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Abstract 

Sediments underlying the solar salterns of S’Avall are anoxic hypersaline ecosystems dominated by anaerobic prokaryotes, and with 

the especial r elev ance of putati v e methanogenic ar c haea. Slurries from salt-satur ated sediments, diluted in a gradient of salinity and 

incubated for > 4 years r ev ealed that salt concentration was the major selection force that deterministically structured microbial 
communities. The dominant ar c haea in the original communities showed a decrease in alpha diversity with dilution accompanied 

by the increase of bacterial alpha di v ersity, being highest at 5% salts. Corr espondingl y, methanogens decr eased and in turn sulfate 
r educers incr eased with decr easing salt concentrations. Methanogens especially dominated at 25%. Different concentrations of litter 
of Posidonia oceanica seagrass added as a carbon substr ate , did not promote any clear r elev ant effect. Howev er, the addition of ampicillin 

as selection pr essur e exerted important effects on the assemb la ge pr oba b l y due to the r emov al of competitors or enhancers. The 
amended antibiotic enhanced methanogenesis in the concentrations ≤ 15% of salts, whereas it was depleted at salinities ≥ 20% 

r ev ealing key roles of ampicillin-sensitive bacteria. 

Ke yw ords: 16S rRNA gene; ampicillin; anaerobic hypersaline sediments; methane; microcosms; salinity 
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Introduction 

Envir onmental factors suc h as pH, alkalinity, (total) carbon avail- 
ability, UV irradiation, ionic composition, and especially salinity, 
hav e been lar gel y e v aluated for their influence on microbial com- 
munities (Walsh et al. 2005 , Lozupone and Knight 2007 , Swan 

et al. 2010 , Sierocinski et al. 2018 , Viver et al. 2020 ). In this re- 
gard, salinity has been described as the major environmental fac- 
tor driving microbial community assembly in a wide range of 
environments (Lozupone and Knight 2007 ). The microbial selec- 
tive forces applied by salinity have been studied in numerous 
habitats with temporal or spatial salinity gradients, such as es- 
tuaries , wetlands , salt marshes , and coastal lagoons (Walsh et 
al. 2005 , Swan et al. 2010 , Webster et al. 2015 , Xie et al. 2017 ).
In natural ecosystems where salinity gradients exist, the abun- 
dance and activity of prokaryotic communities are high, due to 
the amount of av ailable electr on acceptors and donors, nutri- 
ents, and carbon sources (McGenity and Sorokin 2019 ). Oxygen- 
fr ee envir onments harbor a gr eat ric hness of anaer obic micr oor- 
ganisms related to carbohydrate synthesis and degradation, fer- 
mentation of pol ysacc harides, sulfate- and nitrate-dissimilatory 
reduction, and methanogenesis (Gottschalk 1979 ), for which the 
high salinities of hypersaline sites are not an obstacle (McGenity 
and Sor okin 2019 ). Ther efor e, a r ele v ant potential for methano- 
genesis has been r ecentl y discov er ed in hypersaline envir onments 
that should be further described. Mor eov er, salinity acts as a 
metabolic modulator, enhancing or impairing certain biochemi- 
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r e pr oduction in any medium, provided the original work is properly cited. For com
al processes, thus directly affecting the biogeochemical cycles 
McGenity and Oren 2012 , Serrano-Silva et al. 2014 , Webster et
l. 2015 , Zhang et al. 2017 , Wang et al. 2018 ). Besides salinity, to-
al organic carbon is a another studied factor that influences the
tructuration of the microbial communities (Salton Sea; Swan et 
l. 2010 ). In surface and subsurface saline soils, total organic car-
on and pH were the primary drivers in the prokaryotic com-
unity distribution along an ecological gradient of salinity (Xie 

t al. 2017 ). 
The knowledge of the drivers or forces that structure com-

unity composition is essential for understanding the ecology 
f microbial communities . T he information obtained by alpha-
nd beta-diversity indices, and the development of null-model ap- 
r oac hes , ha ve been frequently utilized to quantify how determin-

stic or stochastic factors are contributing in microbial commu- 
ity assembly processes (Chase et al. 2011 , Stegen et al. 2012 , 2013 ,
angenheder et al. 2017 , Liébana et al. 2019 ). It has been reported
hat deterministic and stochastic factors appear simultaneously 
ut with different relative importance (Stegen et al. 2013 , Dini-
ndreote et al. 2015 , Vass 2020 ). On the one hand, if stochastic pro-
esses (i.e. random birth, death, colonization, extinction, and spe- 
iation) pr e v ail in determining micr obial comm unity composition
iffer ences among envir onments with similar abiotic conditions,

t is expected a high variation in species composition within them.
n the other hand, deterministic processes are mostly responsi- 
le of the differences among microbial communities of sites with
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mportant differences in environmental conditions (i.e. salinity
nd irradiation; Chase et al. 2011 , Stegen et al. 2013 , Zhou et al.
014 ). 

Solar salterns allow the study of how micr oor ganisms physio-
ogicall y and geneticall y ada pt to high ionic concentr ations, and
onstitute a source of microbial taxonomic novelty (Antón et al.
000 , Oren 2008 , Santos et al. 2012 , Gomariz et al. 2015 , Mora-Ruiz
t al. 2015 , Martin-Cuadrado et al. 2019 , Ramos-Barbero et al. 2019 ,
iver et al. 2019 , 2020 , Font-Verdera et al. 2021 ). In general, the aer-
bic brines have largely been the focus of reported studies, espe-
ially for the effect of the salinity gradient on microbial ecosystem
tructures and metabolic activity (McGenity and Oren 2012 , Viver
t al. 2019 ). Ho w e v er, hypersaline anaer obic sediments underl ying
hese brines have been scarcely examined (e.g. López-López et al.
010 , 2013 , Munoz et al. 2011 , Sorokin et al . 2017a ). 

Extr emel y saline anaerobic sediments are mostly dominated by
nknown taxa (López-López et al. 2010 , Font-Verdera et al. 2021 ),
ut the majority of the cultivated extreme halophilic anaerobes
re methanogenic members affiliating with known taxa of the Eu-
yarc haeota (or r ecentl y r enamed Methanobacteriota) phylum as of
he family Halobacteria , which are the most retrieved in pure cul-
ur es. Also, most r etrie v ed anaer obes ar e well members of the bac-
erial domain with either fermentative, denitrifying, or sulfate-
eduction metabolisms (McGenity and Oren 2012 , Font-Verdera et
l. 2021 , Cheng et al. 2023 , Hatzenpichler et al. 2023 ). Representa-
i ves of di verse methanogenic metabolisms have been described
speciall y fr om the arc haeal domain, suc h as the methylotr ophic
ethanohalophilus sp. and Methanococcoides sp. (Lazar et al. 2011 ,
huang et al. 2016 ), members of the Methanonatronarchaeia class

nvolved in a newly discovered methyl-reducing pathway (Sorokin
t al. 2017b ), and the methanogenic r epr esentativ es of the Candi-
atus MSBL1 linea ge (Mediterr anean Sea Brine Lakes; van der Wie-
en et al. 2005 , Yakimov et al. 2013 , 2015 , Font-Verdera et al. 2021 ).

Here , we ha ve been working with samples fr om S’Av all solar
alterns, located in Mallorca (Balearic Islands) that have saline
oncentrations close to NaCl saturation ( ∼37%; Viver et al. 2020 ).
e hav e pr e viousl y shown that the o xygen-de pleted sediments

nderlying brines in S’Avall, contain an important population
f potential methanogens (López-López et al. 2010 , 2013 ) and in
special some belonging to the candidate lineages DHVE2 and
SBL1, that seem to be especially involved in methanogenesis at
igh salinities (Font-Verdera et al. 2021 ). Howe v er, the effect of a
road salinity gradient shift on microbial diversity from these sed-

ments has not been analyzed yet, and even less other likely im-
ortant and discriminant abiotic factors, such as carbon substrate
vailability or the presence of inhibitors or antibiotics (Sanz et al.
996 , Jiang et al. 2007 , Webster et al. 2015 , Xie et al. 2017 ). 

The current study evaluates the salt concentration in a broad
alinity gradient (30%–5%) as selection force to structure the mi-
r obial comm unities in anoxic sediments, and also the effect on
he methane pr oduction. Her e, we also e v aluated the effect of
mending the enrichments with different concentrations of the
arine angiosperm Posidonia oceanica leaf litter as carbon-rich

ubstr ate giv en that biomass of marine photosynthetic organisms
as been r ecentl y pr oposed as substr ates for methane gener ation

D ̧e bowski et al. 2013 , Zhang et al. 2017 ). Since this material is
r obabl y activ el y miner alized in anaer obic pr ocesses (Cocozza et
l. 2011 ), P. oceanica leaf litter could also serve as carbon source for
ermenters. 

