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HIGHLIGHTS GRAPHICAL ABSTRACT

e Higher nitrification rates in runnels
despite higher AOB abundance in
ridges.

e Low-abundant Nitrosomonas dominate
transcriptionally active community.

e High-abundant Nitrosospira/Nitro-
somonas were transcriptionally dormant.

AOB amoA phylogeny /AOB amoA DNA/RNA Q-PCR

e Abundance of transcriptionally active
Nitrosomonas correlates with PNR.

o Nitrification is driven by <5 % of the
total AOB community.

Abundance

Runnel
ARTICLE INFO ABSTRACT
Editor: Frederic Coulon Exploring differences in nitrification within adjacent sedimentary structures of ridges and runnels on the Brouage
mudflat, France, we quantified Potential Nitrification Rates (PNR) alongside amoA genes and transcripts. PNR
Keywords: was lower in ridges (~1.7 fold-lower) than runnels, despite higher (~1.8 fold-higher) ammonia-oxidizing bac-
Nitrification teria (AOB) abundance. However, AOB were more transcriptionally active in runnels (~1.9 fold-higher).
amoA

Sequencing of amoA genes and transcripts revealed starkly contrasting profiles with transcripts from ridges
and runnels dominated (=91 % in ridges and ~98 % in runnels) by low abundant (~4.6 % of the DNA com-
munity in runnels and ~0.8 % in ridges) but highly active phylotypes. The higher PNR in runnels was explained
by higher abundance of this group, an uncharacterised Nitrosomonas sp. cluster. This cluster is phylogenetically
similar to other active ammonia-oxidizers with worldwide distribution in coastal environments indicating its
potential, but previously overlooked, contribution to ammonia oxidation globally. In contrast DNA profiles were
dominated by highly abundant but low-activity clusters phylogenetically distinct from known Nitrosomonas (Nm)
and Nitrosospira (Ns). This cluster is also globally distributed in coastal sediments, primarily detected as DNA,
and often classified as Nitrosospira or Nitrosomonas. We therefore propose to classify this cluster as Ns/Nm. Our
work indicates that low abundant but highly active AOB could be responsible for the nitrification globally, while
the abundant AOB Ns/Nm may not be transcriptionally active, and as such account for the lack of correlation

amoA transcripts
Coastal sediments
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between rate processes and gene abundances often reported in the literature. It also raises the question as to what
this seemingly inactive group is doing?

1. Introduction

Coastal bays are crucial ecosystems providing economic and
ecological services (Costanza et al., 2014). Human activities heavily
impact them, leading to increased pollution runoff including excess ni-
trogen loading (Agardy et al., 2005; Seitz et al., 2014). High concen-
trations of nitrogen cause eutrophication, eventually leading to water
column anoxia (Gruber and Galloway, 2008). Microbial denitrification
and anaerobic ammonia oxidation (ANAMMOX) play pivotal roles in
mitigating nitrogen by converting nitrite/nitrate to gaseous forms
(Damashek et al., 2015; Hou et al., 2012). Biological nitrification, the
chemo-litho-autotrophic oxidation of ammonia to nitrate, plays a cen-
tral role as it controls available substrate for denitrification and
ANAMMOX (Seitzinger et al., 2006). The first step of nitrification,
ammonia oxidation (AO), is carried out by both archaea (ammonia-
oxidizing archaea; AOA) and bacteria (ammonia-oxidizing bacteria;
AOB), while COMAMMOX Nitrospira oxidize ammonia to nitrite and
then nitrate in a single organism (Daims et al., 2016; Daims et al., 2015;
van Kessel et al., 2015). Besides its importance for the remediation of
excess nitrogen loading, AO is also relevant in the context of environ-
mental greenhouse gas production. AO directly leads to the production
of N,O, via nitrifier-denitrification (ND), and the incomplete oxidation
of hydroxylamine, an obligate intermediate in the ammonia oxidation
pathway of both AOA and AOB (Kool et al., 2011; Prosser et al., 2020).
AO is indirectly responsible for NoO production by denitrifying mi-
crobes, through the generation of nitrite and nitrate (Prosser et al.,
2020). In this context, understanding who the active ammonia oxidizing
microbes (AOM) are in natural and engineered environments and what
key parameters control their activity is essential.

While ammonia oxidation is one of the most studied microbial pro-
cesses, reflected by the amoA gene being the second most frequently
sequenced gene after 16S ribosomal RNA (Alves et al., 2018), the
connection between AO rates and the structure, abundance, and activity
of the AOM community is not always clear, likely due to the fact that the
majority of published research focusses on abundance alone. This is
particularly evident from the number of studies that use the difference in
abundance between AOA and AOB to extrapolate whether bacteria or
archaea are driving the nitrification process (Bernhard et al., 2007;
Caffrey et al., 2007; Chang et al., 2017; Li et al., 2015; Marton et al.,
2015; Mosier and Francis, 2008; Sanders and Laanbroek, 2018; Santoro
et al., 2008; Smith et al., 2015; Wankel et al., 2011). The major limi-
tation of this approach is that it postulates that all ecotypes within a
community are active and oxidize ammonia at the same rate. The latter
assumption is clearly refuted by studies of AOA and AOB pure cultures
(Dimitri Kits et al., 2017) as well as observations in natural environ-
ments that rates correlate to the presence of key taxa rather than the size
of the overall community (Alves et al., 2013; Bernhard et al., 2007; Duff
etal., 2017; Santos et al., 2018). In comparisons, the first assumption has
rarely been tested but targeted transcriptomics of AOM communities
frequently report lower numbers of amoA transcripts (RNA) compared to
the number of amoA genes (DNA) for the same sample (Bowen et al.,
2014; Duff et al., 2017; Fan et al., 2015; He et al., 2018; Li et al., 2022;
Lipsewers et al., 2014; Liu and Yang, 2021; Marshall et al., 2023; Tatti
et al.,, 2022; Urakawa et al., 2014; Zhang et al., 2018; Zhang et al.,
2015a; Zhang et al., 2015b). This indicates either an overall low tran-
scriptional activity of the AOM communities as on average less than one
amoA mRNA is produced per amoA gene or that only a fraction of the
AOM community is active at any given moment. The latter explanation
is supported by the few studies that compared total and transcriptionally
active community composition in coastal sediments. Zhang et al. (2018)
using time-series incubations with and without acetylene, not only

