Accepted Manuscript =

Marine
Environmental
Research

Microbial strains isolated from CO2-venting Kolumbo submarine volcano show
enhanced co-tolerance to acidity and antibiotics

Editors-in-
F. Regoli, I. M. Sokolova

Manolis Mandalakis, Asimenia Gavriilidou, Paraskevi N. Polymenakou, Christos A.

Christakis, Paraskevi Nomikou, Matej Medvecky, Stephanos P. Kilias, Maroudio
Kentouri, Georgios Kotoulas, Antonios Magoulas

PII: S0141-1136(18)30618-4
DOI: https://doi.org/10.1016/j.marenvres.2019.01.002
Reference: MERE 4662

To appearin:  Marine Environmental Research

Received Date: 29 August 2018
Revised Date: 31 December 2018
Accepted Date: 3 January 2019

Please cite this article as: Mandalakis, M., Gavriilidou, A., Polymenakou, P.N., Christakis, C.A.,
Nomikou, P., Medvecky, M., Kilias, S.P., Kentouri, M., Kotoulas, G., Magoulas, A., Microbial
strains isolated from CO2-venting Kolumbo submarine volcano show enhanced co-tolerance

to acidity and antibiotics, Marine Environmental Research (2019), doi: https://doi.org/10.1016/
j.marenvres.2019.01.002.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.marenvres.2019.01.002
https://doi.org/10.1016/j.marenvres.2019.01.002
https://doi.org/10.1016/j.marenvres.2019.01.002

[ERN

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Microbial strainsisolated from CO,-venting Kolumbo
submarine volcano show enhanced co-toleranceto

acidity and antibiotics

Manolis Mandalaki&’, Asimenia Gavriilidoft’, Paraskevi N. Polymenak®uChristos A.
Christakié, Paraskevi Nomikdy Matej Medveck$® Stephanos P. Kilids Maroudio

Kentourf, Georgios Kotouldsand Antonios Magoulés

4nstitute of Marine Biology, Biotechnology and Aduédture, Hellenic Centre for Marine
Research, 71500 Heraklion, Greece

PFaculty of Geology and Geoenvironment, National Kagodistrian University of Athens,
Panepistimioupoli Zographou, 15784 Athens, Greece

“National Centre for Biomolecular Research, Facaft§science, Masaryk University, 61137
Brno, Czech Republic

dyeterinary Research Institute, 62100 Brno, CzeopuRkc

*Department of Biology, University of Crete, 70018rkklion, Greece

'Present addressaboratory of Microbiology, Wageningen UniversityResearch, 6703 HB

Wageningen, Netherlands

" Corresponding author, E-mail address: mandalakis@lr, phone: +30-2810-337855,

fax: +30-2810-337822 (M. Mandalakis).



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Abstract

As ocean acidification intensifies, there is gragviglobal concern abouhe impacts that
future pH levels are likely to have on marine ldad ecosystems. By analogy, a steep
decrease of seawater pH with depth is encounter@de the Kolumbo submarine volcano
(northeast Santorini) as a result of natural, @@nting, making this system ideal for ocean
acidification research. Here, we investigated wiethe increase of acidity towards deeper
layers of Kolumbo crater had any effect on releyargnotypic traits of bacterial isolates. A
total of 31Pseudomonas strains were isolated from both surface- (SSL) dedp-seawater
layers (DSL), with the latter presenting a sigrafidy higher acid tolerance. In particular, the
DSL strains were able to cope with kvels that were 18 times higher. Similarly, th8LD
isolates exhibited a significantly higher toleraticen SSL strains against six commonly used
antibiotics and As(lll). More importantly, a sigmi&nt positive correlation was revealed
between antibiotics and acid tolerance across fiieeeset of SSL and DSL isolates. Our
findings imply thatPseudomonas species with higher resilience to antibiotics dolle
favored by the prospect of acidifying oceans. Ferrtudies are required to determine if this

feature is universal across marine bacteria amgsess potential ecological impacts.

Keywords: Submarine volcanoes; Extreme environments; BagteRseudomonas,

Acidification; Antibiotic/acid tolerance; Heavy na#$; Marine microbial ecology
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1. Introduction

Based on historical global estimates, human asvifi.e. fossil fuel combustion, cement
production and deforestation) have caused the emisg around 555 PgC carbon dioxide
between 1750 and 2011 (Ciais et al., 2013). Witnost half of the emissions being
accumulated in the atmosphere, the ambient leve33 increased from 278 to 390 ppm
over the same time period (Ciais et al., 2013).ohdingly, the oceans are estimated to have
absorbed about 28% of cumulative anthropogenig @@issions, which has resulted in the
decrease of global mean surface ocean pH fromo832ltsince pre-industrial times (Gattuso
and Hansson, 2011). This phenomenon, commonlyreefdp as “ocean acidification”, has
raised considerable global concern about the cuaed future implications on marine life
and seawater biogeochemistry. Model projectiongasigthat pH in the surface oceans could
drop by another 0.13-0.42 units by the end of¢hrgury (Zheng and Cao, 2014).

