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ABSTRACT The dinitrogenase reductase gene (nifH) is the most widely established
molecular marker for the study of nitrogen-ﬁxing prokaryotes in nature. A large number
of PCR primer sets have been developed for nifH ampliﬁcation, and the effective deployment of these approaches should be guided by a rapid, easy-to-use analysis protocol.
Bioinformatic analysis of marker gene sequences also requires considerable expertise. In
this study, we advance the state of the art for nifH analysis by evaluating nifH primer set
performance, developing an improved amplicon sequencing workﬂow, and implementing a user-friendly bioinformatics pipeline. The developed amplicon sequencing workﬂow is a three-stage PCR-based approach that uses established technologies for incorporating sample-speciﬁc barcode sequences and sequencing adapters. Based on our
primer evaluation, we recommend the Ando primer set be used with a modiﬁed annealing temperature of 58°C, as this approach captured the largest diversity of nifH
templates, including paralog cluster IV/V sequences. To improve nifH sequence analysis, we developed a computational pipeline which infers taxonomy and optionally
ﬁlters out paralog sequences. In addition, we employed an empirical model to derive optimal operational taxonomic unit (OTU) cutoffs for the nifH gene at the species, genus, and family levels. A comprehensive workﬂow script named TaxADivA
(TAXonomy Assignment and DIVersity Assessment) is provided to ease processing
and analysis of nifH amplicons. Our approach is then validated through characterization of diazotroph communities across environmental gradients in beach sands impacted by the Deepwater Horizon oil spill in the Gulf of Mexico, in a peat mossdominated wetland, and in various plant compartments of a sugarcane ﬁeld.
IMPORTANCE Nitrogen availability often limits ecosystem productivity, and nitrogen

ﬁxation, exclusive to prokaryotes, comprises a major source of nitrogen input that
sustains food webs. The nifH gene, which codes for the iron protein of the nitrogenase enzyme, is the most widely established molecular marker for the study of
nitrogen-ﬁxing microorganisms (diazotrophs) in nature. In this study, a ﬂexible sequencing/analysis pipeline, named TaxADivA, was developed for nifH amplicons produced by Illumina paired-end sequencing, and it enables an inference of taxonomy,
performs clustering, and produces output in formats that may be used by programs
that facilitate data exploration and analysis. Diazotroph diversity and community
composition are linked to ecosystem functioning, and our results advance the phyloFebruary 2018 Volume 84 Issue 4 e01512-17
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genetic characterization of diazotroph communities by providing empirically derived
nifH similarity cutoffs for species, genus, and family levels. The utility of our pipeline
is validated for diazotroph communities in a variety of ecosystems, including contaminated beach sands, peatland ecosystems, living plant tissues, and rhizosphere
soil.
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N

