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Northern-latitude tundra soils harbor substantial carbon (C) stocks
that are highly susceptible to microbial degradation with rising
global temperatures. Understanding the magnitude and direction
(e.g., C release or sequestration) of the microbial responses to
warming is necessary to accurately model climate change. In this
study, Alaskan tundra soils were subjected to experimental in situ
warming by ~1.1 °C above ambient temperature, and the micro-
bial communities were evaluated using metagenomics after
4.5 years, at 2 depths: 15 to 25 cm (active layer at outset of the
experiment) and 45 to 55 cm (transition zone at the permafrost/
active layer boundary at the outset of the experiment). In contrast
to small or insignificant shifts after 1.5 years of warming, 4.5 years
of warming resulted in significant changes to the abundances of
functional traits and the corresponding taxa relative to control
plots (no warming), and microbial shifts differed qualitatively be-
tween the two soil depths. At 15 to 25 cm, increased abundances
of carbohydrate utilization genes were observed that correlated
with (increased) measured ecosystem carbon respiration. At the
45- to 55-cm layer, increased methanogenesis potential was ob-
served, which corresponded with a 3-fold increase in abundance of
a single archaeal clade of the Methanosarcinales order, increased
annual thaw duration (45.3 vs. 79.3 days), and increased CH, emis-
sions. Collectively, these data demonstrate that the microbial re-
sponses to warming in tundra soil are rapid and markedly
different between the 2 critical soil layers evaluated, and identify
potential biomarkers for the corresponding microbial processes
that could be important in modeling.

tundra | metagenomics | permafrost | climate change | soil microbiology

Representing only ~16% of Earth’s terrestrial surface,
northern-latitude permafrost soils and their overlaying active
layers harbor an estimated 1,672 to 1,832 Pg of carbon (C), which
accounts for ~50% of the global soil organic C (SOC) reservoir
(1, 2). This large C stock has accumulated and been preserved
for thousands of years, primarily due to low temperatures and
frozen conditions, which constrain microbial SOC mineralization
(3, 4). Elevated atmospheric greenhouse gas concentrations are
increasing global temperatures, and northern-latitude areas are
experiencing a rate of warming that is more than twice the global
average (5). As a result, regionally widespread and ongoing
permafrost thaw is being observed (6-9). It has been estimated
that permafrost could recede further by 30 to 70% by the end of
the 21st century (10, 11). This alleviation of prior abiotic con-
straints is expected to stimulate microbial processes resulting in
the release of greenhouse gases, primarily CO, and CH,4, which
could further exacerbate climate warming (i.e., cause positive
feedback) (12-14). However, efforts to delineate microbial pro-
cesses to improve future climate change predictions are hampered
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by the enormous complexity and heterogeneity of soil microbial
communities and knowledge gaps regarding the microbial meta-
bolic functions and their controls that operate in situ.
Furthermore, performing field warming experiments at north-
ern latitudes is particularly challenging due to the remoteness of
these sites and weather conditions. Previous investigations of
laboratory-incubated permafrost soils under elevated temper-
atures reported shifts in community structure and functioning
toward increased carbon respiration, even over a short period of a
few weeks (15, 16). The relevance of these laboratory findings for
in situ processes, however, remains speculative because the labo-
ratory incubations cannot simulate closely the complexity of the
natural environment, especially at the deeper soil layers that
harbor older carbon stocks. Increasing temperatures and active
layer thickness (i.e., an extension of maximum annual thaw depth)
also affect other components of the soil, such as redox conditions,
water availability, nutrient cycling, and aboveground vegetation
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(17-20). These physicochemical alterations, in turn, can result in
additional, indirect effects of warming to soil microbes and their
activities. However, such effects remain poorly understood and
quantified to date.

More specifically, gradual shifts in vegetative communities can
alter soil physical conditions, establish new plant-microbe sym-
bioses, promote oxygen and or methane transit, and change the
amount and type of plant material returned to soil (21-24). A
combination of soil warming and redox conditions favorable for
energy-yielding activities can result in a more rapid release of
CO; from tundra soils (25, 26). Under lower potential redox
conditions, microbes might degrade SOC by gradually using
electron acceptors with declining redox potentials, leading to
conditions more suitable for methanogenesis. This can result in
lower C loss compared with aerobic conditions and yet have
greater feedback to climate due to larger CH4:CO, ratio of
emissions (26). Hence, the microbial and environmental features
that serve as potential candidates for ecosystem-level evaluation
of soil C release are vast and interconnected. Elucidating the key
microbial processes and their environmental controls operating
in situ requires an integrated approach that takes into account
and measures the above parameters. Importantly, which of the
microbial processes mentioned above—for example, aerobic/
respiring vs. reducing/methanogenic pathways—prevail in northern
latitudes and how fast these processes could be accelerated (or
not) by warming remain essentially unknown. An improved un-
derstanding of the microbial clades and activities involved could
help predict greenhouse gas fluxes and lead to an improved as-
sessment of ecosystem-scale responses to climate warming (27).

To advance these issues, the Carbon in Permafrost Experi-
mental Heating Research (CiPEHR) site was established in a
discontinuous permafrost region in Interior Alaska in 2008 and
represents the first in situ experiment to promote surface per-
mafrost degradation without delaying spring soil melt (28, 29). In
warmed plots, soil is insulated from frigid conditions during the
winter months with snow that accumulated on the windward side
of plastic mesh snow fences built by our team (SI Appendix, Fig.
S1). This results in soil temperatures that are elevated year-
round and also in the warming of deep soil, a manipulation
not typically achieved with previous tundra warming experi-
ments. Previous reports by our team demonstrated rapid physi-
ological responses of belowground microorganisms after just
2 winters of experimentation at this site. However, community-
wide shifts in microbial structure were less discernible at this
early stage, perhaps due to a lag between physiological responses
and corresponding shifts at the DNA level (30, 31). In this study,
shotgun-metagenomic sequencing was used to assess responses
of soil community structure after 4.5 y of experimental warming
and gain insights into the undergoing in situ processes at 2 criti-
cal depths: 15 to 25 cm (preexisting active layer) and 45 to 55 cm
(approximately the active layer/permafrost boundary at the ini-
tiation of experiment, which has since receded downward). The
specific hypotheses tested with these data were: (i) microbial
communities at the receded permafrost boundary layer depth
will be more sensitive to elevated temperatures; (ii) at both soil

Table 1.

Annual thaw

Sample group duration (d)

Growing season
2012 temperate (°C)

depths studied, community functions stimulated by increased
temperatures will include traits for the release of CO, and/or
CH,; and (iii) warming-induced changes in the relative abun-
dances of traits involved in CO, or CH, release will be relatable
to increased gas fluxes measured at the CiPEHR site and the
surrounding region.

Results

Environmental Indices. Experimental warming by means of in-
creased winter snow cover resulted in a year-round elevation in
soil temperature. For example, warming treatment plots were
1.02 and 1.11 °C warmer than control plots at 15- to 25-cm and
45- to 55-cm soil depths, respectively, during the growing season
before sampling (from May to September; sampling took place
in May; linear mixed-effects model [LME] used in conjunction
with Tukey’s honest significant difference [HSD] test, P < 0.05)
(Tables 1-3). Experimental warming also increased annual thaw
duration from 104.2 to 112.2 d at the 15- to 25-cm depth (7.7%
increase; nonsignificant with the LME model, but P < 0.05 using
paired ¢ test) and from 45.5 to 79.3 d in the 45- to 55-cm depth
(74.4% increase; LME, P < 0.05). The mean thaw depth at the
time of sampling in May 2013 was 18.3 and 23.0 cm in control
and experimentally warmed plots, respectively (LME, P < 0.05).
Experimental warming also increased mean aboveground plant
biomass by 25.2%, increased volumetric water content slightly,
and increased bulk density at the 45- to 55-cm depth profile
(LME, P < 0.05). For aboveground plants, warming decreased
lichen biomass by 41.8% on average (paired ¢ test, P < 0.05), and
increased the average biomass of Eriophorum vaginatum and
Rhododendron tomentosum by 81.2% and 23.3%, respectively
(paired ¢ test, P < 0.05).

