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Mechanical and toxicological
effects of deep-sea mining
sediment plumes on a habitat-
forming cold-water octocoral
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Maria Rakka1,2,5, Teresa Cerqueira1,2, António Godinho1,2,
Telmo Morato1,2 and Ana Colaço1,2

1Institute of Marine Sciences - Okeanos, University of the Azores, Horta, Portugal, 2IMAR - Institute of
Marine Research, University of the Azores, Horta, Portugal, 3IPMA Portuguese Institute of Sea and
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Research, Matosinhos, Portugal, 5Oceanography Department, Dalhousie University, Halifax, NS, Canada
Deep-sea mining activities are expected to impact deep-sea biota through the

generation of sediment plumes that disperse across vast areas of the ocean.

Benthic sessile suspension-feeding fauna, such as cold-water corals, may be

particularly susceptible to increased suspended sediments. Here, we exposed

the cold-water octocoral, Dentomuricea aff. meteor to suspended particles

generated during potential mining activities in a four weeks experimental study.

Corals were exposed to three experimental treatments: (1) control conditions

(no added sediments); (2) suspended polymetallic sulphide (PMS) particles; (3)

suspended quartz particles. The two particle treatments were designed to

distinguish between potential mechanical and toxicological effects of mining

particles. PMS particles were obtained by grinding PMS inactive chimney rocks

collected at the hydrothermal vent field Lucky Strike. Both particle types were

delivered at a concentration of 25 mg L-1, but achieved suspended

concentrations were 2-3 mg L-1 for the PMS and 15-18 mg L-1 for the quartz

particles due to the different particle density. Results of the experiment

revealed a significant increase in dissolved cobalt, copper and manganese

concentrations in the PMS treatment, resulting from the oxidation of sulphides

in contact with seawater. Negative effects of PMS exposure included a

progressive loss in tissue condition with necrosis and bioaccumulation of

copper in coral tissues and skeletons, and death of all coral fragments by the

end of the experiment. Physiological changes under PMS exposure, included

increased respiration and ammonia excretion rates in corals after 13 days of

exposure, indicating physiological stress and potential metabolic exhaustion.

Changes in the cellular stress biomarkers and gene expression profiles were

more pronounced in corals exposed to quartz particles, suggesting that the

mechanical effect of particles although not causing measurable changes in the

physiological functions of the coral, can still be detrimental to corals by eliciting

cellular stress and immune responses. We hypothesize that the high mortality

of corals recorded in the PMS treatment may have resulted from the combined
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and potentially synergistic mechanical and toxicological effects of the PMS

particles. Given the dispersal potential of mining plumes and the highly

sensitive nature of octocorals, marine protected areas, buffer areas or non-

mining areas may be necessary to protect deep-sea coral communities.
KEYWORDS

anthropogenic impact, hydrothermal vent, metals, Northeast Atlantic, physiology,
sedimentation, Cnidaria
Introduction

Polymetallic Sulphide (PMS) deposits produced at

hydrothermal vents in the deep sea are of interest by mining

companies as an alternative to terrestrial mineral resources, and

to respond to increasing demand for rare minerals for

technology (Petersen et al., 2016; Sharma, 2017). However, the

potential impacts of mining activities on deep-sea fauna and

ecosystems are poorly understood (Van Dover et al., 2017; Van

Dover et al., 2020), limiting ecological risk assessments (Durden

et al., 2017; Washburn et al., 2019; Smith et al., 2020) and

hindering the establishment of management standards and

guidelines for deep-sea industries and activities (Wedding

et al., 2015; Levin et al., 2016; Jones et al., 2019).

Mining for PMS is expected to impact deep-sea ecosystems

in several ways (Gwyther, 2008; Boschen et al., 2013; Van Dover,

2014; Levin et al., 2016; Miller et al., 2018; Weaver and Billet

2019; Christiansen et al., 2020). Physical destruction of the

seabed and damage to the habitat and fauna by the mining

equipment, along with changes in seafloor topography and

geochemical characteristics are expected in the close vicinity of

the mining site (Boschen et al., 2013; Miller et al., 2018). In

addition, the generation of sediment plumes of fine particulate

material by the seabed mining and surface dewatering

operations will disperse in the water column and eventually

settle on the seafloor, potentially smothering surrounding fauna

(Gwyther, 2008; Christiansen et al., 2020; Morato et al., 2022 this

issue). These sediment plumes may transport metal complexes

trapped in the sediments (e.g., copper, cadmium) that can be

released to the water column in concentrations toxic to marine

biota (Hauton et al., 2017; Fallon et al., 2019).

Exposure to elevated suspended sediments in the water

column can have sublethal and lethal effects on benthic sessile

suspension and filter feeding fauna by impairing feeding and

respiration (e.g., Erftemeijer et al., 2012; Strachan and Kingston,

2012). The impacts of sediment plumes are of particular concern

for cold-water corals that form extensive and highly structured

ecosystems in the deep-sea (Roberts et al., 2009). Indeed, recent

studies have predicted some degree of overlap between the
02
dispersal of PMS plumes and the distribution of cold-water

corals in the Mid Atlantic Ridge and seamounts around the

Azores (Morato et al., 2022). In this region, cold-water

octocorals are among the most important ecosystem engineers

forming dense coral garden communities (Braga-Henriques

et al., 2013; Morato et al., 2021). These communities play

important ecological roles in carbon and nitrogen cycling

(Rakka et al., 2021; Rovelli et al., 2022) and as habitat

providers for a variety of invertebrates and commercially

important fish species (Pham et al., 2015; Carreiro-Silva et al.,

2017; Gomes-Pereira et al., 2017).

Anthropogenic impacts on these ecosystems can be long

lasting owing to their slow-growing and long-lived life histories

and slow recovery capacity (Roberts et al., 2009; Clark et al.,

2019), and thus these ecosystems have been classified as

vulnerable marine ecosystems (VMEs) in need of protection

(FAO, 2009; OSPAR, 2010). However, the potential impacts of

PMS mining plumes on cold-water corals are sti l l

poorly understood.

Evidence from tropical environments showed that high

sedimentation can cause smothering and burial of coral

polyps, resulting in tissue damage, decreased food intake,

increased mucus production and polyp movement resulting in

increased metabolic costs (Rogers, 1990; Erftemeijer et al., 2012).

Prolonged exposure to sedimentation can result in decreased

growth rates, reduced reproductive output and increased

mortality (Fabricius and Wolanski, 2000; Weber et al., 2006;

Jones et al., 2015). The effects of sedimentation on cold-water

corals have been investigated for only a few species. Studies on

cold-water corals have focused on the impact of natural

sediments and drill cuttings originating from hydrocarbon

exploration on the scleractinian Lophelia pertusa (recently

synonymized as Desmophyllum pertusum: Addamo et al.,

2016), showing little impact on its physiology (Brooke et al.,

2009; Larsson and Purser, 2011; Allers et al., 2013; Larsson et al.,

2013; Baussant et al., 2018; da Rocha et al., 2021). On the other

hand, recent studies on the impacts of excessive sedimentation

produced by mine tailing deposition on benthic ecosystems in

the Norwegian fjords (Liefmann et al., 2018; Scanes et al., 2018),
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suggest that octocorals (Duva florida, Primnoa resedaeformis)

are more sensitive to suspended sediments than scleractinians.

Results of these studies showed tissue damage from the sharp

morphology of mine tailings and increased energetic demand

likely associated with the active removal of sediments from the

polyps. However, there are no studies that have evaluated the

impact of PMS on cold-water corals.

Moreover, most of the above studies have focused on

physiological impacts on tissue condition and metabolic

responses (e.g., respiration, excretion). Nevertheless, cellular

changes in protein production and gene expression usually

occur before physiological damage is evident (Downs et al.,

2005). Therefore, cellular biomarkers can be used as important

tools to detect sub-lethal responses to anthropogenic impacts

(Downs et al., 2005; Downs et al., 2012). These tools provide a

means to evaluate the ability of animals to regulate adaptive

responses to stress which ultimately will determine their

survival. In corals, changes in gene expression and enzyme

activity related to cellular stress, detoxification and oxidative

damage have been studied to reveal important physiological

pathways to cope with environmental stress and chemical

contaminants (e.g., Carreiro-Silva et al., 2014; Marangoni

et al., 2017; Fonseca et al., 2019; Servetto et al., 2021). Using

these biomarkers is particularly important to identify potential

ecotoxicological effects caused by chemicals in the PMS particles

that cannot be ascertained at the organism level.

