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Abstract
We investigated the effects of metal leachates from hydrothermal ore particulates on the physiological and molecular responses
of the marine copepod Tigriopus japonicus. We evaluated its life cycle parameters including survival, development, and fecundity
and the transcriptional pro�les of its genes regulating detoxi�cation (cytochrome P450 [CYP]), antioxidation (glutathione S-
transferase [GST]), and development (vitellogenin [Vtg]) in response to hydrothermal ore and bene�ciation leachates. There were
preponderances of copper, iron, and zinc in the hydrothermal ore and the leachates derived from it. There were no signi�cant
changes in copepod developmental time in response to leachate exposure. However, copepod survival and fecundity signi�cantly
changed in response to the leachates. Moreover, the transcriptional pro�les of the detoxi�cation, antioxidation, and development-
related genes were signi�cantly modulated following leachate treatment. Collectively, our results suggest that metal leachates
from hydrothermal ore particulates can promote the transcriptional expression of detoxi�cation, antioxidation, and development-
related genes, and altered survival and fecundity in T. japonicus.

Introduction
As the demand for minerals has grown, hydrothermal vents have attracted considerable academic and commercial attention
(Collins et al. 2013; Ecorys 2015). Sea�oor massive sul�des (SMS) are mineral deposits at hydrothermal vents. SMS are valued
globally as they have high biodiversity, abundant mineral resources, and especially high-grade metal ores (Boschen et al. 2013;
Fuchs et al. 2019). However, ore mining and mineral extraction and bene�ciation are detrimental to marine organisms and
ecosystems, as they generate �ne particulate mineral plumes that cause metal and metalloid pollution (Simpson et al. 2016;
Ahnert and Borowski 2000). Metals readily enter the marine environment and accumulate in the bodies of living organisms
(Simpson et al. 1998; Eggleton et al. 2004). Several studies investigated the physiological and molecular effects of metals on
aquatic organisms. Chromium (Cr) caused severe morphological and biochemical alterations in Euglena gracilis (Rocchetta et al.
2006). Copper (Cu) caused growth retardation in the monogonont rotifer Brachionus koreanus. This toxic response correlated
with the transcriptional expression of several glutathione S-transferase (GST) genes. Hence, these genes could serve as early
molecular biomarkers of metal pollution (Han et al. 2013). In the marine medaka Oryzias melastigma, reproductive disturbance
and alterations in the expression of genes related to the hypothalamic-pituitary-gonadal (HPG) axis were observed in response to
cadmium (Cd), lead (Pb), and zinc (Zn) exposure (Yan et al. 2020). Ore mining and bene�ciation may have various short-term and
long-term adverse effects on marine ecosystems and damage several organisms that are at the base of marine food webs (Hook
and Fisher 2001; Fuchida et al. 2017; Christiansen et al. 2020). Growth inhibition in response to Okinawan ore leachates has been
reported in the Skeletonema marinoi-dohrnii marine phytoplankton complex (Fuchida et al. 2017). Nevertheless, little information
is available on the physiological and molecular responses of marine organisms to �ne particulate matter from hydrothermal ore.

Copepods are distributed worldwide and are vital components in marine ecosystems. They are vital energy transporters between
primary producers and consumers in marine food chains (Fenchel et al. 1988; Pinto et al. 2001; Ohman and Hirche 2001). The
harpacticoid copepod Tigriopus japonicus has been used as a model experimental species for ecotoxicological and
ecotoxicogenomic risk assessments (Raisuddin et al. 2007; Kita et al. 2013; Xu et al. 2016; Han et al. 2021). This taxon is small
(adults ~1.0 mm long) and has a short life cycle (< 2 wks) and high fecundity (30–50 nauplii). It is easy to maintain, and genomic
and/or transcriptomic data are available for it (Raisuddin et al. 2007; Kim et al. 2015; Jeong et al. 2020). In the present study, we
conducted acute toxicity tests on T. japonicus subjected to metal leachates from hydrothermal ore particulates. Based on the
acute toxicity data, we evaluated T. japonicus developmental time and fecundity in response to the leachates. We also measured
the transcriptional expression of detoxi�cation (cytochrome P450 [CYP]), antioxidant (glutathione S-transferase [GST]), and
development (vitellogenin [Vtg])-related genes in response to the leachates. The results of this study veri�ed the potential hazard
of metal leachates to the life cycle parameters and molecular mechanisms of the marine copepod T. japonicus. In addition, this
study can contribute to validate potential biomarker genes for early ecological risk assessment of ore mining and mineral
extraction and bene�ciation in marine ecosystems.

