% to 88.5% in the first 4-year old soils and
then substantially decreased to 40% at the late stage (R? =
0.21, P<0.01, Fig. 4). In contrast, Actinobacteria relative
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abundance was relatively stable (<10%) in the first 5-years,
and then sharply increased to 24% in the 10-year old soils (R?
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Fig. 2 The distance-based redundancy analysis (dbRDA) of
bacterial community structure and relations with soil physico-
chemical factors and soil age based on the operational
taxonomic unit level (A) and principal component analysis
(PCA) of dominant bacteria phyla based on the phylum-level
(B) in deglaciated soils on the Tibetan Plateau. TOC: total
organic carbon.

= 0.32, P<0.001). Bacteroidetes kept stable during the 14-
year deglaciation chronosequence, approximately accounting
for 15% in relative abundance. Proteobacteria consisted of
Burkholderiales and Sphingomonadales, the Burkholderiales
were dominantly composed by Polaromonas and showed a
rapid decrease from 48% to 10%, and the Sphingomonadales
exhibited a slight decrease from 32% to 2% along the 14 years
chronosequence (Fig. 5A). Actinobacteria comprised of order
Acidimicrobiales and Actinomycetales, and both order sig-
nificantly increased from 0.5% to 5% and from 8% to 20%
along the chronosequence (P<0.05, Fig. 5B), respectively.
Bacteroidetes were dominated by order Cytophagales and
Saprospirales, and both orders ranged from 0.05% to 16.2%
and from 0.2% to 23.4%, respectively (Fig. 5C). Some
bacterial communities were observed with a relative abun-
dance of >3% to <10%, such as the unclassified bacteria
was abruptly increased from 0.5% to 9% in the first 2-year old
soils, afterward ranged from 1% to 7% in relative abundance.
The relative abundance of Acidobacteria kept fairly stable
(<3%) in the first 5-year old soils and then slightly but
significantly increased to 5% at a late stage (P<0.001,
Supplementary Fig. S1A). The abundance of Gemmatimona-
detes was <2% in the first 5-year old soils and then increased
to around 4% in the late stage (P<0.05). Similarly, the
abundance of Verrucomicrobia was <1.5% in the first 5-year
old soils, and thereafter significantly increased to 3% in late
stage (P<0.001, Supplementary Fig. S1B). Cyanobacteria
sharply increased from 1.5% to 6% to first year and then
remained approximately 1% along the remaining chronose-
quence (Fig. S1B). Chloroflexi and Planctomycetes were
significantly increased ranging from 0.5% to 8% and from
0.5% to 3%, respectively (P<0.001). The relative abundance
of the remaining bacterial phyla were less than 1%. Heatmap
further elaborated that Proteobacteria highly influenced the
initial deglaciated soils (7-year old), and Actinobacteria,
Verrucomicrobia, Acidobacteria, Planctomycetes influenced
the old soils (8- to 14-year, supplementary Fig. S2).

4 Discussion

Our study was along a 14-year chronosequence after glacier
retreat, offering an opportunity to understand the short-term,
inter-year disparity in succession of pioneering bacteria and
their influencing factors in the deglaciated barren soils on the

Table 1 Contribution of each environmental factor influencing bacterial community variation along the entire chronosequence and at the three

deglaciation stages.

Soil factors Contribution %

Entire chronosequence Early stage Transitional stage Late stage
TOC 24,7 - 18.6
Post deglaciation age 21 - - 19.9%
pH 16.5%
Moisture 10.1** - 22.2* 18.2*
Total explained (%) 22.99 24.57 26.65

—: without significant contribution. TOC: total organic carbon. *P<0.05, **P<0.01.
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TP. Our result of bacterial 16S rRNA gene abundance deglaciated soils studied previously (Liu et al., 2016). In our
demonstrated that bacterial communities abundantly colo- study, Proteobacteria was the dominant community, while
nized young deglaciated soils, increased gradually with slight southern TP deglaciated soils were dominated by autotrophic
fluctuations from zero-year to 14-year old soils (Fig. 1). These Cyanobacteria (Liu et al., 2016). We assume that the above
findings are in accordance with that bacterial 16S rRNA gene heterogeneity of bacterial colonization in the TP Plateau could
abundance, increased with deglaciation soil age of TP be related to a few reasons. First, the thermodynamics of
glaciers (10-year old) (Liu et al., 2016). Similarly, in Peru glaciers as the Muztag Ata glaciers are retreating around
deglaciated soils an increase in Phylotype abundance 1 m year ' and southern TP glaciers (e.g., Zhadang glacier)
(abundance of microbial population) was observed from 10 myear ' (Yao et al., 2012; Liu et al., 2016). Global warming
young soils to old soils (20-year old) (Nemergut et al., cause glaciers melt and disappear, which seriously affected