examined total and active AOM communities across a soil-sediment
gradient but for AOB from sediments, showed a series of active AOB
phylotypes from transcripts that were not present in corresponding
DNA. Similarly, but from in situ sediments across a bay, Duff et al. (2017)
recovered several AOB amoA clones from mRNA libraries that were not
present at DNA level and were phylogenetically distinct from the
dominant DNA amoA. Finally, Tatti et al. (2022), this time exploring the
active AOM responding in sediment PNR incubations, showed the
presence of several AOB amoA phylotypes from transcripts that were not
detected in DNA profiles. While these studies used relatively low-
resolution approaches, they strongly suggested the presence of low-
abundant but high activity AOB members.

The above studies indicate that the dominant AOB at gene level may
not be driving nitrification but instead low abundant highly active AOB
are. Here we explore this hypothesis using the unique adjacent sedi-
mentary structures on the Brouage intertidal mudflat (France). This site
is characterised by the presence of ridges (elevations) and runnels (de-
pressions) on the middle part of the mudflat. These natural semi-
permanent structures are formed and maintained by differences in
sedimentation dynamics and the bio-stabilisation effect of the extra-
cellular polymeric substance (EPS) produced by the microphytobenthos
in ridges (Blanchard et al., 2000). Previous studies have shown that the
microbial communities in the Brouage mudflat exhibit strong stratifi-
cation influenced by salinity, nutrients, and meiofauna (Lavergne et al.,
2017) rather than by diel and tidal rhythms (Lavergne et al., 2018).
More importantly, significant differences in both actual and potential
nitrification rates have been evidenced between adjacent ridges and
runnels with higher rates measured in runnels (Laima et al., 2002; Laima
etal., 1999) and these differences are likely not explained by differences
in AOM community composition (Cholet et al., 2022). We hypothesise
that these differences will be explained by both a higher overall abun-
dance of AOM in runnels and by a higher proportion of transcriptionally
active taxa, and directly compare DNA and mRNA amoA profiles to
explore the role of low-abundant versus dominant taxa in driving
nitrification.

2. Material and methods
2.1. Site description and sampling

The Marenne-Oléron bay covers an area of 180 km? on the French
Atlantic coast, in-between Oléron Island and the mainland. On the
middle part of the Brouage mudflat ridges are formed by sedimentation
events rather than being residual structures resulting from the carving of
runnels from a flat mud formation (Carling et al., 2009) (Supplementary
Fig. 1). Three sites spanning the ridge-runnel structure of the Brouage
mudflat were sampled at low tide (North station-N, VASIREMI station-V
and south station-S) on the 1st, 2nd and 3rd of July 2019 (Fig. 1A). At
each station, 5 individual ridge/runnel structures were sampled (repli-
cates 1 to 5), at least 5 m distant from each other. Each replicate con-
sisted of 5 cores (top 1 cm) along the same ridge/runnel at ~2 m
intervals and homogenised by mixing.

2.2. Biological and physiochemical analyses

Nutrients concentrations were determined from pore water extracted
by centrifugation and filtration through 0.2 pm cellulose nitrate filters
using a SEAL AA3 autoanalyzer (Seal Analytical, GmbH Nordertedt,
Germany) as described in Bergeon et al. (2023). Salinity and pH were
measured directly on unfiltered pore water. Sediment Total Organic
Carbon (TOC) was determined by weight loss of samples incubated at
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450 °C for 12 h. Sediment density was determined by weight loss weight
of samples incubated at 60 °C for 48 h. Sediment granulometry was
measured on a Mastersizer laser granulometer 2000 with a Hydro MU
sampler (Malvern Panalytical, UK). Chlorophyll a and phaeopigments (i.
e., concentration of degraded chlorophyll pigment) concentrations were
quantified by fluorimetry according to the protocol of Lorenzent (1966).
Sediment prokaryotic cells were quantified by flow cytometry using a 2-
extractions protocol previously described in Lavergne et al. (2014).

2.3. Potential nitrification rates (PNR)

Potential nitrification rates (PNR) were measured using fresh sedi-
ments incubated in artificial seawater supplemented with 24 uM NaN3
and O pM or 250 pM of (NH4)2SO4. After 24 h, the accumulation of ni-
trite was determined by subtraction the initial nitrite concentration (see
biological and physiochemical analyses and Supplementary Material
and Methods).
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2.4. DNA/RNA extraction, RNA quality check, reverse transcription and
Q-PCR

DNA and RNA were extracted using the RNeasy PowerSoil RNA kit
with the RNeasy PowerSoil DNA elution kit (Qiagen; UK). RNA fractions
were further DNase treated using the Turbo DNase Kit (Ambion; UK) to
ensure the absence of DNA carryover. Total RNA integrity was evaluated
by calculating the RIN using the Bioanalyser 2100 RNA Nano (Agilent
Technologies; UK) and messenger RNA (mRNA) integrity was evaluated
using the ratio amplicon approach (Cholet et al., 2019) (Ramp). DNA-free
RNA was used for complementary DNA (cDNA) synthesis using Super-
script IV (SSIV) kit (Invitrogen; UK) using gene specific (GS) primers
(Cholet et al., 2020). 16S rRNA genes were amplified using primers
described in Suzuki et al. (2000) and the iTaq Universal Probes Super-
mix (Bio-Rad; UK) and functional genes and transcripts were quantified
from the DNA and cDNA, respectively, by quantitative PCR using
primers described in Hornek et al. (2006) (AOB amoA) and Wuchter
et al. (2006) (AOA amoA) and the QuantiTech SYBR Green kit (Qiagen;
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Fig. 1. The ridge and runnel structures of the Brouage mudflat, French Atlantic coast. Mudflat location along the French Atlantic coast where three separate sites of
ridge-runnel structures with the bay were sampled (A), each with significantly different physiochemical conditions (B) and Potential Nitrification rates (C). “pw’:
parameter measured on pore water; Water_C: water content; TOC: Total Organic Carbon; ChlA: Chlorophyll a; phae: phaeopigments; CN.pw: Total Carbon/ Total
Nitrogen ratio in pore water. ProK_abund: Prokarotes abundance measured by flow cytometry. Maps A and B were made using the ggmap package (Kahle and
Wickham, 2013). For sample identification N, V and S refer to the North, VASIREMI and South stations, respectively; B/S for the sediment structure (B for ridges and
S for runnels) and biological replicates are number 1 to 5. For PNR, differences between ridges and runnels and sampling sites were tested by two-way ANOVA and
post-hoc TuckeyHSD tests (separately for PNR with and without ammonia amendment). Statistically significant differences are represented by letters on top of the

boxplots; different letters indicate statistically different means (p-value<0.05).
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UK) (Table 1).