The impact of ocean acidification on marine bidwath in terms of their biology and ecology,
has been of particular interest (O’'Brien et al1@&0 Most of the current research has focused
on the effects of decreasing ocean pH on calcifgirggnisms (Ramajo et al., 2016; Hofmann
et al., 2010), such as corals (Comeau et al., 2@bcxolithophores (Beaufort et al., 2011),
foraminifera (Charrieau et al., 2018), marine inegbrates (Fabry et al., 2008; Garcia et al.,
2008; Mevenkamp et al., 2018; Suckling et al., 34 coralline macroalgae (Koehal.,
2013;Hernandez et al., 2018) that form their shells skeletons from calcium carbonate.
Ocean acidification evidently affects biogenic daation (Orr et al., 2005) and projected
future CQ levels are expected to pose a serious threatetsuhvival of these organisms
(Hofmann et al., 2010). A number of less dramatieats have also been reported for non-
calcifying species (Connell and Russell, 2010; Mandt al., 2009; Nunes et al., 2015), but
our knowledge of how these organisms may responahtemsifying ocean acidification

remains quite limited. This is also true for marimgcroorganisms, which dominate the



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

world’s oceans in terms of abundance, diversity ametabolic activity (Pomeroy et al.,
2007). By playing an integral role in global biogeemical cycles (Arrigo, 200530y major
long-term perturbation in their physiology and Miemistry is likely to disrupt aquatic
ecological balance (Crane and Grover, 2010).

What we know about the impact of ocean acidificatan bacterial communities mainly
stems from mesocosm (Allgaier et al., 2008; Riebesal., 2008; Endres et al., 2014; Oliver
et al., 2014; Celussi et al., 2017) and microcogmalse et al., 2012) CQOperturbation
experiments. Short study timescales and low rejpbicaare few of the limitations of these
experimental approaches when attempting to praw@dkstic predictions of future impacts of
chronic acidification (Barry et al., 2010). In tlaentext, Hall-Spencer et al. (2008) proposed
that submarine volcanic G&@enting areas can serve as natural laboratorieghéin situ
evaluation of marine biota responses to low pH.hSeavironments offer a unique
opportunity to study the long-term consequencesagfan acidification and gain valuable
information about the adaptability of microorganss(Worrow et al., 2015).

The Kolumbo submarine volcano is a rather unexploratural CQ venting site of Greece,
situated 7 km northeast of Santorini island. Lyatghe center of the Hellenic Volcanic Arc
(Nomikou et al., 2012, 2013), it is one of the me@stive volcanoes in the eastern
Mediterranean at present time (Nomikou et al., 201rova et al., 2016). Kolumbo is a
completely enclosed crater with steep vertical inslepes and a flat floor at 500 m depth
(Fig. 1a) that is riddled with hydrothermal ventéotmikou et al., 2012; Sigurdsson et al.,
2006). Almost pure C&O(~99%) is continuously released from these vehtsdissolution of
which causes a local pH reduction accompanied bpaease of water density (Carey et al.,
2013; Christopoulou et al., 2016; Bakalis et aD1?). The bowl-shaped morphology of
Kolumbo impedes vertical mixing and leads to theuaaulation of dense, C&ich, acidic

seawaters towards the deeper sections of the ¢CGdeey et al., 2013)
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This study aimed to assess the current statustafalacidification within Kolumbo crater
and investigate whether the long-standing acidieddmns near the crater floor has any
impact on the phenotypic traits of marine bactefia. better evaluate the extent of this
influence, the phenotypic tolerance of bacterianfrine crater floor was compared to those
isolated from overlying surface waters characteriby normal pH. For this purpose, a
considerable number of bacteria were isolated frdifferent seawater depths and a
guantitative evaluation of acidity tolerance wasducted for strains belonging to the same
genus. Considering the enriched polymetallic contipos of hydrothermal chimneys and
deposits at the crater floor (Kilias et al., 20C3ristakis et al., 2017), we also assessed the
tolerance of bacterial isolates to several heavialsieSince the hydrothermal vents have
been recognized as “natural hot spots” of bactenialtiple resistances (Farias et al., 2015),
we further examined whether tolerance to aciditgf heavy metals is also accompanied by

tolerance to other types of chemical stressorg) agantibiotics.

2. Materialsand Methods

2.1. Seawater sampling and microbial strain isolation

Two sampling cruises were conducted with the refeaessel R/\VAegaeo over the active
hydrothermal vent area at the northern part of Kddlo submarine volcano, in September
2013 and June 2014 (Fig. 1a). Niskin bottles weetto collect water samples from five (5,
45, 150, 250 and 495 m) and ten different depth2@5 45, 60, 90, 120, 250, 430, 470 and
495 m) during the 2013 and 2014 campaign, respegtiand pH was measured on board
using a precision pH meter (ProfiLine Multi 3320,TW, Germany). Isolation of bacterial
species was carried out on four surface (5, 208690 m) and two deep (430 and 495 m)
seawater samples collected during the second cgmgaor this purpose, four replicates (50

mL) from each depth were placed into sterile tudnes preserved at +4 °C until arrival at the
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laboratory. Aliquots (10QuL) from each replicate were plated onto sterileriPdishes
containing marine agar 2216 (MA; BD Difco, MD, USAhd MA diluted 1:1 with artificial
seawater (MAY2). Inoculation of MA and MAY2 platessmaerformed in triplicates. After
incubation at 25°C, plates were examined and single colonies weskated and further
purified by restreaking on fresh plates. Pure b&dteolonies were grown in marine broth
2216 and cells stocks were stored in 50% glyceroi8@ °C. A total of 83 strains were
isolated.