In the present study, we investigated the effects of PMS

particles from inactive chimney rocks of the Lucky Strike

hydrothermal vent field crushed into fine particles, on the

octocoral Dentomuricea aff. meteor. This species forms extensive

coral gardens in the Azores seamounts between 200 and 400 m

depth that can be affected by the horizontal and vertical dispersal

of mining plumes. The putative mechanical and toxicological

effects of PMS particles were evaluated through measurements of

the coral physiological responses at the organism (respiration,

nutrient excretion), tissue (bioaccumulation of metals, structural

integrity) and cell (enzyme activity and gene expression) levels.
Materials and methods

Coral collection and maintenance

Live colonies ofD. aff.meteor were collected at the summit of

Condor Seamount (38˚ 08’N, 29˚ 05’W) using the ROV SP at

depths between 185-210 m in August 2014, characterized by

average bottom temperatures of 15°C and salinity of 36 ppt for

this time of the year (Rovelli et al., 2022). Colonies were

transferred to the DeepSeaLab aquaria facilities at IMAR/

Okeanos in coolers and distributed in two 170 L aquaria in a

thermo-regulated room (14 ± 0.7 °C) in darkness, within hours

after collection. The aquaria system consisted of a continuous

flow-through open system of oligotrophic oceanic seawater
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pumped from 5 m depth (salinity ca. 36 ppt). Colonies were

left to acclimate to atmospheric pressure conditions for two

weeks with running natural seawater chilled to match in situ

temperature and salinity conditions (15 ± 0.9°C, 36 ± 0.1 ppt)

using cooling systems connected to temperature controllers. Six

colonies were subsequently fragmented into 15 nubbins (i.e.,

coral fragments with 5-7 cm), mounted on bases made of inert

epoxy putty and silicone tubing, and placed in four 25 L aquaria

for further two weeks before the experiment. Seawater in each

aquarium was continuously renewed (6 times/day at 5 L h-1) and

mixed with submersible Iwaki pumps (4.5 W, 280 L h-1). Corals

were fed five days a week, once a day, with a mixture of frozen

adult Artemia salina and nauplii, mysids and microplankton (all

from OceanNutrition™), and a food supplement composed of

proteins, aminoacids, lipids, vitamins, and oligoelements

(Marine Active Supplement, Bentos Nutrition).
Sediment preparation

Hydrothermal polymetallic sulphide. particles representative

of plumes produced during the extraction of massive PMS

deposits were obtained from an inactive sulphide chimney

collected at 1750 m of depth by the ROV VICTOR6000 at the

base of the Eiffel Tower structure at the Lucky Strike

hydrothermal vent field during the research cruise

MoMARSAT-2013 (Blandin et al., 2013) on the RV Pourquoi

Pas?. Chimney fragments were ground in a tungsten carbide ring

mill pulveriser and subsequently were analysed by laser

diffraction (Mastersizer 2000) at the Center of Geology,

University of Lisbon - CeGUL, Portugal for particle size

analysis. The analysis revealed that 55% of the particles were

between 0.5-10 μm in size (23%<2 μm, 32% 2-10 μm), 41% were

10-70 μm and 4% were >70 μm. Energy Dispersive X-Ray

Analysis (EDAX) revealed that PMS particles were mainly

composed of barite (BaSO4), pyrite (FeS2), and chalcopyrite

(CuFeS2), with a minor composition of sphalerite ((ZnFe)S)

(Figure S1). Elemental composition of PMS particles show

increased concentrations of manganese (Mn), copper (Cu),

nickel (Ni), cobalt (Co), zinc (Zn), arsenic (As), and cadmium

(Cd) (Fallon et al., 2019). Polymetallic sulphide particle size

matched the range expected by Seafloor Mining Tools

excavation and dewatering processes, according to the

Nautilus Minerals (80% of 0.5-10 μm and 20% of 10-70 μm)

(ASA, 2008).

The quartz particles treatment, was prepared from

commercially available silicon dioxide (SiO2) particles, by

mixing 80% of 0.5-10 μm (#S5631, Sigma-Aldrich, Portugal)

and 20% of 50-70 μm grain sizes (#274739, Sigma-Aldrich,

Portugal). Particles of PMS and quartz were photographed

using light and scanning electron microscopy (SEM). For light

microscopy, we used a LEICA DM6000 microscope under 400×

magnification. For SEM, particles were mounted on aluminum
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stubs and sputter-coated with gold. The scanning electron

microscope Tescan VEGA3 xmu at 20 keV was used for PMS

particles and JEOL JSM-5200LV at 25 keV was used for

quartz particles.
Experimental design

Following the acclimation period, coral fragments were

exposed to three experimental treatments for a period of 27

days: (1) a control treatment with no sediment addition; (2)

suspended PMS particles; (3) suspended quartz particles. The

two particles treatments were designed to distinguish between

the potential physical and toxicological effects of particle

exposure. Coral fragments were distributed in six 10 L aquaria

(two aquaria per treatment) so that the same number of

fragments of each colony was present in each experimental

treatment. Accordingly, 15 coral fragments (five fragments

from three different mother colonies) were present in each

aquarium at the beginning of the experiment, totaling 30

fragments from six mother colonies in each treatment. Corals

were fed once daily, seven days a week, as described in section

above. Weekly, the excess food and particles that settled at the

bottom of the aquarium were siphoned together with a 25%

water replacement for each aquarium before food was added.

A semi-open seawater system was used for the experiment to

ensure maximal exposure of the corals to the particle treatment.

Thus, 8 hours of running seawater were intercalated with two

periods of 4 hours in a closed system. PMS and inert particles

were delivered at a concentration of 25 mg L-1 to the sediment

exposure treatments. This concentration was chosen based on

the concentrations used in drill cuttings experiments with the

cold-water coral L. pertusa (Larsson et al., 2013) to allow for

cross studies and particle types comparisons. Particle addition

was achieved by adding 250 mg of particles daily in one of the 4-

hour closed system period, while the food was added in the other

4 hours closed system period to avoid interference between

particles and the added food. Water circulation and particle

resuspension were achieved using recirculation pumps

(skim350, Eheim), linked to a tubing circuit with outflow holes

orientated towards the tank walls.
Monitoring of experimental treatments

The concentration of suspended PMS and quartz particles in

each treatment was measured during an exposure period of 4

hours. Suspended particle concentrations were measured one

minute after particle addition, and then at intervals of 5, 15, 30

minutes, 1 hour, 2 hours and 4 hours after particle addition in

the PMS and quartz particle treatments and in control aquaria

with no particle addition. Samples of 0.5 L were collected from

each aquarium 1 minute after particle addition with subsequent
Frontiers in Marine Science 04
collection of 1 L seawater at other times. Seawater was filtered

onto pre-combusted and pre-weighed 0.45 μm pore size GF/F

filters, then washed with Milli-Q water to remove salt and dried

at 60°C to constant weight. The concentration of suspended

particles in the PMS and quartz particle treatments were

estimated by subtracting the weight of filters with suspended

particles in the control (no particle addition aquarium) for the

weight of filters in the PMS and quartz treatments.

Seawater physical-chemical parameters were measured daily

in each aquarium before feeding corals. Seawater salinity was

measured with a S30 SevenEasy™ conductivity meter, pH and

temperature with a glass electrode (Crison pH 25+), and oxygen

with a Fibox4 (PreSens) with a Oxygen Dipping Probe DP-PSt3.

Seawater samples (12 mL) for inorganic nutrient analyses were

collected on times 0 (immediately before the start of the

experiment), and once a week on days 6, 13, 20 and 27 of the

experiment, filtered with 0.45 mm filters (Cytiva Whatman™ GD/

X Glass Micro Fiber (GMF) syringe filters) and frozen until

analyses. Nutrient concentrations (nitrate NO�
3 , ammoniumNH3

+NH+
4 , phosphate PO

3-
4 ) were determined using a colorimetric

Autoanalyzer Sanplus with Segmented Flow, applying the

methodologies Skalar: M461-318 (EPA 353.2), M155-008R

(EPA 350.1) and M503-555R (Standard Method 450-P I).
Analysis of metal contents in seawater
and bioaccumulation in corals

Trace elements (Co, Cu, Mn) released from the resuspension

of PMS particles to the water column were determined using

passive sampling coupled with inductively coupled plasma mass

spectrometry (ICPMS). The passive samplers used were from

DGT® Research Ltd (Lancaster, UK), with the reference LSNM-

NP open-pore Loaded DGT device for metals in solution. DGT

sequester dissolved labile metal species, including free ions,

inorganic complexes and labile organic complexes (Zhang and

Davison, 2000), a proxy for determining the potential biological

adverse effects (Montero et al., 2012). DGT-holders were

deployed in all aquaria and replaced every week (days 6, 13,

20, 27), which gave an integrated temporal variation of metal

released to the water column. DGT samples were processed

following the methodology described in Bersuder et al. (2021).

