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ABSTRACT The objective of this study was to investigate the interaction of the ni-
trogen (N) cycle with methane production in the Florida Everglades, a large freshwa-
ter wetland. This study provides an initial analysis of the distribution and expression
of N-cycling genes in Water Conservation Area 2A (WCA-2A), a section of the marsh
that underwent phosphorus (P) loading for many years due to runoff from upstream
agricultural activities. The elevated P resulted in increased primary productivity and
an N limitation in P-enriched areas. Results from quantitative real-time PCR (qPCR)
analyses indicated that the N cycle in WCA-2A was dominated by nifH and nirK/S,
with an increasing trend in copy numbers in P-impacted sites. Many nifH sequences
(6 to 44% of the total) and nifH transcript sequences (2 to 49%) clustered with the
methanogenic Euryarchaeota, in stark contrast to the proportion of core gene se-
quences representing Archaea (�0.27% of SSU rRNA genes) for the WCA-2A microbi-
ota. Notably, archaeal nifH gene transcripts were detected at all sites and comprised
a significant proportion of total nifH transcripts obtained from the unimpacted site,
indicating that methanogens are actively fixing N2. Laboratory incubations with soils
taken from WCA-2A produced nifH transcripts with the production of methane from
H2 plus CO2 and acetate as electron donors and carbon sources. Methanogenic N2

fixation is likely to be an important, although largely unrecognized, route through
which fixed nitrogen enters the anoxic soils of the Everglades and may have signifi-
cant relevance regarding methane production in wetlands.

IMPORTANCE Wetlands are the most important natural sources of the greenhouse
gas methane, and much of that methane emanates from (sub)tropical peatlands. Pri-
mary productivity in these peatlands is frequently limited by the availability of nitro-
gen or phosphorus; however, the response to nutrient limitations of microbial com-
munities that control biogeochemical cycling critical to ecosystem function may be
complex and may be associated with a range of processes, including methane pro-
duction. We show that many, if not most, of the methanogens in the peatlands of
the Florida Everglades possess the nifH gene and actively express it for N2 fixation
coupled with methanogenesis. These findings indicate that archaeal N2 fixation
would play crucial role in methane emissions and overall N cycle in subtropical wet-
lands suffering N limitation.

KEYWORDS Everglades, methanogenesis, nitrogen fixation, nifH gene, nitrogen
cycle, methanogens

Wetlands constitute the most significant natural source of the potent greenhouse
gas methane, accounting for approximately 20% of annual global emissions

(�574 Tg) (1). The Florida Everglades is a large freshwater wetland in North America,
covering over 8,000 km2. In recent decades, many studies on methane emissions have
been conducted in Water Conservation Area 2A (WCA-2A) of the Everglades. Primary
production in the Everglades was historically very limited in phosphorus (P); however,
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WCA-2A received agricultural runoff from the adjacent Everglades Agricultural Area
(EAA) for many years (2, 3), resulting in a more nitrogen (N)-limited system in areas
with an excess of P (4). Changes in the assemblage composition of methanogens (5,
6), methane production rates (7, 8), and methane production pathways (9) along the
nutrient gradient have been reported; however, it is not clear how methanogens
and methanogenesis may be impacted by nitrogen availability and limitation along
this gradient.

The N cycle is central to global biogeochemistry and is commonly tightly linked
with other elemental cycles, such as the carbon cycle. The N cycle is complex and is
composed of a diverse set of redox reactions and assimilation/dissimilation pathways,
many of which are carried out by specialized prokaryotes (10, 11). This cycle is a prime
determinant of the availability of N for the populations involved. The N cycle has also
been suggested to influence methane emissions indirectly via various ways (12, 13); for
instance, NO3

� can inhibit methanogens by stimulating denitrification that quickly
depletes substrates of methanogens. However, the specific interactions between meth-
anogens and the N cycle are poorly understood in wetland ecosystems.

N2 fixation is a key process of the N cycle and provides a convenient solution for N
limitation in aquatic and terrestrial ecosystems (14, 15). The nitrogenase complex,
containing dinitrogenase reductase (encoded by nifH) and dinitrogenase, is highly
conserved across the bacterial and archaeal domains (16); however, methanogens are
the only archaea described to date that harbor nifH (17). Recent studies have shown the
near ubiquitous distribution of archaeal nifH in a variety of ecosystem types, including
marine environments, submarine hydrothermal vents, the deep sea (18, 19), oligotro-
phic open seas (20), and deep-sea methane seeps (21, 22). Surprisingly little attention
has been paid to methanogenic N2 fixation in wetlands, even though those ecosystems
have been recognized to be a major source of global methane emissions (5, 23, 24) and
support diverse groups of methanogens (6, 25).

This study’s ultimate objectives were to gain insight into the links between metha-
nogenesis and the N cycle in wetland ecosystems. We determined the quantitative
structure of N-cycling populations, the distribution and expression of nifH in metha-
nogenic archaea inhabiting WCA-2A soils, and the N2-fixing activity coupled with
methanogenesis through field and laboratory incubation studies. The results from
these studies provide fundamental knowledge necessary for better understanding of
how the N cycle responds to environmental changes such as P loading and N limitation
and the potential role that methanogenic archaea play in connecting that response to
methanogenesis via N2 fixation.

RESULTS
Geochemical descriptions of study sites. The P gradient in WCA-2A was estab-

lished by drainage water input from EAA via spillways along the northeastern perimeter
(26). Numerous studies have been conducted on methanogens and their activities
along the P gradient (5, 6, 9, 27) in three sites representing impacted (F1), intermediate
(F4), and unimpacted (U3) conditions (see Fig. S1 in the supplemental material). Data
collected across more than 10 years consistently showed significant differences in P
concentrations between these sites (�0.05 by Tukey-Kramer honestly significant dif-
ference [HSD] test): F1, 1.0 to 1.5 g · kg dry soil�1 (1.2 � 0.2 g · kg dry soil�1, average �

standard deviation [SD]; n � 21); F4, 0.3 to 0.9 g · kg dry soil�1 (0.6 � 0.1 g · kg dry
soil�1; n � 12); and U3, 0.2 to 0.5 g · kg dry soil�1 (0.3 � 0.1 g · kg dry soil�1; n � 21)
(see Fig. S2 in the supplemental material).