v
2.5. Illumina MiSeq amplicon libraries preparation and processing of é = _: = F o
high-throughput sequencing (HTS) data ¢ g S 5’ g 8 3
gg RS £Q Ex 5628
ISR=] g9 S 9 5= 2 = 29
Amplicon sequencing library for Illumina MiSeq HTS sequencing Z‘;’ é,'; 2 51 = ) S 51 S 8 f,% 8
(300 Paired-End; 22 million reads/lane) was prepared as described
previously in Cholet et al. (2019) using primers listed in Table 1. For 16S
rRNA, ASVs (Callahan et al., 2017) were constructed using the DADA2 u B! § = § § § §
pipeline (Callahan et al., 2016). For functional genes, ASV construction F Sshas < ° <
and sequence quality check was carried out following the guidelines for
functional genes described in Cholet et al. (2022) (R scripts available at §'
https://github.com/Fchlt/ARC). The phylogeny proposed by Alves et al. § % § Z @ § E §
(2018) was used as reference database for AOA amoA. For AOB amoA, a = Sy Ay = N @
new reference database was generated (Supplementary material and o
methods). z g T . S
2.6. Statistical analysis S SE|Ea 2SS TR Tos o8

All statistical analyses were carried out in R. A zero-centred and
variance-scaled physicochemical data matrix was used as input for PCA
using the prcomp function from the stats package (R Core Team, 2021,
https://www.R-project.org/). PCA was visualised using the ggbiplot
function from the ggplot2 package (Wickham, 2016). Overall differ-
ences in physiochemical parameters between ridges and runnels and
sites were then tested using a two-way permutational multivariate
analysis of variance (PERMANOVA) using the adonis2 function from the
vegan package (Oksanen et al., 2005) and the Euclidian distance matrix
as input. Differences in individual physiochemical parameters between
ridges and runnels and sites were also tested using a two-way analysis of
variance (ANOVA). Gene/transcript copy number values were normal-
ised per grams of sample (dry weight; gdw 1) while PNR values were
normalised per grams of sample and per day of incubation (gdw !
day ™). Differences between ridges and runnels and sampling sites were
tested using two-ways analysis of variance (ANOVA) using the aov
function from the stats package.

For HTS data analysis of 16S rRNA and AOB amoA, absolute ASV
abundances were inferred from the high-throughput sequencing data
and Q-PCR quantification as described in Tettamanti Boshier et al.
(2020) and Jian et al. (2020). For AOA amoA, rarefied abundance tables
were used as Q-PCR results from the RNA extraction were too low.
Differences in community composition were tested by PERMANOVA

PCR: 95 °C-15 min; [94 °C-30s; 47 °C(DNA) or 55 °C(cDNA) -30s; 72 °C-
30s]x32; 72 °C-10 min

Q-PCR: 95 °C-15 min; [95 °C-30s; 47 °C(DNA) or 55 °C(cDNA)-30 s;
72 °C-1 min; 79.5 °C-2 s plate read]x40; melt curve 65°>95°; 0.5°

increment/ 5 s
95 °C-15 min; 40 x (94 °C-30s; 48 °C-30s; 72 °C-1 min + plate read); melt

curve 65°-95°; 0.5° increment/ 5 s
PCR: 95 °C-15 min; [94 °C-45 s, 50 °C-30s, 72 °C-40s]x25; 72 °C-10 min
Q-PCR: 95 °C-10 min; [95 °C-10s, 60 °C-30s + plate read]x40; 40 °C-10

min

PCR: 95 °C-15 min; [95 °C-30s; 58 °C-40s, 72 °C-1 min]x35; 72 °C-10
Q-PCR: 95 °C-15 min; [95 °C-30s; 58 °C-40s, 72 °C-10s + plate read]x40;
melt curve 65°95°; 0.5° increment/ 5 s

PCR cycle
conditions
min

2 g T s =
5 2 TR E
z 8 £ 2 o
using the Bray-Curtis, Unifrac and Weighted Unifrac (WUnifrac) g g é‘g“:’ §
phylogenetic distances between samples. Differential abundance anal- = %0 fg E N _?:E Eg
ysis between ridges and runnels was carried out using analysis of %" g g % ig E ‘3 2
composition of microbes with bias correction (ANCOM-BC Lin and § i § = g E & £ ]
Peddada, 2020). Further details are provided in the Supplementary = g g Zag 3 g g
material and methods. & < < O<meoac
=]
3. Results = % T g T g TP yByg
3.1. Ridges and runnels have differing physio-chemical environments, ol £ & £ & fdfdladi
with higher ammonia and potential nitrification rates (PNR) in the runnels E o <
o . E o £ $893E.Ee
Ridges and runnels separated clearly based on measured environ- § § E 5 % E é g g 5] 5 3
mental parameters (Fig. 1B, Table 2), with 44.5 % of the variance é 3 § § g § § § g é S é
explained by PC1. 14.6 % of the variance (PC2), separated site N (more % o ;: 3 E E % 39 % § E §
positive values along PC2) from sites V and S (more negative values g \é £ g 3 E S % SEE E >
along PC2). Ridges had finer and drier sediments, were slightly more ,; 8 E 8 g k E é 23 é gz
acidic, with a higher salinity, total organic carbon, but lower ammonia, £ § s Q ?, E >R % % 5 £ E
phosphate, photosynthetic pigments and prokaryotes concentration E g 3 8 5 E 8 ; 588365
than runnels. Runnels were characterised by four times higher ammonia g
concentration, higher photosynthetic pigments, and higher prokaryotes g 4 & 2 g =
concentration (Table 2). - E« 5 % g , z , S S8 e EEA
Higher PNR was measured in runnels (120.3 4 sd = 44; 235 + 11.3 =S g =ER tEQE ggﬂ S3FR
and 101.8 + 64 nmol NO3 .gdw ™ '.day ! at site N, V and S, respectively) ERC I = - = Lommr
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Table 2
Environmental parameters measured in ridges and runnels.
Parameter Mean Ridges +sd Mean Runnels +sd Structure Site
Salinity.pw (%o) 36.47 +£1.12 33.81 £+ 0.66 i i
pH.pw 7.02 £+ 0.08 7.21 + 0.06 bl i
Nitrate.pw (pM) 1.56 £1.2 0.7 £0.18 Hx *
Nitrite.pw (uM) 0.07 £ 0.03 0.07 £ 0.02 - -
Ammonia.pw (pM) 44.1 £+ 15.49 203.89 + 85.87 bl -
Phosphate.pw (M) 0.07 £+ 0.05 0.13 + 0.09 o il
Silicate.pw (M) 163.27 + 21.36 176.19 + 37.37 - HxE
Water.C (%) 43.36 + 1.64 50.62 + 2.23 bl -
TOC (%) 14.79 + 2.62 10.89 + 2.43 bl -
Chl a (pg/g) 10.32 + 3.12 20.13 £ 6.24 HxE -
Phae (1g/g) 15.39 + 1.6 20.72 + 9.3 * sk
Prokaryotes (cells.ml~") 6.6 x 10° + 8.5 x 10° 7.0 x 10° + 1.3 x 10° - -
16S rRNA (copies g ) 7.93 x 10° + 3.58 x 10° 1.08 x 10'° + 6.21 x 10° * *kk
CN.pw 5.9+ 0.53 2.96 £+ 0.96 bl -
Sand (%) 7.82 £1.03 14.51 + 3.95 ok -
Silt (%) 81.14 £ 1.76 78.22 + 3.67 * -
Clay (%) 11.04 £ 1.19 7.27 £ 0.81 Hrx -

pw: parameters measured on pore water; Water.C: water content; TOC: Total Organic Carbon; Chl a: Chlorophyll a; Phae: phaeopigments; CN.pw: Total Carbon/ Total
Nitrogen ratio in pore water. Prokaryotes cell numbers measured by flow cytometry. Results of two-way ANOVAs testing the effect of the sediment structure and
sampling site are presented on the right: - no difference; p * < 0.05;** < 0.01;*** < 0.001.

compared to ridges (4.27 + 1.3; 6.7 &+ 0.2 and 4.9 + 1.7 nmol NO3 .
gdwL.day ! at site N, V and S, respectively) (p-value <0.001, Fig. 1C).
Sampling site also had a significant effect (p-value site<0.01). PNR
remained significantly higher in runnels for the incubation with 500 pM
ammonia added (160.9 + 24.7 and 466.7 + 25.3 nmol NO3 .gdw’l.
day ! at sites N and V, respectively) compared to ridges (96.1 + 8.4 and
220.8 =+ 91 nmol NO3 .gdw L.day ! at sites N and V, respectively) but
the differences at site S were no longer significant (100.5 + 34.7 and
103.4 + 44.4 nmol NOz .gdw '.day ! in runnels and ridges, respec-
tively) (Fig. 1C).

3.2. Bacterial abundance and communities differ between ridges and
runnels

16S rRNA gene abundances were significantly higher in runnels than
ridges (p-value = 0.0221) (Table 2). Sediment structures also had a
significant effect on the overall microbial community based on 16S
rRNA gene sequencing, (p-value <0.001 for all three phylogenetic dis-
tances, Bray-Curtis, Unifrac and Weighted Unifrac) with 5.7 % Bray-
Curtis, 13.8 % Unifrac and 33.7 % Weighted Unifrac variance in the
microbial community composition explained by the ridge/runnel
structures (Supplementary Fig. 3, Supplementary Table 2).

3.3. Ammonia oxidizers gene abundance is higher in ridges but transcripts
are higher in runnels

AOB amoA gene abundances were higher in ridges (3.81 x 107 +
1.17 x 107 copies .gdw 1) than runnels (2.09 x 107 + 5.27 x 10° copies
.gdw™1) (0.01 > p-value >0.001). Sampling site was not statistically
significant, with comparable values within ridges (3.63 x 107 &+ 1.01 x
107; 4.58 x 107 + 1.17 x 107 and 3.18 x 107 + 1.01 x 10’ copies .
gdwlat sites N, V and S, respectively) and within runnels at all sites
(1.97 x 107 + 3.67 x 10% 2.16 x 107 + 7.92 x 10° and 2.14 x 107 +
4.27 x 107 copies .gdw ! at sites N, V and S, respectively) (Fig. 2;
Supplementary Table 3). Interesting, the opposite trend was seen in AOB
amoA transcript abundance, which were, on average, higher in runnels
(3.29 x 108 + 3.29 x 10° copies .gdw 1) than ridges (1.66 x 10° + 8.84
x 10° copies .gdw 1) (0.01 > p-value >0.001). (Fig. 2; Supplementary
Table 3) although only significantly higher at site N (8.21x 10° + 4.09
x 10° copies .gdw'1 in runnels) (p-value>0.01). Within ridges, AOB
amoA transcripts abundances were similar between sites (1.92 x 10° +
1.13 x 105 1.34 x 10° + 4.70 x 10° and 1.78 x 10° + 1.07 x 10° copies
.gdw! at sites N, V and S, respectively) and comparable to values in
runnels at sites V (2.00 x 10° + 5.45 x 10° copies .gdw'l) and S (1.63 x
10% + 4.03 x 10° copies .gdw™). Transcription ratio of bacterial amoA
DNA:RNA was <1 at all sites, with significantly higher ratio of
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Fig. 2. AOM abundance and transcriptional activity in ridges and runnels. AOB amoA DNA (A), AOB amoA RNA (B) and AOA amoA DNA (C). Numbers reported as
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transcripts to DNA in runnels (0.196 + 0.177) compared to ridges
(0.052 + 0.023) (p-value <0.001) (Fig. 2; Supplementary Table 3).
Within runnels, a higher ratio was found at site N (0.400 + 0.188)
compared to sites V (0.111 + 0.065) and S (0.077 + 0.087) whereas the
ratio within ridges was relatively constant between sampling sites
(0.052 + 0.022; 0.030 + 0.011 and 0.076 + 0.020 at site N, V and S,
respectively) (Fig. 2; Supplementary Table 3). AOA amoA genes abun-
dances were lower than AOB, but showed the same pattern of higher
numbers in ridges (8.22 x 10° +1.87 x 10° copies .gdw’l) than runnels
(6.74 x 10° £ 9.00 x 10* copies .gdw™1) (0.05 > p-value >0.01) (Fig. 2;
Supplementary Table 3). AOA amoA transcripts could not be reliably
quantified by Q-PCR with melt curve analysis showing multiple peaks
indicating possible unspecific amplification (Supplementary Fig. 4). As
there were ~10° copies .gdw ™! in DNA we assumed there must be some
transcriptional activity and therefore combined and concentrated three
separate PCRs of the cDNA to obtain sufficient product for sequencing
(supplementary material and methods). Finally, COMAMMOX Nitro-
sospira amoA gene copies were quantified at low concentrations (2.5 x
10* + 4.9 x 10% and 2.9 x 10* + 1.9 x 10° copies .gdw ™! in runnels and
ridges at site V) however, despite the assay and standard curve ampli-
fication working well, the melt curve analyses of the environmental
assays indicated unspecific amplification, concluding that COMAMMOX
was below the reliable detection limits of our assay (Supplementary
Fig. 4).

3.4. Ammonia oxidiser community composition- different phylotypes
dominate the total (DNA) and transcriptionally active (RNA) communities

Although AOA amoA transcripts were too low for quantification,
amplicons were recovered for sequencing by pooling three separate PCR
reactions. For both AOA and AOB, most of the variance was explained by
the differences between the DNA and RNA libraries (p-value<0.01; R% =
0.942 and 0.782 for AOB and AOA, respectively). The overall effect of
the ridge/runnel structures was also significant for both AOB and AOA
(PERMANOVA p-value<0.01) but explained a much smaller part of the
variance (R = 0.018 and 0.058 for AOB and AOA, respectively) (Fig. 3A
and D). When the DNA and RNA libraries were analysed separately, the
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effect of the ridge/runnel structures became more important for both
AOA and AOB (p-value<0.01), with R? values of 0.467 and 0.435 for
AOB (DNA and RNA, respectively; Fig. 3B and C) and 0.485 and 0.339
for AOA (DNA and RNA, respectively; Fig. 3E and F). Overall, these
results indicated a definitive difference between the total and tran-
scriptionally active AOM communities as well as a significant effect of
the ridge/runnel structures on total and transcriptionally active AOA
and AOB.

3.4.1. Ammonia oxidizing archaea

In total, 1359 AOA amoA ASVs were recovered from the sequencing
of the DNA and RNA libraries after quality filtering. The AOA commu-
nity was dominated by the Nitrosopumilales-Gamma-2.1 group, repre-
senting ~96 % and ~97 % of the total AOA community in ridges and
runnels, respectively. The second most abundant group was the closely
related Nitrosopumilales-Gamma-2.2, representing ~3.7 % and ~2.6 % of
the total AOA community in ridges and runnels, respectively. Other
Nitrosopumilales groups belonging to the Nitrosopumilales Gamma, Delta
and Epsilon were present in ridges and runnels but together represented
~0.1 % of the total community. Nitrosopumilales -Eta and -Zeta were also
present, only in ridges, albeit at a marginally low relative abundance
(>0.005 %) (Fig. 4B; Supplementary Table 4). Within the Nitro-
sopumilales-Gamma-2.1, the total AOA community was dominated by
ASV_1 (28 % in ridges and 34 % in runnels), ASV_2 (25 % in ridges and
19 % in runnels), ASV_3 (11 % in ridges and 10 % in runnels) and ASV_4
(3 % in ridges and 4 % in runnels) whose closest known AOA were
Nitrosopumilus cobalaminigenes (ASV_1) and Nitrosopumilus sediminis
(ASV_2/3/4) (Fig. 4A, Supplementary Table 5). ANCOM-BC test
revealed that numerous individual ASVs were over-represented (i.e.
more abundant) in either the ridges or runnel. This included the abun-
dant ASV_2, over-represented in ridges (25 % in ridges and 18.5 % in
runnels) in addition to several ASVs belonging to the Nitrosopumilales
Delta and Epsilon groups (Supplementary Table 6), while in the runnels,
ASVs belonging to the Gamma groups were over-represented (Fig. 4D,
Supplementary Table 6). The profile of the AOA community changed
when considering the actively transcribing community, with a relative
~16 fold increase in the proportion of Nitrosopumilales-Gamma-2.2
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compared to the DNA community (=64 % in ridges and ~43 % in run-
nels) and in turn a relative decrease (~2.7 and ~1.7 fold in ridges and
runnels, respectively) in the proportion of Nitrosopumilales-Gamma-2.1
(~36 % in ridges and =57 % in runnels) (Fig. 4B and C; Supplementary
Table 4). Nitrosopumilales-Epsilon-2.2 were also detected in ridges (~0.4
%) but not in runnels. The differential abundance analysis at RNA level
revealed that a small number of transcriptionally active AOA ASVs (n =
22) were differentially represented between ridges and runnels and the
majority belonged to the Gamma-2.1 group (Fig. 4E; Supplementary
Table 6).

3.4.2. Ammonia oxidizing bacteria- the majority of environmental AOB
amoA in the reference database cannot be assigned to either Nitrosomonas
or Nitrosospira

AOB amoA sequences in the reference database clustered in three
main phylogenetic groups. Two groups could be identified as the
Nitrosomonas (n = 1792) and Nitrosospira (n = 402) lineages as they
contained representative sequences from known Nitrosomonas and
Nitrosospira, respectively, along with environmental sequences. The
third and largest group (n = 3382), composed of environmental se-
quences only, formed a distinct cluster that contained sequences desig-
nated as Nitrosospira-like by Francis et al. (2003) and O’Mullan and
Ward (2005) and as Nitrosomonas Cluster Group A and Cluster Group B by
Zhang et al. (2018) and Duff et al. (2017) (Supplementary Fig. 2). Based
on the absence of obvious phylogenetic relationship between this cluster
and known AOB species and the confusion in its naming in the literature,
we propose to classify these sequences as a separate Nitrosospira/Nitro-
somonas (Ns/Nm) cluster. Within each of the three main clusters, sub-
clusters sharing respective unique common ancestors (except for Ns/Nm
A) and supported by bootstrap values >50 were defined.

(Supplementary Fig. 2).

3.4.3. Ammonia oxidizing bacteria- phylogenetic classification of ASVs

In total, 478 AOB amoA ASVs were recovered from DNA and RNA
libraries after quality filtering and separated in three main clusters. Two
clusters could be clearly identified as Nitrosomonas (128 ASVs) and
Nitrosospira (10 ASVs) based on their phylogenetic relationship with
known AOB species. The third largest cluster, primarily composed of
DNA sequences, contained 344 ASVs taxonomically assigned to the
newly defined Ns/Nm Group A (179 ASVs) and Ns/Nm Group B (165
ASVs). Sequences in the Ns/Nm cluster were phylogenetically related to
DNA and RNA amplicons from Irish coastal sediments (Duff et al., 2017;
Zhang et al., 2018). On the DNA tree (Fig. 5A), separation between the
Nitrosospira cluster and the rest of the tree was supported by a bootstrap
value of 100 and the separation between the Nitrosomonas and Ns/Nm
clusters was supported by a bootstrap value of 99. Overall, the AOB
amoA nucleotide tree was consistent with the amino acid tree, except
that on the amino acid tree, the Nitrosospira cluster and Ns/Nm cluster
share a common ancestor not shared by the Nitrosomonas cluster (Sup-
plementary Fig. 5).

The Nitrosomonas cluster branched into 4 subclusters with 2 sub-
clusters of known Nitrosomonas. The first one contained 7 ASVs assigned
to the Nitrosomonas nitrosa lineage and 1 to the Nitrosomonas europaea/
halophila/eutropha/communis lineage. This cluster also contained refer-
ence amoA sequences from Nitrosomonas nitrosa, Nitrosomonas eutropha,
Nitrosomonas europeae, Nitrosomonas halophila, Nitrosomonas communis
and Nitrosomonas cryotolerans. The second subcluster of known Nitro-
somonas contained 1 ASV assigned to the Nitrosomonas oligotropha/
ureae/supralitoralis lineage and 1 ASV assigned to the Nitrosomonas
marina/aestuarii lineage as well as reference amoA sequences from
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Nitrosomonas marina, Nitrosomonas aestuarii, Nitrosomonas urea, Nitro-
somonas oligotropha and Nitrosomonas supralitoralis. Both clusters con-
tained RNA amoA sequences from freshwater sediment, China (Wang
et al., 2020). The majority of actively transcribing AOB, were found in
two clusters and in particular in the Nitrosomonas sp1 cluster (76 ASVs),
which branched separately from the known Nitrosomonas, with other
active AOB from coastal environments, including, RNA amplicons from
Irish coastal sediments (Duff et al., 2017; Tatti et al., 2022; Zhang et al.,
2018), DNA SIP amplicons from coastal wetlands, China (Wang et al.,
2020) as well as DNA sequences from coastal and estuary sediments
across the globe (e.g. Baltic sea, eastern China, Gulf of Mexico, San
Francisco Bay, Elkhorn Slough estuary). The remaining smaller Nitro-
somonas Clusters sp4 cluster, contained 41 ASVs related to RNA amplicons
from Irish coastal sediments (Zhang et al., 2018) and DNA SIP amplicons
from coastal wetlands (Wang et al., 2020). One ASV was identified as
Nitrosomonas sp5 and 2 ASVs could not be assigned to one of the denovo
clusters (designated unknown Nitrosomonas). Finally, a Nitrosospira
cluster of 10 ASVs was present (in the DNA library only), related to RNA
amoA sequences from freshwater lake sediments, China (Liu and Yang
2021) (Fig. 5A; Supplementary Fig. 5).

3.4.4. Ammonia oxidizing bacteria cluster ns/nm dominates the total
(DNA) community while Nitrosomonas spl and sp4 dominate the
transcriptionally active (RNA) community

In both ridges and runnels, the total AOB community (DNA library)
was dominated by ASVs from Cluster Ns/Nm Group A (=97 % and ~92 %
of the reads in ridges and runnels, respectively) with three ASVs rep-
resenting ~70 % of the read (ASV_1 and ASV_2 and AVS_3 representing
~28 %, ~ 22 % and ~23 % in ridges and ~23 %, ~ 24 % and ~22 % in
runnels, respectively). Cluster Ns/Nm Group B was the second most
abundant phylotype in ridges (~2.6 %) followed by Nitrosomonas sp1
(=~0.8 %) while in runnels, Nitrosomonas spl was more abundant than

Ns/Nm Group B (4.6 % and 3.1 %, respectively). Interestingly, Nitro-
somonas spl was also 3-fold more abundant in runnels compared to
ridges when considering absolute abundances (9.5 x 10° and 3.2 x 10°
reads in runnels and ridges, respectively). Nitrosomonas sp4, sp5, known
Nitrosomonas and Nitrosospira together accounted for only ~0.04 % and
~0.1 % of the community in ridges and runnels, respectively. Nitro-
somonas sp4 was ~3.7 and ~1.8 fold more abundant in runnels than
ridges when considering relative and absolute abundances, respectively.
Differential abundance analysis showed that, out of the 53 ASVs that
were significantly more abundant in runnels, 26 belonged to Nitro-
somonas spl and 7 to Nitrosomonas sp4, while out of the 25 ASVs
significantly more abundant in the ridges, 14 belonged to the Ns/Nm
Cluster Group A, 8 to the Ns/Nm Cluster Group B, 2 to the Nitrosomonas
nitrosa lineage and 1 to the Nitrosomonas oligotropha/ureae/supralitoralis
lineage (Fig. 5; Supplementary Table 7 and 8).

In sharp contrast to the DNA profile, at RNA level, Nitrosomonas sp1
and sp4 ASVs were the most abundant actively transcribing AOB, ac-
counting for ~91 % of ridge and ~99 % of runnel reads. Within this
group, Nitrosomonas spl was dominant (78 % in ridges and 88 % in
runnels). Three Nitrosomonas spl ASVs, (ASV_4, ASV_6 and ASV_7,)
represented ~28 %, ~11 % and ~10 % of the reads in ridges and ~34 %,
~15 % and ~10 % of the reads in runnels. Nitrosomonas sp4 was the
second most transcriptionally active cluster accounting for ~13 % in
ridges and ~11 % in runnels and was dominated by a single ASV
(ASV_11), representing ~9 % of ridges and runnels. When considering
absolute abundances, Nitrosomonas sp1 and Nitrosomonas sp4 were ~3.3
and ~2.3 fold more transcriptionally active in runnels than ridges,
respectively. Differential abundance analysis showed that 18 ASVs were
significantly more transcriptionally active in runnels than ridges and
they all belonged to the Nitrosomonas clusters (15 ASVs from Nitro-
somonas spl and 3 ASVs from Nitrosomonas sp4). Only 1 ASV from
Nitrosomonas sp4 was more active in ridges. The dominant ASVs at RNA
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level (ASV_4 and ASV_6) were on average more transcriptionally active
in runnels than in ridges but the differential analysis revealed this was
not statistically significant. Ns/Nm Cluster A/B, which dominated the
DNA library, only accounted for ~9 % and ~0.8 % of the reads in ridges
and runnels, respectively. Differential abundance analysis identified 3
ASVs belonging to the Ns/Nm Goup A, which were significantly more
transcriptionally active in ridges than runnels (Fig. 5; Supplementary
Table 7, 8 and 9).

4. Discussion

4.1. Differences in nitrification rates between ridges and runnels are likely
driven by low-abundance high-activity uncharacterised Nitrosomonas
clusters

To determine which AOM drive the nitrification process in the
Brouage mudflat, AOA and AOB abundances and transcriptional activ-
ities were measured. While AOA genes could be quantified, AOA amoA
transcripts were present in very low abundance as revealed by incon-
clusive Q-PCR melt curves (Supplementary Fig. 4) and the need for three
individual end-point PCRs to recover enough cDNA for sequencing.
Similarly, COMAMMOX Nitrospira amoA genes abundance was 3.5
orders of magnitude lower than that of AOB amoA and analyses of Q-PCR
melt curves indicated possible unspecific amplifications (Supplementary
Fig. 4). In contract, AOB genes abundances and transcripts were higher
(>107 and > 10° copies .gdw! for AOB amoA genes and transcripts,
respectively) and reliably quantified from all samples. From these ob-
servations, we concluded that AOB were likely the main drivers of
ammonia oxidation. To quantify the differences in the maximum po-
tential of ridges and runnels to oxidize ammonia, potential nitrification
rates were further employed as this approach has been shown previously
to be adequate in mud sediments dominated by AOB, with the same
phylotypes active in-situ and during the PNR incubations (Tatti et al.,
2022). A quantitative comparison of the phylotypes found in the total
and transcriptionally active AOB communities revealed that the
ammonia oxidation within the Brouage mudflat is not driven by the
abundant Ns/Nm cluster, who dominated the AOB community, as this
phylotype was transcriptionally inactive and was more abundant in
ridges where lower PNR was measured. Instead, we hypothesise that the
ammonia oxidation is driven by uncharacterised Nitrosomonas sp phy-
lotypes who dominated the transcriptionally active AOB community.
Despite only representing a small portion (>5 %) of the total AOB
community, the abundance of this phylotype was on average three times
higher in runnels and positively correlated with PNR (Supplementary
Fig. 6). To further test this hypothesis, rate per cell were calculated, only
considering the absolute abundance of Nitrosomonas sp1 and sp4 and 2.5
copies of amoA per genomes. This yielded values of 3.55 and 38.67 fmol
NHZ .cell™! .h7! for the PNR without ammonia amendment in ridges
and runnels, respectively and 93.30 and 66.60 fmol NHZ .cell* .h~! for
the PNR with ammonia amendment in ridges and runnels, respectively.
These estimated values are higher than that reported by Wang et al.
(2020) for AOB in soil and sediments (3.38 to 16.93 fmol NHJ .cell
h™1) and by Su et al. (2018) for AOB in constructed wetlands sediments
(0.02 to 10.37 fmol NHJ cell™! .h’l) as well as those determined for
cultures of AOB (0.9 to 53 fmol of NHJ ccell’! .h™Y (Coskuner et al.,
2005). It should be noted that Su et al. (2018) used total AOB abun-
dance, assuming each cell is active, rather than the specific abundance of
the active AOB population, likely overestimating the number of active
cells. Meanwhile, the number of active AOB cells calculated here are
likely underestimated by using in situ abundances rather than the
abundance in the PNR incubation. Nevertheless, these values are within
the same order of magnitude as those previously reported indicating that
it is theoretically possible that Nitrosomonas spl and sp4 are solely
responsible for driving the ammonia oxidation process in the Brouage
mudflat.

