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ABSTRACT Biological nitrogen fixation is an important component of sustainable soil fertility and a key component of the nitro-
gen cycle. We used targeted metagenomics to study the nitrogen fixation-capable terrestrial bacterial community by targeting
the gene for nitrogenase reductase (nifH). We obtained 1.1 million nifH 454 amplicon sequences from 222 soil samples collected
from 4 National Ecological Observatory Network (NEON) sites in Alaska, Hawaii, Utah, and Florida. To accurately detect and
correct frameshifts caused by indel sequencing errors, we developed FrameBot, a tool for frameshift correction and nearest-
neighbor classification, and compared its accuracy to that of two other rapid frameshift correction tools. We found FrameBot
was, in general, more accurate as long as a reference protein sequence with 80% or greater identity to a query was available, as
was the case for virtually all nifH reads for the 4 NEON sites. Frameshifts were present in 12.7% of the reads. Those nifH se-
quences related to the Proteobacteria phylum were most abundant, followed by those for Cyanobacteria in the Alaska and Utah
sites. Predominant genera with nifH sequences similar to reads included Azospirillum, Bradyrhizobium, and Rhizobium, the lat-
ter two without obvious plant hosts at the sites. Surprisingly, 80% of the sequences had greater than 95% amino acid identity to
known nifH gene sequences. These samples were grouped by site and correlated with soil environmental factors, especially
drainage, light intensity, mean annual temperature, and mean annual precipitation. FrameBot was tested successfully on three

ecofunctional genes but should be applicable to any.

IMPORTANCE High-throughput phylogenetic analysis of microbial communities using rRNA-targeted sequencing is now com-
monplace; however, such data often allow little inference with respect to either the presence or the diversity of genes involved in
most important ecological processes. To study the gene pool for these processes, it is more straightforward to assess the genes
directly responsible for the ecological function (ecofunctional genes). However, analyzing these genes involves technical chal-
lenges beyond those seen for rRNA. In particular, frameshift errors cause garbled downstream protein translations. Our Frame-
Bot tool described here both corrects frameshift errors in query reads and determines their closest matching protein sequences
in a set of reference sequences. We validated this new tool with sequences from defined communities and demonstrated the
tool’s utility on nifH gene fragments sequenced from soils in well-characterized and major terrestrial ecosystem types.
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igh-throughput sequencing analysis of 16S rRNA genes is

now an established method of interrogating microbial diver-
sity in environmental samples. But the resolution of data from the
rRNA gene is limited (1, 2), so finer-grained taxonomic informa-
tion is lost. Also, the phylogeny derived from genes involved in
many important ecological functions and 16S phylogeny often do
not match due to horizontal gene transfer (see reference 3). There-
fore, direct tracking of ecofunctional genes may provide better
insight into important aspects of bacterial diversity and function.
Analysis of ecofunctional gene amplicon data presents some chal-
lenges distinct from those posed by 16S rRNA amplicon data.
Because protein-coding genes often evolve at a higher rate than
rRNA, while the encoded protein sequence evolves at a lower rate,
it can be advantageous to compare protein sequences. However,
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indels, which are common sequencing artifacts, cause frameshifts
and lead to a corrupt protein translation downstream from the
artifact.

Several tools are available to detect and correct frameshift se-
quencing errors in next-generation-sequencing (NGS) short reads
(see discussion in reference 4). Two recent programs were de-
signed to use a dynamic programming approach to detect frame-
shifts in high-volume NGS data. FragGeneScan was developed to
find complete and partial open reading frames in short meta-
genomic sequences. It requires no training on a particular gene of
interest (5). Instead, FragGeneScan uses a Hidden Markov Model
(HMM) trained on general codon usage bias. Because the HMM
models an open reading frame at the DNA level, allowing nucle-
otide insertions and deletions, FragGeneScan allows transitions
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TABLE 1 Frameshifts detected with FrameBot for regions from three genes amplified from defined communities

No. of sequences passing

No. of sequences with

Gene Strain FrameBot® frameshifts? No. of frameshifts®
nifHe Desulfitobacterium hafniense DCB-2 5,726 772 1,056

nifH Nostoc sp. PCC 4,053 309 399

nifH Burkholderia xenovorans LB400 9,140 1,947 2,224

bute Roseburia intestinalis L1-82 407 206 325

but Roseburia inulinivorans DSM 16841 291 99 154

bphA’ Polaromonas naphthalenivorans CJ2 724 146 242

bphA Rhodococcus jostii RHA1 1,028 719 1,026

@ Number of reads with a FrameBot best match of greater than 30% identity to a (known) defined community sequence.

? Number of reads with one or more frameshifts detected by FrameBot.
¢ Total number of frameshifts detected by FrameBot.

 nifH, nitrogenase reductase.

¢ but, butyryl-CoA: acetate CoA-transferase.

