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Abstract Biological nitrogen fixation is a keystone process
in many ecosystems, providing bioavailable forms of fixed
nitrogen for members of the community. In the present
study, degenerate primers targeting the nitrogenase iron
protein-encoding gene (nifH) were designed and employed
to investigate the physical and chemical parameters that
underpin the distribution and diversity of nifH as a proxy
for nitrogen-fixing organisms in the geothermal springs of
Yellowstone National Park (YNP), Wyoming. nifH was
detected in 57 of the 64 YNP springs examined, which
varied in pH from 1.90 to 9.78 and temperature from 16°C
to 89°C. This suggested that the distribution of nifH in YNP
is widespread and is not constrained by pH and temperature
alone. Phylogenetic and statistical analysis of nifH recov-
ered from 13 different geothermal spring environments
indicated that the phylogeny exhibits evidence for both
geographical and ecological structure. Model selection
indicated that the phylogenetic relatedness of nifH assemb-
lages could be best explained by the geographic distance

between sampling sites. This suggests that nifH assemb-
lages are dispersal limited with respect to the fragmented
nature of the YNP geothermal spring environment. The
second highest ranking explanatory variable for predicting
the phylogenetic relatedness of nifH assemblages was
spring water conductivity (a proxy for salinity), suggesting
that salinity may constrain the distribution of nifH lineages
in geographically isolated YNP spring ecosystems. In
summary, these results indicate a widespread distribution
of nifH in YNP springs, and suggest a role for geographical
and ecological factors in constraining the distribution of
nifH lineages in the YNP geothermal complex.

Introduction

The biological reduction of dinitrogen (N2) to ammonia
(NH3), or biological N2 fixation (diazotrophy), is catalyzed
by a diversity of microorganisms distributed across both the
bacterial and archaeal domains. Biological nitrogen fixation
is of fundamental importance in natural ecosystems, since it
can relieve fixed nitrogen (N) source limitation [1]. The
molybdenum (Mo)-nitrogenase (nif) is the primary enzyme
responsible for the conversion of N2 to NH3 in natural
environments [2] and its expression is tightly regulated due
to the high energetic cost (minimally 16 mol adenosine-5'-
triphosphate (ATP) are required per mol N2 reduced)
associated with this catalytic activity [3]. In studies of
diazotrophs in pure culture, N2 fixation has been shown to
be regulated from the transcriptional to post-translational
levels in response to the availability of fixed sources of N,
including ammonia (total NH3), nitrate (NO3

−), and nitrite
(NO2

−) [4–8]. Thus, in environments where sources of fixed
N are not limiting, a strong selective pressure would
presumably exist to purge the genomes of constituent
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organisms of nif, given the high energetic cost associated with
catalysis and the high metabolic cost associated with
maintaining the genes necessary to synthesize an active
nitrogenase (at least 12 nif genes need to be expressed in
Klebsiella pneumoniae) [9]. In contrast, in N-limited environ-
ments, a strong selective pressure would be anticipated to
select for nif in the constituent microbial communities.

A number of studies have examined the distribution and
diversity of nitrogenase in natural environments across a
range of physical and chemical conditions through the use
of degenerate polymerase chain reaction (PCR) primers
targeting conserved domains within the nitrogenase iron
protein-encoding gene (nifH) [10, 11]. nifH in natural
environments has been widely studied, with reports of high
levels of diversity in the marine water column [12], estuarine
sediments [13], terrestrial soils and soil rhizospheres [14],
marine hydrothermal vents [10], terrestrial geothermal
springs [15], as well as many other environments [1].
These studies and others continue to reveal the extent of the
distribution and diversity of nifH in natural environments;
however, the physical and/or chemical parameter(s) which
constrain the distribution of specific nifH lineages have been
more difficult to determine. For example, a recent cross-
system analysis of nifH diversity from 13 different natural
environments ranging from termite hindguts to stromatolites
identified patterns in the distribution of specific nifH lineages
that only partially reflected the availability of fixed N alone,
suggesting that additional unmeasured variables or a combi-
nation of measured/unmeasured variables are responsible for
structuring the diversity of nifH in these natural systems.
Indeed, a more recent investigation of nifH diversity in the
Chesapeake Bay revealed patterns in lineage distribution that
reflected the abundance of dissolved inorganic nitrogen,
salinity, and dissolved organic carbon and phosphorus,
indicating that a multiplicity of parameters, in addition to
available fixed N, are likely to influence the phylogenetic
structure of diazotrophic populations in this system [16].