Finall y, we hav e e v aluated the effect of ampicillin to modulate
he communities to obtain the best yielding methanogenic con-
ortium for biotechnological purposes (Sanz et al. 1996 ). Previous
tudies have assessed the effect of this antibiotic in ecosystems
uc h as soils, waste water or fr eshwater (Ye et al. 2020 ), where
mpicillin (which overall targets susceptible and usually Gram-
ositive bacteria) decreased the abundance of certain community
embers, hindering r ele v ant ecosystem metabolic functions (Fer-

er et al. 2017 , Baumgartner et al. 2020 , Ye et al. 2020 ). But to our
nowledge, the study of antibiotic effects in hypersaline anoxic
nvironments has never been performed. 

aterials and methods 

xperimental setup and samples’ collection 

ediments from a basin adjacent to the crystallizer ponds of the
’Av all Mediterr anean solar salterns wer e sampled in December
016 using methacrylate cores to collect the top 25 cm. The fea-
ures and location of this ephemeral pond were the same as pre-
iously described (Font-Verdera et al. 2021 ). The cores were sealed
nd transported to the laboratory for further processing in the fol-
owing 24 h. Sediments were manipulated inside a rigid anaerobic
 hamber (Coy Labor atory Pr oducts Inc., USA), with contr olled con-
itions by displacing the air using continuous N 2 flow to ac hie v e
he absence of oxygen (using a Lutron PO2-250 oxygen meter). Hy-
rogen was not used to remove free oxygen. Overlaying brines
 ere discar ded and all cores were pooled and homogenized by

tirring the slurry. A fraction was taken (S sample) as time-zero of
he experiment. A battery of sludge was pr epar ed at eight differ-
nt salinities (5%, 10%, 12%, 15%, 18%, 20%, 25%, and 30%) from
he sediment slurry that contained 34.4% of salts by adjusting the
oncentrations mixing with seawater (4%) and brine at 25.4% of
alinity. The broad range of salinity was chosen to cover the max-
m um r ange of saline concentr ations that would modulate the

icr obial comm unity structur es with the pur pose to determine
he best yielding methanogenic consortium for biotechnological
urposes . Sea water and brines used to dilute the sediments were
oth pr e viousl y bubbled with N 2 for 15 h to ensur e the anaer obic
onditions. In addition, the slurries were amended with dry leaf
asts of P. oceanica ( Po ) at three distinct concentrations: 0.1% w/w,
% w/w, and 10% w/w. Finally, half of the cultures were supple-
ented with ampicillin (5 mg/ml). Serum bottles contained final

olumes of 100 ml except for the lo w est salinity (5%) with 200 ml
f volume with half of the bottle space for gas production. The
 arious perm utations v arying the eight salinities, the thr ee Po con-
entrations, the antibiotic addition, and duplicates generated a to-
al number of 96 cultures . T he nomenclature for these samples
as W_XYZ, where W: salinity percentage (5%, 10%, 12%, 15%,
8%, 20%, 25%, or 30%), X: P o per centage (0.1%, 1%, or 10%), Y:
resence of ampicillin (A) or not (_), and Z: the duplicate (1 or 2).
hese microcosms were incubated at 30ºC during 4.5 years. For
he quantification of the c hemical par ameters, samples wer e fil-
er ed thr ough hydr ophilic PTFE filters and sent to the scientific
ervices of the University of Alicante to be c hemicall y anal yzed
s indicated below (Font-Verdera et al. 2021 ). 

ethane gener a tion fr om micr ocosms 

ethane gas (CH 4 ) production during the incubation of the 96 mi-
rocosms was quantified in different occasions (sampling time
oints can be found on the x -axis of Figure S1 , Supporting
nformation ) during 52 months (from December 2016 to March
021) using gas c hr omatogr a phy. Concentr ations of CH 4 wer e de-
ermined with a Clarus 600 gas c hr omatogr a ph (Perkin Elmer,
SA) equipped with a flame ionization detector (FID). The FID
as used for measurements with an Elite-Plot Q packed col-
mn (Perkin Elmer, 30 m, 0.25 mm ID, 0.25 um; Crossbond 5%

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data


Font-Verdera et al. | 3 

 

n
S  

(  

w  

s  

e  

w
c  

u  

s  

a  

C  

q  

a  

r  

f  

a
a
l

S
D  

b  

t  

i  

s
c  

s
l
C
t
t
g  

a
a
p  

A  

p  

c
t  

i  

fi
W  

t  

s  

c
a  

p
e

d  

P
(  

e  

p  

i
t  

p
l
p  

t
e  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/99/12/fiad146/7440029 by Adm
inistrative H

eadquarters - M
PS user on 07 February 2024
diphen yl–95% dimethylpol ysiloxane). Helium was used as a car- 
rier gas at a flow rate of 5 ml/min, and oven and detector temper- 
atur es wer e set at 50 and 200ºC, r espectiv el y. A CH 4 pur e standard 

( ≥ 99.0%, Sigma-Aldrich) was used as a reference in order to de- 
termine the retention time of the CH 4 peak. A volume of 300 μl of 
the headspace were injected into the gas c hr omatogr a ph at 200ºC 

with a GT 1750RN syringe for methane quantification. 

Geochemical properties of cultures 

Chemical parameters of all microcosms and the slurry sample 
wer e anal yzed. Concentr ations of anions fluoride, c hloride, br o- 
mide , nitrate , and sulfate , and of cations sodium, potassium,
lithium, ammonium, magnesium, and calcium were appraised by 
ion c hr omatogr a phy by Tec hnical Researc h Services of Alicante 
University (Spain). pH was measured from previously centrifuged 

samples at 13 200 rpm (centrifuge 5415 R, Eppendorf) during 
5 min, in two time-points, at time-zero and in July 2021 (final time) 
with Whatman ® Panpeha TM pH indicator strips (Sigma-Aldrich). 
Salinity was c hec ked by a Sper Scientific Salt Refractometer, and 

organic matter and carbonates were measured with the loss on ig- 
nition method (LOI) in a Muffle Furnace (Nabertherm), using the 
methodology reported in Font-Verdera et al. ( 2021 ). 

Prokaryotic DNA extraction and 16S rRNA gene 

amplification 

Prior to DNA extraction, 1 ml of homogenized biomass was ex- 
tr acted fr om all micr ocosms and time-zer o sample (S). Micr o- 
bial DNA extraction was performed from 0.3 to 0.4 g of mixed 

biomass, using the kit DN Aeasy ® Po w erSoil ® Pro Kit (Qiagen, Ger- 
many), following the manufacturer’s instructions. Extracted DNA 

was concentrated with a SpeedVac TM system (Thermo Scientific TM 

SPD121P-230) and was quantified with a Qubit HS DNA kit and 

Qubit 4.0 Fluorimeter (In vitrogen, T hermo Fisher Scientific). 
The 16S rRNA gene was amplified in all 96 cul- 

tures and the slurry (S) with the primer pair 515F 
(5 ′ -GTGCCAGCMGCCGCGGTAA-3 ′ ) and 806R (5 ′ - 
GGA CTA CHV GGGTWTCTAAT-3 ′ ; Ca por aso et al. 2011 ), tar geting 
the V4 region of the 16S SSU rRNA and designed to amplify 
both bacteria and archaea using paired-end 16S community 
sequencing on the Illumina platform to incor por ate ta gs. PCR 

r eaction mixtur es and thermoc ycler conditions w ere performed 

as detailed by Ca por aso et al. ( 2011 ), with the exception of using 
a DNA template of 10 μl for the reaction but acquiring a final 
volume of 50 μl for each sample . T he bands were visualized 

in 1% (w/v) a gar ose gel electr ophor esis in TAE 1X. Amplicons 
quality was c hec ked with the Qubit 4.0 Fluorimeter and were sent 
to Macrogen Inc. (Seoul, Rep of Korea) for sequencing through 

Illumina Miseq 

TM technology. The 16S rRNA gene amplicon 

sequences of the 96 microcosms and the sample S (slurry) were 
submitted to the European Nucleotide Arc hiv e (ENA) under 
the stud y n umber PRJEB54035, and accession n umbers from 

ERS12430850 to ERS12430946. 

