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Abstract
We describe the genome of an Eremiobacterota population from tundra soil
that contains the minimal set of nif genes needed to fix atmospheric N2. This
putative diazotroph population, which we name Candidatus Lamibacter sap-
miensis, links for the first time Eremiobacterota and N2 fixation. The integrity
of the genome and its nif genes are well supported by both environmental
and taxonomic signals. Ca. Lamibacter sapmiensis contains three nifH
homologues and the complementary set of nifDKENB genes that are
needed to assemble a functional nitrogenase. The putative diazotrophic role
of Ca. Lamibacter sapmiensis is supported by the presence of genes that
regulate N2 fixation and other genes involved in downstream processes
such as ammonia assimilation. Similar to other Eremiobacterota,
Ca. Lamibacter sapmiensis encodes the potential for atmospheric chemo-
synthesis via CO2 fixation coupled with H2 and CO oxidation. Interestingly,
the presence of a N2O reductase indicates that this population could play a
role as a N2O sink in tundra soils. Due to the lack of activity data, it remains
uncertain if Ca. Lamibacter sapmiensis is able to assemble a functional
nitrogenase and participate in N2 fixation. Confirmation of this ability would
be a testament to the great metabolic versatility of Eremiobacterota, which
appears to underlie their ecological success in cold and oligotrophic
environments.

The conversion of atmospheric N2 to ammonia by
microbial diazotrophs represents the largest external
source of nitrogen in tundra soils (Larmola et al., 2014;
Stewart et al., 2014; Yin et al., 2022). Tundra N2 fixation
rates are generally low but are predicted to increase
with the rise in atmospheric temperatures and precipita-
tion levels associated with anthropogenic climate
change (Stewart et al., 2013; Stewart et al., 2014).
Greater inputs from N2 fixation coupled with faster rates
of organic matter mineralization will increase the pool of
bioavailable nitrogen in tundra soils and potentially lead
to higher greenhouse gas emissions, particularly N2O
(Hugelius et al., 2020; Stewart et al., 2013; Virkkala
et al., 2024). More knowledge on the microbial drivers
of N2 fixation is thus essential for a better

understanding of the dynamics of greenhouse gas pro-
duction in tundra soils.

Here, we investigated the diversity of microbial dia-
zotrophs in the tundra by leveraging a catalogue of
796 manually curated metagenome-assembled
genomes (MAGs) from soils in Kilpisjärvi, northern
Finland (Pessi, Viitamäki, et al., 2022) (see Methods in
Supplementary information). The Kilpisjärvi MAGs rep-
resent populations from different soil ecosystems (from
bare soil to water-logged fens) and encompass a high
diversity of Archaea and Bacteria (Pessi, Rutanen, &
Hultman, 2022; Pessi, Viitamäki, et al., 2022). We
searched the 796 Kilpisjärvi MAGs using a hidden Mar-
kov model of the nifH gene, which encodes the dinitro-
genase reductase subunit of the nitrogenase enzyme
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and is the most widely used marker for N2 fixation (Dos
Santos et al., 2012; Koirala & Brözel, 2021; Zehr
et al., 2003). We found nifH homologues in 26 MAGs,
most of which are affiliated with groups that include
known diazotrophs such as Alpha- and Gammaproteo-
bacteria and methanogenic Archaea (see ‘Kilpisjärvi
MAGs with nifH homologs’ in Supplementary
information).

Surprisingly, we identified nifH homologues in the
MAG KWL-0264 assigned to Eremiobacterota, a phy-
lum for which no diazotrophic activity and/or nitroge-
nase sequences have been previously reported. The
validity of the MAG as a whole and the inclusion of nifH
homologues are supported by several features includ-
ing homogeneous GC content, uniform coverage in
multiple metagenomes, and clear taxonomical signal
for Eremiobacterota across contigs, including those
containing the nifH homologues (Figure 1A; see also
‘The integrity of the Eremiobacterota MAG KWL-0264’
in Supplementary information). Phylogenomic analysis
with other publicly available genomes (n = 302) con-
firmed the affiliation of KWL-0264 with Eremiobacterota,
placing it alongside other MAGs from polar environ-
ments in the family Baltobacteraceae (Figure 1B). The
phylogenetic placement and low average nucleotide
identity (ANI) with other Eremiobacterota genomes indi-
cate that KWL-0264 represents a distinct lineage in this
phylum. Given its higher environmental signal in minera-
trophic fens compared to upland soils (see ‘Distribution
of nifH MAGs’ in Supplementary information), we

