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Arctic tundra ecosystems are rapidly changing due to the am-
plified effects of global warming within the northern high
latitudes. Warming has the potential to increase the thawing
of the permafrost and to change the landscape and its geo-
chemical characteristics, as well as terrestrial biota. It is im-
portant to investigate microbial processes and community
structures, since soil microorganisms play a significant role
in decomposing soil organic carbon in the Arctic tundra. In
addition, the feedback from tundra ecosystems to climate
change, including the emission of greenhouse gases into the
atmosphere, is substantially dependent on the compositional
and functional changes in the soil microbiome. This article
reviews the current state of knowledge of the soil microbiome
and the two most abundant greenhouse gas (CO; and CHy)
emissions, and summarizes permafrost thaw-induced changes
in the Arctic tundra. Furthermore, we discuss future direc-
tions in microbial ecological research coupled with its link
to CO; and CH, emissions.

Keywords: soil microbiome, CO, and CH, emission, perma-
frost thaw, climate change, Arctic tundra

Introduction

The Arctic tundra is characterized by treeless ecosystems
exposed to low temperatures and short growing seasons, and
the presence of permafrost. It covers nearly eight percent of
the global land’s surface (McGuire et al., 1997), and can be
categorized into four types depending on the soil moisture
level: aquatic, wet, moist, and dry tundra (Walker et al., 1980).
Aquatic tundra is waterlogged, i.e., it has permanent water
tables above the soil surface; wet tundra has water tables close
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to the soil surface (< 30 cm) during the growing season; moist
tundra has no standing water for most of the growing season
but the soil is saturated; and dry tundra has dry soil conditions
throughout the growing season. Due to these different soil
hydrology regimes, each type of tundra hosts distinct plant
species (Walker et al., 1980).

The current estimate of the soil organic carbon (SOC) stock
within the circum-Arctic permafrost zone, integrated down
to a depth of 3 m, is 885 to 1,185 petagrams (Pg, 1 x 10" g
Hugelius et al., 2014; Schuur et al., 2015). In permafrost, i.e.,
the soil layer that remains frozen for more than two conse-
cutive years, the decomposition of SOC is decelerated due to
subzero temperatures and the associated low water availa-
bility. Also, within the active layer, which is the top soil layer
that experiences seasonal cycles of thawing and freezing, the
decomposition of SOC is hampered owing to the short grow-
ing seasons with low mean soil temperatures, often accom-
panied by saturated soil conditions due to the poor drainage
of water which is blocked by the permafrost. Instead of hav-
ing distinct and stable soil horizons that are parallel to the
soil surface, pockets of organic soils with high carbon con-
tent can be found in the deeper layer due to cryoturbation
in permafrost-affected soils (Ping, 2013). Since the atmos-
pheric temperature in the Arctic is increasing faster than
that in the lower latitudes (Kirtman et al., 2013; Huang et
al., 2017), associated increases in the thaw depth during the
growing season indicates that less decomposed SOC stored
in the deeper layers may become more vulnerable to micro-
bial decomposition, leading to the enhanced production of
greenhouse gasses (GHGs), such as carbon dioxide (CO;)
and methane (CHy; Schuur ef al., 2008; Strauss et al., 2015;
Ejarque and Abakumov, 2016). It is predicted that 5-15%
of the currently stored permafrost carbon may be released
into the atmosphere by 2100 under the current warming tra-
jectory (Representative Concentration Pathway; RCP 8.5;
Schuur et al.,, 2015). In addition to the changes in temper-
ature, other related warming-induced changes, such as modi-
fications in geomorphology and soil moisture, may influence
biota and the function of ecosystems, modifying the impact
of the decomposition of SOC, the release of GHGs, and po-
tentially reshaping the feedback processes within climate
change (Schuur and Mack, 2018).

Diverse soil microbiomes play key roles in decomposing
SOC and emitting GHGs in Arctic tundra ecosystems (Ne-
mergut et al., 2005). Since the Arctic region is rapidly warm-
ing and ecosystems are undergoing substantial changes, it is
important to explore the community structure and ecological
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function of the soil microbiome in order to better under-
stand its potential response to future changes in Arctic tundra
ecosystems linked to climate warming. This review summa-
rizes the key findings from recent studies on the soil micro-
biome and its functionality, and its influences on CO, and
CH, fluxes in response to warming and the thaw-induced
changes in the Arctic tundra. A particular emphasis has been
placed on the current state of knowledge regarding the rela-
tionship between soil microbes and CO, and CH, emission
in the Arctic tundra, and recommendations for the direction
of future research in this field.

Soil microbiome in the Arctic tundra ecosystems

Microbial community composition and functions

Studying the ecology of the soil microbiome has gained en-
ormous importance worldwide in recent years (Fierer and
Jackson, 2006; Lauber et al., 2009; Griffiths et al., 2011).
However, the Arctic region has received relatively little at-
tention. Based on the assumptions derived from a latitudinal
diversity gradient of animal and plant taxa, the microbial di-
versity in Arctic tundra soil was considered to be low (Heal,
1999; Hodkinson and Wookey, 1999). However, recent stu-
dies using high-throughput DNA sequencing have found
contrasting results: Arctic tundra soils host a similar level of
microbial diversity to that of other biomes (Chu et al., 2010;
Bahram et al., 2018). The microbial community composition
and diversity were found to vary among tundra ecosystem
types, e.g., the bacterial and fungal communities were diffe-
rent in dry and wet tundras (Wallenstein et al., 2007; Chu
et al., 2011; Gittel et al., 2014b; Shi et al., 2015; Tas et al., 2018);
however, some studies found no difference among tundra
ecosystems (Buckeridge et al., 2010b).

