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Abstract 

Biological nitrogen fixation is a fundamental biogeochemical process that transforms molecular nitrogen into biologically a v ailable nitrogen via 
diaz otrophic microbes. Diaz otrophs anaerobically fix nitrogen using the nitrogenase enzyme which is arranged in three different gene clusters: (i) 
molybdenum nitrogenase ( nifHDK ) is the most abundant, f ollo w ed b y it’s alternativ es, (ii) v anadium nitrogenase ( vnfHDK ) and (iii) iron nitrogenase 
( anfHDK ). Multiple databases ha v e been constructed as resources f or diaz otrophic ‘omics analy sis; ho w e v er, an integrated database based on 
whole genome references does not exist. Here, we present NF ix DB ( N itrogen Fix ation D ata B ase), a comprehensive integrated whole genome 
based database for diazotrophs, which includes all nitrogenases ( nifHDK , vnfHDK , anfHDK ) and nitrogenase-like enzymes (e.g. nflHD ) linked to 
ribosomal RNA operons (16S–5S–23S). NF ix DB was computed using Hidden Mark o v Models (HMMs) against the entire whole genome based 
Genome Tax onom y Database (GTDB R214), pro viding searchable reference HMMs f or all nitrogenase and nitrogenase-lik e genes, complete 
ribosomal RNA operons, both GTDB and NCBI / R efSeq tax onom y, and an SQL database f or querying matches. We compared NF ix DB to nifH 

databases from Buckley , Zehr , Mise and FunGene finding extensive evidence of nifH , in addition to vnfH and nflH . NF ix DB contains > 4000 
verified nifHDK sequences contained on 50 unique phyla of bacteria and archaea. NF ix DB provides the first comprehensive nitrogenase database 
a v ailable to researchers unlocking diazotrophic microbial potential. 
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iological nitrogen fixation (BNF) is an ancient biogeochem-
cal process on Earth, which is the conversion of atmospheric
itrogen (N 2 ) into fixed biologically available nitrogen as am-
onium (NH 3 ), completed by specialized microbes known as
iazotrophs ( 1 ). Nitrogen is essential to all life on the planet,
nd required for amino acid and nucleic acid synthesis, yet
rior to the emergence of the enzyme nitrogenase, elemental
itrogen on the early Earth could only be fixed by lighting ( 2 ).
rior to industrialization, the bioavailable nitrogen supplied
y crop ratios required to support the ecosystem productivity
as produced almost solely via biological nitrogen fixation by
iazotrophs ( 3 ). 
For many decades it was thought that only symbiotic BNF,

n which bacteria colonize specialized plant structures, pro-
ided significant amounts of ecosystem nitrogen, since high
nergy demands limit BNF to circumstances with adequate
upplies of carbon ( 3 ). In recent years, there has been a grow-
ng realization that free living nitrogen fixation (FLNF) can
rovide fixed nitrogen at rates equal to or greater than symbi-
tic nitrogen fixation and may be the dominant source of new
itrogen inputs to many terrestrial ecosystems ( 4 ). 
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The nitrogenase enzyme as three variations which in-
clude different complex metal clusters that are oxygenic-
sensitive metalloenzymes: (i) molybdenum-dependent nitro-
genase ( nifHDK ), which is the most abundant, followed by
(ii) vanadium-dependent nitrogenase ( vnfHDK ) and (iii) iron
nitrogenase ( anfHDK ). All nitrogenases contain both cat-
alytic and biosynthetic genes within the nitrogenase gene clus-
ter. The catalytic genes all contain a dinitrogenase reduc-
tase, the H gene (e.g. nifH ), which functions as an ATP-
dependent electron donor, and a metalloenzyme heterote-
tramer of D and K genes, which are metal dependent iron
protein alpha chain and iron protein beta chain ( 5 ). The
biosynthetic gene cluster includes nifB, nifE, and nifN , which
are required for FeMo-co biosynthesis, with nifB, nifU, nifS,
nifV and nifM are also required by the alternative nitroge-
nases ( 5 ). A subset of diazotrophs also contain alternative ni-
trogenases, vnf or anf . The vnf gene cluster contains the iron-
vanadium cofactor, while the anf gene cluster contains the
iron-iron cofactor ( 6 ). It is still widely debated which nitroge-
nase emerged first ( 7 ). Nitrogenase-like protoenzymes evolved
first in methanogens for F 430 cofactor biosynthesis and are
known as Ni-sirohydrochlorin- a,c- diamide reductive cyclase
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( nfl) ( 8 ,9 ). The nfl enzymes are ubiquitous in diazotrophic
prokaryotes ( 8 ,9 ). Bacteriochlorophyll ( Bch ) and Chlorophyll
( Chl ) biosynthesis (gene light-independent protochlorophyl-
lide reductase) evolved from nfl, and are also nitrogenase-
like homologs (related to cobalamin biosynthesis, F 430 cofac-
tor biosynthesis, and biosynthesis of chlorophyll and bacteri-
ochlorophyll) ( 10 ). 

