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ABSTRACT Recent work revealed an active biological chlorine cycle in coastal
Arctic tundra of northern Alaska. This raised the question of whether chlorine cycling
was restricted to coastal areas or if these processes extended to inland tundra. The
anaerobic process of organohalide respiration, carried out by specialized bacteria like
Dehalococcoides, consumes hydrogen gas and acetate using halogenated organic com-
pounds as terminal electron acceptors, potentially competing with methanogens that
produce the greenhouse gas methane. We measured microbial community composition
and soil chemistry along an ~262-km coastal-inland transect to test for the potential of
organohalide respiration across the Arctic Coastal Plain and studied the microbial com-
munity associated with Dehalococcoides to explore the ecology of this group and its
potential to impact C cycling in the Arctic. Concentrations of brominated organic com-
pounds declined sharply with distance from the coast, but the decrease in organic chlo-
rine pools was more subtle. The relative abundances of Dehalococcoides were similar
across the transect, except for being lower at the most inland site. Dehalococcoides cor-
related with other strictly anaerobic genera, plus some facultative ones, that had the
genetic potential to provide essential resources (hydrogen, acetate, corrinoids, or organic
chlorine). This community included iron reducers, sulfate reducers, syntrophic bacteria,
acetogens, and methanogens, some of which might also compete with Dehalococcoides
for hydrogen and acetate. Throughout the Arctic Coastal Plain, Dehalococcoides is associ-
ated with the dominant anaerobes that control fluxes of hydrogen, acetate, methane,
and carbon dioxide. Depending on seasonal electron acceptor availability, organohalide-
respiring bacteria could impact carbon cycling in Arctic wet tundra soils.

IMPORTANCE Once considered relevant only in contaminated sites, it is now recog-
nized that biological chlorine cycling is widespread in natural environments.
However, linkages between chlorine cycling and other ecosystem processes are not
well established. Species in the genus Dehalococcoides are highly specialized, using
hydrogen, acetate, vitamin B,,-like compounds, and organic chlorine produced by
the surrounding community. We studied which neighbors might produce these
essential resources for Dehalococcoides species. We found that Dehalococcoides
species are ubiquitous across the Arctic Coastal Plain and are closely associated
with a network of microbes that produce or consume hydrogen or acetate, includ-
ing the most abundant anaerobic bacteria and methanogenic archaea. We also
found organic chlorine and microbes that can produce these compounds through-
out the study area. Therefore, Dehalococcoides could control the balance between
carbon dioxide and methane (a more potent greenhouse gas) when suitable or-
ganic chlorine compounds are available to drive hydrogen and acetate uptake.

KEYWORDS Arctic, Dehalococcoides, chlorine, methanogenesis, soil

revious work revealed an active biological chlorine (Cl) cycle in coastal Arctic tun-
dra, including Dehalococcoides species that use chlorinated organic (Cl,,,) com-
pounds as terminal electron (e~) acceptors (TEAs) in anaerobic respiration (1).
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TABLE 1 Sampling locations in the Arctic Coastal Plain, northern Alaska®

Site Latitude Longitude Distance to coast (km) Elevation (m)
CST 71.298 —156.548 0.15-0.75 3

6km 71.252 —156.542 6 12

11k 71.189 —156.572 11 8

25k 70.999 —156.521 25 7

ATQ 70.470 —157.408 48 17

100k 70.069 —156.106 110 37

TFS 68.624 —149.585 192 730

IVO 68.480 —155.758 262 582

aThe four northernmost sites are near Utgiagvik (Barrow). Distance to the coast is measured to the Beaufort Sea
(or Elson Lagoon). ATQ, Atqasuk; TFS, Toolik Field Station; IVO, Ivotuk.

Dehalococcoides species are obligate organohalide-respiring bacteria with a high affin-
ity for hydrogen gas (H,), whose activity could therefore limit the availability of H, for
methanogenesis and other metabolic processes (2). While originally studied in the con-
text of bioremediation, there is growing interest in how organohalide respiration
(OHR) might function in natural ecosystems (3). Dehalococcoides species are highly spe-
cialized in their requirements for H, as an energy source, acetate as a carbon (C) source,
and various forms of Cl,,, or organic bromine (Br,,,) compounds as TEAs (4). They have
small, streamlined genomes (~1.4Mb) but carry multiple reductive dehalogenase
genes to utilize a wide variety of halogenated TEAs (5). Dehalococcoides species also
require an exogenous supply of corrinoid building blocks to produce cobalamin (vita-
min B,,), relying on the surrounding microbial community to provide these resources (6).

