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Abstract
Permafrost thaw can bring negative consequences in terms of ecosystems, resulting in permafrost collapse, waterlogging, 
thermokarst lake development, and species composition changes. Little is known about how permafrost thaw influences 
microbial community shifts and their activities. Here, we show that the dominant archaeal community shifts from Metha-
nomicrobiales to Methanosarcinales in response to the permafrost thaw, and the increase in methane emission is found to be 
associated with the methanogenic archaea, which rapidly bloom with nearly tenfold increase in total number. The mcrA gene 
clone libraries analyses indicate that Methanocellales/Rice Cluster I was predominant both in the original permafrost and in 
the thawed permafrost. However, only species belonging to Methanosarcinales showed higher transcriptional activities in 
the thawed permafrost, indicating a shift of methanogens from hydrogenotrophic to partly acetoclastic methane-generating 
metabolic processes. In addition, data also show the soil texture and features change as a result of microbial reproduction 
and activity induced by this permafrost thaw. Those data indicate that microbial ecology under warming permafrost has 
potential impacts on ecosystem and methane emissions.
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Introduction

Permafrost, covering approximately 25% of the land surface 
on Earth, comprises a vast terrestrial ecosystem in the cold 
regions and is quite vulnerable to climate change (Anisimov 

and Nelson 1996; McGuire et al. 2009; Schuur et al. 2008; 
Zhang et al. 1999). With global warming, it has been esti-
mated that as much as 90% of the permafrost will be lost 
by the year of 2100 (Lawrence and Slater 2005). Perma-
frost thawing can trigger permafrost collapse, waterlogging, 
thermokarst development, followed by a complete change 
in soil structure, as well as ecological succession and many 
other ecosystem changes. Among these changes, permafrost 
thawing elicits grave concern about the fate of the immense 
amount of organic carbon stored in permafrost (Anthony 
et al. 2014; Schuur et al. 2008; Allison and Treseder 2011). 
The rising temperatures will promote the metabolic rates of 
indigenous microbial decomposers, which will have more 
organic carbon due to the permafrost melting (Schuur et al. 
2008; Mackelprang et al. 2011), thus making the permafrost 
ecosystem a significant natural source of methane, which 
acts as a positive feedback to accelerate climate warming 
(Wagner et al. 2003; Smith et al. 2004; Anthony et al. 2014).

Permafrost thaw has the potential to significantly change 
the permafrost ecosystem structures and functions by deep-
ening the active layer, changing the landscape features, alter-
ing soil moisture and nutrient content, influencing species 
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composition, and ultimately shifting the permafrost ecosys-
tem from carbon sink to carbon source (Vitt et al. 2000; 
Christensen et al. 2004; Schuur et al. 2008; Yang et al. 
2010a, b; Allison and Treseder 2011; Jansson and Tas 2014). 
In upland ecosystems, permafrost thaw resulted in frequently 
observed polygonal patterns of troughs and pits (Osterkamp 
et al. 2000), and a vegetative transition from hygrophilous 
community to xeromorphic or shrub community (Sturn et al. 
2001; Chapin et al. 2005). In lowland ice-rich ecosystems, 
permafrost thaw often caused transitions from permafrost 
ecosystems to aquatic ecosystems or wetlands (Woo 1992; 
Osterkamp et al. 2000), and an aquatic grass and plant com-
munity may become established. In contrast, possible micro-
bial community responses to permafrost thaw remain largely 
uncertain (Allison and Treseder 2011; Graham et al. 2012; 
Jansson and Tas 2014).

Microbial community composition along a permafrost 
thaw gradient in northern Sweden revealed that diversity 
and abundance of methanogens were different among palsa 
frozen, bog thawing, and fen thawed environments. In thaw-
ing permafrost, Candidatus Methanoflorens stordalenmiren-
sis was present in high abundance and was identified as a 
major contributor to global methane production (Mondav 
et al. 2014). To characterize the microbial response to per-
mafrost thaw, a short-term thaw experiment’s results indi-
cated a rapid microbial community change during the tran-
sition from a frozen to thawed permafrost, and functional 
genes involved in cycling of C and N shifted in abundance 
during permafrost thaw (Mackelprang et al. 2011). Perma-
frost microbial communities usually show a lower general 
functional gene transcription compared to communities in 
the thawed soils (Hultman et al. 2015). The low tempera-
ture and limited water and solutes are thought to be con-
straints upon microbial activity (Steven et al. 2006; Allison 
and Treseder 2011; Jansson and Tas 2014). Global warming 
leads to permafrost thaw, which allows the organic matter 
within the permafrost to be released to active layers. It was 
estimated that there are 1,672 Pg of organic carbon stored 
in permafrost, which is approximately equal to the total 
amount of organic carbon in terrestrial vegetation and the 
atmosphere (Graham et al. 2012). Permafrost thaw also leads 
increased microbial activities (Mackelprang et al. 2011; 
Hultman et al. 2015), thus making more released organic 
carbon accessible for microbial decomposition (Schuur et al. 
2009; Mackelprang et al. 2011; Graham et al. 2012), which 
is the dominant pathway of soil organic carbon feedback 
from terrestrial ecosystems to the atmosphere (Schuur et al. 
2008). Permafrost thaw and the resulting release of green-
house gases from decomposing soil organic carbon make the 
permafrost a significant natural source of methane having 
the potential to accelerate climate warming (Wagner et al. 
2003; Smith et al. 2004). In permafrost soils, methane is pri-
marily produced by obligate anaerobic methanogens, which 

specifically use methyl coenzyme M reductase (MCR), 
encoded by mcr genes (mcrA, mcrB, and mcrG) to catalyze 
the terminal step in biogenic methane production (Hallam 
et al. 2003). With permafrost melting under warmer condi-
tions, the previous constraints of temperature, water, and 
nutrients will be eliminated, resulting in elevated functional 
gene activities for biogenic methane emission feeding back 
to climate change (Mackelprang et al. 2011; Mondav et al. 
2014; Hultman et al. 2015).