A major gap in the current literature is the lack of a com-
prehensive database of nitrogenase enzymes that is rooted
in whole-genomes, and thus, our ability to define diazotroph
phylogeny or infer metabolic properties of genomes that are
able to function effectively as diazotrophs is severely lim-
ited. The original nitrogenase databases were based on ampli-
con sequences that were not complete, due to high sequenc-
ing costs for whole genomes and lack of reference genomes
( 11 ,12 ). The most current nifD and nifH database from Fun-
Gene contains 19,514 nifH and 10,482 nifD sequences and
alternative nitrogenases are not well defined ( 13 ). FunGene is
currently no longer available as of 2022, as the website is no
longer functional ( 13 ). The Buckley and Zehr lab groups have
nifH specific databases publicly available on their groups’
websites, however they have not been updated since 2012
and 2017, respectively ( 11 ,12 ). Mise et al. classified nifH se-
quences and compiled this information into a database, but no
information on alternative nitrogenases is available ( 14 ). To
address this, a novel database, NF ix DB (‘ N itrogen Fix ation
D ata B ase’), was created. The inclusion of the nifDK genes
and the alternative nitrogenases in a new database would
be the first comprehensive collection of this data. Compil-
ing sequences with connecting rRNA marker (16S–5S–23S)
databases to nitrogenase genes via complete genomes will pro-
vide an extensive database that can be the foundation for the
current and future studies of nitrogen fixation. 

Materials and methods 

Genome curation and HMM construction 

An overview of the methods can be seen in Figure 1 . Initial
seed sequences for nifHDK , anfHDK , vnfHDK , nflHD and
ChlBIN were manually curated. Genomes for the initial seed
sequences were selected with the following rules: (i) high qual-
ity genomes, (ii) free of contamination via checkM, and / or
(iii) physiological validation ( 15 ). All nifHDK and / or alter-
native nitrogenase gene clusters (i.e. anf and vnfHDK ) had to
be physically arranged together as a clustered block of genes
not far away as ‘pseudo- nifH ’ described by Mise et al. ( 14 ).
The sequences were locally aligned using MAFFT ( 16 ). An
HMM of each seed sequence was created using HMMER’s
hmmbuild ( 17 ), then combined together to make a concate-
nated file of the nifHDK , anfHDK , and vnfHDK HMMs and
a concatenated file of the nflHD and ChlBIN HMMs. Using
HMMER’s hmmsearch ( 17 ), each genome in the release 214 of
the Genome Taxonomy Database (GTDB) ( 18 ) was examined
for the presence of nitrogen fixation enzymes. Over 80,000
representative genomes were analyzed to create NF ix DB. 

Taxonomic assignment linkage of GTDB-NCBI to 

NFixDB 

The taxonomy of each protein sequence was identified using
both GTDB and the National Center for Biotechnology and
Information (NCBI)’s taxonomic classifications found within
GTDB’s metadata files, with the NCBI taxonomy ID also
being included ( 19 ). Additionally, an E -value cutoff was es- 
tablished at < 9.9 × 10 

−10 for HMM searching with HM- 
MER. Any entry with an E -value lower than the cutoff of 
9.9 × 10 

−10 is placed into the evalue_taxonomy TSV file 
(Zenodo). From this TSV, the best result for each protein 

sequence was found and placed into the tophits TSV file 
( Supplementary Table S1 ). Additionally, another E -value cut- 
off of < 9.9 × 10 