Sequence trimming and phylogenetic affiliation 

based on 16S rRNA amplicons 

P air ed-end r eads fr om Illumina amplicon sequencing wer e pr o- 
cessed with D AD A2 R pac ka ge (Callahan et al. 2016 ). The longest 
r epr esentativ e of the obtained amplicon sequence variants (ASVs) 
were aligned with SINA tool (Pruesse et al. 2012 ), and further in- 
serted by parsimony in a Neighbor-Joining tree reconstructed with 

the largest and re presentati ve sequences obtained from the re- 
ported study by Font-Verdera et al. ( 2021 ). This pr e vious phyloge- 
etic reconstruction was performed aligning the sequences with 

INA tool, inserted to nonredundant SILVA REF138 and to LTP128
Yarza et al. 2010 ) databases using the ARB software package (Lud-
ig et al. 2004 ). Closest r efer ence species in both databases were

elected and a set of supporting species of high quality and cov-
ring all major phyla of archaea and bacteria were added. These
ere used to build the Neighbor-Joining tree with Jukes–Cantor 

orr ection. ASVs wer e gr ouped in OPUs (oper ational phylogenetic
nit, equivalent to species; França et al. 2015 ) based on visual in-
pection of the final tree as previously published (Mora-Ruiz et
l. 2015 , 2016 , 2018 , Viver et al. 2017 , Font-Verdera et al. 2021 ).
onsidering that each OPU clade generally occurs within a se-
uence distance of > 97% (considering that the partial sequences
r e onl y ∼400 pb) w e w er e confident that one OPU corr ectl y r ep-
esented a single species (Mora-Ruiz et al. 2016 ). A metabolic in-
er ence fr om the phylogenetic affiliation of the OPUs, with r el-
tive sequence abundances ≥ 1%, and their putative associated 

nd/or described metabolism was performed with the available 
iter atur e. 

ta tistical anal yses and null models 

iv ersity indexes, ric hness estimators and r ar efaction curv es
ased on OPU abundances were obtained through P AST (P Aleon-
ological ST atistics) v .2.23 (Hammer et al. 2001 ). Alpha-diversity
ndices (Shannon and Dominance) have been emplo y ed to as-
ess the local biological diversity and richness within microbial 
ommunities . T hese indices are useful in the quantification of
pecies diversity (richness) within a functional community at a 
ocal scale, and subsequentl y, the beta-div ersity (based on Bray–
urtis index) to illustrate the changes in community composi- 

ion. Bray–Curtis dissimilarity was calculated in order to study 
he dispersion and identify the differences among samples (re- 
arding to the ampicillin, substrate concentration and salinity),
nd were evaluated using principal coordinates analysis (PCoA) 
nd nonmetric multidimensional scaling (NMDS) with the vegan 

ac ka ge (Oksanen et al. 2018 ) in R v .3.6.0. ( www .r-pr oject.or g ).
dditionall y, Br ay–Curtis data were also plotted employing the
ac ka ges gplots and ggplot2, whilst DESeq2 was applied to dis-
ern patterns among salinities, antibiotic addition and in relation 

o the slurry. Permutation D -test, K olmogoro v–Smirno v (apply-
ng the Bonferr oni corr ection) and T -test were performed to con-
rm the biological duplicates, and the Wilcoxon and the Mann–
hitney U nonparametric tests were applied in order to identify

he salinity which caused the most relevant change in compari-
on to the original sediment (S) in R v.3.6.0. Mor eov er, Nonpar eil
urves and the logarithmic diversity index Nd were determined 

s cov er a ge estimators of the community sampled with default
arameters (Rodriguez-R and Konstantinidis 2014 , Rodriguez-R 

t al. 2018 ). 
Computational calculations based on Null Model Analysis to 

escribe the ecology of the studied ecosystem were performed.
hylogenetic inference was estimated with ß-nearest taxon index 
ßNTI), as pr e viousl y described (Stegen et al. 2012 , 2013 , Liébana
t al. 2019 ). P airwise comparisons in r elation to time-zer o sam-
le (S) with | ßNTI | > 2 were considered statistically relevant and

ndicated that communities were governed by selection. Nega- 
ive or positiv e v alues of ßNTI meant that samples were more
hylogenetically similar than expected by chance or more phy- 

ogenetically distant from each other, respectively. Values com- 
rised between −2 and 2 were not significantly different from
he null expectation, which point that stochastic factors influ- 
nced the phylogenetic turnover (Stegen et al. 2013 ). Taxonomic

http://www.r-project.org
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urnover was estimated through the modified method of Raup–
rick metric, based on Bray–Curtis dissimilarities (RC bray ) as pre-
iousl y r eported (Chase et al. 2011 , Stegen et al. 2013 ). The RC bray 

 alues r anged betw een −1 (tw o comm unities ar e mor e similar,
han expected by chance) and 1 (two communities are more dis-
imilar), while a value of 0 represented no difference in the dis-
imilarity from the null expectation. | RC bray | < 0.95 was not con-
ider ed statisticall y significant and so indicator of the high in-
uence of the stochastic factors (Chase et al. 2011 , Zhou et al.
014 ). Ther efor e, combining the two indices in the pairwise com-
arison, and when | ßNTI | < 2, RC bray index was defining to dif-
erentiate between the influence of dispersal limitation (above
 0.95), homogenizing dispersal (below −0.95) or ecological drift

v alues r anging fr om −0.95 to 0.95; Stegen et al. 2013 ). Addition-
lly, to quantify ecological stochasticity in community assembly,
he modified stoc hasticity r atio (MST; Liang et al. 2020 ) was calcu-
ated using the NST pac ka ge in R v.3.6.0. Values above the bound-
ry point (50%) indicated that assembly was more stochastic and
alues < 50% more deterministic. Stochasticity ratio (ST; Zhou et
l. 2014 ), standard effect size (SES; Kraft et al. 2011 ), and normal-
zed stoc hasticity r atio (NST; Ning et al. 2019 ) wer e also measur ed
o complement the hypotheses based on the different null model
lgorithms. 

esults 

icrocosms’ chemical properties and methane 

ields 

icr ocosms wer e pr epar ed using a salt satur ated slurry collected
rom hypersaline anaerobic sediments (Font-Verdera et al. 2021 )
s inoculum, and the slurry was diluted to salinities ranging
rom 30% to 5% to obtain an optimal methanogenic production
onsortium and to analyze the influence of salinity concentra-
ion, ampicillin amendment, and P. oceanica leaf litter biomass
uring comm unity assembl y. Perm utation D -test, Kolmogor ov–
mirnov (with Bonferroni correction), and Wilcoxon (parameters:
 ≤ 1.36 and P > 0.05) and T -test ( α = 0.05 and | t | ≤ 1; Table S1 ,
upporting Information ) sho w ed no statistically significant dif-
erences between the duplicated enrichments . T herefore , micro-
osms under the same conditions were considered as duplicates. 

The concentrations of the major salts in the decreasing salin-
ties (from 30% to 5% w/v) are given in Figure S2 (Supporting
nformation) . Sodium chloride (NaCl) was the dominant salt and
 anged fr om 3.7 M (in the microcosmos with 30% salinity and the
riginal slurry) to 0.5 M (5% salinity). The same pattern was ob-
erved for the magnesium sulfate (MgSO 4 : 0.5–0.05 M), magne-
ium chloride (MgCl 2 : 0.35–0.1 M), and potassium chloride (KCl:
.16–0.0 M). Conv ersel y, calcium carbonate (CaCO 3 ) incr eased as
alinity decr eased (fr om 14 M at 5% of salinity to 0.5 M at 30%)
hile calcium chloride (CaCl 2 ) did not differ between salinities

0.0–0.03 M). 
Methane concentration experienced an increment in the mi-

r ocosms, especiall y during the first year ( Figure S1 , Supporting
nformation ). The highest methane production was at 5% salinity,
0% of P. oceanica biomass and amended with ampicillin (5_10A),
enerating molarities as high as 782.2 mM after 3 years, nearly
ne order of magnitude higher than the av er a ge of maxim um
alues displayed in other conditions (85.8 mM—∼4 years). Below
5% of salinity, microcosms amended with antibiotic displayed
igher methane concentrations, with an av er a ge of ∼290 mM and
359 mM. On the other hand, salinities of ≥15% sho w ed an oppo-

ite tr end, wher e methanogenesis was moder ate after 9 months,
nd ov er all the antibiotic supplementation caused a r eduction in
ethane yields. 

hanges in the microbial community structure 

n the salinity gradient 
 total of 6 223 459 746 raw read were generated. After trimming
nd c himer a r emov al, the dataset was r arified and after the phy-
ogenetic infer ence r ender ed 1468 OPUs (For details, see 16S rRNA
ene sequence processing in Table S2 , Supporting Information ). 

Ric hness (Chao-1) v alues decr eased as salinity incr eased (tr an-
itioning from a positive to negative change in relation to the in-
culum, with its values of Chao-1 of 39 and 116, for archaea and
acteria, r espectiv el y), displaying bacteria highest index values
Fig. 1 A and B). With few exceptions, Shannon index in archaea
as ov er all lo w er in micr ocosms when compar ed to the inocu-

um (H = 3.394; Fig. 1 C). Conv ersel y, Shannon index in bacteria was
ener all y higher than the inoculum (H = 2.988, Fig. 1 D), especially
t 5% of salinity (Fig. 1 C and D; Table S3 , Supporting Information ).
ominance gener all y incr eased in arc haea with dilution, being
ighest at 5%, and with the exception of 12% salinity where the in-
ex decreased with regard to the inoculum. The opposite was ob-
erved for bacteria, which displayed increased dominance at high
alinities ( Figures S3a , S3b , and Table S3 , Supporting Information ).