Being among the simplest biological energy sources, H, and acetate are central cur-
rencies for anaerobic metabolism, powering methanogenesis, iron (Fe) reduction, sul-
fate reduction, OHR, and autotrophic acetogenesis (in the case of H,). The prevalence
of Dehalococcoides in the microbial community of an Arctic wet tundra soil raised the
question of how these important anaerobic pathways interact and whether OHR might
serve as an important sink for H, and acetate that could otherwise fuel the production
of methane (CH,), a potent greenhouse gas. Previous work showed that saturated peat
soils near Utgiagvik (formerly Barrow), AK, host a broad diversity of anaerobic microbes
and alternative TEA pathways (7-9). The experimental addition of ferric iron [Fe(lll)]
and humic acids to soils reduced CH, flux from soils (10), and another study demon-
strated anaerobic oxidation of methane (AOM) in this ecosystem (11). These studies
showed that the net flux of CH, from this ecosystem could be controlled by the pres-
ence of alternative TEAs. However, it is uncertain how Dehalococcoides and OHR fit into
this network of supply and demand for e~ donors and acceptors.

The discovery of significant biological Cl cycling in coastal tundra also raised the
question of whether Cl cycling is restricted to coastal areas with high precipitation
inputs of chloride (CI7) or whether OHR is a general feature of wet tundra soils. To
address these questions, we conducted a survey of shotgun metagenomes and soil
chemistry in wet tundra sites across the Arctic Coastal Plain (ACP) of northern Alaska
from the coast of the Arctic Ocean to ~260km inland (Table 1). We use the metage-
nomics data to identify which microbes are spatially associated with Dehalococcoides
and have the genetic potential to provide or compete for essential resources.

RESULTS

As expected, ClI~ concentrations in snow and rain declined with distance from the
coast (Fig. 1). Soil CI~ also declined sharply at distances of >25km from the coast,
although the progression was less regular than that for precipitation, implying local
effects of hydrology and biology (Fig. 2). The soil concentrations of Cl,, tended to
decline with distance from the coast, although this trend was not significant [P=0.195
for regression of Cl,, versus In(distance)]. Unlike Cl, total bromine (Br) was dominated
by Br,,, across all sites, and Br,,, declined more dramatically with distance from the
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FIG 1 Chloride concentrations in precipitation at sites along a coastal-inland transect starting near
the Beaufort Sea.

coast than did Cl,,,, with average Br,,, concentrations of the four most distant sites
being 18% of that of the four coastal sites [P=0.004 for regression of Br
In(distance)].

Pools of soluble TEAs were generally dominated by Fe(lll) (Fig. 3), with the excep-
tion of higher sulfate concentrations at the most coastal site (CST) and comparable Fe
(Il) and sulfate concentrations at the southernmost site (Ivotuk [IVO]). Nitrate concen-
trations were generally an order of magnitude lower than those of Fe(lll) but were sig-
nificantly higher at the two southernmost locations (Toolik Field Station [TFS] and IVO)
than at the other sites (P=0.001 by analysis of variance [ANOVA] with repeating con-
trast codes for relative position along transect). Acid-extractable Fe was abundant
across all sites, although a significantly higher proportion was in the oxidized Fe(lll)
form in the two southernmost (and most topographically complex) sites (P=0.001).

Averaging across all depths, the soil water concentrations of acetate ranged from
74 uM at IVO to 397 uM at CST, while the formate concentrations ranged from 22 uM
at IVO to 140 uM at Atqasuk (ATQ). By two-way ANOVA, soil concentrations of acetate
(P=0.008) and formate (P=0.001) differed significantly by site (driven mainly by lower
concentrations at IVO), while the formate concentration was also significantly higher
(P=0.006) in deeper soil layers (Fig. 4).

The taxonomic structure of the microbial community was primarily driven by redox
status and pH, and IVO clearly stood out from the other sites (Fig. 5). In the nonmetric
multidimensional scaling (NMDS) analysis based on taxonomic groupings (phyla,
except with Proteobacteria, which were broken into separate classes), surface soils (5 to
10 cm deep) were mainly distributed in the upper left diagonal of the plot, clearly sepa-
rated from the deepest soil layer (circles versus diamonds in Fig. 5A to C). The taxo-
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FIG 2 Total and organic halogens (bromine [A] and chlorine [B]) in soils from the eight study
locations, arranged from most coastal on the left to furthest inland on the right. In regressions on the
log-transformed distance from the coast, Br,, declined significantly (P=0.004), while Cl, did not
(P=0.195).
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FIG 3 Acid-extractable Fe (A) and soluble e~ acceptors (B) from sites along the coastal-inland
transect, integrated over a 35-cm soil profile. The nitrate concentrations and ratios of Fe(lll)/total Fe
were significantly higher at IVO and TFS (P=0.001).

