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ABSTRACT

Polymetallic seafloor massive sulphide deposispatential targets for deep-sea
mining, but high concentrations of metals (includicopper - Cu) may be released
during exploitation activities, potentially indugnharmful impact. To determine
whether shallow-water shrimp are suitable ecotdamioal proxies for deep-sea
hydrothermal vent shrimp the effects of waterbaBweexposure (3 and 10 days at 0.4
and 4 UM concentrations) irPalaemon elegans, Palaemon serrataad Palaemon
varians were compared wittMirocaris fortunata Accumulation of Cu and a set of
biomarkers were analysed. Results show differespgaeses among congeneric species
indicating that it is not appropriate to use shatlwater shrimps as ecotoxicological
proxies for deep-water shrimps. During the evohdiy history of these species they

were likely subject to different chemical enviromtge which may have induced
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different molecular/biochemical adaptations/toleesy Results highlight the
importance of analysing effects of deep-sea minmgitu and in local species to

adequately assess ecotoxicological effects undaral@nvironmental conditions.

Keywords deep-sea mining; ecotoxicology; biomarkerMirocaris fortunata

Palaemon

1. Introduction

The worldwide consumption of mineral raw materiglancreasing and many
mineral elements are essential components of lawocatechnologies (Moss et al.
2011, Kopf et al. 2012). Recycling is not yet aabié at sufficient scale to meet
manufacturing demands and therefore pressure ewigtsd new exploitable resources.
Deep-sea mineral deposits (seafloor massive swdphigolymetallic nodules and
ferromanganese crusts) are now considered to hageificant potential for
technologically and economically viable exploitati(Kopf et al. 2012). However, any
economic cost-benefit analysis of deep-sea resaxpitation needs to constrain the
scale of environmental impact to accurately quardiid value the ecosystem services
that might be compromised, as well as identify ptét mitigation measures that may

be implemented.

Besides removing the habitat locally where the ngnoperations will take
place, localized sediment plumes of complex midwepotentially toxic elements are
likely to form, exposing local fauna to metals eded into the water column, either in
mineral form or as dissolved metal ions (Simpsod &padaro 2016). In addition,
dewatering ore slurry may have impacts on the eliplzone, midwater or near the
seafloor, depending on the discharge depth of tlstevproduced, affecting the
ecosystem services provided by the different watdumn layers (Hauton et al. 2017,
Drazen et al. 2019). Moreover, natural environmlecaaditions of the deep sea, where
high hydrostatic pressures and low temperaturesapyeare crucial considerations
when assessing the ecotoxicological impacts frompéea resource exploitation,
limiting the usefulness of toxicity thresholds aldg found for shallow-water species
(Mestre et al. 2014, Brown et al. 2017a, Mevenkanpl. 2017). Current knowledge
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regarding ecotoxicological thresholds, life cycleconnectivity of deep-sea species, or
on deep-sea ecosystem functioning is scarce, lawisledge of how at risk ecosystem
services will be managed and/or regulated. Nonesiselit is acknowledged that
species’ resilience to impacts will be influencedtheir evolved physiological capacity
to resist toxic element exposures (Gollner et &17), highlighting the need to
understand toxic mechanism in appropriate highsures adapted physiologies (e.g.
Brown et al. 2018).

Copper is one of the most abundant metals in smafivassive sulphides,
reaching over 20 % of their composition in somessife.g. German et al. 2016).
Therefore, it is likely that dissolved Cu will irease in the areas adjacent to mining
activities. When total dissolved metal concentratilncreases in the aquatic
environment, metal uptake rates by organisms iseréRainbow 1998). Although Cu
naturally occurs in cells and tissues and is aatofeof some enzymes, it is a known
toxicant when in excess in organisms (e.g. GaatkeGhow 2003). Increased uptake is
accompanied by the formation of reactive oxygercigse(ROS) in cells leading to the
activation of different cellular mechanisms. Foaewle, the antioxidant defence may
be stimulated, comprising enzymes such as superodidmutase (SOD), catalase
(CAT) and glutathione peroxidase (GPx), which dskedo constrain ROS levels and
thus prevent oxidative damage (Di Giulio et al. 3.9&aetke and Chow 2003). When
metal levels result in ROS formation exceedingaudiant capacity, lipid peroxidation
(LPO) of polyunsaturated fatty acids is expected¢our (Halliwell and Gutteridge
1984). Similarly, metal-binding proteins such astatiethioneins (MTs) may be

induced, which can counteract metal accumulaticzelts.

Metal accumulation and toxicity have been investidain deep-water fauna
from the naturally occurring high-metal concentrathydrothermal vent environment,
such as in the mussBlathymodiolus azoricuand in the shrimgRimicaris exoculata
(Company et al. 2004, 2006a,b, 2007, 2008, Bebiatnal 2005). Metal exposure
experiments with the deep-sea holothuranperima sphave also been conducted
situ (Brown et al. 2017b), while other studies havelys®l metal toxicity of deep-sea
species under laboratory-controlled conditionsudtig high-pressure (Company et al.
2006a, Auguste et al. 2016, Martins et al. 201 kpdfiments were also conducted at
surface pressure for some deep-sea species sibb asld-water coraDentomoricea

meteor (Martins et al. 2018) and the eurybathic britttar Amphipholis squamata
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(Black et al. 2015). Other experiments were corehlichit deep-sea and/or surface
pressures for shallow-water relatives of deep-sead as an attempt to identify proxy
shallow-water species that reflect the effectshefrtdeep-water counterparts (Brown et
al. 2017a,b, Mevenkamp et al. 2017, Brown & Haw6t8). However, it is difficult to
compare these studies, and extract common paitetasms of ecotoxicological effects
given the phylogenetic distance, physiological edghces, or different exposure
conditions. Thus, it seems pertinent to investigatetoxicological effects among a
close phylogenetic group, which include both shelleater and deep-sea species, using
similar exposure conditions as an attempt to iflerdommon patterns and/or key
physiological traits responsible for identifiedfdifences.