The geothermal springs in Yellowstone National Park,
Wyoming exhibit strong physical and chemical gradients,
both within a given geothermal spring [17–19] and between
geothermal springs [20, 21]. Likewise, strong gradients of
available N also exist in many of these geothermal spring
environments [20, 21]. Variability in the levels of fixed N
may influence the presence or absence of diazotrophs along
these gradients, considering their potential to relieve N
limitation in the ecosystem. Moreover, the physical and
chemical heterogeneity in YNP geothermal spring environ-
ments would presumably create a multitude of ecological
niches, some of which may be capable of supporting specific
lineages of diazotrophs while limiting the growth of others
[22]. The tendency for species to retain ecological aspects of
their niche over evolutionary time is termed niche conserva-
tism [23], which results in discernible patterns in the

distribution of phylotypes in various niches along the
physicochemical gradient (e.g., ecological structure) [24].
While patterns in the distribution of individual nifH lineages
in natural environments have been noted previously [1, 16],
the extent to which diazotrophic communities are ecologically
structured is unknown. Here, we report on the distribution and
phylogenetic diversity of nifH along physical and chemical
gradients in YNP springs. Robust phylogenetic analysis of
nifH recovered from YNP springs coupled with community
ecological tools revealed evidence for both ecological and
geographic structure. Of the measured environmental varia-
bles, spring water conductivity (a proxy for salinity) was the
best predictor of nifH phylogenetic relatedness, although
only a small fraction of the variation in relatedness was
explained by conductivity suggesting the importance of other
unmeasured environmental parameters. In contrast a much
larger fraction of the variation in nifH phylogenetic diversity
can be attributed to the geographic distance between sites,
evincing a role for dispersal limitation in structuring the nifH
communities. In summary, the data indicate environmental
parameters including salinity have imposed niche conserva-
tism on nifH assemblages, and these assemblages may be
dispersal limited with respect to the Yellowstone geothermal
spring environment.

Methods

Sample Site Description

Four geographically distinct sites were chosen for examin-
ing the constraints on the distribution and diversity of nifH
in YNP springs (Table 1). The four sampling sites included
the Witch Creek thermal field near Heart Lake (HL) in the
southern part of YNP, several springs in and around
Imperial Geyser (IG) located in the Lower Geyser Basin
located in the central part of YNP, thermal features on the
north shore of Nymph Lake (NL) located in the Northern
part of the Park, and a variety of thermal features in the
Back Basin of Norris Geyser Basin (NG) located in the
Northern part of the Park. The thermal features sampled at
HL and IG were generally neutral to alkaline in pH whereas
those collected from the NG and the geothermal field
located on the north shore of NL were generally acidic
(Table 1; Fig. 1).

Sample Collection and DNA Extraction

Samples of microbial mat and sediment were collected from
a variety of locations within YNP during August of 2007.
Samples that were collected within temperature and pH
realms that permitted photosynthesis [17, 25] were of the
traditional microbial mat consistency [26], whereas samples
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collected at temperature and pH combinations that did not
permit photosynthesis [17, 25], generally consisted of
sediments or iron- or sulfur-mats/filaments [27]. Mat and
sediment samples were collected aseptically using flame-
sterilized spatulas and were immediately placed in sterile
microfuge tubes prior to flash freezing in a dry ice/ethanol
slurry. Genomic DNA was extracted from ∼100 mg of
microbial mat or sediment using a combined chemical
(sodium dodecyl sulfate and tris-buffered phenol) and
physical (ballistic bead beating) DNA extraction protocol
as previously described [28]. Genomic DNAwas quantified
by agarose gel electrophoresis using the High DNA Mass
Ladder (Invitrogen, Carlsbad, CA) for use in PCR. In
addition to quantification, all genomic DNA extracts were
subject to PCR amplification of 16S rRNA genes to ensure
that extracted DNA was PCR-amplifiable. 16S rDNA
amplification was performed as previously described [29]
using ∼10 ng of DNA as template and archaeal primer 931F
(5′-AAGGAATTGGCGGGGGAGCA-3′) or bacterial primer
1070F (5′-ATGGCTGTCGTCAGCT-3′) in combination with
the universal primer 1492R (5′-GGTTACCTTGTTACG
ACTT-3′). Both reactions were performed at an annealing
temperature of 55°C.

nifH Primer Design Design and PCR Amplification

Putative nifH gene sequences were compiled from the
GenBank database using tBLASTn with the Nostoc str.
PCC7120 NifH sequence as bait in November of 2007. The
corresponding putative nifH sequences were imported into
MEGA4 (ver. 4.0.1) [30], translated in frame, and the
inferred amino acid sequences were aligned using the
ClustalW application (Gonnet substitution matrix, default
parameters) within the MEGA4 program. Putative NifH
sequences were screened for the presence of conserved
signature catalytic residues including the phosphate binding
P loop, the Switch regions I and II, and the Cys residues
serving as ligands for the [4Fe-4S] cluster [31, 32].
Sequences lacking these domains were discarded without
further consideration, resulting in 116 sequences. Consensus
regions suitable for primer design were identified in deduced
amino acid sequence alignments and reverse translation of
aligned deduced amino acid sequences facilitated the design
of nifH PCR primers containing minimal degeneracy.