nomic structures differed among the three depths according to permutational multi-
variate analysis of variance (PerMANOVA) (P < 0.01 for all pairwise comparisons) (Fig.
5B). IVO stood out from the other sites, with both shallow (5 to 10 cm) and deeper (20
to 25cm) samples appearing in the upper left of the plot (Fig. 5A). Taxonomically, IVO
was distinct from the other sites by PerMANOVA (P < 0.02 for all pairwise comparisons)
(Fig. 5A). In this analysis, TFS was also distinct from 11k (P=0.035). The overlaid envi-
ronmental vectors in Fig. 5C (using EnvFit) show that the taxonomic structure was
driven by the redox status of soil Fe pools, pH, and concentrations of Fe(ll), nitrate, and
formate. These vectors show that IVO and the shallower soil layers were more oxic,
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FIG 4 Concentrations of formate (A) and acetate (B) in soils by depth and location along the coastal-
inland transect. Soil concentrations of acetate (P=0.008) and formate (P=0.001) differed significantly
by site, while the concentration of formate was also significantly higher (P=0.006) in deeper soil
layers.
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FIG 5 Nonmetric multidimensional scaling (NMDS) analysis of 64 soil metagenomes showing samples
by depth (symbols) and location (color). Data in panels A to C are based on taxonomic data (at the
phylum level except for Proteobacteria, which were separated by class [stress=0.092]), and data in
panel D are based on functional data (SEED subsystem level 2 [stress=0.17]). The 95% confidence
ellipses around the centroids for each group are drawn for location (A and D) and depth (B).
Taxonomically, IVO is significantly different from the other sites, and all 3 depths are different from
each other. Functionally, all sites and depths differ significantly. Significant environmental variables are
overlaid on taxonomic (C) and functional gene (D) ordinations. Ca, Cl, Fe, Fe(ll), formate, NO,, and SO,
represent concentrations of these chemical species on a soil volume basis, while wFe and aFe are the
ratios of Fe(ll) to total Fe for water- and acid-extractable pools, respectively.

with higher concentrations of nitrate, while the other sites and deeper soil layers were
more reduced, with higher concentrations of formate. Formate is interconvertible with
H, by the enzyme formate hydrogen lyase (12) and is used interchangeably with H, by
many anaerobes (13). The phylum-level composition of IVO was similar to those of the
shallow samples from other sites, containing a higher abundance of phyla rich in aero-
bic and facultative species, such as Acidobacteria and Alphaproteobacteria, and fewer
phyla with strict anaerobes, such as Firmicutes and Euryarchaeota (see Fig. ST and S2 in
the supplemental material).

Similarly, the NMDS based on metabolic pathways (SEED subsystem level 2) sepa-
rated shallow samples from the deepest ones and placed IVO samples apart from those
from the other sites (Fig. 5D). By PerMANOVAs of functional gene abundances, all pair-
wise comparisons of sites (P<<0.002) and depths (P<<0.017) were significant.
According to the EnvFit analysis, the functional structure was driven by the same varia-
bles as those driven by the taxonomic structure, but chloride, calcium, and soil organic
matter (SOM) contents were also significant (Fig. 5D).

IVO also stood out from the other sites in terms of the relative abundances of indi-
cator taxa for strictly anaerobic processes: Fe reducers, sulfate reducers, OHR bacteria,
syntrophic bacteria, and methanogens were comparably abundant at all sites except
IVO, which was depleted of these groups (Fig. 6). By two-way ANOVA, the effects of
site were highly significant for all indicator taxa (P < 0.001), and depth was significant
for all indicators (P < 0.05) except Geobacter (P=0.233).

Dehalococcoides and the closely related OHR genus Dehalogenimonas (r=0.989)
were ubiquitous in metagenomes across the ACP, and the relative abundance of this
genus was highly correlated with a set of strict anaerobes as well as some facultative
microbes (Fig. 7). The relative abundances of these genera according to Kaiju and MG-
RAST were highly correlated (median Pearson r=0.95), although one notable
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FIG 6 Relative abundance (percent) of indicator taxa for anaerobic processes by depth and location
along the transect. The effects of site were significant for all indicator taxa (P < 0.001), and depth was
significant for all indicators (P < 0.05) except Geobacter (P=0.233). SRB, sulfate-reducing bacteria.

difference between these annotations was that Anaerolinea was abundant by Kaiju but
not detected by MG-RAST. Searches of assembled contigs with phmmer supported the
presence of Anaerolinea, so this genus is included with Chloroflexus for the purposes of
this study.

To explore the metabolic interdependence of this microbial network, the genera re-
sponsible for pathways that produce H,, acetate, corrinoids, and Cl,,, were identified.
Apart from aerobic and facultative bacteria with very different spatial distributions,
Dehalococcoides was strongly associated with major producers of these essential
resources (Fig. 7; see also Data Set S1 in the supplemental material). In addition to pro-
viding resources for Dehalococcoides, many of these microbes could also compete for
resources, depending on the availability of e~ acceptors (Fig. 8). Overall, the abun-
dance of the genera shown in Fig. 7 was best predicted by the redox state of the acid-
extractable Fe pool, soil pH, and formate concentration (Table 2), with a few notable
exceptions, as discussed below.