Since the composition of the microbial communities in the
permafrost varies widely with geographical locations across
the Arctic, they are difficult to generalize even at the phylum
level. For example, Chloroflexi was found to dominate in Ala-
skan permafrost but was one of the minor groups in Swedish
and Canadian permafrost (Jansson and Tas, 2014), whereas
another study from Alaska reported the dominance of Chlo-
roflexi in the active layer but not in the permafrost (Tripathi
et al., 2018). The factors that generate this high variability in
the composition of the microbiome in the permafrost across
the Arctic are still poorly understood, but might be related
to the age and history of the permafrost (Mackelprang et al.,
2017), and a combination of dispersal limitations and ther-
modynamic constraints within permafrost soils (Bottos et al.,
2018), as well as variations in geochemistry and mineralogy.

The presence of permafrost in Arctic tundra ecosystems
strongly influences the abundance, diversity, composition,
and function of the soil microbiome. Several studies have
reported that the abundance and diversity of bacteria, arch-
aea, and fungi decreases with soil depth (Gittel et al., 2014a,
2014b; Deng et al., 2015; Kim et al., 2016; Miiller et al., 2018;
Tripathi et al., 2018), with a higher abundance and diver-
sity reported in the active layer than in the permafrost. The
composition of Arctic tundra soil microbiomes also differs
between the active layer and the permafrost. For example,
bacterial taxa such as Acidobacteria, Alphaproteobacteria,

Betaproteobacteria, Verrucomicrobia, and Cyanobacteria have
often been reported to dominate the active layer, whereas
Firmicutes, Actinobacteria, Bacteroidetes, and Chloroflexi were
usually abundant in permafrost (Gittel et al., 2014a, 2014b;
Deng et al., 2015; Kim et al., 2016; Miiller et al., 2018; Tri-
pathi et al., 2018). Poorly characterized bacterial phyla such
as Caldiserica, AD3, TM7, and OD1 have also been found in
the permafrost layer (Jansson and Tas, 2014; Tas et al., 2014;
Tripathi et al., 2018). Similarly, the dominating archaeal groups
differed between the active layer and the permafrost. In the
active layer, the archaeal community was dominated by mem-
bers of the phyla Thaumarcheota and Bathyarchaeota, whereas
the permaforst harbored members of methanogenic archaea
from the Euryarchaeota phylum (Tripathi et al., 2018). A taxo-
nomically diverse group of fungal species have been found
to inhabit Arctic soil ecosystems. At the phylum level, Asco-
mycota has been reported to dominate both the active layer
and permafrost soil microbiomes, followed by Basidiomy-
cota (Bellemain et al., 2013; Timling et al., 2014).

The stratified taxonomic composition of the soil microbiome
across the active layer and permafrost results in differences
in microbial functions at different soil depths. The surface
of the active layer has been shown to favor the metabolism
of both polysaccharides and oligosaccharides (Yergeau et
al., 2010; Gittel et al., 2014b). A recent meta-omics study
suggested that various acidobacterial taxa (Woodcroft et al.,
2018) and Actinobacteria, Bacteroidetes, and Verrucomicrobia
(Tveit et al., 2015) are key players in polysaccharide degra-
dation in Stordalen Mire and in Svalbard, respectively. The
difference in the major decomposer groups between the two
locations may be ascribed to soil pH since soils of the former
are acidic (pH 4.0-4.2) favoring Acidobacteria, whereas soils
of the latter are only moderately acidic (pH 5-6). Fungi are
typically primary decomposers of organic matter in acidic
soils of warmer biomes. However, in cold environments, the
major decomposers are bacterial taxa which have success-
fully adapted to the acidic conditions of the Arctic tundra
(Tveit et al., 2013). This is in line with generally low fungal
activities found in some permafrost-affected soils (Zak and
Kling, 2006).

In deeper anaerobic horizons of the active layer, acetoge-
nesis, and fermentation pathways become more important,
facilitating the degradation of monosaccharides and the pro-
duction of low-molecular-weight alcohols and organic acids
together with hydrogen and CO, (Conrad, 1999; Ye et al.,
2012). These deeper active layers and permafrost soils have
also been reported to contain a high genetic potential for me-
thanogenesis (Lipson et al., 2013), since methanogenesis is
the terminal step in the anaerobic decomposition of organic
carbon. Hydrogenotrophic methanogens (e.g., Methanobac-
terium and ‘Ca. Methanoflorens’) that utilize H,/CO, or for-
mate as substrates have been reported to play a major role in
methanogenesis in Arctic tundra soils (Mondav et al., 2014;
Tas et al., 2018; Woodcroft et al., 2018).

Methanotrophy is another important microbial metabo-
lism found in Arctic tundra soils, which is mostly performed
by bacterial methanotrophs that dominate in the active layer,
but are present at lower levels in the permafrost (Lau et al.,
2015). The abundance of Type I versus Type II methano-
trophs in the Arctic tundra varies according to the sampling



site, plant cover, and soil depth (Gittel et al., 2014b; Christi-
ansen et al., 2015; Singleton et al., 2018). Recently, represen-
tatives of upland soil cluster alpha (USCa), known as atmo-
spheric methane oxidizers, were found in a wide range of
Arctic tundra (Lau et al., 2015; Singleton ef al., 2018). Methane
oxidation in permafrost-affected environments is known to
occur largely by aerobic methanotrophs, whereas the anae-
robic oxidation of methane (AOM) plays a relatively minor
role in methane oxidation (Blazewicz et al., 2012). However,
close relatives of ‘Ca. Methanoperedens nitroreducens’, known
to be anaerobic methane oxidizers that use nitrate as an elec-
tron acceptor (Haroon ef al., 2013), were recently reported in
permafrost-affected soils in Siberia (Shcherbakova et al., 2016)
and Alaska (Tripathi et al., 2018), suggesting the potential
activity of AOM in the deeper layers of the Arctic tundra.