Materials And Methods

Copepod maintenance



Page 3/16

The copepod T. japonicus was collected at Haeundae Beach (35°9′29.57′′N, 129°9′36.60′′E) from Busan, South Korea, and
maintained at the Marine Biotechnology Research Center at the Korea Institute of Ocean Science and Technology (KIOST). The
animals were cultured under controlled incubator conditions at 28°C and under a 12:12 h light/dark cycle in 32 practical salinity
units (psu) of �ltered arti�cial seawater (ASW; TetraMarine Salt Pro, Tetra™, Cincinnati, OH, USA). The marine microalga
Tetraselmis suecica (~6 × 104 cells/mL) was administered as a food source once per day. Species identi�cation was con�rmed
by morphological characteristics and sequencing of the mitochondrial DNA gene cytochrome oxidase 1 (CO1) which is used as
the universal barcoding marker gene (Jung et al. 2006).

Hydrothermal ore samples
Hydrothermal ore particulates were obtained from Dr. Sang-Bae Kim (Korea Institute of Geoscience and Mineral Resources,
Daejeon, South Korea). Brie�y, hydrothermal ore deposits were collected from hydrothermal vent �elds in the Indian Ocean
(2°51'34.7"S 61°34'57.8"E) in May 2018 (Fig. 1). Hydrothermal ore deposits were crushed with a Jaw crusher (BB50, Retsch,
Germany), cone crusher (HPT, Zenith, Germany) and ground in a rod mill (TI-500ET, CMT Co. Ltd., Japan) at 70 rpm rotational
speed for 5 min. Reagents included potassium amyl xanthate (PAX; C5H11OCS2K; collector; ≥ 90% purity; Hong Yuan Industry &
Trade Co., Zhejiang, China), sodium oleate (SO; C18H33O2Na; collector; Sigma-Aldrich Corp., St. Louis, MO, USA), and Aero�oat-65
(AF-65; CH3(C3H6O)4OH; frother; American Cyanamid, Wayne, NJ, USA). To investigate hydrothermal ore deposit mineralogy, X-ray
diffraction (XRD) analysis (D/Max-2200/PC, Rigaku Corp., Tokyo, Japan) was used. The XRD showed that the samples consisted
mainly of sphalerite (ZnS), pyrite (FeS2), chalcopyrite (CuFeS2), galena (PbS), barite (BaSO4), silica (SiO2), and anhydrite (CaSO4)
(Fig. S1).

For the �otation tests, 100-g samples were added to 900 mL of deionized (DI) water and mixed at 1,000 rpm impeller speeds with
10 min �otation time. AF-65 (250 mL/ton) was conditioned for 3 min before air was introduced into the suspensions. The process
�ow for the �otation test is shown in Fig. S2. Rough �otation was conducted at pH 8 and the barite was separated with 300 g/ton
SO. It was previously reported that chemisorption occurs between the oleate ions and the barite (Marinakis and Shergold 1985;
Deng et al. 2019). Scavenging was conducted with 300 g/ton PAX to separate the sul�des sphalerite, chalcopyrite, galena, and
pyrite. Chemisorption might also occur between xanthate ions (X-) and sul�des. Xanthate ion (X-) oxidation to dixanthogen (X2)
might occur on the sul�des and act as a redox catalyst (Finkelstein 1997; Peng et al. 2017). The residue from which sul�des and
barite were separated was used in the subsequent toxicity experiments. In brief, two leachates were produced by mixing
hydrothermal ore and bene�ciation with arti�cial seawater (1 g/L particles in 32-psu arti�cial seawater) for 12 h at 25 ºC in a
glass carboy �tted with a Te�on-coated cap. The leachates were obtained by passing the suspensions through a disposable 0.22
µm syringe �lter (BIOFI®). Metal concentrations in the leachates were determined by inductively coupled plasma mass
spectromtery (ICP-MS; NexION 2000, Perkim Elmer Inc.) with the commercially-available seaFAST preconcentration system
(Elemental Scienti�c seaFAST SP3). Metal concentrations in the leachates from both ores were analyzed in duplicate.