NMDS plots based on Bray–Curtis dissimilarity sho w ed the
ample grouping by salinity (Fig. 2 ; Figure S4 , Supporting
nformation ), and dissimilarity was highest within microcosms
t 5% of salinity (from 0.6 to 0.93), observing statistically signif-
cant differences within communities at each salinity ( P < 0.05,

ilcoxon and Mann–Whitney U nonparametric tests; Figure S5 ,
upporting Information ). Dissimilarity decreased as salinity in-
reased, being lo w est at 30% (from 0.3 to 0.5) and similar to the
noculum (with a Bray–Curtis dissimilarity av er a ge of 0.4). Fur-
hermore, the highest turnover in diversity was observed at 15% of
alinity (those communities from 30% until those of 18% of salin-
ty wer e mor e similar among them) and at 5% (being the micro-
ial populations of 12% and 10% alike those of 15%; Figure S4 ,
upporting Information ). 

Aiming to identify c har acteristic OPUs of a specific salinity, mi-
rocosms at 30% saline were considered to resemble the original
onditions of the community since no statistically significant dif-
er ences wer e found with the inoculum comm unity (Kolmogor ov–
mirnov test and t -test; Table S4 , Supporting Information ). The
umber of OPUs with statistically significant differences (abs(log2
old change) > 2 and P -value < 0.05) between the microcosms at
he different salinities and 30% salinity increased as salinity de-
r eased ( Figur e S6 , Supporting Information ), with nine OPUs being
tatisticall y mor e abundant at salinity 25%, incr easing to 300 at
% salinity. 

Dominant species ( ≥ 5% r elativ e sequence abundance) at each
alinity, included OPUs affiliated to Unc. 20c-4, Unc. DHVEG-6,
nc. Anaerolineaceae , and Unc. Desulfovermiculus sp. at 5%, Unc.
SBL1 and Unc. Marinilabiliaceae at 10%–30% and Unc. Halanaer-

bium sp. and Unc. KTK 4A at salinity of 30%. No dominant
PU at the end of the experiment displayed a r elativ e abun-
ance higher than 5% in the inoculum (S; Table 1 ; Table ST3 ,
upporting Information ). 

nfluence of ampicillin addition on the 

ommunity structures 

fter 4.5 years, the amended ampicillin (5 mg/ml) exerted an ef-
ect on alpha diversity on end-assemblages studied here. We did
ot c hemicall y measur e the concentr ation of ampicillin at the
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Figure 1. Diversity indices based on OPUs from 16S rRNA gene amplicons for archaeal (on the left) and bacterial (on the right) domains. Chao-1 (A) and 
(B) and Shannon (C) and (D) indices are shown according to the salinity, the ampicillin presence, and the P. oceanica substrate concentrations. Samples 
with concentrations of 0.1%, 1%, and 10% Po are colored in red, green, and blue, respectively. Samples with or without ampicillin are represented in 
circles or triangles, r espectiv el y. Slurry (in purple) and salinities are ordered from highest to lo w est in the x -axes. 
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end of the experiment as we assumed that it would have been 

c hemicall y or biologically degraded. At low salinities Chao-1 for 
ar chaea w as higher in samples with ampicillin, increasing at 5% 

salinity in 80.8% with regard to the inoculum and only 35.9% 

without ampicillin. Bacteria displayed higher richness values at 
intermediate salinities (18%, 20%, and 25%) in the amended en- 
richments (Fig. 1 A and B; Table S3 , Supporting Information ). In- 
ter estingl y, Shannon index incr eased fr om 15.6% to 19.1% in mi- 
crocosms with 5% salinity and ampicillin, being especially higher 
than those at the same salinity but without ampicillin ( −45.7% to 
−51.2%; Fig. 1 C and D; Table S3 , Supporting Information ). As ob- 
served in the NMDS, samples grouped by the presence/absence of 
the antibiotic (based on Bray–Curtis dissimilarity, Fig. 2 ) and at 5% 

salinity the effect of ampicillin was more notable . T he communi- 
ties assembled with or without amended antibiotic were statisti- 
call y differ ent (PCoA based in v ariance dispersion, Fig. 3 A). 

The addition of antibiotic promoted a statistically significant 
lo w er number of the dominant OPUs in comparison with the non- 
amended ( Figure S6 , Supporting Information ). When ampicillin 

was added different species were not detected in different salini- 
ties . For example , Sporosalibacterium and Brassicibacter genera were 
not detected at 5% salinity ( Table ST4 , Supporting Information ),
or Hydrogenedentes at 10%–15% salinity and the Marine Benthic 
Group D and DHVEG-1 at 15%–18% salinity. The genus Desulfover- 
iculus and the family Desulfobacteraceae display ed lo w er abun-
ances at salinities of 5%–12% and were not detected 15% and
0% salts. Some OPUs affiliated with the phylum Acetothermia 
isplayed higher abundances with ampicillin at 5%–10% salinity,
hile others were not detected at 12%–15% salinity ( Table ST4 ,
upporting Information ). Additionally, some taxa were exclusively 
etected in the intermediate salinities such as of Clostridiales at
%, uncultured Bacteroidetes at 15% and 20% salinity, and uncul-
ur ed Salinarc haeum , MSBL1, and Haloplasma contractile at 18% of
alts ( Table ST5 , Supporting Information ). 

Some taxa were detected with and without antibiotic but dis-
layed higher abundances in the amended samples, such as 
embers of the KTK 4A cluster at 5%–20% salinity, Salinibacter 

t 5%–15%, taxa affiliated to MSBL1 at all salinities but 10%, and
hristensenellaceae R-7 group at 5%, 10%, and 12% salinities, among 
thers ( Table ST6 , Supporting Information ). 

nfluence of the P. oceanica leaf litter addition on 

he community structure 

v er all, the concentr ation of P. oceanica as substr ate did not sub-
tantially affect alpha diversity. Even if statistically significant 
iffer ences wer e observ ed due to differ ent substr ate concentr a-
ions (permutation D -test: D ≤ 1.36 and P > 0.05, and Wilcoxon:
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Figure 2. NMDS based on Bray–Curtis dissimilarity of 16S rRNA gene sequences from the 96 microcosms and the slurry sample (S—T0), marked in red. 
Samples are grouped according to the salinity and ampicillin in different colored polygons, which legend is on the right-side of the plot. Polygons with 
ampicillin are bordered and defined with “Amp , ” and without ampicillin with “noAmp . ”
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 ≤ 0.5; Table S5 , Supporting Information ), the effect of the antibi-
tic was ov er all mor e important (PCoA based in variance disper-
ion within groups, Fig. 3 B). A high number of OPUs (reaching val-
es of 85) was statistically significant of a single salinity and with a
pecific concentration of P. oceanica (abs(log2 fold change) > 2 and
 -value < 0.05) and, although there were relevant OPUs detected
t the three substrate concentrations as statistically significant,
igh differences in number of OPUs w as alw ays observed between
he tested concentrations ( Table ST7 , Supporting Information ). 

hanges in the influence of ecological processes 

n community assembly caused by the salt 
ilution 

n gener al, ßNTI v alues fr om pairwise comparisons between the
noculum and the microcosms sho w ed a nondiscriminatory dis-
ribution, where no data exceeded the statistically significant
oundary ( | ßNTI | > 2). Ov er all, ßNTI in the arc haea domain
ho w ed that the phylogenetic turnover was close to the null ex-
ectation, being the comm unity mainl y influenced by stochas-
ic factors ( Figures S12a and S12b , Supporting Information ). The
toc hasticity decr eased as salinity decr eased since the r eplicates
ho w ed less dispersion in the index. In bacteria, the phylogenetic
urnover was lower than in archaea as ßNTI was closer to −1,
ith the exception of 5% salinity where a higher phylogenetic

urnov er was observ ed, being ßNTI > 1 for some of the samples.
s for archaea, and to a minor extent, the stochasticity seemed

o increase with salinity in bacteria, as the dispersion between
 eplicates incr eased with the exception of 5% salinity, where ßNTI
f duplicates was also not r epr oducible ( Figur es S7a and S7b ,
upporting Information ). Raup–Crick metric based on Bray–Curtis
issimilarities (RC bray ) sho w ed a fairly defined pattern with a de-
cending trend as salinity increased (Fig. 4 ; Figures S7c and S7d ,
upporting Information ). Ther efor e, ther e was a transition in tax-
nomic turnov er fr om low to high as samples were diluted and
alinity decreased from the initial condition of salt saturation. Ac-
ording to this index, archaea was more influenced by stochas-
icity since , o v er all, RC bray was closer to null expectation and the
 eplicates wer e mor e dissimilar than in bacteria. 