The alpine permafrost on the Qinghai–Tibetan Pla-
teau is the largest permafrost region on Earth, occupying 
an estimated of 1.5 × 106 km2 and accounting for about 
one-sixth of China’s land area (Jin et al. 2000). This alpine 
permafrost has been experiencing degradation from climate 
warming (Yang et al. 2010a, b). During the thaw, micro-
bial action mobilized the stored carbon in the permafrost, 
resulting in greenhouse gas emissions. It was estimated that 
the annual methane emissions are about 0.7–0.9 Tg from 
the cold wetlands of the Qinghai–Tibetan Plateau (Jin et al. 
1999). Despite the previous advances in studies of perma-
frost microbial diversity and composition, their responses to 
permafrost thaw remain unclear. In this study, we collected 
permafrost soil samples from Qinghai–Tibetan Plateau and 
used cultured strategy to ascertain the archaeal and metha-
nogenic community changes in response to permafrost thaw, 
and in turn, elucidate the effects of rising temperatures and 
microbial activity feedbacks on methane emissions and soil 
environments.

Materials and methods

Study site and sampling

The sampling site (N38º05′38.10″ and E99º10′05.13″) is 
located in Qinghai–Tibetan Plateau, which has the largest 
alpine permafrost area on Earth. The mean annual ground 
temperature of the study area is approximately − 2.4 °C with 
an altitude of 4,000–4,300 m, with the plateau’s precipitation 
occurring mainly in summer to give a natural ecosystem of 
alpine swamp meadows. The vegetation of the study area 
is covered predominantly by Kobresia humilis and Carex 
moorcroftii. The active layer of the permafrost, with the 
thickness varying from 20 to 60 cm, thaws every summer 
and completely freezes during the winter. Data from wireline 
logging indicate the thickness of permafrost ranges from 
65–95 m, and may exceed 100 m in large parts of this region 
(Wang et al. 2014).

Samples were collected being obtained by digging to a 
depth of 1.6 m. Samples for both soil characteristic analysis 
and incubation experiment were taken aseptically from a 
depth of 1.5 m, which was still frozen up to the depth of 
55 cm. The soil samples were placed into sterilized plastic 
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bags for soil texture and features analyses and into 50-ml 
centrifuge tubes for microbiological analyses. All the sam-
ples were kept frozen in insulated containers and transported 
immediately to laboratory for further analyses.

Soil characteristic techniques

The soil characteristic techniques were adopted as Wei et al. 
(2014) described, with modifications. The pH of soil was 
determined using a fresh soil to water ratio of 1:5 (pH meter, 
Sartorius PB-10). Total soil carbon content was determined 
by combustion for 16 h at 375 °C. The original soil meth-
ane concentration was obtained by thawing 10-g soil into a 
50-ml bottle containing 20 ml of saturated NaCl solution. 
Ten milliliters of headspace were taken from the bottles 
for methane measurement by gas chromatography using a 
Packard Model 438A fitted with a flame ionization detector. 
Acetate content was measured by HPLC as described by 
Metje and Frenzel (2005). The soil texture before and after 
incubation was analyzed by determining the proportion of 
sand, silt, and clay particles in the soil. Forty grams of air 
dried (crushed to < 2 mm) soil was shaken for 16 h with 
100 ml of 5% sodium hexametaphosphate. The suspension 
was stirred vigorously for 1 min to suspend the particles. 
An ASTM No. 152H hydrometer was carefully placed in 
the suspension and used to take two readings. The percent-
age of sand, silt, and clay in the soil was calculated from the 
resulting hydrometer readings.

X-ray powder diffraction (XRD) was used to determine 
the mineralogy of the soil. The soils before and after incu-
bation were dried and ground into fine powder of size of 
less than 10 µm (or 200-mesh). The powdered sample was 
back-packed into an aluminum sample holder and made its 
surface was flattened, and then was analyzed using XRD on 
a Panalytical X’Pert PRO MPD (Cu-Kα). Instrument param-
eters were set to 30-kV accelerating voltage and 10-mA cur-
rent. Scans were run from 5° to 60° 2θ at a scanning speed 
of 0.3°/s.

Incubation experiment

For incubation experiments, triplicate soil samples were col-
lected on site. Approximately 25 g of frozen soil was placed 
in 250-ml glass bottles and immediately flushed with  N2 for 
5 min, then sealed with rubber stoppers, and shipped to the 
laboratory for incubation. The bottles with samples were 
incubated at 15 °C for 21 days in the dark. Ten milliliters of 
headspace were taken from the bottles for methane measure-
ment by gas chromatography using a Packard Model 438A 
fitted with a flame ionization detector. After the incubation, 
the samples were subjected to soil characteristic analyses 
including pH, TOC, grain size, XRD, and microbial analyses 

including gene copy numbers of archaeal 16S rRNA, mcrA, 
and the communities of archaea and methanogens.

