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Abstract 

Microbial biofilm formation can contribute to the accelerated deterioration of steel-r einforced concr ete structur es and significantl y 
impact their service life, making it critical to understand the di v ersity of the biofilm community and prevailing processes in these habi- 
tats. Here , w e analyzed 16S rRN A gene amplicon and metagenomics sequencing data to study the abundance and diversity of nitrifiers 
within biofilms on the concrete surface of the Oslofjord subsea road tunnel in Norway. We showed that the abundance of nitrifiers 
v aried gr eatl y in time and space, with a mean a bundance of 24.7 ± 15% but a wide r ange betw een 1.2% and 61.4%. We hypothesize that 
niche differentiation allows the coexistence of several nitrifier groups and that their high diversity increases the resilience to fluctuat- 
ing environmental conditions. Strong correlations were observed between the nitrifying families Nitrosomonadaceae and Nitrospinaceae , 
and the iron-oxidizing family Mariprofundaceae . Metagenome-assembled genome analyses suggested that early Mariprofundaceae col- 
onizers may provide a protected environment for nitrifiers in exchange for nitrogen compounds and vitamin B 12 , but further studies 
are needed to elucidate the spatial organization of the biofilms and the cooperati v e and competiti v e interactions in this environment. 
Together, this resear c h pro vides no vel insights into the di v erse comm unities of nitrifiers li ving within biofilms on concrete surfaces 
and esta b lishes a foundation for futur e experimental studies of concr ete biofilms. 

Ke yw ords: nitrification; microbial diversity; metagenomics; biofilm; concrete deterioration; microbial interactions 
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Introduction 

Concr ete deterior ation and corr osion of steel r einforcements sig- 
nificantly impact the service life of concr ete structur es (Cámar a 
et al. 2022 , Xu et al. 2023 ). In addition to abiotic processes, mi- 
crobial colonization can have a strong effect on the degradation 

of steel-r einforced concr ete (Noeia ghaei et al. 2017 ). Biofilm for- 
mation on concrete surfaces, follo w ed b y metabolic activities of 
their microbial inhabitants, can lead to a decrease in pH, facili- 
tating the penetration of substances such as chloride ions, CO 2 ,
and moisture into the concrete–steel interface (Noeiaghaei et al.
2017 ). T he in v olvement of sulfur-c ycling bacteria in the biodeteri- 
oration of concrete sewer systems and petrochemical pipelines 
is well-documented (Little et al. 2000 , Satoh et al. 2009 , Wu et 
al. 2020 ). In contrast, our understanding of biodeterioration pro- 
cesses in marine environments is limited. Recent 16S rRNA gene- 
based analyses of microbial communities in biofilms formed on 

steel fiber-reinforced sprayed concrete surface of a subsea road 

tunnel in the Oslofjord (Norway) indicated that these systems 
Recei v ed 15 November 2024; revised 12 Mar c h 2025; accepted 27 Mar c h 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
ere not dominated by sulfur-cycling micr oor ganisms. Instead,
utotr ophic nitr ogen- and ir on-oxidizing micr oor ganisms wer e
ound in high abundances, along with heter otr ophic bacteria,
imilar to the micr obial comm unity found in the corresponding
slofjord sediments (Kara ̌ci ́c et al. 2018 , 2024 ). In addition, shot-
un metagenomic sequencing revealed the presence of putative 
ov el nitr ogen-tr ansforming members of the phylum Plantomyce-

ota inhabiting these biofilms (Suarez et al. 2022 , 2023 ). The high
bundance of nitrogen-cycling microorganisms in this subsea en- 
ir onment is likel y due to a higher concentration of ammonium in
he water leaking into the tunnel r elativ e to sea water. T he source
f ammonium is likely the remineralization of organic matter in
he sediment ov erl ying the tunnel (Suarez et al. 2023 ). In addi-
ion, under acidic conditions, ammonium can be formed from 

biotic reactions between nitrate and metals (4 Fe 0 + NO 3 
− +

0 H 

+ = 4 Fe 2 + + NH 4 
+ + 3 H 2 O), and thus might be continu-

usl y r egener ated in water leaking thr ough the tunnel wall (Zhang
t al. 2009 ). Inter estingl y, the biofilms contained r elativ el y high
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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oncentr ations of ir on and manganese (Ha gelia 2007 , 2011 ,
ara ̌ci ́c et al. 2018 ), and diverse communities of nitrifiers have
ften been observed at high abundances in sediments with Fe–
n deposits, where they are primary producers (Nitahara et al.

011 , 2017 , Kato et al. 2019 , Molari et al. 2020 , Hollingsworth et al.
021 ). Ho w e v er, the r eason for suc h high nitrifier div ersity in these
cosystems and their potential link to iron or manganese cycling
emains to be elucidated. 

Nitrifiers have previously been implicated in the degradation of
oncrete in a cooling to w er (Kaltw asser 1976 ), where the nitric acid
HNO 3 ) produced by ammonia and subsequent nitrite oxidation
as thought to be the cause of concrete deterioration. Such biode-

erioration caused by nitrifiers due to acidification has also been
bserved on concrete in w astew ater treatment plants (Leemann
t al. 2010 ) and natural stone (Meincke et al. 1989 , Baumgärtner et
l. 1991 , Sand and Bock 1991 ). Similarly, the biofilm-induced acid-
fication from pH 7.5–8 to 5.5–6.5 in the seeping saline water led
o the disintegration of the cement paste matrix in the Oslofjord
unnel (Hagelia 2011 , Kara ̌ci ́c et al. 2018 ). Contrastingly, at more
lkalic conditions, a decrease in pH from about 9 to 8 by nitri-
ers does not significantly increase concrete corrosion (Zhang et
l. 2010 ), and a direct causal relationship between nitrification in
unnel biofilms and increased corrosion has yet to be established.

