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ABSTRACT
Permafrost microbial research has flourished in the past decades, due in part to improvements in sampling and molecular tech-
niques, but also the increased focus on the permafrost greenhouse gas feedback to climate change and other ecological processes 
in high latitude and alpine permafrost soils. Permafrost microorganisms are adapted to these extreme environments and remain 
active at low temperatures and when resources are limited. They are also an important component of global elemental cycles 
as they regulate organic matter turnover and greenhouse gas production, particularly as permafrost thaws. Here we review the 
permafrost microbiology literature coupled with an exploration of its historical aspects, with a particular focus on a new un-
derstanding advanced by molecular biology techniques. We further identify knowledge gaps and ways forward to improve our 
understanding of microbial contributions to ecosystem biogeochemistry of permafrost- affected systems.

1   |   Background and Justification

Permafrost- affected soils can be found in a wide variety of eco-
systems including forests, shrublands, grasslands, and wetlands 
[1] and encompass an enormous diversity of soil types with 
varying physicochemical properties, landscape- level features, 
and permafrost disturbance history. While permafrost itself is 
defined as ground that has been frozen for two or more consec-
utive years [2], the collective term “permafrost- affected soils” 
describes landscapes that include permafrost, an active layer 
(seasonally frozen soil above the permafrost table), and degraded 
permafrost (no longer frozen year- round). As with all soils, per-
mafrost varies widely in texture, structure, and chemical compo-
sition including organic matter quantity and quality. Permafrost 
at higher latitudes is distributed continuously towards the North 
Pole and discontinuously to sporadically towards its southern 

extent [3]; it can also be found in alpine environments including 
the Tibetan Plateau. Although they remain frozen, permafrost 
temperatures do fluctuate, influenced by local topography, cli-
mate, and the insulating effects of surface cover [4].

The first documented studies of microorganisms in permafrost 
date back to the early 20th century in Siberia [5]. From the first 
detection of bacteria in frozen mammoth and surrounding 
permafrost from Siberia until today, permafrost microbiology 
research has come a long way (Figure  1). This figure rep-
resents a visual display that scientific interest in studying life 
forms preserved inside permafrost has been increasing each 
year. Application of different bacteriological, microscopic, se-
quencing, and bioinformatic approaches resulted in uncover-
ing novel taxonomic, functional, and metabolic diversity that 
is highlighted in the major milestones (Figure  1). A boom in 
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permafrost microbiology research occurred between 1980 and 
2000 highlighted by works of David Gilichinsky and other re-
searchers who applied classical bacteriological methods to dif-
ferent permafrost sediments in northeastern Siberia. The review 
paper by Gilichinsky and Wagener [5] describes the history of 
uncovering microbial life in permafrost.

Since 2000, there has been a surge in permafrost microbiology 
research. Presently, we understand that, in simplified terms, 
permafrost hosts a wide variety of microbial taxa that are capa-
ble of surviving and thriving in unique ways, while carrying out 
processes that are critical to ecosystem biogeochemistry, espe-
cially when permafrost soils thaw. Despite the research surge, 
many open questions remain regarding the distribution and ac-
tivity of permafrost microorganisms, and how they may affect 
soil processes, especially the permafrost carbon feedback.

Arctic warming is occurring more rapidly than elsewhere on the 
planet, and widespread permafrost thaw is expected to occur 
this century [6]. Permafrost thaw is one of the most concerning 
climate- forcing events occurring globally, as it causes numerous 
cascading shifts in the soil environment such as changes in soil 
temperatures, water content, redox processes, and nutrient avail-
ability that influences the taxonomic composition and activity of 
the soil microbiome [7–9]. All these changes directly contribute 
to greenhouse gas production, impacting the climate. Recent es-
timates suggest that thawing permafrost could release between 
5% and 15% of the permafrost soil carbon pool, or around 146–
160 Pg C, primarily in the form of microbially derived CO2 and 
CH4 by 2100 [10]. In additional, though currently less quanti-
fied, N2O may also be released from these regions produced by 

microbial nitrification and denitrification processes [11], further 
intensifying the feedback between permafrost thaw and climate 
change.

Variation in the soil microbiome can affect soil processes in un-
predictable ways [9, 12]. Northern ecosystems are shifting from 
carbon sinks to carbon sources, with high flux rates of CO2, 
CH4, and N2O from soils to the atmosphere [13]. High variabil-
ity around these mean flux rates [13] indicates that much more 
needs to be done to constrain the magnitude of the permafrost 
carbon feedback. More needs to be learned about the micro-
biology of intact (i.e., unthawed) permafrost, and how micro-
bial communities, their taxonomic composition and activities, 
change following thaw. Because permafrost encompasses an 
enormous diversity of soil types, ice contents, ages, and phys-
icochemical properties (Figure  2), care must be taken to limit 
extrapolation from individual studies mentioned in this review, 
as pattern and process may differ among locations due to the 
inherent permafrost variability.