Abiotic factors determining microbial community structure
and functions, and CO, and CH,4 fluxes

A vertical gradient of soil physicochemical factors and sea-
sonal freeze-thaw cycles in the active layer make Arctic tun-
dra ecosystems highly heterogeneous. Similar to other biomes
across the globe, the community composition and diversity of
the Arctic tundra soil microbiome is reported to be strongly
influenced by soil pH (Chu et al., 2010; Deng et al., 2015; Tri-
pathi et al., 2018). For example, the relative abundance of some
dominant bacterial (e.g., Acidobacteria) and archaeal (e.g.,
Thaumarchaeota) taxa have been shown to strongly correlate
with soil pH (Lauber et al., 2009; Tripathi et al., 2013). The
total organic carbon and soil moisture contents have also been
reported to influence the composition of the Arctic tundra
soil microbiome (Gittel et al., 2014a; Shi et al., 2015; Kim et
al., 2016; Tas et al., 2018; Tripathi et al., 2018) and CO,
emissions (Billings et al., 1977; Shaver et al., 2006; Nobrega
and Grogan, 2008; Biasi et al., 2014; Eckhardt et al., 2018).
Soil moisture content is especially important in determining
CH, emission rates (Kutzbach et al., 2004; Hoj et al., 2005,
2006; Vaughn et al., 2016), as methanogenesis occurs anae-
robically, whereas methanotrophy occurs both aerobically
and anaerobically, and thus the balance between methano-
genesis and methanotrophy determines the direction of the
net flux of CHy. When methanogenesis dominates, CHj is
emitted from soils into the atmosphere; when methanotro-
phy dominates, atmospheric CHy is taken up by soils (Reay
et al., 2010; Singh et al., 2010). Since these ecosystem char-
acteristics are spatially heterogeneous in tundra ecosystems
(Suvanto et al., 2014), they are likely to affect the distribution
of microbial communities in the Arctic. Even though these
studies highlighted certain relationships among physicoche-
mical parameters, the soil microbiome, and CO, and CH,4
fluxes, it is still unclear how these factors drive variations in
the composition and diversity of the soil microbiome. Fur-
thermore, additional factors that shape the soil microbiome
in other ecosystems, including temperature, soil texture, and
nitrogen and phosphorus availability, might influence the
composition and activities of the soil microbiome in the Arctic
tundra (Segal and Sullivan, 2014; Treat et al., 2014; Rime et al.,
2015; Kim et al., 2017; Wang et al., 2018), however, the mag-
nitude of their impact on the composition of the Arctic tun-
dra soil microbiome is still not well understood.
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Thaw-induced changes in microbial communities
and CO: and CH; emissions

Changes in the landscape and soil upon permafrost thaw

Increasing atmospheric temperatures may lead to soil warm-
ing and permafrost thawing in the Arctic tundra. In turn,
permafrost thawing may cause substantial changes in the
hydrological conditions of the soil in tundra ecosystems. A
huge amount of excess ice in the permafrost can initially slow
down permafrost thawing due to the high energy requirement
for the ice-to-water phase change, but once ice-rich perma-
frost starts thawing, the preferential degradation of ice-rich
layers, including ice lenses and wedges, may change the ge-
omorphology profoundly (Rowland et al., 2010; Schuur and
Mack, 2018). As a consequence, the ground that has subsided
or collapsed becomes wetter by collecting water from the sur-
rounding areas, but further thaw may result in the drainage
of water, making the soils drier (Yoshikawa and Hinzman,
2003; Smith et al., 2005; Jorgenson et al., 2006; Abbott and
Jones, 2015; Liljedahl et al., 2016).

These thaw-induced soil hydrological changes may also af-
fect microbial metabolism, the decomposition rates of SOC,
and CO; and CH, emission rates. For example, Lee et al.
(2011) showed that ground subsidence following perma-
frost thawing led to increased snow depth and winter warm-
ing, which ultimately enhanced SOC decomposition. In ad-
dition, improved soil drainage following permafrost thawing
could enhance soil aeration, which increases SOC decom-
position (Walvoord and Kurylyk, 2016) and the export of
dissolved organic carbon to downstream aquatic ecosystems
(Wrona et al., 2016). Permafrost thaw and the subsequent hy-
drological changes have also been shown to increase the avail-
ability of dissolved organic and inorganic nitrogen (Finger et
al., 2016; Chen et al., 2018), which could affect carbon dyna-
mics by changing the metabolic efficiency of the microbiome.
Moreover, the mixing of soil materials due to thaw-induced
soil erosion could change the soil pH (Pizano et al., 2014),
which could alter the microbial community compositions
and their functionality. To summarize, warming generally
increases both CO, and CH4 emissions by enhancing mi-
crobial activities and nutrient availability, however, tran-
sitions between aerobic and anaerobic conditions are criti-
cal to the effects on CO, and CH, emissions (Schidel et al.,
2016), thus, soil hydrologic responses following permafrost
thawing need to be taken into account when investigating
and predicting carbon dynamics and the associated soil mic-
robiome functionality. Furthermore, details of the links be-
tween changes in the tundra ecosystems and the microbial
community composition and activity are still largely un-
known, therefore, it is critical to uncover the relationship be-
tween them to project future scenarios.