Broad Microbial Community Indices. On average, 8.1 Gbp (billion
base pairs) of sequencing effort per sample was obtained for
12 soil communities representing the 15- to 25-cm soil depth
(6 warming, 6 control) and 5.8 Gbp per sample for 12 commu-
nities representing the 45- to 55-cm depth (SI Appendix, Table
S1). Using Nonpareil 3 (options: -T kmer -k 32 -X 100000), the
average estimated coverage of the microbial communities
assessed with sequencing was 0.52 for 15- to 25-cm and 0.62 for
45- to 55-cm soil communities (SI Appendix, Fig. S2) (32). These
coverage values suggest that, beyond the sequencing depth
achieved, there is 52% and 62% likelihood that the additional
sequences obtained would be redundant with ones already ob-
served. The level of coverage obtained here (52 to 62%) should
be appropriate for comparisons (e.g., low false-negative rate),
with unsampled diversity presumably representing comparatively
rarer taxa (33, 34). Experimental warming resulted in a near-
significant increase in Nonpareil-derived sequence diversity Nd
at the 45- to 55-cm depth, a metric that correlates well with
a-diversity assessed by traditional metrics and is advantageous
for shotgun metagenomic data (paired ¢ test, P < 0.1) (SI Ap-
pendix, Fig. S3). MicrobeCensus was used to evaluate whether or
not shifts in average genome size of the community due to the
experimental warming could account for observed shifts in

Temperature and annual thaw duration of the experimental groups of the study

Winter 2012/2013
temperature (°C)

May 2013
temperature (°C)

15 to 25 cm Control 104.2 + 1.7¢ 2.59 + 0.29° -1.15 + 0.16° -0.62 + 0.1°

15 to 25 cm Warmed 112.2 + 1.8° 3.61 + 0.12¢ -0.66 + 0.07 ©* -0.26 + 0.04°
45 to 55 cm Control 455 + 4.6% 1.08 + 0.28° -0.86 + 0.13 ®° -0.73 + 0.13°
45 to 55 cm Warmed 79.33 + 5.55° 2.19 + 0.39° -0.42 + 0.04° —-0.3 + 0.05°

Values are given as the mean =+ the SEM derived from 6 replicate measurements. Superscript letters are used to distinguish sample
groups that were significantly different (adjusted P < 0.05); values with superscript letters differing from letters assigned to other
values designate a statistically significant difference between sample groups (i.e., treatment and depth). Statistical significance was
determined using a linear mixed-effects model (where experimental fence was treated as a within-subjects factor), in conjunction

with Tukey’s HSD test.
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Table 2. Summary of soil physiochemical measurements for the experimental groups of the study

Sample group Soil moisture Bulk density Total N (%) Total C (%)
15 to 25 cm Control 0.74 + 0.04° 0.25 + 0.04° 1.58 + 0.11° 33.4 + 3.4°
15 to 25 cm Warmed 0.75 + 0.03° 0.23 + 0.03° 1.59 + 0.07° 346 + 1.3°
45 to 55 cm Control 0.39 + 0.06° 0.74 + 0.17° 0.65 + 0.19° 16.0 + 4.1°
45 to 55 cm Warmed 0.31 + 0.03% 1.19 + 0.19° 0.46 + 0.11° 12.4 + 3.0°

See Table 1 legend.

a-diversity or functional gene content (35). Such effects as a result
of warming were not observed, but our analysis did reveal smaller
genomes, on average, for microbial populations comprising the
45- to 55-cm soil depth compared with those at 15 to 25 cm
(average of 4.7 Mbp vs. 6.7 Mbp; LME, P < 0.001) (SI Ap-
pendix, Table S1).

Soil Community Taxonomic Composition. The relative 16S rRNA
gene-based sequence abundance (metagenome derived) of Ar-
chaea was 1.69 + 0.09% (mean + SEM) and 2.64 + 0.21% in 15-
to 25-cm and 45- to 55-cm soil depths, respectively (LME, P <
0.05) (Fig. 1B and SI Appendix, Table S2). The archaeal com-
munity at the 15- to 25-cm depth was mostly represented by
phyla Thaumarchaeota, followed by Euryarchaota at 1.11 +
0.16% and 0.42 + 0.13%, respectively. For the 45- to 55-cm layer,
archaeal 16S rRNA gene sequences were mostly represented by
Euryarchaeota and Crenarchaeota at 2.31 + 0.22% and 0.23 +
0.05%, respectively. Warming had no significant effect on the
relative abundance of Archaea at the 15- to 25-cm depth (LME,
P > 0.1), but increased archaeal abundance by a mean of 39% at
45 to 55 cm (2.21 + 0.24% in control vs. 3.07 + 0.27% in warmed
soils; LME, P < 0.05). This increase was primarily driven by an
increase in the abundance of the archaeal phylum Euryarchaeota
(1.90 + 0.27% vs. 2.73 + 0.25%), and more specifically, the order
Methanosarcinales, which was ~3-fold more abundant in experi-
mentally warmed plots at this soil depth (0.54 + 0.14% vs. 1.61 +
0.38%; LME, P < 0.05). Notably, a very strong correlation was
observed between the relative abundance of Methanosarcinales and
annual thaw duration (squared root regression R* = 0.895, P <
0.001) (Fig. 1C). Most of the 18 bacterial phyla with mean rel-
ative abundances >0.1% across all 24 soil samples differed sig-
nificantly between 15- to 25-cm and 45- to 55-cm soil
communities in relative abundance (excluding only Thermotogae,
Lentisphaerae, Armatimonadetes, and Actinobacteria; LME, P <
0.05) (Fig. 14 and SI Appendix, Fig. S4). At 15 to 25 cm, warming
only significantly increased the relative abundance of Verruco-
microbia (8.0 = 0.7% vs. 10.4 + 0.6% relative abundance in
control and warmed samples, respectively; P < 0.05). In contrast,
at 45 to 55 cm, experimental warming resulted in significant shifts
(P < 0.05) to phyla Proteobacteria (23.4 +2.4% vs. 30.4% =+ 3.4),
Actinobacteria (31.0 = 4.1% vs. 20.6 + 3.0%), and Micro-
genomates (0.2 + 0.05% vs. 0.8 + 0.2%).

Consistent with the abovementioned results, at 45 to 55 cm,
experimental warming resulted in significant community-wide
shifts in taxonomic p-diversity based on abundance weighted
Jaccard distances of phylum-level community composition
(analysis of similarities [ANOSIM] and multiresponse permuta-
tion procedures [MRPP], P < 0.05) (Fig. 2 and Table 4). There
was also a significant relationship between p-diversity (derived
from either UniFrac or Jaccard distances) and annual thaw du-
ration or depth of thaw at time of sampling (Adonis, P < 0.05).

There were no significant relationships between experimental
treatment or thaw indices and 16S rRNA gene-based or phyla-
based evaluations of community structure for samples repre-
senting the 15- to 25-cm depth, similar to observations of this
depth made after just 2 winters of experimental warming (30).

Shifts in Energy-Yielding Metabolisms with Experimental Warming. In
addition to the observed shifts in microbial community phylo-
genetic structure for 45- to 55-cm metagenomes, experimental
warming shifted community functional gene content (summa-
rized as Carbohydrate-Active enZYmes [CAZy] families or Kyoto
Encyclopedia of Genes and Genomes, or KEGG, Orthology [KO]
terms) (ANOSIM, P < 0.05 or P < 0.1) (Fig. 2 and Table 4). Also
for this depth, p-diversity based on KO terms was significantly
associated with annual thaw duration and measured thaw depth at
time of sampling (Adonis, P < 0.05). For 15- to 25-cm soils,
warming only significantly altered community p-diversity reflecting
the composition of genes involved in carbohydrate metabolism and
binding (i.e., CAZy protein families; MRPP, P < 0.05; ANOSIM,
P < 0.1), and no significant relationships between functional
structure and thaw indices for this depth were identified.

