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of terrestrial carbon, which are highly sensitive to microbial decomposition due to climate
warming. However, knowledge about the taxonomy and functions of microbiome residing
in different horizons of permafrost-underlain tundra soils is still limited. Here we compared
the taxonomic and functional composition of microbiome between different horizons of
soil cores from a moist tussock tundra ecosystem in Council, Alaska, using 16S rRNA
gene and shotgun metagenomic sequencing. The composition, diversity, and functions
of microbiome varied significantly between soil horizons, with top soil horizon harboring
more diverse communities than sub-soil horizons. The vertical gradient in soil physico-
chemical parameters were strongly associated with composition of microbial communities
across permafrost soil horizons; however, a large fraction of the variation in microbial
communities remained unexplained. The genes associated with carbon mineralization
were more abundant in top soil horizon, while genes involved in acetogenesis, fermentation,
methane metabolism (methanogenesis and methanotrophy), and N cycling were dominant
in sub-soil horizons. The results of phylogenetic null modeling analysis showed that
stochastic processes strongly influenced the composition of the microbiome in different
soil horizons, except the bacterial community composition in top soil horizon, which was
largely governed by homogeneous selection. Our study expands the knowledge on the
structure and functional potential of microbiome associated with different horizons of
permafrost soil, which could be useful in understanding the effects of environmental
change on microbial responses in tundra ecosystems.

Keywords: Arctic tundra, metagenomics, microbiome, permafrost soil, phylogenetic null modeling

INTRODUCTION

About a quarter of the Northern Hemisphere terrestrial ecosystems are covered by permafrost-
underlain soils (Zhang et al, 2008), which are key components in the global carbon cycle
(McGuire et al., 2009), and stored approximately 50% (~1,700 Pg) of the global below-ground
soil organic carbon (Tarnocai et al., 2009). However, this frozen carbon pool is being mobilized
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due to increased permafrost thaw and deepening of active
layer thickness as a result of climate warming (Jorgenson et al.,
2001; Osterkamp, 2007; Romanovsky et al., 2010). Though the
fate of the stored organic carbon in this region is still unclear,
it is expected that the thawing of permafrost soils may trigger
an increase in microbial activity promoting decomposition of
formerly preserved organic matter and emission of greenhouse
gases (DeConto et al., 2012). As soil microbiome plays a crucial
role in decomposition and mineralization of organic matter
in terrestrial ecosystems, it is important to have a better
understanding of permafrost soil microbial ecology in order
to improve our prediction of the potential consequences of
climate warming on permafrost ecosystem function.

Permafrost soils harbor a diverse microbiome (Jansson and
Tas, 2014; Kwon et al,, 2019), regardless of subfreezing temperatures
and low nutrient availability. In recent years, there has been
increasing interest in understanding the diversity and functional
potential of microbiome residing in permafrost soils (Yergeau
et al., 2010; Mackelprang et al., 2011; Gittel et al., 2014a; Deng
et al., 2015; Woodcroft et al., 2018; Tripathi et al, 2018a).
Overall, these studies suggest that the variations in composition
of permafrost soil microbiomes are related to the corresponding
environmental conditions (Gittel et al., 2014a; Deng et al., 2015;
Tripathi et al., 2018a). In addition, it has also been recognized
that permafrost soil microbiomes have a high potential for
nutrient metabolism (Yergeau et al., 2010; Mackelprang et al.,
2011; Woodcroft et al, 2018). However, the taxonomy and
functional potential of microbiomes associated with different
horizons of permafrost soils are still relatively poorly understood.

The assembly of microorganisms in a local community is
determined by the interaction of two types of ecological
processes: deterministic (abiotic and biotic filtering) and stochastic
(e.g., drift and dispersal) (Chase and Myers, 2011; Stegen et al.,
2012; Dini-Andreote et al., 2015). Recently, a phylogenetic null
modeling approach has been proposed to estimate the relative
importance of ecological processes on microbial community
assembly (Stegen et al., 2012, 2013; Dini-Andreote et al., 2015).
Since then, the relative importance of these ecological processes
in shaping the assembly of microbial communities has been
studied across a range of ecosystems (Wang et al., 2013; Dini-
Andreote et al., 2015; Veach et al,, 2016; Graham et al., 2017;
Tripathi et al., 2018b); however, permafrost soils have received
very limited attention (Tripathi et al., 2018a). This important
knowledge gap in permafrost microbial ecology should
be addressed by understanding how microbial communities
are shaped by the ecological processes in different horizons
of permafrost soils.

In this study, we investigated the taxonomy and potential
functions of microbiomes, and ecological processes that shape
their community composition in different horizons of permafrost
soil cores from a moist tussock tundra ecosystem in Council,
Alaska. We aimed to address the following questions: (1) how
does the taxonomic and functional diversity of microbiomes
vary in different horizons of permafrost soil? (2) What are the
key factors that influence the composition of microbiomes across
different horizons of permafrost soil? (3) How does the relative
importance of ecological processes (deterministic vs. stochastic)

shape the compositional structure of microbiomes in different
horizons of permafrost soil?

MATERIALS AND METHODS

Site Description and Soil Core Sampling
This study was conducted in Council, which is located on the
Seward Peninsula in northwestern Alaska (64°51'N, 163°39'W),
and field sampling was carried out in July 2014. The mean
annual air temperature and precipitation are —3.1 + 1.4°C and
258 mm, respectively. The sampling site is in discontinuous
permafrost region and covered with moist acidic tussock tundra
vegetation. The site was dominated with lichen, moss (Sphagnum
spp.), bog blueberry (Vaccinium uliginosum), and water sedge
(Carex aquatilis) (Park and Lee, 2014). The soil was classified
as Histic-turbic Cryosols with a WRB system (Typic Histoturbels
with a US soil Taxonomy).

A 2D-electrical resistivity tomographic (ERT) survey was
performed using ABEM Terrameter LS system capable of
automatic measurement of up to 64 points in order to examine
the spatial distribution of permafrost. Based on the ERT result,
we choose three points for collecting soil cores (Figure 1A).
Coring points (CP) 1 and 3 have lower soil water contents
or an ice crystal state (electric resistivity: ~100 kQ) compared
to CP2 (electric resistivity: ~10 kQ) (Figure 1A). The thaw
depth at the time of sampling was between 30 and 40 cm.
From each site, three soil cores (up to 1.5 m) were collected
using a SIPRE coring auger (7.6 cm in diameter, John’s Machine
Shop, Fairbanks, AK). All the sampled cores were placed in
ice coolers and transported to the laboratory freezer (-20°C)
at the University of Alaska, Northwest Campus Nome, Alaska.
Soil cores were shipped in frozen state to the laboratory at
Korea Polar Research Institute, Korea by using an ice-breaking
research vessel ARAON, where these were stored at —20°C
until further processing.

Soil Analyses

Soil horizons of each soil core were divided into Oi and Oe
horizons (organic materials), and OA and A horizons. The
OA horizon was placed in between organic and mineral A
layers, and most A horizons were found below 50 cm depth.
We defined here Oi horizon as “top soil,” and Oe, OA, and
A horizons as “sub-soil” Soil texture was determined by the
pipette method (Gee and Bauder, 1986). Electrical conductivity
(EC) and soil pH were measured in a soil-water suspension
(1:5 ratio, w/v) using a pH/EC meter (Orion Star A215, Thermo
Scientific, Waltham, MA, USA). Water content (WC) was
determined by measuring the weight change in soils after
oven-drying at 105°C for 48 h. Total carbon (TC) and total
nitrogen (TN) contents in soils were measured using an elemental
analyzer (FlashEA 1,112 Thermo Electron corporation, Waltham,
Massachusetts, USA). For NH,*-N and NO;™-N contents analysis,
fresh soil was extracted using 2 M KCl solution and subsequently
filtrates were analyzed on an auto-analyzer (QuAAtro; Seal
Analytical, Norderstedt, Germany). Fresh soil was mixed with
deionized water and then filtered through Whatman filter paper
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FIGURE 1 | (A) The 2D-electrical resistivity tomographic (ERT) survey result of three coring points. Average relative abundance of dominant (B) bacterial and (C)
archaeal taxa associated with different horizons of soil cores sampled from three coring points. Number of samples analyzed in each horizon is given in brackets.

B Euryarchaeota; Methanobacteria @ Others
B Euryarchaeota; Methanomicrobia @ Unclassified

#42 firstly and then 0.45-um filter to acquire water extractable

carbon (WEC) and nitrogen (WEN).

DNA Extraction, 16S rRNA Gene
Ampilification, and Sequencing

The V1-V3 regions of bacterial 16S rRNA gene were amplified
using primer pair V1-9F (5'-GAGTTTGATCMTGGCTCAG-3")
and V3-541R (5'-WTTACCGCGGCTGCTGG-3") (Chun et al,,
2010). Archaeal 16S rRNA gene was amplified by targeting
V3-V6 regions with primer pair S-D-Arch-0519-a-S-15

Soil DNA was extracted from each sample with 0.50 g of soil
using FastDNA™ SPIN Kit (MP Biomedicals, Santa Ana,
CA, USA) in triplicates to obtain sufficient DNA quantity.