Changes in microbial community structure and functions,
and CO; and CHy4 fluxes upon permafrost thawing

Thaw-induced changes in landscape topology, hydrology,
and soil geochemistry have been demonstrated to result in
shifts in the abundance and composition of vegetation and
microbes, and subsequently CO, and CH, fluxes. Increased
microbial activity and CO, and CH, emissions constitute one
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of the major concerns about increased permafrost thawing
related to global warming. For example, the functional poten-
tial of the microbiome markedly changed even after a short-
term thaw event, and cellulose degradation, sugar utilization,
chitin degradation, as well as CH, consumption were signi-
ficantly changed one week after permafrost soil thawed at
5°C (Mackelprang et al., 2011). Under natural conditions, the
metabolic functions and the relative abundance of key genes
involved in polysaccharide decomposition did not signifi-
cantly change along the permafrost thaw gradient (Wood-
croft et al., 2018). However, there was a change in the major
microbial decomposers, with Acidobacteria becoming the
main decomposer of both poly- and monosaccharides at the
initial thaw stage, but being replaced by various other taxa
(e.g., Bacteroidetes, Ignavibacteriae, etc.) at the later thaw
stage. Similar results were found following temperature in-
creases that altered the relative abundance of taxa and genes
involved in anaerobic SOC decomposition that led to en-
hanced CH4 production rates (Allan et al., 2014; Tveit et al.,
2015). These findings suggest that there are three key steps
in anaerobic soil organic matter (SOM) decomposition pro-
cesses that are particularly temperature sensitive, namely syn-
trophic propionate oxidation, acetoclastic methanogenesis,
and methanogenesis using formate as a substrate. In addi-
tion, runnels and polygonal ponds, formed by permafrost
thawing, had higher CO, and CH, emissions than not-thawed
areas, with acetoclastic methanogenesis being the dominant
process, although both acetoclastic and hydrogenotrophic
methanogens were found (Negandhi et al., 2013). Perma-
frost thaw increased potential CH, production as well as
CH, fluxes, and these changes were related to alterations in
the methanogenic community composition and the abun-
dance of methanogenic genes in the community (Liebner et
al., 2015).

The bacterial community composition has been shown to
change as the temperature rises and the permafrost thaws,
and the changing patterns in abundance differ by geogra-
phical region and thawing regimes. The relative abundance
of Firmicutes and Bacteroidetes decreased with increasing
temperature under anaerobic conditions (Tveit et al., 2015),
and that of Actinobacteria increased after one week of thaw-
ing (Mackelprang et al., 2011). After 10 years of permafrost
thawing, the bacterial community structure resembled that
of the active layer, with the dominance of Acidobacteria and
a decrease in Firmicutes due to the effect of oxygenation within
the recently thawed active layer (Monteux et al., 2018). When
the community shifts were investigated along a thawing gra-
dient in Stordalen Mire, Bacteroidetes, Chloroflexi, Chlorobi
(class Ignavibacteridae), and Deltaproteobacteria were found
to become more abundant, whereas Acidobacteria and Al-
phaproteobacteria became less abundant in the initial stage
of thawing, and the candidate phylum WPS-2 decreased in
abundance along the thaw gradient (Mondav et al., 2017;
Woodcroft et al., 2018). Similarly, Bacteroidetes, Chlorobi,
and Chloroflexi became more abundant as the permafrost
in Alaska thawed, and Firmicutes also became more abun-
dant, which was not observed in Stordalen Mire (Hultman
et al., 2015). The abundance of Euryarchaeota also increased
along the thaw gradient, suggesting overall community shifts
toward anaerobic microbial consortia (Hultman et al., 2015).

A manipulation experiment that mimicked the enhanced
drainage of water following permafrost thawing in Siberia
showed opposite trends in phyla abundance to the reports
cited above for the thawed and inundated sites in Sweden
and Alaska; Bacteroidetes and Chloroflexi abundances de-
creased, whereas Acidobacteria and Alphaproteobacteria be-
came more abundant following drainage, indicating the re-
covery of aerobic bacterial taxa in the drained locations (re-
analysis of bacterial community data from Kwon et al., 2017).

Permafrost thawing also has significant impacts on the me-
thanogenic communities. With increasing temperatures, the
relative abundance of Methanosarcinaceae and Methanosae-
taceae increased in the peaty active layer (Hoj et al., 2008).
Another study found that Methanosaetaceae increased in
relative abundance with increasing temperature, but two
contrasting patterns were observed for Methanosarcinaceae
(Tveit et al., 2015). Such different responses to temperature
by Methanosarcinaceae are attributed to the functional re-
placement of acetoclastic by methylamine-dependent meth-
anogenesis among members of the Methanosarcinaceae. The
proportions of hydrogenotrophic and acetoclastic metha-
nogens were also changed by permafrost thawing; hydroge-
notrophic methanogenesis is reported to be more common
in the Arctic than in lower latitudes (Fey and Conrad, 2000;
Glissman et al., 2004; Tveit et al., 2015), and the relative abun-
dance of the hydrogenotrophic methanogens Methanomic-
robiales generally increased with temperature (Hoj et al.,
2008; Tveit et al., 2015). In another study, the proportion of
acetoclastic methanogenesis was higher following perma-
frost thawing, which was accompanied by an increased rel-
ative abundance of methanogenic groups and CH, emissions
(McCalley et al., 2014; Mondav et al., 2014). During the initial
stages of permafrost thawing, the relative abundance of hy-
drogenotrophic methanogen, ‘Ca. Methanoflorens’, increased
(McCalley et al., 2014; Mondav et al., 2014), and a H,/CO;
amended experiment showed that they were only found at
low temperatures, suggesting that they are likely to be well
adapted to cold niches in the Arctic and may lose methano-
genic activity at higher temperatures (Blake et al., 2015).