The aim of this study was to assess and compareftbets of waterborne Cu
(0.4 and 4 uM Cu) exposure in the deep-sea hydimgdesent shrimpM. fortunataand
in the shallow-water shrim@. elegans, P. serratuand P. varians For this, the
accumulation of Cu in different tissues (gills, aegpancreas and muscle) as well as a
set of biomarkers — oxidative stress (superoxidendiase - SOD, catalase - CAT,
glutathione peroxidase - GPx), metal exposure (iloétéoneins), biotransformation
(glutathione-S-transferases - GST) and oxidativeatge (lipid peroxidation - LPO) —
were analysed after 3 and 10 days of exposureséleeted Cu concentrations (0.4 uM
=25 pg [ 4 pM = 254 pg ) are in the range of the levels obtained for dis=bCu
released after 30 min in field-based and lab-baskedriate tests performed with
fragments of deep-sea massive sulphide deposipaf the environmental impact
study of Solwara 1 mining project at Papua New @ai(Nautilus EIS, Simpson et al.
2008). The qills, hepatopancreas and muscle tisgaes chosen to enable a comparison
with previous studies, including Auguste et al. 0tut also because different tissues
are sensitive to the accumulation of metals inedéht ways and some metals can be
translocated to different tissues (e.g. White amehBow 1982, Pourang et al. 2004).
The natural habitat distribution depth, of the istigated species, has been recorded
between 840 - 3875 m favl. fortunata (Desbruyeres et al. 2000), from the surface
down to 20 and 40 m folP. elegans(Kotta and Kuprigenov 2012) arfd. serratus
(Holthuis et al. 1980) respectively, and in shallerackish waters of coastal lagoons for
P. varians(Barnes et al. 1994).
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2. Materials and methods
2.1. Sample collection and maintenance

Sampling ofM. fortunataspecimens (2.1 — 2.5 cm body length) took place i
2013 during the Biobaz cruise, on board the oceaptgc ship "Pourquoi Pas?", using
the Remotely Operated Vehicle (ROV) Victor 6000REMER) at the Lucky Strike
vent field (MAR, 37°17’'N, ~ 1750 m depth). Speciraamere sampled using a suction
device operated by the hydraulic arm on the subbilerdmmediately after recovery on
board the ship, the shrimps were transferred tastaf approximately 5 — 10 L of
aerated seawater in a cold room (5 — 9 °C) at sarfaessure, in groups of a few
individuals (< 5). At the end of the cruise, shranpere landed in the Azores (Horta,
Portugal) and further shipping of the animals t@&wpolis aquarium (Brest, France)
was achieved by air freight by "Flying Sharks" @as, Portugal), a company
specialized in the transport of live marine fauflae shrimps were stored in groups of
20 — 25 in sealed plastic bags containing seaveaigmpure oxygen. The journey lasted
about 24 hours (Shillito et al. 2015). Once at @ogalis, shrimps’ husbandry was
performed by aquariology staff members of the aguarThe shrimps were maintained
at atmospheric pressure in a dark room (10 °Cyawugs of around 50 in flow-through
80 L tanks, each equipped with one 24 °C heatiameht. This heater was placed near
the surface to avoid water temperature homogenizaby convection, therefore
providing a local “hotspot” with respect to the mumding 10 °C environment. Shrimps
were kept for >1 year at 10 °C and 0.1 MPa in tlaegeria, and were fed every 4 — 5
days with Liptoaqua food pellets (Liptosa, Mad&gain; Shillito et al. 2015).

P. elegang2.5 — 3.4 cm body length) were collected by haets in the coastal
waters near Brest (France; 48°23'N, 4°25'W), anat k& Oceanopolis for 2 months
before exposure, at 10 °C and 0.1 MPa in flow-tgho80 L tanks, in light:dark 12h:12h
cycle, and fed every 3 days with Liptoaqua foodgtel(Liptosa, Madrid, Spain).

P. varians(4 — 5 cm body length) were collected by hand nanfLymington
salt marshes (Hampshire, UK; 50°45’N, 1°32'W) in W2015.P. serratus(4.5 — 6.0
cm body length) were collected by hand net fromstal (Hampshire, UK; 50°81'N,
1°32'W) during low tide on the same dayhrimps were maintained at the National
Oceanography Centre Southampton (NOCS) in a floadijh system with controlled
salinity (~32) and temperature (15 °C), in a ligatk 12h:12h cycle for at least 1

month, and fed with excess food three times pekweth Tetra Goldfish flakes. Seven
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days before exposure shrimps were transferred td. ®VC tanks with artificial
seawater, continuous aeration and at 10 °C andM@4, with partial water changes

every 3 days, and were starved for 3 days befqresxe.

2.2. Cu exposure experiments

All shrimps were exposed to three treatments éiCland surface pressure (0.1
MPa): control (seawater only), 0.4 uM of Cu andM @f Cu. Before the exposure (day
0), specimens were sampled and dissected (gilpgtbpancreas and muscle; n = 5 for
M. fortunataandP. elegansn = 6 forP. variansand P. serratuy. The Cu exposure
experiments were divided into 3 experiments, wrkpegiment 1 and 2 performed at the
Oceanopolis, Brest, France, while experiment 3 pexormed at NOC, Southampton,
UK.

Experiment 1 — M. fortunatand P. elegans(n = 10 per species and per
treatment) were exposed for 3 days inside 40 Ldamktank per treatment, with 50%

water renewal in all treatments every day.

Experiment 2 — M. fortunatand P. elegans(n = 10 per species and per
treatment) were exposed for 10 days inside 40 kstah tank per treatment, with 50%

water renewal in all treatments every day.

Experiment 3 — P. varianendP. serratus(n = 6 per species and per treatment)
were incubated inside 6 L PVC plastic barrels ire thigh-pressure aquarium
(IPOCAMP) (Shillito et al. 2014) at surface press(0.1 MPa) for 3 days following the
protocol of Auguste and colleagues (2016). In edlatments 100% of water was

changed every 12 h.

Shrimp survival was nearly 100% throughout the expe duration, with only
one P. elegansspecimen found dead at day 9 in the control arel specimen found
dead at day 8 in the 0.4 uM Cu exposure, andvbrfertunataspecimen found dead at
day 6 in the 4 uM Cu exposure. At the end of expmsshrimps were dissected to
separately preserve gills, hepatopancreas and enardl flash frozen in liquid nitrogen

and stored at -80 °C until further analyses.

