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Abstract 

Denitrification accounts for a substantial nitrogen loss from environmental systems, shifting microbial composition and impacting 
other biogeochemical cycles. In Antarctica, rising temperatures cause increased organic matter deposition in marine sediments, which 

can significantly alter microbially mediated denitrification. To examine the genetic potential of microorganisms driving N-cycling in 

these sediments, benthic sediment cores were collected at two sites in the Weddell Sea, Antar ctica. DN A was extr acted fr om m ultiple 
depths at each site, resulting in the reconstruction of 75 high-quality metagenome-assembled genomes (MAGs). F orty-se ven of these 
MAGs contained reductases involved in denitrification. MAGs belonging to the genus Meth yloceanibacter w ere the most abundant 
MAGs at both sites and all de pths, exce pt de pth 3–6 cmbsf at one site, wher e they wer e not identified. The a bundance of these 
Methyloceanibacter MAGs suggests the potential for nitrate-dri v en methanol oxidation at both sites. MAGs belonging to Beggiatoaceae 
and Sedimenticolaceae were found to have the genetic potential to produce intermediates in denitrification and the complete pathway 
for dissimilatory nitrate reduction to ammonia. MAGs within Acidimicrobiia and Dadabacteria had the potential to complete the final 
denitrification step. Based on MAGs, Antarctic peninsula sediment communities have the potential for complete denitrification and 
dissimilatory nitrate reduction to ammonia via a consortium. 

Ke yw ords: Acidimicrobiia; Beggiatoaceae ; metagenomics; Methyloceanibacter ; nitrogen cycling; Sedimenticolaceae 
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Introduction 

Marine sediments host metabolicall y activ e micr obial consortia 
that drives the development of predictable biogeochemical zona- 
tion patterns. Nitrate is the preferred electron acceptor once oxy- 
gen is depleted (Cole 1996 , Jørgensen 2019 ). Denitrification, driven 
by a consortium of diverse microbial taxa, results in the se- 
quential reduction of nitrate (NO 3 

−) and nitrite (NO 2 
−) to nitro- 

gen gas (N 2 ), thereby returning molecular nitrogen to the atmo- 
sphere (Tiedje 1988 ). Denitrification requires a suite of denitrify- 
ing genes that encode enzymes such as nitrate reductases ( narG 

and napA) , nitrite reductases ( nirS and nirK ), nitric oxide reductase 
( norB ), and nitrous oxide reductase ( nosZ ), which collectively con- 
v ert nitr ate to molecular nitrogen via intermediate nitrogen ox- 
ides (Zumft 1997 ). Denitrification in continental shelf sediments 
causes a substantial loss of biologicall y av ailable nitr ogen, and 
the presence of denitrifiers tends to be associated with denitrifi- 
cation (Seitzinger and Giblin 1996 , Zumft 1997 ). Facultative anaer- 
obes lar gel y carry out this pr ocess in envir onments that r outinel y 
experience anoxia, such as marine sediments (Tiedje 1988 ). Deni- 
trification has also been shown to occur in aerobic environments 
(Yang et al. 2020 ), increasing its potential shift in microbial com- 
munities and impacting the ecosystem. 

Many studies of Antarctic marine sediments have focused on 
the taxonomy and diversity of microbial communities rather than 
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enetic potential for denitrification (Bowman et al. 2003 , Carr
t al. 2013 , Learman et al. 2016 , Li et al. 2020 , Wunder et al.
021 ). One common taxon found in Southern Ocean sediments
as been Proteobacteria, with some members from the genus 
seudomonas known for their role in denitrification (Wilkins et al.
013 , Alcántara-Hernández et al. 2014 , Choi et al. 2016 , Dutta
t al . 2023a ). Two additional members of the denitrifying commu-
ity found in Antarctica are within the class Gamma pr oteobac-
eria: Sedimenticolaceae and Beggiatoaceae (Teske and Salmon 2013 ,
r or a-Williams et al. 2022 ). Beggiatoaceae are filamentous bacte-
ia found in microbial mats that have been previously observed
n Antarctic lakes (MacGregor et al. 2013 , Alcántara-Hernández et
l. 2014 ). Sedimenticolaceae are found in various habitats, such as
alt marshes , estuaries , and terrestrial mud volcanoes (Flood et
l. 2015 , Ar or a-Williams et al. 2022 , Slobodkina et al. 2023 ). They
re also identified as endosymbionts of marine inv ertebr ates like
ollusks (Lim et al. 2019 ). Both families exhibit chemolithoau-

otr ophic ca pabilities, using hydr ogen sulfide as an electron donor
nd nitrate as an electron acceptor (MacGregor et al. 2013 , Slobod-
ina et al. 2023 ). 
Few studies have directly examined the genetic potential of mi-

r obial comm unities to r educe nitr ogen compounds in Antarctic
arine sediments (Choi et al. 2016 , Garber et al. 2021 ). The genetic
otential for microbial denitrification has been extensively docu- 
ights r eserv ed. For permissions, please e-mail: 
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ented in Antarctic lakes , streams , sea water, and soils , demon-
tr ating its pr e v alence within polar envir onments (Alcántar a-
ernández et al. 2014 , Ortiz et al. 2020 , Cabezas et al. 2022 , Dutta
t al . 2023b ). In the current study, metagenomic analyses demon-
trated a bacterial consortium may be responsible for denitrifi-
ation in continental shelf sediments near the Antarctic Penin-
ula. Members of the genus Methyloceanibacter were documented
o have the genetic potential to oxidize methanol while catalyz-
ng nitrate reduction. Members of Acidimicrobiia and Dadabac-
eria participate in nitrous oxide reduction, and members within
edimenticolaceae and Beggiatoaceae may be responsible for com-
leting nitrite and nitric oxide reduction. Understanding micro-
ial drivers in denitrification is essential for deciphering nitrogen
ycling dynamics and predicting ecosystem responses to environ-
ental change. 