−15 and a bitscore cutoff value of > 50 was 
established for updated seed sequence generation. These seed 

sequences also had an alignment length requirement of > 125.
We applied a top hit approach against our HMMs for clas- 

sification of nif / anf / vnfHDK, nflDH , or c hl / bc hBLN. For a
hit to be considered for its classification it had to: (i) be the 
top hit via E -value and bitscore, (ii) be unique to that genome 
accession, (iii) have local genome proximity near its assigned 

cluster (e.g. nifH near a nifDK ) and (iv) all genes within the 
cluster had to be present to be considered valid (e.g. HDK 

had to be present for nif / anf / vnf ). For instance, a genome 
would need to contain nifH , nifD , and nifK to pass this qual- 
ification. Hits that were not near proximity of other genes 
(e.g. an H without proximity to a DK ) or if one or more 
genes were missing (e.g. having an H but no DK ) were consid- 
ered pseudo-nitrogenases and removed. The sequences that fit 
within these parameters were placed into the topfasta TSV file 
( Supplementary Table S1 ). Both the tophits TSV and the top- 
fasta TSV were examined to find genomes that contained all of 
the genes considered in the gene cluster. The tophits genomes 
that passed were placed into the filteredhits TSV and the top- 
fasta genomes that passed were placed into the filteredfasta 
TSV ( Supplementary Table S1 ). The filteredfasta TSV was used 

to create an updated fasta file for each seed sequence. Multi- 
ple iterations were found to be unnecessary and led to bias 
towards similar genes (i.e. nifH mistaken for vnfH ). 

Ribosomal RNA operon database construction 

The ribosomal RNA operons (16S–5S–23S) linked to each 

genome were identified using barrnap ( 20 ). 

Database availability 

The final database can be found in the NF ix DB TSV or as 
an SQL database, both on Zenodo, with each TSV men- 
tioned being included as an SQL table. All genomes that 
were identified as containing nitrogenase, alternative nitroge- 
nase, or pseudo-nitrogenase can be found on Zenodo (DOI: 
10.5281 / zenodo.10950414). The code to generate the data is 
on GitHub ( github.com/ raw-lab/ NFixDB ). 

Cross database comparisons 

Other nifH databases from Buckley ( 11 ), Zehr ( 12 ), Fun- 
Gene ( 13 ) and Mise ( 14 ) were clustered using CD-HIT ( 21 ) 
at 100%, 99% and 97% similarity. The external databases’ 
representative sequences obtained from CD-HIT clustering at 
97% similarity were used to analyze the NF ix DB HMMs and 

test for validity. Cutoffs for E -value < 9.9 × 10 

−10 and an 

alignment length > 150 amino acids were put in place, with re- 
sults being stored in the oDB class TSV ( Supplementary Table 
S2 ). The best result for each sequence ID was identified and 

stored in the oDB hits TSV for all databases, along with a sep- 
arate TSV for each individual database ( Supplementary Table 
S2 ). As a secondary confirmation, global alignments were per- 
formed using SWORD ( 22 ), with the representative sequences 
for clusters at 97% similarity as the queries and the final seed 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
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Figure 1. Flow graph of NF ix DB. Initial sequences were manually curated. Each gene was aligned using MAFFT. Then, an HMM was created with 
HMMer to search through all of the genomes in GTDB r214. The output was searched to find the best result for both the gene and the sequence ID. The 
sequences that occurred with all genes in a gene cluster were compiled together to make the new seed sequences. 
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equences from NF ix DB as the databases. This ensures that
he final seed sequences produced from NF ix DB are accu-
ate. Results that had an alignment length ≥220 amino acids,
50% identity and E -value ≤9.9 × 10 

−15 were analyzed to
nd the best result for each sequence ID. These entries were
tored in separate TSVs for each database ( Supplementary 
able S3 ). 
A significant increase in the number of sequences found

n each gene cluster was observed from the initial seeds to
he final seeds ( Supplementary Table S4 , Wilcoxon Rank
um, P < 0.01). The seed sequences initially used were hand
urated, making an uneven amount within each gene clus-
er. The production of the final seed sequences ensured an
qual amount of sequences within each gene cluster (i.e. nifH ,
ifD and nifK all have the same amount of sequences), and
hus an equal amount in each new seed sequence FAST A. W e
ecommend using our pre-built HMMER HMMs with the fol-
owing cut-offs: alignment length ≥220 amino acids, ≥50%
dentity, and E -value ≤9.9 × 10 

−15 for functional annota-
ion of nitrogenases, alternative nitrogenases, and pseudo-
itrogenases. All files are available for the seed and final se-
uences for standard alignment based tools (i.e. non-HMM
ased) ( Supplementary Table S5 ). 