Briefly, to minimize contamination, all the materials used were

acid cleaned (pro-analysis grade), subsequently rinsed with

ultra-pure water, and dried in rooms with environmental

conditions limiting sample contamination. Powder-free gloves

were also used to minimize contamination. DGT units were

removed from holders, opened using a plastic screwdriver, and

the resin-gel layer was peeled off retrieved with plastic tweezers.

Metals from the gel were back-extracted with a 1 M HNO3

solution and measured by ICPMS. The final solution was kept

refrigerated (4-6 °C) until analysis. Trace elements in the tissues

and skeletons of corals in the different treatments (sampled at
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days 25-27 for PMS and day 27 for quartz and control

treatments) were analyzed after digestion with a mixture of

HNO3 and H2O2 to varying temperatures according to the

method described by Raimundo et al. (2013). Certified

reference material and procedural blanks (coral digestions)

were taken through the procedure in the same way as the

samples. Metal concentrations in DGT extracts and coral

tissues were quantified by a quadrupole ICPMS (Thermo

Elemental, X-Series) equipped with a Peltier impact bead spray

chamber and a concentric Meinhard nebulizer. Measurements of

the stable isotope indium (115In) were used as an online internal

standard. The equipment was set up by ensuring low variability

of counts (RSD<2%). Typically, 7-point standard calibration

curves, including one blank, were used in different dynamic

ranges depending on the metal concentration in extracts.

Analyzed procedural blanks always accounted for less than 1%

of the total element in the samples. The calculation of the DGT

concentration was carried out following Zhang and Davison

(2000) and using the diffusion coefficients provided by the

supplier. The metal concentrations in coral tissues are given in

microgram per gram of dry weight tissue (μg g-1; dw).
Tissue integrity and condition

Coral fragments were examined using light microscopy and

SEM to observe tissue and polyps’ condition and integrity under

the different treatments. Light microscopy observations were

made using a dissecting microscope Leica MZ 16FA under 30×

magnification. For SEM, samples were dried using the critical

point drying technique, mounted on stubs and sputter-coated

with gold, and examined with a scanning electron microscope

JEOL JSM-5200LV at 25 keV.
Respiration and excretion of
inorganic nutrients

Integrated measurements of coral respiration and inorganic

nutrients release rates were carried out by closed-chamber

incubation in cylindrical acrylic chambers (volume 320 mL)

on days 0, 13 and 27 of the experiment, except for the PMS

particle treatment at day 27, when all corals in this treatment had

died. Each coral fragment (N=6 per treatment) was incubated for

7-8 h with 0.2 μm filtered seawater from the respective aquarium

and continuously stirred with glass-coated magnetic stirrers.

Chambers were placed in a water bath, and temperatures

maintained at 15 ± 0.3°C on top of a magnetic stirring plate.

Respiration rates were derived from the depletion of dissolved

O2 recorded before closing and immediately after the chamber

using a single channel oxygen meter Fibox4 with a PSt3 sensor

(PreSens, Germany). These values were adjusted for rates

recorded in chambers without corals to account for microbial
Frontiers in Marine Science 05
respiration. Oxygen saturation inside the chambers remained

>70%. Dentomuricea aff. meteor excretion rates of ammonium,

during incubations were assessed by calculating the difference

between initial and final ammonium concentrations in chambers

with and without corals. Nutrient concentrations were

determined in 0.2 mL syringe filtered water samples using a

colorimetric Autoanalyzer Sanplus with Segmented Flow,

applying the described methodologies. Although ammonia

(NH3) and ammonium (NH+
4 ) were measured together in our

samples, NH3 was considered as negligible in our conditions (1–

2% of total ammonium/ammonia at pH 8.0, for a pKa of 9.68–

9.99, Bell et al., 2007). Coral respiration and excretion rates were

normalized to the coral skeletal surface area quantified using

advanced geometric techniques by approximation of the shape

of different sections of the coral fragment to the geometric figure

of a cylinder as described by Naumann et al. (2009).
Cellular stress biomarkers

Antioxidant stress related biomarkers in D. aff. meteor

tissues were used to evaluate the degree of cellular stress

induced by exposure to PMS and quartz particles. Coral

fragments were collected from each treatment at times 0 and

13 days and from the control and quartz treatments also at time

27 days, snap frozen in liquid nitrogen, and stored at -80°C

until analysis.
Preparation of tissue extracts for antioxidant
enzymes and lipid peroxidation

From each coral fragment from each treatment, tissues

were separated from skeletons and homogenized at a 1:3 w/v

ratio, in ice-cold Phosphate-buffered Saline solution (PBS pH

7.3: 0.14 M NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.47 mM

KH2PO4) and 1% (v/v) ProteaseArrest™ (G-Biosciences®),

using an Ultra Turrax (Ystral®, D79282) slowly increasing

the rotational velocity from 8,000 to 20,000 rpm, during the ~2

min extraction time. The homogenate was centrifuged at

16,000 g for 30 min at 4°C and supernatant fraction was

separated into different microtubes and stored at -80 °C for

posterior protein quantification and measurements of GST,

SOD, CAT and LPO. All enzyme assays were tested with

commercial kits obtained from Sigma® and each sample was

run in tr ipl icate in a Mult iskan™ GO microplate

spectrophotometer (Thermo Scientific™).
Determination of antioxidant
enzyme activities

Protein quantification For enzyme activity normalization,

the total soluble protein content was quantified according to the

Bradford method (Bradford, 1976), adapted from Bio-Rad
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Bradford microassay set up in a 96-well microplate. Absorbance

was read at 595 nm in a microplate reader (Thermo

Scientific™). A calibration curve was created using bovine

serum albumin (BSA; Bio-Rad) standards.

Glutathione S−transferase (GST) activity was determined

according to the procedure described by Habig et al. (1974),

and optimized for a 96-well microplate. This assay uses 1-

chloro-2,4-dinitrobenzene (CDNB) as substrate, and upon

conjugation of the thiol group of glutathione (GSH) to the

CDNB substrate, there is an increase in the absorbance. The

reaction product (GS-DNB conjugate), catalyzed by GST,

absorbs at 340 nm. The rate of increase in the absorption is

directly proportional to the GST activity in the sample. To

perform the assay, 180 mL of substrate solution were added to

20 mL of GST standard or sample in each well and the

absorbance at 340 nm was recorded every minute for 6 min

using a plate reader (Thermo Scientific™). GST activity was

calculated using a molar extinction coefficient for CDNB (ϵ= 5.3

mM−1 cm−1). Equine liver GST (Sigma-Aldrich) was used as a

positive control to validate the assay. GST activity was calculated

using the following equation: [DA340/min/0.0053]* [total

volume/sample volume]. GST enzymatic activity in coral tissue

is expressed as nmol min−1 mg−1 of protein (wet weight).

Superoxide dismutase (SOD) activity was determined

spectrophotometrically by an indirect method (Therond et al.,

1996) based on competition of SOD with 2-(4-iodophenyl)-3-(4-

nitrophenol)-5-phenyltetrazolium chloride (I.N.T) for

dismutation of superoxide anion (O-2). In this method,

xanthine and xanthine oxidase were used to generate O-2

radicals which react with I.N.T quantitatively to form a red

formazan dye. Absorbance was measured at 505 nm and 25 °C,

30 s after the addition of xanthine oxidase as start reagent across

a 180 s incubation period (Kit Ransod SD 125, Randox). One

unit of SOD is defined as the amount of enzyme that inhibits the

rate of formazan dye formation by 50%. The percent inhibition

of samples was calculated using the following equation: 100-

[[DA505/min]/[DAblank/min]] *100. Then, a SOD standard

curve is used to correlate the percent inhibition of samples

with SOD activity. Coral tissue SOD activity is expressed as

inhibition Units mg−1 of protein (wet weight).

Catalase (CAT) activity was measured spectrophotometrically,

according to Beers and Sizer (1952), by measuring the rate of

H2O2 disappearance at 240 nm (extinction coefficient, ϵ = 0, 04

mM−1 cm−1) and 25°C across a 180 s incubation period. In this

assay, total reaction volume of 300 μL was obtained with 50 mM

potassium phosphate buffer (pH 7.0), 13.5 mM H2O2 as a

substrate and initiated by the addition of the sample into well

plates. Catalase from bovine liver (Sigma®) was used as a positive

control for validation of the assay. Catalase activity was calculated

using the following equation: [DA240/min/0, 04]* [total volume/

sample volume]. CAT enzymatic activity in coral tissue is

expressed as mmol min−1 mg−1 of protein (wet weight).
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Lipid peroxidation (determination of
malondialdehyde, MDA)

Lipid peroxidation was determined by the quantification of a

specific end-product of the oxidative degradation process of

lipids, malondialdehyde (MDA) (Kalghatgi et al., 2013).