2.3. Tissue preparation
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Individual tissue samples were weighed and homagenat 4 °C in a Tris-HCI
(0.02 M, 5 mL ¢ soft tissue) buffer with butylated hydroxytolugfBHT, 10 pl mL?),
pH 8.6. The homogenate (3 mL) was separated idtdksoand insoluble fractions by
centrifugation (30 00f) 30 min, 4 °C), and the remaining homogenate (13 was
preserved at -20 °C for later determination of in&acentrations. After centrifugation,
a part of the supernatant was preserved at -8Q°@ofterior measurement of LPO and
total protein content. A second centrifugation (®@g, 30 min, 4 °C) separated the low
molecular weight proteins, and the supernatant \wesserved at -20 °C for

metallothionein analysis (MT) (adapted from Bebiaamd Langston 1989).

A further set of individual tissue samples werepared for antioxidant enzyme
analysis by homogenizing in 50 mM Tris-HCI buffpH 7.6, containing sucrose (250
mM), MgCl, (5 mM) and DTT (1 mM). After 10 min incubation gtihomogenates were
centrifuged at 1 0GPfor 10 min at 4 °C and the cytosolic fraction wapt at -80 °C
until analysed (e.g. Auguste et al. 2016).

2.4. Cu analysis

Tissue homogenates reserved for Cu concentratimmnd@mation were weighed,
dried (80 °C, 48 h), and submitted to wet acid sliga with 67% nitric acid on a hot
plate (80 °C, 2 h). Copper was analysed by graghiteace absorption spectrometry
(AAS, AAnalyst 800- PerkinElmer). Accuracy of theadytical method was confirmed
by analysing certified reference material TORT-2 RMICNRC) (lobster
hepatopancreas). Measured values (106.0 + 10.4'ug=y.8) were in agreement with
the certified values of the reference material (0B pg ). Values were expressed
as g @ of dry weight of tissue (d.w.). The gills ®. fortunatawere not analysed

given the small size of the tissues.

2.5. Biomarker analysis

Total protein concentration of the cytosolic fractiwas determined by the
Bradford method (Bradford 1976) adapted to a miatepreader, using Bovine Serum
Albumin (Sigma-Aldrich) as a standard. Protein @ntcation was expressed as my g

of tissue wet weight.
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Spectrophotometric methods were used to analysartiiexidant (SOD, CAT,
GPx) and biotransformation (GST) enzyme activitreshe cytosolic fraction of gills,
hepatopancreas and muscle. The activity of SOD de#srmined by the reduction of
cytochrome c by the xanthine oxidase/hypoxanthystesn at 550 nm (McCord and
Fridovich 1969), with results expressed as U’'nog total protein. CAT activity was
determined by the decrease in absorbance for laften HO, consumption at 240 nm
(Greenwald 1985), with results expressed as pmol*mig® of total protein. GPx
activity was assessed by following for 5 min the W& oxidation in the presence of
excess glutathione reductase, reduced glutathioree @mene hydroperoxide as
substrate at 340 nm (Flohe and Gunzler, 1984; adap a microplate reader by
McFarland et al. 1999), with results expressedmas!min® mg* of total protein. GST
activity was assessed by following the conjugatdmeduced glutathione (GSH) with
1-chloro 2,4 dinitrobenzene at 340 nm for 1 min l{idaet al. 1974), with results

expressed as pmol mimg* of total protein.

Differential pulse polarography usinquAutolab Il potentiostat/galvanostat was
used to determine MTs concentration following thettnod by Bebianno and Langston
(1989). The standard addition method was usedliforage MT concentration, using the
MT standard of rabbit liver (Sigma-Aldrich). Resulire expressed as mg gf total

protein.

The concentration of two sub-products of polyunsded fatty acid
peroxidation: malondialdehyde (MDA) and 4-hydroxglals (4-HNE) provided the
LPO data, using the method by Erdelmeier et aB8),9with absorbance at 586 nm and
using malondialdehyde bis-dimethyl acetal (Sigmdrigh) as standard. Results are

expressed as nmol of MDA + 4-HNE migf total protein.

2.9. Statistical analysis

Significant differences were assessed using thepaoammetric Kruskal Wallis
ANOVA with multiple-comparisons test. Results wemnsidered significantly different
whenp<0.05. Principal component analysis (PCA) was ueesl/aluate the relationship
between the shrimp species and the analysed vesiahl the hepatopancreas (Cu
accumulation and biomarkers) for the differenttimeants and exposure period.
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3. Results

3.1. Cu accumulation in shrimp species

The baseline Cu concentration, before exposurautoM@s similar in the gills of
the three shallow-watePalaemonspecies R. elegansl85.5 + 74.2 pg gd.w.; P.
serratus245.9 + 119.0 pgd.w.; P. varians148.4 + 33.2 pggd.w.; p>0.05) (Fig.
1). After 3 days of exposure to 4 uM of Cu theresveasignificant increase in Cu
concentration in the gills d?. elegangp<0.05), but after 10 days the Cu concentration
was similar to pre-exposur@X0.05). In the gills of. serratusexposed to 0.4 uM of
Cu there was a significant increase when compaved 1M Cu treatment at day 3
(p<0.05). For all treatments Cu concentration in giles of P. varianswas similar
before and after Cu exposure>0.05) (Fig. 1). No data are available for thesgdf M.
fortunatagiven the small size of the gills and the small benof individuals available.

Cu concentration in the hepatopancreas before expgday 0) was lowest iA.
varians (54.6 + 5.8 ug gd.w.), followed byP. elegang305.3 + 26.7 pug §d.w.), P.
serratus(1238.6 + 982.6 ugtd.w.) andM. fortunata(1990.5 + 907.6 pgtd.w.) (Fig.

2). Cu concentration was similar before and aftgrosure in the hepatopancreas of all
treatments foP. serratusandP. varians(p>0.05). In the hepatopancreasRofelegans

exposed to 4 uM of Cu there was a significant iaseein Cu concentration with time of

exposure [§<0.05). In M. fortunata hepatopancreas no significant differences were
noted (>0.05).