Effects of the metal leachates on T. japonicus survival, developmental
time and fecundity
Acute toxicity tests were conducted on ovigerous female adult T. japonicus subjected to various leachate concentrations
(hydrothermal ore type: 0% [control], 10%, 25%, 40%, 55%, 70%, 85%, and 100%; bene�ciation type: 0% [control], 20%, 40%, 60%,
80%, and 100%). Ten copepods were transferred to a 12-well culture plate (JET BIOFIL®, Guangzhou, Guangdong, China)
containing 4 mL of test solution. They were exposed in triplicate to each of the leachate concentrations for 4 d and 7 d. Dead T.
japonicus were observed under a stereomicroscope (SZX2-ILLT; Olympus, Tokyo, Japan) every 24 h to determine the survival
rates. Based on the acute toxicity data, low leachate concentration ranges were selected to examine copepod development and
fecundity.

Nauplii < 12 h post-hatching were collected to establish the effects of the leachates on the developmental time of the F0 and F1

generations. Ten newly hatched nauplii were transferred to each well of a 12-well culture plate. Each well contained 4 mL of test
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solution. Based on the acute toxicity data, 0.001%, 0.005%, 0.01%, 0.1%, 0.05%, and 0.1% hydrothermal ore leachate and 0.01%,
0.05%, 0.1%, 0.5%, and 1% bene�ciation leachate were selected. There were three replicates per treatment for a total of 120
nauplii. During the leachate exposure period, the copepods were provided with T. suecica (~200,000 cells/mL) and the 50% of the
test solution was renewed every 24 h. Developmental stages were examined under a stereomicroscope (SZX-ILLK200; Olympus,
Tokyo, Japan) once every 24 h. Development was observed up to the adult stage for 25 d. The average number of days required
for development from nauplii to copepodites and ovigerous females were used as endpoints. For the second generation (F1)
experiment, ten newly hatched nauplii (F1) from each (F0) female per leachate concentration, were transferred to 12-well tissue
culture plates and subjected to the same experimental conditions as those used for the F0 generation experiment.

To examine the effects of the leachates on T. japonicus fecundity, ovigerous female adults were individually exposed to 0.001%,
0.005%, 0.01%, 0.05%, and 0.1% hydrothermal ore leachate and 0.01%, 0.05%, 0.1%, 0.5%, and 1% bene�ciation leachate in a 12-
well plate. There were ten replicates and 4 mL of test solution per well. The nauplii in each well were counted over 10 d. During the
treatment period, the copepods were provided with T. suecica (~200,000 cells/ml) and the 50% test solution was renewed every
24 h.

Transcriptional expression of genes regulating detoxi�cation,
antioxidation, and development in response to metal leachates
To examine the expression patterns of the genes regulating detoxi�cation, antioxidation, and development, ~300 copepods were
exposed to 0% and 0.1% hydrothermal ore leachate and 0% and 1% bene�ciation leachate for 6 h, 12 h, 18 h, and 24 h. Total RNA
was extracted with TRIzol® reagent (Invitrogen, Paisley, Scotland, UK) according to the manufacturer’s instructions. Total RNA
quantity and quality were validated by spectrophotometry (NanoDrop One; Thermo Fisher Scienti�c Inc., Madison, WI, USA) at 230
nm, 260 nm, and 280 nm. To synthesize cDNA for RT-qPCR, 2 µg of total RNA and oligo (dT)20 primer were used for reverse
transcription with a SuperScript™ III RT kit (Invitrogen, Carlsbad, CA, USA). The RT-qPCR conditions were as follows: 95°C for 5
min; 40 cycles of 95°C for 5 s; and 60°C for 10 s in a Rotor-GeneTM SYBR® Green PCR kit (QIAGEN GmbH, Hilden, Germany) with
an AriaMx real-time PCR system (Agilent Technologies Inc., Santa Clara, CA, USA). To con�rm product ampli�cation, melting
curve cycles were run as follows: 95°C for 30 s, 65°C for 30 s, 65°C for 5 s at a 0.5°C increment, and 95°C for 30 s. The RT-qPCR F
or R primers used were selected from previous studies and con�rmed according to MIQE guidelines (Table S1) (Bustin et al.
2010). The T. japonicus 18S rRNA gene was used to normalize expression level between samples. All RT-qPCR experiments were
performed in triplicate. Fold change in relative expression was calculated by the 2−ΔΔCt method (Livak and Schmittgen 2001).