Concentrations of total carbon (TC) did not show a significant change during the last
11 years, with a slight trend toward higher TC at the nutrient-impacted site relative to
the unimpacted site: F1 (444 � 24 g · kg dry soil�1; n � 15) � F4 (412 � 17 g · kg dry
soil�1; n � 15) � U3 (358 � 47 g · kg dry soil�1; n � 15). Water-extractable organic
carbon concentrations ranged between 1.7 and 4.8 g · kg dry soil�1 (accounting for 0.5
to 1% TC) without a significant difference between sites.
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Concentrations of total nitrogen (TN) ranged from 24 to 39 g · kg dry soil�1 (31 �

3 g · kg dry soil�1; n � 45), with the highest average value observed at F4 (33 � 2 g · kg
dry soil�1; n � 15). NH4

�-N and NOx-N concentrations were 19 to 128 mg · kg dry soil�1

(70 � 23 mg · kg dry soil�1; n � 61) and 1 to 241 mg · kg dry soil�1 (54 � 59 mg · kg dry
soil�1; n � 33), respectively, with no significant difference observed between sites.

Microbial community structures. The prokaryotic community structures in WCA-2A
soils were determined using a total of 549,593 high-quality paired-end reads for 16S
rRNA gene obtained from soil samples across sites F1, F4, and U3 (triplicate samples for
each site) through the filtering and trimming processes described in Materials and
Methods. The reads were allotted to 23,971 operational taxonomic units (OTUs) with a
sequence identity cutoff of �97%, which were further assigned to higher taxa, creating
1,003 genera (including 22 archaeal genera), 227 classes (including 8 archaeal classes),
and 70 phyla (including 3 archaeal phyla). The majority of the Bacteria were distributed
among the phyla Proteobacteria, Planctomycetes, Chloroflexi, Bacteroidetes, Chlorobi,
Acidobacteria, Cyanobacteria, Actinobacteria, Firmicutes, and Verrucomicrobia (see Fig. S3
in the supplemental material), which made up �83% of total Bacteria within each site.
Archaea were distributed over three phyla: Crenarchaeota, Euryarchaeota, and Parvar-
chaeota, of which all made up 0.36% of the total 16S rRNA sequences.

Two classes of methanogens belonging to Methanomicrobia and Methanobacteria
were identified from the small-subunit (SSU) rRNA gene sequences, which were dis-
tributed over the families Methanobacteriaceae, within Methanobacteria, and Methano-
cellaceae, Methanomicrobiaceae, Methanoregulaceae, Methanospirillaceae, and Metha-
notrichaceae (formerly Methanosaetaceae), within Methanomicrobia. The methanogen
sequences comprised 61 to 86% of total Euryarchaeota sequences in each sample and
constituted 0.1 to 0.27% of total 16S rRNA gene sequence data. This estimated
percentage is very similar to that estimated using a quantitative real-time PCR (qPCR),
in which copies of mcrA (encoding methyl coenzyme M reductase, a genetic marker for
methanogens) were 0.1 to 1.04% of bacterial 16S rRNA gene copies (see Fig. S4 in the
supplemental material).

P enrichment was associated with changes in the abundance and community
structure of prokaryotes. The qPCR results indicated that the copy numbers of 16S rRNA
genes and mcrA were significantly increased in the P-enriched sites (F1 and F4)
compared with the unimpacted site (U3) (Fig. S4). The change in community structure
was clearly illustrated by principal-coordinate analysis (PCoA), revealing that the se-
quences from sites F1, F4, and U3 were separated along axes P1 and P2 on the PCoA
biplot (see Fig. S5 in the supplemental material). Those communities also exhibited
significant differences in diversity, as illustrated by Chao1 richness and Faith’s phylo-
genetic diversity, with increasing trends with P enrichment (Fig. S5).

N-cycling gene copy numbers. N-cycling gene copy numbers were estimated via
qPCR in WCA-2A soil samples collected at three different time points: April 2010,
August 2012, and December 2012 (Fig. 1). The numbers of N2 fixers (the diazotrophic
population) were estimated by nifH and ranged from 5.5 	 108 to 1.9 	 1010 · g dry
soil�1 (5.2 	 109 · g dry soil�1 average) at overall WCA-2A sites.

nirK and nirS were used to estimate the numbers of denitrifers; nirK and nirS encode
functionally equivalent but structurally different nitrite reductases—a copper and a
cytochrome cd1-containing enzyme, respectively (28). nirK copies were estimated to
range from 6.4 	 107 to 7.4 	 109 · g dry soil�1 (1.7 	 109 · g dry soil�1 average) along
the P gradient, while nirS copies ranged from 1.5 	 108 to 4.9 	 109 · g dry soil�1 (1.5 	

109 · g dry soil�1 average) at all sites.
Nitrifiers were enumerated by the copy numbers of the amoA gene, encoding

ammonia monooxygenase, in both ammonia-oxidizing archaea (AOA) and ammonia-
oxidizing bacteria (AOB) (29). AOA amoA copies measured along the P gradient ranged
from 1.0 	 105 to 4.0 	 108 · g dry soil�1 (5.0 	 107 · g dry soil�1 average), which
outnumbered AOB amoA copies, ranging from 1.5 	 105 to 7.9 	 106 · g dry soil�1

(1.7 	 106 · g dry soil�1 average).
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nrfA encodes a periplasmic nitrite reductase that catalyzes nitrite reduction using
formate (30) and is used to estimate numbers of DNRA bacteria (bacteria with dissim-
ilatory nitrate reduction to ammonia). nrfA copies measured along P gradients ranged
from 6.5 	 107 to 2.0 	 109 · g dry soil�1 (6.8 	 108 · g dry soil�1 average).