2   |   The Microbiology of Intact Permafrost

Most of the published data on the microbial biomass abun-
dance in permafrost and active layer soils originate from Siberia 
[14–17] with some reports from Svalbard [18] and the Canadian 
high Arctic [19, 20]. They are based upon a variety of techniques 
including fluorescent DNA and protein stain direct counts 
[16, 18, 21], fluorescent in situ hybridization (FISH) [15], intact 
lipid analyses [22], and quantitative PCR [23–25]. Microbial 
abundance and diversity in permafrost affected soils is often 

FIGURE 1    |    Development of permafrost microbiology research for the last century. The number of papers reporting research of different aspects 
of microbial life and survivability in permafrost was obtained by keyword search in the Web of Science (webofscience.com; accessed August 2023). 
From the 1980s until his death in 2012, research in the field of permafrost microbiology, both in the Arctic and Antarctic, was associated with the 
name of David Gilichinsky. Papers for each of these milestones are listed in Appendix 1. [Colour figure can be viewed at wileyonlinelibrary.com]
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correlated with soil nutrient availability (C & N content) and/
or pH [15, 26]. Cell counts range from 107 to 109 cells/g with 
abundance generally declining with depth [20]. Cell counts 
within ground ice are much less, ranging from 104 to 105 cells/g 
[20]. Quantitative PCR, lipid, and FISH analyses indicate that 
Bacteria are the dominant domain followed by Eukaryotes and 
Archaea as a distant third [15, 22, 27, 28].

The prokaryotic community in permafrost soils comprises a di-
verse suite of bacteria and archaea capable of a multitude of met-
abolic pathways. Proteobacteria and Actinobacteria frequently 
dominate the permafrost community, and variation in the rel-
ative abundance of Acidobacteria, Bacteriodetes, Chloroflexi, 
and Firmicutes is frequently observed [8, 26, 29–31].

2.1   |   Methane

Methanogens, archaea that produce methane, have been detected 
in deep permafrost (> 2 m) [32–35] and near- surface permafrost 
[8, 23, 25, 36, 37]. Methanogens from permafrost- affected soils 

can be active at subzero temperatures [22], but acetoclastic and 
hydrogenotrophic methanogens exhibit different temperature 
niches. Evidence exists that acetoclastic methanogens have lower 
temperature optima than hydrogenotrophic and methylotrophic 
communities [36], but this does not necessarily translate to pre-
dictable changes in the relative abundance of these groups with 
increasing temperature or permafrost thaw [7–9]. Increasing 
water availability due to permafrost thaw has been shown to 
trigger an increase in archaeal taxa such as Methanoflorens 
that are adapted to fluctuating water availability [38, 39] or 
Methanothrix and Methanoregula that are associated with wet 
conditions [38, 40]. In some permafrost areas, such as perma-
frost peatlands, methane fluxes can increase significantly, with 
rates shifting from 0.3 g CH4- C m−2 year−1 in permafrost peat to 
3.9 g CH4- C m−2 year−1 in bogs and up to 19.2 g CH4- C m−2 year−1 
in unfrozen fens along a thawing chronosequence [41].

Methane oxidation consumes a fraction of CH4 produced in 
soils before it enters the atmosphere, thus mediating CH4 emis-
sions. In drier environments with low CH4 concentrations, such 
as uplands, methanotrophs may also consume CH4 from the 