Furthermore, for 15- to 25-cm communities, experimental
warming increased the relative proportion of functional genes
matching to CAZy reference sequences by 7.9% (LME, P <
0.05) (Fig. 34). This included a 12.0% increase in glycoside hy-
drolase genes, a 2.6% increase in glucosyltransferase genes, an
8.1% increase in carbohydrate binding genes, an 8.9% increase
in carbohydrate esterase gene, and a 20.8% increase in poly-
saccharide lyase genes (LME, P < 0.05) (Fig. 3 B and C). These
results were generally consistent with Gene Ontology (GO)
process categories involving the catabolism of various organic
matter substrates (Fig. 3D). Of the 25 categories based on these
definitions that differed by >10% between control and warmed
15- to 25-cm soils, 22 of 25 were more abundant in experimen-
tally warmed metagenomes, with 4 having an adjusted P < 0.05
with LME. Similar shifts were not found between warmed and
control 15- to 25-cm soils from the 1.5-y collection (SI Appendix,
Fig. S5). While warming also shifted community p-diversity of
CAZy families at the 45- to 55-cm depth, there was only a significant
3.1% increase in the abundance of glucosyltransferase genes at
this depth (LME, P < 0.05).

Warming of the 15- to 25-cm soil layer did not result in any
KO term that changed in abundance with an adjusted P < 0.05
(using DESeq2) (Datasets S1 and S2). However, of the 3,274
KO terms with abundances adequate for P value assignment in
DESeq2, 162 KO terms differed significantly (adjusted P < 0.05)
and another 153 differed near-significantly (adjusted P < 0.1) be-
tween control and warmed soil community samples at 45 to 55 cm.
Also for the 45- to 55-cm depth, the abundances of 490 KO terms
increased or decreased significantly across a gradient of annual thaw
duration, and another 301 KO terms displayed a near-significant

Table 3. Summary of soil physiochemical measurements for the experimental groups of the study

Sample group Plant biomass (g) Thaw depth (cm)

Water table depth (cm) Volumetric water content (%)

582.3 + 24.9°
728.9 + 64.6°

18.3 + 0.52
23.0 + 1.6°

Control plots
Warmed plots

22.96 + 2.03%
22.29 + 4.84°

28.07 + 0.14°
29.21 + 0.55P

See Table 1 legend.
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Student’s t-distribution (r = 0.946, df = 11).

change with thaw duration. These shifts included a broad increase in
functions involved in methanogenesis (or potentially, reverse
methanogenesis) (36) between control and experimentally warmed
communities (Fig. 44). This evaluation was primarily based on
KEGG modules M00567, M00357, M00356, and M00563, corre-
sponding to methanogenesis from CO,, acetate, methanol, and
methylamines (37) (Fig. 44). Among these shifts, the largest and
consistently significant responses were observed for KO terms
specific to methanogenesis from acetate, which increased on
average by 170%. There were also strong correlations between
the abundance of archaeal order Methanosarcinales and KO
terms for methanogenesis from acetate (R* = 0.93; P < 0.01).

Increased temperatures or extended annual thaw of 45- to 55-cm
soils also increased the relative abundances of genes involved
in dissimilatory sulfate reduction and dissimilatory nitrate re-
duction to ammonium (adjusted P < 0.05 or 0.1 with thaw
or treatment) (Fig. 4B), but resulted in no significant changes in
denitrification genes norB and nosZ. The opposite trends were
observed for KO terms specific to assimilatory nitrate reduction
and assimilatory sulfate reduction (Fig. 4B), implying more re-
ducing redox conditions upon warming and permafrost thawing.
An increase in the abundances of genes involved in dissimilatory
sulfate reduction was largely attributable to the Proteobacteria
order Syntrophobacterales, a clade with many known sulfur-
reducing taxa, which increased in abundance from 1.0 to 2.5%
with experimental warming (P < 0.005). Consistent with this, a
recovered metagenome-assembled genome (MAG) belonging to
Syntrophobacterales was found to possess genes for respiratory
sulfur reduction (dsrAB, aprAB).

DESeq?2 analysis revealed statistically significant decreases in
the relative abundances of cytochrome ¢ oxidase genes with an
average 2012 growing season temperature for 45- to 55-cm soils,
even when controlling for thaw indices, consistent with more
reducing conditions. Multiple linear regression analysis revealed
that average summer 2012 temperature and thaw depth had
significant independent (controlling for the other variable) as
well as additive negative associations with the abundances of
cytochrome ¢ oxidase genes (multiple R* > 0.8; P < 0.001) (Fig.
5A), and conversely, positive associations with genes involved in
methane production from acetate (multiple R = 0.85; P <
0.0005) (Fig. 5B). The total relative abundance of all CAZy
functions in 15- to 25-cm communities, as well as those belonging
specifically to carbohydrate binding or glycoside hydrolase

Johnston et al.

modules, had significant positive correlations with cumulative
ecosystem respiration in the month following sampling (June
2013) (t-distribution, r > 0.6, P < 0.05) (see also Fig. 5C).

Recovery of MAGs. Assembly and population genome binning led
to the recovery of 173 MAGs with a quality score >60 (calculated
as completeness — 5 X contamination based on CheckM) (38, 39)
(SI Appendix, Tables S3 and S4). These medium- to high-quality
MAG:s collectively recruited 17.0% and 24.9% of the short reads,
on average, for the 15- to 25-cm and the 45- to 55-cm depth,
respectively (using default megablast alignment; >97% nucleo-
tide ID and >100-bp alignment). Dereplication of highly similar
MAGs based on FastANI (40) values of >95% resulted in the
consolidation of 74 nonredundant MAGs. This included 4 non-
redundant archaeal MAGs, all derived from 45- to 55-cm soil
metagenomes (SI Appendix, Fig. S6). Two archaeal MAGs
were identified as belonging to order Methanosarcinales and the
other two were assigned to Methanocellales based on taxonomic
identification with the Microbial Genomes Atlas (MiGA)
(SI Appendix, Fig. S7). Each archacal MAG possessed genes
involved in methanogenesis using CO,, acetate, and in one case,
methanol, as electron acceptors. One Methanosarcinales MAG
matched closely to ANME-2d taxa Candidatus Methanoperedens
sp. BLZ1 and BLZ2 (87.5% average nucleotide identity [ANI])
(41, 42) and was also assigned to genus Methanoperedens with
GTDB-Tk (SI Appendix, Table S4). Similar to the previously
recovered Candidatus Methanoperedens taxa, the CIPEHR MAG
possessed genes for reverse methanogenesis, nitrate reduction to
nitrite (narGH), a cytochrome c nitrite reductase (nrf4), as well as
nitrogenase genes nifHDK.

Among bacterial MAGs that shifted in abundance with warming,
there was a variable yet large 79% increase in the most dominant
bacterial population (making up ~1-2% of the total community) in
the 15- to 25-cm active layer with warming (paired ¢ test, P < 0.1),
which represented a member of the Acidobacteriaceae family
(53.1% amino acid identity [AAI] with Candidatus Koribacter ver-
satilis Ellin345 as determined with MiGA; assigned to family
Koribacteraceae with GTDB-TK) (SI Appendix, Fig. S8 and Table
S4). These results were consistent with smaller, nonsignificant shifts
observed after 1.5 y of experimentation for the same taxon. This
dominant MAG was previously found to be widespread throughout
Alaskan tundra and appears to encode diverse metabolisms for
labile and recalcitrant organic matter degradation (31).
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Fig. 2. Functional and phylogenetic shifts as an effect of experimental warming.

(A) Principle coordinates analysis (PCoA) plot of consolidated KO term annotations.
Underlying data are based on abundance-weighted jaccard distance matrix derived
from a KO term counts matrix. (B) PCoA plot of community phylogenetic com-
position. Underlying data are a weighted unifrac distance matrix of 16S rRNA
gene-encoding fragments recovered with Parallel-META and processed in the
QIIME software package, as described in Materials and Methods. (C) PCA plot of
Swiss-Prot gene annotations. Underlying data are based on a gene count matrix
consolidated from Swiss-Prot database references, which underwent variance-
stabilizing transformation using the DESeq2 package. The 24 samples shown in
the 2D plane of each plot are spanned by their first 2 principal components.