Statistical analysis
Data were analyzed by one-way ANOVA followed by Tukey’s HSD test (P < 0.05). Levene’s test was used to assess distribution
normality and variance homogeneity between samples. All data were expressed as means ± SE. All statistical analyses were
performed using SPSS® v. 21 (SPSS Inc., Chicago, IL, USA).

Results

Leachate chemical composition
The metal concentration in hydrothermal ore leachate and bene�ciation leachate are listed in Table 1. In both leachates, Zn had
the highest concentration at 321.0 ppb from hydrothermal ore leachate and 235.4 ppb from bene�ciation leachate, respectively.
The mean of metal concentrations in leachate from hydrothermal ore followed the descending order: zinc (Zn) > manganese (Mn)
> cadmium (Cd) > cobalt (Co) > copper (Cu) > molybdenum (Mo) > nickel (Ni) > lead (Pb) > arsenic (As) > iron (Fe) > vanadium (V).
Concentrations of Mn, Co, Zn, and Cd were about 1.2 (Co) to 2.7 (Cd) times higher in leachate from hydrothermal ore than from
bene�ciation ore. As, Pb, and Ni concentrations in leachate from bene�ciation ore were 35.3, 13.1, and 9.1 times higher than that
of leachate from hydrothermal ore, respectively. Mo and Cu showed similar mean concentrations in two leachates.
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Table 1
Mean and standard deviation (in parenthesis) of metal compositions in two leachates from hydrothermal and bene�ciation ores

used in this study.
Leachates As

(ppb)

Mo
(ppb)

V

(ppb)

Mn
(ppb)

Fe

(ppb)

Co

(ppb)

Ni

(ppb)

Cu

(ppb)

Zn

(ppb)

Cd

(ppb)

Pb

(ppb)

Hydrothermal
Ore (N=2)

0.15

(±0.00)

8.87

(±0.03)

0.05

(±0.00)

283.2

(±1.1)

0.09

(±0.00)

76.0

(±1.6)

3.39

(±0.00)

23.7

(±0.1)

321.0

(±5.9)

130.8

(±0.04)

1.61

(±0.01)

Bene�ciation
Ore (N=2)

5.29

(±0.11)

9.66

(±0.01)

0.08

(±0.00)

203.0

(±6.0)

0.12

(±0.00)

63.2

(±0.5)

30.93

(±0.12)

24.3

(±0.1)

235.4

(±1.1)

48.2

(±0.09)

21.1

(±0.01)

Effects of the metal leachates on T. japonicus survival, developmental time, and fecundity

Survival rate markedly decreased in response to both leachates in a dose-dependent manner (Fig. 2). The hydrothermal ore
leachate was more acutely toxic than the bene�ciation leachate.

Copepod developmental time and fecundity in response to the leachates were measured to assess chronic toxicity. No signi�cant
changes in developmental progression from nauplius to copepodite and adult were observed for F0 or F1 at any leachate
concentration (Fig. 3). However, fecundity was signi�cantly (P < 0.05) reduced in response to 0.05% and 0.1% hydrothermal ore
leachate and 1% bene�ciation leachate, as compared to the control (Fig. 4).

Transcriptional expression of genes regulating detoxi�cation, antioxidation, and development in response to metal leachates

To examine the molecular-level toxic effects of the leachates, we measured transcriptional expression of the detoxi�cation (CYP),
antioxidant (GST), and development (Vtg)-related genes in T. japonicus exposed to 0% [control] and 0.1% hydrothermal ore
leachate and 0% [control] and 1% bene�ciation leachate over 6 h, 12 h, 18 h, and 24 h, respectively. Most of the nine CYPs, �ve
GSTs, and two Vtgs were signi�cantly (P < 0.05) upregulated or downregulated in response to the leachates (Fig. 5). CYP3041A1
and CYP3024A2 were signi�cantly upregulated in response to both leachates (Fig. 5A). The antioxidant-related gene GST-Kappa
was signi�cantly (P < 0.05) upregulated in response to both leachates (Fig. 5B). Vtg1 was signi�cantly upregulated in response to
both leachates, as compared to the control (Fig. 5C).

Discussion
Ore mining, mineral extraction and bene�ciation may have adverse effects on marine ecosystems (Nakajima et al. 2015; Simpson
et al. 2016). However, the effects of hydrothermal ore-derived �ne particulate matter on marine organisms have not been
assessed. Hence, an objective of this study was to clarify the impact of �ne particulate matter from hydrothermal ore on the
physiological and molecular responses of marine organisms.