Degenerate PCR primers corresponding to amino acid
positions 40–49 (VGCDPKADS) and amino acid positions
157–166 (GEMMALYAAN) in the Nostoc str. PCC 7120
NifH sequence (NP_485497) were selected for PCR primer
design. Primer specificity and PCR condition optimization
was performed in reactions containing genomic DNA from
positive control cultures Azotobacter vinelandii, Roseiflexus
sp. Rs-1, Synechoccocus sp. JA-3-3Ab, and Methanobacte-
rium thermoautotrophicum str. Delta H as positive amplifi-T
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cation controls and using genomic DNA from Thermotoga
maritima MSB8 as a negative amplification control. Primers
nifH-119F (5′-THGTHGGYTGYGAYCCNAARGCN
GAYTC-3′; 4,608-fold degeneracy) and nifH-471R (5′-
GGHGARATGATGGCNMTSTAYGCNGCNAA-3′; 3,072-
fold degeneracy; Integrated DNA Technologies, Coralville,
IA) were used to amplify a ∼350 bp fragment of nifH. Fifty-
microliter PCRs contained 10 ng of genomic DNA as
template, 2 mM MgCl2 (Invitrogen), 200 μM of each
deoxyribonucleotide triphosphate (Promega, Madison, WI),
1 μM of both the forward and reverse primer, 200 nM
molecular-grade bovine serum albumin (Roche, Indianapolis,
IN), and 0.25 U Taq DNA Polymerase (Invitrogen) in 1×
PCR buffer (Invitrogen).

Step-down PCR conditions included an initial 4-min
denaturation at 94°C, followed by four cycles of an initial
denaturation at 94°C (1min), annealing at 68°C, 66.5°C, 65°C,
and 63.5°C (1 min), and primer extension at 72°C (1.5 min).
The conditions of the final 30 cycles consisted of
denaturation at 94°C (1 min), annealing at 60.9°C
(1 min), and primer extension at 72°C (1.5 min), with
a final extension step at 72°C (20 min). PCR products were
purified with theWizard PCR Preps DNA Purification System
(Promega, Madison, WI), quantified by agarose gel electro-
phoresis using the Low DNA Mass Ladder (Invitrogen),
cloned using the pGEM-T Easy vector system (Promega), and
sequenced using the M13F-M13R primer pair as previously
described [29]. Putative nifH sequences were translated using
the ExPASy translate tool (http://www.expasy.ch/tools/dna.
html) and the resulting translated NifH sequences were
queried against the GenBank database using tBLASTn. In

addition, inferred NifH amino acid sequences were aligned
in MEGA4 (ver. 4.0.1) and evaluated for the presence of
conserved catalytic signatures of nifH.

Chemical Analyses

Unless otherwise stated, all measurements were performed on
site at the time of sample collection. The temperature and pH at
each sampling site was determined using a model 59002–00
Cole–Parmer field thermometer and pH meter. An alcohol
thermometer was used to confirm temperature. Initially, 64
sampling sites were chosen to sample the range of temperature
and pH commonly observed in the thermal features of YNP.
Thirteen of the 57 sites that yielded nifH PCR products (nifH+)
of the predicted size (∼350 bp) were selected for further
sequence analysis (Table 1). These sites were chosen to
sample the geochemical and geographic diversity of the
springs sampled in the present data set. Total sulfide (S2−)
and ferrous iron (Fe2+) concentrations were determined on
site using a Hach DR/2000 spectrophotometer (Hach Com-
pany, Loveland, CO) and the Methylene Blue Method using
Hach sulfide reagents 1 and 2 and ferrozine pillows,
respectively. Samples for total ammonia, nitrate (NO3

−),
nitrite (NO2

−), and sulfate (SO4
2−) were filtered (0.22 μm)

into sterile 50 mL Falcon tubes, frozen on site, and stored at
−20°C prior to analysis. Concentrations of these analytes
were determined colorimetrically using a SEALQuAAtro
instrument (West Sussex, England) calibrated daily with fresh
standards. Conductivity as a proxy for salinity was deter-
mined using a YSI model 33S-C-T meter (Yellow Springs
Instrument Company, Inc., Yellow Springs, Ohio). Conduc-
tivity values were standardized to a common temperature of
25.0°C (Condstd) according to the formula: Condstd ¼
CondT= 1� a T � 25ð Þð Þ, where CondT is the specific con-
ductivity measured at ambient temperature (T) in degrees
centigrade and α is the temperature correction slope factor for
freshwater of 0.02. All statistical analyses and reports of
conductivity reported herein have been standardized. Pearson
correlation analyses were performed using the base package
within R (ver. 2.10.1) (http://www.r-project.org/contributors.
html). Values that were below detection were given a value of
0 in all statistical analyses.