To quantify ecological stochasticity between the different con-
itions applied in microcosms, ST and NST ratios were calcu-

ated, displaying values > 55% and indicating the stochasticity
ominance either in archaea or bacteria domains ( Figures S8a
nd S8b , Supporting Information ). The ST and NST ratios were
bove 70% and 60%. In archaea, NST ratio decreased with sub-
tr ate concentr ation while the opposite was observ ed in bacte-
ia ( Figures S8c and S8d , Supporting Information ). Furthermore,
hen we compared the ampicillin effect in relation to the in-
culum, in general stochasticity decreased with salinity, rang-
ng from 100% to 54%, excepting few samples with 5% and 12%
alinity, whic h displayed v alues below the boundary of 50% in ar-
haeal domain ( Figure S8e , Supporting Information ). MST exhib-
ted a clear pattern of gradual transition of determinism dom-
nance in the lo w est salinities to stochasticity at those highest,
enoting the differences between domains and especially among
alinities ( Figure S9a , Supporting Information ). Accordingly, the
ES, whic h measur es the ma gnitude of the experimental effects,
isplayed increasing values as salinity decreased, being, therefore,
t 5% of salinity where the effects of ampicillin were more rele-
 ant ( Figur e S9b , Supporting Information ). 

ominant metabolic processes 

etabolic infer ences wer e performed for species or OPUs with rel-
tive abundances ≥1% and related to carbohydrate degradation,
ermentation, methanogenesis, c hemolithoautotr ophy, phototr o-
hy, and sulfate- and nitr ate-r eduction ( Table S6 and Figure S10 ,
upporting Information ). 
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Figure 3. PCoA plots from analysis of multivariate homogeneity of 
groups dispersions (variances) applied to the 96 microcosms. (A) PCoA 

attending to samples with ampicillin (in black) and without the 
antibiotic (in red). (B) PCoA attending to the three substrate 
concentrations (0.1% Po , 1% Po , and 10% Po ), grouped in black, red, and 
green colors. 
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The methanogenic r epr esentativ es sho w ed a distribution ac-
ording to microcosms’ salinities ( Tables S1 , S6 , and Figure
10 , Supporting Information). Taxa affiliated to MSBL1 were not
resent at 5% salinity, while at higher salinities, and especially

n microcosms with low substrate concentrations and ampicillin,
he members of this group sho w ed high abundances. In gen-
r al, methylotr ophy was r ele v ant in the lowest salinities (12%,
0%, and 5%) as the Methylobacterium genus was the main rep-
 esentativ e ( Table S6 , Figures S10c , S11c , and S11d , Supporting
nformation ). Other methanogens were only present at 5% salin-
ty, such as Methanolacinia paynteri , Unc. Methanoculleus , Unc. Lokiar-
haeota , Unc. Marine Benthic Group D, or DHVEG-1. Acetogenic mi-
r oor ganisms, suc h as Unc. Acetothermia , wer e also r ele v ant at low
alinities. 

Taxa described as carbohydrate degraders, sho w ed contrast-
ng trends in abundance, especially in microcosms at interme-
iate or higher salinities without ampicillin, such as the uncul-
ured SAR406 group, uncultured KTK 4A and the Halanaerobium
enus ( Table S6, Figures S10b , S11a , S11f, and S11g , Supporting
nformation ). 
Chemolithoautotrophic Acetothermia phylum displayed higher
ichness in the intermediate salinities (from 12% to 20%) in sam-
les amended with ampicillin and 10% w/w of substrate, although
he different species within this phylum sho w ed a turnover pat-
ern ( Table S6 , Figures S10d , and S11e , Supporting Information ).
hemoor ganotr ophy was detected by e.g. the presence of mem-
ers of the Marinilabiliaceae and Simkaniaceae families, with the for-
er being present at all salinities but 5% and the latter being only

r esent at 5%. Ov er all, c hemoor ganotr ophs display ed lo w er abun-
ances in microcosms where the antibiotic was added. Prosthe-
ochloris vibrioformis displayed relative abundances ∼28% at 5% of
alinity, 0.1% Po and without ampicillin, highlighting the presence
f phototrophy in this specific setting ( Table S6 , Figures S10e , and
10f, Supporting Information). Furthermore, H. contractile , able to
 educe nitr ate and nitrite, was onl y pr esent at salinities between
5% and 10% ( Table S6 and Figure S10g , Supporting Informa-
ion). Members of Desulfobacteraceae and the genus Desulfovermicu-
us , as the most r epr esentativ e sulfate- and sulfite-r educers, wer e
resent in microcosms with salinities below 20%, and especially
bundant at 12% salinity, close to 25% in some samples ( Table S6 ,
igures S10h , S11i , and S11j , Supporting Information). 

iscussion 

alt dilution as major factor structuring the 

icrobial community 

er e, we could demonstr ate that salinity acted as a major deter-
inant factor on the comm unity structur ation of a diluted hy-

ersaline slurry ( ∼36% salts) in a broad gradient of decreasing
on concentrations and after ≥ 4 years of incubation. Although
he main diversity originated from the source was conserved, a
hylogenetic turnover was observed between microcosms at dif-
erent salinities, and this selective role that has been reported
efore in solar salterns (Viver et al. 2019 ), saline soils (Xie et al.
017 ), hypersaline sediments from lakes (Jiang et al. 2007 ), and
ypersaline soda lakes (Vavourakis et al. 2018 ). As expected for a
ypersaline ada pted comm unity, the pr ogr essiv e dilution of the
lurry meant that the lo w est salinity experimented the highest
isturbance. Congruently, 5% salinity displayed the highest com-
ositional c hanges r egarding the inoculum. The dilution dir ectl y
ffected the alpha diversity by means of the higher sensitivity
f archaea to osmotic changes (Viver et al. 2020 ) and the bet-
er adaptation of bacteria to low salinities (Ventosa and Arahal
009 ). In turn, alpha div ersity incr eased as salinity decr eased. Al-
ost all prokaryotes originated from the source hypersaline sedi-
ent, with the minor addition of the accompanying microorgan-

sms from the P. oceanica litter, brines and seawater used to dilute
he sediments . T he cell numbers that ma y be inoculated from this
eaf litter may be negligible as they are orders of magnitude lo w er
han the original slurry 10 8 cells/ml (López-López et al. 2010 ). The
omm unity c hanges and detection of undetected taxa in the orig-
nal sample would evidence the importance of the r ar e biospher e
including the low cellular addition from the substrate) in ecosys-
ems with changing physicochemical conditions, which would act
s a seed bank increasing in relative abundance when the condi-
ions are favorable (Pedrós-Alió 2012 ). 

Aiming to modulate the enrichments of methanogenic consor-
ia (Sanz et al. 1996 ) for futur e biotec hnological pur poses, and
o study the effect of a bacterial perturbing factor (Holmes and
mith 2016 , Sela-Adler et al. 2017 ), ampicillin was added to a sub-
et of the microcosms. To our knowledge, the study of antibi-
tic effects in hypersaline anoxic environments has never been

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data


Font-Verdera et al. | 9 

Figure 4. Raup–Crick data based on Bray–Curtis dissimilarity, calculated for all microcosms and classified by salinity depending on domain of 
micr obial comm unities and the ampicillin addition. In the x -axes, from left to right, the samples ar e order ed in decr easing salinities, separ ated by 
domains (archaea in the left—A and B; and bacteria in the right—C and D) and within each domain, according to ampicillin presence (without 
antibiotic in the left—A and C; and with ampicillin in the right—B and D). 
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performed. Pr e vious studies have assessed the effect of this an- 
tibiotic in other ecosystems such as soils, w astew ater or fresh- 
water (Ye et al. 2020 ), where ampicillin decreased the abundance 
of certain community members, hindering relevant ecosystem 

metabolic functions (Ferrer et al. 2017 , Baumgartner et al. 2020 ,
Ye et al. 2020 ). As expected, the addition of ampicillin at 5 mg/ml 
in micr ocosms r educed comm unity bacterial alpha div ersity at 
the long term (4.5 years). Beta diversity between with and with- 
out ampicillin displayed an increasing trend with dilution, al- 
though its real effect could be partially hidden by the salinity fac- 
tor (Lauber et al. 2009 , Rousk et al. 2010 ). The higher observed di- 
v er gence between microcosms amended with antibiotic at lower 
salinities is related to the fact that ampicillin overall targets sus- 
ceptible, usuall y Gr am-positiv e bacteria, whic h ar e mor e abun- 
dant at lo w er salinities. Pr obabl y dissimilatory sulfate-r educing 
micr oor ganisms wer e affected by the addition of ampicillin at the 
beginning of the experiment. In fact, at salinity of 5%, the rela- 
tive abundances of sulfate-reducers (overall Gram-positives) de- 
creased with ampicillin, while the uncultured MSBL9 cluster e v en 

seemed to disappear with the presence of the antibiotic, being sta- 
tistically significant in cultures without the beta-lactam antibiotic 
( Table ST8 , Supporting Information ). Inter estingl y, arc haeal alpha 
diversity at 5% salinity was higher in microcosms with ampicillin.
This could be related to the emergence of new niches to be col- 
onized due to the elimination of bacterial groups that are sen- 
sitive to the antibiotic, such as Anaerolinea and Caldilinea genera 
whose abundance decreased with ampicillin. As expected, mem- 
bers belonging to Bacillota phylum (formally Firmicutes ) decreased 

their presence in cultures with ampicillin, being species statisti- 
cally significant in samples without ampicillin at 15% of salinity 
( Table ST8 , Supporting Information ). Alternativ el y, the effect of 
carbon substr ate concentr ation did not show an important effect 
on comm unity div ersity. This could be r elated with a low r eactivity 
of the Posidonia litter that seems to be r ecalcitr ant (Medina et al.
2001 ) to make carbon available to fermenters. Although some ef- 
fect was observed by the substr ate concentr ation on the commu- 
nity structure, it was weak and might be linked to immigrant mi- 
cr obial populations pr esent in the litter reinforcing that the major 
 hanges came fr om the autoc hthonous micr obial comm unities in
he sediments. 

