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The blood clam Tegillarca granosa a eukaryotic bottom-dwelling bivalve species has a
strong ability to tolerate and accumulate cadmium. In our @vious study, Nful (iron-sulfur
cluster scaffold protein), which is involved in Fe-S clustebiogenesis, was shown to
be signi cantly up-regulated under Cd stress, as determind by proteomic analysis. To
OPEN ACCESS investigate the function of Nful in cadmium (Cd) detoxi cabn, the function of blood
died b clam Nful (designated as Tg-Nful) was investigated by integted molecular and protein
YEOU';:EWazg approaches. The full-length cDNA of Tg-Nful is 1167 bp and ecodes a protein of 272
Shanghai Ocean University, China  amino acid residues. The deduced Tg-Nful protein is 30 kDa catains a conserved
Reviewed by: Nfu-N domain and a Fe-S cluster binding motif (C-X-X-C). qRPCR analysis revealed
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that Tg-Nful was ubiquitously expressed in all examined t&les; it was up-regulated
in the hepatopancreas and gill, and kept a high level from 9 t@4 h after Cd exposure
(250 mg/L). Western blot analysis further revealed that the Tg-NL protein was also
highly expressed in the hepatopancreas and gill after 24 h @d stress. Further functional
analysis showed that the production of ROS was increased an€u/ZnSOD activity was
inhibited in blood clam, treated with the speci ¢ Nful siRNAand Cd stress, respectively.
These results suggest that Tg-Nful could protect blood clamfrom oxidative damage
caused by Cd stress.

Keywords: blood clam, Nful, Fe-S clusters, ROS, Cu/ZnSOD, cad  mium

INTRODUCTION

In recent years, with the development of coastal economidiytjpm of marine ecosystems by
heavy metals has not only caused damage as a result of ird@sttivity but has seriously limited
the sustainable development of aquaculture, particularhjtf@neast coast of China\(u et al.,
2012; Wang et al., 20.3Heavy metals (Cd, Cr, Cu, Hg, and Zn) released into therenvnent
and accumulate in many marine invertebrates, especiallyivales and gastropods\ifdullah

et al., 200). The pollution of Cadmium (Cd) is increasing serious in thesEChina Sea due to the
drainage of industrial sewagBdo et al., 20)4The in uence of the increased heavy metal content
in shell sh on food safety has become a concern with the improent of health standards.

The marine blood clamTegillarca granogas a bivalve mollusc of the family Arcidae. Because
of its delicious taste and medicinal value, it is a major shand aguaculture species on the east
coast of China and Southeast Asigbpas Alkarkhi et al., 2008As a benthic Iter feeder, blood
clam has higher Cd accumulation capacity and tolerance to tbeals toxicity than oysters and
musselsGong et al., 200)1and itis a great object for studying resistance to varicatsiral stresses,
such as hypoxia, heavy metals and pollutaBtsq et al., 200)4Numerous studies have reported the
toxicological mechanism or enrichment of Cd binding protgjifior example, metallothionein (MT)
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as bioindicators to response the increase of 8dlanno and and 24 h of Cd exposure, three clams were pooled together as
Seram, 1998; Lange et al., 20@an mobilize and detoxify Cd one replicate, total three replicates, and six tissues of bitard
by forming Cd-thiol complexes\(arasinghe Wadige etal., 2014 including hepatopancreas, gill, foot, adductor muscle, nentl
Superoxide dismutase (SOD) activity has also been reported asd hemocytes were collected in liquid nitrogen, and themest
an index to estimate the Cd leveGéret et al., 2002 Recent at 80 C until further analysis. Cd solution was disposed by
research found that Vitellogenin (Vg), a protein rich in cys,adding EDTA after experience. All animals here are commeyciall
may play an important role inT. granosametal detoxi cation cultured, and all the experiments were conducted in accocdan
(Chen et al., 20)7However, the mechanisms of enrichment andwith the recommendations in the Guide for the Care and Use
detoxi cation of Cd in blood clams remain unclear. of Laboratory Animals of the National Institutes of Health.&h