The concentration of Cu in the muscle was simitaalli speciesNl. fortunata
55.8 + 0.5 pg gd.w.; P. elegans8.5 + 4.0 ug gd.w.; P. serratus40.4 + 13.4 pg §
d.w.; P. varians40.5 + 20.9 pg gd.w.; p>0.05) and no significant increment in Cu
concentration was observed over time or with exposn Cu p>0.05) (Fig. 3). Of the
three tissues analysed, the highest concentratiorCw was measured in the
hepatopancreas, followed by gills and musclePinelegans P. serratus and M.
forunata In P. varians higher Cu concentration was observed in the,diowed by

hepatopancreas and muscle.

3.2. Oxidative stress



288 No significant effect of Cu exposure on SOD acyivitas noted in the gills d?.
289 elegans P. serratusand P. varians after 3 days exposurgx0.05) (Fig. 1). SOD
290 activity in the gills ofP. elegansafter 10 days exposure to 4 uM of Cu was signitiga
291 higher when compared to control and 0.4 uM Cuneats at day 1Qp€0.05) (Fig. 1).
292 The activity of SOD was higher in the hepatoparcm@aM. fortunataandP. elegans
293 when compared to the two other speci@s0(05) (Fig. 2). No significant effect of Cu
294 exposure on SOD activity was noted in the hepatogas of all species when
295 compared to controls of the same time, or to pgwsure conditionspé0.05) (Fig 2).
296 A species-specific response in SOD activity in thascle was noted (Fig. 3). No
297 significant effects of Cu exposure on SOD actiwtythe muscle oM. fortunatawere
298 detected§>0.05). In the muscle @?. serratusa significant decrease in SOD was noted
299 in the 4 uM Cu treatment after 3 days of exposunermcompared to pre-exposure. In
300 P. varians a significant increase of SOD was noted in theM Cu exposure when
301 compared to both pre-exposure and the other trewsnadter 3 dayspk0.05) (Fig. 3).
302 In the muscle ofP. elegansa significant decrease in both 0.4 and 4 uM Cu was

303 observed after 3 and 10 days exposure when compaprd-exposurgp0.05).

304 The activity of CAT in the gills remained simildirbughout the exposure period
305 and between all treatments in all specigs0(05) (Fig. 1). InP. variansa significant
306 decrease in CAT activity in the hepatopancreags &fgays exposure to 0.4 and 4 uM
307 Cu treatments when compared to contps(0(05) (Fig. 2). In the hepatopancreadof
308 elegans CAT activity in the 0.4 uM Cu treatment signifithy increased with exposure
309 time (<0.05). After 10 days exposure, the activity of CAWas higher in
310 hepatopancreas exposed to 0.4 uM Cu when compareahtrol, for bothP. elegans
311 andM. fortunata(p<0.05). The exposure to Cu had no significant ¢ffieche muscle
312 of the shallow-water shrimp$%0.05), while inM. fortunataa significant decrease in
313 CAT activity was noted after 3 days in 4 uM Cu tneant 0<0.05), followed by a
314 return to pre-exposure activity after 10 days (Ry. In addition, after 10 days of
315 exposure to 0.4 uM Cu there was a significant desaén CAT activity in the muscle of
316 M. fortunatawhen compared to the other exposure tinpe®.05). In all species the

317 activity of CAT was higher in the hepatopancrealipived by gills and muscle.

318 GPx activity in the gills ofP. eleganswas lower when compared to the two
319 otherPalaemonspecies. In the gills dP. elegansa significant decrease in GPx was

320 noted after 3 days exposure to 4 uM Cu when cordpréhe two other treatments

10



321 (p<0.05), returning to pre-exposure activity at d@y The activity of GPx in the gills of
322 P. varianswas significantly higher after 3 days of exposweét#4 uM and 4 uM Cu
323 when compared to control and pre-exposped(05). No significant differences were
324 noted in the gills oP. serratugp>0.05) (Fig. 1). Cu exposure had no significant el
325 on GPx activity in the hepatopancreas Mf fortunatg P. serratusand P. varians
326 (p>0.05), which was similar (Fig. 2). Overall GPx iaity was lower inP. elegans
327 hepatopancreas than in the other species. Howsigrificantly higher GPx activity
328 was noted inP. elegansafter 3 days of exposure to the 0.4 uM Cu treatméren
329 compared to control and 4 uM Cu treatment, andhéoother exposure timep<0.05)
330 (Fig. 2). A significant increase was observed inxGfetivity in the muscle oM.
331 fortunataafter 3 days exposure to 4 uM Cu when comparéxbtio control and 0.4 uM
332 Cu within the same time, and to the other exposares <0.05). Higher GPx activity
333 was also noted in the muscle f elegansafter 3 days exposure to 0.4 and 4 uM Cu
334 when compared to contrgb<0.05). In this tissue, significantly lower GPx iaity was
335 observed irP. elegang0.5 + 0.1 pug gd.w.) andP. serratus(0.3 + 0.1 pg gd.w.) pre-
336 exposure than in the other specikk fortunata8.5 + 2.0 pg gd.w.; P. varians13.1 +
337 4.8 ug ¢ d.w.; p<0.05) (Fig. 3). Unfortunately, samples were lostthie process of
338 analysis and no data are available for GPx in theahe ofP. variansexposed to Cu.

339
340 3.3. Metallothioneins

341 No significant differences in levels of MTs weresebved in the gills of.
342 serratus(p>0.05) (Fig. 4). In the gills oP. varians lower levels of MTs were noted in
343 all treatments on day 3 when compared to pre-expofavels <0.05) (Fig. 4).
344  Significantly higher MTs levels were noted in thidsgof P. elegansafter 10 days of
345 exposure to 0.4 uM Cu when compared to pre-expo§ur®.05). No significant
346 differences in levels of MTs were observed in tepdtopancreas &f. elegansandP.
347 varians (p>0.05) (Fig. 5). Significantly higher levels of MTwere noted in the
348 hepatopancreas &f. serratusafter 3 days of exposure to 0.4 and 4 uM Cu treatm
349 when compared to contrghb<€0.05), although these values were similar to pq@esure
350 values p>0.05). In the hepatopancreas Mf fortunataa significant increase in MTs
351 levels in all treatments was noted after 10 daysxpibsure when compared to previous
352 exposure timespk0.05). No significant differences in levels of BlWere observed in

353 the muscle oP. elegansandP. varians (p>0.05) (Fig. 6). Significantly higher levels of
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MTs were noted in the muscle df. fortunataexposed to 0.4 and 4 uM Cu when
compared to control after 3 days of exposure arkroexposure timesp€0.05).
Unfortunately, samples were lost in the procesanallysis and no data are available for

MTs in the muscle dP. serratusexposed to Cu.