Concentrations of MDA were analyzed using a colorimetric

reaction, which uses 1-methyl-2-phenylindole (MPI) as

chromogen (Randox Ltd.). Condensation of one molecule of

MDA with 2 molecules of MPI under acidic conditions results in

the formation of a chromophore with an absorbance maximum

at 586 nm. Concentrations of MDA in each tissue were

calculated using a standard curve prepared with freshly

prepared solutions of malondialdehyde bis [dimethyl acetal]

(ACROS Organics™) and values were expressed as nmol mg−1

of protein (wet weight).
Molecular analysis

Gene expression profiles in D. aff. meteor were used to

evaluate the physiological pathways involved in the response

to exposure to PMS and quartz particles. Coral fragments were

collected from each treatment at times 0, 3 and 13 days and for

the control and quartz treatments also at time 27 days, snap

frozen in liquid nitrogen and stored at -80°C until subsequent

analysis. The sampling time point at day 3 of the experiment was

performed to capture changes of gene expression reflected

within a short period of exposure to the treatments. Total

RNA extraction and further RNA handling until obtaining

cDNA from six coral fragments of the same treatment,

followed procedures described in Carreiro-Silva et al. (2014).

A set of genes regarded as suitable molecular biomarkers were

selected to detect changes at sub-cellular level in response to

different treatments based on previous studies with cold-water

corals in our laboratory (Carreiro-Silva et al., 2014; Servetto

et al., 2021): genes involved in cellular stress and antioxidant

reaction system (heat shock protein (HSP70), superoxide

dismutase (SOD), ferritin), cell structure/integrity [a-carbonic
anhydrase, receptor-type protein tyrosine phosphatase (RP Tyr-

PH)] and immune responses (toll-like receptor (TLR), lysozyme,

rel homology domain (RHD), ferritin). See Table S1 for details

on the biological function of each of the protein-encoding genes

used in this study. Specific primers amplifying 100–200 bp PCR

products were designed for the genes of interest (GOI) based on

the nucleotide sequences used in previous studies (see Table S1).

Because the selected gene sequences have still not been published

for D. aff.meteor, the identity of the sequences was confirmed by

polymerase chain reaction amplification followed by sequencing

of the PCR products. cDNA samples of D. aff. meteor (40 ng)

were amplified in the presence of Reaction Buffer 1X; 1.5 mM

MgCl2; 0.2 mM dNTP mixture; 1 μM of each design primer
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(sense and antisense); and 2.5 U of Taq DNA Polymerase

(Invitrogen). The amplification reaction was performed using

the Eppendorf MastercyclerR gradient and the following

conditions: 5 min at 95°C, followed by 35 cycles of 1 min at

94°C, 1 min at 54°C and 1 min at 70°C, with a final extension of

10 min at 72°C. PCR products were directly extracted from

agarose gels and their nucleic acid sequence determined. BLAST

analyses were performed to verify the corresponding matching

PCR products sequences to the candidate gene sequences

present in GenBank database, in order to confirm their

identity (Table S1). Transcript levels were determined by Real-

Time PCR using the CFX Connect™ Real-Time PCR Detection

System (BioRad). First cDNA strand diluted 1:200 aliquots from

each sample were used in 20 μL PCR reactions in the presence of

0.5 μM of each primer and Maxima SYBR Green/ROX qPCR

Master Mix (Fermentas). The thermocycling protocol was as

follows: 10 min at 95°C, followed by 40 cycles of 20 s at 94°C, 45s

at 54°C and 25 s at 68°C. A melting curve of PCR products (95°C

– 65°C) was performed to ensure the presence of single PCR

producst at the end of the qPCR reactions. For the evaluation of

the expression level of each mRNA used, the comparative Ct

(DDCt) quantitation method was applied, using 18S and b-actin
genes as suitable reference genes for their efficiencies and stable

expression across all experiments. Each reaction was repeated in

triplicate, and negative controls were performed without cDNA

in the reaction mixture. Target mRNA genes were normalized

using the combination of the expression levels with 18S and b-
actin and relative abundances were calculated in relation to gene

expression levels just prior to the start of the experiment (T0).

The expression level of all genes was converted into relative

expression level as follows:

Efficiency GOIð ÞDCt goi� �
 =  Efficiency bað ÞDCt ba �  Efficiency 18Sð ÞDCt 18S

h i1=2, 

where ½DCt  ¼  Ct ðT0Þ - Ct ðtreatmentÞ�
Statistical analyses

Multivariate analysis was performed using the statistical

package PRIMER-E v.6 with the permutational multivariate

analysis of variance (PERMANOVA) + add on (Anderson

et al., 2008) to investigate the response of D. aff. meteor to

treatments and through experimental times. This statistical

analysis is a powerful non-parametric approach that uses a

permutational technique to enable significance tests for small

sample sizes to be conducted (Walters and Coen, 2006). The

analyses used a resemblance matrix based on Euclidean distance

and PERMANOVA was run using 9999 permutations with

partial sum of squares and unrestricted permutation of raw

data to produce p-values. A repeated measures PERMANOVA

was used to test for treatment and experimental time effects on

D. aff.meteor respiration and excretion rates and oxidative stress
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biomarkers. ‘Treatment’ and ‘time’ were used as fixed factors,

with interaction terms, whereas corals were used as a random

factor to account for repeated measures and mother colony

donors. To test for differences in dissolved metal concentrations

among treatments and experimental times, the analysis used

‘treatment’ and ‘time’ as fixed factors. To test for differences in

total accumulated metal concentrations in corals at the end of

the 27 days period, individual metal concentrations measured in

coral tissues and skeletons were analysed using a one-way

PERMANOVA with ‘treatment’ as a fixed factor. Preliminary

data analysis showed that the effect of the nested factor aquaria

was low (p > 0.1), thus, in the analysis of the data, replicate

aquaria within each treatment were pooled together to increase

the power of the test for sediment exposure (Underwood, 1997).

Values were considered statistically significant at p< 0.05. No

statistical tests were conducted for differences in gene expression

fold changes, because of the small number of replicates and high

variability. Significant main PERMANOVA tests were followed

by pairwise PERMANOVA tests. Permutational P-values

(PPERM) were interpreted when the number of unique

permutations >100; alternatively, Monte Carlo P-values (PMC)

were considered (Anderson and Robinson, 2003). Reported

values in the text are mean ± standard deviation.
Results

Sediment treatments

Monitoring of the concentration of suspended PMS and

quartz particles in each treatment revealed that average exposure

concentrations differed from the target value of 25 mg L-1

(Figure S2). Suspended PMS particle concentrations were 17 ±

3 mg L-1, 1 minute after particle addition, decreasing to values of

2-3 mg L-1 after 1 hour that remained constant during the

remaining exposure time of 4 hours (Figure S2). In the quartz

particles treatment, average concentrations were 24 ± 2 mg L-1, 1

minute after particle addition, reaching values of 18 ± 3 mg L-1

after 2 hours and 15 ± 0.4 mg L-1 after 4 hours (Figure S2).

Addition of PMS particles slightly changed the pH of aquaria by

0.2-0.6 units for the first 2-3 minutes but returned to “control”

values after this short period, with no measurable changes in

dissolved oxygen. Physical-chemical conditions for the

experimental aquaria over the 27 days remained within the

same range for all treatments (Table S2). Examination of

particles under light and scanning electron microscopy showed

that PMS particles had a more angular shape than quartz

particles (Figure 1).