As is known to all, ROS production was one of the rst study protocol was approved by the Experimental Animal Ethics
steps in Cd-mediated cytotoxicity, which causes a series @fommittee of Ningbo University, China.
biological reactions Quypers et al., 20)0In pacic oyster, ) .
antioxidant enzymes play important roles in the physiologicaNfUl Silencing
changes related to metabolism and cell protection when exposé small interfering RNA (siRNA) targeting Nful was designed
to Cd (Jo et al., 2003 Additionally, SOD plays a key role (Table ) and synthesized by GenePharma (Shanghai, China),
in protecting aerobic organisms against oxidative damagand SIRNA were diluted in 10@1 of saline solution with a
(Strain et al., 1993Iron-sulfur proteins are particularly oxygen concentration of 0.5ng/mi. For the Nful silencing experiment,
sensitive, and their inorganic cofactors frequently urgieROS-  rest of acclimatized clams were anesthetized in a MgCl2isalut
induced decomposition reaction8(uska et al., 20)5Nful, an  (3/5 fresh water, 2/5 seawater and 50 g/L MgCI2) for 5h and
iron-sulfur (Fe-S) cluster protein, is necessary for lipowda divided into two tanks. Anesthetized blood clams from onektan
biosynthesis and respiratory chain complex activitiesr(er- Wwere injected in the visceral mass (digestive gland surrednd
Cortés et al., 20)3 Transcriptional activators Yapl and Yap2 by mantle-gonad tissue) with 10@i of transfection solution
(Yes associated protein) can induce a battery of antioxidarffFabioux et al., 2009 The other tank's clams contained the
genes expression under oxidative stress, including thimrie control were injected with 100n of saline solution without
thioredoxin reductase, and glutathione reductaserfandes SIRNA. Healthy blood clams were maintained in tanks after
et al., 199Y, and as high-copy suppressors of Nful mutant cellsinjection, and after 24 h, haemocytes of all blood clams were
they act a functional role for Nful during oxidative strebs(ber ~ sampled from two tanks, and each ten clams in every tank were
et al., 201) Additionally, Fe-S cluster synthesis may be relategollected for the analysis of Nful expression, ROS production
to sulfur metabolism because of its ability to transport sld and Cu/ZnSOD activity, respectively. Every clam presented a
(Liu et al., 200p and sulfur metabolism has been reported to beeplicate, total ten replicates.
related to Cd detoxi cation Clemens, 2006 .

In our previous work, wffound that Nqul protein expressionClon_mg of Fu”'l—e_ngth cDNA of Nful
was signi cantly increased in blood clam under Cd stress, aghe tissues sampled in Cd stress and the haemocytes sampled
measured by iTRAQ proteome analysi&af et al., 206 To in Nf}Jl silenciqg were collected for RNA exFraction using the
investigate whether Tg-Nful plays a role in Cd resistance, thRNAiso Plus Kit (TaKaRa, Japan). The quality and quantity of
full-length cDNA of Tg-Nful was cloned and analyzed, its€2ch RNA were determined by NanoVue Plus (GE, USA), and
expression pattern after Cd stress was also evaluated, as RB% A260/A280 ratio of RNA at 1.8-2.0 were used for cDNA
production and Cu/ZnSOD activity after exposure to Cd stres§Yynthesis using the PrimeScript RT regent Kit (TaKaRa, Japan)
and Tg-Nful interference. This study could provide cognitte ~ &ccording to the protocol (Ing total RNA per 20 reaction).
well understand the mechanism of heavy metal detoxi caion 1he partial cONA sequence of Nful was extracted from our
blood clam.

TABLE 1 | Primers and interference sequence information in the prese study.