FIGURE 2    |    Permafrost encompasses a diversity of landforms (panel A), which have implications for life at the microbial scale (panel B). Different 
landforms contain different chemical, mineralogical, and climatic features that affect the structure of microbial communities and their activity in 
permafrost. For example, permafrost could be a carbon rich frozen peatland or an iron rich mineral upland; this has implications for the diversity, 
identity, and abundance of microorganisms in permafrost and how they may respond to thaw. At the micron scale, where microbes reside, different 
textures and organic matter chemistries, among other factors, give rise to variation in microbial communities. (C) X- ray computed tomography (CT) 
scan of loess permafrost from above the Cold Regions Research and Engineering Lab (CRREL) Permafrost Tunnel in Fox, Alaska, (Photograph by 
Nathan Blais, University of New Hampshire, August 2021, sample source: Tom Douglas, Cold Regions Research and Engineering Lab; used with 
permission). In these post- processed images, soil is brown, ice is blue, and air is white. Notice the characteristic lenticular ice structure of this loess 
permafrost soil. (D) CT scan of permafrost from the Barrow Experimental Observatory in Utqiaġvik, Alaska, which is characterized by organic ma-
terial over cryoturbated sand and silt (image source: Nathan Blais, sample source: Robyn Barbato; used with permission). In this organic permafrost 
soil, vertical air striations were observed. (E) Scanning electron micrograph (SEM) image of microbial cells on the surface of a permafrost particle. 
Lines of cells can be observed along cracks that likely were pushed out during the SEM preparation process that included deep freezing (source: K. 
Manies and J. Schulz, US Geological Survey). (F) SEM of a permafrost fragment showing ‘patterned ground’ at the micron scale (source: K. Manies 
and J. Schulz, US Geological Survey). (G) Microbial cells on the surface of permafrost mineral particles observed by the SEM (source: 10.1089/
ast.2006.0012). [Colour figure can be viewed at wileyonlinelibrary.com]
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atmosphere to fulfill the C and energy needs [42]. Aerobic meth-
anotrophic communities have been detected in active layer soils 
[43, 44], surface permafrost [25], and deep permafrost [45], with 
aerobic methane oxidation measurements by gas chromatogra-
phy from slurries [43, 46], stable isotope probing [47] and radio-
tracer incubations [45], implying that O2 must diffuse somewhat 
readily through the soil profile. A few studies also measured dis-
solved oxygen in the pore water of active layers [46]. Research 
has shown that the relative abundance of transcripts and pro-
teins for methane oxidation varies between permafrost and ac-
tive layers, indicating differences in microbial activity between 
these soil layers [48]. Methanotrophs can also thrive in the water 
column or in association with mosses [49] contributing to CH4 
consumption in permafrost environments [50]. In permafrost- 
affected soils, aerobic methanotrophs are mainly related to 
type Ia (Methylobacter, Methylomonas, Methylomicrobium, and 
Methylosarcina) and type IIb (Methylocystis and Methylosinus) 
methanotrophs [51]. However, the detection of unculturable 
methanotrophs, such as the Upland Soil Cluster (USC) α and 
γ, and rare organisms like Methylococcus, Methylocaldum, 
Methylocapsa, and Methylocella, using sequencing technologies 
is changing our understanding of the diversity and function of 
this group [51]. For example, metabolically active USC α have 
been detected in mineral cryosols, i.e., permafrost affected soils 
[52, 53] that are typically a sink for atmospheric CH4 [54–56]. 
Aerobic methanotrophs are classified into groups by their CO2 
fixation pathways and affinity towards CH4, where low- affinity 
methanotrophs typically operate in environments with high soil 
CH4 availability and high- affinity methanotrophs at near ambi-
ent CH4 concentrations. Methylocystic sp. SC2 and uncultured 
USC α and γ possess the high- affinity form of the particulate 
methane monoxygenase, allowing them to remove CH4 at low 
(i.e., near atmospheric) concentrations [42]. Aerobic metha-
notrophs can survive in permafrost and perform methane ox-
idation at subzero temperatures (−5°C) [45]; however, higher 
temperatures promote methane oxidation [47, 52] to compara-
bly high rates as measured for temperate wetlands [57]. Higher 
temperatures can also lead to a shift in the active community 
from type I to type II methanotrophs [57]. But besides the meth-
ane affinity and temperature influence on community shifts, 
not much is known about the driving factors that influence the 
structure and function of aerobic methanotrophic communities 
in permafrost.

Methane is also oxidized under anaerobic conditions in per-
mafrost soils, generally at slower rates, but little is known 
about the diversity, function, and ecology of this group [58]. 
Anaerobic methane oxidation is thought to be performed by 
anaerobic methanotrophs (ANME) with close phylogenetic 
similarity to methanogens [59]. In terrestrial environments, 
the methanogen- related ANME Methanoperedenaceae is one 
of the most prominent representatives that have been detected 
frequently in permafrost [35, 60]. Methanoperedenaceae were 
recently linked to AOM in thawing deep submarine permafrost 
[58] and have also been shown to be active in deep thermokarst 
lakes [61]. However, these studies did not provide information 
on the distribution, niche, metabolic capacity, and potential syn-
trophic partners involved in the AOM. In addition, relatively lit-
tle is known about their potential response to disturbance and 
climate change factors or their contribution to CH4 cycling in 
thawing permafrost environments.