Discussion

Temperature increases as a result of experimental warming lasted
year-round and were moderately uniform between the depth
profiles evaluated here (15 to 25 and 45 to 55 cm) (Tables 1 and
2). Climate change and increased temperatures will undoubtedly
change numerous important aspects of tundra ecology, such as

thaw depth and plant community factors, which can lead to indirect
effects of warming on soil microbial community functioning (18, 25,
43). The magnitude and direction of the microbial responses to
these factors could vary considerably between depth profiles. Thus,
warming of deep soil extending down to the permafrost boundary
layer was a desirable outcome of our experimental warming ma-
nipulation. Experimental warming also increased annual thaw du-
ration by 7.7% (+8 d) (relative to control plots) at the 15- to 25-cm
soil layer and, in strong contrast, by 74.4% (+33.8 d) at the 45- to
55-cm layer for the year preceding sample collection.

Consistently, greater overall changes in community structure
were observed for 45- to 55-cm soil communities. This included
an ~3-fold increase in Methanosarcinales, a methanogenic order
and the most abundant archaeal clade observed in these soils.
The abundance of this Methanosarcinales was highly relatable
to annual thaw depth (R* = ~0.9, P < 0.001) (Fig. 1C) and
accompanied a comprehensive increase in the relative abun-
dances of methanogenesis genes (Fig. 44). The increase in the
relative abundance of these methanogens corresponded to in-
creased CH,4 emissions at the CiPEHR site due to our experi-
mental warming and nearby regions due to ambient warming.
For example, CH,4 release was considerably greater from ex-
perimentally warmed plots (44) in the same year that soil cores
were collected for the current study, and the warming effect from
CH,4 emissions is now larger than that from CO; in this general
area (the Eight Mile Lake region) (45).

Aerobic methane oxidation genes were fairly low in relative
abundance, and those that were over the detection limit of our
metagenomics effort did not shift in response to warming at
either depth (SI Appendix, Fig. S9). It is possible that methane
was consumed at a depth not evaluated in this study or by anaerobic
methane oxidizing microbiota that remain poorly understood (36,
46). Related to the latter, one of the recovered archaecal MAGs was
identified as a close relative to recently described ANME-2d taxa
(87.5% ANI to Candidatus Methanoperedens sp. BLZI) (41), and
possessed genes for reverse methanogenesis, dissimilatory nitrate
reduction to ammonia (DNRA), and nitrogen fixation (nitroge-
nase genes nifHDK). Previous reports have demonstrated nitrogen
fixation in ANME-2 Archaea (47, 48), but the presence of func-
tions for both DNRA and N,-fixation in an ANME-2d genome is
unique. This combination of traits (producing ammonium as a
waste product of DNRA while also capable of fixation of gaseous
N, to ammonium, which is energetically expensive) could signify a

Table 4. The effects of warming and thaw depth or duration on soil microbial community functional and phylogenetic structure

Adonis ANOSIM MRPP
Underlying data Distance metric Thaw time Thaw depth Warming treatment Warming treatment
15- to 25-cm Soil depth
16S-Based OTUs Weighted Unifrac 0.697 0.488 0.587 0.187
Phyla composition Bray—Curtis 0.463 0.165 0.398 0.442
Abundance-weighted Jaccard 0.455 0.479 0.915 0.747
KO terms Bray-Curtis 0.416 0.761 0.894 0.769
Abundance-weighted Jaccard 0.491 0.576 0.440 0.119
CAZy families Bray—Curtis 0.232 0.441 0.543 0.346
Abundance-weighted Jaccard 0.330 0.284 0.083 0.047
45- to 55-cm Soil depth
16S-Based OTUs Weighted Unifrac 0.011 0.006 0.186 0.120
Phyla composition Bray-Curtis 0.018 0.002 0.131 0.087
Abundance-weighted Jaccard 0.045 0.053 0.043 0.039
KO terms Bray—Curtis 0.048 0.069 0.091 0.139
Abundance-weighted Jaccard 0.010 0.006 0.099 0.068
CAZy families Bray—Curtis 0.170 0.152 0.014 0.142
Abundance-weighted Jaccard 0.523 0.445 0.095 0.438

Permutation procedure (MRPP) and analysis of similarity (ANOVA) were used to test the effect of experimental warming, and permutational multivariate ANOVA
(Adonis) was used to test the effect of thaw depth (at time of sampling; in centimeters) and the annual duration of thaw (in days of the year) on each community
metric. Numerical values represent probability scores (i.e., P values) resulting from each test. P < 0.1 are bolded to highlight significant and near-significant results.
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Fig. 3. Shifts in carbohydrate metabolism genes as an effect of experimental warming. Relative abundances of (A) all CAZy annotations, and CAZy modules
(B) glycoside hydrolases (GH), glycosyl transferases (GT), and (C) auxiliary activities (AA), carbohydrate binding (CBM), carbohydrate esterases (CE), and
polysaccharide lyases (PL). Underlying values represent the mean relative abundance of each category for each sample group (i.e., treatment x depth). The
abundances of CAZy functions were determined by normalizing the number of annotations matching to each broad definition by the number of annotations
matching to the more comprehensive Swiss-Prot database. Letters distinguish sample groups that were significantly different (adjusted P < 0.05); that is,
values with letters differing from letters assigned to other groups designate a statistically significant difference between groups. Significance was determined
using a LME model where experimental fence was treated as a within-subjects factor, in conjunction with Tukey’'s HSD test. (D) Shifts in the relative
abundances of genes involved in the catabolism of various organic matter substrates with 4.5 y of experimental warming at 15 to 25 cm. The relative
abundances of catabolic pathways were determined by matching Swiss-Prot references to GO Biological Process terms, and dividing the number of anno-
tations for each term by the total number of Swiss-Prot annotations. Bars reflect the mean relative abundance for each sample group (unwarmed, warmed) at
15 to 25 cm (n = 6) and error bars represent the SEM. Only pathways that differed between warmed and unwarmed soils by >10%, on average, are shown.

high degree of metabolic versatility or alternative functions asso-
ciated with these genes. Related to this, previous research has
provided some evidence of ANME taxa capable of both forward
and reverse methanogenesis (49); hence, it remains unclear what
role the ANME-2d population has in methane fluxes in these
tundra soils.

For the last decade (2008-2017), the majority of tundra hab-
itats have exhibited a 2 to 4.2 °C temperature increase above the
1950-1980 base period during cold seasons of the Northern
Hemisphere (November to April) (50, 51). Despite an increase
in background temperature that has continued to recede the
permafrost boundary layer in warmed and unwarmed plots, a
rapid and clear response of methanogenic taxa was nonetheless
observed in experimentally warmed plots. Elevated tempera-
tures and increased thaw were associated with independent as
well as additive declines in the abundances of O,-specific re-
spiratory metabolisms, such as cytochrome c¢ oxidase genes
(Fig. 54). The opposite trend was found for genes involved in
methane production from acetate (Fig. 5B), reflecting a shift
toward lower reduction potential. It is possible that accelerated
warming caused by our experimental set up caused a more thorough
depletion of electron acceptors compared with gradual warming
(i.e., recent ambient), due to a smaller period over, which the
acceptors can be replenished, resulting in a greater CH,4:CO, ratio
of emissions. A decline in redox conditions was also evidenced by
greater relative abundances of DNRA and dissimilatory sulfate re-
duction genes (Fig. 4B), and associated taxa, such as Proteobacteria
order Syntrophobacterales. Accompanying declines in assimila-
tory nitrogen and sulfur reduction genes observed under exper-
imentally warmed conditions at 45 to 55 cm could be due to
enhanced NH,* and S*~ production from dissimilatory reduction
pathways, and thus a selection of traits for direct acquisition of
these reduced compounds (Fig. 4B).

Warming also increased the biomass of E. vaginatum by 81%,
a plant species that excretes organic acids such as acetate that
can fuel CH, production, transit, and release (23). Another plant
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species known to fuel methanogens, Carex rostrata (23), is com-
mon in this field location, albeit with lower biomass. It is possible
that a greater response observed for genes specific to meth-
anogenesis from acetate compared with other methanogenesis
pathways (Fig. 44) is attributable at least in part to these types of
plant-microbe interactions. However, the associations between
plant and methanogens resulting in greater CH4 emission from
tundra habitats remains elusive (52, 53), and thus are topics
worthy of consideration in future studies.