In this study, metal composition and mineral assemblages varied among ore samples from different regions. Previous studies
demonstrated the presence of a wide variety of metals in hydrothermal ores. Large amounts of Mn, Cu, and Zn were detected in
ore samples collected from the East Manus Basin hydrothermal �eld of Papua New Guinea (Simpson et al. 2007). Leachates
from all ore samples collected in Okinawa presented with large quantities of Mn and Zn (Fuchida et al. 2017). Our composition
pro�le showed that both leachates used in this study contained large amounts of Zn. This metal is commonly detected in ore
samples from many different regions. Thus, the toxic effects of hydrothermal ore-derived �ne particulate matter may be
associated mainly with Zn.

The acute and chronic toxicity tests on the marine copepod Tigriopus japonicus demonstrated that both leachates signi�cantly
altered survival and fecundity, but not development. Therefore, both leachates might directly or indirectly affect T. japonicus life
cycle parameters. Acute and chronic toxicity tests on copepods evaluated their physiological condition in response to exposure to
environmental stressors such as temperature, salinity, antifouling biocides, and metals (Hall and Burns 2001; Kwok and Leung
2005; Striinger et al. 2014; Charry et al. 2019). Survival, development, and fecundity are commonly used as toxicity assessment
endpoints along with molecular biomarkers such as gene expression patterns (Chandini 1989; Dahlhoff 2004). Tigriopus
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japonicus has been extensively used as a bioindicator species in environmental impact assessments (Raisuddin et al. 2007).
Environmental stressors such as metals had adverse effects on the survival, development, and fecundity of T. japonicus (Lee et
al. 2008a). Signi�cant increases in mortality were observed in T. japonicus exposed to Cu (D’Agostino and Finney 1974; Kwok and
Leung 2005; Bao et al. 2014), Cd (D’ Agostino and Finney 1974; Chung et al. 1996), and Zn (Taylor 1981). Hence, the leachates
studied here contained various metals that lower T. japonicus survival rates. Nevertheless, hydrothermal ore leachate was more
toxic to T. japonicus than bene�ciation leachate.

Relative to the control, neither leachate signi�cantly changed developmental time from nauplius to copepodite or from nauplius
to adults in F0 or F1. However, our results were inconsistent with those of previous studies. In T. japonicus, the development time
from nauplius to copepodite was delayed in response to Cu, AsIII, and AsV exposures (Lee et al. 2008a). Cu exposure retarded
development in T. japonicus (Kwok et al. 2008), Developmental retardation was also observed in T. japonicus subjected to MeHg
(Lee et al. 2017). Thus, various metals adversely affected T. japonicus development but neither leachate caused any
developmental delay. Earlier studies showed tolerance and normal development in T. japonicus exposed to metals. No signi�cant
change in T. japonicus growth was observed in response to Cd exposure (Mohammed et al. 2011). No developmental delay was
observed in mercury-exposed T. japonicus (Li et al. 2015). Therefore, the results of the present study might be explained by metal-
speci�c responses and the effects of particular combinations of different metals. Further study is required to con�rm whether T.
japonicus life cycle parameters are directly or indirectly related to toxicity induced by individual and/or combinations of various
metals.

Here, we examined the effects of hydrothermal ore and bene�ciation leachates on T. japonicus fecundity in F0 and F1. Both
leachates signi�cantly lowered T. japonicus fecundity. Copepod fecundity has been used as a biomarker of marine metal
ecotoxicity testing (Hussain et al. 2020). Centropages ponticus fecundity decreased in response to Cd exposure (Cherif et al.
2015). Notodiaptomus conifer fecundity was signi�cantly reduced in response to Cu and Cr exposure (Gutierrez et al. 2010).
Tigriopus japonicus fecundity was impaired by exposure to Ni (Mohammed et al. 2010), Cd, and Pb (Yi et al. 2019). Therefore, we
propose that various metals adversely affect fecundity and as they accumulate, their toxic effects could extend to two offspring
generations. Cu, Cd, and Zn diminish fecundity and may also cause oxidative damage in copepods by promoting reactive oxygen
species (ROS) production (Wang et al. 2018; Jeong et al., 2019). As they may have contained Cu, Cd, and Zn inducing oxidative
stress, the leachates may have adversely affected the endocrine system and the reproductive functions regulated by it. The
in�uences of the leachates on survival, development, and fecundity may be associated with an energy trade-off between survival
and reproduction by forcing energy reallocation from the processes of survival, development, and fecundity to the detoxi�cation
process in response to environmental stressors (Won and Lee 2014; Han et al. 2015). Thus, the leachates might have altered
energy metabolism and reduced fecundity in T. japonicus. Overall, neither leachate caused developmental retardation at any
concentration. However, both leachates adversely affected survival and fecundity and, by extension, the physiological status of
the marine organisms in mining regions.