Phylogenetic Analyses

ClustalX (ver. 2.0.9) [33] was used to align nucleic acid
sequences using the IUB substitution matrix and default
gap extension and opening penalties. A pairwise sequence
identity matrix was also created using ClustalX and this
was used in the program DOTUR [34] to identify and
group operational taxonomic units (OTU) using a sequence
identity threshold of 99% or 0.01 (Table 2). Rarefaction
analyses were also performed with DOTUR.

Figure 1 A plot of the presence/absence of nifH in 64 mat and
sediment samples collected from FOUR geographic locations in the
YNP geothermal complex plotted as a function of spring water
temperature and pH. Open triangles indicate that nifH was detected;
closed squares indicate that nifH was not detected
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The phylogenetic position of all unique nifH OTUs
(a total of 66 sequences) identified using DOTUR [34] as
described above was evaluated using MrBayes (ver. 3.1)
[35]. Tree topologies were sampled every 1,000 generations
for 3.75×106 generations using the Hasegawa, Kishino,
and Yano (HKY) evolutionary model with gamma-shaped
rate variation with a proportion of invariable sites as
recommended by Modeltest (ver. 3.8) [36]. The protochlor-
ophyllide reductase iron-sulfur ATP-binding gene (bchL)
from Chlorobium chlorochromatii CaD3 (CP000108) and
Jannaschia sp. CCS1 (CP000264), a homolog of nifH,
served as the outgroup in the phylogenetic analysis. A
consensus phylogeny was generated from 782 trees sampled
at stationarity (standard deviation between split frequencies
<0.08). The nifH phylogram was rate-smoothed using the
non-parametric rate smoothing (NPRS) approach implemented
in the Ape (ver. 2.5) [37] package within R (ver. 2.10.1) and a
molecular clock approach using the multidimensional version
of Rambauts parameterization as implemented in PAUP
(ver. 4.0) [38].

Community Ecological Analyses

Both NPRS and molecular clock cladograms were used to
calculate Rao’s quadratic entropy (Dp), the net relatedness
index (NRI), and the nearest taxon index (NTI) [39] with
Phylocom (ver. 4.0.1) [40]. We tested whether these values
differed significantly from that of a randomly assembled
community using a two-tailed significance test based on

1,000 independent permutations. When >975 permutations
supported the observed values rather than the random or
null model (P<0.05), the observed rank was assumed to be
significant. The results generated from the NPRS and
molecular clock cladograms were congruent (data not
shown). Thus, Dp, NRI, and NTI values were averaged
for both analyses and are presented in Table 2.

Phylocom was also used to construct a community
phylogenetic distance matrix using Rao phylogenetic dis-
tances derived from both the NRPS and molecular clock nifH
cladograms as previously described [25]. Euclidean distance
matrices derived from the nine environmental variables listed
in Table 1 as well as a geographic distance (GD) matrix were
constructed using the base package within R (ver. 2.10.1). A
pairwise between sampling site distance matrix, as measured
in km, is presented in Table 1 in the Electronic Supplemen-
tary Material. Environmental parameters that were below the
analytical detection limit were given a value of 0 for the
purpose of this study. With Rao phylogenetic distance as the
response variable, model selection through Akaike Informa-
tion Criteria adjusted for small sample size (AICc) and
Mantel regressions were performed using the R packages
Ecodist [41] and pgirmess (ver. 1.4.3) (http://pagesperso-
orange.fr/giraudoux/).

Principle coordinate analysis of nifH assemblages was
performed using the R packages vegan (http://vegan.r-forge.
r-project.org/) and labdsv (http://ecology.msu.montana.edu/
labdsv/R). Hierarchical cluster analysis with multiple (1,000)
bootstrap was performed using the R package pvclust

Table 2 Clone library statistics for the 13 geothermal spring environments analyzed

Geothermal spring Number (n) No. of unique phylotypesa Predicted no. of
unique phylotypesb

Percent of predicted unique
phylotypes sampled (%)