2.2   |   Nitrogen Cycling Microorganisms

Recent research has also substantially advanced our under-
standing of the microbial involvement in nitrogen cycling in 
permafrost environments, particularly with the discovery of 
N2O emission hotspots, where fluxes can reach up to 6 mg N2O 
m2 day−1 (comparable to those in fertilized soils) in permafrost 
regions [62–64]. Generally, nitrifier and denitrifier popula-
tions in the active layer and permafrost soils are abundant and 
similar in size to other soils [25, 66–67]. Gross ammonifica-
tion and nitrification rates in active layers are, contrary to pre-
vious beliefs, of similar magnitude as observed in temperate 
and tropical systems, as highlighted in a recent synthesis [68]. 
Microbial nitrification has been identified as a key process in 
the nitrogen cycle in permafrost- affected environments, con-
trolling the availability of dissolved inorganic nitrogen, which 
is a substrate for plant growth and denitrification, a process 
that produces N2O [69]. In permafrost soils with low pH 
(2.8–4.0) and low organic carbon, ammonia- oxidizing archaea 
(AOA) dominate over ammonia- oxidizing bacteria (AOB) 
despite the latter's high abundance [70]. In N2O hotspots of 
permafrost environments, new nitrate reducers have been 
isolated [70]. In these hotspots, NosZ, the gene catalyzing the 
reduction of N2O to N2, occurred at low frequencies (relative 
to narG, a gene coding for nitrate reductase). Sixty percent of 
NosZ were only distantly related to NosZ of cultured microor-
ganisms indicating a new, specific, and acid- tolerant denitri-
fier community capable of N2O reduction in these hotspots. 
Generally, the ratio of nirS + nirK (which catalyze the reduc-
tion of nitrite to nitric oxide) to NosZ correlates to N2O reduc-
tion and N2O emissions in permafrost- affected soils [63, 64], 
which can differ among soil types [64]. Most of what is known 
about N cycling microorganisms, however, is from active layer 
and/or recently thawed permafrost, and less is known about 
abundance or activity in intact permafrost.

2.3   |   Fungi

Permafrost is a habitat for psychrophilic and psychrotrophic 
fungi that function as cryoprotected paleo- archives of fungi 
that were present in ancient ecosystems [71–73]. The extreme 
environment likely led to the development of extremotoler-
ant fungi with high adaptive potential [24, 71–73]. Diversity 
measures range from 80 species based on culturing measures 
[71–73] to a Chao1 index of ~700 taxa based on sequencing with 
the Chao1 richness estimates being only slightly lower than the 
richness in the active layer [24]. Extremophilic fungi include a 
majority of known lifestyles including cold- adapted yeasts, fil-
amentous, micromycetes, darkly pigmented fungi, lichenized 
fungi, ectomycorrhizal fungi, endophytic fungi, pathogens, 
and saprotrophs [73, 74]. Similar to bacterial communities in 
soils, most of the fungal taxa are rare and only few are present 
in proportions > 1% [24]. The few studies that have assessed 
fungal communities in permafrost include locations from the 
Arctic (Alaska, Canada [24], and Siberia [23, 74]), Antarctic 
(terrestrial [72] and maritime [75]), European alpine [76], 
Tibetan plateau [77], and North Eastern China [78]. Varsadiya 
et  al. [24] carried out one of the more comprehensive stud-
ies on fungal communities in permafrost in Canadian Arctic 
cryosols and noted that fungal community composition and 
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the fungal guilds changed with depth. Permafrost had ~1000 
fold lower fungal abundance based on gene copy numbers 
compared with the active layer. Permafrost samples contained 
lower proportions of the root- associated genus Meliniomyces, 
but increased in proportions of Naganishia, a genus known to 
have high resistance to UV radiation [79], Piloderma, and the 
ubiquitous saprotrophic yeast Rhodotorula [80]. With regard 
to fungal guilds, permafrost contained increased proportions 
of ectomycorrhizal fungi and wood saprotrophs, comparable 
proportions of plant pathogens and soil saprotrophs, but de-
creased proportions of root endophytes [24].