propose the name Candidatus Lamibacter sapmiensis
(N.L. fem. n. lama, a bog or fen; N.L. masc. n. bacter, a
rod; N.L. masc. n. Lamibacter, a rod that grows on bogs
or fens; N.L. masc. adj. sapmiensis, pertaining to S�apmi,
the cultural region inhabited by the S�ami people in
Fennoscandia).

The presence of nifH homologues and other related
genes suggests that Ca. Lamibacter sapmiensis plays
a role in N2 fixation in tundra soils (Figure 2; see also
‘The nifH homologs of KWL-0264’ in Supplementary
information). The MAG KWL-0264 contains three nifH
homologues, which is not uncommon among known
diazotrophs (Zehr et al., 2003), and also includes the
additional nifDKENB genes that are deemed necessary
for the assembly of a functional nitrogenase (Dos
Santos et al., 2012; Koirala & Brözel, 2021). Impor-
tantly, one of the nifH homologues (nifH1) encodes a
nitrogenase affiliated with Cluster III, which is a diverse
group of canonical nitrogenases mostly from anaerobic
Bacteria and Archaea with demonstrated diazotrophic
activities (Dos Santos et al., 2012; Koirala &
Brözel, 2021; Zehr et al., 2003). Further hints towards a
role in N2 fixation is given by the occurrence of nifI1 and
nifI2 downstream of nifH1. These genes are usually
found in diazotrophs containing Cluster III nitrogenases
and encode a type of GlnB/PII protein that inactivates
N2 fixation when ammonia is available (Kessler
et al., 2001; Zehr et al., 2003). It is important to note
that the nifH1 homologue is not co-located with nifDK,
but this is likely due to low genome contiguity rather

F I GURE 1 (A) Representation of the metagenome-assembled genome (MAG) KWL-0264 (Candidatus Lamibacter sapmiensis). The four
external rings show the mean coverage of each contig across four fen metagenomes from Kilpisjärvi, northern Finland. The innermost blue ring
(taxonomic signal) represents the proportion of genes in each contig that had the best match with another Eremiobacterota sequence in the
GenBank nr database. MAG completion and redundancy was estimated based on the presence of 71 single-copy genes with anvi’o v7.1.
(B) Phylogenomic analysis of Ca. Lamibacter sapmiensis alongside other publicly available Eremiobacterota genomes (n = 302). Maximum-
likelihood tree (LG + I + G model) based on a concatenated alignment of 71 single-copy genes. Bootstrap support is ≥95% unless shown. The
tree is rooted at midpoint. The average nucleotide identity (ANI) between Ca. Lamibacter sapmiensis and close neighbours is indicated.
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than gene loss. The other two nifH homologues of
KWL-0264 (nifH2 and nifH3) encode Cluster IV nitroge-
nases, which have been largely thought as paralogs
that do not participate in N2 fixation (Dos Santos
et al., 2012; Koirala & Brözel, 2021; Zehr et al., 2003).
However, this view has been challenged by the
reported diazotrophic growth of Endomicrobium proavi-
tum with a Cluster IV nitrogenase (Zheng et al., 2016).
Importantly, the contig with the nifH2 homologue con-
tains the complete set of nifDKENB genes, suggesting
the capacity to assemble a functional nitrogenase. Fur-
ther support for a role of Ca. Lamibacter sapmiensis in
N2 fixation is given by the occurrence, near all three
nifH homologues, of several genes that are involved in
nitrogen and amino acid transport and metabolism.
These include genes for the GS-GOGAT pathway of
ammonia assimilation (glnA and gltD), ABC-type
branched-chain amino acid (livFGHKM) and nitrate
(tauABC) transporters, and amino acid biosynthesis
(dapD, aspB, cysE, argA, and metC).