(5'-CAGCMGCCGCGGTAA-3") and S-D-Arch-1,041-a-A-18
(5'-GGCCATGCACCWCCTCTC-3') (Klindworth et al., 2013).
DNA sequencing was performed at Macrogen Incorporation
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(Seoul, South Korea) using a 454 GS FLX Titanium
pyrosequencing system (Roche).

Sequence Processing

The resulting 16S rRNA gene sequences were processed in
Mothur v.1.39.5 (Schloss et al., 2009). At first, sequences with
average quality score < 25, with read length < 200 bp, with
homopolymers longer than 8 nt, and with base-call and barcode
ambiguity were removed. Next, the quality filtered unique
sequences were aligned against a SILVA alignment', and
subsequently the sequence alignments were pre-clustered within
a distance of 2 bp using a pseudo-single linkage algorithm
(Huse et al., 2010). Chimeric 16S rRNA gene sequences were
identified and removed via the Chimera Uchime algorithm in
de novo mode (Edgar et al., 2011). Taxonomic classifications
of bacterial and archaeal 16S rRNA gene sequences were
performed using the naive Bayesian classifier (80% bootstrap
cutoff with 1,000 iterations) against an EzTaxon-extended
database (Kim et al, 2012). Sequences were clustered into
operational taxonomic units (OTUs) at a threshold of >97%
sequence similarity using the average neighbor clustering
algorithm (Schloss and Westcott, 2011). To avoid spurious
results due to pyrosequencing errors, the entire singleton OTUs
were removed prior to subsequent analyses. To account for
differences in sequencing depth, 1,073 and 116 sequences were
randomly sampled from each sample of bacterial and archaeal
sequence datasets, respectively. All the sequences were deposited
in Sequence Read Archive (SRA) at NCBI under the BioProject
ID PRJNA 513409.

Phylogenetic Analyses

The representative 16S rRNA gene sequences of bacterial and
archaeal OTUs were used to construct a maximum-likelihood
tree using FastTree program (Price et al, 2010). To analyze
the phylogenetic assembly within each community, we calculated
standardized effect size measure of mean nearest taxon distance
(SES.MNTD) in Picante R package using the null model “taxa.
labels” with 999 randomization (Kembel et al., 2010). Significant
negative values of SES.MNTD indicate that co-occurring OTUs
are phylogenetically more closely related than expected under
a random model of community assembly (clustering), whereas
significant positive values indicate co-occurring OTUs are
phylogenetically more distantly related than expected (over
dispersion) (Webb et al., 2002).

Phylogenetic B-diversity was calculated using mean nearest
taxon distance (BMNTD) in Picante R package, which measures
the degree of phylogenetic similarity of closely related OTUs
in two communities. Furthermore, to infer the relative influence
of ecological processes that govern the assembly of microbial
communities, a previously developed null modeling approach
was used to calculate B-nearest taxon index (BNTI) (Stegen
et al, 2012, 2013; Dini-Andreote et al., 2015). PNTI is the
difference between observed BMNTD and the mean of the null
distribution of PMNTD measured in units of its standard deviation.

'https://www.mothur.org/wiki/Silva_reference_files

The pairwise comparisons of PNTI < -2 or > +2 indicate
significantly less than (homogeneous selection) or greater than
expected phylogenetic turnover (variable selection) (Dini-Andreote
et al, 2015). We further calculated the Bray-Curtis-based Raup-
Crick metric (RC,y) as described by Stegen et al. (2013, 2015)
to quantify the relative contribution of various stochastic processes,
that is, homogenizing dispersal, dispersal limitation, and drift
on pairwise comparisons with |BNTI| < 2. The fraction of pairwise
comparisons with |BNTI| < 2 and RC,,, < —0.95 indicate less
than expected turnover due to homogenizing dispersal, whereas
the fraction of pairwise comparisons with |BNTI| < 2 and
RCpy > +0.95 indicate more than expected turnover due to
dispersal limitation. The fraction of pairwise comparisons with
IBNTI| < 2 and |RCy,| < 0.95 indicate that compositional
turnover is not determined by any single process (referred as
“undominated” processes in Stegen et al. (2015)).

Shotgun Metagenome Sequencing and
Data Analyses

We pooled extracted DNA of replicate samples of each of the
four horizons of each core to collect sufficient amount of DNA
for metagenome sequencing using Illumina HiSeq2000 platform
(2 x 150 bp) (Illumina, Inc.) at Macrogen Incorporation (Seoul,
South Korea). For quality filtering, the resulting paired-end
sequences were uploaded to Metagenomics Rapid Annotation
(MG-RAST) server (Meyer et al., 2008). In MG-RAST server,
the paired-end sequences were joined with “retain” option,
which allows retention of non-overlapping paired reads. After
that, the sequencing adapters were trimmed and sequences
were quality filtered and denoised.

The MG-RAST quality control-passed reads were aligned
against latest NCBI-nr database (downloaded in May, 2018)
using the BLASTX algorithm in DIAMOND v.0.9.10.111
(Buchfink et al., 2014), with default parameters. For functional
profiling, Kyoto Encyclopedia of Genes and Genomes (KEGG)
mapping files were used to map aligned reads to the KEGG
functions in MEtaGenome ANalyzer (MEGAN) v.6.5.7 (Huson
et al, 2007). Taxonomic classification of metagenomic reads
annotated to methyl coenzyme M reductase (mcrA), particulate
methane monooxygenase (pmoA), and soluble methane
monooxygenase (mmoX) genes was performed in GraftM v.0.11.1
using mcrA-, pmoA-, and mmoX-specific GraftM packages
(gpkg) (Boyd et al,, 2018). The GraftM assigns taxonomy to
amino acid sequences by placing them into the reference
phylogenetic trees built beforehand for specific protein family
(e.g., McrA). All the shotgun metagenomic sequences are
deposited in the MG-RAST server under project ID mgp21063°.

Statistical Analyses

Based on the abundance profile, the functional genes (KEGG level 3)
with significantly differential abundances across soil horizons
were determined using DESeq2 R package (Love et al, 2014).
Gene abundances are considered significantly different between
soil horizons if the false discovery rate (FDR)-adjusted p value

*https://www.mg-rast.org/linkin.cgi?project=mgp21063
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is less than 0.05. To test the variations in soil physico-chemical
parameters, alpha-diversity indices, taxonomic and functional
distributions of microbiomes between soil horizons and coring
points, we used analysis of variance (ANOVA) followed by
additional post hoc Tukey’s tests where required. To detect the
effect of soil horizon profile on physico-chemical parameters,
a principal component analysis (PCA) was performed in Canoco
5.0 (Biometrics, Wageningen, The Netherlands), followed by
a permutational multivariate ANOVA (PERMANOVA) test.
We used non-metric multi-dimensional scaling (NMDS) plots
to visualize the pairwise Bray-Curtis dissimilarities between
communities. A PERMANOVA test was carried out to compare
the Bray-Curtis dissimilarities between soil horizons and coring
points. Additional post hoc tests were performed after
PERMANOVA analyses when significant differences were
observed (p < 0.05). PERMANOVA analyses were performed
in PRIMER 6.0 with the PERMANOVA+ add-on (Clarke and
Gorley, 2006; Anderson et al., 2008). We performed canonical
correspondence analysis (CCA) to test which soil properties
best explained the variations in composition of bacterial and
archaeal OTUs using Canoco 5.0 (Ter Braak and Smilauer,
2012), applying forward selection and the Monte Carlo
permutation test with 999 random permutations. In addition,
we used “procrustes” function in vegan R package (Oksanen
et al., 2007) to assess congruence between ordinations of
microbial community structure and soil physico-chemical
parameters and the significance of the Procrustes statistic was
tested by 999 permutations with “protest” function. Furthermore,
we used Spearman rank correlations to examine the influence
of soil properties on each dominant OTUs of bacteria and
archaea. The OTUs with relative abundances greater than 0.5%
were identified as dominant OTUs.

RESULTS

Soil Characteristics

All the measured soil physico-chemical parameters varied
significantly between soil horizons (Supplementary Table S1).
Electrical conductivity, WC, TC, TN, carbon-to-nitrogen ratio
(C:N), NO;-N, WEC and WEN content were highest in top
soil horizon (Oi) (Supplementary Table S1), whereas pH and
NH,"-N, WEC-to-TC (WEC:TC) and WEN-to-TN (WEN:TN)
ratios were highest in sub-soil horizons (Supplementary
Table S1). Principal component analysis on soil physico-chemical
parameters placed top soil and sub-soil horizons at different
positions on ordination (Supplementary Figure S1).
PERMANOVA analysis showed soil physico-chemical properties
varied significantly between soil horizons (p < 0.05;
Supplementary Table S2); however, the effect of coring point
was not significant on soil physico-chemical properties (p = 0.26;
Supplementary Table S2).