aterials and methods 

ample collection 

riplicate 12-cm sediment cor es fr om two locations were sam-
led in the Weddell Sea, Antarctica, in November of 2020, from
he RV/IB Nathaniel B. Palmer (NBP 20–10), using the ship’s Mega-
orer: site 2020.AP.045 (63.375 ◦ S, 53.546 ◦ W) and site 2020.AP.058
 −63.4198 ◦ S, 53.553 ◦ W). On deck, the cores were sectioned into
our depth intervals (0–3, 3–6, 6–9, and 9–12 cmbsf), transferred
nto Whirl-P ak ba gs, and immediatel y fr ozen at −80 ◦C. Samples
ere then shipped to Central Michigan University for processing. 

hemical analysis 
r ozen, unpr ocessed samples wer e submitted dir ectl y to two
ommercial facilities for chemical analysis. Total organic carbon
TOC), total nitr ogen concentr ation, and stable isotope ( δ 13 C and
15 N ) anal yses wer e done at EcoCor e Anal ytic Services at Col-
rado State University (Fort Collins, CO, USA). Grain size anal-
sis and bulk sediment concentrations of nitrate , nitrite , sul-
ate, and ammonia were collected at Tr ace Anal ytical Labor ato-
ies (Muskegon, MI, USA). Chemical and oceanogr a phic data for
his project have been submitted to the United States Antarc-
ic Pr ogr am Data Center ( https://www.usa p-dc.or g/vie w/pr oject/
0010235 ). 

N A extr actions and sequencing 

NA from the sediments was extracted from each depth sample
n triplicate using the Qiagen DNeasy Po w erSoil Pro kit (Valencia,
A, USA) following the manufacturer’s recommendations . T he re-
ulting extractions were then pooled and concentrated using a
ymo Clean & Concentrate Kit (Irvine , C A, USA) and quantified
sing a Qubit 2.0 fluorometer. The DNA samples were then sent
o Michigan State University’s Research Technology Support Fa-
ility (RTSF) Genomics Core (Lansing, MI, USA) for sequencing us-
ng Illumina NovaSeq 6000 (150 paired-end reads). Raw DNA se-
uencing reads are publicly available at NCBI GenBank: BioProject
atabase ID PRJNA880629. 

ioinformatics 
astQC was used to c hec k the quality of the raw DNA sequencing
eads, and Trimmomatic v0.39 was used to trim the reads (An-
r e ws 2010 , Bolger et al. 2014 ). Reads were then assembled into
etagenomes using Megahit v1.2.9, and Quast v5.0.0 was used

o assess the quality of the assemblies (Gur e vic h et al. 2013 , Li
t al. 2015 ). Meta genomes wer e annotated using the DOE Joint
enome Institute’s Integrated Microbial Genomes platform (Chen
t al. 2017 ). BWA v0.7.17 was used to map reads to the assem-
lies to generate coverage data used for binning of metagenomes
nto metagenome-assembled genomes (MAGs) using Metabat2
ith default parameters (Li and Durbin 2009 , Kang et al. 2019 ).
heckM v1.1.3 was used to check the contamination and com-
leteness of the MAGs (Parks et al. 2015 ). GTDB-Tk v1.3.0 was used
or the taxonomic assignment of the MAGs with associated aver-
ge nucleotide identity (ANI) values (Chaumeil et al. 2020 ). High-
uality MAGs ( > 90% completion, < 5% contamination) were anno-
ated using Prokka v1.14.6 (Seemann 2014 ). Further, high-quality
AGs were annotated using LithoGenie within MagicLamp, which
ueries against a set of specifically curated HMMs designed to
ar get lithotr ophic metabolisms (Garber et al. 2020 ). Additionall y,
igh-quality MAGs were annotated using Anvi’o (v7) with KEGG
rthologs modules using the “anvi_estimate_metabolism” com-
and (Eren et al. 2021 , Veseli et al. 2023 ). 
Normalized abundances of MAGs were calculated using a pre-

iousl y described pr otocol (Savoie et al. 2021 ) with some modi-
cations . First, ra w reads were quality filtered to remove noise
ith illumina utils v2.6 (Eren et al. 2013 , 2021 ). High-quality MAGs
er e concatenated separ atel y for eac h site and depth, and r aw
 eads wer e competitiv el y ma pped bac k with bowtie2 v2.5.1 (Lang-
ead and Salzber g 2012 ), r esulting in sam files being converted

o bam files with SAMtools v1.19.2 (Li et al. 2009 ). To r emov e low-
uality r ead ma ppings , co verM v0.7.0 was used with a minimum
dentity of 95% and minimum read alignment of 75% (GitHub
024 ). A count table was created to obtain read counts for each
ite and depth using the get_count_table.py script (edamame-
ourse/Metagenome 2023 ). To get a normalized abundance of
igh-quality MAGs, the number of reads mapped back to each
AG was transformed to reads per kilobase pair million (RPKM). 