2.2. Microbial strain identification

Extraction of genomic DNA from bacterial culturesasvperformed using the Wizard
Genomic DNA Purification kit (Promega, WI, USA) limlving manufacturer’s instructions.
Purified DNA was quantified using NanoDrop ND-10§fectrophotometer (Thermo Fisher
Scientific, MA, USA) and 16S rRNA gene was amplifieas described previously
(Polymenakou et al., 2005). Sequencing was perforore an ABI 3730xI DNA analyzer
using the BigDye Terminator v3.1 Cycle Sequenciiig(Applied Biosystems, CA, USA)
and the 27f primer (Lane, 1991). Partial 16S rRNéney sequences were obtained and
compared to those available in the GenBank datab@sssg the standard nucleotide-
nucleotide BLAST algorithm to identify the closestatives (Altschul et al., 1997). A total of
31 strains closely related Rseudomonas were selected for further phylogenetic analysis an
multi-stress tolerance testinfhe partial 16S rRNA gene sequences of the isolatre
deposited in GenBank database under accession naiiB021215 to MG021245.

2.3. Phylogenetic analysis

Phylogenetic analysis was carried out using theighal6S rRNA gene sequences of
Pseudomonas isolates and of their closest relatives, yieldagingle tree topology (n=56,
average length = 400 bp). Sequences were aligree€histalW v.2.1 (Larkin et al., 2007)

using gap opening penalty 7, gap extension peaftyr both pairwise as well as multiple
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alignments, DNA weight matrix IUB and transition iglet of 0.40. Bayesian statistics were
then implemented in MrBayes v.3.2.6 (Ronquist angtlsenbeck, 2003) to reconstruct the
phylogeny. Bayesian analysis included four Montel&€Caarkov chains for 1,000,000
generations and a mixed model of nucleotide suitstit with gamma-distributed rates
among sites. Chains were sampled every fafheration and the first 25% of generations
were discarded as burn-in. The 50% majority-rulesemsus was applied in order to generate
the final tree topology with posterior probabilgief reconstructed clades. Tree topology was
visualized via iTOL v.3.6.1 (Letunic and Bork, 201&nd edited using Inkscape v.0.91

(www.inkscape.org). The following statistics wetganed from Bayesian analysis: average

standard deviation of split frequencies 0.0095, imaxn standard deviation of split
frequencies 0.036, average potential scale redudtotor 1.000, and maximum potential
scale reduction factor 1.021.

2.4. Quantitative testing of bacterial susceptibility to various stressors

Bacterial tolerance was determined by evaluatingdsel growth in Lysogeny Broth (LB)
cultures (pH=7.0) supplemented with increasing eatrations of the stress agents under
investigation. All assays were performed in 384tvpellystyrene microplates (Cat. #3702,
Corning Inc, NY, USA) following the broth microdiion method described by Wiegand et
al. (2008). For each isolate, a bacterial suspansis prepared in 2X LB and turbidity was
adjusted to 0.5 McFarland (i.e. ®10FU mL%"). The suspension was further diluted 1:100
with 2X LB to achieve a cell density of ~.GFU mL™. For acid tolerance testing, H0-
aliquots of bacterial suspension were loaded oni@opiate, supplemented with varying
volumes of HCI| or NaOH solutions (5 to 60 mM) antutd up to 100uL with water to
generate twelve microcultures of increasing pHNn(fr8.6 to 9.7; Supplementary Table S1).
Additional microcultures were regularly preparedarseparate microplate and a precision

pH-meter was used to verify that the desired pleswere achieved.
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For screening of bacterial tolerance to heavy me@ulL aliquots of As(lll), Sb(lll),Sr(l1)
and Hg(ll) aqueous solutions (31, 30, 38 and 15 méspectively) were loaded on a
microplate and serial two-fold dilutions in wateeng carried out in triplicate, followed by
the addition of bacterial suspension (B). Ten microcultures were prepared for each heavy
metal to cover the following concentration rang&s(lll) 0.03-15.5 mM; Sb(III) 0.03—15
mM; Sr(l1) 0.04-19 mM; Hg(II) 0.01-7.5 mM.

A similar approach was followed to evaluate thestamhce of bacterial isolates against six
antibiotics. Stock solutions of ampicillin, erytimgcin, ciprofloxacin, cefuroxime,
tetracycline and chloramphenicol were preparedpr@priate solvent (EUCAST, 2003) and
they were further diluted in water to obtain wokkisolutions of desired concentration (280,
320, 4, 1200, 100 and 120 mL™, respectively). The latter were subjected to séria-fold
dilutions on a microplate and ten microcultures ev@repared covering the following

concentrations ranges: ampicillin 0.14-14¢ mL"; erythromycin 0.31-16Qug mL™

ciprofloxacin 0.004-2ug mL™; cefuroxime 1.17-60Qig mL™; tetracycline 0.05-5Qig mL’

1. chloramphenicol 0.12-6Q)g mL™>. For five of the most tolerant and five of the mos
sensitive isolates, the experiments of antibiailerance were repeated using 2X LB medium
adjusted to pH=5.4 with HCI 0.5% v/v.