Further gene annotation and metabolic reconstruc-
tion revealed many potential traits of Ca. Lamibacter
sapmiensis that might be beneficial in mineratrophic
fens and other oligotrophic environments (Figure 3; see
also ‘Reconstruction of the metabolic potential of KWL-
0264’ in Supplementary information). First, the potential
to fix N2 represents an ecological advantage in northern
fens and peatlands in general, where most of the nitro-
gen is bound to the organic matter and thus not readily
available for growth (Hugelius et al., 2020; Yin
et al., 2022). Second, KWL-0264 encodes the potential
to fix CO2 using energy obtained from the oxidation of
H2 and CO. This metabolic strategy, known as atmo-
spheric chemosynthesis, has been reported for other
Eremiobacterota, and appears to underlie their ecologi-
cal success in cold and oligotrophic ecosystems such
as tundra soils, polar deserts, and peatlands (Ji
et al., 2017; Ji et al., 2021; Woodcroft et al., 2018; Yabe
et al., 2022). Third, the potential to oxidize H2 can help
alleviate the high energetic cost of N2 fixation, as it

F I GURE 2 Representation of the three contigs harbouring nifH homologues in Candidatus Lamibacter sapmiensis KWL-0264. Genes
highlighted with a blue rectangle had the best match with another Eremiobacterota sequence in the GenBank nr database.

F I GURE 3 Simplified representation of the metabolic potential of Ca. Lamibacter sapmiensis KWL-0264. Only selected pathways discussed
in the text are shown. Figure created with BioRender.
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allows the recovery of part of the spent energy by recy-
cling the H2 that is produced during the process
(Greening et al., 2016). Finally, KWL-0264 encodes a
clade II N2O reductase and thus the potential for anaer-
obic respiration via the reduction of N2O to N2, which is
favoured in the typically anoxic environment of water-
logged fens (Pessi, Viitamäki, et al., 2022). Moreover, it
can be speculated that the reduction of N2O to N2 might
also be used as a strategy to fuel N2 fixation. The ability
to reduce N2O indicates a potential role of this Eremio-
bacterota population in mitigating the emission of this
potent greenhouse gas, as has been shown for other
non-denitrifying N2O reducers (Jones et al., 2013).

After more than 20 years since the first description
of Eremiobacterota as ‘candidate phylum WPS-2’ from
contaminated soil (Nogales et al., 2001), the recovery
of a MAG harbouring nifH homologues suggests that
N2 fixation might also be a part of the metabolic reper-
toire of this phylum. At present, it remains unclear if the
genomic constitution of Ca. Lamibacter sapmiensis can
lead to a nitrogenase with function in N2 fixation. Fur-
ther studies should focus on isolating this population
in vitro, recovering other closely related genomes (pref-
erentially using long-read sequencing technologies),
and providing evidence of N2 fixation activity using, for
example, rate measurements coupled with (meta)tran-
scriptomics and/or stable isotope probing.

AUTHOR CONTRIBUTIONS
Igor S. Pessi: Conceptualization (equal); data curation
(lead); formal analysis (lead); investigation (lead); meth-
odology (lead); visualization (lead); writing – original
draft (lead). Tom O. Delmont: Conceptualization
(equal); visualization (supporting); writing – review and
editing (equal). Jonathan P. Zehr: Methodology (sup-
porting); writing – review and editing (equal). Jenni
Hultman: Conceptualization (equal); funding acquisi-
tion (lead); investigation (supporting); project adminis-
tration (lead); resources (equal); writing – review and
editing (equal).

ACKNOWLEDGEMENTS
We would like to acknowledge the CSC—IT Centre for
Science, Finland for providing the computing
resources, and Antti Karkman, Eeva Eronen-Rasimus,
and Hermanni Kaartokallio for comments. We also
thank the two anonymous reviewers for the critical eval-
uation of our manuscript. This study was funded by the
Academy of Finland (project 335354) and the Univer-
sity of Helsinki.

CONFLICT OF INTEREST STATEMENT
The authors declare no competing interests.