Measurements of metal content in seawater in the different

experimental treatments showed increased concentration of trace

elements (Co, Cu, Mn) released from the resuspension of PMS

particles to the water column (Figure 2). Copper showed the highest

concentration in seawater with values between 6.6 ± 1 mg L-1 in the
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control and quartz treatments and 22 ± 8 mg L-1 in the PMS

treatment. The concentration of Mn varied between 0.13 ± 0.05 mg
L-1 for the control and quartz treatments and 0.26 ± 0.07 mg L-1 in
the PMS treatment, while Co concentrations varied between 0.045 ±

0.008 mg L-1 in the control and quartz treatments and 0.26 ± 0.09 mg
L-1 in the PMS treatment. The increased dissolved Co, Cu and Mn

concentrations in the treatments with PMS were statistically higher

than the control and quartz particle treatments (main

PERMANOVA, all P<0.05; pairwise tests Co t=6.36-6.53, p<0.05;

Cu t=4.97, p<0.05; Mn t=3.40-4.78, p<0.05, Table S3). These

concentrations remained consistently higher in the PMS than in

other treatments throughout the experiment, with no significant

difference among sampling periods (PERMANOVA interaction

term, p(perm)>0.05, Table S3).
Tissue condition and survival

Although polyp extension behaviour of D. aff. meteor was

not quantified, polyps were observed to be more fully extended

in the control and quartz particles treatments than in the PMS

particle treatment (Figure 3). Corals exposed to PMS particles

experienced a progressive accumulation of PMS particles on D.

aff. meteor fragments. Small PMS particles tended to form

aggregates (Figure 1A) that appeared to coat the coral

fragments covering first the coenenchyme surface with some
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polyps still visible during the first 3-5 days (Figure 3C) but later

covering the polyps as well. Examination of coral fragments

under light microscopy revealed very small PMS particles

covering the polyps of coral fragments, suggesting high

adherence of these particles to coral tissues and clogging of

polyps (Figures 4A-C). Coral exposed to the quartz particles

treatment experienced a general paling of their tissues through

time of exposure in comparison with coral in the control

treatment, whereas coral in the PMS treatment experienced a

darkening and sloughing of the tissue through time, with visible

portions of their skeletons in some fragments. Further

examination of corals under scanning electron microscopy

revealed undamaged tissues and polyps in the control and

quartz particles treatments and what appeared as coral tissue

degeneration in the PMS treatment (Figures 4D-F).

High mortality was observed in the corals exposed to PMS

particles after 13 days (36%), 20 days (80%) and 25 days (95%).

The experiment was terminated at time 27 days when all coral

fragments were either sampled or dead. While no mortality was

noted for D. aff.meteor exposed to inert particles until the end of

the 27 days experiment, unexpected mortality was found for one

control tank between days 8 and 13. This mortality was only

found in this tank and identified as a result of a technical

malfunction of the recirculating pump which decreased

circulation of the incoming water leading to the observed

coral mortality.
FIGURE 1

Light microscopy and scanning electron micrographs of the (A, C) polymetallic sulphide particles and (B, D) quartz particles used in the
exposure experiment.
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A

B

C

FIGURE 2

(A-C) Trace metal concentration in seawater in the treatments with polymetallic sulphide particles (PMS), with quartz particles (Quartz) and a control
treatment with no sediment addition at times 6,13, 20 and 27 days of the experiment. N=2, data expressed as mean ± standard deviation.
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FIGURE 3

Dentomuricea aff. meteor fragments exposed to the different treatments (A) Control; (B) Quartz particles; and (C) Polymetallic sulphide
particles, after 3 days of treatment exposure.
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Metal bioaccumulation

Similarly to what was found for the metal content in seawater

in the different experimental treatments, Cu presented the highest

concentrations in coral tissues exposed to PMS particles (main

PERMANOVA, Pseudo-F2,12 = 19.25, p(perm)=0.0016, Figure 5A).

Copper concentration in coral tissues after 25-27 days were 13

times higher in the PMS (274 ± 122 μg g-1) than control

and quartz treatments (22 ± 7 and 25 ± 8 μg g-1, respectively)

(pairwise tests, PMS-Control t=4.24, p(mc)=0.0088, PMS-Quartz

t=4.80, p(mc)=0.0026). In addition, concentrations of Cu in coral

skeletons (184 ± 112 μg g-1) were 4 to 5 times greater than control

and quartz particles treatments (55 ± 32 and 35 ± 12 μg g-1,

respectively) (PERMANOVA, pseudo-F2,12 = 6.80, p(perm)

=0.0016, pairwise tests, PMS-Control t=4.12, p(mc)=0.028, PMS-

Quartz t=4.64, p(perm)=0.008). Concentrations of Mn in coral

tissues and skeletons remained within similar levels in all

treatments (range 0.7-2.2 for tissues and 0.08-0.76 μg g-1 for

skeletons, main PERMANOVA coral tissue pseudo-F2,12 = 0.23, p

(perm)=0.7989; coral skeleton pseudo-F2,12 = 0.65, p(perm)=0.5414,

Figure 5B). Cobalt concentrations in coral tissues were

comparable among treatments (range 0.8-1.9 μg g-1, main

PERMANOVA, pseudo-F2,12 = 2.10, p(perm)=0.1376, Figure 5C),

but were significantly higher in coral skeletons of coral in the PMS

treatment (0.60 ± 0.19 μg g-1) when compared to the quartz

treatment but not the control treatment (0.31 ± 0.09 and 0.33 ±

0.11 μg g-1, respectively) (main PERMANOVA, pseudo-F2,12 =

6.07, p(perm)=0.02; pairwise test PMS-Quartz t=3.02, p(mc)=0.0232,

Table S3).
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Coral Metabolism

Respiration and excretion rates
The permutational MANOVA revealed that responses

of respiration rates to the treatments varied with experimental

time (interaction term Pseudo-F3,37 = 7.68, p(perm)=0.002,

Table S4). D. aff. meteor average respiration rates at time 0

(just prior to the start of the experiment) varied between 1.27 ±

0.31 mmol O2 cm
2 coral surface area day–1 in the quartz treatment

and 1.74 ± 0.89 mmol O2 cm–2 coral surface area day–1

in the control treatment (Figure 6A), with no statistical

differences between treatments (pairwise comparisons, t=0.65-

1.23, p(mc)>0.05). After 13 days of treatment exposure, respiration

rates in the PMS particle treatment increased 2 times (2.98 ± 0.61

mmol O2 cm
–2 day–1) in comparison to baseline values at time 0

(pairwise comparisons t=5.02, p(perm)=0.009), while respiration

rates in other treatments did not vary significantly between time

0 and 13 days (pairwise comparisons, t=0.27-0.40, p(mc)>0.05).

Dentomuricea aff. meteor respiration rates were 1.6 to 2 times

higher in the PMS than the control and quartz particles treatments

at this sampling time (pairwise comparisons PMS-Control t=3.95,

p(mc)=0.005; PMS-Quartz t=4.87, p(perm)=0.002). No significant

differences were found in D. aff. meteor respiration rates between

the control and quartz particles treatments at the end of the

experiment (pairwise comparison t=0.545, p(mc)=0.603), while all

D. aff. meteor used in the closed-chamber incubations had died in

the PMS particle treatment by this sampling point.

Ammonium released by D. aff. meteor varied significantly

between treatments depending on experimental time
FIGURE 4

Tissue and polyps condition of Dentomuricea aff. meteor after 13 days exposure to the different treatments. (A, D) Control treatment; (B, E); Quartz
particle treatment; (C, F) Polymetallic sulphide treatment. Photographs A, B, C taken under the dissection microscope; photographs (C-E) taken
under the scanning electron microscope.
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(PERMANOVA, interaction term Pseudo-F2,38 = 3.10, p(perm)=

0.0476, Table S4; Figure 6B). Ammonium excretion rates did not

differ significantly between treatments at time 0, with recorded

average excretion rates between 0.21 ± 0.14 and 0.36 ± 0.26 mmol

cm-2 coral surface area day-1 in the quartz particles treatment

and control treatment respectively (pairwise comparisons,
Frontiers in Marine Science 12
t=0.70-1.21, p(mc)> 0.05). At time 13, ammonium excretion

rates in the PMS treatment increased 2 times (0.56 ± 0.19 mmol

cm-2 day-1) in comparison to baseline values (T0) (0.27 ± 0.19

mmol cm-2 day-1, pairwise comparison, t=2.69, p(perm)=0.0456).