itrogen is a biologically essential element, and a lack of ﬁxed nitrogen can limit
ecosystem productivity. Only microorganisms in the domains Bacteria and Archaea
are known to be capable of ﬁxing nitrogen, termed diazotrophy, and this reaction is
performed by the nitrogenase enzyme. Nitrogenase is a complex of proteins encoded
by the nifH, nifD, and nifK genes (1). Of the three genes, nifH has been the most widely
used for investigating the diversity and composition of diazotroph communities, in part
due to the fact that nifH is the more highly conserved (2). The phylogeny of the nifH
gene and its paralogs may be divided into four clusters (I, II, III, and IV/V), as designated
by Chien and Zinder (3). Clusters I and III encompass nifH from the conventional
[MoFe]nitrogenase, whereas cluster II constitutes an alternative form of nitrogenase
which has a different metal at its active site. Members of cluster IV are paralogs of the
nifH gene and did not appear to function in nitrogen ﬁxation (3) until a recent study
demonstrated nitrogen ﬁxation by Endomicrobium proavitum, which possesses only
cluster IV nitrogenase (4). An additional cluster, V, has been deﬁned, and this includes
the bchX, bchL, and chlL genes, which are associated with photosynthetic pigment
biosynthesis (5). Functional genes are more likely to be horizontally transferred than
taxonomic genes (such as the rRNA gene) (6), and there is evidence to support the
occurrence of horizontal gene transfer (HGT) of nif genes in certain diazotrophs (5, 7).
Diazotroph diversity has been described in a wide range of marine (8), terrestrial (9),
and managed (10) ecosystems, including extreme environments, such as hydrothermal
vents (11), and in host-associated environments, like the termite gut (12, 13). In the
marine environment, the dominance of an uncharacterized heterotrophic nitrogen
ﬁxer, originally termed UCYN-A, was discovered in tropical and subtropical marine
waters through nifH sequencing (14). UCYN-A was later found to be a symbiont of a
marine eukaryote (15), thereby showing that nitrogen inputs in these tropical waters
are in part provided via the symbiotic interaction of an alga and a heterotrophic
cyanobacterium. In terrestrial ecosystems, the response of diazotrophs to land use
change was studied in the Amazon rainforest, showing that while richness did not
change due to forest conversion to pasture, there was a 10-fold increase in the
abundance of diazotrophs in pasture and a change in community composition (16). In
agricultural systems, diazotroph community composition has been shown to be inﬂuenced by management practices, such as nitrogen fertilization (17) and organic residue
retention (18). Furthermore, nifH sequencing has identiﬁed the diazotroph species that
occur in the microbiomes of crop plants and has shown them to be a subset of the soil
diazotroph community (10). As the aforementioned examples show, the use of the nifH
gene as a molecular marker has yielded signiﬁcant advances in our understanding of
the ecology and function of diazotrophs.
Most studies of the nifH gene have been carried out with the Sanger sequencing
platform. In 2012, GenBank contained approximately 33,000 nifH sequences contributed by 1,211 studies (2) over nearly 20 years of work. At that time, the study with the
single highest contribution of sequences generated 1,299 sequences (10). Recently,
individual studies using next-generation sequencing technologies, like pyrosequencing, have generated from 80,000 to just over 300,000 sequences (19, 20), which is up
to 10 times the number of nifH sequences generated by Sanger sequencing over the
previous 2 decades (see Fig. S1 in the supplemental material). In fact, a single Illumina
MiSeq 2 ⫻ 250 run can generate ⬃9 million merged amplicon sequences (21).
Compared to the highest number of nifH reads ever generated in a Sanger sequencing
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study, it is now possible to generate 1,000 times more sequences in a single study with
next-generation sequencing technologies. Thus, advances in sequencing technology
now permit unprecedented sequencing depth and sample coverage, thereby enabling
rapid and robust marker gene surveys.
To make use of the vast amount of sequence data generated by new technologies,
there is a need for effective, rapid, and easy-to-use analysis pipelines that are tailored
to the requirements of each amplicon type. Quality control and ﬁltering of error
sequences are speciﬁc to the sequencing platform (22), and the platform used can vary
depending on amplicon length and other factors. In the case of nifH, some highcoverage primer sets can amplify paralogous sequences (12) whose function may not
be to ﬁx nitrogen, in which case the paralogs would need to be identiﬁed and removed
from the data set before conducting diversity analysis. Decisions must be made as to
which operational taxonomic unit (OTU) cutoff is most appropriate for the sequence
variability that exists in the gene of interest (23), although there exists the possibility of
using clustering-independent approaches (24). There are a number of clustering algorithms available (e.g., see references 25–27), and each one has unique advantages and
limitations. Identiﬁcation and taxonomic description of organisms require a reference
database, and although these are available for 16S (28), the taxonomic marker gene for
bacteria, a database with the same advanced level of functionality and coverage has
not been developed for most functional genes, including the nifH gene. Finally, there
are a multitude of ways to analyze and visualize microbial diversity data, and selecting
the most informative representations can be challenging and time-consuming.
We present a ﬂexible sequencing and analysis pipeline tailored to the requirements
of the nifH gene, and we reveal important considerations in order to ensure an accurate
analysis. We present data assessing technical considerations, like primer choice and
bias, and the inclusion of appropriate internal controls during sequencing. We also
discuss approaches to reduce the cost of sequencing and sample multiplexing through
the use of existing technologies, and we empirically deﬁne OTU cutoffs for the nifH
gene which correspond to delineations of species, genus, and family. We then apply the
pipeline to the analysis of diazotroph communities sampled from a range of environments, including oil-contaminated beach sands, peatland ecosystems, living Sphagnum
tissues, sugarcane tissues, and rhizosphere soil. A workﬂow script named TaxADivA
(TAXonomy Assignment and DIVersity Assessment) is provided that processes nifH
amplicons produced by Illumina paired-end sequencing (Fig. S2). The script enables an
inference of taxonomy, performs clustering, and produces output in formats that may
be used by programs that facilitate data exploration and analysis.
RESULTS
In this study, the 5= barcoding approach consisted of 3 libraries, each containing
about 2.5 million reads. Given that there were 15 samples per library, if divided evenly,
this would amount to an average of about 160,000 sequences per sample. With the
Fluidigm approach, 9,002,212 indexed non-phiX reads were obtained, resulting in a
mean of 23,443 reads per sample (for 384 samples).
An examination of internal controls showed that the demultiplexing resulted in a
correct association of the control samples with their identifying barcodes, though there
was a certain frequency with which apparent error sequences resulted in lowabundance, usually singleton, OTUs, and these could be eliminated by applying an
abundance cutoff of 0.5% (Table S1). In the case of the internal control ampliﬁed from
the genomic DNA template, 4 high-abundance OTUs remained after the abundance
cutoff was applied, and BLAST results showed that the 3 OTUs of lesser abundance
appeared to be due to the presence of nifH sequences most closely related to Klebsiella
variicola DX120E. However, when performing beta-diversity analysis on environmental
samples, the application of a 0.5% cutoff eliminates most OTUs, including low-abundance
and rare taxa. A less stringent abundance cutoff of 0.05% would still eliminate many
spurious OTUs in the controls and retain more OTUs representing real taxa in environmental samples (Table S1).
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TABLE 1 Samples used for testing and optimizing the pipeline presented in this study
Sample name
1 standard
2 standards
4 standards
Subtotal

No. of samples
3
1
1
5

No. of reads
146,046
58,584
33,212
237,842

Peatland

Peat
Sphagnum
Subtotal

5
2
7

698,301
533,672
1,231,973

Sand

Clean
Oil
Subtotal

7
7
14

1,439,528
1,065,570
2,505,098

Sugarcane

Rhizosphere
Root
Stem
Subtotal

9
3
7
19

1,072,175
102,098
284,804
1,459,077

45

5,433,990

Total
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Project name
Control

An effective sequence analysis pipeline was assembled using a combination of
preexisting programs, alignment and taxonomy ﬁles, and a custom workﬂow script.
Erroneous reads were culled at merging and primer trimming; for instance, in one
sequencing run which included root, stem, and leaf samples, our sequence pipeline
allowed recovery of 65% of rhizosphere and 3% of tissue initial reads prior to ﬁltering
of cluster IV/V sequences (Fig. S3). The number of starting reads associated with each
library was highly consistent in the 5=-barcoding approach, with 2.62, 2.50, and 2.41
million sequences in libraries A, B, and C, respectively. The number of reads per sample
within a library varied over 2 orders of magnitude from 4,000 to 600,000 reads (Table
1 and Fig. S4). For the Fluidigm barcoding approach, the number of reads per sample
ranged from several thousand to 150,000, with a median of about 20,000 reads, and
many of the low-read samples corresponded to those samples which had poor ampliﬁcation. In addition, certain primer sets have a propensity to amplify cluster IV/V
sequences present in particular environments, and our implementation of a ﬁltering
step detected these sequences for optional removal (Table 2 and Fig. 1).
The quality scores associated with the sequencing were excellent. After merging, the
overlapping paired-end reads (e.g., there were approximately 100 bases of overlap for
the Ando amplicons using the Fluidigm approach) increased in mean quality score,
because the read merging program PEAR reassigns the product of the quality scores for
the overlapping bases (29). Thus, the median sequence quality for all merged sequences was 55 by the 5= barcoding approach and 37 by the Fluidigm barcoding
approach, indicating an error frequency of less than 1 in 105 and 1 in 103 sequenced
nucleotides, respectively.
Sequences that fall within cluster IV/V were ampliﬁed in high proportion with the
Ueda and Ando primer sets from sand and sugarcane tissue samples (Table 2 and Fig.
1). Among the dominant OTUs (those OTUs above the abundance cutoff of 0.5%) for
the clean sand, the Ueda primer set yielded 84% cluster IV/V OTUs, and for the Ando
primer set, the same sample resulted in 58% cluster IV/V OTUs (Table 2). For sugarcane
stem samples, cluster IV/V OTUs comprised up to 13% of OTUs with the Ando primer
set and 50% with the Ueda primer set (Table 2 and Fig. 1). For the Poly primer set, only
1 of 9 samples had a single cluster IV/V OTU (Table 2 and Fig. 1), and this corroborates
with in silico analysis, which shows that the primer set does not match to sequences in
cluster IV/V as do the Ueda and Ando primer sets (Table 3).
We compared 4 nifH primer sets using the 179 nucleotides that overlapped the 4
amplicons and which also spanned positions 151 to 330 of the nifH gene (Azotobacter
vinelandii nifH [GenBank accession no. M20568]). Diversity indices varied according to
February 2018 Volume 84 Issue 4 e01512-17
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TABLE 2 Percentage of cluster IV paralogs of nifH recovered as a result of environment
sampled and nifH primer set useda