Community Structure and Diversity

The most dominant bacterial phylum detected across all soil
samples was Actinobacteria, accounting for ~24% of all sequences,
followed by Proteobacteria (Alpha-, Beta-, Gamma-, and Delta-
classes), Acidobacteria, Firmicutes, AD3, TM?7, Bacteroidetes,
Caldiserica, Verrucomicrobia, OD1, Chloroflexi, Planctomycetes,
and Cyanobacteria (Figure 1B). The relative abundance of these
dominant bacterial phyla showed similar horizon-associated
pattern across all cores (Figure 1B). Furthermore, the relative
abundance of most of the dominant bacterial phyla varied
significantly (p < 0.05) between soil horizons (Table 1), with
Proteobacteria (Alpha- and Gamma-classes), Acidobacteria,
Verrucomicrobia, Planctomycetes, and Cyanobacteria being more

TABLE 1 | Relative abundance of dominant bacterial and archaeal taxa in different horizons across all soil cores.

Oi Oe OA A
Bacterial taxa
Alphaproteobacteria 20.7 + 6.5 (ab) 22.6+11.0(a) 12.6 £ 6.6 (bc) 5.6 +4.9()
Betaproteobacteria 1.5+1.1(c) 7.9+ 4.5 (ab) 11.2+51 (a) 6.3 + 4.6 (b)
Gammaproteobacteria 6.0+1.9(a) 2.4 +1.7 (b) 1.0+ 0.5 (b) 2.4 +2.2 (b)
Actinobacteria 23.0+5.8 19.5+8.7 28.9+14.8 27.1 £10.1
Acidobacteria 20.4 £ 6.8 (a) 14.1+7.5(b) 57+29(c) 35+3.7(c)
Firmicutes 0.7 +0.7 (b) 0.7 +0.5 (b) 22 +2.7 (b 13.4+9.0(a)
AD3 1.1+0.6 (b) 8.8+5.8(q) 8.4+83(q) 1.6+1.5()
T™7 2112 1.8+0.9 20+16 54 +£109
Bacteroidetes 26+1.2(b) 1.9+1.8(b) 3.5+ 2.4 (ab) 59+3.8(q)
Caldiserica 0.1+£0.2(b) 0.1+£0.2(b) 1.3+4.6 (b) 10.1 +£8.0 ()
Verrucomicrobia 8.3+45(q) 6.3+4.4(a) 29+1.7 (b) 1.4+1.2(b)
OD1 0.4+0.9(b) 1.9+2.5 (ab) 3.7 +2.9 (ab) 42+4.6(a)
Chloroflexi 0.3+0.6(c) 27+1.9(b) 5.6+24 () 28+1.5(b)
Planctomycetes 52+1.2() 1.2+1.0(b) 0.4+0.3(c) 0.4+0.4(c)
Cyanobacteria 2.3+0.6(a) 0.7 +0.3 (b) 0.5+0.5(b) 0.4 +0.5(b)
Archaeal taxa
MCG 26.5 + 30.1 (b) 38.6 £ 25.0 (b) 52.8 £ 31.9 (ab) 68.4 +24.7 (a)
Thaumarchaeota Group 1.1¢ 70.9 £ 325 (a) 51.9 +27.1 (ab) 36.2 + 32.0 (b) 6.3+9.2(c)
Methanobacteria 1.1x2.4(b) 1.7+2.8(b) 2.0+1.9(ab) 16.6 +27.4 (a)
Methanomicrobia 0.4 +1.0 (b) 53+8.9() 45+55 () 6.0+ 8.6 (a)

Data represent mean + standard deviation. Within each row, values followed by different letters (in brackets) are statistically different (p < 0.05) according to one-way ANOVA and

Tukey’s HSD test.
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abundant in top soil horizon, whereas sub-soil horizons were
dominated by Betaproteobacteria, Firmicutes, AD3, Bacteroidetes,
Caldiserica, OD1, and Chloroflexi. The relative abundance of
dominant archaeal taxa (at class level) displayed similar horizon-
associated pattern in core 1 and core 2, but showed a different
pattern in core 3 (Figure 1C). The archaeal communities
across all soil samples were dominated by the members of
Miscellaneous Crenarchaeotal Group (MCG) (Figure 1C). In
addition, Thaumarchaeota Group 1.1c, Methanobacteria, and
Methanomicrobia were also present across all soil samples
(Figure 1C). Out of these, the relative abundance of
Thaumarchaeota Group 1.1c was significantly (p < 0.05) higher
in top soil horizon, whereas the rest of the archaeal taxa (MCG,
Methanobacteria and Methanomicrobia) were dominated in
sub-soil horizons (Table 1).

NMDS ordinations based on Bray-Curtis dissimilarity matrix
showed that both bacterial and archaeal communities were
clustered based on soil horizon (Figure 2), and PERMANOVA
analyses revealed that the community composition of bacteria
and archaea was significantly different in each horizon (p < 0.05;
Supplementary Table S2), except archaeal community

Supplementary Table S2). However, coring point did not
significantly influence the microbial community composition
(p > 0.05; Supplementary Table S2). The alpha-diversity
(Shannon index) of bacterial and archaeal 16S rRNA gene
OTUs was significantly (p < 0.05) higher in top soil horizon
compared to sub-soil horizons (Figure 3).

In CCA, we found that of all the measured environmental
variables, TC, TN, WEC:WEN, WEN:TN, and NH,"-N appeared
to best explain the variations in community composition of
both bacteria and archaea (Figure 4). Whereas, soil pH was
significantly related with only archaeal community composition
(Figure 4). However, taken together these soil properties only
explained 16 and 19% of the total variations in bacterial and
archaeal community composition, respectively. The Procrustes
analysis comparing spatial fit between ordinations of microbial
community structure (NMDS plots) and soil physico-chemical
parameters (PCA plots) showed concordance (p < 0.05;
Supplementary Figure S2), indicating that across all cores
bacterial and archaeal communities were strongly associated
with soil physico-chemical properties. We further explored the
correlation between environmental variables and dominant

composition in Oe and OA soil horizons (p = 0.10; microbial OTUs and found that most of the dominant OTUs
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were significantly associated with all measured environmental
variables (Supplementary Figure S3). Based on these associations,
the environmental variables were mainly clustered into three
groups and displayed different correlation patterns
(Supplementary Figure S3). For example, bacterial OTUs
belonging to the order Acidobacteriales, Rhizobiales,
Acidimicrobiales, and Solirubrobacterales were positively correlated
with C:N ratio, TC, TN, EC, NO;-N, WEN, WC, and WEN
(group I), and negatively correlated with depth (group II) and
pH (group III). Additionally, OTUs belonging to Clostridiales,
Rubrobacterales, Bacteroidales, and Caldisericales were positively
correlated with depth, NH,"-N, WEC:TC, and WEN:TN ratio
(group II) and negatively correlated with C:N ratio, TC, TN
(group I), and WEC:WEN ratio (group III). The archaeal OTUs
also showed similar patterns with environmental variables
(Supplementary Figure S3), for instance, OTUs belonging to
Methanobacterium were positively correlated with Depth, EC,
WEN, NH,"-N, WEC:TC, and WEN:TN ratio (group I) and
negatively correlated with pH (group III). In addition, OTUs
belonging to Thaumarchaeota Group 1.l1c were positively
correlated with TC, TN, C:N, ratio, NO,-N, WC, and WEC

(group II) and negatively correlated with depth (group I) and
pH (group III).

Potential Functional Genes

The composition of functional genes (KEGG level 3) was
structured according to soil horizons (PERMANOVA, p < 0.05;
Figure 5A). The alpha-diversity (Shannon index) of functional
genes varied significantly (p < 0.05) between soil horizons,
with top soil horizon having significantly higher functional
gene diversity than sub-soil horizons (Figure 5B). A total of
14,081 unique KEGG functional genes (level 3) were identified,
and out of these, 6,802 genes varied significantly across soil
horizons (adjusted p < 0.05, DESeq2, Supplementary Data S1).
For the sake of simplicity, we focused only on genes involved
in carbon and nitrogen metabolism. The relative abundance
of functional genes encoding carbohydrate-active enzymes
(CAZymes) was higher in top soil horizon compared to sub-soil
horizons (Figure 6A). However, the functional genes involved
in acetogenesis and fermentation were significantly (p < 0.05)
more abundant in sub-soil horizons (Figure 6B). When
we looked at the functional genes involved in methane
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metabolism, we found that the relative abundance of genes
encoding sub-units of key enzymes involved in methanogenesis
(mcrABG) and methanotrophy (pmoABC and mmoXYZ) were
more abundant in sub-soil horizons compared to top soil
horizon (Figure 6C). Taxonomic classification of mcrA reads
showed that most of the methanogenic taxa belonged to
“Candidatus Methanoflorens” (Supplementary Figure S4),
whereas upland soil cluster a (USCa) and Methylococcaceae
were dominant in pmoA and mmoX reads, respectively
(Supplementary Figure S4).