Although most major fungal phyla are present in permafrost, 
Ascomycota and Basidiomycota are the most dominant, fol-
lowed by Chytridiomycota and Mucoromycota [24, 71–74, 
76, 81]. There is no evidence of arbuscular mycorrhizal fungi 
(AMF) being present in intact permafrost. However, this may 
be due to primer pair selection during PCR reaction or because 
the Internal Transcribed Spacer (ITS) region commonly used to 
describe fungal communities is less suitable to describe AMF 
communities. Many AMF remain undescribed and are highly 
underrepresented and sequences are often poorly curated in 
the ITS database [82] for describing fungal communities in 
permafrost. This is partly due to primer selection: No AMF se-
quences were detected in the active layer of intact and thawed 
permafrost soils in Alaskan peatlands when sequencing the ITS 
region, but a diverse AMF community was detected when tar-
geting the large subunit (LSU) region [83]. As with prokaryotes, 
the abundance of fungi in permafrost is lower than in the active 
layer [23, 71, 81]; however, fungal rRNA transcripts in perma-
frost can increase to levels comparable to those found in active 
layers upon thaw [84].

2.4   |   Pathogens

Potentially pathogenic organisms are also entrained in perma-
frost [85, 86], resulting in much media attention [87]. Because 
there are possible risks to global public health, more research 
could enhance understanding of pathogen behavior in intact 
and thawing permafrost. Pathogens could affect humans, ani-
mals, and plants, though the pathogens present and the risks 
to human health from thawing permafrost are likely similar to 
those posed by non- permafrost soils [88, 89]. Pathogens likely 
are treatable with modern antibiotics as the bacterial pathogens 
that may be emerging out of thawing permafrost are likely naive 
to modern antibiotics, reducing the risk of widespread disease 
outbreaks. More pressing concerns stem from increased expan-
sion and winter survival of disease vectors' range [90], which is 
exacerbated by health disparities between Indigenous and non- 
Indigenous people [91].

A central question for risk assessment is whether intact viruses 
survive decades to millennia entrained in permafrost. Attempts, 
however, to isolate infectious smallpox and 1918 flu viruses 
and to recover long nucleic acid fragments (as a proxy for in-
tact virus) have failed [92, 93], suggesting that survival of these 
human- infectious viruses may be limited in permafrost and that 
concerns about their release to a susceptible and vulnerable pop-
ulace may not be as warranted.

Survival of viruses that infect non- human hosts is also import-
ant for wildlife managers. Most viruses identified in cold soils 
infect bacterial hosts and do not pose a direct risk to human 
health [94, 95], so those targeting non- human eukaryotic hosts 
are a more appropriate proxy. The most well- known example 
is the revival of “giant” viruses from ancient permafrost that 
infect Acanthamoeba (widespread amoebae) [85, 96]. In con-
trast to viruses such as the 1918 Flu virus, these viruses may 
be better adapted to harsh environments due to the formation 
of rugged stable capsids [97] and for their hosts to form robust 
cysts, resulting in resistance to extremes in temperature and 
pH [98, 99]. Cysts formed during infection can act as a res-
ervoir, protecting the virus and enabling reemergence under 
favorable conditions.

For permafrost viruses to infect humans or for a human- 
infectious virus to remain intact even during thaw before en-
countering a susceptible host, it must undergo a host shift. While 
the possibility of these events cannot be entirely disregarded, 
the risks of such occurrences are likely low. The evolutionary 
distance between microeukaryotes and humans is a substantial 
barrier to host- shifting as successful host- shifting decreases as 
the phylogenetic distance between hosts increases [100]. Similar 
to the giant Acanthamoeba- infecting viruses, microeukaryotes 
in cold soils and their viruses have co- evolved in harsh condi-
tions through geologic time [101], explaining why they survive 
in permafrost. Viruses with human hosts do not have this evo-
lutionary history. They lack cold adaptations and a host that fa-
cilitates persistence.

Many microbes such as Bacillus anthracis form spores and can 
persist for long periods of time in inhospitable environments in-
cluding permafrost. The best- described outbreak was in 2016 in 
Siberia. It killed thousands of reindeer, sickened dozens of hu-
mans, and killed one [102]. However, it is likely that permafrost 
thaw alone is not enough to cause disease, and that multiple fac-
tors have to act synergistically for a disease outbreak to occur. 
Environmental conditions have to be conducive for the patho-
gen to survive and human behavior including reduced animal 
and human vaccination and an increase of herd size may be key 
to facilitating disease spread [102].

We know little about plant pathogens in permafrost and even less 
about how thaw affects aspects such as their survival and being 
competitive against the members of the existing soil microbiome in 
the active layer. Recent studies on the effects of thaw on changes in 
microbial communities in the active layer in Interior Alaska found 
that the active layer of thawed sites contains higher proportions of 
putative plant pathogens and a lower proportions of plant benefi-
cial microbes [83, 103]. The changes in microbial communities as 
a result of thaw were associated with a decrease in plant produc-
tivity of key boreal plant species, in particular mycorrhizal depen-
dent plant species [83, 103]. The risk that plant pathogens present 
in permafrost pose to causing widespread mortality is unknown, 
but the risk from globally changing disease spread and virulence 
of plant pathogens may pose a higher risk to ecosystems [104, 105]. 
It is more likely that plant pathogens in permafrost affected soils 
will play a central role in regulating plant diversity, coexistence 
and productivity similar to what has been shown to occur in other 
ecosystems [106–108].