Nucleic acids extraction and RNA reverse 
transcription

Total genomic DNA and RNA were extracted from 2-g soil 
of each sample using the  FastDNA® SPIN Kit for Soil (MP) 
and the RNA Powersoil Total RNA Isolation Kit (MoBio) 
following the manufacturer’s instructions. The extracted 
RNA was treated with RQ1 RNase-Free DNase (Promega) 
according to the manufacturer’s protocol. Reverse transcrip-
tion was carried out on total RNA using SuperScript III (Inv-
itrogen) and random hexamers, following the manufacturer’s 
instructions.

PCR and quantitative PCR

Archaeal 16S rRNA genes were PCR amplified from the 
total DNA extracted from soil with the primers Arch21F 
(5′TTC CGG TTG ATC CYG CCG GA) and Arch958R (5′YCC 
GGC GTTGAMTCC AAT T) (DeLong 1992). mcrA genes 
were PCR amplified with the primers mcrAF (5′GGT GGT 
GTMGGA TTC ACA CAR TAY GCW ACAGC) and mcrAR 
(5′TTC ATT GCR TAG TTW GGR TAGTT) from the soil total 
DNA and the reverse transcribed RNA, respectively (Luton 
et al. 2002). The PCR reaction volumes for both target genes 
were identical. The 50-µl reaction mixtures were composed 
of 0.25-µM each primer, 0.2-mM dNTPs, 1.5-mM  MgCl2, 
5 µl of Taq buffer, and 5-U Taq DNA polymerase (Invitro-
gen, USA); 20-ng template DNA. PCR amplifications were 
carried out with 1 min at 95 °C, 30 cycles of 1 min at 94 °C, 
1 min at 50 °C for archaeal 16S rRNA gene amplification or 
1 min at 55 °C for mcrA gene amplification, and 1.5 min at 
72 °C, followed by a final extension step of 10 min at 72 °C.

Archaeal 16S rRNA genes and mcrA genes of methano-
genic archaea were subjected to quantitative PCR (qPCR) 
analyses. The qPCR primers were Arch349F (59′GYG-
CASCAGKCGMGAAW-39) and Arch806R (5′GGA CTA 
CVSGGG TAT CTAAT) for archaeal 16S rRNA genes 
(Takai and Horikoshi, 2000), and ME3MF (5′TGTCNG-
GTGGHGTMGGSTTYAC) and ME2r’ (5′TCATBGCR 
TAG TTDGGR TAG T) for mcrA genes (Hales et al. 1996; 
Nunoura et al. 2008). qPCR amplification was performed 
using an ABI prism 7500 sequence detection system 
(Applied Biosystems, USA), and all the reactions were in a 
volume of 25 µl containing 10 ng of template DNA, 12.5 µl 
of SYBRGreen mastermix (Applied Biosystem, USA), 
and 4.5 µl each of forward and reverse primers. The qPCR 
amplification for mcrA genes consisted of 1 cycle of 95 °C 
for 10 s, followed by 40 cycles of 95 °C for 45 s, 55 °C for 
30 s, and extension at 72 °C for 1 min. The standards for 
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archaeal 16S rRNA genes were prepared from nearly full-
length sequences amplified from the soil community DNA 
using primer sets of Arch21F/Arch958R for archaea. The 
standards for mcrA genes were prepared from mcrA clones 
amplified using primer a set of mcrAF/mcrAR.

Clone library construction and sequencing

The 16S rRNA and mcrA amplicons were visualized on 
1% agarose gels, and purified with the PCR purification kit 
(TaKaRa). The purified products of 16S rRNA and mcrA 
were cloned into the pMD18-T vector with a TA cloning kit 
(TaKaRa) and transformed into of Escherichia coli JM109 
competent cells following the manufacturer’s protocol. Pos-
itive clones were randomly selected based on blue–white 
screening for sequencing. Sequences were determined on an 
ABI 3730 automated DNA sequencer (Applied Biosystems) 
using the archaeal primer 21f for 16S rRNA inserted clones 
and the universal primer M13-47 for mcrA inserted clones.

Phylogenetic analysis

The archaeal 16S rRNA genes and deduced amino acid 
sequences of mcrA gene were BLAST analyzed to identify 
their putative closest phylogenetic relatives. The sequences 
were aligned with their relatives using Clustal W, and phy-
logenetic trees for both 16S rRNA and mcrA genes were 
constructed by the neighbor-joining method using the max-
imum-parsimony algorithm in MEGA4 software with 1000 
bootstrap replicates. Operational taxonomic units (OTUs) 
were determined using DOTUR program based on a cut-off 
value of 3% for 16S rRNA gene sequences and a cut-off 
value of 14.3% for McrA amino acid sequences (Schloss and 
Handelsman 2005; Barbier et al. 2012).

Statistical analysis

Good’s coverage (C) was calculated as [1 − (n/N)] × 100, 
where n is the number of single clone OTUs and N is the 
library size (Good 1953). Rarefaction curves and determina-
tion of OTU used the computer program DOTUR (Schloss 
and Handelsman 2005). Shannon’s diversity index and 
Simpson’s diversity index were determined using the com-
puter program MOTHUR (Schloss et al. 2009).

Nucleotide sequence accession numbers

Nucleotide sequences of 16S rRNA gene and mcrA gene 
have been deposited in the GenBank database. The archaeal 

16S rRNA gene sequences were assigned accession num-
bers KT964753-KT964768, and mcrA gene sequences were 
assigned accession numbers KT964743-KT964752.