No. of dominant
OTUs
41
40
35
31
29

Oil sand A

Ando
Ueda
Fedorov
ZM
Poly

Sugarcane rhizosphere (5 mo)

Sugarcane stem (5 mo)

aThe

No.
0
23
0
26
0

%
0
58
0
84
0

14
13
9
8
4

4
6
0
0
0

29
46
0
0
0

ZM
Ando
Fedorov
Poly
Ueda

37
26
25
24
24

0
1
0
0
2

0
4
0
0
8

Ando
ZM
Ueda
Poly
Fedorov

32
27
24
23
11

4
6
12
1
1

13
22
50
4
9
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Primer set
name
Poly
Ando
Fedorov
Ueda
ZM

Sample name
Clean sand I600

Cluster IV
OTUs

primer sets for each sample are sorted by the number of dominant OTUs the primer set yielded.

the primer set used, with the ZM and Ando primer sets yielding the highest values of
observed species, Shannon index, and phylogenetic diversity (Table 4). Cluster IV/V
ﬁltering may be preferred before diversity analysis, as the values for the diversity indices
are likely to be inﬂuenced by the presence of cluster IV/V sequences, and some primer
set and sample combinations recover a high percentage of cluster IV/V sequences
(Table 2 and Fig. 1). A beta-diversity analysis of the same sample DNAs ampliﬁed with
different primer sets shows a strong effect of primer (Fig. 2). The Poly and ZM primers
cluster together, whereas the Ueda and Ando primers separate (Fig. 2B). Similarly, taxon
abundances correlate more between samples ampliﬁed with the ZM and Poly primers,
while the Ueda and Ando primers also exhibit higher correlation between themselves

FIG 1 The average percentage of nifH and cluster IV paralogs of nifH in all the samples using the ﬁve
primer sets evaluated here.
February 2018 Volume 84 Issue 4 e01512-17
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TABLE 3 nifH primer sets and their sequences used in this study, along with their experimental characteristics and in silico coverages

nifHc
92
94

IVd
78
52

69.2–78.3
68.5–72.1

16
8

215
215

87
48

20
3

115–134
457–476

63.8–70.1
63.7–67.5

24
8

362
362

39
35

3
0

1,000
1,000

19–38
388–407

62.4–67.9
63.9–70.6

16
8

389
389

93
91

76
71

1,000
1,000

115–131
460–476

54.0–68.1
52.5–63.9

128
96

362
362

95
94

37
13

Sequence (5= to 3=)
GCIWTHTAYGGIAARGGIGGIATHGGIAA
ATIGCRAAICCICCRCAIACIACRTC

Concn of
primer in
PCR (nM)
1,000
1,000

Positions
19–47
388–413

Tm (°C)a
69.4–75.3
71.7–75.8

nifH-2F
nifH-3R

GMRCCIGGIGTIGGYTGYGC
TTGTTGGCIGCRTASAKIGCCAT

62
62

1,000
1,000

277–296
469–491

58

polF
polR

TGCGAYCCSAARGCBGACTC
ATSGCCATCATYTCRCCGGA

62
62

200
200

Ueda

57

Ueda19F
Ueda407R

GCIWTYTAYGGIAARGGIGG
AAICCRCCRCAIACIACRTC

55
55

ZM

56

nifH2
nifH1

TGYGAYCCNAARGCNGA
ADNGCCATCATYTCNCC

58
58

Primer
set
IGK3
DVV

Reference
52

Fedorov

59

Poly

aThe

range of melting temperatures (Tm) for oligonucleotides in the degenerate primer mix.
degeneracy as the number of constituent oligonucleotides.
cPercent true nifH (clusters I and III) covered, as determined by in silico analysis.
dPercent true cluster IV (nifH paralogs) covered, as determined by in silico analysis.
bPrimer

(Fig. S5). The Poly and ZM primer sets overlap in their binding site on nifH and amplify
nearly the same stretch of nifH.
A nifH alignment and a taxonomic reference set were assembled, one specifying
clusters and the other taxonomic lineage based on cultivated representatives. These
references were assembled from 32,954 nifH sequences that are part of a database in
ARB format that is an update of previous database versions (2). An alignment was made
from a dereplicated set of OTU representatives formed by clustering at 97% similarity
that contains 8,058 sequences. This permitted the alignment of 83,480 sequence
representatives of length 337 bases in 457 s. The taxonomic reference set split the nifH
database into the principal taxonomic clusters to allow for identiﬁcation and removal
of cluster IV/V sequences.
The time required to complete each step of the pipeline was evaluated, and the
most time-consuming step is phylogenetic tree construction for UNIFRAC analysis,
which required 3,316 s using the QIIME wrapper. The second most time-consuming
step is taxonomy assignment with QIIME to remove cluster IV/V sequences, which
required 2,082 s to conduct a BLAST search for the 112,544 representative sequences
against the taxonomic reference set containing 8,058 sequences. In particular, the