Most N-cycling genes enumerated exhibited an increasing trend with P enrichment,
with a significant difference between P-impacted sites (F1 and F4) and the unimpacted
site (U3) (P � 0.05 by Tukey-Kramer HSD test); however, the copy numbers of amoA did
not show a significant difference between sites due to a large temporal variation.

Distribution of nifH genes and nifH transcripts. The phylogeny of N2 fixers was
determined using NifH protein sequences translated in silico from the nifH gene or
transcript sequences detected in WCA-2A soils. A total of 826 NifH protein sequences
translated from 204 nifH sequences and 622 nifH transcript sequences were collected
from clone libraries constructed with the field and incubation soils (described below).
A maximum likelihood (ML) tree was constructed using 287 OTUs that were defined at
5% identity of those NifH protein sequences (Fig. 2). The overall structure of the ML tree
is in good agreement with the tree composed of the four main clusters reported by
Mehta et al. (18): that is, cluster I, comprised of Alpha-, Beta-, and Gammaproteobacteria
and Cyanobacteria; cluster II, comprised of methanogens and anfH (alternative
nitrogenase-encoding gene) from bacteria; cluster III, comprised of diverse anaerobes;
and cluster IV, comprised of divergent methanogens. However, our tree includes many
newly created branches within each cluster (18, 22) due to the addition of new
sequences from WCA-2A. The branches within each cluster were divided into an
additional 4 to 10 subclades.

The 134 NifH OTUs from in silico translation of the nifH gene obtained from the year
2009 samples were distributed across 22 subclades belonging to all clusters (Fig. 3).
Statistical analyses revealed that the NifH assemblages were distinct at each of the
sampling stations along the P gradient. Each of the assemblages was dominated by

FIG 1 Box-and-whisker plots (top) and temporal profiles (bottom) of N-cycling gene copy numbers measured in WCA-2A soils
collected in April 2010, August 2012, and December 2012 (from the left in temporal profiles). Error bars in the bar graphs (bottom)
represent 1 � standard error (SE; n � 3). Box-and-whisker plots were constructed from the data pool of temporal profiles. The different
letters indicate a significant difference among the N-cycling genes (P � 0.05 by the Tukey-Kramer HSD test).
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distinct subclades: i.e., F1 by subclade III-C (belonging to Chlorobi; 21%), F4 by IV-C
(Methanomicrobiales; 26%), and U3 by III-A (Deltaproteobacteria and Chloroflexi; 22%)
(Fig. 2). Significant differences between the assemblages were confirmed by P values
of �0.05 for phylogeny and/or Unifrac significance tests based on phylogenetic dis-
tances between the assemblages (see Fig. S6 in the supplemental material). The
assemblages were also differentiated by diversity. Chao1 richness estimates predicted
the presence of 211, 130, and 311 NifH OTUs at sites F1, F4, and U3, respectively, with
Shannon diversity indices between 3.6 and 3.9 (see Table S1 in the supplemental
material). It is worth noting that all sites harbored methanogenic N2 fixers belonging to
subclades III-G, IV-B, IV-C, IV-D, IV-E, and IV-G, which comprised a significant portion of
the assemblages (6 to 44%).

nifH gene transcripts were also detected in the field soils of WCA-2A. Eighty-four
OTUs were identified out of the NifH proteins translated in silico from 286 nifH transcript
sequences obtained from the 2011 and 2012 samples, which were subsequently
affiliated with 16 distinct subclades over clusters I to IV (Fig. 3A). Each site was
dominated by different subclades: I-A (Cyanobacteria) dominated F1_2011 (71%) and
F4_2011 (35%) soils, I-E (Gamma- and Betaproteobacteria) dominated F1_2012 soils
(31%), III-H (Chloroflexi) dominated F4_2012 soils (32%), and IV-C (Methanomicrobiales)
dominated U3_2012 soils (47%). This difference was reflected in phylogeny and/or
Unifrac significance tests (P � 0.05) (Fig. S6). PCoA showed that nifH transcriptomes
were clearly separated from nifH assemblages (Fig. 3C), indicating that transcription is
not highly correlated with the distribution of specific nifH gene sequences.

Archaeal N2 fixers (e.g., subclades IV-C, IV-D, and IV-G) were found to express nifH
gene in field soils, accounting for up 2 to 49% of total nifH gene transcript sequences
(Fig. 3B). The nifH gene transcript originating from methanogens comprised a low
portion of total transcript in F1 and F4 soils (accounting for 2 to 8% of total) that were
dominated by the transcript derived from photosynthetic Cyanobacteria (I-A) and/or

FIG 2 Maximum likelihood (ML) tree showing phylogenetic affiliation of NifH OTUs defined from translated nifH and nifH transcript
sequences obtained from WCA-2A soils. a,g-Proteobacteria, Alpha- and Gammaproteobacteria; e-Proteobacteria, Epsilonproteobacteria;
g,b-Proteobacteria, Gamma- and Betaproteobacteria; d-Proteobacteria, Deltaproteobacteria.
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aerobic Gamma- or Betaproteobacteria (I-E), while 49% of nifH gene transcripts in U3
soils clustered with methanogens.

N2 fixation and methanogenesis in soil incubations. N2 fixation associated with
methanogenesis was evaluated with laboratory incubations using WCA-2A soils under
putative methanogenic conditions, for which two approaches were conducted: (i)
addition of H2 and CO2 (H2�CO2; 80:20 [vol/vol]) or acetate as directly usable substrates
and (ii) cellulose as an additional source of electrons.