2007). Interestingly, bacterial phylogenetic composition of the microbial community colonizing them (Zeng et al., 2013).
this study site is largely different than that of southern TP Climat change is altering the basal temperature of the ice,



88

Bacterial succession along a deglaciation chronosequence

60
A @® Burkholderiales, R?=0.51 , P<0.01
50 B Sphingomonadales, R? = 0.10, P>0.2
g an
§ 40 1
= °
2 ; -
S 30 .
Ke)
© \\
® =
w© 4 1 T
Tty
“ 40 e e R %
1 = -
E 1 B 0= E\\\
I - T
25 - >
@® Actinomycetales, R“=0.34, P<0.02
B Acidimicrobiales, R?= 0.88, P<0.001
20
S -
te
© —
ke T E
5 10 —
o "
© T
e 4L 3 ]
2 54 o m—
ko ’ _+_ !/l»f!"/l
a /é’f/ B
o 0 _/‘J/l—l’ ] [ -
-5 T T . . T T T T
25
c ® Saprospirales, R>=0.14, P=0.1
- B Cytophagales, R>=0.11, P =0.2
—_ 20 -
3
[0]
(5]
e
(]
2
3 [)
@
(0]
=
&
(0]
14

Soil age (years)
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change it from cold to polythermal, which facilitates the arrival
of new microbial communities that are not psychrophiles but
mesophiles hence bringing changes in the diversity and
composition of microbial communities (Hell et al., 2013;
Nowak and Hodson, 2014). Further the marine ecosystem
influence, where the Muztag Ata glaciers are westerly
influenced glaciers and southern TP glaciers are monsoon
influenced (Holzer et al., 2015; Yao et al., 2012). In Wanda
deglaciated soils some of the phylotypes were related to
marine microbial communities, which showed the impact of
marin environment on the composition of chronosequence

microbiome (Pessi et al., 2015). Studies have found that the
composition of snow microorganisms depend on the proximity
to the sea (Stibal et al., 2015). In Antarctic glacier snow some
species of Alphaproteobacteria Bacteroidetes and Cyano-
bacteria were from marine environments (Stibal et al., 2015).
Additionally, different types and levels of nutrients from
various sources such as adjacent supraglacial and subglacial
environments, precipitation and aerial deposition, mammals
and birds droppings (Bradley et al., 2014) are likely to be
responsible in bacterial colonizing in a heterogeneous manner
in the distant deglaciated soils of the same TP plateau.
Bacterial community succession fell into three deglaciation
stages, the early stage (zero-year old), the transitional stage
(1- to 7-year old) and the late stage (8- to 14-year old). The
clear separation of early bacterial succession from transitional
and late stages could be due to various reasons. Such as the
early stage soil was exactly collected from the glacier tongue,
and that the bacterial community could be derived from
subglacial and/or glacial environment as observed by a
previous study (Bradley et al., 2016). While the discrimination
in the transitional and late stages for more or less could be due
to soil physicochemical factors and among microbial interac-
tion. Because the current study site consisted of bare soils
with no vegetation, therefore the above soil factors could
influence bacterial community structures in chronosequence
as opposed to plant influence as well. The abrupt succession
occurred from the early to the transitional stage at both OTU
and phylum levels, while the succession from the transitional
to the late stage was mild, particularly at the phylum-level
(Fig. 2B). The bacterial community structures change within
the chronosequence due to physicochemical parameters and
plant colonization (Knelman et al., 2012; Zumsteg et al., 2012;
Brown and Jumpponen, 2014). Within the short time-scale
chronosequence, besides physical factors, chemical compo-
sition of bedrock plays vital role in bacterial community
structural change (Khan et al., 2019). Oligotrophic soils
(deficient for carbon and nitrogen resources) select specific
bacterial communities, specifically carbon and nitrogen fixers
(Crews et al.,, 2001; Stibal et al., 2008) and bacterial
community related to weathering can survive here (Frey
et al., 2010). In the current study site besides oligotrophic
conditions very low abundance of photoautotrophs and huge
abundance of weathering bacteria were observed, particularly
in the early stage. We assume that the lower abundance of
photoautotrophs could be due to the low level of sunlight
received by this deglaciation chronosequence. On the other
hand, the increase of TOC and heterotrophic Actinobacterial
abundance suggested that nutrients enrichment in soil
(through atmospheric deposition and autochthonous sources)
along with chronosequence age, bacterial communities that
utilize carbon and nitrogen appear and may outcompete those
bacteria that are successful in nutrient deficient soils (Schi-
ette et al., 2010; Zumsteg et al., 2012). Thus, different bacteria
prefer colonizing different minerals/nutrients, which displayed
change in community structure along the chronosequence.
Our previous study showed that microbes could rapidly
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colonize and inhabit deglaciated soils, despite harsh environ-
ments, such as high UV radiation, drought, large fluctuations
of daily and seasonal temperature and lack of nutrients (Liu
et al., 2016). Previously, the three-stage microbial community
succession was observed in long-term chronosequences of
deglaciated soils, such as 136-year (Zumsteg et al., 2012)
and >229-year (Jangid et al., 2013).