The relative abundance of functional genes involved in
nitrogen cycling also varied between soil horizons, with sub-soil
horizons harboring more nitrogen cycling genes than top soil
horizon (Figure 6D). Sub-soil horizons had higher genetic
potential for nitrogen fixation, nitrification, and denitrification.
The genes involved in conversion of ammonium to organic
nitrogen (gdh) were also relatively more abundant in sub-soil
horizons than in top soil horizon.

Community Assembly Processes

The comparison of pairwise BNTI and RC,,,, distances within
each soil horizon showed that bacterial community assembly
was more deterministic (homogeneous selection) in top soil

horizon and shifted toward stochastic assembly with undominted
fraction becoming more dominant in sub-soil horizons
(Figure 7A). While, archaeal community assembly was primarily
structured by stochastic processes in all soil horizons with
dominance of undominated fraction (Figure 7B).

DISCUSSION

Our results showed that the communities of this moist tussock
tundra soil microbiomes were significantly different between
top soil and sub-soil horizons. This result is in agreement
with the findings of previous studies which reported that
composition of microbial communities varied significantly
between different soil layers along the depth of permafrost-
underlain soil cores (Gittel et al, 2014a; Deng et al, 2015;
Tas et al, 2018; Tripathi et al, 2018a). The availability of
labile carbon and nitrogen is usually highest in top soil horizon
as it represents the major location for root exudates, which
typically favors the growth of copiotrophic microorganisms
(Fierer et al., 2007). In line with this hypothesis, we found
that the relative abundance of copiotrophic microorganisms
such as Alpha- and Gamma-subdivisions of Proteobacteria was
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highest in top soil horizon. However, the oligotrophic/
copiotrophic framework was not able to explain the contrasting
distribution patterns of several other taxa, which were designated
as either oligotrophic (Acidobacteria, Verrucomicrobia, and
Planctomycetes) or copiotrophic (Betaproteobacteria and
Bacteroidetes) (Fierer et al., 2007, 2012; Ramirez et al., 2012;
Left et al., 2015). It is more likely that the observed distribution
patterns are influenced by the physiology of the corresponding
microbial lineages and soil environmental conditions. The relative
abundance of Actinobacteria remained similar in all four soil
horizons; the members of the Actinobacteria have been reported
to dominate in both active and permafrost layer of Arctic
tundra soils (Gittel et al., 2014b; Deng et al, 2015). It has
been suggested that Actinobacteria are successful in colonizing
permafrost soils because they have adapted to harsh abiotic
conditions and have capabilities to degrade complex organic
compounds, such as cellulose and lignin (DeAngelis et al,
2011; Gittel et al., 2014b). For example, particularily the relative
abundance of Rubrobacterales substantially increased in
permafrost layer. Members of Rubrobacterales are known to
have tolerance to radiation and dessication (Ferreira et al,
1999), and commonly occur in Arctic permafrost soils
(Mackelprang et al., 2011; Wilhelm et al., 2011). The dominance
of Acidobacteria in top soil horizon could be related to pH,
which was relatively more acidic in top soil horizon compared
to sub-soil horizons (Supplementary Table S1). We also observed
strong negative correlation between one of the dominant
acidobacterial OTUs and soil pH (Supplementary Figure S3).
Acidobacteria are known to dominate acidic and organic rich
tundra soils (Mannistd et al., 2013), where they have been
shown to play key role in degradation of large polysaccharides

(Woodcroft et al., 2018). Members of the phyla Verrucomicrobia
and Planctomycetes are reported to be abundant in Sphagnum-
dominated top layers of Arctic peat soils (Tveit et al.,, 2013),
and they have the ability to degrade various plant-derived
organic matter (Hernandez et al., 2015; Moore et al., 2015).
Within Betaproteobacteria, the microaerophilic iron-oxidizing
genus Gallionella was found to dominate the deeper soil horizons,
and previous studies have demonstrated an increase in relative
abundance of this iron-oxidizing lineage in ferrous iron [Fe(II)]-
rich deeper soil horizons (Miiller et al., 2018). In agreement
with other studies (Gittel et al, 2014a; Deng et al., 2015),
we also observed dominance of fermentative members of
Bacteroidetes (Bacteroidia) and Firmicutes (Clostridia) in deeper
soil horizons, which indicates high anaerobic degradation
potential of deeper soil horizons. The unknown lineages of
Chloroflexi (GQ396871_g) and Caldiserica (EU266853_g) were
dominant in deeper soil horizons (data not shown). These
poorly characterized bacterial phyla together with other candidate
phyla such as AD3, TM7, and ODI1 have been shown to
dominate deeper horizons of permafrost soils (Jansson and
Tas, 2014; Tag et al, 2014; Monteux et al, 2018; Tripathi
et al., 2018a). The functions of these poorly described bacterial
phyla should be further investigated through culture-dependent
and culture-independent approaches to better understand
ecological processes in the deeper permafrost soil horizons.
The archaeal community was dominated by Thaumarchaeota
Group l.1c in top soil horizon and their relative abundance
gradually decreased in sub-soil horizons. This may be the result
of the relatively lower pH of top soil horizon than that of
sub-soil horizons. The members of Thaumarchaeota Group 1.1c
are commonly reported from acidic soils (Kemnitz et al., 2007;
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Nicol et al., 2007), and their relative abundance sharply declines
with increase in pH (Lehtovirta et al, 2009; Tripathi et al,
2013). Strong negative correlations were also observed in this
study between some of the dominant Thaumarchaeota Group
1.1c¢ OTUs and soil pH (Supplementary Figure S3). The deeper
soil horizons were dominated by the representatives of MCG
(Bathyarchaeota), which are anaerobic heterotrophs and known
to assimilate a wide variety of organic carbon compounds (Lazar
et al,, 2016; Xiang et al., 2017). The deeper soil horizons also
harbored members of methanogenic genera (Methanobacterium,
“Ca. Methanoflorens,” and Methanosarcina). Methanobacterium
and “Ca. Methanoflorens” are hydrogenotrophic methanogens
that utilize hydrogen and carbon dioxide or formate as substrates
for methanogenesis (Mondav et al., 2014; Oren, 2014a), and
these methanogens are known to form syntrophic associations
with several bacterial species to facilitate degradation of organic
matter in anoxic environments (Woodcroft et al., 2018). Whereas,
Methanosarcina is metabolically more flexible, capable of all
three pathways of methanogenesis, that is, hydrogenotrophic,
acetoclastic and methylotrophic (Oren, 2014b). All these
methanogens have been shown to dominate the deeper soil
layers of Arctic tundra (Tripathi et al., 2018a). The dominance
of methanogenic taxa in deeper soil horizons indicates that
these soils have higher potential for methane emission.

Bacterial and archaeal diversity was significantly lower in
sub-soil horizons compared to top soil horizon, which could
be related with harsh abiotic environmental conditions (e.g.,
low to subzero temperatures, high water content, and anoxia
due to water logging) of sub-soil horizons, that impose a strong
ecological filter on colonization of microbiota leading to reduce
the diversity of microbial communities.

The different horizons of the permafrost-underlain Arctic
tundra soil represent stratifically heterogeneous environment
due to vertical gradient in soil physico-chemical parameters
and seasonal freeze-thaw cycles in the active soil layer. We found
that the composition of bacterial and archaeal communities
across soil horizons was associated with depth-related variations
in soil physico-chemical properties (Supplementary Figure S2).
Similar vertical distribution patterns were observed in previous
studies on permafrost soil microbial communities (Deng et al.,
2015; Tripathi et al., 2018a). However, a large fraction of the
variations in bacterial (84%) and archaeal (81%) communities
remained unexplained, suggesting that other factors such as
stochasticity and unmeasured environmental variables could
impact the variations in community composition.