Micr obial biofilms, suc h as the ones that deteriorate man-made
tructur es, ar e gener all y composed of complex micr obial com-
unities adhering to surfaces by pr oducing extr acellular pol y-
eric substances (EPS). Growing in biofilms pr ovides numer ous

dv anta ges, suc h as physical protection and specialized niches
ormed by gradients of nutrients, waste products, and signaling
ompounds (Stewart and Franklin 2008 , Antunes et al. 2019 ). The
eter ogeneity of micr oenvir onments contributes to incr eased mi-
r obial div ersity within the biofilm (Flemming et al. 2016 , Zhang et
l. 2019 ). In addition, biofilms protect against desiccation and in-
r ease adsor ption of nutrients and other molecules to the biofilm
atrix (Flemming et al. 2016 ). Pores and channels within biofilms

an facilitate liquid transport at higher rates and over greater dis-
ances than diffusion would allow (Wilking et al. 2013 ). While cer-
ain conditions may promote competitive interactions, biofilms
re thought to be habitats where cooperative interactions be-
ween micr oor ganisms—for example thr ough the exc hange of

etabolites such as amino acids—are favorable (Ren et al. 2015 ,
elezniak et al. 2015 ). 

As nic he differ entiation in nitrifying assembla ges is likel y con-
rolled by factors such as substrate concentrations (Maixner et al.
006 , Gruber-Dorninger et al. 2015 ), gradients within biofilms may
rovide conditions suitable for differentially adapted populations,
her eby stim ulating biodiv ersity. In addition, nitrifiers gr owing in
iofilms may adapt to suboptimal pH ranges (Keen and Prosser
987 , Allison and Prosser 1993 , Tarre and Green 2004 ) and are
or e r esistant to starv ation (Batc helor et al. 1997 ) and inhibitors

Po w ell and Prosser 1991 ). A possible explanation for the enhanced
rowth of nitrifiers in biofilms could be the adsorption of ammo-
ium to the anionic components of EPS (Nielsen 1996 ). At low sub-
tr ate concentr ations, its subsequent gr adual r elease might help
o maintain cellular activity. Furthermor e, the accum ulation of
uorum-sensing molecules was shown to be involved in reduc-

ng the lag phase in Nitrosomonas europaea cultures when growing
n biofilms compared to suspended gr owth (Batc helor et al. 1997 ).

Notabl y, Kar a ̌ci ́c et al. ( 2018 , 2024) sho w ed that nitrifiers were
ot onl y highl y abundant but also highl y div erse in the tunnel
iofilms. Intrigued by the unusual cooccurrence of so many nitri-
ying groups in one habitat, we reanalyzed existing and new 16S
RNA gene amplicon and metagenomic sequencing data to fur-
her explore nitrifier biodiversity. We hypothesize that niche dif-
erentiation and metabolic flexibility allow a high number of dif-
erent nitrifiers to coexist within the biofilm matrices, which con-
ributes to community resilience. In addition, we identified micro-
ial gr oups corr elating with nitrifiers and discussed their putativ e
etabolic links to them. 

ethods 

ampling 

he Oslofjord subsea tunnel is located under the Oslofjord near
røbak, Norway (59.66 472 N, 10.61306 E). Steel fiber-reinforced
pr ayed concr ete, a pplied dir ectl y on the r oc k mass, is used as a
nal support together with r oc k bolts. Biofilm growth thrives on
he highly biorece pti ve, rough, and tortuous surfaces of sprayed
oncr ete, especiall y in ar eas wher e cr ac ks in both the ambient
 oc k mass and the concrete lay er allo w infiltration of seawater-
ik e saline ground water (Hagelia 2011 ). Details on sampling loca-
ions and pr ocedur es wer e published pr e viousl y by Kar a ̌ci ́c et al.
 2018 , 2024) and Suarez et al. ( 2022 ). In short, for amplicon se-
uencing, samples ( n = 95) were collected during four different
ears (2015, 2016, 2017, and 2019) fr om se v er al sites within thr ee
ifferent locations, designated pump station (P), test site (T), and
ain tunnel (M). For meta genomics, onl y samples from the years

016, 2017, 2019, and 2020 from sites P and T were sequenced ( n
 8). Concrete w as spray ed and biofilms developed at locations
 and M from 1999 onw ar d, whereas concrete at location T was
nl y spr ayed in 2010 and biofilm started to form in 2013 due to
ncreasing water flow. 

6S rRNA gene analyses 

n this study, we r eanal yzed 16S rRNA gene Illumina MiSeq
equencing data of the V4 region published by Kara ̌ci ́c et al.
 2018 , 2024) (Bioproject accession numbers PRJNA481470 and PR-
NA1061464). Additional samples from location M taken in the
ears 2017 and 2019 were sequenced as previously described
Kara ̌ci ́c et al. 2018 , 2024 ) and are also available under the ac-
ession number PRJNA1061464. While the samples from 2015
nd 2016 were sequenced with MiSeq r ea gents V2, all samples
rom 2017 and 2019 were sequenced with MiSeq r ea gents V3.
 AD A2 v1.24.0 was used to process sequences and infer ampli-
on sequence variants (ASVs) (Callahan et al. 2016 ). Since error
ates might differ between the sequencing runs, samples from
he 2015/2016 and the 2017/2019 datasets were analyzed sepa-
 atel y during denoising and then merged prior to the c himer a r e-
oval ste p. Taxonom y was assigned using the GTDB r214 (Parks

t al. 2020 ). For simplicity, we use Genome Taxonomy Database
oolkit (GTDB) placeholder names to refer to family and genus-
e v el linea ges without cultur ed r epr esentativ es thr oughout the

anuscript. 
ASVs wer e anal yzed in R v4.2.2 (R Core Team 2022 ) using the

 pac ka ge mia v1.6.0 (Ernst et al. 2022 ). Linear relationships be-
ween the families of ASVs were estimated using SECOM (Lin et
l. 2022 ) with the ANCOMBC R pac ka ge using the secom_linear
unction (Lin and Peddada 2020 , Lin et al. 2022 ) with the Pearson
orrelation coefficient and obtaining the sparse correlation ma-
rix obtained by thr esholding. Onl y families that cooccurred in at
east half of the samples were included in the analyses. 

etagenome sequencing and analyses 

n this study, we r eanal yzed meta genomic sequencing data
f eight samples from the P and T sites from four different
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years (2016, 2017, 2019, and 2020; Bioproject accession num- 
ber PRJNA755678) published by Suarez et al. ( 2022 ). For this,
metagenome-assembled genomes (MAGs) from the coassembly 
of all eight samples were classified using the GTDB Toolkit 
(v2.1.1) classification w orkflo w (classify_wf) with the r214 refer- 
ence database (Chaumeil et al. 2019 ). GTDB placeholder names 
are used throughout the manuscript to refer to family and genus- 
le v el linea ges without cultur ed r epr esentativ es. Genome com- 
pleteness and redundancy were assessed using CheckM (v1.0.11) 
(Parks et al. 2015 ). 