Mixing of the assay components (i.e. bacterial saspn, solutions of stress agents, water
and 2X LB) in microplates and preparation of sewdutions were performed by an
automated liquid handling system (Biomek 2000; Beak Coulter, CA, USA). Microplates
were incubated at 37 °C for 22 hours and bactegialwth in each microculture was
monitored by measuring optical density at 600 nrddgg every 20 min using a microplate
reader (Infinite F200 PRO, Tecan GmbH, Austria)e rea under the growth curve (i.e.

ODsoo Vs time) was integrated for each microdilutionagssnd the data were used for

estimating the minimum concentration of each amtiobial agent inhibiting 50% of



200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

bacterial growth (MIGy), as described elsewhere (Sorci et al.,, 2009). tAlerance
experiments were performed in triplicate and therage MIG, of each stressor was derived
for each bacterial isolate. Growth controls (celltere in LB without stressors) and sterility
controls (LB medium) were also included in everycroplate that was assayed. A total of
11,253 microcultures were performed in this study.

2.5. Satistical analysis

Statistical analysis was performed using Statisu@0 (StatSoft Inc., OK, USA). Where
MICsq values fell below or above the range of conceionattested, they were conservatively
considered to be equal to the minimum or the mawintested concentration, respectively.
Data distribution was inspected by graphical assess of normality (i.e. boxplots, Q-Q
plots) and supplementary normality tests (i.e. Kadwrov-Smirnov test, Shapiro-Wilk test).
The average values were calculated to describedahw&al tendency of normally distributed
data (i.e. seawater pH), while Student’s t-test wsed to evaluate the differences between
two datasets. Similarly, the median value and Méfimtney U-test were applied for non-
normally distributed data (i.e. Mlg). Differences were considered significant whenr<
0.05. The Spearman’s rank correlation was useddess the relationship between the BJIC
values of different stress factors, as the dataeerto follow a non-normal distribution.
Principal component analysis (PCA) was applied dseas whether bacterial isolates from
different depths can be discriminated based onr thilti-stress tolerance profiles. The
MICso values of all studied stress factors were emplogsdvariables and PCA was

performed based on Spearman’s correlation matrix.

3. Results
3.1. Seawater pH and temperature within Kolumbo submarine volcano

In both 2013 and 2014 sampling campaigns, the weddrmn within Kolumbo crater
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presented a considerable decrease of pH with isicig@alepth (Fig. 1b). Nevertheless, the
topmost 150 m of the water column showed a reméekald stability across different depths
and sampling periods, as the pH values were constrdbetween 8.20 and 8.24 providing an
average of 8.21+0.01. During both campaigns, aquooed decrease of pH was observed at
a depth of 150 to 250 m, while subtle changes weigent from 250 m down to the crater
floor. More specifically, the average pH in the arabody below 250 m was 6.86+0.07 and
7.15£0.08 in 2013 and 2014, respectively. Althoughsed on a limited number of
measurements, the difference of seawater pH betéfeenonsecutive sampling events was
deemed statistically significant (two-tailed t-tgst0.01). Though, the pH difference between
upper and lower water layers was of very high stigil significance (two-tailed t-test,
p<0.001) during both sampling campaigns, The lowesasured pH value was 6.81 and it
was recorded in 2013 at 495 m depth, just aboveKilambo hydrothermal vent field.
Seawater temperature showed limited variation wapth (17.7 to 19.2 °C; Fig. 1b) and it
did not present a clear vertical gradient. The agertemperature below and above 250-m
depth was 18.1+0.3 °C and 18.7x0.5 °C, respectivayealing no significant difference
(two-tailed t-testp=0.07).

3.2. Isolation and identification of culturable bacteria

A total of 83 bacterial colonies showing distinabnmhological differences (i.e. color, shape,
outline, texture and size) were isolated from Kabenwvater column, with 24 and 59 of them
originating from the surface- (SSL; depth: 5 torBPand deep-seawater layers (DSL; depth:
430 to 495 m), respectively. Sequencing of 16S rRj¢Ae revealed that 37% of the isolates
retrieved throughout the water column were closedjated to Pseudomonas. More
specifically, a total of 31 isolates were attriut® this genus, with 10 and 21 of them
stemming from SSL and DSL, respectively. The majoof Pseudomonas isolates (62%)

were closely related t®seudomonas aeruginosa (29%), Pseudomonas stutzeri (23%) and

10
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Pseudomonas balearica (10%) (Supplementary Fig. S1). Considering theniquitous
vertical distribution, the group d?seudomonas strains was selected as a model to evaluate
bacterial tolerance to different stress factors emable a comparison between SSL and DSL
isolates (Supplementary Table S2). Since the toberacharacteristics are frequently
taxonomy-dependent (Dunivin et al., 2018; Barbeséral., 2017), focusing on a specific
bacterial genus instead of all different isolateaswalso deemed necessary to minimize
taxonomy-related biases in the present comparison.