TABLE 4 Alpha-diversity measures by sample and primer seta
Alpha-diversity
measure
Shannon

Data by primer set (mean ⴞ SE)
Sample
Oil sand A
Clean sand I600
5-mo rhizosphere
5-mo stem

Ando
1.9 ⫾ 0.0
5.7 ⫾ 0.0
5.8 ⫾ 0.0
4.8 ⫾ 0.0

ZM
1.4 ⫾ 0.0
5.9 ⫾ 0.0
6.1 ⫾ 0.0
3.4 ⫾ 0.0

Ueda
1.4 ⫾ 0.0
4.2 ⫾ 0.0
5.4 ⫾ 0.0
3.5 ⫾ 0.0

Poly
1.0 ⫾ 0.0
5.5 ⫾ 0.0
5.3 ⫾ 0.0
3.1 ⫾ 0.0

Observed species

Oil sand A
Clean sand I600
5-mo rhizosphere
5-mo stem

75.2 ⫾ 1.4
289.3 ⫾ 2.2
490.2 ⫾ 4.1
205.5 ⫾ 3.6

77.6 ⫾ 1.1
429.3 ⫾ 4.1
338.3 ⫾ 2.1
138.5 ⫾ 2.4

63.9 ⫾ 0.6
254.5 ⫾ 1.6
466.8 ⫾ 1.8
158.0 ⫾ 0.0

52.6 ⫾ 1.0
371.6 ⫾ 3.9
365.6 ⫾ 4.3
144.0 ⫾ 2.8

Phylogenetic diversity

Oil sand A
Clean sand I600
5-mo rhizosphere
5-mo stem

17.9 ⫾ 0.3
41.9 ⫾ 0.3
70.3 ⫾ 0.5
38.5 ⫾ 0.3

17.5 ⫾ 0.3
60.2 ⫾ 0.4
49.5 ⫾ 0.4
18.1 ⫾ 0.3

15.1 ⫾ 0.1
39.8 ⫾ 0.2
63.6 ⫾ 0.2
21.4 ⫾ 0.0

12.5 ⫾ 0.3
48.7 ⫾ 0.4
48.7 ⫾ 0.5
18.6 ⫾ 0.4

aThe

Ando and ZM primer sets were able to capture more nifH diversity in the four sample types tested here
than the three other universal nifH primer sets. The alpha diversity of diazotrophs in each of the four
samples was measured as the Shannon diversity index, observed species, and phylogenetic diversity.
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Degb
72
8

Amplicon length
produced
(bases)
395
395

PCR primer
annealing
temp (°C)
58
58

Primer set
name
Ando
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FIG 2 Clustering of sequencing samples based on their sampling source and ampliﬁcation primer set used.
Principal coordinates (PC1 and PC2) analysis of weighted UNIFRAC distances for the diazotroph community in
Sphagnum (green) and peat from 0 (light brown), 30 (brown), and 75 cm (black) sampling depth (A) and in
Pensacola Beach sands following oil contamination from the Deepwater Horizon oil spill (B). The sample labels
denote the sample name and the nifH primer set used for ampliﬁcation.

TaxADivA script was written to improve pipeline performance at the taxonomic assignment step.
The analysis pipeline was evaluated for samples from a contaminated beach, a
peatland, and a sugarcane ﬁeld. Diazotroph communities were distinct in each ecosystem and between sample types (Fig. 2 and 3). Beta-diversity analysis revealed a strong
separation of diazotroph communities in oiled sands in comparison to clean sands (Fig.
2B), and alpha-diversity analysis showed that communities in heavily oiled sand were
less diverse (Table 4). Peatland diazotroph communities exhibited a strong vertical
stratiﬁcation from the surface dominated by living Sphagnum plants down into deeper
layers of degraded peat (Fig. 2A). A predominance of aerobic diazotrophic genera were
associated with living peat moss (Sphagnum) tissues, including Methylobacterium,
Bradyrhizobium, and Nostoc, whereas communities from degraded peat contained a
substantial contribution of nifH sequences whose closest identiﬁed relatives were
facultative or strict anaerobes, including Methanomethylophilus, Thiocystis, Desulfobotu-