The methane dynamics during thawing are also largely re-
gulated by methanotrophs, which consume 20-60% of the
methane produced in permafrost-affected soils (Moosavi and
Crill, 1998; Popp et al., 2000). The abundance of Type II me-
thanotrophs has been shown to increase in thawed permafrost
and the active layer (Mackelprang et al., 2011; Stackhouse
et al., 2015). The community composition and in situ activity
of methanotrophs significantly changed along the perma-
frost thaw gradient. USCa, which oxidizes atmospheric CHy,
was one of the predominant methanotrophs until the initial
stage of thaw, but not in fully thawed fens where CH, fluxes
were the highest, confirming that they consume atmospheric
methane (Singleton et al., 2018). This study demonstrated
that the highest amount of methane oxidation occurred be-
low the oxic-anoxic layer, suggesting that methanotrophs sub-
stantially oxidize methane under microaerobic or anaerobic
conditions when bogs or fens are formed due to the thaw-
ing of permafrost.
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Fig. 1. A case study of (A) ecosystem respira-

tion (Reco; CO, emission) and (B) CH, fluxes
in Chersky. Reco and CH, fluxes were mea-
sured in situ. Flux rates (+ SE) and their com-
ponents are compared between naturally and
artificially wet and dry locations.

. I

(A) 4 (B) 490
§—,:3_ 5%‘390-
%% e T 200
o D o
§F 29 = ] I g E
3 S 5 190
=G :’Eg
301 22 G
g 9 8 E
o= g = 10
Wet Dry Wet Dry Wet

Control Drained

Case study-Chersky, Russia

To estimate the CO, and CH,4 exchange rates between per-
mafrost ecosystems and the atmosphere in Arctic wetlands,
an observation site was set up in northeastern Siberia near
Chersky, Russia (latitude: 68.6163, longitude: 161.3497). CO,
and CH, fluxes were measured at 20 sampling locations
within two different treatment areas; there were 10 sampling
locations in the drained treatment area where a long-term
ditch system had substantially drained the tundra since 2004,
and the other 10 were in the control treatment area with un-
disturbed conditions. The control and drained sites were lo-
cated approximately 600 m away from each other, and the
sampling locations were selected at 25 m intervals along
each 225 m-long transect. Since wet and dry sampling loca-
tions existing in both treatments, four hydrological regimes
were monitored: control_wet (naturally wet), control_dry
(naturally dry), drained_wet (partially drained since 2004),
and drained_dry (substantially drained since 2004; Kwon
etal., 2016, 2017).

Ecosystem respiration (Reco; total CO; respiration by hete-
rotrophs and autotrophs under light exclusion) and CH, fluxes
were measured using the following method; a dark chamber
was placed on permanently inserted collars and the changes
in CO, and CHy concentrations ([CO,] and [CH4]) within
the chamber headspace were measured in situ at a frequency
of approximately 1 Hz using an Ultraportable Greenhouse
Gas Analyzer (Los Gatos Research). Reco and CHj flux rates
were calculated taking into account the within-chamber mea-
surement of air temperature and air pressure, as well as the
volume and area of the chamber, which were measured in
parallel with [CO,] and [CH4] (Rochette and Hutchinson,
2005). Using the flux rates measured in 2013, half-hourly Rec,
was calculated using an empirical Q1o model (Reco = a X €7;
where T is air temperature, and a and k are empirically-cal-
culated constants). In the final step, daily averaged Rec, was
calculated for the peak growing season of 2013 (Fig. 1), which
is the same period during which the soil samples were col-
lected to study the effect of drainage on the microbial com-

Control

Dry Wet Dry
Drained

munity structure. The contribution of microbial respiration
to Reco, Which is closely related to SOC decomposition, was
estimated using the natural abundance of '*C in Rec, as well
as that of respired CO, from soil and plant sources, follow-
ing Hicks Pries et al. (2013). The daily CH, flux was calcu-
lated by linearly interpolating the measured flux rates. This
simple interpolation was possible since no diurnal variation
was observed. More detailed information on the R, mea-
surement can be found in Kwon et al. (2016) and Kwon et
al. (2017).

Soil cores were taken from the sampling locations repre-
senting the four hydrological regimes listed above, and sub-
sequently divided into vertical sections of 7.5 cm each. The
genomic DNA was extracted from these samples, and the V4
region of the 16S rRNA gene was sequenced on an Illumina
MiSeq platform using the universal primer set (F515/R806)
which covers a broad range of bacterial and archaeal groups
(Bates et al., 2011). Raw reads were processed using the pro-
gram MOTHUR, which enabled the bacterial and archaeal
community structures to be drawn for each sample (Fig. 2).
A total of 1,903,891 high-quality sequences were obtained
and 50,793 sequences (on average 2.7% of all sequences) rep-
resented lineages from archaea after SILVA-based taxonomic
assignment. Further information can be found in Kwon et
al. (2017).

Although there was no significant difference in Rec, between
the control and the drainage treatments, Rec, was found to
be 16% higher in the dry locations compared to the wet loca-
tions within the control treatment (Fig. 1A). Detailed analy-
ses of the fractional contributions to Rec, revealed that the
microbial contribution to Rec, was 28% and 31% higher in the
dry than in the wet locations in the control and the drainage
treatments, respectively (Kwon et al., unpublished data), sug-
gesting that the increase in Re, at dry locations is mostly due
to enhanced microbial respiration. CH, fluxes were substan-
tially lower in the dry locations than the wet locations, both
in the control and the drainage treatments (Fig. 1B). The dry
locations in the control treatment even showed a negative
net CH, flux, suggesting that the CH, oxidation exceeded the

(A) 2 5 Bacteria (B)
— ! Drained, wet (o]
Stress = 0.07 A Archaea
% i 4 i g Stress = 0.16
= (=]
23 vl § o qraen
= | 6 4 « Depth 2
i L A Depth3 4 Depth 3
0 Control, wet + Depth 4 ol Depth 4
= T T T T T g T
-2 -1 0 1 2 -2
NMDS1