eterminism became rele v ant with dilution 

n general, both phylogenetic and taxonomic turnover was low 

nd ov er all, not differ ent fr om the null expectation, thus indi-
ating that stochasticity generally prevailed. Salinity was the ma- 
or ecological factor involved in the comm unity assembl y, being
igher the stochasticity and lo w er the effect size in the higher
alinities . T he original community belonged to a highly adapted
icrobiome to hypersaline and anaerobic conditions. In such eco- 

ogical state, selection e v entuall y had led to a stable comm unity
ith low turnov er wher e drift became the most r ele v ant factor

Stegen et al. 2012 , Liébana et al. 2019 ). Archaea was more af-
ected by stochasticity than bacteria due to the dominance of
he former at higher salinities. Dilution exerted a selection of the
ommunity members able to thrive at lo w er salinities (Langen-
eder et al. 2017 ). Turnover between r eplicates decr eased as salin-

ty decr eased, r e v ealing determinism to gain r ele v ance with dilu-
ion. Mor eov er, the importance of the ampicillin amendment was
lso observ ed, exerting slightl y differ ent effects in the arc haeal
nd bacterial communities. Salinity acted as a selection force and
mpicillin applied a selective pressure that changed the structure 
f microbial populations, consistent with other studies (Ye et al.
020 ). The manipulation of natural ecosystems applying a dilution
radient has its dra wbacks . T he loss of rare taxa and the ov err ep-
esentation of others influence the taxonomic structure and the 

etabolic processes associated to them (Sierocinski et al. 2018 ). 

iogeoc hemical c hanges in microcosms were 

ainly dri v en by salinity dilution 

he most abundant OPUs affiliated with micr oor ganisms wer e
utativ el y involv ed in methanogenesis (e.g. MSBL1, M. payn-
eri , and Methanoculleus genus) and sulfate-reduction (e.g. Desul- 
atiglans , Desulfovermiculus , Desulfobulbus , and Sulfobacillus genera).
hese metabolic groups displayed, gener all y, an opposite r ela-
ive abundance pattern, with sulfate-reducers decreasing and 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
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ethanogens increasing as salt concentration did. Interestingly,
here was a replacement of methanogens by sulfate-reducers at
2% salinity, it seems that sulfate-reducers might outcompete
ethanogens and display an optim um gr owth at 10%–12%, be-

ng str ongl y inhibited at 21.5%, whic h together with the r eported
nhibition of methanogens by sulfate-reduction at salinities be-
ow 18% might explain the observed replacement of these com-

unities at 12% of salinity (Sørensen et al. 2004 ). This is also sup-
orted by the unexpected and higher methane production yield
bserv ed in micr ocosms with low salinities where ampicillin was
dded. In gener al, methane pr oduction was highest at 18%–20%
alinities, with the exception of microcosm 5_10A that sho w ed the
ighest yields. At higher salinities, the putative methanogens affil-

ated to MSBL1 dominated, and seemed to be the main responsible
n the methane gener ation. We hav e pr e viousl y r eported the po-
ential methanogenic activity of MSBL1 in hypersaline conditions
Font-Verdera et al. 2021 ). Here, at these intermediate salinities,
her e sulfate r educers wer e not competing for substr ates and a

ikel y higher concentr ation of methylamines deriv ed fr om com-
atible solutes, such as glycine betaine, produced by halophiles,
ould have enhanced the methylotrophic methanogenesis (Mc-
enity and Sorokin 2019 ). 
It should be noted that the methane concentrations here ob-

ained were remarkably higher when compared to the retrieved
ethane rates in previous studies of hypersaline sediments and

lurries at low salinity (Sørensen et al. 2004 , Mcgenity 2010 , Lazar
t al. 2011 , Gründger et al. 2015 , Webster et al. 2015 , Nigro et al.
020 ). The metabolic efficiency has been r eported else wher e to de-
rease up to 50% due to the loss of half of the r ar e fr action of the
omm unity (Sier ocinski et al. 2018 ). In our case, this fact could
e compatible with the disturbance caused here that could have
aused the loss of r ar e and low abundant taxa if sensitive to os-
otic changes, and consequently, the overrepresentation of the

bundant taxa. 
Finally, we found that the microcosms at 5%, where the highest

ilution was applied, to be the most efficient in terms of methane
roduction. This could be related to inhibition of methanogene-
is caused by salinity. Zhang et al. ( 2017 ) reported the methano-
enesis to be hindered at salinities greater than 5.5%, especially
ome hydr ogenotr ophic and aceticlastic methanogens. Her e, we
id not observe such phenomenon as we obtained a high methane
ield production at salinities between 20% and 18%. In this re-
ard, slurry experiments from a microbial mat in a saltern pond
n Eilat r e v ealed high methane production rates only between
5% and 25% of salinity (Sørensen et al. 2004 ). Conspicuously, the
icrocosms at 5% of salinity amended with ampicillin and sub-

trate at 10% sho w ed the highest methane r ate, observ ed in both
eplicates . T he conditions applied in these microcosms appears to
ave selected an efficient methanogen community, where the an-
ibiotic may be the influencing selecting factor. This community
as not r emarkabl y differ ent fr om others found in micr ocosms
mended at 5% salinities, yet the differences were enough to ob-
ain methane yields up to 12 times higher compared to previously
etected at similar salinities (Sørensen et al. 2004 , Mcgenity 2010 ,
azar et al. 2011 , Gründger et al. 2015 , Webster et al. 2015 , Nigro
t al. 2020 ). These high rates of methanogenesis in hypersaline
ediments demonstrates the potential of these still unexplored
n vironments . T hese observations may be relevant in the context
f methane production using saline water with salt concentra-
ions abov e an y marine waters, and explor e possible a pplications
f high biotechnological interests as it is our intention with the
onsortium at 5% of salinity amended with antibiotic and with
0% of P. oceanica . 
ampling permits 

he samples were taken in accordance with the permit ESNC27,
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een provided by the Dirección General de Biodiversidad y Cali-
ad Ambiental del Ministerio para la Transición Ecológica of the
panish Government. 

uthors’ contributions 

 rancisca Font-Ver dera, Raquel Liébana, Ramon Rossello-Mora,
nd Tomeu Viver. 

c kno wledgments 

he authors would like to thank all those responsible of Salinas
’Avall (Colònia de Sant Jor di, Mallor ca, Spain) for the admittance
o their installations and sampling permission. 

upplementary data 

upplementary data is available at FEMSEC Journal online. 

onflict of interest : The authors declare that there is no conflict of in-
erest. All samples of this study were taken before the Spanish Real
ecreto 124/2017 that rules the access to natural samples without
ommercial purposes. 

unding 

his w ork w as supported b y the Spanish Ministry of Science, In-
ovation and Universities projects PGC2018-096956-B-C41, RTC-
017-6405-1, and PID2021-126114NB-C42, whic h wer e also sup-
orted with European Regional Development Fund (FEDER) funds.
.R.M. acknowledges the researcher mobility (grant numbers
RX18/00048 and PRX21/00043), F .F .V.’s the fellowship (grant num-
er BES-2016-078138), and T,V, the “Margarita Salas” postdoctoral
rant, all funded by the Spanish Ministry of Science , Inno va-
ion and Universities, and also within the fr ame work of Recov-
ry, Transformation and Resilience Plan, and funded by the Eu-
 opean Union (NextGener ationEU), with the participation of the
niversity of Balearic Islands (UIB). This research was carried out
ithin the fr ame work of the activities of the Spanish Government

hrough the “Maria de Maeztu Centre of Excellence” accreditation
o IMEDEA (CSIC-UIB) (CEX2021-001198). 

a ta av ailability 

ome of the data that support the findings of this study are
vailable in the supplementary material of this article, in the
nline version. The experimental data, collection of samples,
nd analyses have been only used by the first author of the
an uscript to pre pare her PhD thesis document i.e . a vailable at

he repository of University of Balearic Islands ( https://dspace.u
b.es/ xmlui/ bitstream/ handle/11201/159809/ Francesca%20Font 
20Verdera _ TESIS%20DEF.pdf?sequence=1&isAllowed=y ). 

eferences 

ntón J , Rosselló-Mora R, Rodríguez-Valera F et al. Extremely
halophilic bacteria in crystallizer ponds from solar Salterns. Appl
Environ Microbiol 2000; 66 :3052–7.

aumgartner M , Bayer F, Pfrunder-Cardozo KR et al. Resident micro-
bial communities inhibit growth and antibiotic-resistance evolu-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad146#supplementary-data
https://dspace.uib.es/xmlui/bitstream/handle/11201/159809/Francesca%20Font%20Verdera_TESIS%20DEF.pdf?sequence=1&isAllowed=y


Font-Verdera et al. | 11 

 

L  

L  

 

L  

L  

 

L  

L  

M
 

 

M  

 

M  

 

M  

 

M  

 

M  

 

M  

 

M  

M  

 

N  

N  

 

O  

O  

P  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/99/12/fiad146/7440029 by Adm
inistrative H

eadquarters - M
PS user on 07 February 2024
tion of Esc heric hia coli in human gut microbiome samples. PLoS Biol 
2020; 18 :1–30.