MATERIALS AND METHODS

. . Primer Sequence (5 -39 Used for
Experimental Animals and Challenge
Experiment Tg-Nful 3-1 CAACAGTTCAGGAGGATGGTGGA ®ACE
Blood clams, averaging approximately 30 mm in shell length[g-Nful 3-2 GCACAGTCATCACATGCCTCACC
were collected from a bivalve farm in Ningbo, for challengeld-Nful 5-1 CACCATCTATCCGAAACAACTGC RACE
experiment and Nful silencing experiment. Collected clam®&werTg-Nful 5-2 TCTCCACCATCCTCCTGAACTGT
acclimatized in tank for seven days with Z5temperature and Tg-NfulF GGCTGTGTCTGATGGAGGTT Real-time PCR
30%o. salinity of seawater. The seawater added with chaeiscerTg-Nful R CAGTCATCACATGCCTCACC
stock was changed daily. For the Cd challenge experimertgblo Tg-18sRNA CTTTCAAATGTCTGCCCTATCAACT  Real-ime PCR
clams were divided into two tanks, and one was exposed to Cj-18sRNA TCCCGTATTGTTATTTTTCGTCACT
with a nal gradient concentration of 25éng/L which followed SIRNA INTERFENENCE SEQUENCE
our previous studyBao et al., 2006 The other tank contained Tg-Nful siRNA  UUAACUUAACAAUUCCAUCUU Tg-Nful interferemc
the control group treated with seawater. After 0, 3, 6, 9, 12, GAUGGAAUUGUUAAGUUAAAG
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previous blood clam transcriptome datgdo et al., 20)6and  used for enzymatic assay, and Cu/ZnSOD activity was detecte
gene speci ¢ primersTable 1) were designed for a%and ¥  with a Cu/ZnSOD assay kit (Jiancheng, China) according to
RACE experiment. PCR products were ligated into the pMD18-The protocol. The sample that produced 45-50% inhibition
vector (TaKaRa, Japan). Competent cEBésherichia cobDH5a  was de ned as one unit (U) of SOD for Cu/ZnSOD activity
which were transferred with recombinant vector were used foassay.

positive clones screening by PCR analysis and the clones were

bi-directionally sequenced. Western Blot Analysis
_ A Tg-Nful polyclonal antibody was prepared against our
Sequence Analysis of the Nful cDNA recombinant Tg-Nful, the domain sequence of Tg-Nful was

The Nful cDNA sequences were analyzed using the Conservelbned to pET-28a vector, and the recombinant vector was
Domain Database and BLAST algorithm at the NCBI (http://transferred in DH% (TaKaRa, Japan) for ampli cation, and then
www.nchi.nim.nih.gov/blast), and the potential N-glyclagipn  transferred in BL21 DE3 (TaKaRa, Japan) for protein expression
sites were predicted by the NetNGlyc 1.0 server (http://wie..c The expressed protein was puri ed by Ni NTA column using Ni-
dtu.dk/services/NetNGlyc/). The open reading frame of TigN  NTA Se noséM Resin (BBI, USA), and the puri ed protein was
was found using the DNAMAN 6.0 program, and also analyzedent to company (Huabio, China) for antibody preparation. The
its amino acid sequence. Multiple alignments of each proteimntiserum was harvested from rabbit and stored &0 C for
were performed using the Mega 7.0 program. The domains dfirther experiments.

the Tg-Nful amino acid sequence were detected using thesimpl For the Western blot assay, total protein of blood clam's
modular architecture research tool (SMART) program (http://hepatopancreas and gill was extracted from the clams receiving

smart.embl-heidelberg.de/). 24 h of Cd stress or the control culturing 24 h in seawater byagisi
_ o Total Protein Extraction Kit (Sangon, China) according teet
Real-Time Quantitative PCR protocol. The protein concentration was quanti ed by the BCA

The Tg-Nful expression analysis of tissue distribution,eim Protein Assay Kit (Sangon, China). Fifty microgram of pratei
course and Tg-Nful silencing was conducted by gRT-PCRas subjected to 12% SDS-polyacrylamide gel for electrogisore
experiment using SYBR Green detection chemistry (TaKaR#)en transferred onto a 0.45 mm PVDF membrane for 3 h. After
USA) performed in ABI 7500 Fast (Thermo Fisher Scienti c,blocking with 5% skimmed milk in TBST (50 mmol/L Tris-HCI,
USA). The primer information for the qRT-PCR is shown in 150 mmol/L NaCl, and 20% Tween-20) atGlovernight, the
Table 1 18SrRNA served as an internal control to normalize themembrane was incubated with Tg-Nful éractin antibodies
Nful gene for quanti cation. PCR reactions were carried out diluted at 1:400 in 5% bovine serum albumin (BSA) at room
a total volume of 20m containing 2ml of cDNA, 2m of each  temperature for 2 h, then were washed three times with TBST
primer (10 mM), 6ml of RNase-free water, and i@ of the SYBR and incubated with HRP-labeled anti-rabbit IgG (1:3,000) % 5
Green PCR Master Mix (TaKaRa, Japan). The cycling conditiorBSA for 1.5 h at room temperature. The membrance were washed
were 94C for 5min, followed by 40 cycles of 9@ for 15s and three times with TBST for 10 min each, and were incubated in
60 Cfor40s. Atthe end of the PCR cycles, melting curve analys&gestern Lighting - ECL substrate (Advansta, China) prior to
were performed. The Ct value is de ned as the fractional cyclexposure to X-OMAT AR X-ray Im (Eastman Kodak, Rochester,
number at which the uorescence passes the xed thresholdNY). The results were derived from statistical analysis oée¢h

Each sample was analyzed in 3 triplicates. independent experiments, and the statistics of Western Blot
) analyzed by Image Pro Plus program 6.0 according to the size
Assay of Respiratory Burst of stripe.