Fig. 2. A case study of (A) bacterial and (B)
archaeal community structure in Chersky.
The V4 variable region of the 16S rRNA gene
K l-. was sequenced and non-metric multidimen-

.- mo A sional scaling analysis (NMDS) plots of Bray-

A Curtis dissimilarity values were drawn at the

Control, wet

ADrained, Wit OTU level. Community composition was
T T T ' compared between naturally wet and dry lo-
-1 0 1 cations as well as soil depths (depth 1 to 3, or-
ganic soil layers at 7.5 cm intervals; depth 4,

NMDS1

mineral soil layer).
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CH, production (Fig. 1B). These results suggest that when the
naturally wet tundra is drained due to permafrost thawing,
CO; emissions—especially from microbes-might increase,
but CH,4 emissions might decrease. The archaeal and bacte-
rial community structures at control wet locations were sig-
nificantly different from the rest of the locations (ANOSIM:
archaea; R = 0.48, P < 0.001, bacteria; R = 0.34, P < 0.001;
Fig. 2), implying that decade-long drainage in wet tundra
ecosystems holds the potential to change the bacterial and
archaeal communities that influence CO, and CH, fluxes.
For this disturbance experiment, the relative abundances of
CH, producing and oxidizing microorganisms were found
to be correlated with CH4 flux rates, considering both the
amount of CH, emission as well as the net balance between
CH, production and oxidation (Kwon et al., 2017).

Linking CO. and CH; emissions to microbial
community dynamics

Methodologies in Arctic soil microbiome studies

Traditionally, Arctic microbiome studies began with cultiva-
tion-dependent approaches, as was the case for other biomes.
Culture-dependent approaches have been hindered by dif-
ficulties in isolating and enriching Arctic microorganisms,
many of which are slow-growing psychrotolerant or psy-
chrophilic (Vishnivetskaya et al., 2000; Kim et al., 2013; My-
kytczuk et al., 2013). The majority of Arctic microorganisms
are able to grow only in media mimicking natural environ-
mental conditions and often require optimum redox condi-
tions and syntrophic taxa (Zhang et al., 1999; Krivushin et
al., 2010; Dedysh et al., 2012). Thus, researchers started using
culture-independent molecular techniques, such as finger-
printing methods coupled with Sanger sequencing, to inves-
tigate the composition and function of Arctic microbial com-
munities (Neufeld and Mohn, 2005; Ganzert et al., 2007; Hej
et al., 2008). However, the information obtained from these
approaches is still insufficient and inaccurate due to the tech-
nical limitation of its low taxonomic resolution.

Recent advances in DNA sequencing technologies and mass
spectrometry have enabled researchers to look into the pre-
viously unseen diversity of the soil microbiome more in de-
tail. In recent years, various meta-omics approaches have
been used to advance the study of the diversity and the meta-
bolic potential of the Arctic tundra microbiome. Metage-
nomics has been used to elucidate the functional potential of
the microbiome and to discover unknown lineages (Yergeau
et al., 2010; Mackelprang et al., 2011; Lipson et al., 2013; Tas
et al., 2014, 2018; Hultman et al., 2015; Johnston et al., 2016),
and the combination of metagenomics, metatranscriptomics,
and metaproteomics has been used to investigate in situ mi-
crobial activity in relation to changes in soil geochemistry
and metabolite profiles. The application of these techniques
yields the following novel insights: the genetic potential of
organic carbon degradation and CH,; metabolism was re-
vealed by combining metagenomics and metatranscriptomics
(Tveit et al., 2013, 2015); significantly increased levels of ace-
togenesis and acetoclastic methanogenesis were found in
freshly thawed permafrost using metatranscriptomics (Coolen
and Orsi, 2015); the population genome of a novel dominant

methanogen (‘Ca. M. stordalenmirensis’) in thawing per-
mafrost was newly assembled from metagenomic data, and
its in situ activity was further verified using metaproteomics
(Mondav et al., 2014); Hultman et al. (2015) combined three
types of omics approaches—-metagenomics, metatranscrpto-
mics, and metaproteomics—to identify dominant microbial
processes and the metabolic interactions among them; and
Woodcroft et al. (2018) used the same analytical strategy and
revealed that Acidobacteria played key roles in the break-
down of various polysaccharides in Stordalen Mire.

Metagenomic sequencing enabled the discovery of novel
microbial lineages in the Arctic tundra by assembling and
binning metagenomic sequences into draft genomes. An un-
known draft methanogen genome belonging to Methano-
microbia was first assembled from Alaskan permafrost soil
(Mackelprang et al., 2011). In a later study, a near-complete
genome belonging to the uncultured euryarchaeal lineage
‘Rice Cluster I’ was assembled from northern Sweden (Mon-
dav et al., 2014). The recovered genome of this novel lineage
(‘Ca. M. stordalenmirensis’) showed a high level of similarity
to the Alaskan methanogen genome and included genes ne-
cessary for hydrogenotrophic methanogenesis. Hultman et
al. (2015) binned three draft methanogen genomes belong-
ing to Methanomicrobia from a thermokarst bog in central
Alaska and these undescribed methanogen genomes showed
very low sequence similarity to those of known methano-
gens. Recently, Woodcroft et al. (2018) reported 1,529 meta-
genome-assembled genomes from a permafrost thaw gra-
dient in Sordalen Mire. The recovered genomes spanned 30
bacterial phyla including Actinobacteria, Acidobacteria, Pro-
teobacteria, and Chlorolflexi, and three archaeal phyla mostly
from Euryarchaeota. An in-depth metabolic analysis revealed
the possibility of a novel syntrophic relationship between a
hydrogenotrophic methanogen ‘Ca. M. stordalenmirensis’
and facultative syntrophs belonging to ‘Ca. Acidiflorens’,
which contain genes encoding various hydrogenases with the
potential for H, production and consumption. Metagenome-
assembled genomes were also recovered for poorly described
phyla including AD3, WPS-2, and FCPU426. Among them,
anovel genus (‘Ca. Changshengia’) within the candidate phy-
lum AD3 was found to have the metabolic potential for oxi-
dizing glycerol, which is a cryoprotectant often found in
organisms that live in cold environments.