DISCUSSION

Our analysis reveals a network of potential interactions in which resources may
be provided to Dehalococcoides when Cl,,, availability is high, directing e~ flow
away from CH, and toward CO, production. In addition to the commonly known
syntrophic bacteria Syntrophus and Synthrophobacter, in the absence of alternative
TEAs, other Deltaproteobacteria such as Geobacter, Pelobacter, and Desulfovibrio can
also form syntrophic relationships in which e~ is transferred to methanogens or
other partners via H,, formate, or direct interspecies electron transfer (DIET)
(14-16). Given the high correlations of these genera with Dehalococcoides and the high
affinity of Dehalococcoides for H, uptake, it is likely that Dehalococcoides species are viable
alternative partners for syntrophic metabolism when suitable Cl,, is available. This has
been shown to be the case for a consortium of Pelobacter and Dehalococcoides species ca-
pable of degrading acetylene and trichloroethylene (17).

In addition to syntrophic bacteria, a variety of fermentative bacteria (Bacteroidetes,
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Firmicutes, and Chloroflexi) could provide H, through proton reduction or release formate
and/or H, during mixed-acid fermentation. In fact, Bacteroidetes and other species not gen-
erally known for syntrophy have been implicated in the syntrophic transfer of H, in peat
soil (18). Formate is readily converted to H, by formate hydrogen lyase, an enzyme found
in many of the genomes represented in Fig. 7. Dehalococcoides species cannot grow using
formate as the sole e~ donor in pure culture (4) but are fueled by formate in enrichment
cultures (19). Anoxygenic phototrophic bacteria, such as the green sulfur bacteria
Chlorobium and Chloroherpeton, produce H, during photosynthesis and/or N fixa-
tion (20), and those capable of organotrophy in the dark (Chloroflexus and Roseiflexus)
also fermentatively produce H, (21). The chemoautotroph Carboxydothermus produces H,
and CO, from carbon monoxide. Most described species of Maribacter are aerobic, but sev-
eral facultative species are known (22, 23), and the genome of Maribacter cobaltidurans
has a hydrogenase gene very similar to a metagenomic sequence in this study. The
Maribacter sequences identified in the current study appear to be from anaerobic species,
as their abundance is positively correlated with the redox state of Fe and the concentra-
tion of formate, showing the same pattern as those of many of the well-known strict anae-
robes (Table 2).

Acetogens (e.g., Clostridium, Moorella, Thermoanaerobacter, and Archaeoglobus) are
potential donors of acetate (24, 25). While Desulfitobacterium species are capable of pro-
ducing acetate (26), they also perform OHR (27), so the correlation with Dehalococcoides
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could arise from occupying a similar niche. Surprisingly, Methanosarcina acetivorans pro-
duces acetate when grown on carbon monoxide (28) but probably acts as a net consumer
of acetate, overall. The presence of acetate kinase (AcK) genes linked to Geobacter and
Bacteroides genomes indicates that mixed-acid fermentation is another potential source of
acetate in this food web.

Many of the microbes shown in Fig. 7 have genes in cobalamin/vitamin B,, synthe-
sis pathways that are complementary to the incomplete set found in Dehalococcoides
spp. and could potentially provide corrinoids for Dehalococcoides. For example,
Desulfovibrio vulgaris provided H, and acetate, while Pelosinus fermentans provided
corrinoids and acetate in a consortium with Dehalococcoides mcartyi (6), and Geobacter
lovleyi provided corrinoids for the growth of D. mcartyi strain BAV1 (79). Several of the
associated methanogenic genera are potential donors of corrinoids despite also being
potential competitors for H, or acetate. These results are consistent with a metage-
nomic study of a Dehalococcoides-containing enrichment culture that also identified
methanogens, Deltaproteobacteria, and Firmicutes as potential providers of corrinoids
and other resources (29).