NL13 14 2 2 100.0

IG6 22 4 5 80.0

HL11 25 10 12 83.3

NG16 25 12 14 85.7

IG11 21 9 12 75.0

IG5 17 6 7 85.7

NL12 16 7 8 87.5

NG14 21 6 6 100.0

NL4 18 9 11 81.8

HL5 24 5 6 83.3

NG24 21 8 8 100.0

NG21 25 4 4 100.0

NG13 17 7 8 87.5

Abbreviations: spring designations correspond with those presented in Table 1

n number of clones sequenced
a Number of unique phylotypes that were sampled in the library containing n sequences as determined by DOTUR at a sequence identity threshold
of 99%
b Predicted number of unique phylotypes in the spring as determined by DOTUR at a sequence identity threshold of 99%
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(http://www.is.titech.ac.jp/∼shimo/prog/pvclust/). Hierarchi-
cal clustering was based on Ward’s agglomerative correlation
method [42]. The distance matrix described the Rao
phylogenetic similarity between nifH communities as deter-
mined using the molecular clock smoothed cladogram served
as the input for both multivariate analyses.

Nucleotide Sequence Accession Numbers

nifH nucleotide sequences from representatives of each of the
66 unique nifH OTUs, as identified by DOTUR at a 99%
sequence identity threshold, have been deposited in the
GenBank, DDBJ, and EMBL databases under accession
numbers GQ426235 to GQ426277 and HM113535 to
HM11357 (Table 2 in the Electronic Supplementary Material).

Results

Distribution of nifH in the YNP Geothermal Complex

DNA extracted from the 64 sediment and microbial mat
samples collected from YNP springs was screened for nifH.
Amplicons of the predicted size were generated from DNA
extracted from all but seven sites. PCR amplifications using
DNA from these seven sites were positive for 16S rRNA
gene amplicons. This indicates that the DNA extracted from
these sites was suitable for PCR and that nifH was not
amplified using the degenerate primer sets or was absent in
the communities sampled from these sites. The 57 geother-
mal environments that yielded amplicons of the predicted
size nearly spanned the temperature and pH range of sites
sampled in the present study (16.3°C to 89.0°C and pH from
1.90 to 9.78) (Fig. 1), indicating that nifH is widespread in
YNP and that pH and temperature alone do not constrain the
distribution of this gene. Six of the seven sites that did not
yield nifH amplicons were from high-temperature (>50°C)
acidic (pH <5.5) thermal features sampled from the Norris
Geyser Basin and the north shore of Nymph Lake. The
seventh site was a basic, high-temperature (pH=9.33, 90°C)
feature in the Witch Creek area of Heart Lake.

Thirteen of the 57 environmental samples where nifH was
detected were chosen for detailed sequence and chemical
analysis. These samples were chosen in order to examine
nifH diversity as function of the varying temperature and pH
combinations commonly encountered in geothermal springs
in YNP. The springs from where the samples were recovered
spanned a range of temperature (16.3°C to 82.4°C) and pH
(2.06 to 9.57) (Table 1). The physical and chemical character-
istics of these 13 springs varied substantially (Table 1), with
concentrations of measured chemical species varying by
several orders of magnitude. All 13 sites contained detectable
levels of total ammonia, which ranged from 1 μM to

∼200 μM. Ferrous iron levels were above detection limits
in eight of the 13 sites, with the maximum measured
concentration of 19.8 μM detected in an acidic spring from
the Norris Geyser Basin. pH was inversely correlated with
total ammonia (Pearson’s R2=0.44, P=0.01) and ferrous iron
(Pearson’s R2=0.44, P=0.01) in the 13 springs examined.
Temperature and conductivity (a proxy for salinity) were
positively correlated, (Pearson’s R2=0.75, P<0.01), indica-
tive of higher conductivity with increasing temperature.
Sulfate, ranging from 0.2 to 3.3 mM in the 13 environments,
was not significantly correlated to any of the environmental
characteristics included in the analysis. None of the individual
physical or chemical parameters that were measured exhibited
significant autocorrelation with the geographic location of
sites. In addition, the detection of nifH was not correlated to
any individual chemical or physical parameters, including
levels of fixed nitrogen, temperature, or pH.

Phylogenetic Diversity of nifH Assemblages

nifH amplicons were sequenced from the 13 environments
chosen for detailed geochemical analysis (Table 1). A total
of 266 nifH amplicons (Table 2; Table 2 in the Electronic
Supplementary Material) were sequenced from these
geothermal communities. Rarefaction analyses indicated
that >75% of the predicted nifH sequence richness (average=
88%) had been sampled in each of the 13 environments
(Table 2). Phylogenetic reconstruction of the 266 nifH
amplicons recovered from the 13 environments yielded a
highly resolved and well-supported phylogram for use in
examining the phylogenetic relationships of sequences from
these environments.