TbphA, biphenyl dioxygenase alpha subunit.

between reading frames. HMMFrame was developed as a protein
domain classification tool for metagenomic data (4). As with HM-
MER (6) and other protein profile HMM annotation tools,
HMMFrame uses a set of protein family models from Pfam (7) or
other sources to scan metagenomic data. Unlike HMMER,
HMMFrame incorporates error models for specific sequencing
technologies and is able to match across frameshift errors in the
input DNA fragments.

Unlike shotgun metagenomic data, a specific gene and gene
region are targeted with amplicon sequencing, but the raw se-
quences are still subject to the same frameshift artifacts. Also, in-
stead of classifying the frameshift-corrected reads into those cod-
ing for different protein families, for amplicons it is often useful to
compare these reads to closely related well-studied reference gene
sequences. For those genes with little horizontal transfer, identi-
fying the nearest neighbors can be the first step in taxonomic
assignment. Even for 16S rRNA, where many other tools are avail-
able, such a pairwise nearest-neighbor approach can be the
method of choice for highly variable regions, such as the Global
Alignment for Sequence Taxonomy (GAST) tools for taxonomic
assignment of amplicons of the V6 hypervariable region (8). Since
standard pairwise alignment of each query against many rRNA
gene sequences would be prohibitively slow, GAST uses a heuristic
to identify a small subset of sequences for alignment.

We combined the two functions of frameshift correction and
nearest-neighbor identification into a single routine, FrameBot.
This tool uses a dynamic programming algorithm, as do
HMMFrame and FragGeneScan, but instead of comparing reads
to a general protein model as FragGeneScan does or to a protein
family profile HMM as HMMFrame does, FrameBot detects and
corrects frameshifts during pairwise comparisons to reference se-
quences using metric indexing to minimize the number of com-
parisons required to find the nearest reference sequence. Minor
adjustments to the amino acid substitution matrix were necessary
in order to satisfy a mathematical requirement of the index struc-
ture (9).

We used this tool to assess the taxonomic groups and ecologi-
cal patterns inferred from a key gene in ecosystem function, nifH,
in four contrasting ecosystems that are part of NEON, the NSF
National Ecological Observatory Network.

RESULTS

FrameBot algorithm. FrameBot is based on the algorithm of
Guan and Uberbacher (10) with modifications. Briefly, FrameBot
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uses a dynamic programming technique similar to that used for
pairwise protein alignment but uses three sets of two-dimensional
matrices, one for each potential reading frame. When determining
the entry in a matrix, the scoring algorithm considers diagonal,
horizontal, and vertical transitions corresponding to an amino
acid match/substitution, an amino acid insertion, and an amino
acid deletion, respectively, as do standard pairwise dynamic pro-
gramming algorithms. In addition, the FrameBot algorithm con-
siders transitions from positions in the two other matrices, corre-
sponding to a one- or two-nucleotide insertion or deletion
(frameshift errors). For nucleotide deletions, the published algo-
rithm of Guan and Uberbacher reuses nucleotides from the adja-
cent codon, resulting in a codon with a variable and potentially
very poor amino acid substitution score. Instead, we implemented
a consistent amino acid penalty for nucleotide deletions. Also, the
original algorithm described only a Smith-Waterman (local)-style
algorithm; we extended it to global and overlap alignment algo-
rithms. The global algorithm was used in this work. To speed up
FrameBot for the NEON nearest-neighbor analysis (below), we
applied the Approximating and Eliminating Search Algorithm
metric indexing algorithm (11) with a modified Blosum 62 metric
matrix (9) in order to reduce the number of comparisons (see
Methods S1 in the supplemental material).

FrameBot performance. We compared the performance of
FrameBot to that of FragGeneScan (5) and HMMFrame (4). To
test the 3 tools for accuracy, we used sets of 454 pyrosequencing
reads for the amplified parts of 3 different genes from defined
communities of organisms with known genome sequences. For
the nifH gene, the defined community carried seven genes from
the nifH family, but not all were amplified under the conditions
used, including those not demonstrated to have nitrogenase re-
ductase function (see Table S1 in the supplemental material).
Reads from three nifH samples, each amplified from a single or-
ganism that made up the defined community, were filtered
through the amplicon read initial processing step. Of those pass-
ing, 0.18% shared less than 30% protein identity with any se-
quence in the nifH_tit reference set (see Methods S1) using
FrameBot and were discarded as artifacts. Overall, 16% of the
reads in this set had one or more frameshift errors (Table 1).
Similar initial processing was performed for defined communities
that contained butyrate-producing genes important to intestinal
health, butyryl-coenzyme A (CoA)—acetate CoA-transferase (but)
and the polychlorinated biphenyl (PCB)-degrading gene biphenyl
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FIG1 FrameBot performance using reference sequences at various percentages of identity to query sequences. Target protein sequences were chosen from the
FunGene site (http://fungene.cme.msu.edu) at various distances from the known defined community sequences. The error rates at 100% identity represent
baseline sequencing errors. The test genes are nifH (nitrogenase reductase) (A); bphA (biphenyl dioxygenase alpha subunit) (B); and but (butyryl-CoA: acetate
CoA-transferase) (C). Dotted lines represent the overall error rates for FragGeneScan and HMMFrame on the same amplicon data. The error rate from
HMMFrame for nifH shown here (0.36%) is calculated from an HMM trained on the group I, II, and III sequences from the augmented Zehr reference set. When
trained on the entire augmented Zehr reference set, the error rate rose to 0.67%, and when trained on the group I-only sequences, the error rate was 0.34%.

dioxygenase alpha subunit (bphA) (Table 1). These genes were
chosen to represent a range of characteristics to test analysis.