Results

The predominant archaea community shifts 
from Methanomicrobiales to Methanosarcinales

To get insight into the community structures of archaea 
both in the original permafrost and in the thawed perma-
frost, a clone library was constructed from both types of 
the soil sediments. A total of 78 archaeal 16S rRNA gene 
sequences were retrieved from the original permafrost 
library (O-16S rRNA library), and they were grouped 
into five different operational taxonomic units (OTU) at 
a 97% sequence similarity threshold, whereas a total of 
109 archaeal 16S rRNA gene sequences were obtained 
from the thawed permafrost library (I-16S rRNA library), 
which were assigned to 16 different OTUs. The number 
of clones analyzed represented 97.4 and 93.6% coverage 
for libraries of O-16S rRNA and I-16S rRNA, respec-
tively (Supplementary Table S1). Sequences retrieved 
from both of the libraries were affiliated with two phyla, 
Euryarchaeota (97.4% of total sequences in library of 
O-16S rRNA compared to 93.6% of total sequences in the 
library of I-16S rRNA) and Crenarchaeota (2.6% of total 
sequences in library of O-16S rRNA compared to 6.4% of 
total sequences in the library of I-16S rRNA) (Fig. 1). The 
lineages of Methanosarcinales, Methanomicrobiales, and 
Methanobacteriales, affiliated with Euryarchaeota in the 
library of O-16S rRNA, accounted for 3.8, 92.3, and 1.3% 
of archaeal clone sequences, respectively, whereas the four 
lineages, Methanosarcinales, Methanomicrobiales, Metha-
nomassiliicoccales, and Methanobacteriales, which were 
observed in the library of I-16S rRNA, accounting for 
51.4, 36.7, 3.7, and 1.8% of the archaeal clone sequences, 
respectively (Fig. 1). As for the crenarchaeal sequences, 
only one lineage, Group 1.3b/MCG-A (Ochsenreiter et al. 
2003; Meng et al. 2014; Wei et al. 2014), was detected 
in each clone library, which accounted for 2.6 and 6.4% 
of total sequences in the O-16S rRNA and I-16S rRNA 
libraries, respectively. The data indicated that Group 1.3b/
MCG-A was a non-dominant group in the original perma-
frost, because even after the incubation, this group still 
presented a limited reproduction response to the perma-
frost thaw and incubation.

The relative abundance of each 16S rRNA-OTU was 
shown in Fig. 2a. The original permafrost was dominated 
by 16S rRNA-OTU1 (92.3% of total sequences) which was 
affiliated with Methanomicrobiales. However, after the 
permafrost thaw and incubation, the archaea community 
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was mainly composed of 16S rRNA-OTU1 (31.2% of 
total sequences) and 16S rRNA-OTU6 (48.6% of total 
sequences) which were affiliated with Methanomicrobi-
ales and Methanosarcinales, respectively. It was clearly 
shown that the relative abundance of 16S rRNA-OTU1 
was reduced sharply from 92.3 to 31.2%, whereas the 
relative abundance of 16S rRNA-OTU6 was increased 
significantly from 2.6 to 48.6% when comparing the com-
munities between in the original permafrost to that of the 
subsequently thawed permafrost. We inferred that 16S 
rRNA-OTU1 was more sensitive in responding to tempera-
ture and soil environment changes. Conversely, 16S rRNA-
OTU6 showed a good adaptation and a robust reproduc-
tion under the altered environmental conditions. We also 
noticed that more OTUs were detected in each lineage of 
Methanomicrobiales, Methanosarcinales, Methanobacte-
riales, and Group 1.3b/MCG-A after the permafrost thaw 
and incubation than in the original permafrost. Minor per-
centages of 16S rRNA-OTU2 to 16S rRNA-OTU5, 16S 
rRNA-OTU7 to 16S rRNA-OTU11, 16S rRNA-OTU13 to 
16S rRNA-OTU14, and 16S rRNA-OTU16, ranging from 

0.92 to 2.76%, were detected only in the thawed perma-
frost and not in the original permafrost, with the inferred 
cause being the insufficient clone sequencing depth in the 
original permafrost. The relative abundance of archaeal 
community data indicated a shift from the dominance of 
Methanomicrobiales in the original permafrost to the dom-
inance of Methanosarcinales after the permafrost thawed 
and incubation (Fig. 2a).

Community of active methanogens 
shifts from Methanocellales/Rice Cluster I 
to Methanosarcinales

Three mcrA gene libraries, O-mcrA (derived from the total 
community DNA from the original permafrost), I-mcrA 
(derived from the total community DNA from the incubated 
permafrost), and T-mcrA (derived from the total community 
reverse transcribed RNA from the incubated permafrost), 
were constructed. A total of 3, 9, and 6 OTUs (≥ 85.7% 
amino acid sequence similarity) were retrieved, represent-
ing 42, 72, and 50 mcrA protein sequences with coverages 

Fig. 1  Phylogenetic tree showing relationships of archaeal 16S rRNA 
gene sequences from the original permafrost and the incubated per-
mafrost to reference archaeal sequences. GenBank accession numbers 
are given in parentheses and numbers in square brackets indicate the 
retrieved sequences of each OTU in their corresponding libraries (O, 