esults 

eochemical analysis 
he two sampling sites examined in this study were selected
ased on organic matter levels. Site 2020.AP.045 was at a water
epth of 379 m, while site 2020.AP.058 had a depth of 639 m.
ample 2020.AP.045 had r elativ el y low TOC, r anging (0.2%–0.37%)
nd total nitrogen content ranging (0.03%–0.04%) for 0–3, 3–6,
–9, and 9–12 cmbsf. Nitrate values for site 2020.AP.045 were
egligible ( < 1.0 mg/kg dry) for all depths. Sample 2020.AP.058
ad r elativ el y higher TOC r anging (1.47%–1.55%) and nitr ogen
ontent ranging (0.21%–0.23%) content for 0–3, 3–6, 6–9, and 9–
2 cmbsf. Nitrate values (mg/kg dry) for site 2020.AP.058 consisted
f 2.1 for 0–3 cmbsf and < 1.3 for all other depths . T OC concen-
r ations wer e r elativ el y consistent within eac h site; ho w e v er, in
020.AP.045.6 (6–9 cmbsf) had a higher corresponding C/N ratio
14:4, range 5.8–14.4). Sulfate concentrations (mg/kg dry) were
igher in samples from 2020.AP.058, ranging (4200–4900), rela-
ive to 2020.AP.045, ranging (750–1100), and at both sites, sulfate
oncentr ations decr eased with de pth ( Table S1 ). Ad ditionally, δ13 C
TOC) v alues wer e consistentl y lo w er in 2020.AP.045, where they
 anged fr om –23.85 ‰ to –24.18 ‰, than in 2020.AP.058, where they
 anged fr om –22.18 ‰ to –22.66 ‰ ( Table S1 ). Grain size analy-
es for site 2020.AP.045 documented a higher percentage of to-
al sand, and a lo w er per centage of total fines (% fine silt and
ne clay), while site 2020.AP.058 documented a higher percent-
ge of contained a lo w er % of total fines (% fine silt and fine clay),
nd a lo w er per centage of total sand. Visual observation of the
ites documented v astl y differ ent sediments at both sites. In site

https://www.usap-dc.org/view/project/p0010235
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf050#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf050#supplementary-data
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2020.AP.058, the sediments were black, while in site 2020.AP.045,
the sediments were sandy (green and brown) with burrows noted.

MAG description 

DN A w as sequenced on NovaSeq 6000 S4, using a TruSeq li- 
br ary pr ep, r esulting in ov er 1.03 billion r eads for all depths in 
2020.AP.045 and over 1.29 billion in 2020.AP.058. The number 
of contigs from metagenome assemblies for the four depths in 
2020.AP.045 ranged between 3 120 099 and 4 469 435, with GC con- 
tent ranging from 52.79% to 55.93%. N50 values ranged from 

937 to 996 for 2020.AP.045 ( Table S2 ). The number of contigs 
fr om meta genome assemblies fr om the four depths in 2020.AP.058 
ranged between 3 686 312 and 4 400 637. The largest contigs 
for each metagenome assembly ranged between 146 299 and 
297 828 bp. The GC content ranged between 51.53% and 52.54%.
N50 values ranged from 938 to 1042 for 2020.AP.058 ( Table S2 ). The 
total length of all assembled metagenomes ranged from 3 036 785 
586 to 4 364 310 132 bp. Binning of metagenomes for each site and 
within-site sample depth resulted in the construction of 75 high- 
quality MAGs. 

Normalized abundance of MAGs 
MAGs A107, C1, D57, E63, F96, G107, and H55 were identified 
down to the genus Methyloceanibacter and found at both sites, all 
depths, and also had the highest normalized abundances with 
RPKMs of 200, 229, 145, 232, 242, 136, and 183, r espectiv el y. At 
site 45, MAG B38, fr om the famil y Meth ylloligellaceae, w as docu- 
mented with the highest normalized abundance of 220 RPKMs 
(Figs 1 and 2 ). Acidimicrobiia MAGs were found in the 0–3, 6–9,
and 9–12 cm depths for both sites (Figs 1 and 2 ). These Acidimi- 
crobiia MAGs, A71, C62, C65, D16, G51, and H162, were also rela- 
tiv el y abundant as they had RPKMs of 71, 12, 36, 16, 51, and 58,
r espectiv el y (Figs 1 and 2 ). 

Ammonia and methane oxidizing MAGs 
In-depth analyses of MAGs documented high-quality MAGs 
with the potential to oxidize ammonia and methane at only 
site 2020.AP.045 (Fig. 1 ). MAGs A46 ( amoB ), B44 ( amoA,B ), and 
C31( amoC ), all identified from the family Nitrosomonadaceae , con- 
tained ammonia/methane monooxygenases. MAG B44 was the 
only high-quality MAG in this study demonstrated to possess both 
the pmoA/amoA and pmoB/amoB genes. Additionally, MAGs A46, 
B44, and C1 contain ur ea hydr ol ysis genes ureABC , again only 
noted at site 2020.AP.045. 

Denitrification potential MAGs 
Of the 75 high-quality MAGs, 53 contained genes related to den- 
itrification. At eac h site, thr ee to se v en MAGs wer e obtained for 
depths 0–3, 3–6, and 6–9 cmbsf. The highest number of MAGs were 
obtained for depths of 9–12 cmbsf for both sites, with 12 MAGs in 
2020.AP.045 and 8 MAGs in 2020.AP.058. While oxygen concentra- 
tions were not measured, putative oxygen reductases were found 
in 25 of the 31 MAGs in 2020.AP.045 (Fig. 1 ) and 20 of the 22 MAGs 
in 2020.AP.058 (Fig. 2 ). 