MAGs were annotated using DRAM (Shaffer et al. 2020 ) with 

prodigal gene calling (Hyatt et al. 2010 ). The KOfam (Aramaki et al.
2020 ), UniRef90 (Suzek et al. 2015 ), Pfam (El-Gebali et al. 2019 ), and 

dbCAN (Zhang et al. 2018 ) databases were used for annotation.
These annotations were combined with results obtained from Mi- 
crobeAnnotator using Diamond as the search tool (Buchfink et al.
2014 , Ruiz-Perez et al. 2021 ). In ad dition, k e y genes were manu- 
all y cur ated using blastp searc hes of r epr esentativ e pr oteins (e- 
v alue ≤0.00001, bitscor e ≥30, % identity ≥30%, and query cover 
≥80). Combined annotations can be found in Table S1 . Putative 
[NiFe] hydrogenases were identified in the annotation based on 

Pfam accession PF00374 and classified using HydDB (Søndergaard 

et al. 2016 ). Marker proteins for iron metabolism were searched 

with FeGenie (Garber et al. 2020 ). CRISPR arrays and Cas pro- 
teins were identified using the online CRISPRCasFinder ( https:// 
crisprcas .i2bc.paris-sacla y.fr/ ) with default settings (Couvin et al.
2018 ). 

Phylogenetic analyses 

F or calculating ph ylogenomic trees with the Oslofjord biofilm 

MAGs, genomes of the class Nitrospinia , the order Nitrospirales ,
and the genera Nitrosomonas and Nitrosopumilus were downloaded 

from NCBI (August 2023). Additional Nitrospinota genomes were 
downloaded from IMG and added to the OceanDNA dataset 
(Nishim ur a and Yoshizawa 2022 ). All downloaded genomes were 
classified using the GTDB-Tk (v2.1.1) classification w orkflo w (clas- 
sify_wf) with the r214 r efer ence database (Chaumeil et al. 2019 ).
Genomes of the genera Nitrosomonas and Nitrosopumilus , the fam- 
ily UBA8639 and the class Nitrospinia were retained. Genome com- 
pleteness and redundancy were assessed using CheckM (v1.0.11) 
(Parks et al. 2015 ) and nonredundant genomes were selected us- 
ing dRep with an av er a ge nucleotide identity (ANI) cutoff ≥99%,
the “av er a ge” clustering algorithm, and “ANImf” for secondary 
clustering (v2.4.2) (Olm et al. 2017 ). For all subsequent analy- 
ses, the nonredundant reference genomes were combined with 

the Oslofjord biofilm MAGs. For the bacterial genomes (family 
UBA8639, class Nitrospinia , and genus Nitrosomonas ), concatenated 

alignments of 92 extr acted cor e genes wer e constructed using the 
MAFFT aligner implemented in the UBCG pipeline (v3.0) (Katoh 

2002 , Na et al. 2018 ). For the Nitrosopumilus genomes , the an vi ′ o (v.
7.1) function “anvi-get-sequences-for-hmm-hits” was used to ex- 
tract 36 archaeal ribosomal genes for the concatenated alignment 
constructed using the muscle aligner (v.3.8.1551) implemented in 

anvi ′ o (Edgar 2004 , Eren et al. 2020 ). 
IQ-Tree (v1.6.12) ModelFinder identified GTR + F + I + G4 as 

the best fitting model for the Nitrosomonas and UBA8639 
datasets, SYM + I + G4 for Nitrospinia , and JTTDCMut + F + I + G4 
for the Nitrosopumilus gene set (Kalyaanamoorthy et al. 2017 ).
Maxim um-likelihood tr ees wer e constructed using IQ-Tr ee 
(1.6.12) with 1000 ultr a-fast bootstr a p r eplicates (Nguyen et 
al. 2015 ). For the Nitrosomonas tree, Nitrosospira multiformis 
ATCC 25196 (GCA_000196355.1) and Nitrosospira briensis C-128 
GCA_000619905.2) were used as outgroup, while Leptospirillum 

erriphilum (GCA_900198525.1) and Leptospirillum ferrooxidans 
2-3 (GCA_000284315.1) were used for the UBA8639 tree. For 

he Nitrospinia tree, the genomes of the following four Ni-
rospira species served as outgroup: N. moscoviensis NSP M-1 
GCF_001273775.1), N. inopinata ENR4 (GCF_001458695.1), N. japon- 
ca NJ11 (GCF_900169565.1), and N. defluvii (GCF_000196815.1).
inally, Ca. Nitrososphaera gargensis Ga9.2 (GCA_000303155.1),
itrososphaera viennensis EN76 (GCA_000698785.1), Ca. Nitrosocos- 
icus oleophilus MY3 (GCA_000802205.2), Ca. Nitrosocosmicus 

rcticus Kfb (GCA_007826885.1), and Ca. Nitrosocosmicus fran- 
landus C13 (GCA_900696045.1) were used for the outgroup of 
he Nitrosopumilus tr ee. Tr ees wer e visualized and annotated
sing the online inter activ e Tr ee of Life (iTol, v6) (Letunic and
ork 2016 ). Using the prodigal gene calling from the DRAM
nnotation pipeline (Hyatt et al. 2010 , Shaffer et al. 2020 ), the
v er a ge nucleotide (ANI) and av er a ge amino acid identities (AAI)
f genomes with an estimated completeness of ≥90% and an
stimated redundancy ≤5% were calculated using FastANI (Jain 

t al. 2018 ) and EzAAI (Kim et al. 2021 ) using default settings. 