At 15 to 25 cm, warming increased the total proportion of
community functional genes involved in carbohydrate metabolism
(Fig. 34), including glycoside hydrolases, glycosyltransferases,
carbohydrate esterases, carbohydrate binding, and polysaccharide
lyases (Fig. 3 B and C). Furthermore, the relative abundances of
these carbohydrate metabolism categories were relatable to in-
creased ecosystem respiration as a result of experimental
warming in the month following sampling (June 2013) (Fig. 5C)
(r> 0.6, P < 0.05). An early assessment of this depth profile after
1.5 y of experimental warming found a similar response using
GeoChip that was undetected or less obvious with metagenomic
analysis (30). Thus, the response observed here is consistent with
earlier observations, but also implies an ongoing change over
time (SI Appendix, Fig. S5). Consolidation of CAZy reference
sequences into family definitions also revealed a significant re-
lationship between warming treatment and the relative compo-
sition (i.e., p-diversity) of these functions (Table 4). Moderately
strong associations between the fraction of genes involved in
carbohydrate metabolism and the average 15- to 25-cm soil
temperature during the same month for which soils were col-
lected (May) (R* = 0.521; P < 0.01) and the average temperature
of the preceding winter season (R” = 0.478; P < 0.05) were also
observed. These direct associations between the community
fraction of genes involved in carbohydrate metabolism and soil
temperature were much stronger than correlations from other
broad environmental measure displayed in Tables 1-3, including
plant biomass (R* = 0.179 or less; P > 0.1), which increased by
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Fig. 4. Shifts in microbial energy-generating pathways as an effect of experimental warming. (A) Heatmap showing the relative abundances of genes
involved in methanogenesis (or potentially, reverse methanogenesis) for 45- to 55-cm depth soil metagenomes. KO terms under the “Core methanogenesis
genes” category represent those used by all methanogens. Other categories and KO terms refer to pathways involved in the usage of different electron ac-
ceptors to sustain methanogenesis, which are variable between methanogenic taxa. To emphasize differences between datasets, the values for each gene were
normalized by the mean relative abundance of all 12 of the 45- to 55-cm soil metagenomes (by rows). Subplots on the right of the heatmap represent the log,
fold-difference calculated for each gene, and are colored by whether differences between control and experimentally warmed soils were statitistical significant
(Right) or if there was a significant association between gene relative abundance and annual thaw duration (Left) (dark gray = adjusted P < 0.05; light gray =
nonadjusted P < 0.05; white = nonsignificant). Subplot on the top of the heatmap represents the annual thaw duration (i.e., days of the year soil was thawed) for
each plot represented by the corresponding metagenomes. (B) Heatmaps showing the relative gene abundances for assimilatory and dissimilatory nitrate and

sulfate reduction. Underlying data for A and B are communities respresenting 45- to 55-cm soil samples.

25.2% in experimentally warmed plots (Table 3) (paired ¢ test
P < 0.05). These results of stimulated functions involved in or-
ganic C turnover as a direct response to warming are somewhat
surprising, as recent C releases in an adjacent area were found to
result mostly from new SOC sources (17). This could suggest that
even with enhanced vegetative production, increases in the rel-
ative abundances of genes involved in carbohydrate metabolism
are nonetheless more attributable to soil temperature, at least in
frigid locations where microbial catabolic functions are con-
strained by cold conditions.

Conclusions and Future Perspectives

Our evaluation revealed a much greater susceptibility of soil
communities at the recently receded permafrost/active layer
boundary to further thaw and temperature increase; these re-
sponses contrasted with warming-induced changes to shallower,
preexisting active layer communities. Community metabolic
shifts in the deeper layer strongly indicated a stimulation of
methanogens, particularly those using acetate for CH4 pro-
duction, which was consistent with independent measurements
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of methane emissions from the same site (44). These effects were
not solely attributable to increased thaw depth or duration, but
were in conjunction with increased temperatures. If accelerated
warming results in more thorough depletion of electron accep-
tors than would occur under a more gradual thaw, it could result
in greater CH4:CO, of emissions, and thus stronger positive
feedback to climate change. Meanwhile, increasing CH, emis-
sions observed in this area now outweigh the warming potential
of CO, emissions and offsets C uptake by local plants (44, 45).
Furthermore, northern-latitude areas have experienced a rate of
warming over the past several decades that is much greater than
the global average. If responses under rapid vs. gradual warming
are dissimilar in potential CHy release, this could imply that
inferences made from natural thaw gradients (54) or geological
records may not serve as adequate predictors of future CHy re-
lease from tundra soils if warming continues at a rapid pace.
Shifts observed at the 15- to 25-cm layer were distinctly attrib-
utable to functions involved in carbohydrate metabolisms, were
most attributable to the direct effect of elevated temperatures,
and were also relatable to enhanced ecosystem respiration.
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While an increase in the abundance of methanogenic taxa
and genes certainly implies that these CHy-generating taxa
were active at some point, numerous environmental conditions
and biological factors (i.e., plants, methanotrophs) ultimately
determine methane emission vs. consumption. One archaeal
MAG closely matching the recently described ANME-2d taxa
possessed genes for reverse methanogenesis, DNRA, and ni-
trogen fixation. This combination of traits highlights un-
certainty regarding its role in N and C flux in tundra systems.
Hence, there remains a need to understand how susceptible
these soils are to CH4 loss and the microbial mechanisms in-
volved. Assessments of in situ microbial activity, such as
through the use of proteomics and transcriptomics of soils (16,
55, 56), can offer such insights regarding whole-community or
individual-taxon functioning. The emerging breadth of ap-
proaches enabling a more comprehensive investigation of soil
microbiota should further serve to unravel the complex re-
sponses and interactions between ecological attributes in
warming tundra ecosystems. An improved understanding of
warming tundra ecosystems will greatly improve our un-
derstanding of their contributions to ongoing climate change.
The gene and genome sequences reported here should help
facilitate proteomics and primer design for PCR assays that can
be used to precisely monitor the dynamics of responsive pop-
ulations in tundra and elsewhere, and further corroborate the
results reported herein.

Materials and Methods

Study Site Description and Sample Collection. The CiPEHR site was established
at a moist acidic tundra area in September 2008 in Interior Alaska near Denali
National Park in the Eight Mile Lake region (63°52'59”N, 149°13'32"W) in a
discontinuous permafrost region where permafrost thaw has been observed
in the past several decades. Experimental design and site description have
been described in detail previously (28); see also S/ Appendix, Fig. S1 for a
diagram and photos of the experimental fences. In brief, 3 experimental
blocks were located ~100 m away from each other. In each block, 2 snow
fences were constructed about 5-m apart in the winter. Snow fences were
made out of plastic mesh netting with ~2-inch? holes. The winter warming
treatment plots were located 5-m back from the leeward side of the snow
fences, while plots at the windward side of snow fences served as paired
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soil communities. (A) Independent and additive ef-
fects of thaw depth and average summer tempera-
ture on the relative abundances of cytochrome ¢
oxidase genes and (B) genes involved in methane
generation from acetate. (C) Cumulative June
2013 ecosystem respiration for each experimental
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energy generating metabolisms summarized as KO
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controls. Elevated temperatures resulted from thicker snow cover on the soil
surface and lower wind strength during the winter months. Accumulated
snow was removed in the spring before snow melt to maintain uniform
hydraulic conditions between winter warming and control treatments.

Air temperature from 2004 to 2013 ranged from a monthly average of
—18.0 + 1.8 °C in January to 13.4 + 0.5 °C in July, with an average annual
temperature of —2.7 + 0.4 °C. The mean annual precipitation was 378 mm
and the mean growing season precipitation from 2004 to 2013 was 216 +
24 mm (44). Only C; plant species were observed in this area; dominant
species include E. vaginatum, Vaccinium uliginosum, some other vascular
species, nonvascular feather moss, and lichen. In the experimental plots, the
upper 45 to 65 cm of soil was rich in organic C materials and below was
mineral soil with a mixture of glacial till and windblown loess. The active
layer depth was about 50 cm at initiation of the experiment but has since
expanded to lower depths (44, 45). Twelve soil cores, 6 each from warming
treatment and control plots, were collected using electric drills in the be-
ginning of the 2010 and 2013 growing season (May), 2 (1.5 y) and 5 winters
(4.5 y) after the start of the winter warming manipulation. Cumulative
ecosystem respiration for the month following sampling was based on half-
hourly chamber measurements used to evaluate net ecosystem exchange,
where nighttime net ecosystem exchange was taken as ecosystem respira-
tion (57). Additional information on site monitoring and characterization of
environmental indices can be found in S/ Appendix.