Methyloceanibacter MAGs (A107, C1, D57, E63, F96, G107, and H55) 
were the most abundant MAGs at both sites and contained es- 
sential nitr ate r eductase genes, narGH , r esponsible for catal yz- 
ing the conversion of nitrate to nitrite. Additionally, Methyloceani- 
bacter MAGs A107, C1, D57, E63, F96, G107, and H55 all possess 
xoxF , a methanol dehydrogenase that methylotrophs use to oxi- 
dize methanol into formaldehyde (Le et al. 2021 ). Further, these 
k e y MAGs all contain a complete or near complete ( > 88%) ser- 
ne formaldehyde assimilation pathway (Fig. 3 ), which utilizes CO 2 

long with formaldehyde to form cellular biomass and convert to
cetyl-CoA (Singh et al. 2022 ). 
In sample 2020.AP.045, 31 of the resulting 43 high-quality MAGs

ossessed genes indicating the potential to carry out one or more
teps involved in denitrification. Twenty-two of these MAGs con- 
ained putative genes to reduce nitrate ( narGH/napAB ). Nitrate re-
uctases and oxygen reductases were found throughout all four 
epths. Genes for nitrite reduction to nitric oxide via nirS / nirK were
resent in eight MAGs in 2020.AP.045, although they were not de-
ected in 2020.AP.045.12 (9–12 cmbsf). Genes for conversion of ni-
ric oxide to nitrous oxide ( norBC ) were identified in MAG D114 in
020.AP.045.12 (9–12 cmbsf), which was classified into the Fam- 
ly Beggiatoaceae ( Table S3 ). Putative genes for nitrous oxide re-
uction to nitrogen gas ( nosDZ ) were found throughout depths
n four MAGs, although nosDZ was not detected in 2020.AP.045.6
3–6 cmbsf). Ad ditionally, the putati ve genes involved in dissim-
latory nitr ate r eduction to ammonia (DNRA) wer e found in two
igh-quality MAGs in 2020.AP.045.12 (9–12 cmbsf). One MAG, MAG 

114, contained nirBD , whic h r educes nitrite to ammonia. This
AG also contained napAB , narG , and nasA (Fig. 1 ). MAG D114
lso contained complete KEGG thiosulfate oxidation pathways 
 soxABCDXYZ ), the r e v erse dissimilatory sulfate reduction path-
ay to oxidize sulfide to sulfate ( aprAB , sat , and dsrAB ), Embden–
eyerhof, and 3C gl ycol ysis pathwa ys . Also detected in this MAG
as the genetic potential for carbon fixation with a near-complete 
alvin–Benson cycle, with a complete r eductiv e pentose phos-
hate cycle . T he second MA G , MA G D49, had the genetic potential
or DNRA, and nrfH , and was taxonomicall y r elated to Desulfobac-
eria (Fig. 1 ). MAG D49 also contained complete pathways for gly-
olysis , pentose phosphate , and dissimilatory sulfate reduction. 
At the second site (2020.AP.058), 21 out of 30 high-quality
AGs had putative genes for the denitrification pathwa y. T he
otential to reduce nitrate to nitrite ( narGH/napAB) was found
n 16 of these MAGs. Nitrate reductases and oxygen reduc-
ases were found throughout all four depths. Nine MAGs con-
ained the potential for nitrite reduction to nitric oxide ( nirS / nirK )
hroughout all four depths. Two MAGs were found to possess
he potential to reduce nitric oxide to nitrous oxide ( norBC ) in
020.AP .058.9 and 2020.AP .058.12. The MAGs that contained norBC
n 2020.AP.058 were classified as Gammaproteobacteria, with one,
AG G35, further classified as the family Sedimenticolaceae ( Table
4 ). MAG G35 also contained narGH , the only nirBD genes detected
n 2020.AP.058, and nirS. While absent at surface samples (0–
 cmbsf), nosDZ was detected in five MAGs throughout the depths.
n addition to denitrification, MAG G35 had the genetic potential
or DNRA ( nirBD ). MAG G35 contains complete pathways for gly-
olysis and the nono xidati ve pentose phosphate pathway. 
Nine MAGs harbored nosDZ, with the majority being taxonom- 

cally identified as Acidimicrobiia and the phylum Dadabacteria.
wo of these nine MAGs were classified into the family Cyclobacte-
iaceae and Sedimenticolaceae , while the others were classified into
he class Acidimicrobiia and the phylum Dadabacteria ( Table S4 ).
hree of the Acidimicrobiia MA Gs, MA G A71, MA G D16, and MA G
162, were similar in ANI with values of 0.885114, 0.855625, and
.88561, r espectiv el y. They wer e most closel y r elated to the species
BA5794 sp002418265. MAG C62, another member of Acidimicro- 
iia, had an ANI of 0.79054 and was closely related to the species
BA6912 sp002450985. These four Acidimicrobiia MAGs harbored 
arbon monoxide dehydrogenases ( coxLS ) and a complete path-
ay for gl ycol ysis. MAG C62 and H162 contain the pentose phos-
hate pathway, and MAGs A71 and D16 contain the nono xidati ve
hosphate pathway. MAG H162 also has the Entner–Doudoroff 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf050#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf050#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf050#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf050#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf050#supplementary-data
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Figure 1. Dot plot of high-quality MAGs containing genes for denitrification, dissimilatory nitrate reduction to ammonia (DNRA), nitrification, oxygen 
reduction, methane oxidation, urea hydrolysis, and carbon fixation sequenced from sediments collected at the site 2020.AP.045 (Weddell Sea, 
Antarctica, November 2020). A dot indicates the presence of the gene within the MA G . Normalized abundances (RPKM) of each MA G are in 
parentheses. RPKM = number of reads mapped to MAG/(genome length/1000 × total number of reads/1 000 000). 
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athway. MAG C62 additionally featured cytochrome C oxidases
 coxAB ). 
Three Dadabacteria MAGs harbored nosDZ . These three MAGs,
A G D120, MA G F1, and MA G G46, belonged to the genus UBA2774
ith ANI values of 0.825982, 0.826054, and 0.826675, r espectiv el y.
hese Dadabacteria MAGs also contained cyoE , coxAB , and ccoNP
Figs 1 and 2 ). MAG D120, G46, and F1 contain complete pathways
or gl ycol ysis and the pentose phosphate pathway; only D120 and
46 contain the Entner–Doudoroff pathway. 