3.3. Evaluation of bacterial susceptibility to acidic conditions

Acid tolerance oPseudomonas isolates was investigated by examining their ghomtliquid
microcultures of decreasing pH. A considerableedéhce in acid tolerance was noticed
between the strains retrieved from different watepths (Fig. 2a). In particular, the SSL
strains exhibited a 50% growth inhibition at pH d&sbetween 4.58 to 6.29, providing a
median of 5.85, while the same inhibition effectswevident in DSL strains at substantially
lower pH values (3.98 to 5.56; median: 4.60). B68L. and DSL data indicated non-normal
distribution, but non-parametric testing revealestatistically significant difference in acid
tolerance between the two groups (Mann-Whitney 48-48<0.001). The 1.26 pH units
difference between the medians implies fPsaudomonas strains from Kolumbo crater floor
are able to cope with 18 times higher concentradiol” than the surface strains. It is worth
mentioning that more than 50% of the DSL strainsevable to grow at pH<5.0, while only
20% of the SSL isolates could tolerate such lowcpHiditions.

3.4. Evaluation of bacterial susceptibility to heavy metals

The isolates were also tested for their tolerarganst four heavy metals (Fig. 2b—e) that
were previously reported to be highly abundant e tpolymetallic chimneys and
hydrothermal deposits at Kolumbo seafloor (Kiletssal., 2013; Christakis et al., 2017).

Regardless of water depth, the susceptibilityPsfudomonas strains against heavy metals

11
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increased in the following order: Sr(ll) < As(ll§ Sb(lll) < Hg(ll). For all strains, the
measured MIgy (minimum concentration inhibiting cell growth b®%) of Sr(ll) (2.8-18.7
mM) and As(lll) (0.04-3.0 mM) fell within the rangef tested concentrations. On the
contrary, the MIGy of Sb(lll) (<0.03-0.68 mM) and Hg(ll) (<0.01-0.112M) were in
several cases below the lowest concentration bestgd. A comparison of heavy metal
MICso values between SSL and DSL isolates did not rewtatistically significant
differences for Sb(lll) and Sr(Il). Though, a highelerance to As(lll) was observed for DSL
(MIC5p: 0.16-3.0 mM, median: 0.40 mM) than SSL straingGhd4 0.04-0.72 mM, median:
0.25 mM) and this difference was of statisticahgigance (Mann-Whitney U-tesp=0.04).
The opposite, but also significant, trend (Mann-ivéy U-test,p=0.003) was revealed for
the Hg(ll) tolerance of DSL (MI§: <0.01-0.11 mM, median: 0.01 mM) and SSL strains
(MIC5p: <0.01-0.12 mM, median: 0.04 mM).

3.5. Evaluation of bacterial susceptibility to antibiotics

Tolerance of isolates was tested against six comymosed antibiotics (Fig. 2f—k)
representing six major classes of systemic antobiats (i.e. penicillins, amphenicols,
tetracyclines, cephalosporins, quinolones; Coenah,e2009). Highly variable MIg values
were observed for ciprofloxacin (<0.004-046 mL"), tetracycline (<0.05-2.0ag mL?Y),
ampicillin (<0.14 up to >14(g mL*Y), chloramphenicol (0.20-118y mL?Y), erythromycin
(<0.31-91pg mL?Y) and cefuroxime (<1.17-566g mL™), with 25% of the results falling
outside the range of tested concentrations. Basedhedian values, the susceptibility of
Pseudomonas strains against antibiotics increased in the Yolhg order: cefuroximes
erythromycin < chloramphenicol < ampicillin < tetyaline < ciprofloxacin. A comparison
of MICsq values with regard to water depth revealed stgildifferences for every antibiotic
tested. In general, the DSL strains demonstratedizer tolerance to all antimicrobials than

the SSL strains. It is worth stressing that the iamedMVICso values of erythromycin,

12
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ciprofloxacin, chloramphenicol, tetracycline, cefwime and ampicillin were 7, 7.5, 12, 15,
39 and 457 times higher in DSL than SSL strainspeetively, with the majority of those
differences being of very high statistical sigrafnce (Mann-Whitney U-Tesp-values of
0.02, <0.001, <0.001, <0.001, 0.02 and 0.003, ctsady). Notably, the top 11 most tolerant
phenotypes to each antibiotic were always bactesadhtes retrieved from deeper layers of
Kolumbo crater (Supplementary Table S2).

3.6. Multi-stress tolerance profile of bacterial isolates

The MIGCso data from all nine stress factors were subjeagatincipal component analysis to
elucidate any systematic differences in the mutess tolerance profiles d?seudomonas
isolates. The first two principal components (P@H &#C2) explained approximately 52%
and 19% of the total variance present in MlGataset (Fig. 3). The PCA scores plot (Fig. 3a)
revealed two distinct clusters with limited overlagprresponding to the bacterial strains
isolated from deep and surface seawaters. In esséme majority of DSL isolates were
scattered on the right side of the scores plotJensill SSL isolates were positioned on the
opposite side (mainly in the lower left quadrar®egarding the stress factors, all six
antibiotics were clustered together on the righe sof the loadings plot and showed high
positive loadings in PC1 (Fig. 3b), while negatigadings were evident for pH and Hg(ll).
Moreover, the other three heavy metals formed arsép cluster with high positive loadings
in PC2. Through a combined inspection of the scares loadings plots, it was confirmed
that the differentiation of DSL from SSL strainssuaainly due to their higher tolerance to
antibiotics and acidity, whereas their overall tatece to heavy metals played a less
prominent role.