Callahan BJ , McMurdie PJ, Rosen MJ et al. D AD A2: high resolu- 
tion sample inference from Illumina amplicon data. Nat Methods 
2016; 13 :581–92.

Ca por aso JG , Lauber CL, Walters WA et al. Global patterns of 16S rRNA 

diversity at a depth of millions of sequences per sample. Proc Natl 
Acad Sci USA 2011; 108 :4516–22.

Chase JM , Kraft NJB, Smith KG et al. Using null models to disen- 
tangle variation in community dissimilarity from variation in α- 
diversity. Ecosphere 2011; 2 :1–11.

Cheng L , Wu K, Zhou L et al. Isolation of a methyl-reducing 
methanogen outside the eury ar chaeota. Biol Sci 2023; 21 :1–26.

Cocozza C , P ar ente A, Zaccone C et al. Compar ativ e mana gement of 
offshore Posidonia residues: composting vs. energy recovery. Waste 
Manag 2011; 31 :78–84.

D ̧e bowski M , Zieli ́nski M, Grala A et al. Algae biomass as an alterna- 
tiv e substr ate in biogas pr oduction tec hnologies – r e vie w. Renew 

Sustain Energy Rev 2013; 27 :596–604.
Dini-Andreote F , Stegen JC, Van Elsas JD et al. Disentangling mech- 

anisms that mediate the balance between stochastic and deter- 
ministic processes in microbial succession. Proc Natl Acad Sci USA 

2015; 112 :E1326–32.
Ferrer M , Méndez-García C, Rojo D et al. Antibiotic use and micro- 

biome function. Biochem Pharmacol 2017; 134 :114–26.
Font-Verdera F , Liébana R, Aldeguer-Riquelme B et al. Inverted micro- 

bial community stratification and spatial–temporal stability in 

hypersaline anaerobic sediments from the S’Avall solar salterns. 
Syst Appl Microbiol 2021; 44 :126231.

França L , Lopéz-Lopéz A, Rosselló-Móra R et al. Microbial diversity 
and dynamics of a groundwater and a still bottled natural min- 
eral water. Environ Microbiol 2015; 17 :577–93.

Gomariz M , Martínez-García M, Santos F et al. Fr om comm unity a p- 
pr oac hes to single-cell genomics: the discovery of ubiquitous hy- 
perhalophilic bacteroidetes generalists. ISME J 2015; 9 :16–31.

Gottschalk G . Bacterial metabolism . In: Microbiology S series . 1st edn.,
New York: Springer-Verlag, 1979, c1979.

Gründger F , Jiménez N, Thielemann T et al. Microbial methane for- 
mation in deep aquifers of a coal-bearing sedimentary basin, Ger- 
many. Front Microbiol 2015; 6 :1–17.

Hammer Ø, Harper DAT, Ryan PD. PAST: paleontological statistics 
softwar e pac ka ge for education and data analysis. Palaeontol Elec- 
trónica 2001; 4 :1–9.

Hatzenpichler R , Kohtz A, Krukenberg V et al. Cultivation and visual- 
ization of a methanogen of the phylum thermoproteota. Biol Sci 
2023; 12 :1–22.

Holmes DE , Smith JA. Biologicall y pr oduced methane as a r ene wable 
energy source. Adv Appl Microbiol 2016; 97 :1–61.

Jiang H , Dong H, Yu B et al. Microbial response to salinity change in 

Lake Chaka, a hypersaline lake on Tibetan plateau. Environ Micro- 
biol 2007; 9 :2603–21.

Kraft NJB , Comita LS, Chase JM et al. Disentangling the drivers of 
β diversity along latitudinal and elevational gradients. Science 
2011; 333 :1755–8.

Langenheder S , Wang J, Karjalainen SM et al. Bacterial metacommu- 
nity organization in a highly connected aquatic system. FEMS Mi- 
crobiol Ecol 2017; 93 :1–9.

Lauber CL , Hamady M, Knight R et al. Pyrosequencing-based as- 
sessment of soil pH as a predictor of soil bacterial community 
structure at the continental scale. Appl Environ Microbiol 2009; 75 : 
5111–20.

Lazar CS , Parkes RJ, Cr a gg BA et al. Methanogenic diversity and activ- 
ity in hypersaline sediments of the centre of the Na poli m ud vol- 
cano, Eastern Mediterranean Sea. Environ Microbiol 2011; 13 :2078–
91.

iang Y , Ning D, Lu Z et al. Century long fertilization reduces stochas-
ticity controlling grassland microbial community succession. Soil 
Biol Biochem 2020; 151 :108023.

iébana R , Modin O, Persson F et al. Combined deterministic and
stoc hastic pr ocesses contr ol micr obial succession in r eplicate
granular biofilm reactors. Environ Sci Technol 2019; 53 :4912–21.

ópez-López A , Richter M, Peña A et al. New insights into the archaeal
diversity of a hypersaline microbial mat obtained by a metage- 
nomic a ppr oac h. Syst A ppl Microbiol 2013; 36 :205–14.

ópez-López A , Yarza P, Richter M et al. Extremely halophilic micro-
bial communities in anaerobic sediments from a solar Saltern.
Environ Microbiol Rep 2010; 2 :258–71.

ozupone CA , Knight R. Global patterns in bacterial diversity. Proc
Natl Acad Sci USA 2007; 104 :11436–40.

udwig W , Strunk O, Westram R et al. ARB: a software environment
for sequence data. Nucleic Acids Res 2004; 32 :1363–71.

artin-Cuadrado AB , Senel E, Martínez-García M et al. Prokaryotic 
and vir al comm unity of the sulfate-ric h crust fr om Peñahueca
e phemeral lak e , an astrobiology analogue . Environ Microbiol
2019; 21 :3577–600.

cGenity TJ , Oren A. Hypersaline en vironments . In: Bell EM (ed.),
Life at Extremes: Environments. Organisms and Strategies for Survival .
Wallingford: CABI, 2012, 402–37.

cGenity TJ , Sorokin DY. Methanogens and methanogenesis in hy-
persaline en vironments . In:AJMStams,DZSousa (eds), Biogenesis 
of Hydrocarbons, Handbook of Hydrocarbon and Lipid Microbiology .
Cham: Springer, 2019, 283–309.

cgenity TJ . Chapter 53 - methanogens and methanogenesis in hy-
persaline en vironments . In: Handbook of Hydrocarbon and Lipid Mi-
crobiology . Vol. 1 . Berlin: Springer-Verlag, 2010, 665–80.

edina JR , Tintoré J, Duarte CM. Las pr ader as de Posidonia ocean-
ica y la r egener ación de playas. Rev Obras Publicas 2001; 148 :
31–43.

ora-Ruiz MdR , Cifuentes A, Font-Verdera F et al. Biogeogr a phi-
cal patterns of bacterial and archaeal communities from dis- 
tant hypersaline en vironments . Syst Appl Microbiol 2018; 41 :
139–50.

or a-Ruiz MdR , Font-Verder a F, Díaz-Gil C et al. Moder ate halophilic
bacteria colonizing the phylloplane of halophytes of the sub- 
family Salicornioideae ( Amaranthaceae ). Syst Appl Microbiol 2015; 38 :
406–16.

or a-Ruiz MDR , Font-Verder a F, Orfila A et al. Endophytic micr obial
diversity of the halophyte arthrocnemum macrostachyum across 
plant compartments. FEMS Microbiol Ecol 2016; 92 :1–10.

unoz R , López-López A, Urdiain M et al. Evaluation of matrix-
assisted laser desorption ionization-time of flight whole cell pro- 
files for assessing the cultivable diversity of aerobic and moder- 
ately halophilic prokaryotes thriving in solar Saltern sediments.
Syst Appl Microbiol 2011; 34 :69–75.

igro LM , Elling FJ, Hinrichs KU et al. Microbial ecology and bio-
geochemistry of hypersaline sediments in Orca Basin. PLoS ONE 
2020; 15 :1–25.

ing D , Deng Y, Tiedje JM et al. A general framework for quantita-
tiv el y assessing ecological stochasticity. Proc Natl Acad Sci USA
2019; 116 :16892–8.

ksanen AJ , Blanchet FG, Friendly M et al. Vegan: community ecology
pac ka ge. R pac ka ge v ersion 2.4-4. CRAN, 2018 , 298.

r en A . Micr obial life at high salt concentr ations: phylogenetic and
metabolic diversity. Saline Syst 2008; 4 :1–13.

edrós-Alió C . The r ar e bacterial biosphere. Ann Rev Mar Sci
2012; 4 :449–66.