esults and discussion 

6S rRNA gene-based abundance and diversity of 
itrifying populations 

he diversity of the microbial community growing in biofilms of
he Oslofjord subsea tunnel was assessed by sequencing the 16S
RNA genes of bacteria and archaea. Samples ( n = 95) were col-
ected at thr ee differ ent locations (pump station (P), test site (T),
nd main tunnel (M)) in four different years (2015, 2016, 2017, and
019). Putativ e nitrifiers wer e detected in all biofilm samples, al-
hough their r elativ e abundance v aried widel y between samples
ith a minimum abundance of 1.2% and a maximum of 61.4%.
he mean abundance of all putative nitrifier ASVs was 24.7 ± 15%

mean ± standard deviation). In total, we identified 53 ASVs af-
liated with potential ammonia oxidizers ( Nitrosomonadaceae , Ni- 
rosopumilaceae ), and 149 potential nitrite oxidizers ( Nitrospinaceae ,
itrospirales family UBA8639). Among the nitrifying families, the 
 elativ e abundance differed significantly (Friedman’s rank sum 

est, P < .001). The mean r elativ e abundance of Nitrosopumilaceae
as 14.1 ± 13%, ranging from 0.3% to 49.7% (Fig. 1 ). The relative
bundance of Nitrosomonadaceae was significantly lo w er than that
f Nitrosopumilaceae (Wilcoxon test, P < .001), with a mean abun-
ance of 3.2 ± 4%, ranging from 0.09% to 18.1%. Furthermore, the
 elativ e abundance of Nitrospinaceae was significantly higher than
hat of the Nitrospirales family UBA8639 ( Nitrospira sublineage IV;

ilcoxon test, P < .001). The mean r elativ e abundance of Nitro-
pinaceae was 5.9 ± 6%, ranging from 0.2% to 38.1%, while the rel-
tive abundance of UBA8639 ranged from 0.02% to 8.1%, with a
ean of 1.6 ± 2% (Fig. 1 ). Although the r elativ el y high abundance

f nitrifiers suggests that they play an important role in the tun-
el biofilm microbial community, numerical abundance does not 
ecessaril y corr elate with gr owth r ates or activity (Kitzinger et al.
020 ). Ther efor e, further studies ar e needed to quantify the con-
ribution of each group to nitrification and their potential role in
oncr ete biodeterior ation in the biofilm. 

Our analysis revealed substantial variation in ASV abundances 
etween samples for all families, although samples were usually 
ominated by the same genera (Fig. 1 ). In the family Nitrosopumi-

aceae , ASVs belonging to the genus Nitrosopumilus were the most
bundant at all locations (mean ± SD: 13.9 ± 13%; Fig. 1 , Fig. S1 ).
SV1 of this genus was the most abundant in many samples at

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://crisprcas.i2bc.paris-saclay.fr/
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
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ll locations, while ASV2 was more abundant in se v er al samples
rom location P ( Fig. S1 ). Within the family Nitrosomonadaceae , the

ajority of ASVs belonged to the genus Nitrosomonas (mean ±
D: 2.6 ± 3%), but no single Nitrosomonadaceae ASV was dominant.
o w e v er, in se v er al samples fr om location P, differ ent ASVs of the
enus Nitrosomonas pr e v ailed (ASV56, ASV34, ASV19, and ASV17;
ig. S1 ). In the families Nitrospinaceae and UBA8639, the ASVs of
e v er al gener a contributed to their abundance (Fig. 1 ). Within the
itrospinaceae , the most abundant genus was JADFGI01 (3.8 ± 5%),
ith ASV7 being the most abundant ASV of this genus ( Fig. S1 ). For

he Nitrospirales family UBA8639, ASV25, which could not be clas-
ified to genus le v el, was the most abundant in se v er al samples
rom location M, while ASV51 belonging to the genus J A CZVJ01
0.4 ± 1%) was more abundant in several samples from location P
 Fig. S1 ). 

orrela tions betw een microbial families 

o gain further insight into community dynamics and poten-
ial interactions, we grouped all individual ASVs on the family
e v el and used their abundances across the different samples
o assess linear relationships between nitrifiers and other taxa
Fig. 2 , Figs S2 and S3 , and Table S2 ). The r elativ e abundance of
he ammonia-oxidizing Nitrosomonadaceae was positiv el y corr e-
ated with both nitrite-oxidizing families present in the biofilm,
he Nitrospinaceae and the Nitrospirales family UBA8639. In con-
r ast, the ammonia-oxidizing arc haea (A O A; family Nitrosopumi-
aceae ) wer e onl y weakl y corr elated with these nitrite oxidizers.
he str ongest corr elation between nitrifying and non-nitrifying
amilies was observed between the Nitrosomonadaceae and Maripro-
undaceae (SECOM Pearson, r = 0.73), and also the Nitrospinaceae
SVs were correlated with this family (SECOM Pearson, r =
.57; Fig. 2 ). Furthermor e, positiv e corr elations wer e observ ed be-
ween Nitrosomonadaceae and Rhodobacteraceae , between the Ni-
rospinaceae and Vampirovibrionaceae , as well as the Nitrosopumi-
aceae and Phycisphaeraceae . Conv ersel y, str ong negativ e corr ela-
ions were found between the Nitrosomonadaceae and the families
B A2386 ( Planctomycetota ), UB A2774 ( Desulfobacterota ), and GWE2-
1-10 ( Spirochaetota ; Fig. S3 , Table S2 ). 

etagenomic analysis of nitrifier di v ersity 

enome-centric analysis confirms high nitrifier diversity 

imilar to the 16S rRNA gene analyses, genome-centric metage-
omic analyses also revealed a remarkable diversity of nitrifiers

n the biofilm samples (Fig. 3 ). In total, we identified 10 MAGs
f potential ammonia oxidizers and 24 potential nitrite oxidiz-
rs. In general, the ASV data and the r ecov er ed MAGs matched