O-16S rRNA library; I, I-16S rRNA library). The tree was generated 
by neighbor-joining method. Bootstrap values are based on 1000 rep-
licates and are shown at the nodes with greater that 50% bootstrap 
support. The scale bar represents a 5% nucleotide sequence diver-
gence
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of 99.9, 97.2, and 98.0% corresponding to each library of 
O-mcrA, I-mcrA, and T-mcrA, respectively (Supplemen-
tary Table  S1). Phylogenetic analysis of the sequences 
from O-mcrA library revealed that there were single OTUs 
affiliated with Methanocellales/Rice Cluster I (Sakai et al. 
2008), Methanosarcinales, and Methanobacteriales, having 
sequence similarities of 73.8, 9.5, and 16.7% (percentage 
of total mcrA gene sequences), respectively. The library of 
I-mcrA was comprised of 1 OTU (68.1% of total mcrA gene 
sequences), 2 OTUs (16.7% of total mcrA gene sequences), 
4 OTUs (8.3% of total mcrA gene sequences), 1 OTU (4.2% 
of total mcrA gene sequences), and 1 OTU (2.7% of total 
mcrA gene sequences), which were affiliated with Metha-
nocellales, Methanosarcinales, Fen Cluster, Methanobacte-
riales, and Methanomassiliicoccales, respectively (Figs. 2b 
and 3). The relative abundances of OTUs occurring in 
each library showed that mcrA-OTU1 predominated in the 
libraries of both O-mcrA and I-mcrA, indicating the species 
belonging to mcrA-OTU1 showed adaptivity to the envi-
ronmental change. It was also noticed that there were more 
OTUs detected in the I-16S rRNA and I-mcrA libraries than 
in the libraries of O-16S rRNA and O-mcrA, reflecting an 
insufficient clone sequencing depth both in O-16S rRNA 
library and in the O-mcrA library. In addition, other groups, 
although less prevalent than the major groups mentioned 
above, will also increase their absolute numbers due to their 
reproduction occurring during incubation.

Community composition analysis of the active functional 
mcrA gene library of T-mcrA showed that 1 OTU (10.0% 
of total mcrA gene sequences), 3 OTUs (84.0% of total 
mcrA gene sequences), 1 OTU (2.0% of total mcrA gene 
sequences), and 1 OTU (4.0% of total mcrA gene sequences) 
were affiliated with Methanocellales, Methanosarcina-
les, Methanobacteriales, and Methanomassiliicoccales, 
respectively (Figs. 2b and 3). Comparison of the relative 
abundance of community composition among the librar-
ies of O-mcrA, I-mcrA, and T-mcrA clearly showed that 
even though the species belonging to the dominant group 
of Methanocellales/Rice Cluster I were well-adapted and 
reproduced, the majority of them did not undergo mcrA gene 
transcription during the permafrost thawing and incubating 
process. Conversely, the species belonging to the minor 
group of Methanosarcinales showed greater mcrA gene 
transcription, indicating a shift from the dominance of an 
inactive mcrA gene harboring group of Methanocellales/
Rice Cluster I to the dominance of an activited mcrA gene 
harboring group of Methanosarcinales (Fig. 2b), which con-
tribute to the biogenic methane emissions in this conditions.

Fig. 2  Relative abundance of each OTU in the libraries. A, 16S 
rRNA gene libraries; B, mcrA gene libraries. Purple segments indi-
cate OTUs affiliated to Methanomicrobiales, yellow segments indi-
cate OTUs affiliated to Methanosarcinales, green segments indicate 
OTUs affiliated to Methanomassiliicoccales, pink segments indicate 

OTUs affiliated to Methanobacteriales, blue segments indicate OTUs 
affiliated to Group 1.3b/MCG-A, red segments indicate OTUs affili-
ated to Methanocellales/Rice Cluster I, and orange segments indicate 
OTUs affiliated to Fen Cluster
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Methanogens bloom and transcription 
of the functional mcrA genes lead to a boost 
in methane emission

As the above data show, the community composition of 
archaea and methanogens changes during permafrost thaw 
and incubation. To characterize their population growth 
dynamics, quantitative real-time PCR was performed to 
determine the total archaeal 16S rRNA gene and mcrA 
gene copies in the samples. The results demonstrated that 
there was not much difference in the numbers of archaeal 

16S rRNA gene copies between the original permafrost 
(4.02 ± 0.65 × 106 copies/g wet soil) and the thawed per-
mafrost (4.39 ± 0.89 × 106 copies/g wet soil) (Fig. 4). 
However, numbers of the mcrA gene copies in both sam-
ples showed a significant increase from 6.46 ± 1.68 × 105 
copies/g wet soil to 5.50 ± 0.71 × 107 copies/g wet soil, 
indicating the population of methanogens harboring 
mcrA genes bloom in response to permafrost thaw and 
incubation.

To determine whether mcrA genes were transcribed both 
in the original permafrost and the thawed permafrost, we 