Soil DNA Sequencing and Read Processing. Soil DNA extraction, metagenome
library preparation, and sequencing of 4.5-y soil samples were performed
similarly to methods used for soils collected after 1.5y (31); see S/ Appendix
for details. The 4.5-y metagenome datasets were deposited in the European
Nucleotide Archive under study no. PRJIEB31848 (58). Accession IDs corre-
sponding to each sample metagenome are provided in S/ Appendix, Table
S1. Metagenomes representing the 1.5-y sample collection are available
under ENA project ID PRJIEB10725 (31). Metagenomic paired-end reads were
merged using PEAR (59) (options: -p 0.001). All merged and nonmerged
reads were then quality-trimmed with the SolexaQA package (60) (options:
-h 17; >98% accuracy per nucleotide position). Trimmed sequences used
downstream for functional annotation or taxonomic assignment were
truncated to 150 bp to avoid read-length biases.

Soil Community 16S rRNA Gene Analysis. For the assessment of taxonomic
composition, 16S and 23S rRNA gene fragments were first recovered from
metagenomes using SortMeRNA (61). The relative proportion of sequences
matching to bacterial vs. archaeal rRNA gene sequences from SortMeRNA

PNAS | July 23,2019 | vol. 116 | no.30 | 15103

ENVIRONMENTAL

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES

SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental

o
&
S
&
~
>
5
3
<
5
@
o
3
E)
>
2
1
o
k-l
3
S
€
H
3
)

was used to estimate the relative abundances of either domain. The relative
abundances of bacterial phyla were determined with Parallel-META 2.0 (62),
using SortMeRNA output sequences as input. Archaeal phyla abundances
were determined by aligning SortMeRNA output sequences against the
SILVA SSU database (v132) (63) using BLASTN alignment (BLAST+ v2.2.28;
options: -word_size 18) (64). Matches to archaeal sequences with >80%
nucleotide identity and >100-bp alignment length were retained. To assess
community phylogenetic structure, SortMeRNA output sequences were used
with the QIIME 1 software package (65) for closed-reference OTU picking
with UCLUST (options: -m uclust_ref -C -z) (66) against the SILVA SSU data-
base dereplicated at 99% nucleotide identity. Aligned SILVA reference se-
quences represented in the OTU table were then used to construct a
phylogenetic tree using FastTree (67). The resulting phylogenetic tree and
OTU count table was then used to generate a weighed UniFrac distance
matrix summarizing pairwise phylogenetic distances between communities.

Soil Community Functional Gene Assessment. Short nucleotide sequences were
searched against the Swiss-Prot (downloaded on November 27, -2016) (68)
and CAZy (downloaded on July 15, 2016) (69) reference databases using
DIAMOND BLASTX alignment (options: -k 1 -e 1E-5-sensitive) (70). Matches
to Swiss-Prot or CAZy reference sequences with a bit score >55 were
retained for further analysis. Independent count matrices were made to
summarize the results of alignment against either database. A reference
data file associating KO functions (KO terms) (37) to Swiss-Prot database
entries obtained from https://www.uniprot.org/downloads was used to
convert Swiss-Prot annotation counts into a more consolidated count matrix
of KO terms (available as Dataset S1). Swiss-Prot annotations were also
consolidated into GO categories as described previously (31). Annotations
to CAZy reference sequences were consolidated into a count matrix of
structurally related catalytic and carbohydrate-binding families. They were
also consolidated further into the 6 broad functional modules covered in the
CAZy database, including glycoside hydrolases, glycosyl transferases, auxil-
iary activities, carbohydrate binding, carbohydrate esterases, and poly-
saccharide lyases. For each sample metagenome, the abundances of
summarized CAZy definitions, as proportions of all functional genes, were
determined by normalizing the number of annotations matching to each
broad definition by the number of annotations matching to the more
functionally comprehensive Swiss-Prot database as well as the total number
of sequences originally used as query for functional annotation. For the
summarized count matrices of KO terms or CAZy enzyme families, compo-
sitional dissimilarity between samples was calculated with Bray-Curtis and
abundance-weighted Jaccard distance metrics.

DNA Assembly, Genome Binning, and MAG Quality Assessment. Metagenomic
sequences were assembled with IDBA-UD (71) (options:-mink 43-maxk
123-step 4-min_contig 300). Resulting contigs > 2.5 kbp were used
with MetaBAT2 (options:i-minCVSum 10) (72) and MaxBin2 (options:
-min_contig_length 2000) (73) to recover microbial population genomes. Be-
fore binning, Bowtie 2 was used to align short-read sequences to embled
contigs (options:—very-fast) (74) and SAMtools was used to sort and convert
SAM files to BAM format (75). Sorted BAM files were then used to calculate the
coverage (mean representation) of each contig in each sample metagenome.
The quality of each resulting MAG was evaluated with CheckM v1.0.3 taxon-
omy workflow for Bacteria and Archaea, separately (39). The result from either
evaluation (i.e., taxonomy workflow for Archaea or Bacteria) with the highest
estimated completeness was retained for each MAG. MAGs with a quality
score >60 were retained (from ref. 38; calculated as the estimated complete-
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region. Glob. Biogeochem. Cycles 23, GB2023 (2009).
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ness — 5 X contamination). FastANI (40) was used to estimate the ANI between
MaxBin 2 and MetaBAT 2 generated MAGs. For redundant MAGs obtained
independently from either binning method that matched at >95% ANI and
were derived from the same assembled metagenome, the MAG version with
the highest quality score or greatest overall size was retained while the other
was discarded. Protein-encoding genes from MAG contig sequences were
predicted with Prodigal (76) and the resulting nucleotide sequences were
searched against the Swiss-Prot database reference sequences using DIAMOND
BLASTX alignment as described above. Select MAGs were also processed using
the MiGA webserver for taxonomic assignment (77). MAGs uploaded to the
MiGA online webserver are freely available under MAGs project “AK Tundra”
for browsing of their amino acid identity relatedness, taxonomic classification
against named taxa, and quality of genome sequence (http://enve-omics.
ce.gatech.edu:3000/projects/22). MAG taxonomic assignments with MiGA
and European Nucleotide Archive accession IDs are provided in S/ Appendix,
Table S5. GTDB-Tk was also used for taxonomic assignment of MAGs (S/
Appendix, Table S4) and for generating phylogenetic trees for bacterial
(Dataset S3) and archaeal (Dataset S4) MAGs (78).

Statistical Analyses. With the R package nime (79), a LME model treating ex-
perimental fence as a within-subjects factor was used to evaluate differences
between experimental groups (15- to 25-cm unwarmed, 15- to 25-cm warmed,
45- to 55-cm unwarmed, 45- to 55-cm warmed) based on their environmental
indices, the relative abundances of Bacteria, Archaea, and their phyla, and the
relative proportions of summarized CAZy modules or broad GO biological
process terms. Tukey’s HSD test was used as a post hoc analysis for assessing
statistical significance of differences in the means of 4 treatments (15- to 25-cm
control, 15- to 25-cm warming, 45- to 55-cm control, and 45- to 55-cm warming).
ANOSIM and MRPP were used to evaluate the significance of compositional
differences between warmed and control community functional and phyloge-
netic structure at either depth. Adonis was used to identify statistically signifi-
cant associations between sample distances and pertinent environmental
indices (e.g., thaw depth at sampling, annual thaw duration). Significance of
correlations between metadata and certain community measures (metagenome
annotations) was assessed using a 2-tailed t-distribution. Tables with raw counts
of KO terms were processed with the DESeq2 software package (80) to identify
significant, differentially abundant functions between treatments within a depth
(where fence was treated as a within-subjects factor using design = ~ Fence +
Treatment) or using annual thaw duration as a continuous variable.
Benjamini-Hochberg P value correction (81) was used to account for false-
discovery rate arising from multiple comparisons. DESeq2 results are pro-
vided as Dataset S2. The R package Superheat (82) was used to illustrate the
relative abundances of annotations in conjunction with metadata and sta-
tistical results. The Im() function in R was used to perform multiple linear
regression to evaluate potential interactive effects between thaw depth and
average summer 2012 temperature on the relative abundances of genes
involved in energy-yielding metabolisms. Paired t test was used to compare
certain ecological factors that did not involve a depth component.