Intracellular ROS  production was measured using
spectrophotometric methodhen et al., 2005 Five-hundred ~ Statistical Analysis
microliters of haemocytes cells was mixed with nitro blueThe mRNA expression levels of the Tg-Nful were calculated by
tetrazolium (Sangon, China) and phorbol 12-myristate 13the 2 ! €T method, n-fold change relative to corresponding
acetate (Sangon, China) with a nal concentration of 0.1%control were represents the expression value. The statistical
and 0.01mM, respectively. The sample was incubated atgni cance di erences between challenged and control gu
room temperature for 1h, the supernatant was removed byvere determined using one-way analysis of variance (ANOVA)
centrifugation at 540 g for 10 min, and cells were xed with followed with multiple Duncan tests and the data were showed as
35% methanol and washed twice with 70% methanol. Finaley, ththe mean S.D. Any signi cant di erences are indicated with an
cells were re-suspended in 1.3 mL of solution containing ®M92 asterisk aP < 0.05 and two asterisks Bt< 0.01.
potassium hydroxide and 54% dimethyl sulfoxide. The optical
density was determined at 625 nm to represent the ROS level RESULTS
each sample.

Analysis of the Tg-Nful Gene Sequence
Assay of Cu/Zn SOD Activity The 3 and 8> ends of Nful were cloned using the SMART-
Five hundred microliter of haemocytes in each replicate waRACE approach. Full-length Tg-Nful cDNA was 1,167 bp with
centrifuged at 3,000 rpm for 10 min. The supernatant collectea 5 untranslated region (UTR) of 26 bp, an open reading frame
for the quanti cation by Bradford methodKruger, 199%was (ORF) of 819 bp encoding 272 amino acidsgure SJ, and
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a P UTR of 322 nucleotides with a possible polyadenylatiodlCu/ZnSOD Activity and ROS Production
signal (AATAAA) 13 bp upstream of the polyadenylation tail toward Cd Stress

(Figure S). The sequence was deposited in GenBank undepxidative stress is a long-lasting e ect of heavy metal sirasd
accession number MG596304. The calculated molecular m@ﬁ/ZnSOD p|ays a critical role in protecting aerobic Orgarmm
of the deduced mature Nful was 30 KDa, with a theoreticaégainst oxidative damage_ Therefore, the respiratory bamsit

pl of 4.75. The amino acid sequence of Tg-Nful was aligne@y/znSOD were investigated after Cd stregsg@re 5. The
with selected Nful sequences from the NCBI database usingb_Nful expression level was up-regulated compared with the
the ClustalW method. Amino acid sequence analysis showeghntrol group Figure 5A), and the intracellular ROS level was
that Tg-Nful possesses a potential N-glycosylation site cloggso signi cantly increased to 33.1%igure 5B), and the level of

to the N-terminus, a characteristic feature of Nfu-N dom&in cy/znSOD activity was decreased to 29.55¢(re 50).
which is found in the region including residues 67—154 inath

reported Nfuls. Tg-Nful was also found to contain a Fe-S etust Tg-Nful Increases Cu/ZnSOD Activity by
binding motif (C-X-X-C) at position 217 of the protein, whick i Decreasing ROS

highly conserved among all speci€sgure 1). BLAST analysis ) . o .
revealed that Tg-Nful shared approximately 72-83% over. IOS p_rod_uct|on after Tg-Nful silencing in blood clams is
identity with its homologs from vertebrates and invertetas, shown inFigure 6. The respiratory burst was elevated to 29.5%

for example, 72% wittiomo sapienand 83% withCrassostrea (F?gure 68); by contrast, Cu/ZnSOD was decreased by 31.7%
gigas (Figure 6C) after Tg-Nful knock-downFigure 6A).