Excretion rates at this time were 5 times greater in the PMS

than the quartz treatment (0.11 ± 0.12 mmol cm-2 day-1)
A

B

C

FIGURE 5

(A-C) Metal accumulation in tissue and skeleton fractions of Dentomuricea aff. meteor exposed to the treatments with polymetallic sulphide
particles (PMS), with quartz particles (Quartz), and a control treatment with no sediment addition, at times 25-27 days for PMS and 27 days for
control and quartz. N=4-5, data presented as µg−1 dry weight tissue or skeleton. The line in the box is the median, and the X is the mean.
Whiskers represent the highest and lowest values and outliers are identified by a circle (○).
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(pairwise comparisons, t=4.83, p(perm)=0.0027) but not

significantly different in the PMS compared with the control

treatment (0.43 ± 0.07 mmol cm-2 day-1) (pairwise comparison,

t=1.09, p(perm)=0.3172). By the end of the experiment (day 27),

ammonium excretion decreased in both the control and quartz

treatments in comparison with day 13, with excretion rates in

the latter treatment reaching significantly lower values than the

control treatment (0.006 ± 0.007 and 0.21 ± 0.05 mmol cm-2 day-

1, respectively), (pairwise comparison, t=9.85, p(mc)=0.0001). At

this time, all D. aff. meteor used in the closed-chamber

incubations had died in the PMS particle treatment.
Cellular stress biomarkers

The activity of the enzyme Glutathione S−transferase (GST)

was not different among treatments but marginally increased

between time 13 and 27 of the experiment in the quartz

treatment (main PERMANOVA time factor pseudo-F=6.91, p

(perm)=0.0331; pairwise comparison t=2.55, p(perm)=0.0513,
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Figures 7A). The activities of the enzymes superoxide

dismutase (SOD) and catalase (CAT), and concentration of

malondialdehyde (MDA) were not significantly different

among treatments and sampling periods (main PERMANOVA

pseudo-F=0.04-2.10, p>0.05, Table S5; Figures 7, 8). It was not

possible to assess cellular response in corals exposed to PMS

treatment at time 27 days due to their death.
Gene expression

During the first 13 days of the experiment, targeted genes

were generally downregulated in relation to expression levels at

time 0 (T0) just prior to the start of the experiment (relative fold

change <1, Figure 9). However, by the end of the 27 days

exposure, several genes involved in cellular stress (HSP70,

ferritin), immune response (RHD, ferritin), antioxidant

defense (SOD) and in cell cycle control (RP Tyr–PH) were

upregulated in the quartz treatment in relation to T0 values

(relative fold change >1, Figure 9). The genes encoding for
A

B

FIGURE 6

Physiological measurements on the cold-water octocoral Dentomuricea aff. meteor. (A) respiration and (B) ammonium excretion rates during
the experiment (times 0, 13, 27) in treatments with polymetallic sulphide particles (PMS), with quartz particles (Quartz), and a control treatment
with no sediment addition. Data normalized to coral surface area. N=3-6, no fragments in the PMS treatment at time 27 days. The line in the
box is the median, and the X is the mean. Whiskers represent the highest and lowest values and outliers are identified by a circle (○).
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ferritin, RP Tyr-PH and RHD were also upregulated in the

control treatment by the end of the 27-days period. It was not

possible to assess gene expression response in corals exposed to

PMS treatment at time 27-days due to their death.
Discussion

Using a controlled aquaria experiment, we have observed

how exposure to suspended polymetallic sulphide particles
Frontiers in Marine Science 14
(PMS) from inactive chimney crushed rocks affected an

important habitat-forming octocoral in the Azores,

Dentomuricea aff. meteor. The two particles treatments, PMS

and inert quartz particles, allowed us to explore the potential

mechanical and toxicological effects of particles on corals. We

attempted to mimic a dewatering sediment plume scenario that

exposed corals to a PMS particle concentration of 25 mg L-1.

Nevertheless, due to the high density of PMS particles, a high

proportion (92%), likely the larger size fraction, settled at the

bottom of the aquaria, with only 2-3 mg L-1 of the smaller size
A

B

C

FIGURE 7

Enzyme activities of (A) Glutathione S−transferase (GST), (B) superoxide dismutase (SOD) and (C) catalase (CAT) in Dentomuricea aff. meteor
tissues during the experiment (times 0, 13, 27) in treatments with polymetallic particles (PMS), with quartz particles (Quartz) and in the control
treatments with no sediment addition. N=3-6, no fragments in the PMS treatment at T27. The line in the box is the median, and the X is the
mean. Whiskers represent the highest and lowest values and outliers are identified by a circle (○).
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fraction remaining in suspension after 1 hour of particle

addition. Quartz particles added to the experimental aquaria

also partly settled at the bottom of the aquaria, but 60-70% (15-

18 mg L-1) remained in suspension during the exposure period.

Despite discrepancies between the target and achieved

concentration of suspended particles, low suspended particles

values (1.2-4 mg L-1) are the most widespread concentrations

projected by model simulations of the dispersal of PMS

dewatering sediment plumes in Mid Atlantic Ridge around the

Azores (Morato et al., 2022). Their simulations revealed that,

while there are projected marked differences among sites,
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making generalizations of dewatering plume dispersal patterns

difficult to make, the probability of having sediment plumes

above 25 mg L-1 threshold (our initial concentration) would

likely be restricted to a small area of about 0.6 km2 around the

discharge points. Instead, the dispersal of plumes with 2-3 mg L-

1 (our achieved concentration) is predicted to reach an area from

25 to 150 km2 (Morato et al., 2022). This suggests that our study

truly simulated a scenario of particle emissions, where most of

the particles settle close to the discharge point and only a small

fraction travels to distant areas influencing other neighboring

environments. Despite the low concentrations of PMS particles
FIGURE 9

Relative gene expression of selected genes for the Dentomuricea aff. meteor during the experiment (times 3, 13, 27) in treatments with polymetallic
particles (PMS), with quartz particles (Quartz) and in the control treatments with no sediment addition. Values are means of the relative gene
expression normalized with the expression of two reference genes - 18S and b-actin - and relative to expression levels in T0, just prior to the start
of the experiment. Expression levels (fold change) for the different target genes, Lysozyme, RHD (Rel Homology Domain), TLR (Toll-like receptor),
HSP70 (heat shock protein 70), RP Tyr-PH (receptor-type protein tyrosine phosphatase), SOD (Superoxide Dismutase), Ferritin and Carb Anhy
(alpha-carbonic anhydrase) are represented in different colour bars. Data expressed as mean ± standard error. Three technical replicates and n=6
for all treatments at times T3 and T13 days, n=2 for control treatment at T27, no fragments in the PMS treatment at T27.
FIGURE 8

Concentrations of malondialdehyde (MDA) in Dentomuricea aff. meteor tissues during the experiment (times 0, 13, 27) in treatments with
polymetallic particles (PMS), with quartz particles (Quartz) and in the control treatments with no sediment addition. N=3-6, no fragments in the
PMS treatment at T27. The line in the box is the median, and the X is the mean. Whiskers represent the highest and lowest values and outliers
are identified by a circle (○).
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in suspension, our results show that D. aff. meteor was very

sensitive to resuspension of PMS particles, with the death of all

coral fragments by the end of the 27-day exposure. Coral

fragments exposed to suspended quartz particles also

demonstrated physiological impairment but no coral mortality

was found until the end of the experiment. The lethal and

sublethal responses involved in these different results are

discussed below.
Effect of particle exposure on coral
behaviour and condition

The two types of particles used in the present study, PMS

and quartz, differed in mineralogy, elemental composition and

grain shape, which influenced the different responses of D. aff.

meteor to the experimental treatments. Polymetallic sulphide

particles had a more angular shape and were partly composed by

toxic trace metals (mainly Cu), while quartz particles were

rounder and did not contain metals. Corals exposed to PMS

particles experienced a rapid accumulation of particles in their

tissues, resulting in the reduction of polyp expansion behavior

and feeding activity within only a few days (3-5 days) from the

start of the experiment (Figure 3). This was followed by the

progressive necrosis and loss of tissue, and death of all the corals

fragments after 27 days in the PMS treatment. In contrast, even

though some polyp retraction and tissue paling resulting from

the deposition of quartz particles were also noticed in the

treatment with quartz particles, polyps regularly opened in

response to food and there was no coral mortality.

The differential responses of corals to different types of

sediments have been reported in several studies with tropical

and cold-water corals. Studies with tropical corals showed that

sandy grain size fractions are rejected more effectively than

nutrient-rich fine sediments (mud and silt-sized), possibly due

to the greater stickiness (adhesion) of the latter (Fabricius and

Wolansky (2000); Weber et al., 2006), with the accumulation of

fine sediments ultimately resulting in the smothering and death

of corals. The stickiness (adhesion) effect of barite has also been

reported for L. pertusa, with particle accumulation in the dead

portions of coral skeletons, whereas natural sediments were

more easily removed (Larsson and Purser, 2011; Larsson et al.,

2013). In the present study, the high adhesion of PMS particles

to coral tissues likely hampered proper rejection of particles by

D. aff. meteor, with the progressive “coating” of the coral

fragments, while quartz particles were more easily rejected by

the corals. Polyp retraction observed in D. aff. meteor may have

conferred some protection to reduce the risk of sediment

abrasion (Rogers, 1990; Erftemeijer et al., 2012), but the

absence of substantial mucus production to actively reject

particles, may have contributed to the rapid accumulation of

PMS particles. Mucus has been shown to be important for the

removal of drill cuttings in the scleractinian L. pertusa (Larsson
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and Purser, 2011; Larsson et al., 2013; Allers et al., 2013; Zetsche

et al., 2016; Baussant et al., 2018; da Rocha et al., 2021) and in the

alcyonacean Primnoa resedaeformis (Liefmann et al., 2018),

reducing the risk of damage and particle accumulation on

coral tissues. Thus, the different ability of corals to produce

mucus could potentially lead to species-specific responses to

mining impacts.