The majority of organic matter stored in the surface soils
is derived from plant polymers such as cellulose and
hemicellulose. The degradation of these high-molecular weight
polysaccharides to oligomeric and monomeric sugars is a key
step in microbial decomposition of soil organic matter
(Kotsyurbenko, 2005). The top soil horizon had higher genomic
potential for degradation of both polysaccharides and
oligosaccharides (Figure 6A). The organic matter inputs from
plants and favorable environmental conditions for microbial
growth in top soil horizon might have contributed to the
observed increase in the relative abundance of genes involved
in organic matter decomposition. It has been reported earlier

that top horizon of Arctic soils has higher enzymatic activities
of carbohydrate metabolism compared to sub-soil horizons
(Gittel et al., 2014a). Furthermore, our metagenome data showed
a significant increase in relative abundance of genes involved
in fermentation and acetogenesis in sub-soil horizons (Figure 6B).
Fermentation and acetogenesis pathways are key to the
degradation of monosaccharides in sub-soil horizons and produce
low-molecular weight alcohols and organic acids together with
hydrogen and carbon dioxide (Conrad, 1999; Ye et al., 2012).
We also found that the genes involved in methanogenesis
(mcrABG) and methanotrophy (pmoABC and mmoXYZ) were
more abundant in sub-soil horizons (Figure 6C). Methanogenesis
is the terminal step in anaerobic decomposition of organic
carbon and performed by archaeal methanogens, whereas
methanotrophy is mostly carried out by bacterial methanotrophs
which act as a sink for methane before it gets released to the
atmosphere (Le Mer and Roger, 2001). As methanogenesis is
an obligately anaerobic process, the higher relative abundance
of mcrABG genes in sub-soil horizons could be related with
its low oxygen and redox levels. The taxonomy of mcrA gene
showed that “Ca. Methanoflorens,” a hydrogenotrophic
methanogen, was dominant in these soils, which has been
identified as major contributor to methane production in Arctic
tundra soils (Mondav et al., 2014; Woodcroft et al., 2018).
The pmoA reads were dominated by USCa (Knief, 2015), which
oxidizes atmospheric methane aerobically and has recently been
identified in a wide range of terrestrial ecosystems globally
(Tveit et al,, 2019), including permafrost soils (Lau et al., 2015;
Singleton et al., 2018). Methylococcaceae was predominant in
mmoX gene taxonomy, which is known to oxidize methane
in microaerophilic conditions (Kits et al., 2015), and can remain
active in deeper permafrost layers (Tveit et al., 2014; Singleton
et al.,, 2018). The dominance of methanotrophic taxa adapted
to function in both aerobic and microaerophilic conditions in
sub-soil horizons suggests that a substantial portion of methane
might get oxidized by methanotrophs before being emitted
into the atmosphere.

Nitrogen availability regulates the microbial decomposition
of organic matter and subsequent release of greenhouse gases;
however, the Arctic terrestrial environments are generally
considered nitrogen limited (Shaver and Chapin, 1980). Therefore,
the microorganisms involved in the process of nitrogen cycling
(nitrogen fixation, nitrification, denitrification, and nitrogen
assimilation) in permafrost soils might play a pivotal role in
the microbial response to global warming. Similar to other
studies (Keuper et al., 2012; Salmon et al, 2018), we found
higher amounts of available nitrogen as a form of ammonium
and WEN in deeper sub-soil horizons despite the lower content
of TN (Supplementary Table S1). Our results also showed
that the sub-soil horizons had higher genetic potential for
nitrogen cycling (Figure 6D), which indicates that
microorganisms harboring these genes are already present in
permafrost soils and could increase nitrogen cycling rates in
these soils provided with favorable environmental conditions.
The nitrogen assimilation genes, especially those involved in
the conversion of ammonium to organic nitrogen (gdh), were
enriched in sub-soil horizons, suggesting that microorganisms
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residing in this nitrogen-poor environment are poised to take
up nitrogen as it becomes available. Our results also showed
that the genetic potential for denitrification was enriched in
sub-soil horizons (Figure 6D). Higher genetic potential for
denitrification was also detected in other metagenomic studies
on permafrost soils (Lipson et al., 2013).

Understanding the ecological processes that shape the assembly
of permafrost soil microbiome is critical in order to fill an
important knowledge gap in permafrost microbial ecology and
predict the ecosystem responses to thaw. Our null modeling
analyses revealed a more deterministic bacterial community
assembly in top soil horizon with a strong influence of
homogeneous selection (Figure 7A). This might have resulted
due to low variation in soil physico-chemical properties within
samples of top soil horizon (Supplementary Figure S1), as a
consistent selective environment results in similar community
composition at local scales through homogeneous selection
(Dini-Andreote et al., 2015). However, in sub-soil horizons,
bacterial community assembly was largely driven by stochastic
processes (Figure 7A), which indicates that the strength of
environmental selection may have weakened in sub-soil horizons.
It has been reported that microbial movement is restricted
within permafrost soil layer (Bottos et al, 2018), and under
low dispersal rates the importance of ecological drift can
be increased (Vellend, 2010). Compared to bacterial community
assembly, archaeal community assembly was driven primarily
by stochastic processes across all soil horizons (Figure 7B).
The population density and diversity of archaeal communities
tend to be lower in soils than bacterial communities that could
have increased the relative influence of drift on archaeal
communities, as Vellend et al. (2014) suggested that ecological
communities with smaller population size and/or lower diversity
are more prone to drift.

In summary, the taxonomic and functional diversity of
microbiomes varied markedly between different horizons of
permafrost-underlain tundra soil. The composition and diversity
of bacterial and archaeal communities were associated with
vertical gradient in soil physico-chemical parameters; however,
a large fraction of variation remained unexplained by these
variables. The metagenomic approach employed in this study
demonstrates that the distribution of genes involved in cycling
of organic carbon and nitrogen was strongly influenced by
horizons of permafrost soil. Our results also suggest that
accurately predicting the changes in taxonomy and functions
of permafrost soil microbiomes based on environmental
characteristics may be limited, because compositional changes

REFERENCES

Anderson, M., Gorley, R. N., and Clarke, R. K. (2008). Permanova+ for PRIMER:
Guide to software and statistical methods. (Plymouth, UK: PRIMER-E Ltd).

Bottos, E. M., Kennedy, D. W., Romero, E. B., Fansler, S. J., Brown, J. M,,
Bramer, L. M., et al. (2018). Dispersal limitation and thermodynamic
constraints govern spatial structure of permafrost microbial communities.
FEMS Microbiol. Ecol. 94:fiy110. doi: 10.1093/femsec/fiy110

Boyd, J. A., Woodcroft, B. J., and Tyson, G. W. (2018). GraftM: a tool for
scalable, phylogenetically informed classification of genes within metagenomes.
Nucleic Acids Res. 46, e59-e59. doi: 10.1093/nar/gky174

in permafrost soil microbiome are largely governed by stochastic
processes. Together, these results provide important ecological
insights about permafrost soil microbiome and their drivers,
which will be helpful in understanding their responses to a
warming climate.

DATA AVAILABILITY

The datasets generated for this study can be found in NCBI
Short Read Archive (SRA) and MG-RAST, SRA BioProject ID
is PRINA 513409 and MG-RAST project ID is mgp21063.

AUTHOR CONTRIBUTIONS

BT, HK, MK, and YL designed the research. HK, HJ, and SN
completed fieldwork in Council, Alaska. JJ, SN, and YL
contributed with reagents and analytical tools. BT, HK, and
MK performed the research and analyzed the data. BT, MK,
and YL wrote the first draft of the manuscript and all authors
contributed to and have approved the final manuscript.

FUNDING

This work was supported by the Korea Research Fellowship
Program through the National Research Foundation of
Korea funded by the Ministry of Science and ICT
[NRF-2015H1D3A1066568 (PN19030, KOPRI)]. This study was
also supported by a National Research Foundation of Korea Grant
from the Korean Government (MSIP) [NRF-2016M1A5A1901770
(PN19081, KOPRI)].

ACKNOWLEDGMENTS

We thank Dr. Kwan Cheol Song (Rural
Administration) for helping in soil classification.

Development

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2019.01442/
full#supplementary-material

Buchfink, B., Xie, C., and Huson, D. H. (2014). Fast and sensitive protein
alignment using DIAMOND. Nat. Methods 12, 59-60. doi: 10.1038/nmeth.3176

Chase, J. M., and Myers, J. A. (2011). Disentangling the importance of ecological
niches from stochastic processes across scales. Philos. Trans. R. Soc. Lond.
Ser. B Biol. Sci. 366, 2351-2363. doi: 10.1098/rstb.2011.0063

Chun, J,, Kim, K. Y, Lee, J. H,, and Choi, Y. (2010). The analysis of oral
microbial communities of wild-type and toll-like receptor 2-deficient mice
using a 454 GS FLX Titanium pyrosequencer. BMC Microbiol. 10:101. doi:
10.1186/1471-2180-10-101

Clarke, K. R., and Gorley, R. N. (2006). PRIMER. 6th edn. (Plymouth, UK:
PRIMER-E Ltd).

Frontiers in Microbiology | www.frontiersin.org

11

June 2019 | Volume 10 | Article 1442


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01442/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01442/full#supplementary-material
https://doi.org/10.1093/femsec/fiy110
https://doi.org/10.1093/nar/gky174
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1098/rstb.2011.0063
https://doi.org/10.1186/1471-2180-10-101

Tripathi et al.