ACKNOWLEDGMENTS. This research was supported by US Department of
Energy Award DE-SC0004601 (to J.Z., Z.H., LW.,, Y.L, EA.GS., JM.T,, and
K.T.K.) and US National Science Foundation Awards 1356288 and 1759831
(to K.T.K.). We thank Joel Kostka for his feedback on this manuscript as well
as the Partnership for an Advanced Computing Environment at the Georgia
Institute of Technology, which enabled the computational tasks associated
with this study.

8. T. E. Osterkamp et al., Physical and ecological changes associated with warming
permafrost and thermokarst in Interior Alaska. Permafr. Periglac. Process. 20, 235-256
(2009).

9. V. E. Romanovsky, S. L. Smith, H. H. Christiansen, Permafrost thermal state in the polar
Northern Hemisphere during the international polar year 2007-2009: A synthesis.
Permafr. Periglac. Process. 21, 106-116 (2010).

10. E. A. G. Schuur, B. Abbott, Climate change: High risk of permafrost thaw. Nature 480,
32-33 (2011).

11. D. M. Lawrence, A. G. Slater, S. C. Swenson, Simulation of present-day and future
permafrost and seasonally frozen ground conditions in CCSM4. J. Clim. 25, 2207-2225
(2012).

12. M. Heimann, M. Reichstein, Terrestrial ecosystem carbon dynamics and climate
feedbacks. Nature 451, 289-292 (2008).

13. E. A. G. Schuur et al., Expert assessment of vulnerability of permafrost carbon to
climate change. Clim. Change 119, 359-374 (2013).

14. B. W. Abbott et al., Biomass offsets little or none of permafrost carbon release from
soils, streams, and wildfire: An expert assessment. Environ. Res. Lett. 11, 034014
(2016).

Johnston et al.


https://www.uniprot.org/downloads
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental
http://enve-omics.ce.gatech.edu:3000/projects/22
http://enve-omics.ce.gatech.edu:3000/projects/22
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901307116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1901307116

L T

/

1\

=y

Downloaded by guest on July 7, 2021

15.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

R. Mackelprang et al., Metagenomic analysis of a permafrost microbial community
reveals a rapid response to thaw. Nature 480, 368-371 (2011).

. M. J. L. Coolen, W. D. Orsi, The transcriptional response of microbial communities in

thawing Alaskan permafrost soils. Front. Microbiol. 6, 197 (2015).

. E. A. G. Schuur et al., The effect of permafrost thaw on old carbon release and net

carbon exchange from tundra. Nature 459, 556-559 (2009).

. L. D. Hinzman et al., Trajectory of the Arctic as an integrated system. Ecol. Appl. 23,

1837-1868 (2013).

. D. A. Lipson et al., Metagenomic insights into anaerobic metabolism along an Arctic

peat soil profile. PLoS One 8, 64659 (2013).

. F. Keuper et al., A frozen feast: Thawing permafrost increases plant-available nitro-

gen in subarctic peatlands. Glob. Change Biol. 18, 1998-2007 (2012).

H. P. Bais, T. L. Weir, L. G. Perry, S. Gilroy, J. M. Vivanco, The role of root exudates in
rhizosphere interactions with plants and other organisms. Annu. Rev. Plant Biol. 57,
233-266 (2006).

P. Grogan, S. Jonasson, Controls on annual nitrogen cycling in the understory of a
subarctic birch forest. Ecology 84, 202-218 (2003).

L. Strém, M. Mastepanov, T. R. Christensen, Species-specific effects of vascular plants
on carbon turnover and methane emissions from wetlands. Biogeochemistry 75, 65—
82 (2005).

C. E. Hicks Pries, E. A. G. Schuur, K. G. Crummer, Thawing permafrost increases old soil
and autotrophic respiration in tundra: Partitioning ecosystem respiration using 8('*) C
and A('®) C. Glob. Change Biol. 19, 649-661 (2013).

B. Elberling et al., Long-term CO2 production following permafrost thaw. Nat. Clim.
Chang. 3, 890-894 (2013).

H. Lee, E. A. G. Schuur, K. S. Inglett, M. Lavoie, J. P. Chanton, The rate of permafrost
carbon release under aerobic and anaerobic conditions and its potential effects on
climate. Glob. Change Biol. 18, 515-527 (2012).

C. K. McCalley et al., Methane dynamics regulated by microbial community response
to permafrost thaw. Nature 514, 478-481 (2014).

S. M. Natali et al., Effects of experimental warming of air, soil and permafrost on
carbon balance in Alaskan tundra. Glob. Change Biol. 17, 1394-1407 (2011).

S. M. Natali, E. A. G. Schuur, R. L. Rubin, Increased plant productivity in Alaskan
tundra as a result of experimental warming of soil and permafrost: Increased plant
productivity in Alaskan tundra. J. Ecol. 100, 488-498 (2012).

K. Xue et al., Tundra soil carbon is vulnerable to rapid microbial decomposition under
climate warming. Nat. Clim. Chang. 6, 595-600 (2016).

E. R. Johnston et al., Metagenomics reveals pervasive bacterial populations and re-
duced community diversity across the Alaska tundra ecosystem. Front. Microbiol. 7,
579 (2016).

L. M. Rodriguez-R, S. Gunturu, J. M. Tiedje, J. R. Cole, K. T. Konstantinidis, Nonpareil 3:
Fast estimation of metagenomic coverage and sequence diversity. mSystems 3,
€00039-18 (2018).

L. M. Rodriguez-R, K. T. Konstantinidis, Estimating coverage in metagenomic data sets
and why it matters. ISME J. 8, 2349-2351 (2014).

X. Zhang, E. R. Johnston, L. Li, K. T. Konstantinidis, X. Han, Experimental warming
reveals positive feedbacks to climate change in the Eurasian Steppe. ISME J. 11, 885-
895 (2017).

S. Nayfach, K. S. Pollard, Average genome size estimation improves comparative
metagenomics and sheds light on the functional ecology of the human microbiome.
Genome Biol. 16, 51 (2015).

S. J. Hallam et al., Reverse methanogenesis: Testing the hypothesis with environ-
mental genomics. Science 305, 1457-1462 (2004).

M. Kanehisa, Y. Sato, M. Kawashima, M. Furumichi, M. Tanabe, KEGG as a reference
resource for gene and protein annotation. Nucleic Acids Res. 44, D457-D462 (2016).
D. H. Parks et al., Recovery of nearly 8,000 metagenome-assembled genomes sub-
stantially expands the tree of life. Nat. Microbiol. 2, 1533-1542 (2017).

D. H. Parks, M. Imelfort, C. T. Skennerton, P. Hugenholtz, G. W. Tyson, CheckM: As-
sessing the quality of microbial genomes recovered from isolates, single cells, and
metagenomes. Genome Res. 25, 1043-1055 (2015).

C. Jain, L. M. Rodriguez-R, A. M. Phillippy, K. T. Konstantinidis, S. Aluru, High
throughput ANI analysis of 90K prokaryotic genomes reveals clear species boundaries.
Nat. Commun. 9, 5114 (2018).

A. Arshad et al., A metagenomics-based metabolic model of nitrate-dependent an-
aerobic oxidation of methane by Methanoperedens-like Archaea. Front. Microbiol. 6,
1423 (2015).

S. Berger, J. Frank, P. Dalcin Martins, M. S. M. Jetten, C. U. Welte, High-quality draft
genome sequence of “Candidatus Methanoperedens sp.” strain BLZ2, a nitrate-
reducing anaerobic methane-oxidizing archaeon enriched in an anoxic bioreactor.
Genome Announc. 5, e01159-17 (2017).