These sequences were subjected to frameshift correction using
FrameBot, FragGeneScan, and HMMFrame. The resulting pro-
tein sequences from all three tools were then compared to the
known parent protein sequences using a custom tool implement-
ing the overlap Needleman-Wunsch algorithm (12). Amino acid
mismatches, insertions, and deletions were counted as errors. For
FrameBot, we chose reference sequences at different degrees of
identity to the community members and plotted the average num-
ber of alignment errors per amino acid for each reference
sequence-community member combination. With FragGeneScan
and HMMFrame, no reference sequence is required (after training
for HMMFrame), so we calculated a single average error rate for
all reads in a defined community (see Methods S1 in the supple-
mental material). For the nifH-defined community, the error rate
with FrameBot increased as the distance between the query se-
quence and the reference sequence increased but always remained
low (Fig. 1). FrameBot outperformed FragGeneScan at all
reference-read distances tested and outperformed HMMFrame at
80% or higher identity, while HMMFrame outperformed Frag-
GeneScan. For the but-defined community, FrameBot and
HMMFrame performed similarly and outperformed FragGene-
Scan with reference sequences of at least 50% identity. For the
bphA gene, FrameBot outperformed the other 2 programs in most
cases when a reference sequence with 50% or higher identity was
available, while HMMFrame performed poorly.

We also compared FrameBot with AmpliconNoise (13), a gen-
eral pyrosequencing error correction tool. Using the same nifH-
defined community data, after processing the reads with Ampli-
conNoise, most of the frameshifts had been removed for two of
the three defined community members, but for Desulfitobacte-
rium hafniense the fraction of sequences with frameshifts actually
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increased. In addition, many reads had been truncated by Ampli-
conNoise and, hence, would need to be discarded in order to com-
pare equivalent regions of the nifH gene (see Table S2 in the sup-
plemental material).

NEON sample analysis. The NEON #ifH data set contained
278,561 unique DNA reads out of a total of 1.1 million sequences
obtained using the Poly primers (14) from 222 soil samples taken
from 4 NEON sites (Table 2). It required 11.5 h to frameshift
correct and calculate the nearest neighbors for these unique reads
using a single thread on a Mac Pro with a 2.5-GHz Intel Core i5
processor. On average, each query required 39 comparisons out of
the 675 reference sequences in the augmented Zehr reference set
(see Materials and Methods) to find the nearest match. Slightly
less than 0.03% of the reads shared less than 30% protein identity
with any sequence in the reference set. These likely represented
aberrant sequencing artifacts and were excluded from further
analysis. For the remaining reads, 90.6% had a nearest match in
the reference set with 90% identity or above, while 99.97%
matched with 80% identity or above. About one-third (254) of the
reference sequences were a closest match to at least one read.
Opverall, 12.7% of the reads contained at least one frameshift. On
average, reads with frameshifts contained 1.3 frameshifts, with a
maximum of 11. Before further analysis, we removed 6 samples
that had fewer than 1,000 sequences after frameshift correction, 2
from Alaska (AK) and 4 from Hawaii (HI).

The well-characterized NifH proteins form three coherent
clusters (groups I to I11); a fourth group of nifH-like genes (group
IV) consists of deep-branching genes with mostly unknown func-
tion, while another related cluster (group V) contains bacterio-
chlorophyll (bchL) and related genes (15). We found that, overall,
92.8%, 7.0%, 0.16%, and 0.004% of the reads belonged to nifH
groups I, II, and III, and to groups IV and V, respectively, with
some variation between sites (see Table S3 in the supplemental
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TABLE 2 Characteristics of NEON sites and samples used for nifH amplicon analysis®

Result for indicated site

Site parameter Alaska (AK) Florida (FL) Hawaii (HI) Utah (UT)

Ecological region Boreal forest/taiga Subtropical/dry forest Subtropical/lower montane Grassland/shrubland
wet forest

Soil type Goldstream silt loam Candler fine sand Akaka silty clay loam Taylorsflat loam

Soil taxonomy Coarse-silty mixed,
superactive, subgelic

typic Hitoturbels

Drainage Very poor Excessive

MAP (mm) 260 750

MAT (°C) -3 20

Latitute, longitude 65.15N 147.49W 29.69N 81.99W

Light intensity” 3 4

% OM 18.3 = 11.6 1.2+0.3

pH 4.6 £ 0.8 5.0=* 0.6

Water content (g) 55+ 1.6 0.25 = 0.18

Ca (ppm) 724 * 337 121 £ 60

Na (ppm) 15.7 £ 2.9 10.7 £ 1.6

Microbial biomass 4.7+ 3 1.0 = 0.5
(mg C/kg)