The precise source and chemical nature of Cl,, in these soils remain a mystery, and
it is uncertain what fraction of the total Cl, is suitable for OHR. Soil Cl,,, is complex,
contains both labile and recalcitrant fractions, and can derive from both plants and
microbes (30-32). In contrast to studies in forest soils, where the majority of Cl,4 is syn-
thesized by the microbial chlorination of decomposing plant litter (33, 34), Arctic
mosses and sedges appear to be significant initial sources of Cl,,, (1). Despite this, the
same study found diverse microbial haloperoxidase (HPO) genes in Arctic soil metage-
nomes, and Cl,,, in older peats became more chemically complex, indicating that SOM
is reworked by cycles of microbial dehalogenation and halogenation over time. The
full diversity of HPOs in these microbial communities is beyond the scope of the pres-
ent study, but a diverse set of HPOs belong to taxa that are highly correlated with
Dehalococcoides. Cyanobacteria living in dark, anoxic soil layers would be a surprising
source of Cl,,, for OHR. Despite generally living as photoautotrophs, many cyanobacte-
ria, including species of Anabaena, are capable of fermentation (35). Synechocystis is a
metabolically flexible genus capable of at least aerobic growth on glucose (36). In addi-
tion to their ability to grow heterotrophically in the dark, both genera are motile,
which may also help explain their presence throughout the soil profile. One likely
function for HPO enzymes is to protect against oxidative stress (37). Reactive oxy-
gen species (ROS) are generated during photosynthesis, and cyanobacteria have
been implicated in the production of halogenated organic compounds in marine
environments (38). In strict anaerobes like Anaerolinea, Bacteroides, Geobacter, and
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TABLE 2 Pearson correlation coefficients of the relative abundances of genera shown in Fig. 7
with soil chemical variables and Dehalococcoides abundance

rvalue?

Acid-extractable

Genus Fe?*/total Fe Formate (nmolcm™3) pH Dehalococcoides
Dehalococcoides 0.442 0.351 0.331 1
Dehalogenimonas 0.449 0.276 0.313 0.989
Desulforudis 0.441 0.334 0.337 0.924
Desulfococcus 0.471 0.329 0.316 0.917
Thermococcus 0.466 0.310 0.392 0.917
Desulfotalea 0.501 0.376 0.345 0.909
Desulfovibrio 0.369 0.275 0.263 0.908
Desulfatibacillum 0.447 0.311 0.266 0.904
Desulfuromonas 0.388 0.284 0.350 0.903
Moorella 0.505 0.381 0.376 0.896
Carboxydothermus 0.513 0.379 0.394 0.891
Caldithrix 0.313 0.191 0.116 0.885
Syntrophobacter 0.217 0.194 0.209 0.874
Pelotomaculum 0.506 0.359 0.462 0.863
Methanocaldococcus 0.456 0.289 0.335 0.861
Methanospirillum 0.497 0.373 0.351 0.849
Methanococcus 0.565 0.398 0.376 0.843
Archaeoglobus 0.457 0.316 0318 0.841
Bacillus 0.525 0.473 0.412 0.835
Desulfotomaculum 0.556 0.434 0.377 0.831
Syntrophus 0.535 0.301 0.252 0.830
Roseiflexus 0.212 0.200 0.315 0.825
Desulfomicrobium 0.521 0318 0.345 0.822
Chlorobium 0.570 0.461 0.318 0.811
Chloroflexus 0.175 0.181 0.314 0.804
Methanosphaerula 0.515 0.336 0.346 0.804
Sphaerobacter 0.303 0.200 0.409 0.801
Thermoanaerobacter ~ 0.539 0.417 0.405 0.798
Methanocorpusculum  0.509 0.387 0.402 0.788
Herpetosiphon 0.163 0.186 0.288 0.781
Methanoregula 0.434 0.304 0.270 0.780
Chloroherpeton 0.391 0.355 0.193 0.772
Salinibacter 0.203 0.132 0.128 0.759
Methanosaeta 0.349 0.134 0.226 0.752
Methanococcoides 0.515 0.341 0.402 0.737
Desulfitobacterium 0.56 0.475 0.429 0.724
Pelobacter 0.404 0.339 0.415 0.715
Synechocystis 0.123 0.171 0.059 0.699
Geobacter 0.279 0.196 0.371 0.685
Maribacter 0.579 0.359 0.348 0.666
Alkaliphilus 0.558 0.482 0.402 0.651
Dyadobacter 0.565 0.415 0.303 0.602
Spirosoma 0.528 0.403 0.212 0.587
Flavobacterium 0.598 0.455 0.335 0.504
Cytophaga 0.573 0.446 0.291 0.497
Anabaena —=0.117 0.057 —0.110 0.493
Clostridium 0.533 0.515 0.350 0.476
Methanosarcina 0.522 0.415 0.260 0.473
Bacteroides 0.569 0.464 0.336 0.471

aCorrelations significant at a P value of <0.001 are shown in boldface type, those significant at a P value of <0.05
are shown in regular typeface, and those with a P value of >0.05 are shaded (n = 64).

Methanosarcina, ROS could also arise due to Fenton chemistry from the active Fe
cycle that occurs in these ecosystems (39). Specific natural halogenated products
may also serve antagonistic roles (40, 41). However, given the promiscuous sub-
strate affinities of most HPOs, it has been questioned whether they are the enzymes
responsible for the synthesis of most specific natural products (42; but see refer-
ence 43). While cyanobacteria are known to produce halogenated compounds with
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antagonistic or toxic properties (44, 45), such compounds have rarely, if ever, been
found in strictly anaerobic organisms (42), so the HPO genes associated with the
genomes of Anaerolinea, Bacteroides, Geobacter, and Methanosarcina are more likely
to play a role in oxidative stress.