 10991530, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ppp.2264, W

iley O
nline L

ibrary on [13/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 14 Permafrost and Periglacial Processes, 2025

2.5   |   Activity Below Freezing

Surprisingly, many microorganisms are metabolically active 
in permafrost [17, 109–111]. Even below zero, permafrost con-
tains liquid water in thin brine channels surrounding soil par-
ticles [112]. Microbial activity in permafrost relies on the liquid 
water in these thin films to supply resources and energy. RNA 
and protein signatures from Alaskan permafrost together with 
metagenome sequences show that stress and survival genes are 
important for survival in permafrost [66]. However, the quan-
tity and diversity of transcripts and peptides was several fold 
higher in thermokarst bog and active layer soils analyzed in the 
same study. The measured process rates correlated well with the 
molecular data, for example methanogenesis and methane oxi-
dation in thermokarst, but in intact permafrost similar observa-
tions with the process rates were not observed, possibly due to 
the frozen state and low activity of permafrost microbiota. Other 
studies have correlated changes in the molecular composition of 
dissolved organic matter in permafrost with concomitant shifts 
in the relative gene abundance of carbohydrate- active enzyme 
families, hydrogenotrophic methanogenesis and genes associate 
with fermentation of short chain fatty acids [113]. Together, this 
implies that active microbial communities affect the chemistry 
of ancient permafrost carbon over millenia.

2.6   |   Adaptations by the Permafrost Community

Permafrost microorganisms employ a suite of adaptations to 
counter the physical and chemical stresses for sustaining growth 
and survival under frozen conditions [29]. These have been stud-
ied primarily in bacteria isolated from permafrost and include 
increased membrane fluidity [14, 114], amino acid composition 
favoring protein flexibility [115], increased copy number of stress- 
related genes [116], production of cold and osmotic stress proteins 
[117], and temperature- related translation factors [118]. Although 
culture- based studies have demonstrated the existence of these 
strategies, their relevance to the survival of microbial populations 
in situ remains unknown. Recently emerged multiomic strategies 
are now enabling direct interrogation of community processes rel-
evant to the survival of microbial populations in situ. These data 
show genes, proteins, and transcripts involved in stress response, 
survival, and maintenance [7, 8, 66, 78]. Mackelprang et al. [119] 
found evidence of continued adaptation to the permafrost environ-
ment through geologic time, and that community survival strate-
gies include cell envelope synthesis and maintenance, increased 
reliance on horizontal gene transfer, environmental sensing, che-
motaxis, stress response, and scavenging of detrital biomass. This 
significant diversity of microbial adaptative and metabolic strat-
egies may reflect the diversity of permafrost parent material and 
age [26]. As active layers deepen and permafrost thaws, it will be 
important to understand the in situ community and how it may 
change with changing conditions.

3   |   Microbial Communities and Thawing 
Permafrost Soils

Fungal, bacterial, archaeal, and viral propagules in perma-
frost may become active when physical conditions are ame-
liorated upon thaw [8, 73, 84]. The first papers to investigate 

the microbiome in thawing (lab incubated) permafrost found 
that active communities shift rapidly (e.g., within days) in re-
sponse to thaw, as do their C and N cycling functional responses 
[7, 8, 28, 84]. However, the thaw- induced functional response of 
microorganisms varies between studies and even within studies 
[8]. For instance, following 7 days of thaw at 5°C, Mackelprang 
et  al. [8] found an increase in Actinobacteria, Choloroflexi, 
Methanosarcinales, Methanomicrobiales, Methanomicrobia, 
and Methanobacterales. Coolen et  al. [84] found an increase 
in beta- Proteobacteria with thaw, mixed evidence for the 
disappearance of Actinobacteria, and mixed evidence for 
an increase in Firmicutes within deeper permafrost layers. 
Thaw increased the relative abundance of fungi from classes 
Leotiomycetes, Saccharomycetes, Malasseziomycetes, and 
Eurotopmycetes [120].