At the same time, based on SEM examinations, the sharp

shape of the PMS appeared to cause degeneration or breakage of

D. aff.meteor tissues (Figure 4). Injuries inflicted by sharp-edged

mine tailings have also been observed in Duva florida and P.

resedaeformis using histological analysis, while no damage was

observed from smooth glass beads (Liefmann et al., 2018). Artic-

boreal deep-water sponges were also found to be more sensitive

to sharper drill cuttings (barite particles) than to natural

occurring sediments (Kutti et al., 2015; Edge et al., 2016; Fang

et al., 2018), with negative impacts likely resulting from a

combination of the sharp characteristics and toxicity of barite

particles (Edge et al., 2016).
Metal bioaccumulation

Exposure of D. aff. meteor to dissolved metals in the PMS

treatment, resulting from the oxidation of sulphides in contact

with seawater (Fallon et al., 2019), caused significant

bioaccumulation of Cu in its tissues and skeletons (Figure 5).

Trace metals can be mainly incorporated into corals by a

combination of uptake of seawater-soluble metals and via

polyp feeding (Ferrier-Pagès et a l . , 2005) . Higher

bioaccumulation of metals in tissues in comparison to

skeletons, such as the ones observed here (274 ± 122 μg g-1

and 184 ± 112 μg g-1 of Cu in the tissues and skeleton,

respectively) has been reported in several studies (e.g.

Esslemont et al., 2000; Reichelt-Brushett and McOristb, 2003).

This phenomenon has been explained by the primary

incorporation of metals into tissues and subsequent transfer

from the tissue to the skeleton (Harland and Brown, 1989;

Ferrier-Pagès et al., 2005) and/or discrimination against metals

in coral’s biogenic precipitation of the skeleton (Reichelt-

Brushett and McOristb, 2003).

Values of Cu recorded for corals exposed to PMS were

several orders of magnitude higher than those recorded in

tropical coral species in metal-polluted areas (1-63 μg.g-1:

Brown and Holley, 1982; Sabdono, 2009; Mohammed and

Dar, 2010; Ali et al., 2011; Berry et al., 2013), and corals

experimentally exposed to copper (Bielmyer et al., 2010; Chan

et al., 2012; Siddiqui and Bielmyer-Fraser, 2015). Mucus

production by cnidarians has been described as an important

response to prevent metal uptake in corals exposed to Cu

(Reichelt and Jones, 1994; Mitchelmore et al., 2003;

Mitchelmore et al., 2007). The lack of substantial mucus

production generally observed for the species D. aff. meteor
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may explain the extensive accumulation of Cu in coral tissues

and skeletons under PMS particle exposure. However, it should

be noted that although care was taken to remove PMS particles

attached to coral tissue, it is possible that very small particles

remained attached and may have contributed to the high Cu

concentrations reported in coral tissues.

Copper concentrations in D. aff. meteor under control and

quartz conditions (22 ± 7 and 25 ± 8 μg g-1 respectively),

although up to 10 times lower than those recorded in the PMS

treatment, were higher than concentrations recorded as baseline

values for this species in the Azores region (2.4-4.3 μg.g-1,

Raimundo et al., 2013). However, Raimundo et al. (2013)

reported Cu concentrations for the whole individual, whereas

in the present study trace metals were analyzed in tissue and

skeleton, separately. These differences may also be associated

with the collection site of the corals, reflecting a natural input of

this element, presumably from hydrothermal origin.
Effect of particle exposure on
coral metabolism

Physiological impacts of PMS particles were noted by the

significant increase in respiration (a proxy of basal metabolism)

and ammonium excretion rates after 13 days of coral exposure to

PMS particles, in comparison with other treatments (Figure 6).

Previous studies on the effects of suspended particles on corals

reported differing effects on respiration rates. Increased

respiration has been related to increased polyp activity or

increased mucus production in shallow-water scleractinian

corals and the deep-water octocoral P. resedaeformis (Abdel-

Salam et al., 1988; Telesnicki and Goldberg, 1995; Scanes et al.,

2018). Reduced respiration rates have been related to reduced

polyp activity or to tissue loss in other shallow-water

scleractinian and alcyonacean corals (Riegl and Branch, 1995;

Riegl and Bloomer, 1995). In contrast, no significant effects of

drill cuttings on respiration were reported for L. pertusa

(Larsson et al., 2013; Baussant et al., 2018), suggesting

physiological resilience of this species to drill cutting exposure.

In our study, increased respiration cannot be explained by

increased polyp activity or increased energetic costs of mucus

production. It could, instead, reflect physiological stress to the

toxicity of Cu that bioaccumulate in coral tissues and to the

mechanical injury caused by particles, as exposure to metals, such

as Cu, may increase energy costs for detoxification, cellular

protection and repair (Rainbow, 2002). Increased respiration rates

in response to Cu toxicity have been previously recorded for the

coral reef symbiont bearing foraminifer Amphistegina gibbosa

(Marques et al., 2020) and recently for the the octocoral

Viminella flagellum in the Azores (Martins et al., 2022). Other

studies, however, showed that Cu may compromise energy

production by inhibiting energy metabolism enzymes in tropical

corals (Fonseca et al., 2019; Fonseca et al., 2021). Contrasting
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responses to Cu in these studies may reflect inter-specific

variability. However, it should be noted that it was not possible to

remove PMS particles encrusted in tissues of coral used in

respiration incubations. Therefore, we cannot rule out the

possibility that increased oxygen consumption could also resulted

from increased activity of microorganisms associated with PMS

particles or oxidation of redox-sensitive elements in particles.

Animals produce ammonia mainly as a byproduct of the

catabolism of protein and amino acids (Baldwin, 1964). Carbon

–rich lipids and carbohydrates are the main general sources of

energy used by organisms, and nitrogen-rich proteins will only

be used when lipids and carbohydrates (glycogen reserves) are

exhausted, resulting in increased nitrogen excretion (Gabbott,

1983). Therefore, the 2-5 fold increase ammonium excretion in

corals exposed to PMS particles after 13 days exposure, could

signal a transition from carbohydrate and lipid reserves to the

catabolism of tissue proteins (Baldwin, 1964). Ammonia excretion

rate varies with the nutritional state of the individual (Baldwin,

1964) and has been reported to increase with starvation in

echinoderms and molluscs (Diehl and Lawrence, 1979; Okumura

et al., 2002). Although we did not measure feeding rates in the

present study, coral polyps under the PMS treatment were clogged

with particles (Figure 4C), preventing corals from feeding, possibly

requiring the use of proteins in body tissue of D. aff. meteor for

energy production. Disturbances to energy metabolism under

conditions of metal exposure have been reported for coastal and

deep-sea mussels (Canesi et al., 2007; Zhou et al., 2021), with

organisms enhancing their energy requirements by utilizing

existing carbohydrate reserves to counteract the toxicity posed by

metals (Canesi et al., 2007). In the present study, the increased

ammonia excretion in D. aff. meteor tissues may indicate a

disturbance in energy metabolism induced by Cu toxicity.
Cellular effects to particle exposure

The potential effects of metals accumulated in coral tissues

were evaluated through cellular stress biomarkers and gene

expression profiles. Copper is required at trace concentrations

for many cellular processes and physiological functions as cofactors

of enzymes (Rainbow, 2002). However, Cu concentrations above

ambient concentrations have been reported to cause physiological

impairment in corals and other cnidarians (Bielmyer et al., 2010;

Marangoni et al., 2017; Fonseca et al., 2019). At the cellular level,

excess in Cu has been shown to cause oxidative stress through the

generation of oxygen reactive species (ROS) and subsequent

damages to cells (Mitchelmore et al., 2007; Schwarz et al., 2013;

Siddiqui and Bielmyer-Fraser, 2015). Thus, the examination of

antioxidant enzymes such as superoxide dismutase (SOD), catalase

(CAT) and glutathione peroxidase (GPx) used to neutralize the

harmful effects of ROS (Lushchak, 2011), provides a useful

diagnosis to detect physiological effects of metals on corals

(Downs et al., 2012).
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Our study showed that the increase in Cu concentration in

coral tissues was not followed by significant changes in anti-oxidant

stress enzyme activities (GST, SOD and CAT) in the PMS particles

treatment (Figure 7). In addition, gene expression of enzymes

involved in cellular stress (HSP), antioxidant (SOD), and immune

defense (ferritin, RHD, TLR) in corals exposed to PMS were

generally downregulated in relation to expression levels just prior

to the start of the experiment (T0) (Figure 9). This suggests a

general physiological reaction marked by the inhibition of the

cellular stress response of D. aff. meteor caused by exposure to

PMS particles. This inhibitory response was rather fast during the

course of the experiment, to an extent which toxic metals exposure

may have caused a systemic damage to the whole organism, leading

to mortality after 4 weeks.