Soil Microbiome in Alaskan Tundra

Conrad, R. (1999). Contribution of hydrogen to methane production and
control of hydrogen concentrations in methanogenic soils and
sediments. FEMS Microbiol. Ecol. 28, 193-202. doi: 10.1111/j.1574-6941.1999.
tb00575.x

DeAngelis, K. M., Allgaier, M., Chavarria, Y., Fortney, J. L., Hugenholtz, P,
Simmons, B., et al. (2011). Characterization of trapped lignin-degrading
microbes in tropical forest soil. PLoS One 6:¢19306. doi: 10.1371/journal.
pone.0019306

DeConto, R. M., Galeotti, S., Pagani, M., Tracy, D., Schaefer, K., Zhang, T.,
et al. (2012). Past extreme warming events linked to massive carbon release
from thawing permafrost. Nature 484, 87-91. doi: 10.1038/nature10929

Deng, J., Gu, Y., Zhang, J., Xue, K., Qin, Y., Yuan, M., et al. (2015). Shifts of
tundra bacterial and archaeal communities along a permafrost thaw gradient
in Alaska. Mol. Ecol. 24, 222-234. doi: 10.1111/mec.13015

Dini-Andreote, E, Stegen, J. C., van Elsas, J. D., and Salles, J. E (2015).
Disentangling mechanisms that mediate the balance between stochastic and
deterministic processes in microbial succession. Proc. Natl. Acad. Sci. USA
112, E1326-E1332. doi: 10.1073/pnas.1414261112

Edgar, R. C., Haas, B. ], Clemente, J. C., Quince, C., and Knight, R. (2011).
UCHIME improves sensitivity and speed of chimera detection. Bioinformatics
27, 2194-2200. doi: 10.1093/bioinformatics/btr381

Ferreira, A. C., Nobre, M. E, Moore, E., Rainey, E A., Battista, J. R,, and
da Costa, M. S. (1999). Characterization and radiation resistance of new
isolates of Rubrobacter radiotolerans and Rubrobacter xylanophilus. Extremophiles
3, 235-238. doi: 10.1007/s007920050121

Fierer, N., Bradford, M. A., and Jackson, R. B. (2007). Toward an ecological
classification of soil bacteria. Ecology 88, 1354-1364. doi: 10.1890/05-1839

Fierer, N., Lauber, C. L., Ramirez, K. S., Zaneveld, J., Bradford, M. A., and
Knight, R. (2012). Comparative metagenomic, phylogenetic and physiological
analyses of soil microbial communities across nitrogen gradients. ISME J.
6, 1007-1017. doi: 10.1038/ismej.2011.159

Gee, G. W,, and Bauder, J. W. (1986). “Partcle-size analysis” in Methods of soil
analysis, part-I. Physical and mineralogical methods. ed. A. Klute (Madison,
WI: American Society of Agronomy and Soil Science Society of America),
383-411.

Gittel, A., Barta, J., Kohoutovd, 1., Mikutta, R., Owens, S., Gilbert, J., et al.
(2014a). Distinct microbial communities associated with buried soils in the
Siberian tundra. ISME J. 8, 841-853. doi: 10.1038/ismej.2013.219

Gittel, A., Barta, J., Kohoutova, I, Schnecker, ], Wild, B., Capek, P, et al
(2014b). Site-and horizon-specific patterns of microbial community structure
and enzyme activities in permafrost-affected soils of Greenland. Front.
Microbiol. 5:541. doi: 10.3389/fmicb.2014.00541

Graham, E. B., Crump, A. R,, Resch, C. T, Fansler, S., Arntzen, E., Kennedy, D. W,,
etal. (2017). Deterministic influences exceed dispersal effects on hydrologically-
connected microbiomes. Environ. Microbiol. 19, 1552-1567. doi: 10.1111/
1462-2920.13720

Hernandez, M., Dumont, M. G., Yuan, Q., and Conrad, R. (2015). Different
bacterial populations associated with the roots and rhizosphere of rice
incorporate plant-derived carbon. Appl. Environ. Microbiol. 81, 2244-2253.
doi: 10.1128/AEM.03209-14

Huse, S. M., Welch, D. M., Morrison, H. G., and Sogin, M. L. (2010).
Ironing out the wrinkles in the rare biosphere through improved OTU
clustering. Environ. Microbiol. 12, 1889-1898. doi: 10.1111/j.1462-2920.
2010.02193.x

Huson, D. H., Auch, A. E, Qi, J,, and Schuster, S. C. (2007). MEGAN analysis
of metagenomic data. Genome Res. 17, 377-386. doi: 10.1101/gr.5969107

Jansson, J. K., and Tas, N. (2014). The microbial ecology of permafrost. Nat.
Rev. Microbiol. 12, 414-425. doi: 10.1038/nrmicro3262

Jorgenson, M. T., Racine, C. H., Walters, ]. C., and Osterkamp, T. E. (2001).
Permafrost degradation and ecological changes associated with a warming
climate in central Alaska. Clim. Chang. 48, 551-579. doi: 10.1023/
A:1005667424292

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon, H.,
Ackerly, D. D., et al. (2010). Picante: R tools for integrating phylogenies
and ecology. Bioinformatics 26, 1463-1464. doi: 10.1093/bioinformatics/
btql66

Kemnitz, D., Kolb, S., and Conrad, R. (2007). High abundance of Crenarchaeota
in a temperate acidic forest soil. FEMS Microbiol. Ecol. 60, 442-448. doi:
10.1111/§.1574-6941.2007.00310.x

Keuper, F, Van Bodegom, P. M., Dorrepaal, E., Weedon, J. T., Van Hal, ],
Van Logtestijn, R. S., et al. (2012). A frozen feast: thawing permafrost
increases plant-available nitrogen in subarctic peatlands. Glob. Chang. Biol.
18, 1998-2007. doi: 10.1111/j.1365-2486.2012.02663.x

Kim, O. S., Cho, Y. J., Lee, K., Yoon, S. H., Kim, M., Na, H., et al. (2012).
Introducing EzTaxon-e: a prokaryotic 16S rRNA gene sequence database
with phylotypes that represent uncultured species. Int. J. Syst. Evol. Microbiol.
62, 716-721. doi: 10.1099/ijs.0.038075-0

Kits, K. D., Campbell, D. J., Rosana, A. R., and Stein, L. Y. (2015). Diverse
electron sources support denitrification under hypoxia in the obligate
methanotroph Methylomicrobium album strain BG8. Front. Microbiol. 6:1072.
doi: 10.3389/fmicb.2015.01072

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al.
(2013). Evaluation of general 16S ribosomal RNA gene PCR primers for
classical and next-generation sequencing-based diversity studies. Nucleic Acids
Res. 41:el. doi: 10.1093/nar/gks808

Knief, C. (2015). Diversity and habitat preferences of cultivated and uncultivated
aerobic methanotrophic bacteria evaluated based on pmoA as molecular
marker. Front. Microbiol. 6:1346. doi: 10.3389/fmicb.2015.01346

Kotsyurbenko, O. (2005). Trophic interactions in the methanogenic microbial
community of low-temperature terrestrial ecosystems. FEMS Microbiol. Ecol.
53, 3-13. doi: 10.1016/j.femsec.2004.12.009

Kwon, M. J., Jung, J. Y., Tripathi, B. M., Gockede, M., Lee, Y. K., and
Kim, M. (2019). Dynamics of microbial communities and CO, and CH,
fluxes in the tundra ecosystems of the changing Arctic. J. Microbiol.
57, 1-12. doi: 10.1007/s12275-019-8661-2

Lau, M. C,, Stackhouse, B., Layton, A. C., Chauhan, A., Vishnivetskaya, T.,
Chourey, K., et al. (2015). An active atmospheric methane sink in high
Arctic mineral cryosols. ISME J. 9, 1880-1891. doi: 10.1038/ismej.2015.13

Lazar, C. S., Baker, B. ], Seitz, K., Hyde, A. S., Dick, G. J., Hinrichs, K. U,
et al. (2016). Genomic evidence for distinct carbon substrate preferences
and ecological niches of B athyarchaeota in estuarine sediments. Environ.
Microbiol. 18, 1200-1211. doi: 10.1111/1462-2920.13142

Le Mer, J., and Roger, P. (2001). Production, oxidation, emission and consumption
of methane by soils: a review. Eur. J. Soil Biol. 37, 25-50. doi: 10.1016/
$1164-5563(01)01067-6

Leff, J. W, Jones, S. E., Prober, S. M., Barberdn, A., Borer, E. T, Firn, J. L.,
et al. (2015). Consistent responses of soil microbial communities to elevated
nutrient inputs in grasslands across the globe. Proc. Natl. Acad. Sci. USA
112, 10967-10972. doi: 10.1073/pnas.1508382112

Lehtovirta, L. E., Prosser, J. L, and Nicol, G. W. (2009). Soil pH regulates the
abundance and diversity of Group 1.lc Crenarchaeota. FEMS Microbiol.
Ecol. 70, 367-376. doi: 10.1111/j.1574-6941.2009.00748.x

Lipson, D. A., Haggerty, J. M., Srinivas, A., Raab, T. K, Sathe, S., and
Dinsdale, E. A. (2013). Metagenomic insights into anaerobic metabolism
along an Arctic peat soil profile. PLoS One 8:64659. doi: 10.1371/journal.
pone.0064659

Love, M. L., Huber, W,, and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550.
doi: 10.1186/513059-014-0550-8

Mackelprang, R., Waldrop, M. P,, DeAngelis, K. M., David, M. M., Chavarria, K. L.,
Blazewicz, S. J., et al. (2011). Metagenomic analysis of a permafrost microbial
community reveals a rapid response to thaw. Nature 480, 368-371. doi:
10.1038/nature10576