Most of the microbes whose abundance was highly correlated with that of
Dehalococcoides require anoxic environments and either produce or consume H, or ac-
etate. The more surprising associations are those with facultative microbes, particularly
cyanobacteria and Salinibacter. From Table 2 and published descriptions of their physi-
ology, it is clear that the correlation of these organisms with Dehalococcoides does not
arise from having similar habitat requirements. Salinibacter ruber is reported to be aer-
obic (46), although its genome has a full set of genes for fermentation pathways and
microaerobic growth (47). As discussed above, Anabaena and Synechocystis could pro-
vide Cl,, for OHR. The genome of S. ruber contains a gene annotated as an S-adenosyl-
t-methionine (SAM)-dependent chlorinase/fluorinase. This gene is highly related to
chlorinase and fluorinase genes found in Salinispora tropica and other bacteria (48). It
is not certain that this annotation is correct, as other genes in this family are actually
hydrolases with little or no halogenase activity (49). However, a metabolomics study of
this species revealed a number of halogenated compounds (80; Josefa Antén, personal
communication). The presence of a putative chlorinase gene and halogenated metabo-
lites in Salinibacter and the otherwise unexpected association of these two very differ-
ent bacteria raise the possibility that Dehalococcoides benefits from Cl,,, provided by
Salinibacter. In a previous survey across a broad range of ecosystems, the abundance
of Dehalococcoides was correlated with the ratio of Cl,,/total organic Cin soil (50).

The anaerobic metabolic network in these Arctic wet tundra soils is highly intercon-
nected and flexible. Species of Geobacter and Desulfovibrio could switch from their pre-
ferred TEAs to syntrophic partnerships with methanogens or OHR bacteria when labile
Cloyg is present. It is also likely that anaerobic methane-oxidizing Euryarchaeota (ANME)
perform anaerobic oxidation of methane (AOM) independently or in consortia with
bacterial reducers of Fe(lll), sulfate, and maybe even Cl,,. AOM has been demonstrated
in Alaskan coastal Arctic tundra, possibly coupled to Fe(lll) reduction (11). Using shot-
gun metagenomic data, it is not generally practical to differentiate between species
within the same genus. Most ANME are taxonomically distinct from methanogenic
Archaea, although M. acetivorans can both produce and oxidize methane (51).
Furthermore, Methanosarcina is phylogenetically related to ANME groups 3 and 2a/
b (52). Therefore, the sequences assigned to Methanosarcina may include ANME.
AOM consortia with OHR bacteria have not yet been described, although their exis-
tence is possible given that ANME can transfer e~ to bacterial partners through
DIET or possibly acetate (51, 53, 54). The lack of genetic evidence for H, formation
in ANME (51) and the lack of cytochromes in Dehalococcoides that could receive e~
through DIET (5) argue against this possibility. However, Methanosarcina strains
produce H, during acetoclastic methanogenesis (55), so it is plausible that this ge-
nus and related Archaea could provide H, to Dehalococcoides rather than solely act-
ing as competitors for energetic molecules.

The correlations among microbial genera found among the 64 metagenomes of
this study imply spatial colocalization but not necessarily simultaneous activity. It is
likely that H, is partitioned between different groups of anaerobically respiring bacteria
and methanogens depending on the seasonal availability of TEAs. Cl,, compounds
used in OHR have reduction potentials comparable to those of nitrate (56) and theoret-
ically should be used preferentially before Fe(lll) or sulfate. However, other factors may
prevent OHR from attaining the maximum theoretical energy yield from these reac-
tions (57), and published H, threshold values for OHR are in the range of ~0.2 to
2.5nM, overlapping those of Fe(lll) and sulfate reduction but still well below the con-
centrations required for methanogenesis (2, 58, 59). Both solid-phase and dissolved Fe
become increasingly reduced throughout the summer in soils near Utgiagvik (9).
Meanwhile, methanogenesis proceeds throughout the summer (60), probably due to
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high concentrations of acetate (Fig. 4). By late summer or fall, the general exhaustion
of TEA pools might allow hydrogenotrophic methanogens to thrive, as indicated by a
shift from acetoclastic to hydrogenotrophic methanogenesis between July and
September (61). Future studies of the seasonal dynamics of these functional groups
will be necessary to understand the true ecological implications of the correlations
demonstrated here.

In summary, the anaerobic microbial community of wet tundra soils is a complex
web of syntrophy and commensalism, with Dehalococcoides as an integral and highly
connected component, even in sites up to 200 km from the coast. While Dehalococcoides
generally accounts for less than 1% of metagenomic sequences (the small genome of
~1.4Mb notwithstanding), given their high capacity for H, oxidation and their intimate
associations with so many key players in the Arctic C cycle, there may be times in the sea-
son when they control the flow of anaerobic metabolism.