FIG 3 Microbial diversity captured in the stem, root, and rhizosphere compartments of sugarcane.
Taxonomy bar plots are color-coded to indicate diazotroph genera according to the legend on the right.
For taxa which could not be established at the genus level, the family is indicated. The Ando primer set
(DVV/IGK3) was used to amplify the nifH gene from all samples shown.
February 2018 Volume 84 Issue 4 e01512-17
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lus, Desulfarculus, Anaeromyxobacter, Geobacter, Rhodospirillum, Rhodopseudomonas,
Desulfovibrio, Rhodoplanes, Rubrivivax, and Rhodoblastus. The sugarcane rhizosphere
soil diazotroph community was distinct from those of stem and root tissue samples (Fig.
3). The root and stem of sugarcane contained common plant-associated diazotroph
genera, such as Bradyrhizobium, Methylocapsa, Burkholderia, and Azotobacter, while the
rhizosphere soil contained these genera as well as Azorhizobium (Fig. 3). The diazotroph
communities of the sugarcane stem were much less diverse than those of the rhizosphere soil (Table 4).
DISCUSSION
Nitrogen-ﬁxing microorganisms (diazotrophs) are distributed throughout the
majority of Earth’s ecosystems. The diversity and community composition of diazotrophs are linked directly to ecosystem function. However, environmental complexity and past methodological constraints have often limited our ability to link
speciﬁc diazotroph groups to ecosystem function. Since the vast majority of
diazotrophs are not yet in cultivation, cultivation-independent molecular approaches are essential to the analysis of community dynamics, and the nifH gene is
the most widely used molecular proxy for nitrogen ﬁxation potential (30). The large
volumes of sequence data generated by high-throughput technology present new
research opportunities as well as data processing challenges. In this study, we
present a custom-designed approach for the improved analysis of nitrogen-ﬁxing
microbial communities using next-generation sequencing on an Illumina platform.
Our approach includes modiﬁcations to PCR conditions, cost savings through
improved multiplexing, and a powerful, easy-to-use sequence analysis pipeline that
we have termed “TaxADivA.”
Although the expenses associated with high-throughput sequencing have been
greatly reduced, cost remains as an important limitation. Thus, our protocol was
optimized to capture the highest diversity of diazotrophs while minimizing the
costs of next-generation sequencing through multiplexing. Two different barcoding
approaches were investigated for sequencing on an Illumina MiSeq platform, one
whereby the 5= ends of the nifH primers are barcoded, and another whereby
common sequences are synthesized onto the 5= ends of the nifH primers, and then
the common sequence is used to attach the amplicon to a set of barcodes and
adapter sequences developed by Fluidigm (31). The 5= approach was used to
identify the best-performing primer sets. Based on our primer evaluation, we
recommend the Ando primer set be used with a modiﬁed annealing temperature of
58°C, as this approach captured the largest diversity of nifH templates, including
cluster IV sequences. Our approach then removes cluster IV sequences using
TaxADivA. The nifH amplicons generated by the Ando primer set are just 395 bases
in length, and thus there is an overlap of about 100 bases between the two
paired-end reads, which allows for read merging to generate full-length nifH
amplicons. The Ando set contains 5 inosines in each primer, which makes it
expensive to synthesize, and given the need for multiple barcoded primers, we
recommend the Fluidigm approach, whereby common sequences can be employed
to greatly reduce costs. The Fluidigm approach also allows us to extend this method
to other genes with the same barcode set simply by synthesizing a common
sequence on the 5= end of each target-speciﬁc primer. While we have recommended the Ando primer set, it should be noted that ecologically relevant trends,
such as the difference in diazotroph community composition between oiled and
clean beach sands, would still be apparent regardless of the nifH primer set used.
The ZM primer set captures a diversity of nifH templates similar to that with the
Ando primers. Thus, if investigators are concerned about contamination by cluster
IV/V sequences, the ZM primer, which excludes most cluster IV OTUs, can be used,
and TaxADivA could be modiﬁed for this primer set.
TaxADivA is a workﬂow script with a unique combination of programs for the
processing and analysis of nifH amplicons generated by next-generation sequencing. At
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least two other pipelines are available which can be used for the processing of nifH
sequences, the Functional Gene Pipeline (FunGene [32]), and a more recent tool
developed by Frank et al. (30). The beneﬁts of TaxADivA over these other approaches
include ﬂexibility to deﬁne analysis criteria, improved sequence ﬁltering and trimming,
and consideration of full-length amplicon sequences. For example, the pipeline developed by Frank et al. achieves rapid classiﬁcation of nifH sequences (30) by assigning
sequences to phylogenetic subclusters. The approach uses classiﬁcation and regression
trees to identify amino acids in NifH that discriminate between the subclusters. While
the principal advantage of the Frank et al. approach is that it is rapid because it employs
a simple positional search based on one or a few amino acids, it may not always be as
accurate as a consideration of the full-length sequence. In comparison to the FunGene
tool, TaxADivA meets particular needs, such as ﬁltering of cluster IV/V sequences (see
below) and trimming of highly degenerate primer sequences. Trimming of primer
sequences may fail during quality control (33), likely due to the extreme degeneracy of
nifH primers, and thus we adapted the primer trimming function in the TaxADivA script
to trim a speciﬁed number of bases off the ﬂanking ends of the amplicon.
TaxADivA can be run as a standalone script on a desktop personal computer (PC)
without the need to access Internet servers, and it has the ﬂexibility of allowing the user
to deﬁne criteria through command-line arguments, including the clustering cutoff for
species and genus, minimum sequence depth per sample, and number of threads to
use. The TaxADivA script generates output for several powerful but easy-to-use programs that permit an exploration of oligotypes, alpha and beta diversity, and differences in the relative abundances of diazotroph taxa between experimental groups, and
these programs generate ﬁgures and reports in .html format for interactive exploration
with a Web browser.
TaxADivA was employed along with our well-curated database to reevaluate the
thresholds for the phylogenetic characterization of diazotrophs at the species, genus,
and family levels. Our empirical model shows that the optimal sequence cutoffs for
OTUs are 92% and 88% identity for delineating nifH diversity at the species and genus
levels, respectively. In order to investigate the controls of nitrogen ﬁxation in the
environment, the proper identiﬁcation of ecologically relevant taxa that mediate
nitrogen ﬁxation is critical (30, 34). Here, we provide improved target cutoffs supported
by a curated database to accurately assess diazotroph diversity using nifH as a molecular proxy. Further, these cutoffs can be used to distinguish between functional and
nonfunctional nifH.
The ampliﬁcation of nifH paralog sequences (cluster IV/V) is problematic because
their presence can skew the results of diversity analyses. Cluster IV sequences are
paralogs of nifH which had yet to be demonstrated to ﬁx nitrogen (35) until Endomicrobium proavitum was recently shown to possess only cluster IV and ﬁx nitrogen (4).
However, given that this is a single instance and that the exact phylogenetic extent of
cluster IV diazotrophy has yet to be precisely delineated, we decided to provide users
the option of ﬁltering out cluster IV/V sequences in our pipeline. Once more information becomes available in the future, this feature can be further reﬁned to identify
particular subclusters within cluster IV that are known to ﬁx nitrogen. Cluster IV
sequences have been associated with methanogens (35, 36), which would be found
primarily in anoxic environments. Other non-nifH paralogs that may be ampliﬁed by
nifH primers include bacteriochlorophyll synthesis genes from photosynthetic bacteria
(37) and their homologs in chloroplasts (38); together, these comprise cluster V. In
particular, we show that the Ueda and Ando primer sets amplify a high proportion of
cluster IV/V sequences. Previous studies using the Ueda primers also ampliﬁed a high
proportion of cluster IV/V sequences from environments, like the termite gut (13).
However, whether cluster IV/V sequences are ampliﬁed by a particular primer set
requires ﬁrst that the sequences be present in the sample. Environments with a high
number of bacteriochlorophyll-producing bacteria could also presumably yield ampliﬁcation of non-nifH paralogous sequences, as was seen with beach sands. Regardless of
the primer set employed, there appears to be a lower prevalence of cluster IV/V
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sequences in oxic soils. Moreover, our pipeline includes an optional ﬁltering step to
remove cluster IV/V sequences.
The inclusion of internal controls is recommended, as it allows for conﬁrmation of
correct demultiplexing and a means to evaluate sequencing errors. To completely
eliminate the low-abundance OTUs which presumably occur as the result of sequencing errors, we applied a frequency cutoff of 0.005. Previous work with short subunit
(SSU) rRNA gene amplicons led to the recommendation of a 0.00005 cutoff (39);
however, this cutoff was to be applied to a composite sample set consisting of millions