Rao’s phylogenetic diversity index (Dp), a β-diversity
index that considers the abundance of weighted branch
lengths associated with a particular assemblage relative to
the total sequence pool, was computed for the 13 nifH
assemblages. Assemblages with higher DP indices exhibit a
greater phylogenetic diversity relative to the total sequence
pool. Surprisingly, Dp did not vary significantly with any of
the individual physical and chemical characteristics of the
springs. nifH assemblages that exhibited the highest
phylogenetic diversity (Dp>0.48) were sampled from sites
NL12, NG14, and NG16. The temperature and pH
associated with these sites ranged from 40°C to 60°C and
3.01 to 7.46, respectively. Assemblages that exhibited low
phylogenetic diversity (Dp<0.15) were sampled from sites
IG6, NG13, HL5, and NL13. These springs exhibited the
lowest and highest temperature measured in this study and
also spanned a large pH range (4.95 to 9.30).

The NRI is a measure of tree-wide phylogenetic clustering
of sequences on a tree whereas the NTI metric is a
standardized measure of the phylogenetic distance to the
nearest taxon for each taxon within a community, which
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reflects the extent of terminal (branch tip) clustering [24].
Increasingly positive NRI/NTI scores indicate that co-
occurring species are more phylogenetically related than
expected by chance (phylogenetic clustering). In contrast,
increasingly negative NRI/NTI scores indicate that co-
occurring species are less phylogenetically related than
expected by chance (phylogenetic overdispersion). In other
words, negative NRI and NTI indicate higher than expected
phylogenetic diversity in the assemblage given the species
richness of that assemblage. Ten of the 13 nifH assemblages
exhibited statistically significant and positive NRI and/or
NTI values (Table 3). The three sites that exhibited high Dp

(NG14, NG16, and NL12) exhibited NRI values that were
near 0 or that were negative, suggesting that these
communities are phylogenetically overdispersed relative to
the other ten assemblages. All values of NTI were positive
(0.06 to 1.84) (Table 3) indicating sequence terminal
clustering of nifH within assemblages, as arrayed on the
phylogenetic tree. Collectively, these metrics indicate that the
majority of phylotypes within each YNP nifH assemblages
are more closely related to each other than they are to the
total YNP nifH pool, likely reflecting both long- and short-
term ecological (habitat) filtering as indicated by generally
positive NRI and NTI metrics, respectively.

Model selection and Mantel tests revealed that the
nifH phylogram exhibits evidence for ecological structure,
a finding that is consistent with positive NRI and/or NTI
results. However, model selection and Mantel tests also
indicated that the nifH phylogram exhibits evidence for
geographic structure. The results of model selection using
Rao among community distances generated from the
NPRS and molecular clock cladograms were generally
congruent (data not shown); thus, ΔAICc and Mantel R2

and associated P values were averaged for both analyses
and are presented in Table 4. We considered the model with the lowest AICc value to be the best and evaluated the

relative plausibility of each model by examining differences
between the AICc value for the best model and values for
every other model (ΔAICc) [43]. Model selection identified
between-site GD (ΔAICc=6.09; Mantel R2=0.27, P<0.01)
as the best individual explanatory model for predicting the
phylogenetic relatedness of nifH assemblages in YNP,
although conductivity (a proxy for salinity) differences
(ΔAICc=22.79; Mantel R2=0.12, P=0.02) was also a
statistically significant predictor of nifH phylogenetic relat-
edness (Table 4). Importantly, a model that incorporated
between-site GD and conductivity differences was a more
significant predictor of nifH phylogenetic relatedness
(ΔAICc=0.00; Mantel R2=0.35, P<0.01) than GD or
conductivity alone, as indicated by a >2.0-unit increase in
ΔAICc between the top ranked model and these individual
models (Table 4). Although between-site temperature differ-
ence alone was not a statistically significant predictor of nifH
phylogenetic relatedness (ΔAICc=26.21; Mantel R2=0.09,

Table 4 Model ranking using ΔAICc and Mantel correlation
coefficients (R2) with Rao phylogenetic distance of nifH serving as
the response variable