esults 

verall, NF ix DB resulted in the identification of > 4,000
ifHDK genes, with an average length of 271 amino acids
for nifH , 474 amino acids for nifD and 472 amino acids
for nifK ( Supplementary Figure S1 - S4 ). Of all the sequences
found to be from Proteobacteria, > 50% were the nifHDK
genes (Figure 2 ). Alphaproteobacteria and Deltaproteobac-
teria were the most common classes found in the nifHDK
genes (Figure 2 ). In addition to the nifHDK genes identified,
more than 250 anfHDK genes were found, with an average
length of 270 amino acids for anfH , 505 amino acids for anfD ,
and 452 amino acids for anfK ( Supplementary Figure S1 ).
As with the nifHDK genes, the most common phyla found
among the anfHDK genes were Proteobacteria (Figure 2 ). The
most common classes in the anfHDK genes were Alphapro-
teobacteria and Gammaproteobactiera (Figure 2 ). Among the
approximately 60 vnfHDK genes accurately identified, only
three phyla were found (in order of most to least com-
mon): Proteobacteria, Cyanobacteria, and Firmicutes (Figure
2 ). Within those phyla, four classes were identified (in or-
der of most to least common): Gammaproteobacteria, Al-
phaproteobacteria, Betaproteobacteria, and Bacilli (Figure 2 ).
The lengths of vnfH averaged 270 amino acids, vnfD aver-
aged 447 amino acids, and vnfK averaged 459 amino acids
( Supplementary Figure S1 ). 

Of the 181 phyla analyzed, only 16% were found to
have all the catalytic nitrogenase genes ( nifHDK and / or the
alternatives) (Figure 2 ). The majority of phyla with dia-
zotrophs were Proteobacteria at more than 50%. Cyanobacte-
ria held roughly 15% of organisms with diazotrophic activity
(Figure 2 ). 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
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https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
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Figure 2. NF ix DB taxonomic classification at phyla and class level. The classes or phyla identified with the nifHDK genes are shown in pink. The classes 
or phyla identified with the anfHDK genes are shown in green. The classes or phyla identified with the vnfHDK genes are shown in blue. The top 10 
o v erall classes or phyla are shown in purple. The size of each dot represents the percentage of occurrences among all of the classes or phyla identified. 
( A ) Top 10 classes for each nitrogenase gene group. ( B ) Top 10 phyla for each nitrogenase gene group. 
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Figure 3. NF ix DB database comparison against Buckley, Zehr, Mise and FunGene databases. The original count is shown in pink. Clustering at 100% 

similarity is shown in yellow and 97% similarity is shown in green. The count after classifying with our HMMs is shown in blue. The count after 
classifying with SWORD is shown in purple. ( A ) Counts of sequences found in the Buckley database at each step. ( B ) Counts of sequences found in the 
Zehr database at each step. ( C ) Counts of sequences found in the Mise database at each step. ( D ) Counts of sequences found in the FunGene database 
at each step. 
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We compared other nifH databases against NF ix DB, which
nclude Buckley, Zehr, Mise, and FunGene. Prior to com-
arison we clustered to remove duplicates using CD-HIT
100%, 99% and 97% similarity) then compared with
MMER3 / HMMs and SWORD via global alignment (Fig-

re 4 , Supplementary Figures S5 and S6 ). Clustering at 100%
imilarity resulted in a more than 50% decrease in the amount
f sequences in both the Buckley and Zehr databases (Fig-
re 3 , Supplementary Tables S1 –S7 ). The Mise and FunGene
atabases both had a less than 10% decrease per gene (Fig-
re 3 , Supplementary Tables S6 and S7 ). Clustering down
o 99% similarity resulted in a ∼60% decrease in the Buck-
ey and Zehr databases (Figure 3 , Supplementary Tables S6
nd S7 ). In the Mise and FunGene databases, the clusters re-
ulted in a ∼20% decrease per gene (Figure 3 , Supplementary 
ables S6 and S7 ). When clustering at 97%, the Buckley and
ehr databases decreased by ∼80%, leaving roughly 7000 se-
uences in each database (Figure 3 , Supplementary Tables S6
nd S7 , Supplementary Tables S5 and S6 ). The Mise and Fun-
ene databases also saw decreases, ranging from 25% to 45%
er gene (Figure 3 , Supplementary Tables S6 and S7 ). 
When analyzing with both our HMMs and SWORD, these

atabases were found to have similar estimations of nifH se-
uences to what was originally estimated after clustering at
7% similarity (Figure 3 , Table 1 ). The Mise database is split
nto three classifications of nifH . All three classifications were
nalyzed and 97% clustering resulted in 1416 sequences total
( Supplementary Tables S6 , S8 , Supplementary Figures S5 and
S6 ). Ten of those sequences did not pass our filtering, with an
E -value < 9.9 × 10 

−15 and an alignment length > 150 amino
acids. Our HMMs revealed that the majority of sequences
were found to be nifH . Roughly 30% of sequences analyzed
were found to be vnfH or nflH . The SWORD analysis showed
similar results, except fewer vnfH sequences and more nifH
were identified (Figure 3 , Table 1 ). 