ulfate reduction potential in MAGs 
ight high-quality MAGs with genetic potential for dissimilatory
ulfate r eduction wer e identified at both sites ( aprAB , sat , and
srAB ). In sample 2020.AP.045 MAGs, sulfate reducing MAGs were
dentified in the 6–9 (C7) and 9–12 (D32, D40, D49, D102, and D123)
mbsf depths ( Table S5 ). In sample 2020.AP.058, sulfate-reducing
AGs were identified in the 3–6 (F140) and 9–12 (H130) cmbsf
epths ( Table S5 ). 

iscussion 

mmonia/methane-oxidizing bacteria 

ethane is a potent greenhouse gas, and the Southern Ocean
urrounding Antarctica is a known methane sink (Thurber et
l. 2020 ). Both ammonia-oxidizing bacteria (AOB) and methane-
xidizing bacteria are known for their ability to assimilate am-
onia and C1 compounds, utilizing ammonia and methane
onooxygenases (Zheng et al. 2014 ). The Southern Ocean sur-
ounding Antarctica is estimated to host as much as a quarter
f the world’s methane (Thurber et al. 2020 ). The first step in
ethane oxidation is the conversion of methane into methanol
ia amoABC / pmoABC (Hogendoorn et al. 2021 ). This study docu-
ented se v er al Nitrosomonadaceae MAGs, A46, B44, and C41, with
moABC/pmoABC and ureABC (Fig. 1 ). The presence of amo/pmo
enes combined with the ureases ( ureABC ) in these MAGs suggests
hey can use both methane and ammonia for growth, identifying
hem as critical members of the global nitrogen and carbon cy-
les. Zheng et al. ( 2014 ) noted that AOB will oxidize methane over
mmonia when urea is present. The presence of ureABC in AOBs
ould suggest that methane could be a pr eferr ed carbon source
xidized by these MAGs. Additionall y, ur ease genes in AOBs sug-
est the potential to hydr ol yze ur ea to ammonia and CO 2 (Koper
t al. 2004 ) , allowing the microbes to utilize urea instead of ammo-
ia as an energy source (Chiriac et al. 2023 ). These findings suggest
itrosomonadaceae MAGs have specialized traits enabling them to
tilize urea when N levels are low, a necessary adaptation for an
ligotr ophic envir onment, suggesting they could play a significant
ole in the sediments’ carbon and nitrogen cycling. 

ethyloceanibacter MAGs dominate sediments 
ethyloceanibacter MAGs were abundant in sediments at both
ites. Methyloceanibacter are facultative methylotrophs that oxi-
ize methanol for energy while using nitrate as a nitrogen source
Takeuchi et al. 2013 ). Methanol is ubiquitous in anoxic ma-
ine sediments, with many microorganisms capable of using this
bundant C1 compound for ener gy (Fisc her et al. 2021 ). C1 com-

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf050#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf050#supplementary-data
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Figure 2. Dot plot of high-quality MAGs containing genes for denitrification, dissimilatory nitrate reduction to ammonia (DNRA), nitrification, oxygen 
reduction, methane oxidation, urea hydrolysis, and carbon fixation sequenced from sediments collected at the site 2020.AP.058 (Weddell Sea, 
Antarctica, November 2020). A dot indicates the presence of the gene within the MA G . Normalized abundances (RPKM) of each MA G are in 
parentheses. RPKM = number of reads mapped to MAG/(genome length/1000 × total number of reads/1 000 000). 
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pound oxidation can be coupled with nitrate reduction at the 
o xic–ano xic interphase in sediments (Fischer et al. 2021 ). In the 
current study, Methyloceanibacter MAGs (A107, C1, D57, E63, F96,
G107, and H55) contain xoxF and the complete serine formalde- 
hyde assimilation pathwa ys . T he xoxF gene is responsible for oxi- 
dizing methanol into formaldehyde . T he presence of the nitrate 
reduction genes ( narGH) suggests the Methyloceanibacter MAGs 
have the genetic potential to use nitrate as the final electron 
acce ptor, possibly while o xidizing methanol into formaldehyde.
These k e y Methyloceanibacter MAGs also contain formaldehyde as- 
similation pathwa ys , incor por ating formaldehyde into biomass 
through the serine pathway, thus converting it into acetyl-CoA,
implicating their essential role in carbon cycling. The abundance 
of Methyloceanibacter MAGs at both sites suggests that methanol 
oxidation could be an important reaction in this habitat. 