No. of samples 26 17

No. of sequences 125,294 79,619

Hyperthermic, uncoated
Lamellic Quartzipsamments

Hydrous, ferrihydritic,
isothermic Acrudoxic

Fine-loamy, mixed,
superactive, mesic,

Hydrudands xeric Haplocalcids
Moderately well Well
4,000 274
16 8.9
19.93N 155.28W 40.17N 112.45W
2 5
51.4 *+12.3 1.5*0.3
49 *0.7 8.0+ 0.3
0.74 = 0.07 0.52 £ 0.56
564 = 401 5110 = 651
33.1%85 30.1 = 4.6
31.1 = 18.7 89*35
171 8
896,824 19,105

2 MAP and MAT were measured for each site; % OM was calculated as the average of the % OM of samples from the same site. The % OM, Water content, Ca, Na and microbial

biomass data show mean and standard deviations.
b Ordered 1 to 5 by perceived relative sunlight exposure.

material; see Dataset S2 for detailed results for each sample).
Reads with best matches to proteobacterial reference sequences
predominated in all four sites (Fig. 2). Alphaproteobacterial
matches made up, on average, from 43.3% in AK to 72.4% in
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FIG2 Relative abundances of NEON reads grouped by nearest matches at the
phylum and class levels, averaged for each site (observatory) as indicated by
state. The three most dominant genera in alphaproteobacteria are also shown.
Other, all phyla with less than 0.5% nearest matches from any site.
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Florida (FL). Considerable numbers of reads similar to Azospiril-
lum reference sequences were found in all samples, along with
Bradyrhizobium and Rhizobium matches. Gammaproteobacterial
matches were highest in AK, while deltaproteobacterial matches
were lower in FL than in AK and Utah (UT). There are 12 refer-
ence genera, all Proteobacteria, with greater than 5% best-
matching reads for at least one site (see Fig. S1 in the supplemental
material). Of these, matches to nifH from Sideroxydans, Methylo-
bacterium, and Bradyrhizobium were more common in AK, while
Anaeromyxobacter matches were more common in UT. Cyanobac-
teria constituted the next most frequently matched phylum in the
AKand UT sites but were present in much lower proportions in FL
and HI. Matches to the cyanobacterial genus Nostoc were signifi-
cantly (P < 0.001) more common in UT.

Ordination. We visualized the differences in samples using
principal component analysis (PCA) to view the community
grouping among the nifH samples with the corresponding envi-
ronmental factors (Fig. 3). The first principal component appears
to separate the sites with respect to in-site variations, especially
within the HI samples, which are present in the highest numbers.
The sites were well separated by the second and third principal
components, except for overlap between the FL and UT samples.
The AK sites are poorly drained and have the lowest mean annual
temperature (MAT), while HI has the highest mean annual tem-
perature and the highest mean annual precipitation (MAP).

Indicator species. Using the nearest-neighbor sequence as-
signments as “species” assignments, we calculated the four-way
Dufrene-Legendre “indicator value” (16), treating each site’s sam-
ples as a class (see Dataset S3 in the supplemental material). For
this test, the sample sizes were normalized by randomly selecting a
subset of reads from each sample equal to the number in the least
abundant sample. There were 15, 4, 7, and 6 indicator values above
0.5 for the AK, FL, HI, and UT sites, respectively. Most of these
corresponded to Proteobacteria, but they included diverse bacte-
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rial phyla and Archaea, most notably several Cyanobacteria indi-
cators for the AK and UT sites.

DISCUSSION

Ecologically important functions, such as nitrogen fixation, are
not necessarily preserved in related organisms. Directly tracking
key genes in the pathway, such as the nifH gene, should offer a
better insight into nitrogen fixation capacity in an environment
than would be obtained by extrapolating from 16S rRNA data. To
track such genes requires correcting coding sequence frameshifts
caused by sequence artifacts. General homology search tools, such
as BLASTx (17), cannot correct frameshift artifacts. The Frame-
Bot program presented here does so and is fast enough to use on
the large datasets produced by NGS technology.
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FrameBot performed better than two other frameshift correc-
tion tools developed for high-throughput sequencing in tests us-
ing amplicon sequence data from defined communities for three
different functional genes. Sequences of one of these genes (bphA)
are very diverse, and a large fraction of amplicons retrieved from
environmental samples share less than 40% identity with se-
quences of known genes (18). FragGeneScan, which requires no
information about the specific gene of interest, outperformed
HMMFrame, which relies on gene-specific information, and per-
formed nearly as well as FrameBot on this gene. Our speculation is
that the HMMFrame protein profile HMM does not strongly dif-
ferentiate between amino acids when the sequences are too di-
verse. In such a case, a model based on codon usage, as incorpo-
rated in FragGeneScan, may outperform tools using gene-specific
information. We also found that decreasing the HMMFrame
training set diversity for nifH from a model that included both
nifH and nifH-like genes to one that included only nifH genes
decreased the error rate. However, further decreasing the diversity
to group I genes had little additional effect on HMMFrame error
rates (Fig. 1).