The transcriptional expression of nine CYPs was signi�cantly modulated in response to both leachates. CYP3041A1 and 3024A2
were signi�cantly upregulated in response to the leachates. CYPs are heme-containing monooxygenases comprising a large
enzyme superfamily regulating phase I detoxi�cation and xenobiotic degradation and metabolism in all living organisms
(Guengerich 2008). CYPs play important roles in the biotransformation of endogenous steroid hormones, bile acids, and fatty
acids as well as xenobiotics such as such as drugs, heavy metals, and carcinogens (Nelson et al. 1993; Werck-Reichhart and
Feyereisen 2000; Guengerich 2001). Hence, CYPs may play important roles in detoxi�cation and could be reliable molecular
biomarkers of environmental stressors such as heavy metals and environmental pollutants in different marine organisms (Snyder
2000; Korashy and El-Kadi 2005; Sarkar et al. 2006). The CYPs in T. japonicus are upregulated in response to environmental
stressors. CYP3024A2, CYP3024A3, and CYP3027C1 were signi�cantly upregulated in response to WAF (Han et al. 2014) and
trimethoprim (Han et al. 2016) exposure. CYP3026A3 and CYP3037A1 were signi�cantly upregulated in response to triclosan
(TCS) exposure (Park et al. 2017). In T. japonicus exposed to the toxic marine dino�agellate Gymnodinium catenatum, CYP307E1,
CYP3041A1, and CYP3024A2 were signi�cantly upregulated (Han et al. 2021). CYPs were signi�cantly upregulated in response to
Cu (Ki et al. 2009) and Mn (Kim et al. 2013). Therefore, we propose that modulation of CYP expression in T. japonicus was
associated with metal metabolism, detoxi�cation, and enhanced leachate tolerance. Here, CYPs might have played vital roles in
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leachate detoxi�cation and certain CYPs could serve as molecular biomarkers to indicate the toxic effects of ore mining and
mineral extraction and bene�ciation in T. japonicus.

The transcriptional expression levels of �ve GST genes were differentially modulated in response to the leachates. GST-Kappa
was signi�cantly upregulated in response to both leachates. GSTs belong to a large phase II enzyme superfamily that performs
crucial functions in xenobiotic metabolism (Ketterer et al. 1983; Blanchette et al. 2007). GSTs play essential roles in antioxidant
defense systems (Hayes and McLellan 1999). They also participate in detoxi�cation and are widely used as oxidative stress
biomarkers for the assessment of abiotic factors, heavy metals, and environmental pollutants in various marine organisms
(Schmidt et al. 2013; Kumar et al. 2019; Quintanilla-Mena et al. 2020). GSTs in T. japonicus modulate tolerance and adaptation to
environmental stressors such as temperature, antimicrobial agents, toxic marine dino�agellates, and metals. GST-Theta3 was
signi�cantly upregulated in response to TCS (Park et al. 2017). GST-Delta-E, GST-Mu5, GST-Zeta1, mGST1, and mGST3 were
signi�cantly upregulated in response to temperature changes (Han et al. 2018). In G. catenatum-exposed T. japonicus, GST-kappa,
GST-mu5, and GST-omega were signi�cantly upregulated (Han et al. 2021). Transcriptional GST expression was signi�cantly
upregulated in response to Ag, Cu, Cd, As, and Mn (Lee et al. 2008a; Ki et al. 2009; Kim et al. 2013; Park et al. 2019). Therefore, T.
japonicus GSTs might have played vital roles in detoxi�cation in response to leachate exposure. Moreover, GST-Kappa could be
used as a molecular biomarker to indicate the toxic effects of ore mining and mineral extraction and bene�ciation in T. japonicus.
The foregoing discoveries suggest that the leachates may have promoted oxidative stress correlated with reproductive
impairment in T. japonicus. Further study is required to assess the extent of oxidative damage and antioxidant defense induced
by the leachates in T. japonicus. Transcriptional expression analysis showed signi�cant modulation of CYPs and GSTs in T.
japonicus subjected to the leachates. Hence, these genes might be associated with detoxi�cation, metal tolerance, and
adaptation to the toxic effects of ore mining and mineral extraction and bene�ciation in T. japonicus.