S. A. Sistla, J. P. Schimel, Seasonal patterns of microbial extracellular enzyme activities
in an arctic tundra soil: Identifying direct and indirect effects of long-term summer
warming. Soil Biol. Biochem. 66, 119-129 (2013).

S. M. Natali et al., Permafrost thaw and soil moisture driving CO , and CH 4 release
from upland tundra. J. Geophys. Res. Biogeosci. 120, 525-537 (2015).

M. A. Taylor, G. Celis, J. D. Ledman, R. Bracho, E. A. G. Schuur, Methane efflux
measured by eddy covariance in Alaskan upland tundra undergoing permafrost
degradation. J. Geophys. Res. Biogeosci. 123, 2695-2710 (2018).

R. K. Thauer, S. Shima, Methane as fuel for anaerobic microorganisms. Ann. N. Y.
Acad. Sci. 1125, 158-170 (2008).

A. E. Dekas, S. A. Connon, G. L. Chadwick, E. Trembath-Reichert, V. J. Orphan, Activity
and interactions of methane seep microorganisms assessed by parallel transcription
and FISH-NanoSIMS analyses. ISME J. 10, 678-692 (2016).

Johnston et al.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

. V. Krukenberg et al., Gene expression and ultrastructure of meso- and thermophilic
methanotrophic consortia. Environ. Microbiol. 20, 1651-1666 (2018).

F. Beulig, H. Ray, S. E. McGlynn, B. B. Jergensen, Cryptic CH, cycling in the sulfate-
methane transition of marine sediments apparently mediated by ANME-1 archaea.
ISME J. 13, 250-262 (2019).

J. Hansen, R. Ruedy, M. Sato, K. Lo, Global surface temperature change. Rev. Geophys.
48, RG4004 (2010).

GISTEMP Team (2018) GISS Surface Temperature Analysis (GISTEMP). NASA Goddard In-
stitute for Space Studies. https:/data.qgiss.nasa.gov/gistemp. Dataset accessed 11 July 2018.
Y. Wang et al., Influence of plant species and wastewater strength on constructed
wetland methane emissions and associated microbial populations. Ecol. Eng. 32, 22—
29 (2008).

J. Kao-Kniffin, D. S. Freyre, T. C. Balser, Methane dynamics across wetland plant
species. Aquat. Bot. 93, 107-113 (2010).

B. J. Woodcroft et al., Genome-centric view of carbon processing in thawing per-
mafrost. Nature 560, 49-54 (2018).

J. Hultman et al., Multi-omics of permafrost, active layer and thermokarst bog soil
microbiomes. Nature 521, 208-212 (2015).

E. R. Johnston et al., Phosphate addition increases tropical forest soil respiration
primarily by deconstraining microbial population growth. Soil Biol. Biochem. 130, 43—
54 (2019).

M. Mauritz et al., Eight Mile Lake Research Watershed, Carbon in Permafrost Experi-
mental Heating Research (CiPEHR): Half-hourly growing season, chamber-based, CO2
flux data, 2009-2017. https:/portal.edirepository.org/nis/metadataviewer?packageid=knb-
Iter-bnz.481.19. Accessed 15 June 2018.

E. R. Johnston, Responses of tundra soil microbial communities to half a decade of
experimental in-situ warming at two critical depths (CiPEHR Alaska site). European
Nucleotide Archive. https://www.ebi.ac.uk/ena/data/view/PRIEB31848. Deposited 7
May 2019.

J. Zhang, K. Kobert, T. Flouri, A. Stamatakis, PEAR: A fast and accurate illumina
paired-end reAd mergeR. Bioinformatics 30, 614-620 (2014).

M. P. Cox, D. A. Peterson, P. J. Biggs, SolexaQA: At-a-glance quality assessment of
Illumina second-generation sequencing data. BMC Bioinf. 11, 485 (2010).

E. Kopylova, L. Noé, H. Touzet, SortMeRNA: Fast and accurate filtering of ribosomal
RNAs in metatranscriptomic data. Bioinformatics 28, 3211-3217 (2012).

X. Su, W. Pan, B. Song, J. Xu, K. Ning, Parallel-META 2.0: Enhanced metagenomic data
analysis with functional annotation, high performance computing and advanced vi-
sualization. PLoS One 9, e89323 (2014).

C. Quast et al., The SILVA ribosomal RNA gene database project: Improved data
processing and web-based tools. Nucleic Acids Res. 41, D590-D596 (2013).

C. Camacho et al., BLAST+: Architecture and applications. BMC Bioinf. 10, 421
(2009).

J. G. Caporaso et al., QIIME allows analysis of high-throughput community sequencing
data. Nat. Methods 7, 335-336 (2010).

R. C. Edgar, Search and clustering orders of magnitude faster than BLAST. Bio-
informatics 26, 2460-2461 (2010).

M. N. Price, P. S. Dehal, A. P. Arkin, FastTree 2—Approximately maximum-likelihood
trees for large alignments. PLoS One 5, €9490 (2010).

UniProt Consortium, UniProt: A hub for protein information. Nucleic Acids Res. 43,
D204-D212 (2015).

B. L. Cantarel et al., The carbohydrate-active enZymes database (CAZy): An expert
resource for glycogenomics. Nucleic Acids Res. 37, D233-D238 (2009).

B. Buchfink, C. Xie, D. H. Huson, Fast and sensitive protein alignment using DI-
AMOND. Nat. Methods 12, 59-60 (2015).

Y. Peng, H. C. M. Leung, S. M. Yiu, F. Y. L. Chin, IDBA-UD: A de novo assembler for
single-cell and metagenomic sequencing data with highly uneven depth. Bio-
informatics 28, 1420-1428 (2012).

D. D. Kang, J. Froula, R. Egan, Z. Wang, MetaBAT, an efficient tool for accurately
reconstructing single genomes from complex microbial communities. PeerJ 3, e1165
(2015).

Y.-W. Wu, B. A. Simmons, S. W. Singer, MaxBin 2.0: An automated binning algorithm to
recover genomes from multiple metagenomic datasets. Bioinformatics 32, 605-607 (2016).
B. Langmead, S. L. Salzberg, Fast gapped-read alignment with Bowtie 2. Nat. Methods
9, 357-359 (2012).

H. Li et al.; 1000 Genome Project Data Processing Subgroup, The sequence alignment/
map format and SAMtools. Bioinformatics 25, 2078-2079 (2009).

D. Hyatt et al., Prodigal: Prokaryotic gene recognition and translation initiation site
identification. BMC Bioinf. 11, 119 (2010).

L. M. Rodriguez-R et al., The Microbial Genomes Atlas (MiGA) webserver: Taxonomic
and gene diversity analysis of Archaea and Bacteria at the whole genome level.
Nucleic Acids Res. 46, W282-\W288 (2018).

D. H. Parks et al., A standardized bacterial taxonomy based on genome phylogeny
substantially revises the tree of life. Nat. Biotechnol. 36, 996-1004 (2018).

J. Pinheiro, D. Bates, S. DebRoy, D. Sarkar; R Core Team, nime: Linear and nonlinear
mixed effects models (2018). https:/cran.r-project.org/web/packages/nime/index.html.
Accessed 15 June 2018.

M. I. Love, W. Huber, S. Anders, Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

Y. Benjamini, Y. Hochberg, Controlling the false discovery rate: A practical and
powerful approach to multiple testing. J. R. Stat. Soc. B 57, 289-300 (1995).

R. L. Barter, B. Yu, Superheat: An R package for creating beautiful and extendable
heatmaps for visualizing complex data. J. Comput. Graph. Stat. 27, 910-922 (2018).

PNAS | July 23,2019 | vol. 116 | no.30 | 15105

ENVIRONMENTAL

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES

SCIENCES


https://data.giss.nasa.gov/gistemp
https://portal.edirepository.org/nis/metadataviewer?packageid=knb-lter-bnz.481.19
https://portal.edirepository.org/nis/metadataviewer?packageid=knb-lter-bnz.481.19
https://www.ebi.ac.uk/ena/data/view/PRJEB31848
https://cran.r-project.org/web/packages/nlme/index.html