Efforts to link the soil microbiome with CO, and CH, fluxes

There have been continuous attempts to relate microbial com-
munity dynamics to CO, and CH, emissions (Table 1). Many
studies measured CO, and CH, emission rates first, and then
tried to compare variations in microbial biomass (Larsen et
al., 2007; Buckeridge et al., 2010a; Capek et al., 2015; Didkova
et al., 2016) or the composition of the microbial communities
(Biasi et al., 2005; Hej et al., 2005, 2006; Liebner and Wagner,
2007; Lipson et al., 2013; Christiansen et al., 2015) to uncover
the possible linkage between them. Occasionally, information
on the microbial community structure was used to estimate
the potential activity of GHG emissions in laboratory in-
cubation studies (Miiller et al., 2018). Despite the substantial
efforts, results often led to weak correlations between micro-
bial communities and GHG emissions, especially for CO,
emissions. For example, the carbon mineralization activity
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Table 1. List of studies examining microbial community dynamics and the related CO, and CHj fluxes in the Arctic tundra

Reference in situ or incubation Site (country) Method Findings
Buckeridge et al. in situ Daring Lake, Northwest Fumigation CO, and CHj fluxes varied whereas microbial biomass
(2010) Territories (Canada) 8 was stable
= Anaerobic . . . - CO;, emission rates were high in organic soils where
Capek et al. (2015) incubation Taymir peninsula (Russia) ~ Fumigation sttt e I
Didkova et al. Anaerobic Seida (Russia) Fumigation CO; emission rates were high in organic soils where
(2016) incubation & microbial biomass is high
Larsen et al. (2007) in situ Abisko (Sweden) it Microbial biomass did not correlate with CO, emission

rates

Biasi et al. (2005)

Aerobic incubation Gdansky-Peninsula (Russia) PLFA

Higher CO, emission was related to a shift in microbial
community structure

Wagner et al. Anaerobic

CH; emission and microbial community structure did not

(2005) incubation Lena Delta(Russia) LELLIEEL show correlations
Ganzert et al Anaerobic Methanogenic community was shifted from mesophilic to
’ . . Lena Delta (Russia) DGGE psychrotolerant with soil depth, which affected CH, pro-
(2007) incubation ducti
uction rates
Hoj et al. (2005, o Spitsbergen, Svalbard Variations in CH,4 emissions were correlated with
in situ DGGE .
2006) (Norway) archaeal community structure

Steven et al. (2008) in situ

Eureka, Nunavut (Canada) DGGE

Variations in CO, emission were not correlated with
microbial diversity and composition

Hoj et al. (2008) Anaerol?lc Solvatnet, Svalbard FISH, DGGE Methanoger}lc abl}ndance, diversity, and CH, production
incubation (Norway) increased with rising temperature

Liebner and Wagner . . . Vertical distribution of methanotrophic bacteria was

(2007) in situ Lo Dt . (st L1 correlated with CH,4 concentrations

Negandhi et al. in situ Bylot Island, Nunavut Amblicon sequencin. Abundance of methanogens and CH, emissions increased

(2013) (Canada) P q € in thawed ponds

Allan et al. (2014) Anaerol.)lc Various locations, Nunavut Ampliconisequencing Methanogen diversity 1ncre'flsed with CH, production
incubation (Canada) rates upon permafrost thawing

Christiansen ef al B S el s

(2015) " anaerobic Flakkerhuk (Greenland) Amplicon sequencing Different methanotrophic groups affect CH, fluxes
incubation

Liebner et al. in situ, anaerobic

Bottemyra (Norway)

Amplicon sequencing

Methanogenic gene abundance and CH, production rates

(2015) incubation increased upon permafrost thawing

McCalley et al. o . q ] Acetoclastic methanogenic gene abundance and CHy

(2014) in situ Siramdfitar s (s ) £ s EqETE g emission rates increased upon permafrost thawing
Anaerobic Adventdalen, Svalbard Amplicon sequencing, Vertical distribution of microbial communities was

Miiller et al. (2018)

incubation (Norway)

metagenome

correlated with CO, fluxes

Tas et al. (2018) in situ Barrow, Alaska (USA)

Amplicon sequencing, CO, and CH, fluxes and microbial functions were

metagenome affected by landscape topography in polygonal tundra
. L Methanogenesis genes and methanogen genomes were

Lipson et al. (2013) in situ Barrow, Alaska (USA) Metagenome ekl Gl pead e mie

. Shifts in Microbial, phylogenetic, and functional gene
Mackelprang et al. Anaeroblc Hess Creek, Alaska (USA)  Metagenome abundances, as well as pathways including CH, oxidation
(2011) incubation . .

rates shifted upon permafrost thawing

Singleton et al. in situ SaknmtaEnet) Metagenome, Most active CHy oxidation occurred below the
(2018) metatranscriptome oxic-anoxic interface of thawed bog

. . Metatranscriptome,  Temperature increase modified CH4 production rates by
Tveit et al. (2015) AT S D LERe) metagenome, modulating metabolic and trophic interactions of Arctic

incubation (Norway)

metabolic profiling

peat microbiota

Abbreviations: PLFA, phospholipid fatty acid; DGGE, denaturing gradient gel electrophoresis; FISH, fluorescence in situ hybridization.