Fig. 3  Phylogenetic tree showing relationships of derived amino acid 
sequences encoded by mcrA genes to reference sequences. GenBank 
accession numbers are given in parentheses and numbers in square 
brackets indicate the retrieved sequences of each OTU in their corre-
sponding libraries (O, O-mcrA library; I, I-mcrA library; T, T-mcrA 

library). The tree was generated by neighbor-joining method. Boot-
strap values are based on 1000 replicates and are shown at the nodes 
with greater that 50% bootstrap support. The scale bar represents a 
5% nucleotide sequence divergence
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used conventional PCR and RT-PCR to amplify the mcrA 
genes and their transcripts, respectively. Gel electrophoresis 
of the PCR and RT-PCR products of mcrA genes revealed 
distinct bands amplified from the total community DNA 
extracted from both the original permafrost and the thawed 
permafrost. However, there was no amplification of mcrA 
from the total community RNA, indicating that the mcrA 
genes were inactive or had very low transcriptional activity 
in the original permafrost. Conversely, there was an obvious 
amplification of mcrA genes from the thawed permafrost 
(Supplementary Fig. S1). The results of RT-qPCR suggested 

that mcrA genes coding for methanogens were transcribed 
at higher rates, increasing from original permafrost levels 
of 1.40 ± 0.28 × 104 copies/g wet soil to thawed permafrost 
levels of 2.44 ± 0.09 × 106 copies/g wet soil, which was 
taken for the biogenic methane production during the per-
mafrost thaw and incubation. With elevated transcription of 
the functional mcrA genes, there were consistent increases 
in methane emission from 16.2 ± 2.8 ppm/g wet soil to 
102.4 ± 9.4 ppm/g wet soil (Fig. 5).

Permafrost thaw feedbacks to the soil texture 
and features

The previous studies showed permafrost thaw in response 
to global warming, which results in the slumping of the 
soil surface and flooding. We also observed severe thermo-
karst failure phenomena at our sampling site in the Qing-
hai–Tibetan Plateau (Fig. 6). Permafrost thaw not only 
induces microbial community changes, but also exacerbates 
the greenhouse gas emission with the stored organic carbon 
becoming accessible to microbial decomposers through their 
metabolic activities. Inversely, with the permafrost thaw and 
activated microbial metabolic activities, the soil texture and 
features must undergo significant changes. To evaluate these 
changes, the parameters of TOC, acetate, pH, grain size, and 
minerals were assayed in our incubation experiment. The 
results showed that the soil organic carbon dropped from 
15.05 ± 1.48% to 11.65 ± 0.64% (Table 1), because por-
tion of it had been decomposed by microbes and released 
as methane or carbon dioxide. The acetate content, which 
accumulates in the soil, showed a slight increase (Table 1). 
Acetate is produced by other microbial organic decompos-
ers and then utilized as the substrate for Methanosarcinales 
to generate the methane. That is likely the reason why the 
methanogen community shifted from Methanocellales/Rice 
Cluster I to Methanosarcinales after the permafrost thaw and 
incubation (Figs. 2b, 3). Particle size analysis revealed that 
the original permafrost was composed of sand (25.67%), silt 
(68.43%), and clay (5.94%), in comparison with the thawed 
permafrost’s composition of sand (23.67%), silt (68.67%), 
and clay (7.66%). The average particle size did not change 
much, decreasing from 5.25 to 5.03 µm. However, in the 
long run, the constant deterioration of soil particles by 
microbes will lead to reduced aeration, which will have 
important effects on the soil. Soil minerals are thought to 
play a vital role in soil fertility. Mineral composition and 
semi-quantitative analysis revealed that most the minerals 
did not change significantly, with the original permafrost 
comprised of quartz (70%), feldspar (10%, plagioclase and 
potassium feldspar), illite (10%), chlorite (5%), and dolo-
mite (5%), compared to the thawed permafrost composition 
of quartz (70%), feldspar (10%, plagioclase, and potas-
sium feldspar), illite (10%), and chlorite (10%) (Table 1 
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and Supplementary Fig. S2). The loss of dolomite mineral 
through decomposition was thought to be due to microbial 
weathering.

Discussion

Permafrost thaw resulting from climate warming was shown 
to cause significant ecological impacts on the permafrost 
landscape, soil moisture, nutrients availability, species com-
position, and ecosystem functions (Vitt et al. 2000; Chris-
tensen et al. 2004; Schuur et al. 2008; Yang et al. 2010a, b; 
Allison and Treseder 2011; Jansson and Tas 2014). However, 
knowledge of how the permafrost microbial community 
will respond to the rising temperature is still lacking. Two 
general strategies often employed to reveal the microbial 
community composition and functional gene activity shifts 
in response to permafrost thaw are permafrost incubation 
experiments or examination of the fields along the perma-
frost thaw (Rivkina et al. 2007; Coolen et al. 2011; Mack-
elprang et al. 2011; Mondav et al. 2014; Deng et al. 2015). 
Metagenomic analysis of a short-term incubated permafrost 
revealed core-specific shifts in bacterial and archaeal com-
munities as the permafrost thawed. The archaeal communi-
ties, including Methanosarcinales, Methanomicrobiales, and 

Methanobacteriales, were detected in increasing abundance 
during the incubation (Mackelprang et al. 2011). However, 
our data showed that the original permafrost consisted of 
Euryarchaeota, including mostly Methanomicrobiales 
(92.3%) and smaller numbers of Methanosarcinales (3.8%) 
and Methanobacteriales (1.3%). The thawed permafrost 
was comprised of Methanosarcinales (51.4%), Methanomi-
crobiales (36.7%), Methanomassiliicoccales (3.7%), and 
Methanobacteriales (1.8%), indicating a clear shift of the 
dominant archaeal community from Methanomicrobiales 
to Methanosarcinales (Figs. 1, 2a). In contrast, only 2.6% 
of Group 1.3b/MCG-A affiliated to Crenarchaeota was 
retrieved, compared with 6.4% in the thawed permafrost, 
indicating Crenarchaeota was a non-dominant phylum in 
permafrost (Figs. 1, 2a). This observation is quite similar to 
the previous reports (Steven et al. 2008; Mackelprang et al. 
2011; Wei et al. 2014). On the other hand, it also indicated 
that species belonging to Crenarchaeota had limited repro-
duction during the incubation. We also detected the archaeal 
16S rRNA gene copies both in the original permafrost and in 
the thawed permafrost, with no signs of significant changes 
between them (Fig. 4). Coolen and co-workers (Coolen 
et al. 2011) were unsuccessful in amplifying the archaeal 
16S rRNA genes because of their low abundance in perma-
frost. However, they did observe that the bacterial 16S rRNA 