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
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well but some discrepancies in the recovered genera were ob- 
served ( Fig. S4 ). For example, the 10 ammonia oxidizer MAGs 
( ≥50% completeness, ≤10% redundancy) represented seven dif- 
ferent species of the genus Nitrosomonas and three Nitrosopumilus 
species (Fig. 3 A and 2 C, Figs S5 and S6 ). 16S rRNA gene sequenc- 
ing, in contrast, detected ASVs from at least five and four differ- 
ent genera of Nitrosopumilaceae ( Nitrosopumilus , Nitrosopelagicus , Ni- 
trosarc haeum , Nitr osarc haeum_A, and se v er al ASVs unclassified at 
the genus le v el) and Nitrosomonadacae ( Nitrosomonas , Nitrosospira ,
GCA-2721545, and se v er al ASVs unclassified at the genus le v el) in 

the samples, r espectiv el y. Similarl y, within the class Nitrospinia , we 
identified MAGs of 17 novel species belonging to 8 different genera 
(LS-NOB, UBA8687, Nitrohelix , J A GFGI01, SZU A-226, Nitronauta , and 

two unnamed genera tentatively called Bin_25 and 702_60; Fig. 3 B,
Fig. S7 ), but additional ASVs were found belonging to the genera 
Nitrospina , Ca. Nitromaritima, J A CAVV01, and SMVS01. W ithin the 
Nitrospirales family UBA8639, seven MAGs were recovered that in- 
cluded four MAGs from the genus UBA8639 and one belonging to 
the genus J A GQKC01, but also two MAGs of the genus SPGG5 not 
r epr esented by ASVs (Fig. 3 D, Fig. S8 ). In contrast, the ASVs within 

this family affiliated with four genera (Bin75, J A CKFE01, J A CZVJ01,
and J A GQKC01) or remained unclassified on genus le v el, with the 
genera Bin75, J A CKFE01, or J A CZVJ01 not r epr esented in the r ecov- 
ered MAGs. 

Metabolic potential of nitrifying populations 
Not all nitrifier MAGs r ecov er ed contained the k e y functional 
genes amoABC , hao , or nxrABC (Fig. 4 ). Ho w e v er, their phylogenetic 
ffiliation with known nitrifying families (Fig. 3 , Figs S5 –S8 ) sug-
ested that the absence of these genes is likely due to genome
ncompleteness. In addition, we found that the core metabolisms 
f all nitrifier MAGs (Fig. 4 ) ar e highl y similar to those of pr e vi-
usly described members of these families (Chain et al. 2003 , Arp
t al. 2007 , Lücker et al. 2010 , 2013 , Walker et al. 2010 , Palomo et al.
018 , Wright and Lehtovirta-Morley 2023 ) and will ther efor e not
e discussed here. 

ydrogen metabolism might be widespread 

e v er al Nitrosomonadacae , Nitrospinaceae , and Nitrospirales family
B A8639 MAGs w er e found to possess putativ el y O 2 -toler ant
roup 3b and 3d [NiFe] hydr ogenases (Fig. 4 ). Hydr ogen oxida-
ion could serve as an alternative energy conservation strat- 
gy for these organisms, allowing them to utilize H 2 produced
uring steel corrosion (Mori et al. 2017 ) or by fermentation in
noxic layers of the biofilm. Hydrogen oxidation has been doc-
mented in ammonia oxidizers of the genus Nitrosomonas (Bock 
t al. 1995 ) and in the nitrite oxidizer Nitrospira moscoviensis ,
hich uses a group 2a [NiFe] hydrogenase for hydrogenotrophic 

rowth and oxidation of hydrogen even under atmospheric lev- 
ls (Koch et al. 2014 , Leung et al. 2022 ). Hydrogen oxidation
a y pro vide nitrifiers with an additional energy source when ni-

rite concentrations fluctuate, and even in the presence of ni-
rite can serve as a source of electrons for CO 2 fixation (Koch
t al. 2014 , Leung et al. 2022 ). Still, evidence for hydrogen ox-
dation using the group 3 [NiFe] hydrogenases in nitrifiers is
acking. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032%22%20/l%20%22supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
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Figure 3. Phylogenetic affiliation of the nitrifying MAGs. Phylogenomic maximum-likelihood trees of the genus Nitrosopumilus (A), class Nitrospinia (B), 
genus Nitrosomonas (C), and the Nitrospirales family UBA8639 (D). The bacterial trees (B–D) are based on concatenated alignments of 92 core protein 
sequences, whereas the Nitrosopumilus tree (A) is based on a concatenated alignment of 36 ribosomal protein sequences. Black circles represent 
bootstr a p support ≥70% of 1000 ultrafast bootstrap replicates. For the class Nitrospinia (B) and the family UBA8639 (D), the genus classifications 
according to GTDB-Tk with the r214 database are shown by colored bars. MAGs recovered from the tunnel biofilm are marked in bold red. Some 
sequence accessions have been omitted, see full lists of accession numbers of the collapsed tree branches in Table S7 . 
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Figure 4. Functional MAG annotation . The heatmap indicates the presence and completeness of genes and pathways involved in nitrogen, iron, and 
hydrogen metabolism, as well as the central carbon metabolism and CO 2 -fixation pathways and the respiratory chain. Annotations are shown for 
MAGs belonging to the families Nitrosopumilaceae ( Npum.) Nitrosomonadaceae , Nitrospinaceae , UB A8639 (or der Nitrospirales ), and Mariprofundaceae . 