Biological nitrogen fixation is an important driver of primary
productivity and is carried out exclusively by nitrogen-fixing Bac-
teria and Archaea. The nifH gene, coding for nitrogenase reduc-
tase, has been used as a marker for the nitrogen fixation pathway
and is one of the best-studied ecofunctional genes. The pathway
for nitrogen fixation has been subject to horizontal transfer, po-
tentially in several early events, making some deep branches in
gene phylogeny different from the underlying rRNA-based phy-
logeny (15). For such processes, it may make sense to map the
genes back to the underlying taxonomy thorough nearest-
neighbor comparisons, as was done here using FrameBot. Frame-
Bot uses a reference set of sequences for the gene of interest and is
well suited for genes such as nifH, where relatively extensive ref-
erence sets are available. For broad gene families, such as the fam-
ily of nifH and nifH-like genes, the inclusion of nifH-like genes in
the reference set simplified unambiguous identification of these
non-target-gene amplicons. If the reference database is well cu-
rated, as is the case for nifH here, the accuracy of assignment is
much better than that from a general-purpose database such as
GenBank.

The four NEON sites were chosen to represent very different
soil and climatic conditions: (i) the taiga of AK is very cold, wet,
and rich in organic matter due to its overlying permafrost, with
moderate light penetration due to a short, sparse black spruce
vegetation; (ii) the rain forest of HI is also wet and rich in organic
matter but at a constant warm temperature and under a dense, tall
forest cover, allowing minimal light at the soil surface; (iii) the
Great Basin of UT is desert-like, with shrub vegetation, low levels
of organic matter, higher levels of salts, a wide annual temperature
cycle, and extensive light exposure; and (iv) the subtropical forest
of FL is on sandy soil low in organic matter and water-holding
capacity and is warm, with an annual temperature cycle, and its
xeric character results in sparse tree vegetation, allowing substan-
tial light at the soil surface. These very different soil conditions test
the nifH gene-targeted method and its analysis and would be ex-
pected to select different nitrogen-fixing microbial communities.

For all 4 sites, over 90% of reads were most similar to proteo-
bacterial reference sequences. There was high variation from sam-
ple to sample in the percentages of best matches to the individual
reference sequences; still, the sites were well separated by principal
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component analysis, except for FL and UT (Fig. 3), both well-
drained xeric sites with high levels of light exposure and low levels
of organic matter (Table 2).

Reads with nearest matches to strains of Azospirillum spp. were
at high levels in all 4 sites and averaged 44%, 23%, and 22% of the
reads in the FL, HI, and UT samples, respectively, and were the
most common nearest matches for these 3 sites (Fig. 2). Azospiril-
Ium are well-known plant growth-promoting rhizobacteria and
are produced commercially as biofertilizer for both plant hor-
monal effects and nitrogen fixation on nonnodulating crops
(INTX Microbials product literature). In FL and HI samples, the
majority of these reads were within 95% amino acid identity (AAI)
to the nifH gene of A. amazonense, which has been shown to ben-
efit rice growth mainly through increased nitrogen fixation (19).

Most surprising were the large number of reads in the four sites
with nearest matches to strains of Rhizobium, ranging from 2% to
10%, and to strains of Bradyrhizobium. The Bradyrhizobium
matches averaged between 6% and 13%, and most were within 5%
amino acid identity to Bradyrhizobium sp. ORS278, a member of
the non-Nod factor, photosynthetic stem-nodulating symbionts
of the Aeschynomene (20). These Bradyrhizobium have a narrow
host range and form a separate 16S rRNA group from B. japoni-
cum, which nodulates soybean, and other root-nodulating Brady-
rhizobium species (21). Their Aeschynomene hosts are normally
associated with warm climates, but interestingly, the ORS278-
related reads were significantly more common in the AK samples
(12%). Hawaii is the only site to have a legume plant known to
host rhizobia, namely, the root- and canopy-nodulating Bradyrhi-
zobium of the Acacia koa tree, although it was a minor member of
the sampled forest. Hawaii is known, however, to have a number
of native nodulating legumes, and many more were introduced by
Europeans, such that both Rhizobium and Bradyrhizobium would
have had hosts on the island though not at the sampled site. Best
matches to known symbiont Rhizobium spp. were also common at
all four sites. For all of these Rhizobiales matches, we have no
evidence that the reads actually come from plant symbionts. In
fact, Methylobacterium nodulans ORS 2060, another nodulating
symbiont member of the order Rhizobiales and the only known
nitrogen-fixing Methylobacterium, was the closest reference for
8.6% of the Alaska reads. However, the M. nodulans nifH gene
sequence is very similar to that of another reference, Gluconaceto-
bacter diazotrophicus PA1 5, a sugarcane endophyte in the order
Rhodospirillales, with only 1 amino acid difference between the 2
nifH gene regions, while the AK reads had a median of 6 differ-
ences. The prominence of nifH sequences very similar to those of
the legume-nodulating rhizobia in the four sites without plant
hosts suggests that these rhizobia have a broad-ranging, free-living
lifestyle or that they are not rhizobia but that the genes are from
dominant unrelated and uncultured soil bacteria whose nifH
genes may have been horizontally transferred.