We further attempted to determine tlseudomonas isolates with the highest overall
tolerance to acidity, heavy metals and antibioties: this purpose, the isolates were ranked

with respect to the MIg of each stress factor and the species showinditireest overall
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ranking were selected. Fig. 4 summarizes the te@ Bolates with the highest tolerance
across the multiple stress factors, while the twme fmost susceptible strains are also
presented for comparative purposes. All five of iiinest tolerant stains originated from deep
seawater layers, while four out of the five mosscaptible strains were retrieved from
surface seawaters.

The interrelationships among the different bactedkerances were examined in more detalil
using the Spearman’s rank correlation matrix (Seimgntary Table S3). Strong positive
correlations were observed between the d4l@ata of all six antibiotics (r: 0.49-0.96;
value<0.005). On the contrary, only a few significeorrelations were found among the four
heavy metals. In particular, the MjCof Sb(lll) exhibited weak positive correlationsthwi
those of As(lll) and Sr(ll) (r: 0.42-0.46-value: 0.010-0.017), while, Hg(ll) showed a
negative but also weak correlation with Sr(ll) a8o(lll) (r: -0.39 to -0.43,p-value:
0.013-0.030). Bacterial tolerance to antibioticsl d&i@avy metals indicated no correlation,
with the exception of Hg(ll), which showed moderatgative correlations with ampicillin,
cefuroxime, tetracycline and chloramphenicol (r:30to -0.57,p-value: <0.001-0.030).
More interestingly, strong negative correlationgeviound between the Mig data of pH
and all six antibiotics (r: -0.53 to -0.7p;value: <0.001-0.002), implying that isolates
capable of tolerating high acidity levels were aslerant to high levels of antibiotics. Acid
tolerance indicated no relationship with heavy nsetialerance, excluding Hg(ll) for which a
weak positive correlation was observed (r: Ofp%alue: 0.001).

The effect of low pH on MIg values was further examined for the five straiagimg either
the highest or the lowest overall tolerance tokaotics. All members of the latter subgroup
were adversely impacted by reducing pH from 7.G.tb and cell growth was completely
inhibited irrespective of antibiotic type and contrations tested (Supplementary Table S4).

Among the highly tolerant strains, M6.5 was theyaohe to show a concurrent decrease of
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tolerance to all six antibiotics (i.e. between 13#%@ 90%) when the pH of culture medium
was reduced to 5.4. On the contrary, the rest &itains showed a marked increase of
tolerance to chloramphenicol, ciprofloxacin andtlerymycin (on average 20%, 147% and
296%, respectively), while their tolerance to anilacremained steadily high. With regard
to cefuroxime and tetracycline tolerance, the desweof pH led to contradictory and

inconclusive results.

4. Discussion

With a diameter of 3 km, Kolumbo is by far the lesgsubmarine crater within the Santorini
volcanic field (Nomikou et al., 2012). It last empively erupted in 1650 A.D (Fouqué 1879;
Cantner et al., 2014) and since then seismicithéregion is almost exclusively limited to
the northeast trending Kolumbo volcanic line (Bobifihet al. 2006). Venting of high-
temperature fluids (up to 22€) and vigorous gas emission plumes on the crhter Were
firstly reported in 2006 (Sigurdsson et al., 20@8)t the presence of large vent chimneys (up
to 4 m in height) withessed that hydrothermal disghs have been taking place for a very
large time period. Later studies demonstrated Wieating gases consisted of almost pure
CO, the dissolution of which caused local increasesater density and the accumulation of
acidic seawater close to crater’s floor (Carey.e813; Rizzo et al., 2016).

The results from our 2014 sampling campaign corddrearlier observations (Carey et al.,
2013) regarding the vertical increase of aciditgnirthe upper to the lower layers of
Kolumbo seawater column. In essence, the pH ofsarfayers{150 m depth) was typical
of normal seawater conditions and approached tkeeage global ocean pH (i.e. pH: 8.1)
(Gattuso and Hansson, 2011), while it dropped dypH units in deeper layersd50 m
depth). The latter corresponded tb ¢édncentrations that are ~13 times higher. Sintitands

have been observed in previous years, though thecaledecrease of pH was even more
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abrupt. In 2011, a decrease of 3.1 pH units wasrteg by Carey et al. (2013) between 100
and 500 m depth (i.e. from 8.1 to 5.0), while cam observed a vertical decrease of 1.4 pH
units in a sampling campaign conducted in 2013 fiicen 8.2 to 6.8). Although the vertical
profile of pH may be subject to significant temgofluctuations due to the complex
dynamics of hydrothermal systems and ,Cdggassing, it is clearly evident that deeper
seawater layers in Kolumbo crater are consistentlyre acidic. On the other hand,
temperature exhibited a quite uniform profile witlater depth, implying that heat supply
from seafloor hydrothermal process is efficientlgstpated and it is not intense enough to
keep deeper water masses at notably higher terapesat