of sequences. In our case, since our read depth varied by 2 orders of magnitude, the
cutoff would need to be applied to individual samples in order to prevent elimination
of samples with low read depths from the combined sequence set. Thus, in cases where
there is signiﬁcant variation in read depth, we recommend application of a cutoff to
each individual sample. Based upon our work, a frequency cutoff of 0.0005 would
eliminate most spurious OTUs while leaving many OTUs representing the more abundant organisms, and this is generally consistent with the cutoff applied in other studies
(40).
In order to evaluate our sequencing and analysis pipeline for application to studies
of diazotroph ecology, we studied a range of ecosystems and environmental gradients.
Our laboratory has investigated the impacts of oil contamination from the Deepwater
Horizon (DWH) disaster in Florida beach sands in the Gulf of Mexico using ampliconbased and metagenomics approaches (41–43). Based largely on PCR ampliﬁcation and
sequencing of SSU rRNA genes, previous work has shown a pronounced decrease in the
taxonomic diversity of microbial communities in marine environments exposed to oil
contamination (41–43). Oil represents an effective carbon substrate for microbes that is
poor in major nutrients (N and P), and an overall increase in microbial abundance is
observed along with enrichment in known hydrocarbon-degrading bacterial groups in
response to oiling. In this study, we utilized our new approach to reveal that a much
lower taxonomic diversity of diazotrophs is observed in oil-contaminated sands than in
clean sands. Our results indicate that the reduction in taxonomic diversity in response
to oiling should be extended to diazotroph communities. One explanation for these
results is that in response to oil input, nitrogen limitation drives the enrichment of
hydrocarbon-degrading microbial groups which are also capable of nitrogen ﬁxation.
Further study is warranted on the identity and function of the enriched diazotroph
microbial groups.
Peatlands are wetlands that tend to be extremely nutrient poor and nitrogen limited
(44). In Sphagnum-dominated peat bogs of northern Minnesota, soil microbial communities were shown to stratify according to peat depth in parallel with the decomposition
of organic matter and nutrient release from remineralization (45–47). In this study, we
show that distinct diazotroph communities inhabit the living moss layer at the peat
surface in comparison to degraded peat. Our observations are further corroborated by
an analysis of nifH genes in metagenomes along vertical geochemical gradients in the
same peatland (44, 48). Moreover, our results show vertical stratiﬁcation to be the
strongest ecological forcing of diazotrophic communities at the site. Since nitrogen
ﬁxation represents an important source of nitrogen to peatland ecosystems, these
results begin to deﬁne which taxa are most important in supplying nitrogen.
In the sugarcane ﬁelds sampled, substantial shifts in diazotroph community composition were observed between plant compartments and in the rhizosphere. With our
new approach, we show that the rhizosphere, well known to be a hot spot for microbes,
contains the highest diversity of diazotrophs among the compartments of the plant
microbiome that we studied. Moreover, the root compartment, in particular, appeared
to select for certain diazotrophs, such as Bradyrhizobium spp., a microbial group which
is often associated with sugarcane (34, 49–54). Sugarcane is a crop that does not
contain nodulated diazotroph symbionts, and these results provide a starting point for
future studies to identify free-living or associative diazotroph taxa that contribute to the
ﬁtness of this important crop plant. A substantial number of unassigned sequences
were obtained from sugarcane, and this could owe to the presence of cluster IV/V or
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other sequences not captured by the ﬁltering step, or to the presence of uncharacterized diazotrophs in these environments. As diazotroph genomes are continually being
added to public databases, a future update of our curated database to include the new
diazotroph sequences may reduce the number of unassigned OTUs, and the inclusion
of more cluster IV/V sequences in the taxonomy reference may help identify missed
paralogs.
Here, we describe a new approach for investigating diazotroph ecology by targeting
PCR ampliﬁcation, next-generation sequencing, and bioinformatics analysis of nifH
genes. Our approach is tailored for Illumina paired-end sequencing and includes
modiﬁcations to PCR conditions, cost savings through improved multiplexing, and a
powerful, easy-to-use sequence analysis pipeline that we have termed TaxADivA. The
Ando primer set is recommended, and we emphasize best practices, such as cluster IV/V
sequence ﬁltering. Our results advance the phylogenetic characterization of diazotroph
communities by providing empirically derived nifH similarity cutoffs for species, genus,
and family levels. Our workﬂow script, TaxADivA, is ﬂexible and may be extended for
use with other functional genes and/or primer pairs.
MATERIALS AND METHODS
Sampling. Diazotroph communities were characterized from a range of ecosystems in order to
properly evaluate the nifH analysis and sequencing pipeline. Samples were collected from 20 cm to
40 cm below the surface in the supratidal zone of the municipal beach (lat 30.32616, long
⫺87.17450) at Pensacola Beach, FL, USA, in July 2010 and June 2011. Samples collected from 2010
were heavily impacted by oil that came ashore from the Deepwater Horizon (DWH) oil spill in the
Gulf of Mexico in 2010, while the 2011 samples were collected after microbial communities had
recovered and oil contamination was close to background levels (41, 42). This depth interval was
chosen due the fact that oil was buried and persisted as a layer of contamination in the beach for
6 to 8 months in 2010 (42, 43). Samples representing a wetland or peatland ecosystem were
collected from a Sphagnum-dominated ombrotrophic bog in July 2012 from the Marcel Experimental
Forest operated by the USDA Forest Service near Grand Rapids, MN. Surface samples (living
Sphagnum peat moss and partially degraded peat) and core samples (peat) were collected to 1 m
below the surface, as previously described (44). Living peat moss and peat samples were immediately sectioned into depth intervals and frozen on dry ice. Sugarcane samples were collected from
the Liberia farm operated by Incauca, S.A., in Valle del Cauca, Colombia, a tropical valley of the Andes
Mountains, with a mean annual temperature of 23°C and precipitation ranging from ⬍800 to 2,000
mm per year (55). Sprouting shoots were excavated from the soil, and shoots with attached roots
and adherent soil were shipped intact to the laboratory. Once in the laboratory, the plants were
subsampled to obtain the rhizosphere, root, and stem compartments. After processing, the samples
were stored at ⫺20°C or colder until DNA extraction. An overview of the experimental and
computational pipeline is presented in Fig. 4.
DNA was extracted from sand, peat, and soil samples using a Mo Bio PowerSoil DNA isolation kit (Mo
Bio Laboratories, Inc., Carlsbad, CA, USA). For all of these samples except sand, DNA was extracted from
0.25 g of material. DNA was extracted from 0.5 g of clean sand samples and from 0.15 g of material for
the oiled sands, due to the fact that the extraction of greater amounts resulted in coextraction of
inhibitors. For sugarcane microbiome (root and stem) samples, DNA was extracted from 0.050 g of
material with a Mo Bio PowerPlant DNA isolation kit (Mo Bio Laboratories, Inc.). The bead-beating step
of the DNA extractions was performed on a Talboys high-throughput homogenizer (Talboys, Thorofare,
NJ, USA) for 2 min at maximum intensity.
PCR ampliﬁcation, library preparation, and sequencing. Five nifH primer sets (Table 3) were
selected for evaluation based on criteria of high coverage (i.e., Ando [52], ZM [56], and Ueda [57]), low
template-speciﬁc primer bias (i.e., Poly [58]), or small amplicon size (i.e., Fedorov [59]). To perform
sample-speciﬁc barcoding, degenerate forward primers were synthesized by the addition of a 12-base
Golay barcode to the 5= end of a nifH primer (i.e., “5=-barcoded primer approach”). Each unique forward
primer was combined with its respective reverse primer in PCRs with each sample to generate barcoded
amplicon sequences (Data Set 1). PCR ampliﬁcation was carried out in 25-l reaction mixtures with 0.625
units of DreamTaq DNA polymerase (Thermo Fisher Scientiﬁc, Inc., Pittsburgh, PA, USA), 1⫻ buffer
supplied by the polymerase manufacturer containing 2 mM Mg2⫹, 200 M dinucleoside triphosphate
(dNTPs; Thermo Fisher Scientiﬁc, Inc.), 2 mg/ml nonacetylated bovine serum albumin (BSA; New England
BioLabs, Ipswich, MA, USA), and primer concentrations given in Table 3. One microliter of the DNA
extracts was added to each PCR except for sugarcane stem extracts, where up to 6 l was added because
of the apparently low concentration of nifH in the extract. A hot start PCR was performed with a 180-s
hot start step at 95°C, followed by 40 cycles at 95°C for 30 s, the annealing temperature for each
respective primer set (Table 3) for 30 s, and extension at 72°C for 60 s. The cycling program ended with
a 600-s ﬁnal extension at 72°C. Barcoded amplicons were pooled and sequencing adapters ligated as
described below.
Subsequently, a revised ampliﬁcation protocol was employed (i.e., Fluidigm approach; see the supplemental material for the detailed protocol) for the Ando primer only. Here, sample-speciﬁc barcoding and
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FIG 4 A schematic of the nifH amplicon experimental and computational (TaxADivA) workﬂow proposed here.