Nitr ous o xide reduction by Acidimicr obiia and 

Dadabacteria 

Normalized abundances of MAGs suggest the class Acidimicro- 
biia plays a vital role in the final step of denitrification within 
these Antarctic sediments. Acidimicrobiia MAGs were the second 
most abundant MAGs at both sites and all de pths, exce pt for the 
–6 cmbsf, where they were not located. Acidimicrobiia MAGs and
adabacteria MAGs harbored nosDZ genes, which are responsi- 
le for r educing nitr ous oxide to nitrogen gas (Zumft 1997 , Scala
nd Kerkhof 1999 , Sanford et al. 2012 ). Dadabacteria is a r elativ el y
e wl y described phylum found within div erse envir onments, fr om
errestrial hot springs to pelagic marine systems (Graham and 
ully 2021 ). Although first described in 2014 and later denoted
andidatus Dadabacteria in 2016, the metabolic capabilities of 
his phylum remain poorly understood (Wang et al. 2014 , Hug et
l. 2016 ). Dadabacteria MAGs in this study contained complete 
entose phosphate and gl ycol ysis pathwa ys , and D120 and G46
lso contained the Entner–Doudoroff pathway, suggesting the ge- 
etic potential for these MAGs to oxidize carbon as an electron
onor. One study found se v er al Dadabacteria clades possessing
he Entner–Doudoroff pathway, suggesting these microbes can re- 
over phosphate for cellular processes from organic matter (Gra- 
am and Tully 2021 ). Previous studies found genetic potential for
enitrification in Dadabacteria, specifically nitrous oxide reduc- 
ion (Hug et al. 2016 , Garber et al. 2021 , Graham and Tully 2021 ).
hile Hug et al. ( 2016 ) documented the potential for nitrite reduc-

ion to ammonia via nirBD or nitric oxide via nirK , the MAGs docu-
ented in this study did not contain these genes. All three MAGs



6 | FEMS Microbiology Letters , 2025, Vol. 368, No. 0 

Figure 3. Methane oxidation to serine formaldehyde assimilation pathway. Methane oxidation to methanol was in MAGs A46, B44, and C31. Methanol 
oxidation to formaldehyde was in MAGs A107, A15, B38, B58, C1, C62, D57, E63, F140, F96, G107, G16, H167, and H55. The serine formaldehyde 
assimilation pathway was in MAGs A46, A107, B38, B44, B58, C1, C31, D57, E63, F96, G107, and H55. Nitrate to nitrite was in MAGs A107, A15, A72, A85, 
B118, B123, B38, C1, C7, C133, C135, C93, D6, D32, D40, D49, D57, D94, D114, D120, D124, D139, E63, D77, D162, F1, F96, F140, F168, G34, G46, G107, G131, 
H2, H13, H55, H128, H130, H139, and H162. Nitrite to nitric oxide was in MAGs A21, A46, B118, B155, B58, C7, C65, C133, E162, F140, F168, G16, G35, and 
H167. Nitric oxide reduction was in MAGs D102, D114, G16, G35, and H167. Nitrous oxide reduction was in MAGs A71, C62, C65, C135, D16, D120, F1, 
G35, G46, G145, G168, and H162. Nitrite reduction to ammonia was in MAGs D114 and G35. 
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ontained terminal oxidases ( coxAB and ccoNP). These genes, cou-
led with nosDZ , support a facultativ e anaer obic metabolism with
he ability to utilize nitrous oxide as a final electron acceptor in
he absence of oxygen (Zumft 1997 , Dutta et al . 2023a ). Denitrify-
ng bacteria are often facultative anaerobes and can exist within
n environment that routinely may experience anoxic conditions
Lam and Kuypers 2011 ). Ov er all, the data in the current study
lso supports a facultativ el y anaer obic lifestyle for these MAGs. 
Four out of ten Acidimicrobiia MAGs found in this study con-

ained nosDZ . Bertagnolli et al. ( 2020 ) found that members of
cidimicrobiia contained nosDZ, indicating they may play a pr e v a-
ent role in nitrous oxide reduction. W ithin MA G C62, genes for
xygen reduction ( coxAB ) and nitrous oxide reduction ( nosDZ)
ere documented, indicating a facultatively anaerobic lifestyle.
axa within this class are known to be facultativ e anaer obes car-
ying out nitrate reduction (Ghai et al. 2014 ). Ho w ever, coxAB w as
ot found in the other three MAGs . T he absence of these genes
ithin the bins could result from their incompleteness or under-
 epr esentation in the samples. Additionally, all four of these MAGs
ontained the potential to utilize carbon monoxide as an electron
ource via coxLS , which is consistent with other studies (Ghai et
l. 2014 , Mizuno et al. 2015 ). Acidimicr obiia MAGs wer e suggested
o have the genetic potential to fix carbon via the rTC A pathwa y
Chiriac et al. 2023 ). Near complete rTC A pathwa ys in this study
lso indicate the ability to fix carbon. The carbon metabolism in
cidimicrobiia is distinguished by the presence of gl ycol ysis path-
ays and the nono xidati v e br anc h of the pentose phosphate path-
ay (Chiriac et al. 2023 ), coinciding with the present study’s find-

ngs. 