Considering the well-known genetic plasticity of cnabes, the present study aimed to
ascertain whether persistent acidification acroskiikbo seawater column was able to drive
natural selection and induce changes in bacteriatance against acidity and/or other types
of chemical stressors. Although valuable insighisua the environmental adaptability of
microorganisms can be gained by genomic analysis,ajpproach is not a panacea as it can
often be difficult to predict specific phenotypraits from the presence/absence of particular
genes alone (Barberan et al., 2017). With thisimdnthe phenotypic evaluation of tolerance
in cultivable bacteria was considered more appab@rand isolation of bacterial strains from
different seawater depths was carried out for pligose. Interestingly, a large number of
isolates from both surface and deep layers weigrass toPseudomonas genus. Considering
the cosmopolitan character and the inherent adi#iptado various and varying
physicochemical conditions (Timmis, 2002; Koehoedt al., 2016),Pseudomonas was
regarded as the ideal model microorganism for ingasng the effects of acidification across
Kolumbo crater.

A highly significant difference was observed in thad tolerance oPseudomonas strains

isolated from surface and deep seawater layers @ay In comparison to surface, the
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isolates from deep layers were able to grow in datooy media with pH that was 1.3 units
lower (based on median values). In particular, nibes 50% of the deep-seawater isolates
were capable of growing at pH lower than 5.0, while respective percentage of surface
isolates was only 21%. Apparently, these findings @irectly related to the substantially
higher acidity formerly experienced by the stramsleeper waters of Kolumbo submarine
volcano, whereas they cannot be attributed to sesmwamperature which showed only
minimal changes with depth. To the best of our Kedge, this is the first study applying a
cultivation-based phenotypic examination of baeleacid tolerance in marine strains,
obscuring a direct comparison with previous inggdtons. Up to now, mesocosm (Olive et
al., 2014) and microcosm (Krause et al., 2012) expnts have been conducted to evaluate
the effects of small pH changes on bacterial comti@snas a whole, providing contradicting
conclusions regarding the actual impact of acidtfan. Although our findings cannot be
generalized to the community level, they suggeat #pecific bacterial genera, such as
Pseudomonas, are able to adapt even at large changes of pH.

Besides pH reduction, ocean acidification is expédo have an indirect effect on the
solubility, adsorption and toxicity of heavy metatsaquatic systems (Millero et al., 2009).
Overall, the solubility of heavy metals and theesdrption from sediments and organic
ligands are expected to increase, leading to eddvedncentrations of dissolved metals into
the water column (Millero et al., 2009; Ivanina aBdkolova, 2015). Considering the
polymetallic composition of Kolumbo hydrothermalmimeys (Kilias et al., 2013; Christakis
et al., 2017) and the increased acidity of surrmmdeawaters, heavy metal concentrations
and respective bacterial tolerances were expeddsktgreater near the crater floor. Our
results indicated that, in comparison to the isgddtom upper seawater layers, the deep-sea
isolates had a higher tolerance to As(lll) and Bh(klthough a statistically significant

difference existed only for As(lll). Surprisinglghe opposite trend was evident for Sr(ll) and
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425  Hg(ll), but statistical significance was reachedyoior Hg(ll). The basis of this finding is
426  unclear, but we can speculate that hydrothermaldlérom Kolumbo crater floor are not as
427 rich in Hg(ll) as initially thought, while surfacg@ollution sources of mercury (e.qg.
428  atmospheric deposition and/or soil runoff from ihgaislands) (Gworek et al., 2016) may
429  evoke higher Hg(ll) levels in the upper water cofynfiavoring the dominance of more
430  Hg(ll)-tolerant species. It is also intriguing th&lumbo polymetallic chimneys have been
431  previously reported to contain much higher levdlasenic and antimony (average of 3.8
432 and 3.9 g K, respectively) than strontium (1.8 g Kgand mercury (0.2 g Kb (Christakis
433 et al., 2017). Moreover, it should be stressed tiwattolerance levels of deep-sea strains to
434  As(lll) (0.16 — 3.01 mM) and Sb(lI[0.03 — 0.68 mM) were comparable to those previousl
435 reported for deep-sea isolates from other hydrataewvents (1 mM As(lll) and 0.5 mM
436  Sb(lll)) (Farias et al., 2015), while much highealues have been measured in bacterial
437  isolates from terrestrial systems polluted withuyemetals(2 to 34 mM As(lll) (Cai et al.,
438 2009); 0.025 to 16 mM Sb(lll) (Shi et al., 2013)).

439  There has been considerable speculation abouti@sggnetic association between bacterial
440 tolerance to heavy metals and multiple antibiotisistance (Baker-Austin et al., 2006; Seiler
441  and Berendonk, 2012; Pal et al., 2015). Here wertdpat bacterial isolates from Kolumbo
442  crater floor exhibited higher tolerance to all éestantibiotics compared to isolates from
443  surface seawaters. On average, the bacterial naler@ ampicillin, cefuroxime, tetracycline,
444  chloramphenicol, ciprofloxacin and erythromycin w315, 38, 8, 7 and 5 times higher in
445 deep-sea than surface isolates, respectively. Tsereed differences were statistically
446  significant for all antibiotics (p<0.05) and padiarly for ampicillin, tetracycline and
447  chloramphenicol (p<0.005).