Fig. 6  Thermokarst features of permafrost collapse in Qinghai–Tibetan Plateau

Table 1  Physical and chemical characteristics of permafrost soils

Sample TOC (%) Acetate (µM/g) pH Sand (%) Clay (%) Silt (%) Minerals

Original permafrost 15.05 ± 1.48 28.6 ± 3.2 6.75 ± 0.07 25.63 68.43 5.94 Mainly quartz, 
minor of feld-
spar, illite, chlo-
rite, dolomite

Thawed permafrost 11.65 ± 0.64 67.3 ± 5.5 6.35 ± 0.07 23.67 68.67 7.66 Mainly quartz, 
minor of 
feldspar, illite, 
chlorite
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gene copies increased about tenfold after 11 days of incuba-
tion. Mondav et al. (2014) determined microbial community 
composition along a permafrost thaw gradient in northern 
Sweden, and observed a trend of prevalent Methanoflorens 
stordalenmirensis detected along a thaw gradient of perma-
frost. Deng et al. (2015) also recorded significant changes 
of bacterial and archaeal communities along a permafrost 
thaw gradient in Alaska. All the previous studies lead to the 
conclusion that permafrost warming and thaw will radically 
change the microbial community composition and cause 
them to bloom in abundance, thus influencing succession in 
the permafrost ecosystem.

Methanogenic archaea, also known as methanogens, are 
an important group of Euryarchaeota that produce meth-
ane under anaerobic conditions. They play key roles in the 
methane cycle of permafrost regions and consequently make 
significant contributions to global warming by their biogenic 
methane emission (Wagner et al. 2003; Wagner 2008). All 
known methanogens harbor the mcrA gene, encoding for 
the enzyme methyl coenzyme M reductase, which catalyzes 
the terminal step in biogenic methane production (Hallam 
et al. 2003) and makes it a suitable target for specific detec-
tion of methanogens. In this study, the methanogen com-
munities were composed of Methanocellales/Rice Cluster I 
(73.8%), Methanosarcinales (9.5%) and Methanobacteriales 
(16.7%) in the original permafrost, compared to the thawed 
permafrost composition of Methanocellales/Rice Cluster I 
(68.1%), Methanosarcinales (16.7%), Methanobacteriales 
(4.2%), Fen Cluster (8.3%), and Methanomassiliicoccales 
(2.7%). The community composition was shown to not dif-
fer significantly between the original and thawed permafrost 
based on the taxonomic analysis at the order level. This is 
quite different from Mackelprang et al. (2011), in which the 
relative abundance of both Methanomicrobiales and Metha-
nosarcinales were increased after the permafrost incubated 
for 7 days. Quantitative PCR result showed that mcrA gene 
copies in the thawed permafrost were tenfold of that in the 
original permafrost, indicating methanogens bloom after 
permafrost thaw (Fig. 4). This result was similar to that 
reported by Liebner et al. (2015), who studied the metha-
nogenic community composition along the degradation of 
discontinuous permafrost, and found that mcrA gene copy 
numbers were increased significantly in the collapsed palsa 
and thermokarst pond compared to those in degrading palsa. 
However, Mackelprang et al. (2011) detected mcrA gene 
copy numbers through quantitative PCR and revealed that 
mcrA gene sequences did not change significantly during 
permafrost thaw. The transcriptional response of the micro-
bial community in the thawed permafrost indicated that they 
were mostly composed of Methanosarcinales (84%) and 
Methanomicrobiales (10%). We did not detect any observed 
transcripts of mcrA genes in the original permafrost (Sup-
plementary Fig. S1), indicating that transcriptional activity 

of mcrA genes was too low to be detected using the conven-
tional RT-PCR method. According to Ernakovich and Wal-
lenstein (2015), permafrost microorganisms are not highly 
functional at low temperatures, but permafrost activity and 
functional diversity increase with temperature elevation. 
Hultman et al. (2015) compared the data from metagenomic 
DNA and metatranscriptome RNA sequencing and found 
that permafrost microbial communities have a lower general 
functional potential than thawed soils. It is very interesting 
that the methanogens were dominated by Rice Cluster I in 
the original permafrost, which is a novel euryarchaeal line-
age within the phylogenetic radiation of Methanosarcinales 
and Methanomicrobiales (Grosskopf et al. 1998). Previously, 
studies show that Rice Cluster I methanogens can convert 
 H2/CO2 to  CH4. Genome data demonstrate that the enriched 
Rice Cluster I strain has all of the enzymes necessary for 
conversion of  H2 and  CO2, but lacks the acetate-activating 
enzymes in their genome (Conrad et al. 2006). Our data 
showed that the transcriptional methanogenic community 
was mainly classified under the order of Methanosarcinales 
as the permafrost thawed (Fig. 2). We inferred that it was 
related to the substrates that were available, resulting in a 
shift of the methanogenesis metabolic pathway. As our data 
show, the acetate accumulation in the thawed permafrost 
was higher than that in the original permafrost (Table 1). 
It is well known that Methanosarcinales are capable of 
using acetate as a substrate for methanogenesis (Kendall 
and Boone 2006), distinguishing them from Methanomi-
crobiales, which can only use  H2 and  CO2 as a substrate 
(Garcia et al. 2006). In a freshly thawed permafrost, Coolen 
and Orsi (2015) detected exclusive expression of acetogen-
esis transcripts, suggesting that acetogenic bacteria are a 
potential source of acetate for acetoclastic methanogenesis. 
Liebner et al. (2015) studied the methanogen community 
structures both in a previously collapsed palsa (CP) and in 
a thermokarst pond (TP), and identified a clear shift from 
a potentially acetoclastic members in TP to predominantly 
hydrogenotrophic members in CP.