Minnisto, M. K., Kurhela, E., Tiirola, M., and Haggblom, M. M. (2013).
Acidobacteria dominate the active bacterial communities of Arctic tundra
with widely divergent winter-time snow accumulation and soil temperatures.
FEMS Microbiol. Ecol. 84, 47-59. doi: 10.1111/1574-6941.12035

McGuire, A. D., Anderson, L. G., Christensen, T. R., Dallimore, S.,
Guo, L., Hayes, D. J., et al. (2009). Sensitivity of the carbon cycle in
the Arctic to climate change. Ecol. Monogr. 79, 523-555. doi: 10.1890/
08-2025.1

Meyer, E, Paarmann, D., D’Souza, M., Olson, R., Glass, E. M., Kubal, M.,
et al. (2008). The metagenomics RAST server-a public resource for the
automatic phylogenetic and functional analysis of metagenomes. BMC
Bioinformatics 9:386. doi: 10.1186/1471-2105-9-386

Mondav, R., Woodcroft, B. J., Kim, E.-H., McCalley, C. K., Hodgkins, S. B.,
Crill, P. M., et al. (2014). Discovery of a novel methanogen prevalent in
thawing permafrost. Nat. Commun. 5:3212. doi: 10.1038/ncomms4212

Frontiers in Microbiology | www.frontiersin.org

June 2019 | Volume 10 | Article 1442


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1111/j.1574-6941.1999.tb00575.x
https://doi.org/10.1111/j.1574-6941.1999.tb00575.x
https://doi.org/10.1371/journal.pone.0019306
https://doi.org/10.1371/journal.pone.0019306
https://doi.org/10.1038/nature10929
https://doi.org/10.1111/mec.13015
https://doi.org/10.1073/pnas.1414261112
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1007/s007920050121
https://doi.org/10.1890/05-1839
https://doi.org/10.1038/ismej.2011.159
https://doi.org/10.1038/ismej.2013.219
https://doi.org/10.3389/fmicb.2014.00541
https://doi.org/10.1111/1462-2920.13720
https://doi.org/10.1111/1462-2920.13720
https://doi.org/10.1128/AEM.03209-14
https://doi.org/10.1111/j.1462-2920.2010.02193.x
https://doi.org/10.1111/j.1462-2920.2010.02193.x
https://doi.org/10.1101/gr.5969107
https://doi.org/10.1038/nrmicro3262
https://doi.org/10.1023/A:1005667424292
https://doi.org/10.1023/A:1005667424292
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1111/j.1574-6941.2007.00310.x
https://doi.org/10.1111/j.1365-2486.2012.02663.x
https://doi.org/10.1099/ijs.0.038075-0
https://doi.org/10.3389/fmicb.2015.01072
https://doi.org/10.1093/nar/gks808
https://doi.org/10.3389/fmicb.2015.01346
https://doi.org/10.1016/j.femsec.2004.12.009
https://doi.org/10.1007/s12275-019-8661-2
https://doi.org/10.1038/ismej.2015.13
https://doi.org/10.1111/1462-2920.13142
https://doi.org/10.1016/S1164-5563(01)01067-6
https://doi.org/10.1016/S1164-5563(01)01067-6
https://doi.org/10.1073/pnas.1508382112
https://doi.org/10.1111/j.1574-6941.2009.00748.x
https://doi.org/10.1371/journal.pone.0064659
https://doi.org/10.1371/journal.pone.0064659
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/nature10576
https://doi.org/10.1111/1574-6941.12035
https://doi.org/10.1890/08-2025.1
https://doi.org/10.1890/08-2025.1
https://doi.org/10.1186/1471-2105-9-386
https://doi.org/10.1038/ncomms4212

Tripathi et al.

Soil Microbiome in Alaskan Tundra

Monteux, S., Weedon, J. T., Blume-Werry, G., Gavazov, K., Jassey, V. E,
Johansson, M., et al. (2018). Long-term in situ permafrost thaw effects on
bacterial communities and potential aerobic respiration. ISME J. 12,
2129-2141. doi: 10.1038/s41396-018-0176-z

Moore, E. K., Villanueva, L., Hopmans, E. C., Rijpstra, W. I. C., Mets, A,
Dedysh, S. N, et al. (2015). Abundant trimethylornithine lipids and specific
gene sequences are indicative of planctomycete importance at the oxic/
anoxic interface in Sphagnum-dominated northern wetlands. Appl. Environ.
Microbiol. 81, 6333-6344. doi: 10.1128/AEM.00324-15

Miiller, O., Bang-Andreasen, T., White, R. A. IIL, Elberling, B., Tas, N,
Kneafsey, T., et al. (2018). Disentangling the complexity of permafrost soil
by using high resolution profiling of microbial community composition,
key functions and respiration rates. Environ. Microbiol. 20, 4328-4342. doi:
10.1111/1462-2920.14348

Nicol, G. W,, Campbell, C. D., Chapman, S. J., and Prosser, J. 1. (2007).
Afforestation of moorland leads to changes in crenarchaeal community
structure. FEMS Microbiol. Ecol. 60, 51-59. doi: 10.1111/j.1574-6941.2006.00258.x

Oksanen, J., Kindt, R., Legendre, P, O’Hara, B., Stevens, M., Oksanen, M.,
et al. (2007). The Vegan Package. Community Ecology Package.

Oren, A. (2014a). “The family methanobacteriaceae” in The prokaryotes. eds.
E. Rosenberg, E. Delong, S. Lory, E. Stackebrandt, and FE Thompson (Berlin,
Heidelberg: Springer), 165-193.

Oren, A. (2014b). “The family methanosarcinaceae” in The prokaryotes. eds.
E. Rosenberg, E. Delong, S. Lory, E. Stackebrandt, and F. Thompson (Berlin,
Heidelberg: Springer), 259-281.

Osterkamp, T. (2007). Characteristics of the recent warming of permafrost in
Alaska. J. Geophys. Res. Earth 112:F02S02. doi: 10.1029/2006JF000578
Park, J. S., and Lee, E. J. (2014). Geostatistical analyses and spatial distribution
patterns of tundra vegetation in Council, Alaska. J. Ecol. Environ. 37,

53-60. doi: 10.5141/ecoenv.2014.007

Price, M., Dehal, P, and Arkin, A. (2010). FastTree 2-approximately maximum-
likelihood trees for large alignments. PLoS One 5:¢9490. doi: 10.1371/journal.
pone.0009490

Ramirez, K. S., Craine, J. M., and Fierer, N. (2012). Consistent effects of
nitrogen amendments on soil microbial communities and processes across
biomes. Glob. Chang. Biol. 18, 1918-1927. doi: 10.1111/j.1365-2486.2012.02639.x

Romanovsky, V. E., Smith, S. L., and Christiansen, H. H. (2010). Permafrost
thermal state in the polar Northern Hemisphere during the international
polar year 2007-2009: a synthesis. Permafrost Periglac. 21, 106-116. doi:
10.1002/ppp.689

Salmon, V. G., Schidel, C., Bracho, R., Pegoraro, E., Celis, G., Mauritz, M.,
et al. (2018). Adding depth to our understanding of nitrogen dynamics in
permafrost soils. J. Geophys. Res. Biogeosci. 123, 2497-2512. doi: 10.1029/
2018]G004518

Schloss, P. D., and Westcott, S. L. (2011). Assessing and improving methods
used in operational taxonomic unit-based approaches for 16S rRNA gene
sequence analysis. Appl. Environ. Microbiol. 77, 3219-3226. doi: 10.1128/
AEM.02810-10

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, ]. R., Hartmann, M., Hollister, E. B.,
et al. (2009). Introducing mothur: open-source, platform-independent,
community-supported software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75, 7537-7541. doi: 10.1128/
AEM.01541-09

Shaver, G., and Chapin, E. S. (1980). Response to fertilization by various plant
growth forms in an Alaskan tundra: nutrient accumulation and growth.
Ecology 61, 662-675.

Singleton, C. M., McCalley, C. K., Woodcroft, B. J., Boyd, J. A., Evans, P. N,,
Hodgkins, S. B., et al. (2018). Methanotrophy across a natural permafrost
thaw environment. ISME J. 12, 2544-2558. doi: 10.1038/s41396-018-0065-5

Stegen, J. C. Lin, X, Fredrickson, J. K., Chen, X, Kennedy, D. W,
Murray, C. J., et al. (2013). Quantifying community assembly processes and
identifying features that impose them. ISME J. 7, 2069-2079. doi: 10.1038/
isme;j.2013.93

Stegen, J. C., Lin, X., Fredrickson, J. K., and Konopka, A. E. (2015). Estimating
and mapping ecological processes influencing microbial community assembly.
Front. Microbiol. 6:370. doi: 10.3389/fmicb.2015.00370

Stegen, J. C., Lin, X., Konopka, A. E., and Fredrickson, J. K. (2012). Stochastic
and deterministic assembly processes in subsurface microbial communities.
ISME ]. 6, 1653-1664. doi: 10.1038/ismej.2012.22

Tarnocai, C., Canadell, J., Schuur, E., Kuhry, P, Mazhitova, G., and Zimov, S.
(2009). Soil organic carbon pools in the northern circumpolar permafrost
region. Global Biogeochem. Cycles 23:GB2023. doi: 10.1029/2008GB003327

Tas, N., Prestat, E., McFarland, J. W., Wickland, K. P, Knight, R., Berhe, A. A,,
et al. (2014). Impact of fire on active layer and permafrost microbial
communities and metagenomes in an upland Alaskan boreal forest. ISME
J. 8, 1904-1919. doi: 10.1038/ismej.2014.36

Tas, N., Prestat, E., Wang, S., Wu, Y., Ulrich, C., Kneafsey, T., et al. (2018).
Landscape topography structures the soil microbiome in arctic polygonal
tundra. Nat. Commun. 9:777. doi: 10.1038/s41467-018-03089-z

Ter Braak, C. J., and Smilauer, P. (2012). Canoco reference manual and user’s
guide: Software for ordination (version 5.0). (Ithaca, NY: Microcomputer power).