(i) Incubation with H2�CO2 or acetate. Supplemental H2�CO2 stimulated nitro-
genase activity in soil incubations, as indicated by increases in acetylene reduction rates
and 15N2 incorporation rates (Fig. 4). The acetylene reduction assay (ARA) is one of the
most common approaches to measuring nitrogenase activity (31). In 11 days, 0.5 to 3.6
�mol of acetylene per g soil was reduced with H2�CO2 addition, which was �10 times
higher than the concentration (0.05 to 0.18 �mol · g dry soil�1) observed in the
incubation with no addition of H2�CO2 (controls). H2�CO2 addition concurrently
increased 15N incorporation between 29 and 102‰, which is more than 20-fold greater
than those of the controls (1.4 to 4.4‰). Along with the increases in nitrogenase
activity, H2�CO2 addition led to much higher CH4 production (between 61 to 270
�mol · g dry soil�1) in 11 days than that of controls (7 to 46 �mol · g dry soil�1). The
addition of acetate (4 mM) did not show an apparent increase in CH4 production or an
increase in nitrogenase activity compared with controls.

FIG 3 Composition and relatedness of N2-fixing assemblages determined using nifH or nifH transcript sequences obtained from WCA-2A soils. (A) Relative
abundance of individual taxa within each sample. (B) Percentage of methanogen-like N2 fixers detected within individual samples. (C) PCoA biplot showing the
relatedness between N2-fixing communities occurring from individual samples. The soil samples used for determination of nifH gene and nifH transcript
sequences are denoted within each panel. a-, b-, d-, e-, and g-Prot., Alpha-, Beta-, Delta-, Epsilon-, and Gammaproteobacteria, respectively; Clost., Clostridia;
Euryarch., Euryarchaeota; Verruco., Verrucomicrobia.
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In the H2�CO2 incubation study, relatively-high-P sites (F1 and F4) produced
�3-fold higher rates of N2 fixation and CH4 production than the low-P site (U3),
suggesting that P loading (with constant N) increases the demand for N2 fixation from
methanogens, likely due to the increased population size and the increased competi-
tion for inorganic N.

nifH gene transcript was assessed on the 6th day of H2�CO2 incubation, at the point
showing a sharp increase in nitrogenase activity and methane production. Twenty-five
NifH protein sequences translated from 116 nifH gene transcript sequences were
assigned to 11 distinct subclades, among which 7 were affiliated with methanogen
branches: II-D, III-E, III-G, IV-C, IV-D, IV-E, and IV-G (Fig. 5). The methanogenic groups
constituted 80%, 54%, and 14% of total sequences from F1, F4, and U3 soils, respec-
tively. Subclade II-D appeared to be the most dominant group out of methanogenic
clades in F1 (77%), with a decreasing trend in sites with less P loading: i.e., F4 (40%) and
U3 (5%). This clade was related to the hydrogenotrophic methanogens belonging to
the orders Methanosarcinales, Methanobacteriales, and Methanococcales.

(ii) Incubation with cellulose. The addition of cellulose increased the production
rate of the fermentation products propionate and acetate, which accumulated up to 40
�mol · g dry soil�1 in 14 days of incubation (see Fig. S7 in the supplemental material).
H2 was also formed as a fermentation product; however, its concentration did not
exceed 1 �mol · g dry soil�1, perhaps due to a lower production rate compared with
organic acids and/or rapid consumption by H2 consumers.

Cellulose (5 g · liter�1) incubations produced CH4, coincidently exhibiting a high
nitrogenase activity at much higher level than controls (Fig. 6). Enrichments from F1
showed much higher CH4 production and acetylene reduction (168 and 15 �mol · g dry
soil�1, respectively) than F4 (148 and 13 �mol · g dry soil�1, respectively) and U3 (11
and 1 �mol · g dry soil�1, respectively).

In order to assess CH4 production in the absence of N2 fixation, the cellulose
incubation was conducted in parallel, with an addition of excessive NH4

� (100 mM).

FIG 4 Nitrogenase activities (top) and methane production (bottom) in incubation with WCA-2A soils.
The soil was supplemented with 4 mM acetate (Act.) or H2�CO2 (80:20 [vol/vol]) (H2) or was a control
with no addition of substrate (CT). Soil used for this incubation was sampled in August 2012. The
sampling days 3, 6, and 11 for determination of CH4 production and nitrogenase activities are denoted
in the x axis of the bottom graph. Error bars represent �1 standard deviation (SD) from three replicates.
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The NH4
� addition enhanced the production of propionate and acetate from cellulose

fermentation by approximately double the levels observed in the cellulose incubation
with no addition of NH4

�. Nevertheless, this addition significantly reduced CH4 pro-
duction by 25 to 40% lower than those with no added N and completely inhibited
nitrogenase activity (Fig. 6). It should be noted that the NH4

� level added in these
experiments is very high compared with NH4

� concentrations observed in WCA-2A
field soils (�1 mM). Preliminary experiments were conducted with a range of NH4

�

concentrations (0, 1, 5, 50, 100, and 200 mM [data not shown]) to determine the
optimum concentration of NH4

� required to inhibit nitrogen fixation. Both 50 and 100
mM NH4

� completely inhibited N2 fixation, and 100 mM NH4
� was selected to ensure

complete inhibition.
nifH transcripts were analyzed from soil samples taken on the 7th day of cellulose

incubation, when the nitrogenase activity and CH4 production sharply increased.
Fifty-six NifH OTUs generated from 220 nifH transcript sequences were affiliated with 14
subclades in the ML tree, among which 3 OTUs belonged to the methanogen clusters
II-D, III-G, and IV-G (Fig. 5A). Clade III-G was the most highly enriched group, constitut-
ing 43 to 82% of nifH gene transcript sequences detected. Most sequences (97%) within
this clade were closely related to the obligatory acetotrophic species Methanothrix
concilii (originally Methanosaeta concilii), and the rest (3%) were related to a facultative
acetotrophic species, Methanosarcina acetivorans.