Beyond the alphaproteobacteria, matches to the deltaproteo-
bacterial genus Geobacter were common, making up 14% of the
total in AK, while Anaeromyxobacter matches made up 14% of the
total in UT (see Fig. S1 in the supplemental material). It may not
be surprising that an anaerobe such as Geobacter would be com-
mon at the AK site where the soil is classified as very poorly
drained. Although the one known Anaeromyxobacter sp. has not
been shown to form spores, in general, members of the order
Mpyxococcales are known for the formation of desiccation-resistant
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myxospores, potentially an important survival trait in the nor-
mally arid Utah environment.

Beyond the Proteobacteria, the phylum Cyanobacteria was the
second most frequently represented in AK and UT, while cyano-
bacterial nearest matches were much less common in HI and FL.
Also, the indicator “species” with the second-highest indicator
value for AK and UT sites were nearest matches to cyanobacterial
strains. These are two of the three sites with light exposure. The
taiga (boreal forest) site (Caribou Poker Flat Watershed) is popu-
lated by short black spruce, allowing substantial light penetration
to the soil surface. It also has a thick and dense ground cover of
sphagnum moss and reindeer lichen and is moist most of the time
due to the underlying permafrost and high levels of soil organic
matter, conditions expected for algal growth during the long sum-
mer days. Cyanobacteria could be both free-living and associated
with lichens and moss. Moss-Cyanobacteria associations have
been found to contribute significantly to fixed nitrogen pools in
boreal forests (22). The majority of the reads showed the most
similarity to Anabaena sequences and the corresponding organ-
isms are likely free-living, but a small percentage (0.05% of total
AK reads) were associated with Nostoc, a genus containing free-
living as well as lichen- and moss-associated members. In the UT
site, arid conditions would at first seem to preclude the presence of
a high concentration of Cyanobacteria; however, the UT “indica-
tor” Nostoc punctiforme produces a desiccation-resistant form and
its filaments are known to be important in holding together desert
soil crusts (23). In addition, many Nostoc strains are reported to be
important in nitrogen-fixing desert soil crusts (24, 25). The FL site
also has substantial light exposure but it is a xeric site without algal
crusts and is not conducive to cyanobacterial growth. The HI site
has suitable moisture, but the dense forest severely limits the
amount of light reaching the soil surface.

Like all supervised methods, FrameBot is unable to correctly
classify novel gene sequences, but by examining sequence similar-
ity, FrameBot is able to flag potentially novel sequences. In addi-
tion, FrameBot avoids the sequencing-error-induced diversity ex-
plosion that plagues de novo clustering (26). For the NEON sites,
virtually all environmental nifH gene sequences shared 80% or
greater amino acid identity to a known reference sequence, and
over 90% shared 90% or greater identity. This is striking and was
not the case for other genes we have examined, as they were more
diverse. It suggests that the diversity of the amino acid sequence
for this region is more constrained and that most of the diversity in
this gene is already known, at least for group I. This leads to the
inference that we also know most of the terrestrial N,-fixing gen-
era or, if not, that such a result must be due to horizontal gene
transfer; e.g., if the often dominant soil phylum Acidobacteria has
N,-fixing types, it must be due to horizontal gene transfer or the
presence of an as-yet-unrecognized outlier sequence type.

Conversely, for the group I reference sequences, those most
expected to be amplified by the Poly primers, more than 80%
matched reads at an amino acid identity of 95% or greater (Ta-
ble 3; see also Table S5 in the supplemental material), a level of
genome-wide average amino acid identity expected between
strains of the same species (27). Gibbons et al. recently demon-
strated that most of the rRNA gene-based diversity seen in a broad
collection of marine sites could be found at a single deeply se-
quenced site (28). They hypothesized that in marine environ-
ments, these majority rare taxa act as a “seed bank,” allowing rapid
shifts in populations in response to changing environmental con-
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TABLE 3 Number of Zehr (augmented) reference sequences matching
the Poly primers and NEON reads

No. of matching No. of matching

Group(s)® Total primers? readse
I 183 168 145

1I 88 44 21

1 48 17 8
IVand V 356 13 0

@ Group I consists of primarily aerobes, including cyanobacteria and proteobacteria,
with typical Mo—dependent nitrogenases; group II consists of anaerobes and Archaea
and group III those with alternative metal nitrogenases (15).

? At most two mismatches to forward and reverse primers. A total of 118 group I
reference sequences had 0 or 1 mismatch.

¢ Reference sequences with at least 95% amino acid identity to one or more reads from
the NEON samples.

ditions. Such analysis tracks diversity at the core genome level
(97% rRNA gene fragment identity) but can group populations
with widely different gene content (29). Finding that most nifH
genes in this gene reference collection, derived from organisms
found over a period of many years and from diverse environ-
ments, have close matches at these four sites is consistent with the
presence of a soil seed bank storing most of the extant nifH
protein-level diversity, irrespective of the core genome (rRNA)
background.