Model ΔAICc R2 P value

GD+Cond 0.00 0.35 <0.01

GD+Temp 2.21 0.33 <0.01

GD 6.09 0.27 <0.01

GD+NO2
− 7.09 0.28 <0.01

GD+Total sulfide 7.35 0.28 <0.01

GD+NO3
− 7.86 0.28 <0.01

GD+pH 7.92 0.28 <0.01

GD+Fe2+ 8.03 0.27 <0.01

GD+Total ammonia 8.17 0.27 <0.01

GD+SO4
2− 8.25 0.27 <0.01

Cond+Temp 8.27 0.27 <0.01

Cond 22.79 0.12 0.02

Cond+NO2
− 24.19 0.08 0.02

Cond+SO4
2− 24.42 0.11 0.03

Cond+pH 24.65 0.10 0.02

Cond+NO3
− 24.94 0.10 0.03

Cond+Fe2+ 25.07 0.10 0.03

Cond+Total ammonia 26.06 0.09 0.05

Temp 26.21 0.09 0.06

Cond+Total sulfide 26.28 0.09 0.06

NO2
− 26.31 0.06 0.07

NO3
− 26.32 0.09 0.06

pH 28.33 0.03 0.12

Total ammonia 29.12 0.02 0.18

SO4
2− 29.94 0.01 0.33

Total sulfide 30.33 0.01 0.42

Fe2+ 30.37 0.01 0.42

Table 3 Phylogenetic diversity metrics for the 13 nifH assemblages

Plot Dp NRI P value NTI P value

NL13 0.14 4.38 <0.01 1.84 <0.01

HL11 0.28 3.61 <0.01 0.06 0.27

NG16 0.51 −0.28 0.28 1.13 0.09

IG6 0.06 6.82 <0.01 1.21 0.05

IG11 0.30 2.74 <0.01 0.73 0.20

NL12 0.49 0.00 0.30 1.55 0.01

IG5 0.23 3.44 <0.01 0.24 0.34

NG14 0.48 −0.12 0.32 0.82 0.17

NL4 0.30 2.75 0.01 0.09 0.45

HL5 0.13 6.18 <0.01 1.33 0.03

NG24 0.36 1.71 0.03 1.15 0.07

NG21 0.29 2.96 <0.01 1.77 <0.01

NG13 0.08 6.09 <0.01 1.55 0.01
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P=0.06), a model that combines between-site GD and
temperature differences was a statistically significant predic-
tor of nifH phylogenetic relatedness (ΔAICc=2.21; Mantel
R2=0.33, P<0.01) (Table 4).

To further evaluate the controls on nifH phylogenetic
diversity, principle coordinate and hierarchical cluster analysis
was performed. PCO analysis indicated a strong relationship
between the phylogenetic relatedness of nifH assemblages
and the geographic proximity of the environments from
where they were sampled. The first two PCO axes explained
83.7% of the variance in the phylogenetic relatedness of nifH
assemblages between sites (Fig. 2). The first axis (68.7% of
variance explained) was significantly correlated with
between-site GD (adjusted R2=0.45, P=0.01) and to a lesser
extent pH differences among sites (adjusted R2=0.22, P=
0.06). The second axis (14.9% of variance explained) was
significantly correlated with between-site nitrite differences
(adjusted R2=0.38, P=0.01). The PCO results presented here
are supported by the results of agglomerative hierarchical
cluster analysis (Fig. 1 in the Electronic Supplementary
Material), where two well-supported clades of nifH assemb-
lages were resolved. One cluster is comprised of sequences
from IG and HL which are located proximal within the south
central portion of YNP with the other cluster comprised of
assemblages from NG and NL which are located proximal
within the north central portion of YNP.

The phylogenetic composition of nifH assemblages also
largely reflected geographic provinces (Table 2 in the
Electronic Supplementary Material). When nifH sequences
were classified at the order level of taxonomic resolution,
and then binned based on the provinces from which they
were recovered (e.g. HL, IG, NG, and NL), it was clear that
cyanobacteria dominated the geographically proximal HL
and IG sites. In contrast, sequences affiliated with β-
proteobacteria dominated the geographically proximal NG
and NL sites.

Discussion

The role of chemical, physical, and/or geographical
controls on microbial community structure are only
beginning to be unraveled [44, 45]. Our understanding
of the influence of these parameters in structuring the
diversity of functional guilds of microorganisms is even
less clear [1, 25, 44, 46]. Here, we examined the role of
environmental parameters in structuring the phylogenetic
diversity of the nitrogenase iron protein (nifH) as a proxy
for diazotrophic populations inhabiting YNP geothermal
environments. Given the high metabolic cost of nitrogen
fixation and the number of genes required to synthesize an
active nitrogenase, we hypothesized that the distribution of
nifH would reflect the availability of sources of fixed N
(NO3

−, NO2
−, and total ammonia) in the environments of

study and that the phylogenetic structure of nifH genes
recovered from these springs would reflect this availability
over geological time scales. Surprisingly, the results presented
here indicate that the potential for nitrogen fixation is widely
distributed in geothermal springs across the Yellowstone
geothermal complex and that this distribution is indepen-
dent of the availability of N. Furthermore, the results
indicate that the phylogenetic structure of diazotrophic
communities reflects geographical constraints to a greater
extent than ecological constraints (e.g., fixed N availability),
suggesting that the fragmented nature of Yellowstone
geothermal springs imposes dispersal limitation on diazo-
trophic populations.