DATA AVAILABILITY STATEMENT
The raw metagenomic data and the 796 Kilpisjärvi
MAGs including Ca. Lamibacter sapmiensis KWL-0264

can be found in the European Nucleotide Archive
(ENA) under the project PRJEB41762. The MAGs are
also available from FigShare (doi.org/10.6084/m9.
figshare.19722505). The detailed bioinformatics work-
flow used in this study can be found in github.com/
ArcticMicrobialEcology/Candidatus-Lamibacter-
sapmiensis.

ORCID
Igor S. Pessi https://orcid.org/0000-0001-5926-7496
Tom O. Delmont https://orcid.org/0000-0001-7053-
7848
Jonathan P. Zehr https://orcid.org/0000-0002-5691-
5408
Jenni Hultman https://orcid.org/0000-0002-3431-
1785

REFERENCES
Dos Santos, P.C., Fang, Z., Mason, S.W., Setubal, J.C. & Dixon, R.

(2012) Distribution of nitrogen fixation and nitrogenase-like
sequences amongst microbial genomes. BMC Genomics,
13, 162.

Greening, C., Biswas, A., Carere, C.R., Jackson, C.J., Taylor, M.C.,
Stott, M.B. et al. (2016) Genomic and metagenomic surveys of
hydrogenase distribution indicate H2 is a widely utilised energy
source for microbial growth and survival. The ISME Journal, 10,
761–777.

Hugelius, G., Loisel, J., Chadburn, S., Jackson, R.B., Jones, M.,
MacDonald, G. et al. (2020) Large stocks of peatland carbon
and nitrogen are vulnerable to permafrost thaw. Proceedings of
the National Academy of Sciences, 117, 20438–20446.

Ji, M., Greening, C., Vanwonterghem, I., Carere, C.R., Bay, S.K.,
Steen, J.A. et al. (2017) Atmospheric trace gases support pri-
mary production in Antarctic desert surface soil. Nature, 552,
400–403.

Ji, M., Williams, T.J., Montgomery, K., Wong, H.L., Zaugg, J.,
Berengut, J.F. et al. (2021) Candidatus Eremiobacterota, a met-
abolically and phylogenetically diverse terrestrial phylum with
acid-tolerant adaptations. The ISME Journal, 15, 2692–2707.

Jones, C.M., Graf, D.R., Bru, D., Philippot, L. & Hallin, S. (2013) The
unaccounted yet abundant nitrous oxide-reducing microbial
community: a potential nitrous oxide sink. The ISME Journal, 7,
417–426.

Kessler, P.S., Daniel, C. & Leigh, J.A. (2001) Ammonia switch-off of
nitrogen fixation in the methanogenic archaeon Methanococcus
maripaludis: mechanistic features and requirement for the novel
GlnB homologues, NifI1 and NifI2. Journal of Bacteriology, 183,
882–889.

Koirala, A. & Brözel, V.S. (2021) Phylogeny of nitrogenase structural
and assembly components reveals new insights into the origin
and distribution of nitrogen fixation across bacteria and Archaea.
Microorganisms, 9, 1662.

Larmola, T., Leppänen, S.M., Tuittila, E.-S., Aarva, M., Merilä, P.,
Fritze, H. et al. (2014) Methanotrophy induces nitrogen fixation
during peatland development. Proceedings of the National
Academy of Sciences, 111, 734–739.

Nogales, B., Moore, E.R.B., Llobet-Brossa, E., Rossello-Mora, R.,
Amann, R. & Timmis, K.N. (2001) Combined use of 16S ribo-
somal DNA and 16S rRNA to study the bacterial community of
polychlorinated biphenyl-polluted soil. Applied and Environmen-
tal Microbiology, 67, 1874–1884.

Pessi, I.S., Rutanen, A. & Hultman, J. (2022) Candidatus Nitrosopo-
laris, a genus of putative ammonia-oxidizing archaea with a
polar/alpine distribution. FEMS Microbes, 3, xtac019.