(which emits CO, as a result) in permafrost soils was not cor-
related with changes in microbial diversity and community
composition (Steven et al., 2008). Furthermore, there was no
apparent relationship between CH, production and the me-
thanogenic or whole microbial community structure (Wagner
et al., 2005; Ganzert et al., 2007). This is largely because many
previous studies relied on DNA-based approaches, which can
reveal microbial metabolic potential, but cannot identify ac-
tive microbes at the time of sampling. In addition, quantify-
ing microbial parameters that affect CO, emissions is espe-
cially challenging since lots of microbes produce CO, by res-
piration and it is tough to define who is involved.

The application of recent multi-omics approaches enabled
researchers to closely associate GHG emissions with active
microorganisms, by providing process-level information about
the transcripts and proteins expressed by microbes. For ex-
ample, CO, and CH,4 dynamics were linked to transcript-
level changes in the soil microbiome, and the inferred asso-
ciation was interpreted together with metabolic profiles (Tveit
et al., 2015). The in situ dynamics and isotopic fractionation
of emitted CHy4 were related to key microbial players at the
species-resolved level using a genome-centric approach (Mc-
Calley et al., 2014; Woodcroft et al., 2018). With the help of
these recent omics approaches, we can better understand
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the relationship between active microbes and CO, and CH,4
emissions, however, the acquired information is still incom-
plete since the inference was largely made by correlation-
based approaches, which need further evidence to prove ge-
nuine causal relationships. Targeted approaches, such as sta-
ble isotope probing (SIP), can be a way to directly link active
microbes to CO; and CH, emissions. SIP usage is quite com-
mon in microbial ecological studies, but surprisingly, only a
few studies have applied it to the Arctic tundra microbiome
(Pinnell et al., 2014; Tuorto et al., 2014; Verastegui et al.,
2014). The combination of DNA-SIP and gas isotope meas-
urements can simultaneously track the dynamics of both mi-
crobial communities and gas fluxes (Martinez-Cruz et al.,
2017), however, there are still challenges to be able to show
clear and refined relationships between the two. Although
the abundance changes in the isotope assimilated microbial
population can be successfully tracked, CO, and CH4 emis-
sions sometimes cannot be explained solely by their activi-
ties and the associated changes in biogeochemistry, since iso-
tope-assimilated microbes (active microbes) are usually en-
gaged in a complex network of soil food webs, and their func-
tional role is eventually determined by their interactions with
neighboring populations. For example, quorum sensing, which
is a cell density-dependent communication mechanism be-
tween microbes, was recently reported in an aerobic meth-
ane-oxidizing bacterium (Puri et al., 2017). Furthermore, an
increased microbe grazing activity by soil protists was shown
to be one of the important regulating processes determining
methane metabolism under anaerobic conditions (Tveit et
al., 2015).

Conclusions and future directions

In recent decades, the Arctic has been rapidly warming at a
higher rate than in the lower latitudes, which may lead to the
permafrost thawing and ground ice melting. These changes,
in turn, may dramatically reshape terrestrial landscapes and
the distribution of surface water in the Arctic, both spatially
and temporally. One of the major concerns in the warming
Arctic is the increase in GHG emissions mediated by climate-
driven changes, such as thaw-induced changes, in terrestrial
ecosystems. This review described changes in the soil mi-
crobiome and CO, and CH, fluxes following permafrost
thawing, and the subsequent modifications in soil hydrology.

CH, CO,
I 1

Previously ice

In wetter conditions, the abundances of Bacteriodetes, Chlo-
roflexi, Firmicutes, methanogens, and methanotrophs have
been found to increase, which may enhance anaerobic SOM
degradation as well as CH,4 emissions. In drier conditions,
however, the abundances of Acidobacteria and Alphaproteo-
bacteria have been shown to increase, and those of metha-
nogens and methanotrophs have been shown to decrease,
which may accelerate aerobic SOM degradation and CO;
emission, but reduce CH, emission, usually resulting in neg-
ative CHy fluxes, i.e., atmospheric CH4 being taken up by
soils (Fig. 3).

With the recent application of meta-omics technologies,
previously unknown diversity and in situ activities of mi-
crobial communities in the Arctic tundra have begun to be
uncovered. In addition, the key microbial players and meta-
bolic processes in the active layer and thawing permafrost
have been further elucidated using the combined measure-
ments of geochemistry, metabolites, and CO, and CH4 emi-
ssions. Even though some general patterns in the soil micro-
biome and CO, and CHj fluxes have been observed in res-
ponse to permafrost thawing and the subsequent hydrological
changes, the diverse and sometimes opposing patterns, de-
pending on the tundra types and environmental variations,
suggest a complexity that may further increase with a range
of thaw-induced scenarios. Furthermore, insufficient genomic
and proteomic information on the Arctic microbiome hin-
ders the in-depth analyses of meta-omics data. Thus, a de-
tailed understanding of microbial metabolic interactions calls
for more laboratory-based physiological studies coupled with
high-resolution metabolic profiling. Consideration of micro-
bial interactions with other taxa, for example biotic inter-
actions with other soil taxa such as soil protists, is also essen-
tial to understand and predict ecosystems’ responses, such
as GHG emissions, to changes in the climate. Moreover, it
would be beneficial to obtain comprehensive information
from various locations that represent diverse Arctic ecotypes,
as well as on multiple scales from a fine scale, e.g., microbial
community dynamics in soil aggregates or microhabitats,
to an ecosystem scale. Considering that CO, and CH, fluxes
are regulated to a large extent by microbial community dy-
namics together with other environment variables, future
research should be carried out incorporating in vitro and in
situ studies to gain a mechanistic understanding of microbial
processes and the associated community changes, which will
enable us to better understand GHG dynamics.

Fig. 3. A schematic showing changes in the
soil microbiome and GHG fluxes in wetter
versus drier conditions following a perma-
frost thaw.

CH, CO,
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