sequencing adapter incorporation were performed using only PCR, employing the targeted amplicon
sequencing (TAS) approach described previously (e.g., see references 60–62). In our study, however, three
stages of PCR were performed (see supplemental protocol 1 for reaction and cycling conditions), because the
use of the primers with linker sequences (necessary for the Fluidigm approach) led to the generation of strong
primer dimers. Thus, the ﬁrst-stage ampliﬁcation was performed with the Ando primers without linkers for 35
cycles. Subsequently, an additional 4 cycles of PCR were performed in a separate reaction with Ando primers
having the 5=-linker sequences (common sequence 1 [CS1] and common sequence 2 [CS2] on the forward
and reverse primers, respectively). In the ﬁnal stage of PCR, amplicons from the second stage of PCR
ampliﬁcation were ampliﬁed using AccessArray primers (Fluidigm AccessArray barcode library; Fluidigm, San
Francisco, CA, USA) to incorporate sample-speciﬁc barcodes and Illumina sequencing adapters. In stages 2
and 3, 1 l of product from the previous stage was used as the template without puriﬁcation.
For amplicons generated using the 5=-barcoded primer approach, library preparation was performed
at the DNA Services Facility at the University of Illinois at Chicago, and sequencing was performed at the
W. M. Keck Center for Comparative and Functional Genomics at the University of Illinois at UrbanaChampaign. For the amplicons prepared via the Fluidigm barcoding approach, sequencing was conducted at the Georgia Institute of Technology on a MiSeq system (Illumina, San Diego, CA, USA) with the
MiSeq reagent kit version 2 (500 cycles) at 10 pM library concentration and with 15% PhiX DNA (Illumina)
included in the sequencing run. Further information on quality control, puriﬁcation, library preparation,
and sequencing is provided in the supplemental material.
Sequence processing pipeline. Analyses were performed on a desktop computer with Intel Core
i7-4770 CPU ⫻ 8 (3.40 GHz) with 16 Gb random access memory (RAM) running 64-bit Ubuntu 14.04 LTS
BioLinux (63). Sequence data were received in fastq format. In the case of the approach using 5=-attached
barcodes, the amplicons had been split into 3 libraries containing 15 samples per library. Samples from
both approaches were evaluated for sequence quality with the program FastQC version 0.11.3 (64). The
forward and reverse reads in each library were merged at the overlapping region using the program
PEAR version 0.8.1 (29), with arguments specifying a minimum overlap of 35, a disabled statistical test,
a maximum assembly length of 450, and a minimum assembly length of 215. The fastq format ﬁles were
converted to FASTA and QUAL ﬁles, and because about half of the reads should by chance be in the
reverse complement orientation, each FASTA ﬁle was also reverse complemented. Next, demultiplexing
was performed on FASTA ﬁles for both orientations with the QIIME version 1.7.0 (65) script split_libraries.py, with arguments specifying disable primer usage, Golay of 12 barcodes, maximum barcode errors
of 0, and maximum homopolymer of 10. A small percentage of sequences identiﬁed to have a barcode
in the reverse-complement orientation were identical to sequence identiﬁers in the normal orientation,
and these duplicates were removed from the reverse-complemented sequences. To trim the primer
sequences, the trim.seqs command was used in the program MOTHUR version 1.31.2 (66). Cluster IV/V
sequences were identiﬁed by using the QIIME script assign_taxonomy.py with a custom reference
database created by identifying the cluster associated with each sequence in the nifH database of Gaby
and Buckley (2), and all cluster IV/V paralogs were removed. Clustering was performed for each sample
separately, with the implementation of USEARCH version 6.1 (67) in QIIME using the command pick_otus.py, with an OTU0.95 similarity cutoff. OTU tables were made, and all singletons were eliminated from
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FIG 5 Empirical computation of optimal thresholds used for species and genus classiﬁcations. Percent
identity of nifH genes from diazotrophic taxa as evaluated within species (red), between species (blue),
and between genera (yellow) (A) and the receiver operating characteristic (ROC) curve for species
classiﬁcation (B) with nifH sequences. Optimal species and genus thresholds are given in panel B and are
the default clustering cutoffs used in the TaxADivA workﬂow script.