MATERIALS AND METHODS

Sampling locations and methodology. The eight study locations extend from the northern coast
of Alaska near Utgiagvik (Barrow) to the southern edge of the Arctic Coastal Plain near the foothills of
the Brooks Range (Table 1). The sites were chosen to increase in distance logarithmically away from the
coast and to represent wet tundra dominated by mosses and graminoids (62). The area sampled in
Ivotuk is characterized as moist acidic tundra (63) but includes wet areas with a high water table domi-
nated by sphagnum mosses and sedges (64). In April 2018, three replicate soil cores were collected from
each site using a gas-powered drill and a 7.5-cm-diameter SIPRE auger corer (Jon’s Machine Shop,
Fairbanks, AK). Most cores reached depths of 35 cm or more, although some were shallower (depending
on the state of the soil and auger teeth). Frozen soil samples were placed in vacuum seal bags in a
cooler, immediately vacuum sealed upon return from the field, and remained at —40°C until transport
to San Diego, CA.

Snow was collected near the time of maximum accumulation, in April 2008. Snow depth was meas-
ured above each soil core, and samples were collected with an acrylonitrile butadiene styrene (ABS) cyl-
inder and transferred to Saranex ziplock bags (Bitran; Fisher Scientific). Samples were weighed to deter-
mine density and water content. Rain was collected opportunistically in July 2018 at Utgiagvik, Atgasuk,
and TFS by leaving a polyethylene box in the landscape during a single rain event at each of these three
locations. Rain samples were transferred to polypropylene vials and frozen for later analysis.

Precipitation and soil chemistry. Frozen soil cores were cut into horizontal sections with a band
saw, measured, and weighed. Each horizon was subdivided longitudinally, and subsamples were used
for gravimetric water content (dried to a constant weight at 105°C), organic matter content (loss on
combustion at 500°C overnight), water and acid extractions, or DNA extractions (stored at —80°C). For
extractions, slices of frozen soil (~5 to 10 g) were placed into preweighed vials of 25ml N,-degassed
ultrapure H,0 or 1 N H,SO,, reweighed, and shaken for 1h, and aliquots were removed and centrifuged
at high speed to remove soil. Water extracts were analyzed by ion chromatography, and a separate ali-
quot was acidified with a drop of H,SO, to preserve the samples for Fe analysis. Inorganic and small or-
ganic anions were measured in soil water extracts and precipitation samples by ion chromatography
(Dionex 1CS50007). Fe(ll) and total Fe in water and acid extracts were measured using 1,10-phenanthro-
line (8). Cations were measured by ion-coupled plasma optical emission spectroscopy (ICP-OES) on 1%
nitric acid extracts of ash from combusted soils.

Metagenomic sequencing and analysis. Soil DNA was extracted using Qiagen MoBio PowerSoil
kits, quantified using a Qubit fluorometer, and sent to the University of California—Davis DNA
Technologies Core facility for library construction and Illumina HiSeq 4000 PE150 shotgun sequencing.
Barcode-indexed sequencing libraries were generated from genomic DNA samples sheared on an E220
focused ultrasonicator (Covaris, Woburn, MA). For each sample, 50 ng sheared DNA was converted to
sequencing libraries using a Kapa HyperPrep library kit (catalog number KK8504; Kapa Biosystems-
Roche, Basel, Switzerland). The libraries were amplified with 11 PCR cycles, analyzed with a Bioanalyzer
2100 instrument (Agilent, Santa Clara, CA), quantified by fluorometry on a Qubit instrument (Life
Technologies, Carlsbad, CA), and combined in two pools at equimolar ratios. The pools were quantified
by quantitative PCR (qPCR) with a Kapa Library Quant kit (Kapa Biosystems-Roche), and each pool was
sequenced on one lane of an lllumina HiSeq 4000 instrument (lllumina, San Diego, CA) with paired-end
150-bp reads. The pre-quality-control (QC) metagenomes averaged 427 Mb in length (standard devia-
tion, 59 Mb). Post-QC metagenomes averaged 345 = 46 Mbp, with 1.25 million = 0.17 million sequences
averaging 275 + 0.7 bp in length. Details for individual metagenomes are shown in Table S1 in the sup-
plemental material.

We based our initial assignments of taxonomy and function for metagenomic data on the MG-
RAST pipeline version 4.0 (81, 82). In this pipeline, data are trimmed to remove low-quality reads
and dereplicated to remove artificial duplicate reads, and protein-coding genes are identified using
FragGeneScan, clustered into similarity groups, and identified using DIAMOND against the M5nr
database, which integrates the GenBank, SEED IMG, UniProt, KEGG, and EGGNOG databases.