FIG 5 Composition and relatedness between nifH transcripts in the soil incubations. (A) Composition of nifH transcript in incubation with H2�CO2

or cellulose. (B) Percentage of methanogen-like nifH transcript sequences. (C) PCoA biplot representing relatedness between nifH transcript
assemblages in incubations, which were also compared with those from field soils. For definitions of the abbreviations in panel A, see the legend
to Fig. 3.
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The PCoA plot in Fig. 5C illustrates the clear separation along axis PC2 (explaining
18.94% of the variation) of the nifH-expressing N2 fixer assemblages in cellulose
incubations from those in the H2�CO2 incubations. Those assemblages were also
distinguished along axis PC1, explaining 26.7% variation from the nifH-expressing
populations in field soils. The assemblages detected in field samples were also sepa-
rated by sampling time (2011 and 2012), indicating that nifH transcription is very
sensitive to species of substrate availability and to spatial/temporal changes in envi-
ronmental conditions.

DISCUSSION

Both N and P are essential nutrients for life and frequently limit primary productivity
(32, 33). In recent decades, great progress has been made in determining how P
limitation impacts methane production in WCA-2A (5, 6, 9, 27); however, little attention
has been paid to the interactions between N and methane production in this wetland.
The present study was intended to explore potential linkages between the N cycle and
methane production from a variety of perspectives. In the Everglades, P loading
resulted in increases in various steps of the N cycle: e.g., increasing rates of organic N
mineralization (34, 35), N assimilation (36), denitrification (37), and N2 fixation (38).
Although P loading has been reported to stimulate organic N mineralization, sites F1
and F4 were not enriched in NH4

� or NOx-N compared with U3 (Fig. S2). The lack of
enrichment in inorganic N is likely due to increased removal of N via denitrification and
by assimilation and is characteristic of the shift toward N limitation reported by
Corstanje et al. (4) at these sites.

The response of microbes to P loading and N limitation within WCA-2A is reflected
in the abundance of key N-cycling populations as determined by qPCR of correspond-
ing gene markers (Fig. 1). The N2 fixers were the most numerous of these in all samples.
N2-fixing populations were highly enriched in the nutrient-impacted sites, as expected
from previous reports on P-driven N limitation in WCA-2A (4). Nitrifiers and denitrifiers
were also observed in higher numbers at the high-P sites, which contribute to N

FIG 6 Nitrogenase activities (top) and methane production (bottom) in the incubation of WCA-2A soils
sampled in January 2012. The soil incubation was supplemented with cellulose along with (�NH4

�) or
without (�NH4

�) ammonium chloride (100 mM). The incubations without cellulose additions were used
as the control treatment (CT). Methane concentrations and acetylene reduction (ARA) were determined
for days 7 and 14 and are denoted on the x axis of the bottom graph. Error bars represent �1 SD from
three replicates. nd, not determined.
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limitation via removal of NH4
� and NOx-N. The activities of nitrifiers and denitrifiers

were demonstrated in earlier studies conducted at these sites (37, 39). P enrichment
was also associated with an enrichment of DNRA bacteria, as indicated by the increased
copy numbers of nrfA at those sites. However, nrfA copy numbers were greatly
outnumbered by denitrifying gene (nirK plus nirS) copy numbers, with a difference of
�2 orders of magnitude. DNRA competes with denitrification for NO3

� (40). The
relative rates of DNRA and denitrification at this site are not known at this time.

Analysis of nifH gene sequences indicated that between 16 and 44% of nifH copies
detected from WCA-2A sediments clustered with the methanogen-like lineages be-
longing to the orders Methanosarcinales (subclade III-G), Methanococcales (IV-B and
IV-D), Methanomicrobiales (IV-C), and Methanobacteriales (IV-D and IV-G) (Fig. 2). Meth-
anogens make up a relatively small proportion of the total WCA-2A microbes, of which
16S rRNA gene sequences clustering with methanogens constituted only 0.27% of the
total number of 16S rRNA gene sequences. Similarly, the copy numbers of mcrA
corresponded to only 0.26% of bacterial 16S rRNA gene copies (Fig. S4). The fact that
the relatively high percentage of nifH gene sequences originated from such low-
abundance lineages strongly suggests that methanogens make a very significant
contribution to N2 fixation at these sites. High concentrations of methanogen nifH
copies were also reported in hydrothermal vent fluids and deep-seawater, which
constituted 20 to 100% of total nifH gene sequences detected (18). To the best of our
knowledge, all of the 7 orders of methanogens possess the nifH gene; therefore, it is
possible that methanogen nifH might be found in all environments where methano-
gens are present.

nifH transcript sequences have been used previously as an indicator of nitrogenase
activity (41, 42). WCA-2A field soils were found to harbor divergent methanogenic
archaea that transcribe nifH (Fig. 3). Among the methanogen clades (e.g., IV-C, IV-D, and
IV-G), IV-C was found in all sites across the P gradient, making up between 2 and 49%
of total nifH transcript sequences detected. This clade is affiliated with the hydro-
genotrophic Methanomicrobiales, the dominant methanogenic order in WCA-2A soils
(�50% of total methanogens) (6). The high level of nifH transcript produced by IV-C
strongly suggests that hydrogenotrophic methanogenesis is a major factor in N2

fixation in WCA-2A soils.
The functional linkage between N2 fixation and methanogenesis was evaluated in

laboratory incubations of WCA-2A soils with different electron donors with and without
supplemental N. The addition of H2�CO2 stimulated N2 fixation, coinciding with CH4

production (Fig. 4). N2 fixation coupled with methanogenesis is supported by high
transcription of nifH from the hydrogenotrophic methanogens (clades II-D, III-E, III-G,
IV-C, IV-D, IV-E, and IV-G) (Fig. 5). The transcription of nifH from a specific group of
methanogens with nitrogenase activities suggests that that methanogen group carries
out the N2 fixation coupled with methanogenesis because N2 fixation is an energy-
intensive process and methanogenesis is the only known energy-generating process in
methanogens. In contrast to the addition of H2�CO2, the addition of acetate did not
significantly increase methanogenesis or N2 fixation. The simplest explanation is that
acetate was rapidly depleted by other acetate-consuming microbes, such as sulfate-
reducing bacteria, that have been reported to efficiently compete with acetotrophic
methanogens in these soils (6).