 

 

t  

t  

K
c  

t  

i  

O  

l  

g  

d

M
A
f
l  

fi
a  

a  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/101/5/fiaf032/8099923 by guest on 02 M
ay 2025
Potential for metal oxidation 

Se v er al MAGs belonging to the nitrite-oxidizing families Nitro- 
spinaceae and UBA8639 contained cyc2 -like genes encoding po- 
tential iron oxidases, and three additional Nitrospinaceae MAGs 
(OFTM166, OFTM368, and OFTM7) encoded the potential iron ox- 
idase MtoAB (Fig. 4 ) (Liu et al. 2012 ). Furthermor e, putativ e man- 
ganese o xidases (Mo xA, MnxG, and McoA) were found in almost 
all biofilm nitrifier MAGs ( Fig. S9 ). These genes were also found 

in published genomes of the Nitrosomonadaceae , Nitrosopumilaceae ,
Nitrospinaceae , and UBA8639 families (data not shown), including 
those of cultured species. Ho w ever, manganese oxidation capacity 
has not yet been demonstrated for any member of these families,
and, considering the substrate promiscuity of many MCOs, their 
function in these nitrifiers awaits experimental verification. Be- 
sides ener gy conserv ation, manganese c ycling b y MCOs can also 
play a role in the pr otection fr om r eactiv e oxygen species, whic h 

can be neutralized by manganese oxides (Daly 2009 ). 
Metal-reducing or oxidizing microorganisms often employ 

m ultiheme cytoc hr ome c pr oteins that tr ansfer electr ons to or 
fr om metal(hydr)oxides, whic h ar e not able to permeate thr ough 
he cell envelope (Shi et al. 2016 ). Although with no similarity to
he proteins of known metal reducers or oxidizers (Simon and
lotz 2013 ), many nitrifier MAGs encode multiheme cytochrome 
 proteins, and gene clusters with several ( ≥3) multiheme cy-
oc hr ome c genes with up to 12 heme-binding sites were encoded
n se v er al Nitrospinacaeae MAGs (OFTM368, OFTM387, OFTM6, and
FTM96; Table S1 ). While these proteins may function in extracel-

ular electr on tr ansport and allow inter action with ir on or man-
anese particles, the role of these gene clusters remains unclear
ue to the lack of physiological data. 

otility and virus defense 
lmost all MAGs of the Nitrosomonadaceae and nitrite oxidizing 

amilies UBA8639 and Nitrospinaeace encoded genes for flagel- 
um biosynthesis and assembly ( Table S1 ). In addition, we identi-
ed complete chemotaxis pathways in UBA8639 and Nitrosomon- 
daceae MAGs . T he pr esence of aer otaxis r eceptors indicated the
bility of these organisms to exhibit aerotactic behavior by moving
long oxygen gradients . T hese findings highlighted the potential

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
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f these nitrifying organisms to sense and respond to their envi-
onment within the biofilm matrix. 

Inter estingl y, although the biofilm environment is expected to
r omote incr eased micr obe–virus inter actions (Zhang et al. 2019 ),
ur analysis revealed only a limited presence of CRISPR arrays and
as proteins in the nitrifier MAGs ( Table S3 ). 

i v ersity and metabolic potential of 
ariprofundaceae 

ue to the strong correlations of the Nitrosomonadaceae and Ni-
rospinaceae with the Mariprofundaceae , we analyzed their diversity
nd genomic potential in more detail. In the 16S rRNA gene-based
nal ysis, we r ecov er ed 48 ASVs within the Mariprofundaceae be-
onging to at least four different genera (WSZY01, n = 23; Maripro-
undus , n = 17; GCA-2401635, n = 2; unclassified, n = 6), while

eta genomics r eturned 6 MAGs belonging to the genera Ghiorsea
 n = 1), Mariprofundus ( n = 4), and WSZY01 ( n = 1; Fig. S4 ). This
amily belongs to the class Zetaproteobacteria and all available iso-
ates are obligate autotrophs capable of microoxic Fe(II) oxidation
McAllister et al. 2019 ). Pr e vious studies hav e identified Zetapro-
eobacteria in corrosion biofilms, where they are usually early col-
nizers (McBeth et al. 2011 , Lee et al. 2013 , McBeth and Emerson
016 , Mumford et al. 2016 ). Fe 2 + oxidation leads to the produc-
ion of Fe 3 + o xyhydro xide stalks, forming a porous matrix simi-
ar to observations in the Oslofjord tunnel samples (Hagelia 2011 ,
ar a ̌ci ́c et al. 2018 ). Accordingl y, all high-quality Mariprofundaceae
enomes encoded putative F e(II) oxidases , high-affinity terminal
ytoc hr ome c oxidases, and the Calvin–Benson–Bassham cycle for
O 2 fixation for autotr ophic gr owth, and div erse defense systems
 gainst r eactiv e oxygen species (ROS; see Supplementary Text for
or e details), whic h is a common featur e of corr osion-associated

etaproteobacteria (Field et al. 2015 ). Furthermore, like the nitri-
ers, se v er al Mariprofundaceae MAGs were found to possess group
b and 3d [NiFe] hydrogenases (Fig. 4 ). Some Mariprofundaceae be-
onging to the genus Ghiorsea are capable of simultaneous hydro-
en and Fe 2 + oxidation (Mori et al. 2017 ), indicating that also in
his biofilm system hydrogen might serve as an alternative energy
ource. 

Corrosion of the concrete steel reinforcements may not only
e dir ectl y pr omoted by ir on oxidation by Mariprofundaceae , but
heir growth in biofilms ma y pla y an additional role in enhancing
orrosion. One of the Mariprofundus MAGs (OFTM13) contained a
omplete wsp gene cluster ( wspABCDEFR ) for the Wsp chemosen-
ory system ( Table S4 ), which is involved in biofilm formation and
as been pr e viousl y observ ed in two Mariprofundus species (Chiu
t al. 2017 ). EPS commonl y pr oduced by biofilm-forming bacteria
an bind metal ions such as Ca 2 + , Cu 

2 + , Mg 2 + , and Fe 3 + . Electrons
r om the zer o-v alent Fe can be dir ectl y tr ansferr ed to EPS-bound
e 3 + , oxidizing the zer o-v alent Fe and reducing the Fe 3 + to Fe 2 + .
he formed Fe 2 + can then, in the presence of O 2 , be abiotically re-
xidized to Fe 3 + , thus resulting in enhanced corrosion (Beech and
unner 2004 ). 