Permafrost stores about 1672 Pg carbon, which is thought 
to be equivalent to the total amount of carbon contained 
within land plants and the atmosphere combined (Schuur 
et al. 2008; Zimov et al. 2006). This carbon pool is vul-
nerable to the rising temperature and faces degradation by 
microbial decomposers as the permafrost thaws. Microbial 
activities are usually constrained by the low temperatures, 
moisture, nutrient, and oxygen availabilities. Once the per-
mafrost thaws, all of these constraints are removed, mak-
ing the stored organic carbon more accessible for micro-
bial decomposition, resulting in greenhouse gas emission 
(Schuur et al. 2008; Allison and Treseder 2011). The Qing-
hai–Tibetan Plateau is the largest alpine permafrost area 
on Earth. The previous studies estimated that the plateau 
contained a total of 33.52 Pg of organic carbon and that 
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0.7–0.9 Tg of methane were emitted annually from the pla-
teau’s grassland soils (Jin et al. 1999; Wang et al. 2002), 
making it a potent source of greenhouse gas emissions 
(Kang 1996). Our data showed that the soil organic car-
bon was 15.05 ± 1.48% in the original permafrost from the 
Qinghai–Tibetan Plateau sampling site. However, it quickly 
dropped to 11.65 ± 0.64% after short incubation times 
(Table 1), suggesting that the organic carbon was decom-
posed by the microbial activity and resulted in an increase 
in methane emission of 102.4 ± 9.4 ppm/g wet soil in the 
thawed permafrost compared to 16.2 ± 2.8 ppm/g wet soil 
in the original permafrost (Fig. 5). Mackelprang et al. (2011) 
observed a burst of methane release from the permafrost 
within 2 days of thaw and showed that the rapid release of 
methane mainly originated from the gas trapped in the per-
mafrost before it thawed, and that much of the methane was 
subsequently consumed by methanotrophic bacteria. Despite 
the incubation time, the methanogenic activity was thought 
to play an important role for mass of methane emission. 
McCalley et al. (2014) used δ13C signature to reveal that 
methane emission was regulated by microbial activities in 
response to permafrost thaw. Microbial decomposition of 
organic matter is thought to be the dominant pathway of 
carbon return from terrestrial ecosystems to the atmosphere 
(Schuur et al. 2008).

As permafrost thaws, many changes in ecosystems will 
be triggered, including those involving physicochemical 
properties and functions. Permafrost thaw can substantially 
change the surface hydrology. In ice-rich and poorly drained 
permafrost, collapse-scar bogs and thermokarst lakes were 
often developed (Jansson and Tas 2014), and in well-drained 
upland boreal soils, permafrost thaw often leads to increased 
rates of evapotranspiration and ultimately results in soil dry-
ing (Allison and Treseder 2011). In the past few decades, the 
Qinghai–Tibetan Plateau was also subjected to permafrost 
thaw due to climate warming. The thawed bogs and thermo-
karst ponds or rivers are often observed in our sampling sites 
(Fig. 6). It is well known that permafrost thaw will increase 
the active layer thickness and lead to the stored organic car-
bon in the permafrost being released into the active layer for 
microbial decomposition. Our data showed that the acetate 
content which had accumulated in the thawed permafrost 
made the soil pH lower than that in the original permafrost 
during the short-term incubation time. The accumulated ace-
tate was due to the activities of acetogenic bacteria (Coolen 
and Orsi 2015). We inferred that the acidic soil pH may 
affect the availability of nutrients to plants and activity of 
soil microorganisms in the long-term. Soil texture refers to 
the relative amounts of sand, silt, and clay in a soil, which 
is an important soil characteristic and has a profound effect 
on the properties of soils, such as water holding capacity, 
nutrient retention and supply, drainage, and nutrient leach-
ing. Our data showed that the soil textures, whether before 

or after the thawing of the permafrost, were all classified as 
clay. However, the percentage of sand particles was reduced 
slightly from 25.63% in the original permafrost to 23.67% 
in the thawed permafrost, which was attributed to the bio-
genic acidic weathering. As weathering continues, the soil 
particles shift from sand to silt and clay, which in turn, will 
increase both the soil water and nutrient holding capacity, 
but may also cause insufficient soil aeration. Mineral com-
position analysis showed that the percentage of dolomite was 
reduced, which was caused by the bioweathering process. It 
is known that weathering is the principal process that acts 
upon the Earth’s primary minerals to form soil. As soil par-
ticles begin to weather, primary minerals initially release 
nutrients into the soil. However, because these particles 
are continuously being weathered, the capacity to hold and 
retain nutrients is greatly reduced, leading to most nutrients 
being lost to leaching. These changes, in the long-term, can 
significantly influence succession in permafrost ecosystems.
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