Our results revealed that TOC, post deglaciation age, pH
and moisture played a key role in shifting the bacterial
community succession in the 14-year chronosequence scale,
although these bacteria are exposed to a series of environ-
mental stresses. Various studies have determined the
predominant role of post deglaciation age (Nemergut et al.,
2007; Noll and Wellinger, 2008) soil pH, carbon (Zumsteg
et al., 2012; Kim et al., 2017; Yoshitakea et al., 2018) and
moisture (Pessi et al., 2019) driving bacterial community
structure in deglaciated soils. In the transition deglaciation
stage, soil factors such as moisture and TOC were dominant
in the bacterial community succession, indicating that the
microbial colonization was coinciding with the substantial
change of soil physicochemical factors. While, bacterial
community succession at the late stage was significantly
influenced by soil age and soil moisture. This revealed that
microbial characteristics (or microbial interactions) and other
unmeasured environmental factors supplemented changes in
bacterial community succession (Bajerski and Wagner, 2013;
Bradley et al., 2014). In contrast, in the early stage no factors
indicated significant contribution in bacterial successions,
however, C/N and moisture were found to be the major factors
without significantly influencing bacterial community. The
occurrence of huge abundance of chemotrophs in the early
stage was evident that this community could probably be the
potential user of recalcitrant/autocthonous carbon and nitro-
gen contents. In Antarctic mineral soils, the availability of
nutrients and water was observed to greatly affect microbial
community structure (Wynn-Williams, 1996; Yergeau et al.,
2012). A study along a 140-year deglaciation chronose-
quence showed that microbial community succession was
driven by diverse factors, such as soil age, soil carbon and
nitrogen, contents and plant coverage (Zumsteg et al., 2012).
Similarly, deglaciated soils of the Austre Lovénbreen glacier,
Svalbard (High Arctic), pH and soil temperature played major
roles in shaping bacterial community structure over the course
of succession (Kim et al.,, 2017). Collectively, after glacier
recession, temporal heterogeneity, landscape mineralogy,
ancient subglacial environment, autochthonous production,
aeolian, external biological (birds and animals) and supragla-
cial inputs exert significant control on the microbial community
structure (Bradley et al., 2014). These findings signify that soil
age of a chronosequence provides comprehensive informa-
tion about microbial colonization and community succession,
their response to environmental factors, and activity (i.e.,
biogeochemical cycling and soil development).