The Zehr database clustered down to 6831 sequences
( Supplementary Tables S6 and S8 ). Only 974 of those se-
quences passed our filters for HMM analysis, with an E -
value < 9.9 × 10 

−15 and an alignment length > 150 amino
acids. Our HMMs revealed that more than 50% of the se-
quences analyzed were classified as nifH . Roughly 17% of the
sequences were classified as anfH and vnfH . Nearly 30% of
sequences were identified as nflH and a small subset of se-
quences were identified as ChIl ( < 1%). The SWORD anal-
ysis again showed similar results, with more nifH and less
nflH and vnfH being identified over 896 sequences (Figure 3 ,
Table 1 ). 

The Buckley database was clustered down to 7,062 nifH se-
quences ( Supplementary Tables S6 and S8 ). Only 627 of those
sequences passed our filters with an E -value < 9.9 × 10 

−15 and
an alignment length > 150 amino acids. More than 70% of
those were classified as nifH in our analysis. Nearly 15% of se-
quences were classified as vnfH . The rest of the sequences were
found to be anfH ( ∼5%), nflH ( ∼8%) and ChIl ( ∼0.3%).

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
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https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
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https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
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Figure 4. NF ix DB length distribution comparison against Buckley, Zehr, Mise, and FunGene databases. The box length corresponds to the sequence 
lengths that fall within the first quartile to third quartile range. The whisker length corresponds to the largest / smallest sequence length within 1.5 × the 
interquartile range from the box. The original length distribution is shown in pink. Clustering at 100% similarity is shown in yellow and 97% similarity is 
sho wn in green. T he length distribution after classifying with our HMMs is shown in blue. The length distribution after classifying with SWORD is shown 
in purple. ( A ) Length distribution of sequences found in the Buckley database at each step. ( B ) Length distribution of sequences found in the Zehr 
database at each step. ( C ) Length distribution of sequences found in the Mise database at each step. ( D ) Length distribution of sequences found in the 
FunGene database at each step. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The SWORD analysis resulted in 606 sequence hits after fil-
tering. Of those, > 80% were identified as nifH . Nearly 5%
were identified as vnfH . The rest were classified similar to the
HMM results (Figure 3 , Table 1 ). 

FunGene clustered at 97% similarity led to 31 nifH seed se-
quences, 190 nifD seed sequences and 20 vnfD seed sequences
( Supplementary Tables S6 and S8 ). It is important to note
that FunGene does contain many more sequences for these
genes. For the purpose of this study, only the seed sequences
identified by FunGene were analyzed. After our analysis with
both HMMs and SWORD, it was found that all of the vnfD
sequences in FunGene were accurately classified. The major-
ity of FunGene’s nifD sequences were classified as nifD us-
ing our HMM and SWORD analyses, with ∼1.5% of them
classified as vnfD when using HMMs. The nifH sequence re-
sults were similar using both HMMs and SWORD, with one
more sequence being identified as nifH over vnfH when us-
ing SWORD. There were roughly 85% of sequences correctly
identified as nifH and roughly 15% of sequences identified as
vnfH (Figure 3 , Table 1 ). 

Discussion 

Generally, the measurement of nifH has been the gold stan-
dard for quantifying the diversity, abundance, presence, and
potential activity of diazotrophs. In the era of highly cost ef- 
fective next generation sequencing and high throughput quan- 
titative PCR measurements, understanding the quality of the 
resulting nifH databases is critical to agriculture, food secu- 
rity and bioenergy applications, which are all limited by nitro- 
gen. Our analysis revealed that whole genome based curation 

provides a framework to further exploration of diazotrophs,
highlighting the need to include alternative nitrogenases and 

nitrogenase-like genes. 
Beginning with hand curated seed sequences, an alignment 

and an HMM was made for each gene ( Supplementary Figure 
S7 ). Every genome in GTDB was searched with each HMM 

to identify any potential nitrogenase genes. Further processing 
was done for each hit to ensure that only the top result for 
each accession number was kept. After finding genomes with 

all genes in a cluster present (i.e. nifH , nifD and nifK present),
new seed sequences were gathered to create NF ix DB. 