These results are consistent with a growing body of
literature documenting dispersal limitation in bacterial and
archaeal communities in geothermal springs in YNP. For
example, a recent examination of the environmental
controls on the phylogenetic diversity of the [FeFe]-
hydrogenase-encoding gene (hydA) as a proxy for fermen-
tative bacteria in a number of YNP springs identified
geographic distance as the best predictor of the phylogenetic
diversity of HydA [25]. Similarly, 16S rRNA gene sequences
affiliated with Sulfurihydrogenibium (Aquificae) also
exhibited evidence of geographic structure [47]. Thus,
bacterial ribosomal (organismal) genes and functional

Figure 2 PCO analysis of nifH sequences from 13 environments. The
nifH assemblages are colored by geographic location, NG Back Basin
of Norris Geyser Basin (in red), NL thermal features on the north
shore of Nymph Lake (in yellow), IG Imperial Geyser in the Lower
Geyser Basin (in green), HL Witch Creek thermal field near Heart
Lake (in blue). Sampling site abbreviations correspond to those
presented in Table 1
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(trait)-encoding gene lineages in YNP springs exhibit
evidence for dispersal limitation, despite the small spatial
scales from which these assemblages were sampled from. In
addition to the single gene analyses described above,
multi-locus sequence analysis of a number of Sulfolobus
strains from geothermal springs for the first time documented
dispersal limitation in archaea inhabiting YNP springs, and
suggest that the effects of dispersal limitation are observed
throughout the genome of organisms [48]. Collectively, these
results indicate that the fragmented nature of geothermal
provinces in YNP imparts dispersal limitation in constituent
species, leading to an unknown number of endemic species
in the Yellowstone geothermal complex.

It has been previously suggested that the high level
of endemism in bacterial communities inhabiting YNP
springs may be due to historical as well as subsequent
smaller volcanic events that have together resulted in
geographically-distinct provinces [47] in a process anal-
ogous to that documented for land barriers such as
mountains in constraining gene flow [49]. If true, then
one would expect such a phenomenon to manifest in a
deep level of phylogenetic clustering in dispersal limited
genes, since the last eruptive cycle creating a volcanic
province (caldera) occurred roughly 600,000 years ago
[50, 51]. Indeed, analyses of the distribution of nifH
sequences from a given assemblage on an ultrameric
phylogenetic tree containing all of the nifH sequence
assemblages (e.g., NTI and NRI values) provides strong
evidence for phylogenetic structure in ten of the 13
assemblages. Importantly, NTI values were routinely
lower than NRI values in the environments sampled
indicating that clustering generally occurred at a deeper
level of the phylogenetic tree rather than at just the
terminals, a finding that is consistent with the isolation of
these lineages imposed by geographic constraints.

The phylogenetic structure of nifH sequence assemb-
lages reflects, to an unknown extent, contemporary envi-
ronmental constraints in addition to the historical
geographical constraints as discussed above. Interestingly,
the availability of fixed forms of nitrogen (NO3

-, NO2
-, total

ammonia) were not significant predictors of nifH phyloge-
netic relatedness, despite the high metabolic cost associated
with fixing dinitrogen (minimally 16 mol ATP per mol N2

reduced) and with maintaining the number of genes
required to synthesize an active nitrogenase (at least 12 in
Klebsiella pneumoniae) [9]. Rather, both model selection
and Mantel regressions identified spring water conductivity
(a proxy for salinity) as the best predictor of the
phylogenetic relatedness of nifH assemblages. It is impor-
tant to note that salinity explained a relatively small fraction
of the variance in the phylogenetic relatedness of nifH
between sampling sites, suggesting a role for other
unmeasured biological or chemical variables in influencing

the assemblages. Nevertheless, a role for salinity in
constraining the phylogenetic diversity of nifH in YNP
assemblages as determined here is consistent with the
results of Moisander et al., who also identified salinity as an
important driver of the phylogenetic diversity of nifH in
Chesapeake Bay sediments [16].

In summary, the phylogenetic diversity of putative
diazotrophs, as inferred through examination of nifH, was
constrained at the broadest level by geographical barriers,
such as the fragmented nature of geothermal provinces in
the Yellowstone geothermal complex. Despite the high
energetic demands associated with maintaining nitrogenase
and with nitrogen fixation, our results indicate that sources
of fixed nitrogen are not the primary drivers of phyloge-
netic diversity of putative diazotrophs in YNP. Rather, the
data suggest that environmental factors ‘including salinity’
impose niche conservatism on nifH assemblages and that
this has occurred over geological timescales, perhaps in
response to volcanic caldera (e.g. geographic province [47])
forming events. Furthermore, the data strongly suggest that
diazotrophic communities are dispersal limited, perhaps due
to the fragmented nature of geothermal environments
within the Park.
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