Proteobacteria, Actinobacteria, and Bacteroidetes domi-
nated all deglaciated soils in the current study, in agreement
with Alps region (Philippot et al., 2011). These bacteria were

frequently observed worldwide in both terrestrial and aquatic
ecosystems (Janssen, 2006; Pessi et al., 2015), Himalayan
Mountains (Srinivas et al., 2011) and the Andes (Nemergut
et al., 2007). Interestingly, very less population of Cyanobac-
teria (almost 1% on average) was observed in the current
deglaciated soils. These findings revealed that the TP
deglaciated soils are highly heterogeneous in terms of
colonizing bacterial community. Because, its southern degla-
ciated soils (Zhadang glacier) were dominated by photoauto-
trophs (Cyanobacteria) (Liu et al., 2016), and its eastern
deglaciated soils (Hailuogou glacier) indicated high abun-
dance of chemotrophs (Proteobacteria and Acidobacteria)
(Jiang et al., 2019). Proteobacteria, accounting for up to
81.3% in relative abundance in the early stage soils
substantially decreased to 40% in the late stage soils
(Fig. 4), and composed of Burkholderiales and Sphingomonas
(Fig. 5A). Burkholderiales, particularly Polarmonoas, were
frequently observed in glacial ice core and subglacial
environments (Skidmore et al., 2000; Sheridan et al., 2003)
and high-elevation environments (Bowers et al., 2009).
Burkholderiales were effective rock-weathering bacteria with
high pH tolerance (Ma et al., 2012; Stopnisek et al., 2014), and
could harbor debris-rich basal ice (Montross et al., 2014) and
deglaciated soils (Liu et al., 2016).

Actinobacteria linearly increased along the chronose-
quence (Fig. 4), in agreement with the enhanced Actinobac-
teria abundance along the increasing distance from a glacier
in Antarctica (Bajerski and Wagner, 2013). An opposite
pattern was observed for Actinobacteria along the chronose-
quence soils of Damma glacier (Zumsteg et al., 2012).
Actinobacteria were also reported to be relatively stable
along chronosequences in Austrian Alps and Tianshan
mountains No. 1 glacier in China (Wu et al., 2012; Philippot
etal., 2011). The predominant occurrence of Actinobacteria in
extreme environments could be due to several reasons. They
usually form spores that can disperse easily and their several
members (e.g., Actinomycetales) could even grow at or below
0°C (Babalola et al., 2009; Rhodes et al., 2013). They have
hyphae that allow them to reach water and nutrients in pores
further away (Barka et al., 2015). Actinobacteria are able to
degrade recalcitrant organic matters, such as lignin (Heuer
et al,, 1997), dead microbes, fungal spores and pollens
(Huelsenbeck and Ronquist, 2001; Hawes, 2008; Pearce
et al., 2009). Additionally, some Actinobacteria could oxidize
carbon monoxide, dimethyl sulfide and air H, for energy to fix
CO;, in soils (Reichert et al., 1998; Lynch et al., 2012). The
high metabolic versatility thus could benefit Actinobacteria to
survive the harsh environments on the TP. The high
dominance of Betaproteobacteria in the early stage soils in
the current study suggested that they may partly originate
from the glacial environments. Evidently, many studies
frequently observed a higher proportion of Betaproteobacteria
in environments, like glacier surface, glacial ice core and
subglacial environments (Skidmore et al., 2000; Sheridan
et al., 2003; Philippot et al., 2011). Bacteroidetes were also
frequently detected in deglaciated soils and cold and poorly
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developed soils (Liebner et al., 2008; Ganzert et al., 2011; Wu
et al., 2012; Bajerski and Wagner, 2013; Kim et al., 2017).
Bacteroidetes could degrade a wide range of organic
polymers (Buckley and Schmidt, 2001), and numerous
isolates produce extracellular enzymes such as lipases,
proteases and phosphatases (Aislabie et al., 2006). Thus,
Bacteroidetes may be get involved in initial soil formation,
particularly in the development of deglaciated soils (Aislabie
et al., 2006).

5 Conclusions

Our study found that the bacterial communities along the 14-
year deglaciation chronosequence fell into three stages. TOC,
soil age, pH and moisture played a key role in explaining the
bacterial community succession at the 14-year chronose-
quence scale. The population of bacterial community (abun-
dance of 16S rRNA gene) increased with deglaciation age
progression. The early stage bacterial community was
enriched in Proteobacteria, and Actinobacteria dominantly
occurred in transition and late stages. Some less abundant
(<10%) Acidobacteria, Gemmatimonadetes, Verrucomicro-
bia, Chloroflexi, Planctomycetes and unclassified bacteria
were dominantly observed in the transition and late stages,
and Cyanobacteria substantially occurred from early to
transition stage. Burkholderiales and Sphingomonadaceaes
related to Proteobaccteria and Acidimicrobiales and Actino-
mycetales related to Actinobacteria constituted a large portion
of communities.
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