The misclassification of nifH has had a large impact on 

the understanding of nitrogenase. In the past, alternative 
nitrogenases and pseudo-nitrogenases have not been classi- 
fied well, despite nifH , vnfH and nflH being very closely 
related. Throughout our database curation, nifH and vnfH 

were revealed to be continually mislabeled. For instance, Azo- 
tobacter vinelandii DJ (GCF_000021045.1) contains three 
genes labeled as nifH . One of these three genes is the true 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae063#supplementary-data
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Table 1. NF ix DB database comparison summary table 

Database HMM analysis Sword analysis 

Original Gene 
Detected Gene Counts % of Total Counts % of Total 

Buckley Total 627 606 
nifH 627 606 
anfH 34 5 .42% 33 5 .45% 

ChIl 2 0 .32% 2 0 .33% 

nflH 54 8 .61% 41 6 .77% 

nifH 444 70 .81% 500 82 .51% 

vnfH 93 14 .83% 30 4 .95% 

FunGene Total 241 241 
nifD 190 190 
nifD 187 98 .42% 190 100 .00% 

vnfD 3 1 .58% 0 N / A 

nifH 31 31 
nifH 26 83 .87% 27 87 .10% 

vnfH 5 16 .13% 4 12 .90% 

vnfD 20 20 
vnfD 20 100 .00% 20 100 .00% 

Mise Total 1406 1406 
nifH 1406 1406 
nflH 113 8 .04% 111 7 .89% 

nifH 990 70 .41% 1122 79 .80% 

vnfH 303 21 .55% 173 12 .30% 

Zehr Total 974 896 
nifH 974 896 
anfH 59 6 .06% 58 6 .47% 

ChIl 2 0 .21% 7 0 .78% 

nflH 285 29 .26% 224 25 .00% 

nifH 517 53 .08% 557 62 .17% 

vnfH 111 11 .40% 50 5 .58% 

Counts of the number of genes found in all of the outside databases after 
clustering at 97% similarity and classifying using both SWORD and HMMs. 
The gene that is shown in bold is the original gene identification from the 
corresponding database. All genes below that are genes that were identified 
through our classification. 

n  

(  

v  

I  

a
 

t  

h  

r  

a  

t  

d  

d
 

f  

c  

e  

fi  

g  

T  

u  

z

D

N  

d

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ifH (WP_012698831.1). The other two genes are anfH
WP_012703362.1) and vnfH (WP_012698955.1). Within A.
inelandii DJ , there are no annotated duplicates of a true nifH .
ssues like this have led to nifH databases containing large
mounts of vnfH and nflH ( > 10%). 

Additionally, HMMs have a difficult time distinguishing be-
ween extremely closely related genes, like nifH and vnfH ,
owever, a global alignment provides validation of the HMM
esults, when these methods are combined together. Recent
dvances in machine and deep learning such as convolu-
ional neural networks (CNNs) could be applied to enhance
etection of nitrogenases within genomes or metagenomic
ata. 
There has been a lack of an all encompassing database

or diazotrophs that contains alternative nitrogenases, which
ould lead to misinterpretation of nitrogenase diversity, pres-
nce, and activity within ecosystems. NF ix DB provides the
rst comprehensive whole genome based database for nitro-
enase, alternative nitrogenases, and nitrogenase-like genes.
hrough NF ix DB, we provide a fundamental framework to
nravel the diversity, presence, and potential activity of dia-
otrophs across the tree of life. 

ata availability 

F ix DB scripts are written in Python and distributed un-

er a BSD license. The source code and database of 
NFixDB is freely available at https:// github.com/ raw-lab/
NFixDB . Scripts, data, and SQL database are available
on Zenodo (DOI: 10.5281 / zenodo.10950414) and GitHub
( https:// github.com/ raw-lab/ NFixDB ). 

Contributing to NF ix DB and Fungene 

NF ix DB as a community resource has recently acquired
Fungene ( 13 ). We welcome contributions of other experts,
expanding annotation of all domains of life (viruses, bac-
teria, archaea, eukaryotes). Please send us an issue on
our NF ix DB GitHub ( https:// github.com/ raw-lab/ NFixDB/
issues ). We will fully annotate your genome, add suggested
pathways / metabolisms of interest, and make custom HMMs
to be added to NF ix DB and FunGene. Also, NF ix DB is avail-
able within the metaomics tool MetaCerberus ( https://github.
com/ raw-lab/ MetaCerberus ) ( 23 ). A reference tree is present
for NF ix DB for the initial seeds ( Supplementary Figure S7 ). 

Supplementary data 

Supplementary Data are available at NARGAB Online. 
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