The cellulose incubation was subsequently conducted such that fermentation would
supply a variety of electron donors (e.g., a variety of organic acids and H2) for methane
production and N2 fixation. The fermentation products could also be utilized by
competing anaerobic processes, depleting alternative electron acceptors such as SO4

2�

and Fe(III). The nifH transcripts were largely derived from obligatory acetotrophs
belonging to Methanothrix (originally Methanosaeta) species (clade III-G) (Fig. 5), which
indicates that the acetotrophs produced methane to gain energy for the N2 fixation in
the cellulose incubation. Even though acetotrophic methanogens produced nifH tran-
scripts under relatively artificial conditions, we did not detect Methanothrix nifH tran-
scripts in field soils (Fig. 3). Methanothrix represents the majority of methanogens in
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WCA-2A, accounting for between 22 and 32% of total methanogens (6). It may be that
those acetotrophs in the field rely on external N sources rather than N2 fixation.

When NH4
� (100 mM) was added to the cellulose incubations, nitrogenase activity

was inhibited, likely through an ammonia switch-off regulation (43), and the CH4

production rate significantly decreased (Fig. 6). The increased CH4 production in the
absence of supplemental NH4

� has been observed before in pure cultures (44) and is
thought to be due to the additional energy required for N2 fixation. Few studies have
been conducted on the energetics of CH4 production during N2 fixation, and most, if
not all, of those were conducted on thermophilic methanogens in pure culture (44, 45).
Fardeau et al. (44) compared the growth of the thermophilic hydrogenotrophs Metha-
nobacterium thermautotrophicum and Methanococcus thermolithotrophicus on NH4

�

and with N2 as a nitrogen source. The maintenance coefficients for both strains were
significantly higher in continuous culture at similar gas flow rates during growth on N2

compared with NH4
�. For example, the maintenance coefficient for M. thermoau-

totrophicum was 0.168 mol CH4 h�1 g�1 during growth on N2, compared with 0.065
mol CH4 h�1 g�1 for growth on NH4

�, indicating that over twice as much CH4 was
produced per cell during N2 fixation. At least some of the additional CH4 produced in
those experiments was assumed to be due to the increased energy required for N2

fixation; however, some energy may be used to produce the carbon storage polymer
glycogen during N limitation (46).

Peat N contents are largely dependent upon input from N2 fixation and atmospheric
deposition. Larmola et al. (15) reported CH4 oxidation coupled with N2 fixation during
N accumulation in peatlands. Vile et al. (47) found that methanotrophic aerobes
substantially contribute to N2 fixation. Those studies shed light on the linkage between
the N cycle and CH4 and, consequently, on regulation of the rates of CH4 emission in
peatlands under aerobic conditions. Our study extends this concept to anoxic condi-
tions, where methanogens regulate the rate of CH4 production, while aerobic metha-
notrophs degrade this compound.

In conclusion, numerous studies have described the distribution of methanogens
capable of N2 fixation in diverse environments, and the genetics and biochemistry of N2

fixation in methanogens have been characterized (16, 17, 19) following its first report
in 1984 (48, 49). The present study explored the distribution of nifH in the Everglades
and found that methanogenic archaea are a key group harboring and expressing nifH.
N2 fixation is central to the response of microbial communities to nutrient limitation in
the Everglades wetlands and is tightly coupled with methane production. The rates of
methane production in the Everglades may be a function of methanogenic N2 fixation,
such that a complete understanding of methane production in wetlands should include
the response of methanogens to N limitation. While this study has been conducted
exclusively in the relatively-high-pH (circumneutral) regions of the Everglades, a sub-
tropical peatland, it is likely that methanogenic nitrogen fixation is important in many
temperate and tropical N-limited peatlands. The contribution of methanogenic N2

fixation to the N cycle in general methanogenic communities is not clear at this time
and requires further study.

MATERIALS AND METHODS
Sampling and sample processing. Triplicate soil cores were collected from sites F1 (26°21=39
 N,

80°22=10
W), F4 (26°18=59
N, 80°23=01
W) and U3 (26°17=15
N, 80°24=41
W) (see Fig. S1 in the supple-
mental material) in October 2009, April 2010, August 2011, and January, August, and December 2012.
Plant roots and detritus (floc) covering soils were removed before slicing of the soil cores at 4-cm
intervals. The top 4 cm of soil was mixed in a polyethylene ziplock bag. Subsamples (50 to 100 g) of
mixed soil were immediately frozen on dry ice for transport to the laboratory, where they were stored
at �80°C until isolation of nucleic acids. The remaining unfrozen soil was transported to the laboratory
on the same date of sampling for use in the incubation study. In addition to the soils sampled, 10-liter
surface water samples were collected from each site in precleaned carboys for incubation studies and
stored at 4°C until use. The soil and water samples were used within 1 week of sampling.

Nucleotide isolation and cDNA preparation. Soil samples were homogenized with a mortar and
pestle under liquid nitrogen before isolation of nucleic acids. DNA was isolated from 0.2 g (wet weight)
of soil samples using a Power Soil DNA isolation kit (MoBio Laboratories, Carlsbad, CA).
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RNA was isolated from 2.0 g of wet soils using a PowerSoil total RNA isolation kit (MoBio Laboratories,
Carlsbad, CA), followed by the removal of residual DNA from RNA extracts using an RTS DNase kit (MoBio
Laboratories, Carlsbad, CA). cDNA was synthesized from RNA with the SuperScriptIII first-strand synthesis
SuperMix, including random hexamers as reverse transcriptase PCR primers (Invitrogen, Carlsbad, CA).

The quality of DNA and RNA isolated was assessed by 1.5% ethidium bromide-stained agarose gel
electrophoresis. All nucleic acids (DNA, RNA, and cDNA) were stored at �80°C until use.