MATERIALS AND METHODS

FrameBot. FrameBot is coded in the Java programming language and has
been tested using the Java 1.6 run time from Apple under the OSX 10.6
and 10.7 operating systems and using the Java version 1.6 OpenJDK Run
time Environment (IcedTea6 1.10.6) under the CentOs release 5.8 oper-
ating system. FrameBot requires an amino acid substitution scoring ma-
trix. Two different matrices were used in this work. The Blosum 62 matrix
(30) was used except for work with the metric index, where a metric
modification of the Blosum 62 matrix was used (9). The online version of
FrameBot is available on RDP’s FunGene site (http://fungene.cme.msu
.edu). The command line FrameBot program, source code, and manual
are distributed under the terms of the GNU GPLv3 and are freely available
on SourceForge (https://sourceforge.net/projects/rdpframebot).

Zehr nifH reference set. For analysis of NEON ecological observatory
samples, the tree_Genomes_AA_Dec2011_MASK_GENOME data set
was downloaded from the 17 February 2012 release nifH database of Zehr
et al. (31; http://www.es.ucsc.edu/~wwwzehr/research/database). An ad-
ditional 218 nifH and nifH-like genes (2 belonging to group I, the remain-
der from groups IV and V) not matching Zehr reference sequences were
extracted from IMG (http://img.jgi.doe.gov) based on annotation and
added to the reference set to create the augmented Zehr reference set.
From these, we extracted the protein region (excluding primers) corre-
sponding to that amplified by the Poly primers, and for each protein
sequence we obtained the corresponding DNA sequence region from
GenBank. After removing duplicates, 675 protein sequences remained
(see Table S4 in the supplemental material). The DNA sequences were
compared to the forward and reverse Poly primers using the RDP Initial
Process Tool (2), allowing a maximum of 2 mismatches to either primer.
This curated reference set is more accurate than a set extracted from Gen-
Bank, especially for groups IV and V, members of which are often incor-
rectly annotated as nifH in GenBank.

Preparation of nifH amplicon libraries for pyrosequencing. DNA
extracted from the soil samples served as the template in triplicate PCRs
performed using a Roche High Fidelity PCR system (Roche Diagnostics
GmbH, Mannheim, Germany). Each 20-ul reaction volume contained
1.8 mM MgCl,, a 400 nM concentration of each primer, a 200 uM con-
centration of each deoxynucleoside triphosphate (ANTP) (Invitrogen,
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Eugene, OR), 4 ug of bovine serum albumin (BSA) (New England Bio-
labs, Ipswich, MA), 1 U of Taq polymerase, and 50 ng of template DNA.
The forward primer consisted of the 25-bp 454-A adapter and a 10-bp bar
code followed by the 20-bp primer PolF (14) (5'-CGT ATC GCC TCC
CTC GCG CCA TCA G-bar code-TGC GAY CCS AAR GCB GACTC-3").
The reverse primer consisted of the 25 bp 454-B adapter and the 20-bp
primer PolR (5"-CTA TGC GCC TTG CCA GCC CGC TCA GAT SGC
CAT CAT YTC RCC GGA-3'). These primers target an approximately
320-bp region of the nifH gene. Amplifications were performed on an
Eppendorf Mastercycler thermocycler (Eppendorf North America,
Hauppauge, NY) using the following temperature program: 3 min at 95°C
and 30 cycles of 45 s at 95°C, 45 s at 62°C, and 1 min at 72°C, followed by
a final extension for 7 min at 72°C.

PCR amplicon libraries were purified on a 1.2% agarose gel. Ampli-
cons were visualized using SYBR Safe Gel stain (Invitrogen) and extracted
from the gel using a QIAquick gel extraction kit (Qiagen) per the manu-
facturer’s directions. DNA was eluted from the filter with 30 ul of the
elution buffer and purified a second time using a Qiagen PCR purification
kit. Each purified reaction sample was quantified using a PicoGreen
double-stranded DNA (dsDNA) assay kit (Invitrogen) and a Qubit fluo-
rometer (Invitrogen) according to the manufacturer’s instructions. Equal
DNA masses of each sample were combined, the total concentration was
adjusted to 20 ng/ul, and the pooled sample was sent to the Research
Technology Support Facility (RTSF) at Michigan State University (East
Lansing) for emulsion PCR (emPCR), GS amplicon library preparation,
and pyrosequencing on a 454 Life Sciences GS-FLX machine (Roche).