eggiatoaceae MAG 

eggiatoaceae are ubiquitous in marine, freshwater, and brack-
sh environments (Teske and Salman 2013 ), with studies noting
eggiatoaceae can perform denitrification (MacGregor et al . 2013 ,
chutte et al. 2018 ). At site 2020.AP.045, MAG D114 was related to
eggiatoaceae and had the genetic potential for partial denitrifica-
ion. Additionally, this was the only MAG in the study containing
he nxrAB genes, which convert nitrite to nitrate in the nitrifica-
ion process, suggesting this MAG may have the potential to make
nd store nitrate. 
Beggiatoa MAG D114 may also connect aspects of the sulfur cy-

le to the nitrogen cycle. MAG D114 has the genetic potential to
ouple denitrification to sulfide and thiosulfate oxidation. Other
tudies have shown that Beggiatoa can oxidize sulfide and thiosul-
ate while utilizing nitrate as an electron acceptor (Kamp et al.
006 , Schwedt et al. 2012 ). The sulfate in this habitat must be re-
uced to support the oxidation of reduced sulfur compounds. Sev-
ral MAGs found in this study have the genetic potential to reduce
ulfate. Further, pr e vious studies hav e also documented sulfate-
educing bacteria as members of the Antarctic marine sediment
ommunity (Bowman and McCuaig 2003 , Garber et al. 2021 ). 
The presence of napAB / narG with norBC in MAG D114 implies

hat this MAG could r educe nitr ate to nitrite and nitric oxide to
itr ous oxide, ther efor e playing a pr ominent r ole in the denitri-
cation process within these sediments. While this Beggiatoaceae
AG had the genetic potential for partial denitrification, nosDZ or
irS / nirK were not found. The lack of presence of these genes in
his MAG could result from an incomplete assembly, insufficient
NA sequencing effort, or the absence of the gene in the organ-
sm corresponding to the MA G . Further, Cabezas et al. ( 2022 ) have
uggested that polar en vironments ma y house undefined novel
enes that function in denitrification. T hus , the data used might
e incomplete. Yet, our findings are consistent with Schutte et al.
 2018 ), as two of the six publicly available MAGs their study ex-
mined lacked nirS, and three of their MAGs lacked nosDZ . In ad-
ition to denitrification, nirBD in MAG D114 suggests that it had
he genetic potential to carry out DNRA, a function that other
tudies have found (Vargas and Strohl 1985 , Schutte et al. 2018 ).
hile nirBD can indicate both assimilatory nitrate reduction and
NRA, the presence of nasACDE in this MAG suggests the genetic
otential for assimilatory nitrate reduction (McAllister et al. 2021 ,
u et al. 2022 ). Additionally, MAG D114 has the genetic potential



Howland et al. | 7 

 

 

 

 

g  

a
t  

a  

s
h  

2

C
f
B
g
(  

s  

C  

o  

a  

t  

D
t  

w  

p  

t  

h  

q
o
t

t  

v
w
r  

o
o
T  

o  

i  

p  

b  

a  

e  

n  

A  

g  

s  

f  

c

m  

A  

2  

a
t
m  

i  

b
(  

t  

l  

t
(  

a

to fix carbon via the Calvin–Benson cycle . T he presence of both 
assimilatory and dissimilatory nitr ate r eduction suggests this or- 
ganism may utilize nitrate for biomass and energy, depending on 
the availability of O 2 . 

The Beggiatoaceae MAG (D114) found in this study could also 
be autotrophic. This MAG contained a gene annotated as Rubisco 
form I, whic h catal yzes the first step in CO 2 fixation. Other stud- 
ies have also found members within this family to be autotrophs 
(Nelson and Jannasch 1983 , Nelson et al. 1986 , MacGregor et al .
2013 ). Since the Southern Ocean is an oligotrophic environment,
especially in winter, bacterial autotrophy may be essential to sup- 
port primary production (Dutta et al. 2023a ). A pr e vious study doc- 
umented autotrophic bacteria were enriched in sediments that 
contained lo w er c hlor ophyll a and lo w er or ganic matter le v els 
than in sediments with high c hlor ophyll a and organic matter lev- 
els (Currie et al. 2021 ), supporting the importance of autotrophy 
in low nutrient en vironments . 

Sedimenticolaceae MAG 

In 2020.AP.058, MAG G35, identified as a member of the family 
Sedimenticolaceae , contained genes for partial denitrification. Other 
Sedimenticola MAGs lack the genetic capacity for the concluding 
step of denitrification (Vavourakis et al. 2019 , Ar or a-Williams et 
al. 2022 ). Ho w e v er, Slobodkina et al. ( 2023 ) reported that an iso- 
late from the Sedimenticola genus was proficient in nitrous ox- 
ide reduction. T hus , the presence of nosDZ in MAG G35 suggests 
the potential for nitrous oxide reduction. W ithin MA G G35 from 

this study, nirBD was detected, indicating the genetic potential 
for nitrite reduction to ammonia. Pr e vious studies indicate that 
two MAGs identified as Sedimenticola sim ultaneousl y expr essed 
genes for ammonification ( nirABD ) and denitrification ( nirK/nirS 
and norBC ) (Ar or a-Williams et al. 2022 ). T hus , both processes ma y 
occur within the shelf sediments of Antarctica due to this MA G .
This study identified that Sedimenticolaceae MAG has the genetic 
potential to utilize glucose as an energy source. 