itrogen metabolism could connect Mariprofundaceae and 

itrifiers 
e found diverse nitrogen use and acquisition strategies within

he biofilm Mariprofundaceae . Se v er al of these MAGs contained
enes encoding nitrate reductase (NapAB), NO-forming nitrite re-
uctase (NirK), and nitric oxide reductase (NorBC), allowing po-
ential denitrification of nitrate to nitrous oxide (Fig. 4 ). In ad-
ition, div erse nitr ogen acquisition pathways were present in
he MAGs. Besides nitrate reductase, we found genes for ni-
r ate/nitrite tr ansport ( narK ), assimilatory nitrite r eduction to am-
onium ( nirA , nirBD ), and ammonium uptake ( amtB ). Two of the
AGs (OFTM123, genus Mariprofundus ; OFTM145, genus Ghiorsea )

lso had the potential for c y anate breakdo wn ( c ynS ), giving them
he potential to switch between organic and inorganic nitrogen
ources (Fig. 4 ). The potential of Mariprofundaceae to use nitrate or
itrite as electron acceptor and nitrogen source may explain the
ositiv e corr elation with the nitrifying families Nitrosomonadaceae
nd Nitrospinaceae . Ho w e v er, the exact natur e of this inter action,
s well as its potential benefits for especially the nitrifying part-
er, remains to be experimentally tested. 

mino acid and vitamin B 12 biosynthesis 
nter estingl y, the majority of Mariprofundaceae , Nitrosomonadaceae ,
BA8639, and Nitrospinaceae MAGs lacked a complete cobalamin

vitamin B 12 ) biosynthetic pathway. Instead, they only encoded
he pathway to convert the precursor cobyrinate to cobalamin
 Fig. S10 ). This has pr e viousl y also been observed in Nitrospira
arina and Nitrospinaceae (Bayer et al. 2021 , Mueller et al. 2021 ) .
 hus , it appears that these bacteria rely on obtaining cobalamin
r its precursors from the environment. Interestingly, three Nitro-
pinaceae MAGs contained the almost complete anaerobic cobal-
min biosynthesis pathway, with only one or two genes missing,
r obabl y due to genome incompleteness, and one e v en encoded
he complete pathway ( Fig. S10 ). In addition, two of the three
itrosopumilaceae MAGs also had a nearly complete cobalamin
iosynthesis pathwa y. T hese fe w cobalamin pr oducers may fulfill
 Black Queen function within the biofilm communities, where
ncreased fitness by genome streamlining is enabled by “helper”
tr ains that pr oduce common goods (Morris et al. 2012 , Mas et
l. 2016 ), which may also contribute to the observed high nitrifier
iversity. 

None of the nitrifier or Mariprofundaceae MAGs encoded com-
lete tyrosine and phenylalanine biosynthetic pathways ( Fig. S10 ),
uggesting that they use unknown biosynthetic pathways or r el y
n the production of these amino acids by other members of
he comm unity, whic h may explain their positiv e corr elations
 Table S3 ). The Nitrosopumilaceae MAGs lacked or had incom-
lete biosynthetic pathways for se v er al amino acids (gl ycine, tyr o-
ine , phenylalanine , proline , methionine , and c ysteine). Ho w e v er,
 comparison with genomes of cultured re presentati ves capable
f c hemolithoautotr ophic gr o wth (not sho wn) suggests this w as
ikely due to incomplete gene annotation rather than an actual
ack of biosynthetic pathwa ys , as it is likely that the genes for ar-
haeal amino acid biosynthesis are not well annotated, or that
hey use alternative pathwa ys . 

rotection against toxic metals and metalloids 
eawater seeping over the biofilms is relatively rich in metals
nd metalloids (Kara ̌ci ́c et al. 2018 ), and nitrifiers, as well as
AGs of corr elating families, a ppear ed to be well-equipped to deal
ith these potentially toxic compounds. Genes encoding heavy
etal efflux systems were found in the majority of the analyzed

enomes, along with zinc tr ansporters, mercuric r eductases and
ransporters, and arsenate reductases ( Fig. S9 ). 

lucidating the interactions between nitrifiers 

nd Mariprofundaceae 
n summary, positive correlations between ASVs of nitrifying
amilies and the Mariprofundaceae might be explained by se v er al
actors . For example , nitrifiers ma y pro vide nitrogen compounds

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
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and vitamin B 12 to their interaction partners, fulfilling a Black 
Queen function within the comm unity. Conv ersel y, Mariprofun- 
daceae may be early biofilm formers providing nitrifiers with a 
pr otected envir onment, and nitrifiers might also benefit fr om the 
Fe 3 + -mediated oxidation of ferrous metal by the EPS forming the 
biofilms , pro viding them with Fe 2 + . Other microbes in the biofilms 
ma y pro vide amino acids . Ho w e v er, meta genomic anal yses alone 
will r ar el y inform about the nature of the observ ed corr elations 
between nitrifiers and other micr obial gr oups. Her e, further stud- 
ies are needed to, for instance, investigate their spatial organiza- 
tion within the biofilms, as spatial patterns can better r e v eal co- 
oper ativ e and competitive interactions between microbes (Daims 
et al. 2006 , Nadell et al. 2016 ). Combining fluorescence in situ hy- 
bridization (FISH) with microsensors, or with methods visualiz- 
ing their function like, for instance, micr oautor adiogr a phy or Ra- 
man micr ospectr oscopy, can elucidate the distribution of micr o- 
bial groups and provide further insights into their metabolism 

(Ramsing et al. 1993 , Sc hr amm et al. 1996 , Okabe et al. 1999 , 2004 ,
Daims et al. 2001 , Lee et al. 2021 ). Omics techniques can be ap- 
plied to study interspecies relationships (Ellepola et al. 2019 ), but 
are complicated by the complexity of biofilm communities. How- 
e v er, a pipeline combining mass spectr ometry ima ging and FISH 

has been de v eloped to link metabolites to community members 
(Geier et al. 2020 ). It could be used to study interspecies interac- 
tions and metabolic phenotypes of populations at the resolution 

of small cell clusters, but this technique has yet to be applied and 

tested on biofilm samples. 