Tripathi, B. M., Kim, M., Kim, Y., Byun, E., Yang, J.-W,, Ahn, ], et al. (2018a).
Variations in bacterial and archaeal communities along depth profiles of
Alaskan soil cores. Sci. Rep. 8:504. doi: 10.1038/s41598-017-18777-x

Tripathi, B. M., Kim, M., Lai-Hoe, A., Shukor, N. A. A, Rahim, R. A,, Go, R,
et al. (2013). pH dominates variation in tropical soil archaeal diversity and
community structure. FEMS Microbiol. Ecol. 86, 303-311. doi: 10.1111/
1574-6941.12163

Tripathi, B. M., Stegen, ]. C, Kim, M., Dong, K., Adams, ]J. M., and
Lee, Y. K. (2018b). Soil pH mediates the balance between stochastic and
deterministic assembly of bacteria. ISME J. 12, 1072-1083. doi: 10.1038/
$41396-018-0082-4

Tveit, A. T., Hestnes, A. G., Robinson, S. L., Schintlmeister, A., Dedysh, S. N,
Jehmlich, N, et al. (2019). Widespread soil bacterium that oxidizes atmospheric
methane. Proc. Natl. Acad. Sci. USA 116, 8515-8524. doi: 10.1073/
pnas.1817812116

Tveit, A., Schwacke, R., Svenning, M. M., and Urich, T. (2013). Organic carbon
transformations in high-Arctic peat soils: key functions and microorganisms.
ISME ]. 7, 299-311. doi: 10.1038/isme;j.2012.99

Tveit, A. T, Urich, T., and Svenning, M. M. (2014). Metatranscriptomic analysis
of arctic peat soil microbiota. Appl. Environ. Microbiol. 80, 5761-5772. doi:
10.1128/AEM.01030-14

Veach, A. M., Stegen, J. C., Brown, S. P, Dodds, W. K., and Jumpponen, A.
(2016). Spatial and successional dynamics of microbial biofilm communities
in a grassland stream ecosystem. Mol. Ecol. 25, 4674-4688. doi: 10.1111/
mec.13784

Vellend, M. (2010). Conceptual synthesis in community ecology. Q. Rev. Biol.
85, 183-206. doi: 10.1086/652373

Vellend, M., Srivastava, D. S., Anderson, K. M., Brown, C. D., Jankowski, J. E.,
Kleynhans, E. ], et al. (2014). Assessing the relative importance of neutral
stochasticity in ecological communities. Oikos 123, 1420-1430. doi: 10.1111/
0ik.01493

Wang, J., Shen, ], Wu, Y, Tu, C., Soininen, J., Stegen, J. C., et al. (2013).
Phylogenetic beta diversity in bacterial assemblages across ecosystems:
deterministic versus stochastic processes. ISME J. 7, 1310-1321. doi: 10.1038/
isme;j.2013.30

Webb, C. O., Ackerly, D. D., McPeek, M. A., and Donoghue, M. J. (2002).
Phylogenies and community ecology. Annu. Rev. Ecol. Syst. 33, 475-505.
doi: 10.1146/annurev.ecolsys.33.010802.150448

Wilhelm, R. C., Niederberger, T. D., Greer, C., and Whyte, L. G. (2011).
Microbial diversity of active layer and permafrost in an acidic wetland from
the Canadian High Arctic. Can. J. Microbiol. 57, 303-315. doi: 10.1139/
w11-004

Woodcroft, B. J., Singleton, C. M., Boyd, J. A., Evans, P. N., Emerson, J. B,
Zayed, A. A., et al. (2018). Genome-centric view of carbon processing in
thawing permafrost. Nature 560, 49-54. doi: 10.1038/s41586-018-0338-1

Xiang, X., Wang, R., Wang, H., Gong, L., Man, B., and Xu, Y. (2017).
Distribution of Bathyarchaeota communities across different terrestrial
settings and their potential ecological functions. Sci. Rep. 7:45028. doi:
10.1038/srep45028

Ye, R,, Jin, Q., Bohannan, B., Keller, J. K., McAllister, S. A., and Bridgham, S. D.
(2012). pH controls over anaerobic carbon mineralization, the efficiency of
methane production, and methanogenic pathways in peatlands across an
ombrotrophic-minerotrophic gradient. Soil Biol. Biochem. 54, 36-47. doi:
10.1016/j.s0ilbi0.2012.05.015

Yergeau, E., Hogues, H., Whyte, L. G., and Greer, C. W. (2010). The functional
potential of high Arctic permafrost revealed by metagenomic sequencing,
qPCR and microarray analyses. ISME J. 4, 1206-1214. doi: 10.1038/ismej.2010.41

Frontiers in Microbiology | www.frontiersin.org

June 2019 | Volume 10 | Article 1442


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1038/s41396-018-0176-z
https://doi.org/10.1128/AEM.00324-15
https://doi.org/10.1111/1462-2920.14348
https://doi.org/10.1111/j.1574-6941.2006.00258.x
https://doi.org/10.1029/2006JF000578
https://doi.org/10.5141/ecoenv.2014.007
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1111/j.1365-2486.2012.02639.x
https://doi.org/10.1002/ppp.689
https://doi.org/10.1029/2018JG004518
https://doi.org/10.1029/2018JG004518
https://doi.org/10.1128/AEM.02810-10
https://doi.org/10.1128/AEM.02810-10
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1038/s41396-018-0065-5
https://doi.org/10.1038/ismej.2013.93
https://doi.org/10.1038/ismej.2013.93
https://doi.org/10.3389/fmicb.2015.00370
https://doi.org/10.1038/ismej.2012.22
https://doi.org/10.1029/2008GB003327
https://doi.org/10.1038/ismej.2014.36
https://doi.org/10.1038/s41467-018-03089-z
https://doi.org/10.1038/s41598-017-18777-x
https://doi.org/10.1111/1574-6941.12163
https://doi.org/10.1111/1574-6941.12163
https://doi.org/10.1038/s41396-018-0082-4
https://doi.org/10.1038/s41396-018-0082-4
https://doi.org/10.1073/pnas.1817812116
https://doi.org/10.1073/pnas.1817812116
https://doi.org/10.1038/ismej.2012.99
https://doi.org/10.1128/AEM.01030-14
https://doi.org/10.1111/mec.13784
https://doi.org/10.1111/mec.13784
https://doi.org/10.1086/652373
https://doi.org/10.1111/oik.01493
https://doi.org/10.1111/oik.01493
https://doi.org/10.1038/ismej.2013.30
https://doi.org/10.1038/ismej.2013.30
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448
https://doi.org/10.1139/w11-004
https://doi.org/10.1139/w11-004
https://doi.org/10.1038/s41586-018-0338-1
https://doi.org/10.1038/srep45028
https://doi.org/10.1016/j.soilbio.2012.05.015
https://doi.org/10.1038/ismej.2010.41

Tripathi et al.

Soil Microbiome in Alaskan Tundra

Zhang, T, Barry, R., Knowles, K., Heginbottom, J., and Brown, J. (2008). Statistics
and characteristics of permafrost and ground-ice distribution in the Northern
Hemisphere. Polar Geogr. 31, 47-68. doi: 10.1080/10889370802175895

Conlflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2019 Tripathi, Kim, Jung, Nam, Ju, Kim and Lee. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Microbiology | www.frontiersin.org

14

June 2019 | Volume 10 | Article 1442


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1080/10889370802175895
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Distinct Taxonomic and Functional Profiles of the Microbiome Associated With Different Soil Horizons of a Moist Tussock 
Tundra in Alaska
	Introduction
	Materials and Methods
	Site Description and Soil Core Sampling
	Soil Analyses
	DNA Extraction, 16S rRNA Gene Amplification, and Sequencing
	Sequence Processing
	Phylogenetic Analyses
	Shotgun Metagenome Sequencing and Data Analyses
	Statistical Analyses

	Results
	Soil Characteristics
	Community Structure and Diversity
	Potential Functional Genes
	Community Assembly Processes

	Discussion
	Data Availability
	Author Contributions

	References