the OTU tables. The time required to complete each command in the pipeline was evaluated with the
BASH command ‘time.’
A workﬂow script called TaxADivA (for TAXonomy Assignment and DIVersity Assessment) was written
in Perl to facilitate the analysis of nifH amplicon sequences. The script uses multithreading to parallelize
the processing of sequences and thereby reduce run time. Similar to the above-described pipeline,
sequences are merged with PEAR (29), primers are trimmed, chimeras are removed and sequences are
clustered with USEARCH (67), taxonomy is assigned with BLAST (68) by reference to a nifH taxonomy
database, cluster IV/V sequences can be optionally removed, and a biom-compatible OTU table with
taxonomy is produced, which may be easily converted for use with QIIME. The script also produces
output for taxonomy exploration with the program Krona (69), using STAMP (70) in order to statistically
test for differences in the relative abundance of taxa, using QIIME (65) to produce alpha- and betadiversity metrics which may be visualized with Emperor (71), and using oligotyping analysis by Minimum
Entropy Decomposition (72), which produces taxonomically labeled oligotype networks explorable with
the network visualization tool Gephi (73). The source code, documentation, taxonomy ﬁles, and instructions for use of the script are available on GitHub (https://github.com/lavanyarishishwar/taxadiva).
Empirical determination of OTU cutoffs for species and genus. An empirical statistical model with
a receiver operating characteristic (ROC) curve was employed to determine the optimal thresholds for
species, genus, and family classiﬁcations. All validated nifH sequences were obtained from the curated
nifH gene database (2) and compared (Fig. S2). Sequence identity values were computed for each pair
of nifH sequences, and the resulting value was noted along with the corresponding relationship between
the sequences, i.e., within species, between species, or between genera (Fig. 5A). A grid search approach
was implemented to test all possible cutoff values between 70% and 100% sequence identity with a
step-size of 0.1%. For each possible cutoff value, the number of sequences that were correctly (true
positives [TP] and true negatives [TN]) and incorrectly (false positives [FP] and false negatives [FN]) placed
were computed in the three taxonomy-level comparisons of within species, within genus, and within
family. The overall true-positive rate [TPR ⫽ TP/(TP ⫹ FN)] and false-positive rate [FPR ⫽ FP/(FP ⫹ TN)]
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were computed for each possible cutoff value, and an ROC curve was created for each of three
taxonomy-level comparisons (Fig. 5B). The cutoff value closest to the top-left corner of the graph (TPR ⫽
1 and FPR ⫽ 0) is the optimal cutoff value for the given data set. The optimal species cutoff of 91.9% (Fig.
5B) was set as the default clustering cutoff in the TaxADivA script. An OTU is assigned at either the
species (BLAST hit, ⱖ91.9%), genus (ⱖ88.1%), family (ⱖ75%), or order (⬍75%) level; if no BLAST hit is
returned, the OTU is labeled unclassiﬁed (Fig. S2).
Primer comparison. The sequences had to be aligned and then trimmed to the overlapping
nucleotides common to the 4 evaluated primer sets, otherwise the clustering algorithm would generate
spurious clusters because of length and overlap differences between amplicons generated with the
different primer sets. To perform the alignment of all sequences, the QIIME command parallel_align_seqs_pynast.py was used with the arguments of minimum length set to 300 and minimum percent
sequence identity to the closest BLAST hit in the template alignment set to 60. This script uses the
PyNAST aligner (74) to align the sequences to a reference alignment based upon a set of sequences
dereplicated at 97% similarity from the nifH database of Gaby and Buckley (2). Using ARB version 5.5 (75),
we created a ﬁlter to indicate the overlapping alignment positions between the amplicon types that
result from each primer set. The ﬁlter was used with the ﬁlter_alignment.py script of QIIME to trim the
sequences in each sample. Then, all remaining gap characters were removed from the alignment,
and the trimmed sequences thus consisted of the nucleotide positions which overlapped the products
of the tested primer sets.
Diversity analysis. In order to conduct beta-diversity analysis using UNIFRAC, we reconstructed the
phylogeny of representative sequences from each OTU. First, a representative set of sequences was
picked using the QIIME command pick_rep_set.py, and these were aligned with parallel_align_seqs_
pynast.py against the nifH reference alignment. Alignment columns which were all gaps were eliminated
with the QIIME command ﬁlter_alignment.py, and a phylogenetic tree was made using the QIIME
command make_phylogeny.py. Alpha- and beta-diversity metrics were calculated in QIIME. For creating
a taxonomy bar plot, the TaxADivA script was used to assign taxonomy to OTUs and output an OTU table,
which was then converted to hdf5 format and used as input with the QIIME script summarize_taxa_
through_plots.py.
Accession number(s). All sequence data can be accessed from NCBI BioProject no. PRJNA418634.
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