We also investigated transcriptional expression of the development-related Vtg1 and Vtg2 in T. japonicus exposed to the
leachates. Vtg1 was signi�cantly upregulated in T. japonicus following leachate exposure. Vtgs are precursors of vitellin egg yolk
proteins that furnish energy reserves for oocytes and embryos in marine organisms (Wahli et al. 1988; Flouriot et al. 1995; Palmer
and Palmer 1995; Matozzo et al. 2008). Vtg induction is a biomarker of exposure to environmental stressors such as metals in
various marine organisms (Lee et al. 2008b; Hwang et al. 2010; Kim et al. 2013; Kim et al. 2016; Zhang et al. 2019). In the self-
fertilizing �sh Kryptolebias marmoratus, Vtg mRNA was signi�cantly increased in response to 4-n-nonylphenol, bisphenol A, and
4-tert-octylphenol exposure (Kim et al. 2016). In juvenile Japanese �ounder (Paralichthys olivaceus) subjected to 17α-
ethinylestradiol, Vtg1 and Vtg2 were signi�cantly upregulated (Zhang et al. 2019). In the cyclopoid copepod Paracyclopina nana,
Vtg1 and Vtg2 were signi�cantly upregulated in response to Cd, Cu, and AsIII (Hwang et al. 2010). In T. japonicus exposed to Cd,
Vg1 was signi�cantly upregulated (Lee et al. 2008b). Vtg1 was also signi�cantly upregulated following Mn exposure (Kim et al.
2013). Thus, Vtg1 could also be useful as a molecular biomarker to assess the impact of ore mining and mineral extraction and
bene�ciation in T. japonicus. A previous study demonstrated that Vtg was induced in invertebrates in response to endocrine
disruptor and heavy metal exposure (Matozzo et al. 2008). For this reason, the observed modulation of Vtg1 and Vtg2 mRNA
expression in T. japonicus subjected to the leachates may be related to vitellogenesis and cause reproductive system impairment.
However, additional investigations are required to elucidate the role of Vtg in response to the leachates studied here.

In the present study, we found that exposure to leachates containing various metals decreased survival and fecundity in the
marine copepod T. japonicus. Furthermore, transcriptional expressions of genes implicated in detoxi�cation, antioxidation, and
development were differentially modulated in response to these leachates. Transcriptional expression of the genes regulating
detoxi�cation and the reproductive system could contribute to survival, development, and reproductive outcome. Speci�c
response genes might be useful as molecular biomarkers for contaminants originating from ore mining and mineral extraction
and bene�ciation.
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Figures

Figure 1

(A) Map of the hydrothermal mineral sampling location and (B) samples of hydrothermal ore and bene�ciation particles used in
the present study.
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Figure 2

Effects of exposure to various concentrations of (A) hydrothermal ore leachate and (B) bene�ciation leachate on T. japonicus
survival rate after 4 d and 7 d, respectively.
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Figure 3

Effects of exposure to various concentrations of (A) hydrothermal ore leachate and (B) bene�ciation leachate on F0 and F1 T.
japonicus developmental time (from nauplius to copepodid and adult). Signi�cant differences between test groups were analyzed
by ANOVA and Tukey’s post hoc test (P < 0.05).
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Figure 4

Effects of exposure to various concentrations of (A) hydrothermal ore leachate and (B) bene�ciation leachate on F0 and F1 T.
japonicus fecundity after 10 d. Signi�cant differences between test groups were analyzed by ANOVA and Tukey’s post hoc test (P
< 0.05).
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Figure 5

Transcriptional expression of (A) nine CYPs, (B) �ve GSTs, and (C) two Vtgs exposed to 0% [control] and 0.1% hydrothermal ore
leachate and 0% [control] and 1% bene�ciation leachate over 6 h, 12 h, 18 h, and 24 h. Expression pro�les are represented by heat
map. Downregulation is represented by blue color and upregulation is represented by red color. Signi�cant differences relative to
control are indicated by ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.
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