To determine the phylogenetic relationship of Tg-Nful with
other counterparts, a phylogenetic tree was constructed by ttD|SCUSSION
neighbor-joining (NJ) algorithm, as shown Figure 2 The Nful
subgroup is divided into two major branches: vertebrated anMolluscs have the ability to accumulate, concentrate, and
invertebrates. Tg-Nful was rst clustered with Nful frabagigas integrate heavy metals and used as indicators of ocean health
and then formed a sister subgroup with arthropods. Tg-Nfulworldwide, Bebianno et al., 199.3Blood Clam as a benthic Iter
was somewhat close to homologs from invertebrates, such &seder has a higher Cd accumulation capacity and tolerance to
echinodermata$trongylocentrotus purpurajiend insectsApis  metal toxicity than other shell sh including mussels andstsrs
cerang, but was distant from homologs from sh, aves and(Bao et al., 2004 However, the mechanisms underlying these

mammals. phenomena are not yet well understodtho et al. (2016fpund

that sulfur-related metabolism genes, such as sulfotraaséer
Tissue Expression Pro les after Cd (Sultlbl) and protein disul de-isomerase, were signi cgrnip-
Challenge of Tg-Nful regulated after Cd challenge using iTRAQ proteome analysis in

The Tg-Nful tissue distribution is shown iFigure 3A The Tg- blood cllams, su.ggestlng .that sulfur-related metaboh;m .mlgh
. . . . also be involved in the Cd-induced response and detoxi aatid
Nful mRNA transcript was detected in all examined tissues,. - . . S S .
including the hepatopancreas, gill, foot, adductor musclantie Cdin anlrr_lals._Our study including |der_1t| cation of N-termal
D ’ T aglycosylation sitedqjgure 1), a CxxC motif and Nfu-N domain as

Expression wes Sign cantly upregulated m he Repatopancrel 9 10 be & [4Fe-4S] cluster at  homodimer ntefabor(y
and gill after Cd stres?(< 0.01), and there was also an obvious- al,, 2003; Angelini etal., 2008; Bandyopadhyay et aB,

upregulation in haemocyte®& 0.05). Besides, we did not detect ! 2+ 2013 Cys-217 and Cys-220 residues (CxxC) from the Nfu-

obvious changes in the foot and mantle. Prokaryotic ex i N domain were expected to be functionally important as they are

and puri cation of recombinant Tg-Nful protein was showed §tr|ctly conserved in all members of Nfu family, and such &ifmo

in Figure S2 the molecular weight of recombinant protein that is essential for the activity of most protein of the thioredox
conta_lned Tg-Nfuldomain was about 16 KDa_, according tc5005; Pan and Bardwell, 2Q0@ll of these results were also
protein electropherogram. Western blot analysis revealed th? und in Tg-Nfu1, indicating that the newly identi ed Tg-Nfl
Tg-NFUL1 protein was also present in the hepatopancreas and '

; : IS similar to other organisms.
gill and showed 2.9- and 1.3-fold increases after 24 h of a$st Real-time PCR analysis demonstrated that Tg-Nful mRNA

(Figure 38). was expressed in all of the studied tissues, and quickly asewct

. ) after 9h of Cd stress; western blot analysis also showed an
Temporal Expression Analysis of Tg-Nful increase for the level of protein after 24h of Cd stress. As a
under Cd Stress nonessential metal, Cd cannot be degraded or biotransfdime

Temporal expression of the Tg-Nful transcripts in thetherefore, it easily accumulates in upper trophic organisms
hepatopancreas and gill under Cd stress is showrigure 4  (Henson and Anderson, 2000; Nasreddine and Parent-Massin,
The expression level of Tg-Nful mRNA did not change in the2002). This dierential Cd accumulation of tissues has also
rst 6 h, but then upregulated obviously in the hepatopancreadeen identied in sh (Dobaradaran et al., 20),3crustacea
and gill at 9h P < 0.01). Tg-Nful reached peak expressionSilvestre et al., 20)5and mammals labeebu et al., 19%8

at 12h @ < 0.01) and maintained a high expression levelGills are the main channel for the enrichment of metal ions
until 24 h. from aquatic organisms and are the main organ for enriching
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FIGURE 1 | Multiple sequence alignment of Nful fronTegillarca granosa(Tg-Nful) with other known Nful amino acid sequencesCrassostrea gigas(Cgig,
XP_011432047.1),0ctopus bimaculoides(Obim, XP_014784246.1) Saccoglossus kowalevski(Skow, XP_006814052.1),Homo sapiens (Hsap, NP_001002755.1),
Oryctolagus cuniculus(Ocun, XP_014784246.1) Sturnus vulgaris(Svul, XP_014746903.1)Latimeria chalumnae(Lcha, XP_005988282.1) Apis cerana(Acer,
XP_016914363.1). Identities are shaded dark and similags are shaded gray. The Nfu-N domain regions are underlinedna the Fe-S cluster binding motif (C-X-X-C)

is boxed.