4 of 5 PESSI ET AL.ENVIRONMENTAL MICROBIOLOGY REPORTS

https://ebi.ac.uk/ena/browser/view/PRJEB41762
https://doi.org/10.6084/m9.figshare.19722505
https://doi.org/10.6084/m9.figshare.19722505
https://github.com/ArcticMicrobialEcology/Candidatus-Lamibacter-sapmiensis
https://github.com/ArcticMicrobialEcology/Candidatus-Lamibacter-sapmiensis
https://github.com/ArcticMicrobialEcology/Candidatus-Lamibacter-sapmiensis
https://orcid.org/0000-0001-5926-7496
https://orcid.org/0000-0001-5926-7496
https://orcid.org/0000-0001-7053-7848
https://orcid.org/0000-0001-7053-7848
https://orcid.org/0000-0001-7053-7848
https://orcid.org/0000-0002-5691-5408
https://orcid.org/0000-0002-5691-5408
https://orcid.org/0000-0002-5691-5408
https://orcid.org/0000-0002-3431-1785
https://orcid.org/0000-0002-3431-1785
https://orcid.org/0000-0002-3431-1785


Pessi, I.S., Viitamäki, S., Virkkala, A.-M., Eronen-Rasimus, E.,
Delmont, T.O., Marushchak, M.E. et al. (2022) In-depth charac-
terization of denitrifier communities across different soil ecosys-
tems in the tundra. Environmental Microbiomes, 17, 30.

Stewart, K.J., Brummell, M.E., Coxson, D.S. & Siciliano, S.D. (2013)
How is nitrogen fixation in the high arctic linked to greenhouse
gas emissions? Plant and Soil, 362, 215–229.

Stewart, K.J., Grogan, P., Coxson, D.S. & Siciliano, S.D. (2014)
Topography as a key factor driving atmospheric nitrogen
exchanges in arctic terrestrial ecosystems. Soil Biology and Bio-
chemistry, 70, 96–112.

Virkkala, A.-M., Niittynen, P., Kemppinen, J., Marushchak, M.E., Voigt, C.,
Hensgens, G. et al. (2024) High-resolution spatial patterns and
drivers of terrestrial ecosystem carbon dioxide, methane, and nitrous
oxide fluxes in the tundra. Biogeosciences, 21, 335–355.

Woodcroft, B.J., Singleton, C.M., Boyd, J.A., Evans, P.N.,
Emerson, J.B., Zayed, A.A.F. et al. (2018) Genome-centric view
of carbon processing in thawing permafrost. Nature, 560, 49–54.

Yabe, S., Muto, K., Abe, K., Yokota, A., Staudigel, H. & Tebo, B.M.
(2022) Vulcanimicrobium alpinus gen. nov. sp. nov., the first cul-
tivated representative of the candidate phylum “Eremiobacter-
ota”, is a metabolically versatile aerobic anoxygenic phototroph.
ISME Communications, 2, 120.

Yin, T., Feng, M., Qiu, C. & Peng, S. (2022) Biological nitrogen fixa-
tion and nitrogen accumulation in peatlands. Frontiers in Earth
Science, 10, 670867.

Zehr, J.P., Jenkins, B.D., Short, S.M. & Steward, G.F. (2003)
Nitrogenase gene diversity and microbial community structure: a
cross-system comparison. Environmental Microbiology, 5,
539–554.

Zheng, H., Dietrich, C., Radek, R. & Brune, A. (2016) Endomicrobium
proavitum, the first isolate of Endomicrobia class. nov. (phylum
Elusimicrobia)—an ultramicrobacterium with an unusual cell
cycle that fixes nitrogen with a group IV nitrogenase. Environ-
mental Microbiology, 18, 191–204.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Pessi, I.S., Delmont,
T.O., Zehr, J.P. & Hultman, J. (2024) Discovery
of Eremiobacterota with nifH homologues in
tundra soil. Environmental Microbiology Reports,
16(3), e13277. Available from: https://doi.org/10.
1111/1758-2229.13277

AN EREMIOBACTEROTA POPULATION WITH nifH HOMOLOGUES 5 of 5ENVIRONMENTAL MICROBIOLOGY REPORTS

https://doi.org/10.1111/1758-2229.13277
https://doi.org/10.1111/1758-2229.13277

	Discovery of Eremiobacterota with nifH homologues in tundra soil
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES




