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Abstract 

Deep-sea mining may lead to the release of high concentrations of metals into the surr ounding sea bed, which can disturb important 
ecosystem functions provided by microbial communities. Among these, the production of N 2 O and its reduction to N 2 is of great 
r elev ance since N 2 O is an important greenhouse gas. Metal impacts on net N 2 O production by deep-sea bacteria are , how ever, currently 
unexplor ed. Her e , w e evaluated the effects of cadmium (Cd) on net N 2 O production by a deep-sea isolate, Shewanella loihica PV-4. We 
performed a series of Cd exposure incubations in oxic conditions and determined N 2 O fluxes during induced anoxic conditions, as well 
as the r elati v e expr ession of the nitrite reductase gene ( nirK ), pr eceding N 2 O pr oduction, and N 2 O r eductase gene ( nosZ ), r esponsib le for 
N 2 O reduction. Net N 2 O production by S. loihica PV-4 exposed to Cd was strongly inhibited when compared to the control treatment (no 
metal). Both nirK and nosZ gene expression were inhibited in reactors with Cd, but nirK inhibition was stronger, supporting the lower 
net N 2 O pr oduction observ ed with Cd. The Cd inhibition of net N 2 O pr oduction observ ed in this study poses the question whether 
other deep-sea bacteria would undergo the same effects. Future studies should address this question as well as its applicability to 
complex communities and other physicochemical conditions, which remain to be evaluated. 

Ke yw ords: deep-sea, mining, metal contamination, denitrification, nitrous oxide, gene expression 
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Introduction 

Over the next few decades, deep-sea mining of earth minerals 
is expected to increase as demand is growing and the technical 
limitations of mining the deep ocean are being r esolv ed. Ov er 29 
explor ation contr acts alr eady exist to mine locations in interna- 
tional waters, mostly aiming to extract minerals from manganese 
nodules , cobalt crusts , or massive sulfide deposits (Cuyvers et al.
2018 , Miller et al. 2018 ). Deep-sea mining may pose environmen- 
tal risks to benthic life that would otherwise be virtually undis- 
turbed by human activities (Orcutt et al. 2020 ). The operation of 
heavy machinery on the ocean floor may lead to sediment restruc- 
ture and mining metallic substrates may release toxic concen- 
trations of metals, which can affect biological processes across 
various domains of life (Magalhães et al. 2011 , Jordi et al. 2012 ,
Semedo et al. 2012 , Hauton et al. 2017 ). Cadmium (Cd) is one of 
the metals present in deep-sea ore deposits that may be released 

during deep-sea mining operations (Hauton et al. 2017 ). Due to 
its high toxic potential and to pr e viousl y r eported impacts in mi- 
crobial metabolic and biogeochemical processes in different envi- 
r onments (Ma galhães et al. 2007 , Liu et al. 2016 , Afzal et al. 2019 ,
Broman et al. 2019 ), it is important to investigate Cd impacts on 

deep-sea microbial life. 
Deep-sea micr oor ganisms pr ovide se v er al ecosystem functions 

of gr eat v alue to envir onmental sustainability (Orcutt et al. 2020 ).
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r e pr oduction in any medium, provided the original work is properly cited. For com
hey are responsible for the majority of nutrient cycling in the
ee p-sea, methane production/o xidation, nitrous o xide produc- 
ion/r eduction, and so forth. Nitr ous oxide (N 2 O) is a potent green-
ouse gas predicted to have a major impact on the globe’s cli-
ate over the next 100 years (Ravishankara et al. 2009 , Neubauer

nd Megonigal 2015 ). The fine balance between its production and
onsumption in deep waters is of great relevance to the control of
reenhouse gas emissions from the ocean, the largest ecosystem 

n earth (Miller et al. 2018 , Bange et al. 2019 ). Denitrification, the
tepwise reduction of nitrate (NO 3 

−) and nitrite (NO 2 
−) to nitric

xide (NO), nitrous oxide (N 2 O), and dinitrogen gas (N 2 ), can be a
ource or sink of N 2 O due to its modularity (Graf et al. 2014 ). If the
nzymes responsible for the steps pr eceding N 2 O formation, suc h
s nitrite reductase (EC 1.7.1.4), are more abundant or active than
he N 2 O reductase enzyme (EC 1.7.2.4.), responsible for N 2 O re-
uction, denitrification is a source. On the other hand, when N 2 O
eductase is more abundant or active, denitrification becomes a 
ink. Nitrite reductase is encoded by nirS or nirK while N 2 O re-
uctase is encoded by nosZ , with two distinct clades, nosZI and
osZII (Hallin et al. 2018 ). The r elativ e expr ession of sources ( nirS
r nirK ) vs. sinks ( nosZ ) will, ultimately, determine N 2 O fluxes in a
articular environment or bacterial culture. While some studies 
eport denitrification as an important pathway for NO 3 

− r emov al
n deep-sea sediments (Xu et al. 2022 ) or deep-sea sponge grounds
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Figure 1. Optical density at 600 nm in the bioreactors during the 
exposure experiments with S. loihica PV-4 in oxic conditions. Each point 
r epr esents the OD600 measurement from a single reactor at a given 
time point. The shaded area represents the 95% confidence interval of 
the locally estimated scatterplot smoothing (solid line). The dotted 
vertical lines represent the period when anoxia was induced for N 2 O 

and gene expression measurements. 
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Rooks et al. 2020 ), denitrification activity and gene expression reg-
lation by deep-sea bacterial isolates is r elativ el y understudied. In
his w ork, w e take a closer look at net N 2 O pr oduction (r esulting
r om pr oduction and consumption) by a deep-sea isolate due to
he curr ent lac k of e vidence about its drivers in the deep-sea as
ell as their susceptibility to metal pollution. 
It is reasonable to expect that denitrification and, consequently

 2 O pr oduction/r eduction can be disturbed by the intensification
f deep-sea mining. Increased metal exposure can lead to reduced
icr obial gr owth, denitrifying activity, and diversity of denitrify-

ng micr oor ganisms in v arious envir onments (Kandeler et al. 1996 ,
uang et al. 2008 , Magalhães et al. 2011 , Baptista et al. 2015 ).
ven metals that are essential cofactors of microbial enzymes,
uch as copper in nitrous oxide reductase, can inhibit their reac-
ions when environmental concentrations exceed a certain level
Magalhães et al. 2011 , Glass and Orphan 2012 ). Indirect effects

ay also be r ele v ant. For instance, metal availability and conse-
uent oxidation in the deep seawater may decrease the pH, analo-
ous to an acid mine dr aina ge in terr estrial envir onments (Orcutt
t al. 2020 ). Lo w er pH is kno wn to inhibit N 2 O reduction b y inhibi-
ion of nosZ gene expression or post-tr anscriptional interfer ence
Liu, F rostegår d and Bakken 2014 ; Samad et al. 2016 , Gaimster et
l. 2017 ), which may lead to increased N 2 O fluxes from deep-sea
ommunities. 

Despite the potential risk for increased mobilization and
ioavailability of metals in deep-sea sediments related to mining
ctivities, little is known about the impacts of metals on microbial
ife in the deep-sea. A few studies have addressed the toxic effects
f metals in lar ger or ganisms in deep-sea conditions (low temper-
ture and high pressure) and reported that the increased pres-
ure and/or lo w er temperatures affected the toxicity potential of
ach metal (Hauton et al. 2017 ). For example, when a crustacean
as exposed to copper and/or cadmium, the toxicity of copper in-

reased at higher hydrostatic pressure but cadmium toxicity did
ot change with pressure (Brown et al. 2017 ). The colder temper-
tures and higher pressures of deep-sea conditions will likely af-
ect the toxicity of metals to any living organism, ho w ever, the
irection of that effect on microorganisms is currently unknown.
n fact, to our knowledge, no studies with these metals have been
erformed so far with micr oor ganisms isolated from the deep-sea
nd/or able to tolerate deep-sea conditions. 

In this r esearc h, we attempted to initiate the investigation of
etal impacts on denitrification and N 2 O metabolism in deep-

ea micr oor ganisms . T he specific objective was to in vestigate the
d impacts on net N 2 O production from Shewanella loihica PV-4, a
eep-sea isolate carrying nirK and nosZI genes (Jones et al. 2013 ,
raf et al. 2014 ). To achieve this goal, we performed a series of ex-
osure experiments with dissolved Cd and measured N 2 O concen-
r ation ov er time during induced anoxia. To further understand
he potential impacts of the metal on the production and reduc-
ion of N 2 O, we measured the r elativ e expr ession of both nirK and
osZ genes in the same period. 

aterial and methods 

hewanella loihica strain PV-4 T (DSM 17748) was obtained from the
erman Collection of Micr oor ganisms and Cell Cultures (DSMZ),
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Figure 2. Nitrous oxide amount in the bioreactors during the exposure experiments with S. loihica PV-4. Each point represents the N 2 O measurement 
from a single reactor at a given time point during the anoxic period. The solid line represents the linear regression per reactor and the shaded area 
r epr esents the 95% confidence interval. Calculated slopes and fluxes are presented in Table S4. 
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activated according to provided instructions, and stored at −80ºC.
Fr om the fr ozen cultur e stoc k, S. loihica PV-4 was tr ansferr ed to a 
Luria-Bertani (LB) agar plate and pre-grown at 28ºC until obtaining 
enough inoculum biomass for the exposure experiments (around 

9 days). All Cd exposure experiments were performed in bioreac- 
tors Bio-Xplorer 400P (HEL Group, London, United Kingdom). The 
system is composed of four independent bioreactors and continu- 
ousl y (e v ery 20 seconds) monitors pH, temper atur e, pr essur e, dis- 
solved oxygen (DO), and air mass flow for each individual biore- 
actor. 

The pr e-gr own cultur es wer e r etrie v ed fr om the plates and 

tr ansferr ed to around 15 mL of Marine Basal Media (MBM) to gen- 
erate a dense inoculum to be added to the bioreactors. MBM is 
composed of a sea salts commercial mixture (20 g/L), 1 M Tris-HCl 
(71.25 mL/L) with pH adjusted to 7.5 with 6 N HCl, K 2 HPO 4 .3H 2 O 

(0.041 g/L), and NH 4 Cl (0.7125 g/L). Bioreactors were filled with 

280 mL of MBM supplemented with 10 mM glucose as a carbon 

and electron source, 1 mM potassium nitrate (KNO 3 ) as electron 

acceptor when anoxic conditions were to be induced (see below),
0.01 mM cadmium chloride (CdCl 2 ), and 20% inoculum. Control 
tr eatments wer e done under the same conditions without adding 
CdCl 2 . The Cd concentration used (0.01 mM, ca. 1.83 mg/L) is ap- 
roximate to the effect range low (ERL) for this metal (Long et al.
995 ) and did not inhibit S. loihica PV-4 growth in preliminary dose-
esponse experiments (Fig. S1 , Supplementary Material), which al- 
ow us to compare metabolic effects while dissociating effects on
r owth. Ev en though dissolv ed Cd concentr ations in deep-sea wa-
er tend to be lo w er, within the nM range (Kádár et al. 2005 , Janssen
t al. 2014 ), ppm v alues hav e been pr e viousl y detected in ar a go-
ite and calcite from deep-sea cold seeps (Feng and Chen 2015 )
r in hydrothermal sediments (Hu et al. 2017 ), which underscores
he environmental relevance of the chosen concentrations in the 
eep-sea. Both control and cadmium treatments were replicated 

n two individual bioreactors per experiment and in three repli-
ate experiments (experiments A, B, and C) since ther e ar e onl y
our reactors available in the Bio-Xplorer 400P system. In total,
ix replicate incubations were performed for each treatment (3 
xperiments x 2 reactors). 

Experiments A, B, and C started with synthetic compressed 

ir flowing inside the bioreactors to allow S. loihica PV-4 aero-
ic growth. Cell growth was measured through optical density 
eadings at 600 nm (OD600). When cultures reached the mid-
xponential phase, gas supply was changed to N 2 (99.9999%) to
reate an anoxic environment and stimulate denitrifying condi- 
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Figure 3. Relativ e expr ession of nirK and nosZ genes in S. loihica PV-4 gr own with Cd at 0.01 mM (r ed) and without the metal (blue). Relativ e expr ession 
was estimated by normalizing gene transcript copy numbers by the av er a ge of recA and rpoB transcript copy numbers in each sample . T he boxes 
r epr esent the first and third quartiles, with median value bisecting each box. The whiskers extend to the largest/smallest value, excluding outliers 
(data beyond 1.5 x interquartile range). 
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ions. When the DO probe indicated an oxygen value close to zero,
he reactors were sealed and started an interval headspace gas
ampling at minutes 0, 10, 20, 30, 60, 90, and 120, for further quan-
ification of headspace N 2 O and the r espectiv e fluxes. Liquid me-
ia samples (10 mL) for RNA extraction and gene expression mea-
ur ements wer e taken during the same experiments (A, B, and C)
mmediatel y befor e turning the flowing gas to N 2 (around 45 mins.
efor e r eac hing ano xia), and at min utes 10, 60, and 120 of ano xia.
fter the induced anoxic period and sample collection, the syn-

hetic air supply was replenished and cells were allo w ed to grow
ntil r eac hing the stationary phase. 

At the beginning and at the end of experiments A and B, 4 mL
f the growth media from control and Cd-treated reactors were
aken to determine the dissolved Cd concentr ation. Eac h sam-
le (collected into pre-decontaminated plastic vessels) was cen-
rifuged to discard cell debris, and 40 μL of concentrated nitric
cid was added. Cadmium was then dir ectl y measur ed by atomic
bsor ption spectr ophotometry with an air-acetylene flame (AAS-
ame). To quantify Cd, a linear r egr ession obtained with aque-
us Cd standard solutions ranging from 0.025 to 3 mg/L was used.
lank solutions were always measured with no significant signal
eing detected. 

For gaseous N 2 O quantification, 10 mL of headspace samples
ere taken using an outlet port in the bioreactors and stored

n pr e-e v acuated 12 mL glass vials closed with rubber stoppers
nd aluminum rings. Nitrous oxide was measured and quantified
ithin a few days by gas chromatography coupled with electron

a ptur e detection (GC-ECD). Similar glass vials were injected with
00 ppm N 2 O (gas mix X10A, 100 ppm N 2 O in 99.99% N 2 ) in the
ame day of collection and quantified to account for potential gas
eaks . T he GC-ECD was calibrated with a commercial N 2 O stan-
ard of 100 ppm and the coefficient of variation for 4 −8 replicate

njections was < 0.085%, at different times during experiment run.
otal amounts ( μmol) of N 2 O in the reactors (gas and liquid phase)
ere calculated as previously described (Yoon et al. 2015 ; Kim,
ark and Yoon 2017 ) using a dimensionless Henry’s constant of
.02 for N 2 O at 28ºC (Sander 2015 ), corrected for the ionic strength
f the media. Nitrous oxide fluxes were calculated for each reac-
or from the linear rate of concentration increase in the headspace
uring the 120-min sampling periods. For R 

2 values of the linear
 egr ession lo w er than 0.80, w e consider that there is no linear re-
ationship, so the slope (and the flux) is considered null. 

Relativ e expr ession of nirK and nosZ genes was measured in
NA extr acted fr om the cultur e media. Despite the pr esence of
he nitric oxide reductase gene ( nor ) in S. loihica PV-4 genome (Graf
t al. 2014 ) we did not measure its expression in this work due
o the high reactivity of NO and potentially transient nature of
orB expr ession pr oducts. At eac h time-point ( −45, 10, 60, and 120
ins after r eac hing anoxia), 10 mL liquid samples wer e taken and

mmediately centrifuged for cells harvesting (5000 g , 10 min, 4ºC).
he supernatant was discarded, and the cells pellet washed with
0 mL PBS 1X. The washed pellet was flash frozen in liquid ni-
rogen and stored at −80ºC until RNA extraction. The tubes used
uring cell precipitation and w ashing w ere k e pt on ice, whene v er
ossible to minimize RNA degradation. 

RN A extraction w as performed with RNeasy Plus Mini Kit
Qia gen), following manufactur er’s pr otocol. Extr acted RNA con-
entration and quality was assessed using a DeNovix DS-11 FX
pectrophotometer, and genomic DN A w as r emov ed with the
a pidOut DNA Remov al Kit (T hermo Scientific). RNA purity (i.e .
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without DN A) w as confirmed through negative PCR amplification 

of the recombinase A gene ( recA ). Treated RNA (114 ng) was used 

for cDNA synthesis using QuantiNov aTM Re v erse Tr anscription 

Kit (Qiagen). Resultant cDN A w as stored at −20ºC until further 
use. Transcript copy numbers of nirK , nosZ , and of two r efer ence 
genes ( recA and rpoB ) were determined by real-time quantitative 
PCR (qPCR). The two r efer ence genes used have been widely used 

and pr e viousl y v alidated in differ ent bacterial expr ession stud- 
ies, including with Shewanella species (Rocha et al. 2015 , Liu et 
al. 2018 ). In our study, the differ ence in the av er a ge Ct v alue be- 
tween treatments (control vs. Cd) was 0.7 and 1.4 for recA and rpoB ,
r espectiv el y. Primers for nirK and nosZ genes were previously de- 
signed (Yoon et al. 2015 ) and primers for the r efer ence genes recA 

and rpoB were designed in this study, using Primer -BLAST (Y e et 
al. 2012 ). A list of the chosen primer sets and the qPCR cycling 
conditions as well as the reaction components are displayed in 

Table S1 (Supplementary Material). Gene standards of nirK , nosZ ,
recA , and rpoB for qPCR were prepared by PCR of extracted DNA 

from a colony of S. loihica PV-4 growing in LB Agar. PCR products 
were purified using the NZYGelpure kit (NZYTech), according to 
manufacturer instructions, and quantified with a Qubit fluorom- 
eter (Thermo Scientific). For e v ery qPCR plate, fr esh standard dilu- 
tions wer e pr epar ed, accounting for eight standards in total, rang- 
ing from 10 2 to 10 9 copies/ μL. Relative expression of nirK and nosZ 

genes was calculated by dividing their estimated copy numbers 
per w ell b y the av er a ge copy numbers of the r efer ence genes recA
and rpoB . 

Normality of calculated N 2 O fluxes was e v aluated with Q–
Q plots. Since fluxes displayed large departures from normal- 
ity, a non-parametric test (unpaired two-sample Mann–Whitney–
Wilcoxon) was used to identify significant differences between 

contr ol and Cd-tr eated samples. Differ ences in the r elativ e ex- 
pression of nirK and nosZ genes between control and Cd-treated 

samples were tested with two-way analysis of variance (ANOVA) 
with sampling time ( −45, 10, 60, and 120 min) and treatment (Con- 
trol, Cd) as fixed factors. Normality and homoscedasticity were 
assessed with Q −Q and residual plots. Relative expression of both 

genes was log-transformed to meet ANOVA assumptions. Signif- 
icant relationships for all tests wer e consider ed at α < 0.05. Sta- 
tistical analyses and data visualization were conducted in the R 

envir onment (v ersion 4.1.1 Copyright 2015 The R Foundation for 
Statistical Computing). 

Results and discussion 

The physicochemical conditions observed during the experiments 
were similar in both Cd-treated and control reactors. Temperature 
was constant at 28ºC while pH varied between 6.9 and 7.9 (Fig.
S2, Supplementary Material). It is worth noticing that the largest 
pH c hange was observ ed after sealing the reactors for inducing 
anoxia. The interruption of gas exchange in the headspace may 
have led to CO 2 accumulation with the consequent pH decrease 
in the media. Dissolved Cd in the media was quantified to con- 
firm metal exposure at the target concentration (Table S2, Sup- 
plementary Material). Cadmium (Cd) concentrations measured 

at the beginning of the experiment in metal-treated bioreactors 
(1.67 ± 0.06 mg/L) was a ppr oximate to the target Cd concentration 

of 1.83 mg/L (0.01 mM). At the end of the experiment, ho w e v er, Cd 

concentr ation dr opped to an av er a ge of 0.69 ± 0.05 mg/L, less than 

half of the initial concentration. The sharp decline in dissolved Cd 

concentration could have been caused by multiple mechanisms 
that are frequently observed during bacterial incubations with 

dissolv ed metals, suc h as adsor ption to bacterial cells (Mullen et 
l. 1989 ) or sulfide particle precipitation (Janssen et al. 2014 , Ma
nd Sun 2021 ). Biological strategies that may lead to precipita-
ion can also be activated by bacteria to increase metal resistance,
uch as biofilm formation (Ma and Sun 2021 ) or the production of
xternal vesicles, that is known to be stimulated upon exposure
o high metal concentrations (Lima et al. 2022 ). Shewanella loihica
V-4, for instance, was pr e viousl y shown to be a strong oxidizer
f another transition metal, Mn, in aerobic conditions, with the
bility to form metal finely grained particles (Wright et al. 2016 ). 

The growth curves of S. loihica PV-4 during the exposure ex-
eriments are shown in Fig. 1 . The three replicate experiments
ollo w ed a typical bacterial growth curve with three phases (lag,
xponential, and stationary). The beginning of the exponential 
hase, ho w e v er, was slightl y differ ent between experiments, with
xperiment C and B starting a few hours earlier than experiment
 due to shorter la g phases, especiall y in experiment C. Besides

he earlier beginning of the exponential phase, experiment C also
isplayed steeper slopes during the exponential phase , hence ,
igher maximum growth rates (Table S3, Supplementary Mate- 
ial). Due to these differences, the sampling period of each experi-
ent (when anoxia was induced) was adjusted so that the growth

hase and biomass (assessed by the OD readings) were similar be-
ween experiments . T he OD v alues of eac h r eactor when anoxia
ere induced was between 0.6 and 0.9 for all reactors in each ex-
eriment. 

The Cd exposure effects on growth were similar in the three
eplicate experiments. Despite a slight delay in the start of the ex-
onential phase in Cd-treated reactors, when compared to con- 
rol, the metal did not inhibit growth of S. loihica PV-4 at the
est concentration (0.01 mM). The calculated maximum growth 

 ates wer e v ery similar between contr ol and Cd-tr eated r eactors
cr oss the thr ee experiments (Table S3, Supplementary Material).
his observation was expected, based on our preliminary dose- 
 esponse experiment, whic h sho w ed gro wth inhibition only at the
d concentration of 0.05 mM or higher (Fig. S1, Supplementary
aterial). The absence of growth inhibition at 0.01 mM indicates

hat S . loihica PV-4 may be r elativ el y r esistant to Cd, since the
ame metal concentration in the media can be lethal to other
odel bacteria, such as Escherichia coli K-12 (Ferianc et al. 1998 ).
e v ertheless, it is important to have in mind that S. loihica PV-4
 elativ e r esistance to Cd is limited. For instance, S. loihica PV-4 is
ar mor e sensitiv e than some bacteria isolated from Cd-polluted
oils, that pr esented minim um inhibitory concentr ations as high
s 6 mM (Yu et al. 2021 ), and moder atel y mor e sensitiv e than some
hotosynthetic purple bacteria (Mohamed Fahmy Gad El-Rab et 
l. 2006 ) or e v en human pathogens, suc h as Campylobacter jejuni
Kaakoush et al. 2008 ). To our knowledge, no other deep-sea iso-
ates have been tested against Cd exposure in growth media, even
hough it is reasonable to expect that deep-sea bacteria may be

or e r esistant than shallo w er counter parts since Cd concentr a-
ions are known to increase with depth in the ocean water col-
mn (Xu and Morel 2013 , Janssen et al. 2014 ). Howe v er, the ov er all
usceptibility or resistance of deep-sea bacterial growth to met- 
ls is still poorly understood and its further investigation is out
f the scope of this work, which focus on the Cd effects on N 2 O
etabolism. 
The N 2 O amounts in control and Cd-treated reactors during

noxia are shown in Fig. 2 . Positive N 2 O fluxes wer e onl y detected
n control reactors, while Cd-treated reactors consistently had R 

2 

alues < 0.80 for the linear increase over time , hence , null fluxes
Table S4, Supplementary Material). A significant effect of treat- 

ent was observed in the calculated N 2 O fluxes (Mann–Whitney-
ilcoxon test, P = 0.017). Taking the thr ee r eplicate experiments
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nto account, the av er a ge N 2 O fluxes were 0.101 ± 0.039 μmoles
 2 O-N/min in control reactors and 0 μmoles N 2 O-N/min in Cd-

r eated r eactors, str ongl y suggesting that Cd might inhibit net N 2 O
roduction in this deep-sea isolate. Besides the ov er all differ ence
etween control and Cd-treated reactors, we must also note that
he N 2 O fluxes in control reactors were considerably variable be-
ween experiments, with m uc h lo w er fluxes in experiment A (es-
eciall y r eactor 2), when compar ed to experiments B and C (Table
4, Supplementary Material). The lo w er fluxes observed in experi-
ent A are probably due to the slightly later stage of growth when

noxia was induced (Fig. 1 ). The later stage of exponential growth
ould r epr esent a lo w er amount of remaining glucose in the me-
ia (electron and C source), which would explain the lower N 2 O
uxes observed in experiment A. 

As opposed to Fe or Cu, necessary for the catalytic activity of
O 2 

− and N 2 O reductase enzymes and potential direct impact
n enzyme activity (Glass and Orphan 2012 , Giannopoulos et al.
020 ), Cd is not known to be a structural component of these met-
lloenzymes . T hus , Cd effects on N 2 O production and consump-
ion are expected to be associated with cellular toxic effects, such
s effects on cell growth, metabolism, and o xidati ve stress (Kaak-
ush et al. 2008 , Behera et al. 2014 , Cheng et al. 2022 ) as well
s comm unity effects, suc h as c hanges in micr obial comm unity
tructure and diversity in the environment (Yu et al. 2021 , Sun
t al. 2022 ). To our knowledge, no pr e vious studies hav e inv esti-
ated the effects of Cd on N 2 O metabolism using pure cultures
r bacterial isolates. Ho w e v er, a fe w studies ha ve in vestigated the
ame impacts on complex microbial communities. Using estuar-
ne sediments, a pr e vious study has found inhibited N 2 O reduc-
ion with consequent increase in net N 2 O production after Cd ex-
osur e (Ma galhães et al. 2007 ), while others have found Cd stim-
lation of N 2 O reduction with an increase in N 2 production and
o change in net N 2 O production in marine sediments (Broman
t al. 2019 ). In metal polluted soils, r esearc hers hav e found inhib-
ted net N 2 O production, when compared to background soil, al-
hough these effects may c hange ov er time (Liu et al. 2016 , Afzal et
l. 2019 ). The contr asting r esults may be due to m ultiple factors,
uch as different environmental contexts, organic content, dose of
xposure , etc. For instance , the Cd effects on total denitrification
rom wetland sediments was shown to be dose-dependent, with
nhibitory effects being observ ed onl y at concentr ations higher
han 500 mg/Kg of sediment, with no effect at 100 mg/Kg (Sakade-
an et al. 1999 ). Regarding deep-sea microbial communities, no
tudies hav e addr essed this question so far, although this is a rel-
 v ant inv estigation considering the emergence of deep-sea mining
ctivities and potential release of trace metals. 

To help unveiling the cellular mechanisms driving the in-
ibitory effect of Cd on net N 2 O production, we quantified the
 elativ e expr ession of the nirK and nosZ genes by qPCR (Fig. 3 ).
he r elativ e expr ession of both genes w as lo w er in Cd-treated
eactors than in control (mean and SEM values per treatment:
irK CTRL = 140 ± 39 , nirK Cd = 20.2 ± 6.0; nosZ CTRL = 10.9 ± 2.2,
osZ Cd = 2.38 ± 0.38), with a significant effect of treatment de-
ected in both genes (2-way ANOVA, P -value ( nirK ) = 0.0444;
 -value ( nosZ ) = 0.00393). The inhibition of nirK r elativ e ex-
ression, ho w ever, w as stronger than the inhibition observed
or the nosZ gene, resulting in a lo w er nirK / nosZ ratio in Cd-
r eated r eactors, when compar ed to contr ol ( nirK/nosZ CTRL = 12.8,
irK/nosZ Cd = 8.49). These results contribute to explain the in-
ibitory effect of Cd on net N 2 O production, since a lo w er nirK / nosZ
atio supports a lo w er production to reduction potential. Recent
tudies have also reported that Cd decreases the number of nirK
nd nosZ transcripts in soil and marine sediment communities
Afzal et al. 2019 , Broman et al. 2019 ) as well as decreased abun-
ances of nirK and nosZ genes in soils contaminated with a mix-
ur e of tr ace metals, including Cd (Liu et al. 2016 ). Our study
rovides additional evidence that Cd exposure may inhibit nirK
nd nosZ gene expression at the individual strain level. Addition-
ll y, our r esults str ongl y suggest that this inhibition may be par-
icularl y str onger for nirK than for nosZ , with consequences for
et N 2 O pr oduction. Inter estingl y, other r esearc hers hav e found
 stronger inhibitory effect of soil metal pollution on nirK gene
bundance than nosZ (Liu et al. 2016 ), which suggests that our re-
ults may be transposable to complex communities. 

In conclusion, we show here that Cd inhibits net N 2 O produc-
ion in S . loihica PV-4 at le v els near the ERL. Furthermore, we found
hat this inhibition is associated with the decrease in nirK / nosZ
 elativ e expr ession, suggesting that nirK gene expr ession may be
ore susceptible than nosZ to Cd exposure. It is important, how-

 v er, to hav e in mind that our study was limited to a single bac-
erial strain. Since these effects have not been investigated in
ther pur e cultur es, futur e r esearc h should inv estigate whether
ur findings are specific to a few strains or observed across a wide
ange of taxa. Due to the emergence of deep-sea mining, investi-
ating other deep-sea isolates could be of gr eat envir onmental r el-
 v ance. Additionall y, the observ ed impacts of Cd exposure should
lso be investigated with deep-sea environmental communities
s well as in deep-sea physicoc hemical conditions, suc h as high
ydr ostatic pr essur e and low temper atur e. 

upplementary data 

upplementary data are available at FEMSLE online. 
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