3.4. Biotransformation

No significant differences between treatments ares were found in GST
activity in the gills ofP. elegansandP. varians(p>0.05) (Fig. 4). GST activity in the
gills of P. serratussignificantly increased after 3 days of exposor@.4 and 4 uM Cu
when compared to control and pre-exposyre€0(05). In the hepatopancreas of the
different species, exposure to 0.4 and 4 uM Cu it affect GST activity when
compared to controlg$0.05) (Fig. 5). InP. eleganssignificantly lower levels of GST
in the hepatopancreas were noted before the expashen compared to the other
exposure times and for all treatmenps@.05). In the muscle of the shallow-water
species, no significant differences in GST were eollsd between Cu exposed
treatments and controls within the same exposare (§>0.05) (Fig. 6). The activity of
GST in the muscle dfl. fortunatawas significantly higher in 4 uM Cu treatment afte
10 days of exposure when compared to other treasnvaithin the same time, and to

pre-exposure and day $<0.05).

3.5. Oxidative damage

Significantly higher LPO levels in the gills &. serratusexposed to 4 uM Cu
were noted on day 3 when compared to both contidi0e4 uM Cu treatmentp<0.05)
although levels were similar to pre-exposyp®e(.05) (Fig. 4). The levels of LPO in the
gills of P. eleganexposed to 0.4 uM Cu significantly decreased &teays, remaining
at these levels until the end of exposyre0(05). In contrast, after decrease on day 3,
LPO returned to pre-exposure levels i elegansexposed to 4 uM Cu. In the
hepatopancreas for all species analysed no signtfidifferences were found between
LPO levels of the different treatments and exposunes (>0.05) (Fig. 5). Similarly,
no significant differences in LPO levels betweea different treatments and times were
found in the muscle d¥l. fortunata(p>0.05) (Fig. 6). IP. elegansnuscle tissues, LPO

levels after 3 days of exposure were significartigher than control at the same
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exposure timep<0.05). The LPO levels in the muscle Pf serratusafter 3 days of
exposure were higher in control and 0.4 uM Cu wkempared to pre-exposure
(p<0.05), while inP. varianswere significantly higher in 0.4 uM Cu when congzhto
pre-exposure levelp€0.05).

3.6. Species specific biomarker patterns

The data on Cu accumulation and biomarkers foh#patopancreas of the four
shrimp species for the different treatments andsdpe periods were used to elaborate
the PCA (Fig. 7). The overall PCA shows a clearasafion between the deep-sea
speciesM. fortunata and the shallow-water specieB. (elegans P. serratusand P.
variang. On the PC1 axis, Cu accumulation, SOD, GST, MT aR@ are positively
related withM. fortunatawhile CAT and GPx are positively related tlee shallow-
water species. The two principal components reptesé % of total variance in the
hepatopancreas (PC1 = 53 %, PC2 = 21 %).

4. Discussion

The effects of exposure to Cu at dissolved cona#aoftrs that may be available
to biota during deep-sea mining activities (Simpsoral. 2008) were studied in four
caridean shrimp species: three congeneric shallateiwspecies and one deep-sea
hydrothermal-vent endemic shrimp. The Cu exposaraployed (0.4 uM and 4 uM)
can be considered as sub-lethal concentrations.

Cu accumulation and biomarker responses to Cu exposere tissue and
species specific. Significant increase in Cu waseoked in the 4 uM treatment Bf
elegans in the gills after 3 days exposure and in theat@pancreas after 10 days
exposure (Figs. 1, 2). A significant reduction iRPGlevels occurred in the gills &f.
elegans after 3 days exposure to 4 pM Cu, presumably asesponse to Cu
accumulation, while no significant biomarker chasmge the hepatopancreas were
observed after 10 days. However, exposure to Ot auM Cu did not produce
significant responses in the other analysed bioararkr in other species. This may be
an indication that all four species can toleratewithout apparent significant negative
effect during these short durations and at surfaessure. Nonetheless, the effects of

longer duration exposures to these Cu concentsatiord also effects on other life
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stages (e.g. in brooding females and larvae) shmelidvestigated to confirm that 4 uM
of Cu is tolerated / regulated by these shrimpiggec

In recent years, significant progress has been rnradereasing knowledge on
the ecotoxicological effects of metal exposure eespdwater fauna. Gathered evidence
point that hydrothermal vent species are able golege dissolved Cu at concentrations
similar to those potentially released during minexgrording to elutriate test studies
(Simpson et al. 2008). In addition, although sorhallew-water species can tolerate
high-hydrostatic pressure, hydrostatic pressure imagase the negative effect of some
metals. For example, hydrostatic pressure increseesitivity to Cu inP. varians but
has no apparent effect on sensitivity to Cd, wisiéstsitivity to a mixture of Cu and Cd

is magnified by hydrostatic pressure (Brown eR@ll7a).

Although there are few experimental assessmenthefimpact of decreased
hydrostatic pressure sensitivity to toxicants iremeea fauna, there is evidence of
significant metabolic effects of decreased hydtastaressure in e.gM. fortunata
Metabolic rate was significantly lower at 0.1 MPan at 17 MPa in shrimp sampled at
1700 m depth (Shillito et al. 2006), and metabadite appears to decline further with
sustained exposure to surface pressure (cf. hatial. 2006, Smith et al. 2013). Shifts
in metabolic rate may affect capacity to respondotacants. For example, the pre-
exposure Cu levels in the hepatopancread.dbrtunata(1990+908 pg g d.w., Fig. 2)
that were acclimatized for over 1 year at surfamsgure in aguaria at Oceanopolis,
Brest, France, were 4 times higher than the Cuarttrations measured M. fortunata
after collection from Rainbow (400+100 pg d.w.) or from Lucky Strike (500+200 pg
g' d.w.; K&dar et al. 2006). However, the Cu conggiun in the muscle (around
55.8+0.5 pg g d.w.) were comparable (Rainbow site: 200+60 ftglgv. Lucky Strike
site: 40+10 pg g d.w., K&dar et al. 2006). This high hepatopancf@asoncentration
is quite puzzling, since Cu levels at Oceanopalislis aquarium are regularly checked,
and are consistently below 1 pgh.Llt may indicate a regulation mechanism that
preferentially eliminates Cu, but which accumula@&s in specific tissues beyond a
critical threshold concentration. Such a mechamsay compensate the usually higher
environmental Cu levels at hydrothermal vents. #ilgsir regulation mechanism has
been proposed foP. elegans(White and Rainbow 1982) up to an environmental
concentration of 100 ug, after which accumulation reflects the environrakrevels.