Nitrite reduction to nitric oxide 

Se v enteen MAGs wer e found to contain nitrite r eductases 
( nirS / nirK ). These MAGs were classified into two phyla: Proteobac- 
teria and Actinobacteria. As pr e viousl y noted, some members of 
the div erse Pr oteobacteria phylum ar e documented as denitri- 
fiers. Six of the eight MAGs classified into the phylum Actinobac- 
teria were further classified as Solirubrobacterales, which have 
been reported in environments with low organic carbon, such as 
Antarctic soils (Chong et al. 2012 ). The phylum Actinobacteria en- 
compasses diverse potential metabolic capabilities, including ni- 
trogen cycling (Ghai et al. 2014 ). These data further suggest that 
MAGs from Proteobacteria and Actinobacteria, particularly the or- 
der Solirubr obacter ales, ar e pr ominent contributors to nitrite r e- 
duction to nitric oxide in Antarctic sediments. 

Nitr a te reduction to nitrite 

Nitr ate r eduction via napAB and narGH was ubiquitous through- 
out both sites and all depths, while our most abundant MAGs at 
both sites contained narGH . This is consistent with other findings,
as nitrate is preferentially used as an electron acceptor once oxy- 
gen is diminished (Lam and Kuypers 2011 ). Oxygen reductases 
wer e found thr oughout all depths at both sites, further indicat- 
ing the facultativ e–anaer obic natur e of these sediment comm u- 
nities (Rysgaard et al. 2004 , Hartnett et al. 2008 ). Mor eov er , biotur - 
bation, the mixing of sediments by macr ofauna, likel y intr oduces 
o xygen dee per into the sediments, enabling aer obic r espir ation at 
r eater depths (Joc hum et al. 2017 ). Compar ed to narGH , napAB has
 higher affinity for nitrate, allowing those organisms with napAB 
o utilize nitrate at lo w er environmental concentrations (Wang et
l. 1999 ). T his ma y be reflected in our data as sediments sho w ed
light variation in nitrate levels between sites, with 2020.AP.045 
aving lo w er nitr ate le v els and mor e MAGs containing napAB than
020.AP.058. 

omm unity-lev el denitrification and ecosystem 

unction 

oth collection sites sampled in this study demonstrated the 
enetic potential for complete denitrification via a consortium 

Fig. 3 ). Meth yloceanibacter MAGs w ere most abundant at both
ites, with the genetic potential to oxidize methanol to acetyl-
oA while utilizing nitrate as a terminal electron acceptor. Many
ther community members in this study, such as those classified
s Solirubr obacter ales, also had the genetic potential to initiate
he first step of nitr ate r eduction, in addition to members within
adabacteria documented with the genetic potential to carry out 
he final step of nitrous oxide r eduction. Acidimicr obiia, identified
ith a high normalized abundance at both sites, had the genetic
otential to carry out the final step of nitrous oxide reduction. Fur-
her, se v er al MAGs with members like MAG D114 and MAG G35
ad the genetic potential to carry out most steps within the se-
uential process. Most denitrifying microbes perform only some 
f the steps for denitrification, requiring a consortium of bacteria 
o carry out the complete process (Zumft 1997 ). 
Partial and complete denitrification have important implica- 

ions for the en vironment. T his study was able to document a di-
erse consortium associated with crucial biogeochemical cycling 
ithin these Antarctic sediments. Methylotrophic bacteria were 
 eported to hav e the potential to initiate nitr ate-driv en methanol
xidation. Partial denitrification may result in the accumulation 
f intermediate nitrous oxide, a greenhouse gas (Betlach and 
iedje 1981 ). Further, completing this process may remove nitrous
xide and biologically available N from the ecosystem. While den-
trification results in a net loss of N from the system, a competing
athway, DNRA, r etains nitr ogen (Giblin et al. 2013 ). Yet, DNRA has
een shown to pr oduce nitr ous oxide as a byproduct, adding to the
ccumulation of this greenhouse gas (Giblin et al. 2013 , Cabezas
t al. 2022 ). While denitrification rates in Antarctic sediments are
ot as high as in Arctic continental shelf sediments, the size of the
ntarctic shelf makes it an essential portion of the global nitro-
en budget (Hartnett et al. 2008 ). Changing biogeochemical cycles
uch as these due to increased temperature and nutrient input
rom melting ice shelves may exacerbate climate change from in-
r eased micr obial activity (Sahade et al. 2015 ). 
Antarctica immensely influences the global climate and is the 
ost r a pidl y warming r egion, particularl y within the Western
ntar ctic P eninsula (Meredith and King 2005 , Br omwic h et al.
013 ). The melting of ice sheets and ice shelv es fr om warming
dded otherwise unavailable nutrients to the surrounding ben- 
hic marine sediments, stimulating the growth of microbial com- 
unities (Sahade et al. 2015 ). Nutrients and organic matter sink-

ng to the seafloor with little degradation provide a year-long food
ank that supports microbial metabolism and benthic food webs 
Mincks et al. 2005 ). Sediments, characterized by higher sedimen-
ation rates, tend to harbor higher microbial densities and are
ikely to affect the amount of labile organic matter supplied to
he seafloor, and thus affect denitrification by these communities 
Carr et al. 2013 , Lohrer et al. 2013 , Sahade et al. 2015 ). The alter-
tion in denitrification can further reduce nutrient availability for 
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rimary producers in the benthos . T he altering of microbial com-
 unities can significantl y alter important biogeoc hemical cycles
s microbes play a crucial role in the cycling of these nutrients,
hus providing the foundation of the food web and supporting life
n the benthic and pelagic ecosystems (Mincks et al. 2005 , Sahade
t al. 2015 ). 
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