We used PerMANOVA to compare taxonomic and functional gene abundances across metagenomes.
Bray-Curtis dissimilarities between relative sequence abundance profiles were compared using the adonis
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function of the vegan package (65). When significant effects were found, multiple comparisons were per-
formed using the pairwise.perm.manova function within the RVAideMemoire package (66). The EnvFit func-
tion was used to overlay significant environmental variables on the NMDS ordination using the metaMDS
function in the vegan package, and component scores were used to generate 95% confidence ellipses
around centroids using the ordiellipse() function within vegan.

To identify microbes that might provide Dehalococcoides with essential resources, we searched the
SEED subsystems for cobalamin synthesis, vitamin B,, synthesis, acetogenesis, HPO, and hydrogenases.
The genera responsible for the majority of annotations of these genes were initially selected for correla-
tion analysis to quantify their cooccurrence with Dehalococcoides. As an independent confirmation of
the taxonomic profiles generated in MG-RAST, the relative abundances of genera (the number of hits for
a genus divided by the total number of hits in a metagenome) were compared with the output from
Kaiju in KBase (67). The functional roles of these genera were verified as described below (see also Data
Set S2 in the supplemental material), and additions or subtractions were made as new evidence was
gathered.

To confirm the ability of the identified genera to provide useful corrinoid cofactors, we searched the
annotated metagenomes and public genomes in SEED (68) or KBase (67) for vitamin B,, or cobalamin
synthesis genes that were complementary to those found in Dehalococcoides (which, according to SEED,
include CbiA, CobA, CbiP, CobD, CbiB, CobU, CobT, CobC, and CobS). To infer acetogenesis in a genus,
we verified the presence of carbon monoxide dehydrogenase and acetyl-CoA synthase in the metage-
nomes, or published genomes from the same genus, and literature reports of acetate production by
members of the genus, when available. The presence of these genes in methanogens was assumed to
indicate acetate uptake rather than production, although M. acetivorans produces acetate when grown
on carbon monoxide (28). To include the possibility of acetate production through mixed-acid fermenta-
tion, we used HMMER (69) to perform a hidden Markov model (HMM) search on assembled metage-
nomes for acetate kinase, using an HMM profile built from the alignment for Pfam domain PF00871 (70),
and identified the most likely genomic source for these genes using phmmer searches against the
UniProt database.

Initially, we searched MG-RAST for Fe hydrogenase (EC 1.6.5.3), an enzyme likely to be involved in
the syntrophic transfer of H, (71). However, this search in MG-RAST also identified many respiratory com-
plex | genes belonging to probable aerobes. To produce a more definitive list of microbes capable of
producing H, and/or formate, we assembled a subset of the metagenomes using MetaSPades (assembly
details are provided in Table S2 in the supplemental material) and annotated them using Prokka within
the KBase platform. Genes for Ni-Fe and Fe-Fe hydrogenases and formate hydrogen lyase were identi-
fied (72), and phmmer was used to search the UniProt database for their most likely taxonomic source
(73). The presence of hydrogenases in publicly available genomes and literature reports of H, production
provided supplemental evidence (Data Set S2).

The SEED annotation in MG-RAST identified HPO genes in only a few genera. However, a more
thorough search of the assembled genomes revealed a great diversity of HPOs, the full results of
which are beyond the scope of the current study, which is restricted to just those taxa that are
highly correlated with Dehalococcoides. A subset of metagenomes was assembled using MetaSPades
in KBase. The resulting contigs were downloaded, and predicted proteins were found using Prodigal
(74). The proteins were searched with HMMER (69) using HMM profiles generated from MUSCLE pro-
tein alignments (75) for nonmetal and vanadium-dependent HPO (VHPO) genes available from Pfam
(70). Authentic HPO genes were differentiated from related gene families by aligning the putative
HPO sequences with curated HPO genes and other hydrolase genes in the case of nonmetal HPO
(76, 77) or acid phosphatase genes in the case of VHPO (78). We also assembled draft genomes from
our metagenomes in KBase: contigs were binned with MaxBin2, quality checked with CheckM, anno-
tated with RAST, and classified using SpeciesTree, GTDB-Tk Classify, and BLASTp searches with ribo-
somal proteins. Metagenome-assembled genomes (MAGs) with a completeness of at least 50% and
contamination of less than 10% were searched using the HMM profiles for HPO described above. A
description of these MAGs and references to the identified genomic features are presented in Table
S3in the supplemental material.

Data availability. These metagenomes are publicly available on the MG-RAST server as project
mgp87497 (www.mg-rast.org/mgmain.html?mgpage=project&project=mgp87497). The MAGs used to
verify the presence of HPO genes in certain genera are available in KBase as a narrative entitled “HPO-
MAGs” (https://narrative.kbase.us/narrative/73786).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.03 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.05 MB.
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