Studies withmarine invertebrates showed thatwhile exposure to

metals generally activates the enzymatic antioxidant defense system,

excessive levels of ROS induced by copper toxicity can promote

enzymatic inactivationwhen cellular defenses are unable tomaintain

the oxidant-antioxidant balance (Regoli and Giuliani, 2014; Zhou

et al., 2021).Moreover, excessive presence of ROSmay directly affect

the signal transduction pathways regulating the transcriptional

activity of antioxidant and immunity genes to an extent where the

cellular integrity is no longer maintained (Rhee et al., 2013), and the

molecular mechanisms of copper immunotoxicity seriously

compromises the animal survival (Nguyen et al., 2018).

In contrast to coral response to PMS particles, corals exposed to

quartz particles displayed an increasing trend, although not

statistically significant, in CAT activity in relation to control levels

by the end of the experimental period (Figure 7). This response was

also accompanied by lipid peroxidation, as indicated by slightly

higher MDA concentrations in this treatment (Figure 8). Lipid

peroxidation generally indicates that levels of ROS are

overwhelming the antioxidant pathways, accumulating and

damaging cellular membrane lipids, thus indicating ongoing

oxidative stress (Lesser, 2006). Therefore, the general loss of tissue

condition (paling and thinning of tissue) observed in the quartz

treatment could reflect this cellular response. The upregulation of

genes involved in cellular stress (HSP70) and in immune response

(Ferritin and RDH) could also reflect the worsened coral condition

during exposure to quartz particles (Figure 9). Although the

oxidative stress response to sedimentation exposures, or increased

suspended particles, has seldom been studied, a similar response of

oxidative stress (CAT increase) has recently been reported for the

tropical scleractinian coral species Porites astreoides from South

Florida coral reefs, in response to experimental exposure to

sediments (Rushmore et al., 2021).
Mechanical vs. toxicological effects of
polymetallic sulphide particles

The present study included two particles treatments, PMS

and inert quartz particles, to distinguish potential toxicological
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and mechanical effects of PMS particles. Our results showed that

PMS particles induced physiological changes in the energy

metabolism of D. aff. meteor, while changes in the cellular

stress biomarkers and gene expression profiles were more

pronounced in corals exposed to quartz particles. This suggests

that the mechanical effect of quartz particles, although not

causing measurable changes in the physiological functions of

the coral over the 4 weeks experiment, can still elicit cellular

stress and immune responses, possibly as a reaction to the

particle abrasive effect on coral tissues. These cellular

responses together with other observed sub-lethal effects, such

as loss of tissue coloration and a progressive reduction in polyp

activity towards the end of the experiment, indicate an

increasing decline of coral health to exposure to quartz

particles that could be potentially damaging beyond the

experimental period.

Although it is not clear why a rapid death of D. aff. meteor

was observed upon PMS particles exposure, a probable

mechanistic explanation may rely on the combined and

potentially synergistic mechanical and toxicological effects of

these particles. Previous studies on the lethal and sub-lethal

toxicological effects of Cu added to D. aff. meteor in dissolved

form (Martins et al. , 2018) revealed that dissolved

concentrations twice as high as to the ones recorded in the

PMS treatment (60 μg. L-1), did not cause death, in spite of the

inflicted physiological stress. Thus, it is plausible that D. aff.

meteor death in our experiment may have resulted from a

combination of factors and not solely from the exposure of

high Cu levels.

While metal toxicity may have contributed to the

physiological changes in the energy metabolism by increasing

the energy costs for detoxification and protection (Rainbow,

2002), the high adhesion of PMS particles to coral tissues also

likely contributed to the reported metabolic responses. PMS

particles coated the polyps and coenenchyme surface, preventing

the coral from extending its polyps and feeding, which over time

resulted in changes in energy metabolism and ultimately in the

smothering and death of coral tissue. At the same time, the

angular shape of PMS particles inflicted injuries on coral tissues

further contributed to tissue degeneration and necrosis. As

reported for tropical corals, tissue damage from sediment

particles might leave the corals vulnerable to bacterial attack

and subsequent tissue necrosis (Harvell et al., 2007).

One potential additional cause for the rapid tissue

deterioration and death in the PMS particles that was not

examined in the present study is the possibility that the

accumulation of PMS particles at the coral tissue surface

might have created a sulphur-rich micro-environment

favorable to bacteria growth. The presence of bacteria was

detected by scanning electron microscopy examination of coral

tissues in the PMS treatment (M Carreiro-Silva, unpublished

data). A similar situation has been reported for tropical coral

exposed to high sediments enriched with organic matter (Weber
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et al., 2012) and the cold-water coral L. pertusa exposed to

sediments from Tisler reef (Allers et al., 2013). In both these

cases, sediment coverage gradually decreased oxygen at the coral

surface with release of hydrogen sulphide, presumably by

sulfate-reducing microbial communities associated to

sediments. Weber et al. (2012) showed how the organic matter

in the sediments triggered microbial decomposition of coral

tissues and mucus, with concomitant release of hydrogen sulfide

that diffused to neighboring tissues leading to their damage and

death. In the present case, the sulphur in the PMS particles

might have directly induced bacteria growth. Hydrogen sulfide

concentration can be highly toxic to corals leading to tissue

damage and increased mortality (Bagarinao, 1992).

Future studies using microsensors to closely monitor

changes in oxygen, pH and hydrogen sulphide at the surface

of the coral following PMS particle coverage may elucidate

whether the rapid death of corals under PMS exposure was

microbial-mediated (Weber et al., 2012).
Management considerations

Deep-sea mining is listed as one of the major potential

stressors on the marine environment (Jones et al., 2019).

Contrary to other ocean-based industries such as oil and gas,

that have decades of implementation, the deep-sea mining

industry is only now developing protocols for good practice to

reduce environmental hazards (Jones et al., 2019). However,

establishing environmental management approaches for the

deep-sea mining industry is challenged by the limited

knowledge on the biology of deep-sea organisms, and the little

information on the effects of deep-sea mining activities upon

them. As such, experimental studies testing the physical and

ecotoxicological effects of deep-sea mining on key benthic

ecosystems are important to inform environmental planning

and impact assessments aiming to avoid and minimize the

impact created by the sediment plume on this type of

organisms. The slow recovery capacity of deep-sea organisms

to human impacts, related to their slow-growing and long-lived

life histories, further emphasizes the need to avoid and minimize

the impacts of mining activities on deep-sea ecosystems.

Our results show how relatively low concentrations of

suspended small PMS particles can impair the physiology of

cold-water octocorals, ultimately resulting in their death within a

short period of time. The small size fraction of PMS particles is

likely to stay in suspension for long periods of time and disperse

further away from the emission point, potentially impacting

fauna in the flanks and summits of close topographic features

(Morato et al., 2022). The ecological consequences of these

impacts may include loss of biodiversity, ecosystem

functioning and the provision of goods and services by deep-

sea ecosystems (Boschen et al., 2016; Le et al., 2017; Van Dover
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et al., 2017; Niner et al., 2018; Orcutt et al., 2020; Boschen-Rose

et al., 2021).

These results highlight the need for a detailed understanding of

both the mining plume dispersal and the physiological response of

organisms to those plumes in the early phases of the mining project.

These are key information that needs to be incorporated in the

Environmental Risk Assessments and Environmental Management

and Monitoring plans for the mining activities. These results also

call the industry for the development of tools to monitor and

minimize the creation and dispersal of particles and plume at the

impact reference zones and preservation reference zones. The

presented results also call the regulators of the paramount

importance to implement effective area-based management tools

such non-mining areas or marine protected areas (Durden et al.,

2017; Jones et al., 2019; Clark et al., 2020), for the protection of cold-

water coral ecosystems.
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