Results in the present study are consistent with gioposed mechanism. Cu was
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elevated in the gills oP. elegansexposed to 4 uM after 3 days, but reduced after 10
days exposure whilst Cu in the hepatopancreas asetk after 10 days exposure,
suggesting Cu may have been translocated to tretdmgncreas (Figs. 1, 2; White and
Rainbow 1982, Pourang et al. 2004). Higher Cu coimagon was also found in the
hepatopancreas &. exoculatavhen compared to the gills, and it was suggestat t
this was caused by the presence of high amountsaemocyanin, Cu-containing
granules and MTs (Auguste et al. 2016). Haemocgardre synthesized in the
hepatopancreas (up to 50% of total protein syrzlee$iand are responsible for oxygen
transport (Viarengo and Nott 1993). If the high €uncentration found in this tissue is
associated with an increase in haemocyanin coratenty this may alternatively be an
indication of an increased metabolic deman® irelegansafter 10 days exposure. The
existence of such regulation mechanisms increasedmplexity involved in predicting
the ecotoxicological effects of metal mixtures sueh those potentially found in

sediment plumes of deep-sea mining.

Similar results to those presented here were oddafior the hydrothermal vent
shrimp R. exoculata collected from TAG vent Field (3630 m depth), Mitantic
Ridge (MAR), exposed to the same concentrationslisgolved Cu but under high-
pressure (30 MPa) and low temperature (10°C) repta8ve ofin situ conditions
(Auguste et al. 2016). Auguste et al. (2016) regwbmho accumulation of Cu in the
different tissues, when comparedricsitu and control conditions, and only a significant
increase in MTs was noted in the gills of shrimpgased to 4 uM for 72 h. In contrast,
P. variansexposed to 100 pgi(~1.6 uM) of Cu caused a significant increasedthb
SOD and GPx after 96 h exposure at 10°C and 10 (RRavn et al. 2017a). However,
at surface pressure (0.1 MPa) significant biomar&sponses were only observed in the
1000 pg ! (~16 uM) Cu treatment (Brown et al. 2017a). Consedly, Brown et al.
(2017a) suggested that sensitivity and responsexicants may not differ betwedh

variansandR. exoculataat a common temperature at native hydrostaticspres.

The hydrothermal vent endemic musBalthymodiolus azoricusollected from
Lucky Strike (MAR) also displayed no significantfedt on antioxidant enzyme
activities (SOD, GPx and CAT) after exposure uB®0 ug L™ of dissolved Cu (same
range as in the present study, 264L™) at native hydrostatic pressure (17.5 MPa) and
10°C, but GPx was significantly lower at higher é@mcentrations (800 and 1606 L™

of Cu; Martins et al. 2017). However, the cold-watetocoralDentomuricea meteor
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collected from the Condor seamount (MAR) at depitesind 200 m appears to be more
sensitive to dissolved Cu exposure, with a 96 Bolof 137 pg [* at 0.1 MPa and 13°C
(Martins et al. 2018). Still, the eurybathic betttarA. squamatavas observed to be
even more sensitive to Cu exposure with a 96 k Malue for Cu at 25°C of 4g L™
(Black et al. 2015). Nevertheless, the phylogenatid physiological distance of the
different taxa, as well as the different experinaémtxposure conditions do not help to

identify patterns for ecotoxicological effects afi.C

Results of the multiple biomarkers analysed show#fbtrences in enzyme
activities between species, such as a 5-fold higghals of GST in the hepatopancreas
observed in the vent shrimp when compared to thfostrwater shrimps (Fig. 5). Such
differences discourage the use of proxy speciesagsessing the effects of exposure to
contaminants in species from contrasting ecologe#tings, at least when considering
the experimental conditions of this study (i.e. €@uncentration, exposure duration, and
biomarkers analysed). Important differences in @¢hiermal and hyperbaric tolerances
have already been noted among the congeneric shspepiesP. varians and P.
serratuswhere it has been suggested that differences agetlspecies’ evolutionary
environments may have contributed to differing pblggical stress tolerances
(Pallareti et al. 2018). Similarly. eleganspP. serratus andP. variansmay have been
exposed to different chemical environments duringirt evolutionary history which
may have led to different molecular/biochemical daons/tolerances observed here
in the differences in biomarker baselines and nesp® among species (Fig. 7). Indeed,
although phylogeny may constrain physiological ratees, the chemical composition
of a species habitat appears to be crucial in ohténg physiological thresholds,
leading to different antioxidant baselines and oasps among phylogenetically related
species (Faria et al. 2018). Differential accumatabf metals and toxicity thresholds
among phylogenetically close crustaceans has besromstrated previously (reviewed
by Rainbow 1998). Thus, the present study contedbtd growing evidence that situ
ecotoxicological experiments using local fauna rghme at native environmental
conditions such as hydrostatic pressure and termysejaprovide more reliable
knowledge on the ecotoxicological environmentaldndg posed by deep-sea mining
than using shallow-water proxy species. Similanpjle it is recognised that dissolved
metal phases are more toxic than particulates (8mpand Spadaro 2016), under deep-

sea mining conditions there will be concomitantsprece of dissolved and particulate
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metal phases which are difficult to mimic simultansly under laboratory controlled
conditions, particularly given that mineral compmsi is ore deposit dependent.
Although it is rather expensive to conduct ecotibxiexperiments in the deep sea,
future studies should focus an situ experiments incorporating a range of toxicity
indicators to better understand the effects of éesgpmining or deep-sea mine tailings
disposal on deep-sea fauna (Mestre et al. 2017).