In field experiments, the effects of permafrost thaw on micro-
bial communities and microbially mediated biogeochemical 
processes are dependent on site hydrology and subsequent ef-
fects on soil moisture, oxygen availability, and vegetation com-
munity (Figure  3). Simply put, when permafrost thaws, some 
soils can become wetter, forming thermokarst bogs and fens, 
whereas others may become dryer, resulting in deeper active 
layers with decreased water availability (Figure 3). In the “dry 
scenario,” vegetation may shift from tussocks to woody shrubs 
(i.e., shrubification [127]). This shift may result in the develop-
ment of a more densely interconnected fungal network due to 
an increase of mycorrhizal- obligate shrubs [83]. Because soil 
moisture largely controls redox conditions, it acts as a master 
variable following thaw, promoting aerobic production of CO2 
in well- drained soils where oxygen is available, and anaerobic 
production of CO2, N2O, and CH4 in hypoxic, water- logged soils 
[11, 64, 128, 129]. Soil organic matter decomposition in water- 
logged soils is substantially slower [130], but because CH4 and 
N2O are more powerful greenhouse gases compared with CO2 
the net effect of soil saturation on the permafrost–climate feed-
back remains uncertain [131, 132]. Saturated conditions can 
result in the increased abundance of methanogens and meth-
anotrophs [133]; however, sometimes methanogens may be in 
very low abundance and take a long time to establish follow-
ing thaw [12, 134, 135], lowering CH4 production rates. Multiple 
studies show that permafrost may contain such low abundance 
of important microbial functional groups as to limit rates of 
greenhouse gas production [12, 28, 38, 49, 136]. However, re-
search has also shown that the mixing of the active layer with 
underlying permafrost can alleviate these functional limita-
tions, thereby enhancing microbial activity and greenhouse gas 
production [130]. Currently, permafrost regions are experienc-
ing a substantial shift in their carbon and nitrogen dynamics. 
Many areas are transitioning from functioning as CO2 sinks 
to becoming sources of CO2 due to increased soil organic mat-
ter decomposition [13, 137], and the potential for CH4 and N2O 
emissions is anticipated to rise as climate warming progresses 
and permafrost continues to thaw [11, 138, 139].

Thawing permafrost- affected soils show vigorous nitrogen cy-
cling activity, supported by a rich functional microbial com-
munity in both active layer and permafrost soils [68]. This may 
be due in part to the release of N limitation after thaw [140]. 
Generally, N2O is produced during the denitrification pro-
cesses when nitrate is used as the terminal electron acceptor in 
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microbial degradation of organic matter. High N2O production 
is characterized by a high abundance of a diverse nitrifier and 
denitrifier community [63, 128]. Ammonia oxidizing Archaea 
dominate the nitrifier community of Arctic soils [65, 67, 141]; 
however, N2O emitting Arctic peat soils have only ammonia ox-
idizing Archaea, a really narrow diversity of zeta and gamma 
clades of Nitrososphaerales [69]. Truncated denitrification, i.e., 
denitrification process where microorganisms carry only a frac-
tion of the needed genes, has been shown to be abundant in ac-
tive layer soils via population genome reconstruction [142]. The 
completeness of the denitrification pathway and use of the meta-
bolic handoffs among microbial organisms cause soil to be a N2O 
sink or a source. Effects of warming on the microbial commu-
nities involved in N2O production and consumption processes 

have rarely been studied, but a handful of studies have shown 
either surprisingly few changes [67] or significant changes in 
abundance of genes involved in the nitrogen cycle [8, 143] and 
their transcripts  [66]. In addition to denitrification, microbes 
can produce N2O via fermentative dissimilatory nitrate/nitrite 
reduction to ammonium (DNRA); however, knowledge of the 
abundance and activity of these microbes in thawing permafrost 
soils is still lacking. With anoxic thermokarst formation, the fate 
of nitrogen from permafrost and overlying soils can change 
and have a major role in the global N budget [11, 144]. The 
N cycling microbial community will change with permafrost 
thaw as mixing with surface soil seems to play a critical role 
in mitigating functional limitations, e.g., nitrification (e.g., 
[136]). During this process, microbes from the active layer 

FIGURE 3    |    In a simple conceptual model, when permafrost thaws, soils can become saturated (e.g., thermokarst bogs and fens) or drier (e.g., in 
uplands, water is lost through gravelly terrain), which results in several hypothesized shifts in microbial communities. Changes in the relative abun-
dance and diversity of different microbial groups are based on relationships observed by several investigators [38, 46, 121–126]. Pop outs characterize 
likely changes in the soil environment at the microbial scale. [Colour figure can be viewed at wileyonlinelibrary.com]
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may disperse and colonize the permafrost layers, upending 
any functional limitation, but these are scientific questions to 
be studied [145].