12 | FEMS Microbiology Ecology , 2023, Vol. 99, No. 12 

Pruesse E , Peplies J, Glöckner FO. SINA: accurate high-throughput 
 

R  

 

 

R  

 

R  

 

R  

S  

 

S  

S  

 

S  

S
 

S  

 

S  

 

 

S  

 

S  

 

S  

 

S  

 

 

v  

V  

 

 

Vavour akis CD , Andr ei AS, Mehrshad M et al. A metagenomics 
 

V  

 

V  

 

 

V  

 

 

V  

 

W  

 

W  

 

W  

 

 

X  

 

Y  

 

Y  

 

 

Y  

 

Y  

 

 

Z  

 

 

Z  

 

Z  

 

 

R
©
C

i

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/99/12/fiad146/7440029 by Adm
inistrative H

eadquarters - M
PS user on 07 February 2024
multiple sequence alignment of ribosomal RNA genes. Bioinfor-
matics 2012; 28 :1823–9.

amos-Barber o MD , Martin-Cuadr ado AB, Viv er T et al. Recov er-
ing microbial genomes from metagenomes in hypersaline en-
vironments: the good, the bad and the ugly. Syst Appl Microbiol
2019; 42 :30–40.

odriguez-R LM , Gunturu S, Tiedje JM et al. Nonpareil 3: fast estima-
tion of metagenomic coverage and sequence diversity. mSystems
2018; 3 :1–9.

odriguez-R LM , Konstantinidis KT. Nonpareil: a redundancy-based
a ppr oac h to assess the le v el of cov er a ge in meta genomic
datasets. Bioinformatics 2014; 30 :629–35.

ousk J , Bååth E, Brookes PC et al. Soil bacterial and fungal communi-
ties across a pH gradient in an arable soil. ISME J 2010; 4 :1340–51.

antos F , Yarza P, P arr o V et al. Culture-independent approaches for
studying viruses from hypersaline en vironments . Appl Environ Mi-
crobiol 2012; 78 :1635–43.

anz JL , Rodríguez N, Amils R. The action of antibiotics on the anaer-
obic digestion pr ocess. A ppl Microbiol Biotechnol 1996; 46 :587–92.

ela-Adler M , Ronen Z, Herut B et al. Co-existence of methanogene-
sis and sulfate reduction with common substrates in sulfate-rich
estuarine sediments . F ront Microbiol 2017; 8 :1–11.

err ano-Silv a N , Sarria-Guzmán Y, Dendoov en L et al. Methanogen-
esis and methanotrophy in soil: a review. Pedosphere 2014; 24 :291–
307.

ierocinski P , Bayer F, Yvon-Dur oc her G et al. Biodiversity–
function relationships in methanogenic communities. Mol Ecol
2018; 27 :4641–51.

ørensen KB , Canfield DE, Oren A. Salinity responses of benthic mi-
cr obial comm unities in a solar saltern (Eilat, Isr ael). A ppl Environ
Microbiol 2004; 70 :1608–16.

or okin DY , Makar ov a KS, Abbas B et al. Discovery of ex-
tr emel y halophilic, methyl-r educing eury ar c haea pr ovides in-
sights into the evolutionary origin of methanogenesis. Nat Micro-
biol 2017a; 2 :1–11.

orokin DY , Messina E, Smedile F et al. Discov ery of anaer obic litho-
heter otr ophic haloarc haea, ubiquitous in hypersaline habitats.
ISME J 2017b; 11 :1245–60.

tegen JC , Lin X, Fr edric kson JK et al. Quantifying community assem-
bl y pr ocesses and identifying featur es that impose them. ISME J
2013; 7 :2069–79.

tegen JC , Lin X, Konopka AE et al. Stochastic and deterministic as-
sembl y pr ocesses in subsurface micr obial comm unities. ISME J
2012; 6 :1653–64.

w an BK , Ehrhar dt CJ, Reifel KM et al. Arc haeal and bacterial comm u-
nities respond differently to environmental gradients in anoxic
sediments of a California hypersaline lake, the Salton Sea. Appl
Environ Microbiol 2010; 76 :757–68.

an der Wielen PW , Bolhuis H, Borin S et al. The enigma of prokaryotic
life in deep hypersaline anoxic basins. Science 2005; 307 :121–3.

ass M . Bound to the past: historical contingency in aquatic micro-
bial metacommunities. Digital Comprehensive Summaries of Up-
psala Dissertations from the Faculty of Science and Technology
1887. Uppsala Universitet, 2020.
ecei v ed 27 April 2023; revised 2 October 2023; accepted 20 November 2023 
The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This is an O

ommons Attribution-NonCommercial License ( http://creativecommons.org/licenses/by-

n any medium, provided the original work is properly cited. For commercial re-use, pleas
r oadma p to the uncultured genome diversity in hypersaline soda
lake sediments. Microbiome 2018; 6 :168–85.

entosa A , Arahal DR. Physico-chemical characteristics of hy-
persaline environments and their biodiversity. Extremophiles .
2009; II :16.

iv er T , Conr ad RE, Or ellana LH et al. Distinct ecotypes within a natu-
r al haloarc haeal population enable adaptation to changing envi-
ronmental conditions without causing population sweeps. ISME J
2020; 15 :1178–91.

iv er T , Or ellana LH, Díaz S et al. Predominance of deter-
ministic microbial community dynamics in Salterns ex-
posed to different light intensities. Environ Microbiol 2019; 21 :
4300–15.

iv er T , Or ellana LH, Hatt JK et al. The low diverse gastric microbiome
of the jellyfish Cotylorhiza tuberculata is dominated by four novel
taxa. Environ Microbiol 2017; 19 :3039–58.

alsh DA , P a pke R T, Doolittle WF. Ar c haeal div ersity along a
soil salinity gradient prone to disturbance. Environ Microbiol
2005; 7 :1655–66.

ang C , Huang Y, Zhang Z et al. Salinity effect on the metabolic path-
way and microbial function in phenanthrene degradation by a
halophilic consortium. AMB Exp 2018; 8 :1–11.

ebster G , O’Sullivan LA, Meng Y et al. Archaeal community
diversity and abundance changes along a natural salinity
gradient in estuarine sediments. FEMS Microbiol Ecol 2015; 91 :
1–18.

ie K , Deng Y, Zhang S et al. Prokaryotic community distribution
along an ecological gradient of salinity in surface and subsurface
saline soils. Sci Rep 2017; 7 :1–10.

akimov MM , La Cono V, Slepak VZ et al. Microbial life in the Lake
Medee, the largest deep-sea salt-saturated formation. Sci Rep
2013; 3 :1–9.

akimov MM , La Cono V, Spada GL et al. Micr obial comm unity of
the deep-sea brine Lake Kryos seawater-brine interface is active
below the c haotr opicity limit of life as r e v ealed by r ecov ery of
mRNA. Environ Microbiol 2015; 17 :364–82.

arza P , Ludwig W, Euzéby J et al. Update of the all-species living tree
project based on 16S and 23S rRNA sequence analyses. Syst Appl
Microbiol 2010; 33 :291–9.

e MQ , Chen GJ, Du ZJ. Effects of antibiotics on the bacterial com-
munity, metabolic functions and antibiotic resistance genes in
mariculture sediments during enrichment culturing. J Mar Sci Eng
2020; 8 :1–26.

hang Y , Alam MA, Kong X et al. Effect of salinity on the
micr obial comm unity and performance on anaerobic diges-
tion of marine macroalgae. J Chem Technol Biotechnol 2017; 92 :
2392–9.

hou J , Deng Y, Zhang P et al. Stochasticity, succession, and envi-
ronmental perturbations in a fluidic ecosystem. Proc Natl Acad Sci
USA 2014; 111 :E836–45.

huang GC , Elling FJ, Nigro LM et al. Multiple evidence for methy-
lotrophic methanogenesis as the dominant methanogenic path-
way in hypersaline sediments from the Orca Basin, Gulf of Mex-
ico. Geoc him Cosmoc him Acta 2016; 187 :1–20.
pen Access article distributed under the terms of the Cr eati v e 
nc/4.0/ ), which permits non-commercial re-use, distribution, and r e pr oduction 

e contact journals.permissions@oup.com 

http://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	Introduction
	Materials and methods
	Results
	Discussion
	Sampling permits
	Authors contributions
	Acknowledgments
	Supplementary data
	Funding
	Data availability
	References