5. Conclusions

Results suggest that different chemical environsehiring the evolutionary
history of phylogenetically proximate species cadgéerent molecular/biochemical
adaptations/tolerances, such as those observdikeiditferences in Cu accumulation
patterns and biomarker baselines and responsesgaimerstudied species. In addition,
environmental variables such as low temperaturehagidpressure likely influence sub-
lethal effects in deep-water species. The use allak-water proxy species related to
deep-water relatives does not appear to providgusde inferences. Future studies
should therefore focus an situ experiments with local species, mimicking deep-sea
mining activity scenarios, such as a sediment pjutaeprovide the most accurate
information on the biological impacts to local faun
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Figure captions

Figure 1. Copper concentration and superoxide dismutase [S€ibalase (CAT) and
total glutathione peroxidase (GPx) activities (meaisD) in thegills of Palaemon
elegans, P. serratuand P. variansfor the different treatments. Different capitaldan
lower case letters indicate significant differentetween treatments within the same
day and between exposure days for the same tregtmespectively § < 0.05).
Treatments: control (white bars); 0.4 uM (grey haduM (black bars).

Figure 2. Copper concentration and superoxide dismutase (S€dglase (CAT) and
total glutathione peroxidase (GPx) activities (me&a®D) in thehepatopancreasof
Mirocaris fortunata Palaemon elegans, P. serratasd P. variansfor the different
treatments. Different capital and lower case Istterdicate significant differences
between treatments within the same day and betweaposure days for the same
treatment, respectivelyp < 0.05). Treatments: control (white bars); 0.4 (dvey bars);

4 uM (black bars).

Figure 3. Copper concentration and superoxide dismutase (S€dglase (CAT) and
total glutathione peroxidase (GPx) activities (mea8D) in themuscle of Mirocaris
fortunatg Palaemon elegans, P. serratasd P. variansfor the different treatments.
Different capital and lower case letters indicaignsicant differences between
treatments within the same day and between expatays for the same treatment,
respectively p < 0.05). Treatments: control (white bars); 0.4 |idfey bars); 4 uM
(black bars).

Figure 4. Metallothioneins (MTs), glutathione-S-transferas&S{) and lipid
peroxidation (LPO) (mean + SD) in tlydls of Palaemon elegans, P. serratardP.
varians for the different treatments. Different capitaldalower case letters indicate
significant differences between treatments witlia same day and between exposure
days for the same treatment, respectively (0.05). Treatments: control (white bars);
0.4 uM (grey bars); 4 uM (black bars).
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Figure 5. Metallothioneins (MTs), glutathione-S-transferas&S{) and lipid
peroxidation (LPO) (mean = SD) in theepatopancreasof Mirocaris fortunata
Palaemon elegans, P. serratasd P. variansfor the different treatments. Different
capital and lower case letters indicate signifiadifferences between treatments within
the same day and between exposure days for the saatenent, respectivelyp (<
0.05). Treatments: control (white bars); 0.4 uMeggbars); 4 uM (black bars).

Figure 6. Metallothioneins (MTs), glutathione-S-transferas&S{) and lipid
peroxidation (LPO) (mean £ SD) in thauscle of Mirocaris fortunatg Palaemon
elegans, P. serratuand P. variansfor the different treatments. Different capitaldan
lower case letters indicate significant differentetween treatments within the same
day and between exposure days for the same tregtmespectively § < 0.05).

Treatments: control (white bars); 0.4 uM (grey haduM (black bars).

Figure 7. Principal component analysis (PCA) of copper can{€u) and biomarkers
(SOD, CAT, GPx, MT, GST and LPO) in the hepatopaasrof the four shrimp species
(Mirocaris fortunatg Palaemon elegan$. serratusandP. variang over the duration
of the experiment (TO = pre-exposure, T3Sy of exposure and T10 ="1day of
exposure) for the different treatments (C = contéod = 0.4 uM of Cu, 4 = 4 uM of
Cu). Variables are marked with a red cross.

25



797

798

799

P. varians
Aa Aa Aa Aa Aa Aa
T Ti T
0 3
Aa Aa Aa
Aa
Aa
Aa
- 0 3
Aa Aa Aa Aa
Aa
g T T Aa
. 0 3
Aa Aa
Ba
Aa Ab Ab
T T
0 3

Figure 1.
300 P. elegans ] P. serratus
Aa
Aa
% 6004 Aa 1 1
k=)
g 400 { Aa Aa Aa |
o Aa Aa Ab Ba aal [AP -|- -|-
2004 T T Ba . Ba ]
o,
150 0 3 10 ; 3 i
<= 120 L
=
=
g’ 904 4 Aa Aa Aa
\3’ 60! Aa i TT Aa Aa ]
8 Aa AaAab Aa Aa
A
30, TT a | Ap Ba Ba ] ]
o,
15, 0 3 10 i 3
= Aa
e Aa Aa A
S
o 12 - T
5 Aa Aa Aa Aa
c H 1
€ T T Aa
° Aa Aa Aa
g 61 Aa Aa Aa 1
= T
< 4
S 3
o,
1001 0 3 10 ; 3
)
__51 Aa
o 75 ]
o Aa Aa A
g T T , ha
— 501 1
<]
IS
RS
<
A 25 1
©) AabAab Aa Aa Aa Aa
0 =l
0 3 10

Time (days)

26



800

801
802

Figure 2.

8000 M. fortunata o] P. elegans , P. serratus g0 P varians
a
= 6000 1 1 600
© Aa
i
2 Aa
g 4000 Aa 1 E L 400
8 Aa Aa Aa Aa na
T T Aa Aa Aa Aa Aa g
2000 1 A 1 200 Aa
a Ab B Aa Aa Aa
Aa a  Ba
Aa Aa Ac |J-|:'_- Aa Aa  Aa
2801 0 3 10 . 0 3 10 . 0 3 . 0 3
Aa
Aa
6 Aa g g
a 210 Aa Aa Aa Aa
® 1T a
1S 140/ Aa Aa Aa Aa Aa na Aa
A 4 4
> : 11 . .
o Aa Aa
o] Aa Aa
n 70 1 - T T s ] .
a
Ab Ab Aa Aa Aa Aa
o, d i_
— 90 0 3 10 0 3 10 N 0 3 0 3
o Aa Aa
S
i
jo)) Aa
_I.E 601 L Aa
£ A
a
E . Ba Aa Aa Aa
e Ba S
g. 30 {528 1 Aa Aa Aa Aa Bb
= 1T T ra
< Aa Aa Aa Aa Aa aa Aa ABa Bb
0 0 3 10 0 3 10 0 3 0 3
’g 280 1 E ra
£
2 210 ; )
Té Aa Aa Aa Aa
E 140 ; ! '|' '|' Aa
g Aa Aa Aa Aa
< T T Aa fa Aa Aa Aa Aa
X 70§ Aa ra ] Aa
& Aa Aa Aa
o Aab Ab Aa Ba Ba Aa Ab Aa
0 3 10 0 3 10 0 3 0 3
Time (days)

27



803

804
805

Figure 3.