4   |   Enhancing our Understanding of Microbially 
Mediated Processes in Permafrost Soils

Over the past several decades, we have improved our under-
standing of permafrost microbial communities and their re-
sponse to thaw, but we are still far from incorporating this 
understanding into biogeochemical models of permafrost eco-
systems and earth system models [146]. Although some attempts 
have shown promise [147], these efforts remain limited. Below, 
we describe some of the factors that limit our understanding and 
therefore predictive ability of microbially mediated processes in 
permafrost soils.

Microbially mediated biogeochemical processes occur at mul-
tiple scales, from cells to soil pores, pods to plots, and ecosys-
tems to landscapes. Although microbial metabolic processes 
ultimately control many biogeochemical processes, the different 
temporal dynamics of metabolic processes, microbial commu-
nity reorganization, and interactions with soil edaphic proper-
ties means that microbial processes measured at one scale may 
not necessarily link to biogeochemical processes at another 
scale. For example, at the scale of the cell, DNA transcription 
to RNA and RNA translation into proteins are important pro-
cesses controlling cellular metabolism. These processes are 
highly dynamic and change from second to minute and minute 
to hour. Transcription informs us about the immediate response 
of microbial communities to thaw [7, 8, 148], but are less infor-
mative about the annual or decadal rates of change until more 
is known about diurnal and seasonal changes in functional re-
sponse. Furthermore, permafrost thaw occurs heterogeneously 
across the landscape because ice content of permafrost varies 
spatially [149]. The natural heterogeneity of processes such as 
heat transfer and permafrost degradation are poorly reflected 
in microcosm or mesocosm laboratory incubations and require 
landscape- scale measurements of microbial processes in the 
field to provide insight into the natural variance of the system 
during thaw [26, 38, 129, 150].

Timescales at which changes in microbial community com-
position occur differs between permafrost soils and thawing 
permafrost soils. In intact permafrost, microbial communities 
are likely fairly static at annual scales, but at scales of centu-
ries and millennia microbial communities may change their 
resource acquisition strategies [113] while compositionally they 
can continue to reflect their ecological legacy [26]. Once thawed, 
changes in community composition will likely occur as changes 
in energetics and resources is rapid [8], and changes in commu-
nity composition will likely be tied to changes in energy and 
resources at annual to decadal timescales. Post- thaw, seasonal 
changes in deep (> 2 m) permafrost microbial communities are 
relatively unexplored but might be minimal due to relatively 
low- temperature fluctuations in deep soils. One interesting area 
of research could be examining the immigration of new micro-
bial communities into newly thawed permafrost as permafrost 
contains relatively fewer cells than overlying active layer soils. 
For instance, the mixing of rhizosphere and native permafrost 

communities could lead to distinctly new microbial communi-
ties and functions. Additionally, in high ice permafrost, thaw 
could result in rapid mixing of the active layer with permafrost 
silts below, resulting in rapid immigration and community co-
alescence. Whereas in low ice upland permafrost soils, there 
may be minimal mixing of the surface and deeper soils, result-
ing in slower community change.

At ecosystem to landscape scales, spatial variability is likely to 
be at least as important as understanding temporal variability in 
the microbial community response to thaw. Total and active soil 
microbial communities are driven by soil type [151], and perma-
frost should be no exception. Permafrost landscapes are derived 
from geologic processes resulting in a wide variety of ecosys-
tems including fens, bogs, forests, and shrublands each with a 
unique disturbance history [152] resulting in diverse permafrost 
characteristics (Figure 2). It should be expected that unique mi-
crobial communities will be found among different permafrost 
soils [26], but the bigger question is whether this unique charac-
ter is necessarily tied to the current ecosystem, or is it reflective 
of the multitudinous events of its past or paleoecology, which 
defines its vegetation, disturbance, and geological history. 
Because permafrost formation entrains microbial communities 
in soil, microbial communities in permafrost are likely to be 
at least somewhat reflective of the environment in which they 
were deposited and frozen into years ago. Thus, it can become 
important to not only understand the current ecosystem state 
that is undergoing thaw, but the paleoecology of the site may 
hold important information about the types of microorganisms 
found there. Moreover, one question to examine then is whether 
the paleoecology of a site might dictate the ecosystem response 
to thaw due to the unique microorganisms assembled there. The 
degree to which microorganisms present in intact permafrost 
may impact soil dynamics post- thaw is not well understood, but 
likely will depend on an improved understanding of the spatial 
distribution of microbial communities, their functional poten-
tial, and their response to various thaw conditions.
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