Overall, results presented here together with previous observations
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(Duff et al., 2017; Tatti et al., 2022; Zhang et al., 2018) suggest that in
some sediments, only a subset of the total AOB communities drives the
nitrification process. Similar observations were made for AOA with
strong difference between the DNA and RNA profiles. While not being
the main driver of the ammonia-oxidation process here, it indicates that
low-abundance AOA might also be highly transcriptionally active. Dif-
ferences between total and transcriptionally active AOM have been
observed in other environments, suggesting that low-abundance AOM
might play important roles elsewhere, while the abundant phylotypes
are not always transcriptionally active. When comparing the effect of
allylthiourea (ATU) exposure on soil AOA and AOB communities, He
and Ji (2020) showed that one AOB clusters, representing ~50 % of the
total community in ATU exposed samples was completely absent from
the transcriptionally active community. Inversely, they showed the
presence of two low-abundance Nitrosomonas Clusters representing
0.006 % and 0.003 % of the total community that were highly active,
accounting for 10.9 % and 13.1 % of the transcriptionally active com-
munity. Similarly, Liu et al. (2022), who studied the abundance and
activity of AOA in coastal water, reported that the AOA cluster WCB,
which represented 50 % of the total community at one non-upwelling
station, was completely absent in the corresponding RNA sample.
Meanwhile, the AOA cluster SCM1-like which accounted for a high
proportion at RNA level at the upwelling stations was found at very low
abundance in corresponding DNA samples. Taken together with results
presented here, these observations indicate an important role of low-
abundant AOM in ammonia oxidation. In this context, we argue that
quantitative transcriptional activity should routinely complement DNA
based studies in order to bridge the gap between community composi-
tion, active organisms, and rate process.

In turn, these fundings also raise the very interesting question as to
what the abundant Ns/Nm AOB DNA cluster is doing if they are not
actively transcribing the ammonia monooxygenase gene? The sequences
from this numerically dominate cluster, were reassigned to a new uni-
fied group that we have called the Ns/Nm cluster as they fall between
and therefore do not share a strong phylogenetic relationship with
known Nitrosomonas or Nitrospira. As there are no known cultured
representative of this group (Supplementary Fig. 5), speculations as to
the metabolic capacities of this phylotype that enable it to be so abun-
dant are difficult to make. One possible explanation is that they may be
able to grow mixotrophically, using organic compounds as carbon and
energy source as might be the case for some other AOM (Wright and
Lehtovirta-Morley, 2023; Hommes et al., 2003).

4.2. Biogeographical distribution of Nitrosomonas clusters in coastal/
estuary sediments

In this study, we illustrate the importance of integrating measures of
transcriptional activity alongside abundance data. Failing to do so
would have resulted in a flawed comprehension of ammonia oxidation
in the Brouage mudflat, prompting us to question whether this
discrepancy reflects a global trend. The Nitrosomonas sp1 and sp4 phy-
lotypes have previously been recovered as active AOM from other
coastal (Duff et al., 2017; Tatti et al., 2022; Zhang et al., 2018; Peng
et al., 2012; Wang et al., 2020) and freshwater environments (Liu and
Yang 2021) (Fig. 5A; Fig. 6; Supplementary Fig. 5), indicating they could
be a significant contributor to nitrification in other coastal ecosystems.
To determine their broader biogeographical distribution in coastal en-
vironments, the denovo AOB clusters defined from the reference data-
base were segregated by geographical origin. We found that
Nitrosomonas sp1 and sp4 are detected in the majority of studies and are
broadly distributed across the globe. In some studies, a high proportion
of sequences recovered belonged to these clusters (Fig. 6). Since most
studies used clone libraries to assess community composition, finding a
high proportion of Nitrosomonas sp1 and sp4 clones indicate that they
may represent a much higher proportion of the total community in those
samples compared to the samples from the Brouage mudflat. This
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Fig. 6. Biogeographical distribution of AOB clusters in coastal sediments. Pie charts represent the proportion of clones or ASVs (Lui et al. 2023) assigned to the
denovo AOB clusters in each study. Reference studies are indicated for inside each pie charts.

observation could indicate that they play a key role in ammonia
oxidation in coastal sediments worldwide. The Ns/Nm AOB clusters are
also found in almost all studies and often constitute the majority of amoA
sequences recovered. The studies considered here (Fig. 6) were under-
taken at DNA level, and correlations between gene abundances and rates
are not always found, raising the question as to which group are driving
nitrification. The evidence we have derived from a French coastal
sediment in the present study and evidence from similar environments
on the Irish west coast (Duff et al., 2017; Tatti et al., 2022; Zhang et al.,
2018) indicates similar scenario, where low-abundant AOB display high
transcriptional activity and are potentially responsible for driving
nitrification.

Broad biogeographical studies involving measures of abundance,
community composition and transcriptional activity, coupled with rate
process, are needed to answer the questions raised by the results pre-
sented here: Are Nitrosomonas sp1 and sp4 always low in abundance and
highly active in coastal sediments? Here we were able to explain dif-
ferences in PNR at the meter-scale within the same mudflat by the dif-
ferences in abundance of these clusters but can the same apply at larger
geographical scale (i.e. regional, continental)? And furthermore, why is
there a highly abundant seemingly inactive Ns/Nm cluster? Is the Ns/Nm
cluster active in other samples and if not, how can we explain their high
abundance?

5. Conclusions

We show that the higher PNR in runnels compared to ridges can be
explained by the higher abundance of uncharacterised low-abundance
high-activity Nitrosomonas clusters in runnels, that are the active phy-
lotypes in both ridges and runnels. These cluster have a broad
geographical distribution indicating their importance for ammonia
oxidation in coastal/estuary sediments worldwide. Discrepancies be-
tween PNR and overall AOB abundance are explained by the presence of
a low-activity AOB cluster that is more abundant in ridges but does not
participate in the ammonia oxidation process. This low-activity AOB
cluster is phylogenetically distinct from known Nitrosomonas and
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Nitrosospira and is also broadly distributed in coastal/estuary sediments
worldwide. Future work should routinely include quantitative tran-
scriptomics, not as a replacement of DNA based methods but rather as a
complementary approach. Combining these methods with high
throughput sequencing and rate measurement, future research should
test if the patterns of activity found here are observed at broader
geographical scales and what physiochemical parameters regulates
active AOM globally. Finally, results obtained from the sequencing of
short amplicons will always be limited in their reach. Consequently,
efforts at cell isolation directly from the environment as well as genome
reconstruction are also needed in order to determine the metabolic ca-
pacities of different AOM phylotypes.
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