CAT (umol min-tmg prot) SOD (U mg!prot) Cu pg gtdw

GPx (nmol min't mgp rot)

1004 M. fortunata P. elegans . P. serratus P. varians
Aa
801 Aa fa 1 A2 pa fa
Aa Aa Aa Aa Aa Aa Aa Aa
60 Aa Aa Aa Aa '|' T T Aa 1 Aa Aa Aa
Aa Aa Ab
a Aa
40] o Bb o
20 g g
60r 0 3 10 0 3 10 0 3 0 3
454 a
Aa r Aa
Aa Aa
304 1
Aa Aa Aa Aa Aa Aa
154 TT Aab 4 Aa Aa Aa Aa Aa 4
T Ab Ab Ab 5y Ab T "'. I_YiI;_Aib_ Aa Aa Ab
. [P e .
8 0 3 10 0 3 10 0 3
Aa
61
Aa Aa Aa
Aa Aa
! AabAa Aa Aa Aa
S Aa Aa | Aa
Ab Aa Aa Aa Aa
21 ] 1TT
Ab! Aa Aa Aa Aa Aa
Bb m Aa Aa Aa Aa T i
0 0 3 10 0 3 10 0 3 0 3
90y Aa 1
60] L -
40 Ba Aa 9 pa Aa A
Aa a Aa Aa
Aa Aa Ab Ill III A
101 remp———— . Ab 1 i T ;a
49 3 b
2. -
A Aa
Ab Aa Aab ,_-Bul-j_lééia ﬁiB-b: Ab Ab Aa o Bt Aa
o, T [ 1 v - v T  —— il T T
10 0 3 10 0 3 0 3
Time (days)

28



806

807

Figure 4.

GST (nmol min mg-t prot) MT (ug gt ww)

LPO (nmol mg?prot)

405

301

10

Aa

P. serratus

Aa Aa Aa

IT

80,

604

401

204

Aa Aa Aa

Aa Aa

TAa

Aa Ab Ab

TTi

1.5

1.0

0.5

Aa Aa Aa
T T

0.0

0

Aa Aa Aa

TT

0
Time (days)

P. varians

1 Ab Aa Aa

TT 2

29



808

809
810

.

P. varians
1 Aa
Aa Aa Aa Aa
Aa
0 3
Aa Aa Aa Aa Aa Aa
0 3
{ Aa Aa Aa Aa Aa Aa

Figure 5.
400, M. fortunalaA P. elegans P. serratus
a
’g 300) Ba Aa -
F‘l'j’ Aa Aa Aa Aa
2 2004 Ab pp o 1TT
=
100 Ab Ab Ab
Aa Aa
A
l Aa Aa Aa ﬁlii Aa 28 Bb
[o;
= 3500 0 3 10 0 3 10 0 3
o Aa Aa Aa
S
- 2800
o Aa
£ -|- -|- na
£ 2100 Aa Aa
= [
Is)
£ 1400 e
£ Aa
5 700 Aa Aa A2 Aa Aa pg
© Ab Ab Ab Aa Aa Aa Aa Aa Aa
o I— |
7 0 3 10 . 0 3 10 0 3
= Aa
o 61
= as Aa
“.én 51 Aa Aa
E - Aa Aa Aa Aa
]
Aa
E/ 3 ‘|' ‘|' 1 Aa Aa Aa Aal
O 2 | TIT Aa Aa Aa Aa
o T Aa
- 14 Aa Aa Aa Aa Aa pq
0 3 10 0 3 10 0 3
Time (days)

0

30



811

812
813

Figure 6.
2401 M. fortunata P. elegans P. serratus P. varians
— Aa
s Aa
= 160
<
A
g Ba a Ab Ab
3
= Aa Ab Ab
801 Aa 1 Aa
= Aa Aa Aa Aa Aa /:_a érai Aa Aa
0, l T
o 75 0 3 10, 0 3 10 0 3
o
& 50 i
i Aa Aa Ab
g’ 25] =
T-'E 15 Aa
1S
Aab
o 10 ]-_ Ab Aa Aa p.
g Ba A Aa Aa Aa
= 5 Bb { AbAabAa ap 20 TT Ab np | ra Aa na s A
[%)] Ab Aa
V] |-T'|.'I'_|i
0 0 3 10 0 3 10 ) 0 3
34 Aa 0 3
— Aa Aa
B Trjse Aa B3 !
2 4] ranana I IV
2 lrTmm e 22 maw
S Aa Aa
[} ]
g 0.08
< Aa Aa
Q Aa Aa
% o9 Aa Ab Aa
Ab Ab Aa
0.0 | | .
0 3 10 0 3 10 0 3
Time (days)

31



814

815

816

Figure 7.

PC 2 (21%)

e M. fortunata

34 = P.elegans

v P. serratus

PC 1 (53%)

) 4 T3 0.4 T10
24 ¢ P.varians
mC T3
1 4 T;o. C T1oTO
- . .
sop "
0.4 T3 4T3 LPO : CAT C T3
o4 .-§CI3. GS.T. Cieereennns e LN e
* % i O 4T3 *CTO
: v
-4daTi0 *cT10 ., veTg
_2- :
-3- *4T3
'4 v v v ; v v v
-4 -3 -2 -1 0 1 2 3

32



Highlights

- Biochemical responses differ among congeneric shallow-water shrimp exposed to Cu
- Evolution in different chemical environments induced different biomarker levels

- Shallow-water shrimp aren’t adequate ecotoxicological proxies for deep-water shrimp
- Future work should focus on analysing effects of metals in situ and in local species