Next-generation Illumina sequencing for the 16S rRNA gene. Libraries for 16S rRNA gene
sequencing were prepared from extracted DNA using the 16S rRNA metagenomic sequencing library
preparation protocol from Illumina (https://support.illumina.com). Briefly, the V3-V4 region of the 16S
rRNA genes was amplified using primers Bakt_341F and Bakt_805R (50), followed by the incorporation
of Illumina adapter nucleotide sequences. A paired-end library was prepared using the Nextera XT Index
kit (Illumina, San Diego, CA). Amplicons were cleaned using Agencourt AMPure XP beads (Beckman
Coulter Genomics, Indianapolis, IN) and quantified using the Quant-iT PicoGreen double-stranded DNA
(dsDNA) assay kit (Invitrogen/Life Technologies, Grand Island, NY) on a Spectra Max fluorescence
microplate reader (Molecular Devices, Sunnyvale, CA). All samples were pooled in equimolar concentrations
and delivered to the University of Florida Sequencing Core Laboratory (http://www.biotech.ufl.edu/) for
sequencing on an Illumina MiSeq platform using the MiSeq V3 reagent kit (Illumina, San Diego, CA).

Quantitative Insights Into Microbial Ecology (QIIME) version 1.9.1 (51) was used for all the Illumina
sequence analyses, unless otherwise noted. The paired-end 16S rRNA gene sequences, which were
demultiplexed on the MiSeq instrument, were joined and quality filtered using default settings (phred
q20) (52). Chimeric sequences were identified and removed with the usearch61 algorithm (53) using the
RDP Gold database as reference. The OTU picking, which assigns the cleaned reads to OTUs, was
performed using the Usearch16 algorithm against the Greengenes 16S rRNA database (54), clustered at
97% pairwise identity. The number of reads before and after the above trimming processes and the
resulting OTU number for each sample are included in Table S1 in the supplemental material. Sequences
were aligned to the Greengenes reference alignment using PyNAST (51), and a phylogenetic tree was
constructed with FastTree according to the standard procedures within QIIME (55). OTU tables and tree
files generated in the OTU-picking step served as the main inputs for the core diversity analyses at even
sequence depth for all samples (23,505 reads per sample) under script “core_diversity_analyses.py,”
which generates the taxonomy summary and the alpha and beta diversity analyses as output files.

Analysis of nifH and nifH transcript sequences. nifH sequences were amplified from DNA or cDNA
using primers nifH-F and nifH-R and the PCR conditions described by Mehta et al. (18). The PCR amplicons
(�400 bp) were cloned using a TOPO TA cloning kit for sequencing (Invitrogen, Carlsbad, CA), followed
by transformation of the clone mixture into Escherichia coli TOP10 electrocompetent cells. The transfor-
mants were screened on LB plates containing 50 mg · liter�1 kanamycin after overnight incubation at
37°C. The randomly selected transformants were sent to the University of Florida Sequencing Core
Laboratory (http://www.biotech.ufl.edu) for sequencing of the inserts.

The phylogeny of nifH was analyzed using the deduced amino acid sequences (NifH) with the
reference sequences from the public database at the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov). The sequences were aligned using ClustalX 2.0 (56) and edited in BioEdit
v7.1.3 (57). OTUs were defined with a 5% cutoff in NifH protein sequences using the furthest-neighbor
method in mothur v.1.32.1 (58). The use of OTUs based on deduced amino acid sequences increases the
taxonomic resolution relative to nucleotide sequences, such that deduced amino acids are frequently
used for assignment of the taxonomic affiliation of functional genes such as nifH. The phylogeny of
representative OTUs was analyzed using the maximum likelihood method and MEGA v6.0 program (59)
with bootstrap analysis (1,000 replications) and the nearest-neighbor-interchange method as a tree
inference option.

The OTUs were used for determination of alpha (diversity within samples) and beta diversity (diversity
between samples) using packages in the programs mothur (58) and Unifrac (60), respectively.

qPCR. Estimation of gene copies was performed using a SYBR green I-based quantitative real-time
PCR (qPCR) in a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA). The PCR
mixtures comprised 10 �l of iQ SYBR green supermix (Bio-Rad Laboratories, Hercules, CA), 1 �l each of
forward and reverse primer from stock solutions (10 �M), and 2 �l of DNA template in a final volume of
20 �l.

Previously described primers and PCR conditions were employed for quantification of genes of
bacterial 16S rRNA (61), amoA (29, 62), nirK (63) and nirS (64), nrfA (30, 65), nifH (18), and mcrA (25)
(Table 1).

All qPCR runs were followed by an image capture step (15 s at 83°C) after a final extension step of
each cycle. When the PCR amplification was completed, a melt curve analysis was conducted by
increasing the temperature from 60 to 95°C in 0.5°C increments every 10 s. All sample DNAs and standard
DNAs were assayed in triplicate. Every qPCR run included standard plasmid DNA carrying the gene
fragment of interest in order to make a standard curve. Standard DNA plasmids were made by cloning
the target gene fragment amplified from some of environmental soils as described previously (66, 67).
Plasmid DNA was linearized using the endonuclease PstI (Thermo Fisher Scientific, Waltham, MA)
according to the manufacturer’s instructions, followed by purification with the QIAquick PCR purification
kit (Qiagen, Valencia, CA).

The prepared standards were stored in aliquots at �80°C, and a separate standard was used for each
qPCR run. Serial dilutions of the linearized plasmid DNA plasmid over 6 orders of magnitude were run
during each qPCR to generate standard curves. The standard curve was made by plotting the relative
fluorescence units at a threshold cycle (CT) value against the logarithm of the copy number of the
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standard plasmid DNA. The copy number in each reaction was calculated by the following formula:
molecules (gene copies) of DNA � (mass [in g] 	 Avogadro’s no.)/(avg mol mass of base 	 template
length), where the average mass of a base pair was assumed to be 650 Da. The PCR efficiency (E) was
calculated from the slope of the standard curve by using the formula E � 10�1/slope � 1. Under the given
PCR conditions, all of the standards amplified with PCR efficiencies of between 78.3 and 98.7% and R2

values of �0.998 (Table S2), with sequences of each primer. Gene copies were determined per gram of
sediment soil (dry weight).