Ecological implications 

The observed high diversity of and within functional groups ap- 
pears paradoxical, as these species are expected to compete for 
the same limited substr ates. Pr e vious studies hav e observ ed dom- 
inance of either A O A or ammonia-oxidizing bacteria (AOB) and 

the abundance of a single type of nitrite oxidizer in the pelagic 
open ocean (Mincer et al. 2007 , Levipan et al. 2014 , Lau et al. 2019 ) 
or thermal spring biofilm samples (Marks et al. 2012 ), while for 
marine sediments the coexistence of phylogenetically diverse but 
functionall y r edundant nitrifier gr oups was r e ported (Re yes et al.
2017 , Hollingsworth et al. 2021 ). This coexistence of various nitri- 
fier groups might suggest that they have distinct properties that 
allow nic he differ entiation. Similarl y, differ ential abundances of 
sulfur-oxidizing bacteria and methane oxidizers in other ecosys- 
tems were previously found to be explained by substrate con- 
centrations and temperature (Meier et al. 2017 , Mayr et al. 2020 ).
Mor eov er, fine-scale spatial segregation within the biofilm matri- 
ces could lead to the existence of distinct niches for organisms 
within the same functional group (Maixner et al. 2006 , Louca et al.
2018 ), as corr obor ated her e by the high v ariability between sam- 
ples from the same locations (Fig. 1 , Fig. S1 ). Here, high resolu- 
tion sampling of the biofilms in combination with physicochem- 
ical measurements could help identify such drivers of the niche 
differentiation among nitrifiers . T he limited occurrence of ubiq- 
uitous ASVs (present in ≥80% of the samples) and the predomi- 
nance of occasional nitrifier ASVs (present in < 20% of the sam- 
ples; Table S6 ) further supports that specialization also within 

nitrifier families results in the occupation of different niches.
Se v er al factors may contribute to niche differentiation, includ- 
ing affinity for ammonia or nitrite, oxygen tolerance and affinity,
use of different nitrogen sources for assimilation, nutritional aux- 
otr ophies, and pH r ange (Hatzenpic hler 2012 , Qin et al. 2014 , Hou 

et al. 2018 ). In particular, while nitrifiers will compete with het- 
r otr ophs for ammonium, nitrite, and/or oxygen, nitrifying sub-
opulations also can have distinct pr efer ences for pr e v ailing am-
onium and nitrite concentrations, contributing to niche differ- 

ntiation within the biofilms (Stein and Arp 1998 , Maixner et al.
006 , Almstrand et al. 2013 , Gruber-Dorninger et al. 2015 , Ushiki
t al. 2017 , Reji et al. 2019 ). In addition, the ability to utilize or-
anic substrates and hydrogen may also be a niche-defining prop-
rty (Daims et al. 2001 , Koch et al. 2014 , Qin et al. 2014 , Gruber-
orninger et al. 2015 ). Furthermore, the availability of iron and
opper ma y pla y a r ole in structuring the comm unity of ammo-
ia oxidizers. While AOB use a greater number of iron-based en-
ymes, A O A encode numerous copper-containing enzymes and 

ppear to have a reduced affinity for iron (Amin et al. 2013 , Shafiee
t al. 2019 ), and some nitrifiers may r el y on sider ophor e pr oduc-
ion by other organisms for iron acquisition (Chain et al. 2003 ,
eluskar et al. 2013 ). Other factors such as chemotactic prop-
rties, adaptations to environmental stresses, predation, varia- 
ion in antibiotic resistance, and susceptibility to phages could 

lso influence community composition (Rodriguez-Valera et al.
009 , Dolinšek et al. 2013 , Louca et al. 2018 , Sampara et al.
022 ). 

Micr obial div ersity and intr ahabitat v ariation ar e often exces-
ive in biofilms (Zhang et al. 2019 ), as has also been observed in
iofilm communities growing on concrete (Kara ̌ci ́c et al. 2022 ). The
igh diversity may increase resilience to fluctuating environmen- 
al conditions, known as the “insurance hypothesis” (Yachi and 

or eau 1999 ). Micr ocosm experiments hav e shown that genotypic
nd functional diversity within a community increases stability 
n the face of biotic or abiotic perturbations (Eisenhauer et al.
012 ). Consistent with this, long-term monitoring at a w astew ater
reatment plant found significant temporal variation in the abun- 
ance of nitrifying species, while nitrification r ates r emained sta-
le (Wells et al. 2009 ). Even during short-term growth in biofilms
xtensive genetic diversification can take place, resulting in varia- 
ions in motility, nutritional r equir ements, pr oduction of secreted
roducts, and biofilm phenotypes, ultimately leading to improved 

urvival and resistance to environmental stresses (Boles et al.
004 ). Similarly, the high diversity between and within the nitrify-
ng biofilm communities investigated here may result in increased 

esilience to ecosystem disturbances. 

onclusions 

ere, w e sho w that nitrifiers are abundant and highly diverse in
he biofilms growing on the steel-reinforced concrete walls of the
ubsea tunnel under the Oslofjord. We suggest that this coex- 
stence of sur prisingl y man y differ ent gr oups of nitrifiers could
e explained by their variable metabolic potential and the ex- 

stence of fine-scale envir onmental nic hes within the biofilms,
hic h warr ants high-r esolution sampling and physicoc hemical
easurements. In addition, their role in concrete degradation,

s well as our hypothesis that the high nitrifier diversity could
ead to incr eased r esilience of the microbial community, could
e tested using mesocosm experiments in the future. We iden-
ified a strong positive correlation between nitrifying families and 

e v er al Mariprofundaceae species and hypothesized that nitrifiers
ould pr ovide nitr ogen compounds and vitamin B 12 to associated
acteria in exchange for a protected en vironment. T he insights
rom the ASV and MAG-based analyses open new avenues for fur-
her r esearc h on micr obial comm unities, whic h is ultimatel y im-
ortant for understanding the role of such biofilms in concrete
iodeterioration. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf032#supplementary-data
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