Defined communities. Three different ecofunctional genes were cho-
sen to represent different types of test characteristics. For nifH, genomic
DNAs from three different organisms (Table 1) were amplified separately
with separate sample bar codes using the Poly primers as described above.
These primers have broad coverage for most phyla we expect to be com-
mon in soils if up to two mismatches are allowed, although missing the
nitrogen-fixing Euryarchaeota and many of the Firmicutes (see Table S5 in
the supplemental material). This is consistent with previous simulations
allowing no mismatches that showed twice the percentage of coverage for
soil-related sequences versus for all nifH sequences tested (51% versus
25%; 32). For the but-defined community, genomic DNA was amplified
as previously described using three separate primer sets (33). Genomic
DNAs from the following organisms were obtained from DSMZ and
mixed prior to amplification: Roseburia intestinalis L1-82, R. inulinivorans
DSM 16841, Faecalibacterium prausnitzii A2-165, Eubacterium hallii DSM
3353, and E. rectale DSM 17629. For the bphA-defined community,
genomic DNAs from Polaromonas naphthalenivorans CJ2 and Rhodococ-
cus jostii RHA1 were amplified separately using different bar codes and the
BPHD-f3 and BPHD-r1 primers (18).

NEON soil samples. The National Ecological Observatory Network
(NEON) consists of 20 ecosystem types (termed Domains) from the tun-
dra to the tropics and provides a continent-scale system for observing
biological change (http://www.neoninc.org). We obtained 222 soil sam-
ples collected from 4 of the NEON observatories representing very differ-
ent soil and climatic conditions (Table 2; see also Text S1 in the supple-
mental material) along with their soil metadata. Soil DNA was extracted
and nifH gene fragments were amplified as described above. An array of
soil chemical and physical attributes were measured for these samples and
were provided by Jacob Parnell at NEON Inc., Boulder, CO (see Data-
set S1 in the supplemental material).

Amplicon read initial processing. Amplicon sequences from nifH
samples were filtered through initial bar code matching and quality con-
trol steps using the RDP Pyro Initial Process tool (2) with the following
parameters: forward primer maximum mismatches two, reverse primer
maximum mismatches zero, minimum length 300, number of N’s zero,
minimum average quality score 20. Those sequences passing these initial
quality steps with 30% amino acid identity or greater to the closest refer-
ence sequence using FrameBot and with a minimum length of 100 amino
acids were accepted as valid nifH family sequences. Reads that shared less
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than 30% identity with any sequence in the reference set likely represented
aberrant sequencing artifacts and were excluded from further analysis.
Amplicon reads from but and bphA samples were processed in a manner
similar to that described in Text S1 in the supplemental material.

Defined community error analysis at the DNA level. Reads from de-
fined communities that passed the initial quality and FrameBot filters
were compared to the expected nucleotide sequences using the RDP De-
fined Community Analysis Tool (http://fungene.cme.msu.edu/) imple-
menting the Needleman-Wunsch algorithm (12). This algorithm per-
forms a global alignment between the query sequence and the reference
sequence. [t requires that the sequences cover the same region of the gene.
Before error measurement, the bphA amplicon reads that passed initial
processing were truncated to correspond to nucleotide positions 163475
to 163885 of Rhodococcus jostii RHA1 NC_008269.1 (corresponding to
amino acid positions 218 to 354 of Rhodococcus jostii RHA1 BphA protein
sequence YP_707265.1). The overall error rates (nucleotide insertions,
deletions, and mismatches) per base were 0.24%, 0.75%, and 0.22% for
the nifH-, but-, and bphA-defined communities, respectively.

Ecological analysis. We used the FrameBot nearest-neighbor assign-
ments as “species” and samples as “sites” for PCA. Most HI soil samples
were split after collection, with one set of replicates used to test soil storage
conditions. These replicates were not included in the ordination analysis.
We included 6 soil environmental factors (drainage, light intensity, MAP,
MAT, percent organic matter [% OM], and pH) that were measured for
the majority of samples and which we felt were likely important for driv-
ing bacterial community composition and were not correlated to other
typically measured environmental attributes (see Dataset S1 in the sup-
plemental material). Vegan package version 2.0-3 in R 2.15 was used to
perform PCA. Indicator species were identified using labdsv package ver-
sion 1.5-0. Samples from the same site were treated as a “group” for
indicator species analysis. The one-way analysis of variance (ANOVA)
test, the Tukey’s honestly significant difference (HSD) test, and box and
whisker plots were produced in R. We first combined replicates from the
same sampling location (latitude and longitude) by taking the average
FrameBot nearest-neighbor match counts. The reference sequences and
their nearest-match relative abundances were used as variables for
ANOVA. When genera were compared, the relative abundances of
matches to reference sequences within the same genus were summed be-
fore ANOVA testing.

Availability of supporting data. The sequence data from this study
have been submitted to the ENA Short Read Archive (http://www.ebi.ac
.uk/ena/) under accession no. ERP002231, ERP002028, ERP002042, and
ERP002032.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBi0.00592-13/-/DCSupplemental.

Dataset S1, XLS file, 0.1 MB.

Dataset S2, XLS file, 0.4 MB.

Dataset S3, XLS file, 0.1 MB.

Text S1, PDF file, 0.1 MB.

Figure S1, EPS file, 0.5 MB.

Table S1, DOCX file, 0.1 MB.

Table S2, DOCX file, 0.1 MB.

Table S3, DOCX file, 0.1 MB.

Table S4, DOCX file, 0.1 MB.

Table S5, DOCX file, 0.1 MB.
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