Soil incubation experiments. Soil incubations were conducted through two sets of separate
experiments with different substrates. Each treatment was conducted in triplicate using 3 core soils
sampled from each site. All incubations were performed at 28°C in the dark. Bottles were shaken by
inversion a few times every day.

(i) Incubation with acetate or H2�CO2. Five grams of soil (wet weight) sampled in August 2011
were mixed with 15 ml of a mineral salt medium (MSM) in a 60-ml serum bottle closed with a rubber
stopper and aluminum seal. MSM has the same composition as BCYT-R (68), except for lacking peptone
and yeast extract. The headspace gas of the bottles was exchanged by flushing N2 through syringe
needles for 10 min. Methane production was measured in triplicate bottles supplemented with either 4
mM acetate or a mixture of H2�CO2 (80% � 20% [vol/vol]) to 50 kPa. Bottles with no substrate addition
were used as controls. The CH4 concentrations were analyzed on days 3, 6, and 11, as described below.

ARAs were performed to measure the potential activity of nitrogenase in one set of triplicate bottles
supplemented with substrate as described above. Acetylene, which was generated from CaC2�H2O, was
introduced into the bottles to create an approximately 10% headspace concentration. The ethylene
produced from acetylene was measured on days 3, 6, and 11, as described below.

15N2 incorporation was determined as a more direct measurement of assessing nitrogenase activity
compared with ARA. Two sets of triplicate bottles (a total of 6 bottles for each site) were supplemented
with substrates as described above. 15N2 was introduced into the bottles to amount to approximately
20% headspace. On days 6 and 11, triplicate bottles were placed at �80°C to stop the reaction and
preserve them until analysis of 15N2 incorporation.

(ii) Incubation with cellulose. Five grams of soil (wet weight) sampled in January 2012 was mixed
with 15 ml of surface water collected from each site in 60-ml serum bottles closed with rubber stoppers
and aluminum seals. To each of the bottles, 0.1 g of cellulose powder was added as the substrate with
or without 100 mM NH4

�. For soil from each site, three sets of triplicate bottles (a total of 9 bottles) were
prepared for treatments: treatment A, no substrate addition; treatment B, cellulose without NH4

�, and
treatment C, cellulose with NH4

�. On days 7, 14, and 21, methane concentrations were measured from
triplicate bottles.

For ARAs, half of the incubated soils were transferred to a new 60-ml bottle on day 7 and closed with
rubber stoppers and aluminum seals, followed by flushing the headspace with N2 for 10 min. After
addition of acetylene to �10% of the headspace, the bottles were reincubated for 5 days and then
analyzed for ethylene production.

Analytical methods. The CH4 concentrations in soil incubation bottles were measured from the
headspaces using a Shimadzu 8A gas chromatograph equipped with a Carboxen 1000 column (Supelco,
Bellefonte, PA) and a flame ionization detector operating at 110°C as described previously (5). The CH4

concentrations in the aqueous phases were calculated using Henry’s law constant for CH4 (69).
The H2 concentrations in incubation bottles were measured from the headspaces using a Peak

Performer 1 gas analyzer (Peak Laboratories, Mountain View, CA) with a reducing compound photometer
as described in our previous study (6).

Short-chain fatty acids (e.g., acetate, propionate, and butyrate) produced during cellulose incubation
were measured from the incubation liquid using a high-pressure liquid chromatography system (Waters
2695; Waters Corp., Milford, MA) equipped with a Platinum EPS C8 column (1.6 by 250 mm; Alltech,
Deerfield, IL) under a gradient profile composed of two mobile phases as described in our previous work
(6, 70).

TABLE 1 Primer set and their sequences used in this study

Target gene Primer name Primer sequence (5= to 3=) Reference(s)

AOA
amoA Crenamo A23f ATGGTCTGGCTWAGACG 62

Crenamo A616r GCCATCCATCTGTATGTCCA

AOB
amoA amoA 1f GGGGTTTCTACTGGTGGT 29

amoA 2r CCCCTCKGSAAAGCCTTCTTC
nirK nirK 876 ATYGGCGGVCAYGGCGA 63

nirK 1040 GCCTCGATCAGRTTRTGGTT
nirS nirS Cd3aF AACGYSAAGGARACSGG 64

nirS R3cd GASTTCGGRTGSGTCTTSAYGAA
nrfA nrfAF2aw CARTGYCAYGTBGARTA 30, 65

nrfAR1 TWNGGCATRTGRCARTC
nifH nifH-F GGHAARGGHGGHATHGGNAARTC 18

nifH-R GGCATNGCRAANCCVCCRCANAC
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Ethylene (C2H4) formed from acetylene during the ARA was measured from the headspace of bottles
using a Shimadzu 8A gas chromatograph equipped with a Poropak-N column (Supelco, Bellefonte, PA)
and a flame ionization detector operating at 80°C as described previously (38).

The 15N2 incorporation to biomass was determined on dried, ground soil samples from incubation
using a Finnigan MAT Delta Plus isotopic ratio mass spectrometer (Finning Corp., San Jose, CA) as
previously described (71).

NOx-N and NH4
�-N concentrations were determined by the UF Analytical Services Laboratory

(http://soilslab.ifas.ufl.edu) according to EPA methods 353.2 (72) and 350.1 (73), respectively.
Statistical analyses. Analyses of variance (ANOVA) were performed in JMP Pro 13 (SAS Institute, Inc.,

Cary, NC) to assess differences of geochemical parameters and gene copies between samples. All posttest
comparisons of means were accomplished using a Tukey-Kramer HSD test, adjusted for the overall error
rates. A P value of �0.05 was considered significant.

Accession number(s). The GenBank accession numbers for the sequences determined in this study
are KX458255 to KX458457 for the DNA nifH gene and KX496043 to KX496326, KX523486 to KX523601,
and KX524984 to KX525203 for the nifH gene transcript. Small-subunit rRNA sequences obtained from
Illumina MiSeq were deposited in the National Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) under accession no. PRJNA358013.
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