448 By applying principal component analysis on baeletolerance data, a distinct separation

449 was observed betweeRseudomonas isolates of surface and deep seawater layers. The
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tolerance to high acidity and antibiotics were foun be the main differential parameters,
while heavy metals played a less prominent rolereMimportantly, the isolates showing a
higher tolerance to low pH values, they were aldaracterized by higher antibiotic
tolerance. To our knowledge, this is the first tithat a correlation between acidity and
antibiotic tolerance is reported for marine baeidgsolates.

Furthermore, it was experimentally demonstrated the majority of multi-tolerant strains
originating exclusively from deep waters attainedeaen higher tolerance to antibiotics (i.e.
chloramphenicol, ciprofloxacin and erythromycin) emhthe pH of culture medium was
reduced from 7.0 to 5.4. On the contrary, the sdeweease in pH caused complete inhibition
of cell growth among the strains with the lowestltinolerance that were isolated from
surface seawaters.

There is a building awareness about ocean acitditand how it might impact the marine
environment and marine microbes (Joint et al., 20¥&inbauer et al., 2011) in the years to
come. The present study corroborates fPetidomonas species isolated from a G@ch
marine environment are sufficiently flexible to eowith large changes of pH. It further
demonstrates that the effects of acidification utbrearine volcano are already visible in
bacterial phenotypes, and indicates that submatdhganoes can serve as an ideal natural
laboratory for studying other aspects of oceanitication. It also raises questions whether
the ongoing phenomenon of acidification will havey @onsiderable future implications on
the antibiotic tolerance of bacterial communities ad specific bacterial strains. In this
context, it is encouraging that the antibiotic tatece ofPseudomonas strains from C@rich
(pH~6.8), deep waters of Kolumbo crater remains milower compared to respective
clinical strains (Molina et al., 2014). This findinsuggests that even in the worst-case
scenario for ocean acidification (i.e. drop of atsarface pH to ~7.8 by 2100; Zheng and

Cao, 2014), the foreseeable enhancement of antibiEgistance in marinBseudomonas is
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unlikely to have any significant impact to humaraltie but it is impossible to make any
speculation about the potential effects on maifee |

Based on our findings, a fairly rapid drop in tleean's pH over the coming decades may not
only favor the overall increase of Pseudomonagsdatee to antibiotics, but it may also cause
the reduction or disappearance of their most aeititive representatives. The natural
populations of Pseudomonas in aquatic systems ftare likely to undergo a gradual
community shift, but additional data are necesdaryenable more accurate predictions.
Further studies are required to assess if the dprednt of co-tolerance to acidity and
antibiotics is a caprice dtseudomonas genus or a universal feature of marine bactermlew
additional research is needed to assess the langcological consequences under the

perspective of acidifying oceans.
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Figure Legends

Figure 1. Morphology of Kolumbo submarine volcano and vettiprofile of pH within its
bowl-shaped depression. (a) High resolution swathymetric map of Kolumbo crater (the
yellow asterisk indicates the location of the sanmgpkite). (b) Water column profile of pH
and temperature@) within the enclosed basin of Kolumbo craterrerded by the present

and previous studies (Caretyal., 2013).

Figure 2. Tolerance ofPseudomonas strains isolated from surface- (SSL; N=10) andpédee
seawater layers (DSL; N=21) of Kolumbo submarinEamo against various stress factors
including (a) acidity (i.e. hydrogen ions), (b-egdvy metals (Sr(Il), As(lll), Sb(lll) and
Hg(ll)) and six antibiotics (ampicillin, cefuroximeerythromycin, chloramphenicol,
tetracycline and ciprofloxacin). Presented dataespond to the minimum concentration of
hydrogen ions (in pH units), heavy metals (in mMyl antibiotics (inug mL™) required to

inhibit bacterial growth by 50% (i.e. Mkg).

Figure 3. Principal component analysis a) score plot anlddding plot for the MIG, values

of antibiotics (ampicillin: Amp, erythromycin; Erytefuroxime: Cef, ciprofloxacin: Cipr,
tetracycline: Tetr, chloramphenicol: Chlr), heavetals (As(lll), Sb(lll), Sr(ll), Hg(ll)) and
acidity (i.e. pH) against thBseudomonas strains isolated from surface and deep seawaters
across Kolumbo crater. Numbers in brackets repteten percentage of total variance

explained by each principal component.

Figure 4. Spider plots summarizing the Mjgvalues of six antibiotics (ipg mLY), four
heavy metals (in mM) and acidity (in pH units) tbe top-5Pseudomonas isolates with a)

the highest and b) the lowest overall tolerance.
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Highlights for MERE 2018 569

The study investigates the effects of volcanic acidification to marine bacteria

Deep waters of Kolumbo submarine volcano are CO,-rich and more acidic
Pseudomonas strains from Kolumbo seafloor show higher tolerance to acidity
Strong correlation between acid and antibiotic tolerance of Pseudomonas species
Ocean acidification may lead to marine bacteria with increased antibiotic tolerance