——————————————————— YI§------- -=---=---= -——-—---—--RI 6
YKVLVDSI IK-------- QFFRKNFSN- —-========= ———————— RL 23
NTVVFRRL LK-------- SFSLNSSFN- ----=--=== ———————— NV 23
TSKTIVKL LR-------- QISVVTGAS- —--=--=—==—= ———————— GI 23

TARRGWG --=-======= -- AAAVAAG- —-—======== —====—=-- L 18
PPPVAASG GLVVRGTAVG GTAPRFASGS DLWPTACARE PAEPGCGHEI 50
CSGPAPRGN —------—---= —- SLHVX--- -—-----mmm —mmm o L 16
LGVRLCG ---------- -SALRVSAN- ----—----= ————-—--- KI 20
DKILIYTLY ---—-————— -VSRRLACT- --———————— SSAT-----—- 22
VS====mmmm —m == CLS-====== —=======—= —————- vvVYV 20
PL-—————— ————- VLSSQR---- FHAFQARNTQ LKKKHQFLYK 56
VR-======= —=——= SLVTATSVIK PRTLSSSLSR IHHRQWPVIS 60
QTH-----=-= —-—-—- VIATCR---- -QFSSLQQPK LLMKKERVPT 56
RR-—====—= —————— MLKNPYTIK- KQPLHQFVQR P--LFPLPAA 51
RMSHQKEHTW VMMNPYIVK- KKPLHQFVRK P--LFPLPAA 97
RTCT---=-== —-=-=-- VLLKDHNLTT RQPLHQLLQK ---KPSLPSA 52
MTTK-===== —===—— KFSSAVCLT- --PFHQGLKK
——————————————— IFKNCTVRMY TNYNNRLLKS

NKTEFEKLEK SLEEKSPET- 236
SNSEFNKLEE KLEEKDT--- 272
SNSEFQKIEE KLGDV----- 270
NLFCFHV--- —-—=—-——-—— 256
-ESD-EKEAN SP-------- 256
-ESD-EKEAN SP-------- 303
-DDDVEKEAN ST-------- 259
-EVDHEGECS ---------- 258
AKKEFEKFEE KIKNAKTNEK 268
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FIGURE 3 | Tg-Nful gene and Tg-NFUL1 protein expression after 24 h of Cd
stress. (A) Real-time analysis of the amount of Tg-Nful transcript retave to
18rRNA transcript in various tissues. Expression levels we calibrated against
gill (control). Vertical bars represent the means S.D.,n D 3. Asterisks
indicate signi cant differences: *p < 0.01; (B) Tg-NFUL1 protein expression in
hepatopancreas and gill. Control: treated with seawater fio24 h; 250:250
mg/L of Cd stress for 24 h.

FIGURE 2 | Neighbour-joining phylogenetic analysis of the Nful aminacid
sequence from different species. The abbreviations and Gdank accession
numbers used to construct the phylogenetic tree are given ifable S1. One
thousand bootstrap trials were run using the neighbor-joiimg algorithm (Mega
7 program).

heavy metals in the short-termP@aul-Pont et al., 2030 In
Mytilus galloprovincialisheavy metals can cause breakage and
fusion of gill silk, which a ects the transport of heavy mettds
other organs [Pomouhtsidou and Dimitriadis, 2000 Thus, the
hepatopancreas and gill are important for the modulation ang
clearance of cadmiumHaberkorn et al., 2000 Here, the high
expression of Tg-Nful in hepatopancreas and gill under Cd stress
indicted that Tg-Nful might be also associated with the resgo
to Cd. Additionally, the universal expression of Tg-Nful gasts
that it is might involve in various metabolic pathways.

In this study, ROS production and Cu/ZnSOD activity were
detected in blood clams after 24 h of Cd stress. Oxidativesstr
can disrupt cellular macromolecules by disturbing celludaX | ¢ re 4 | Time-course expression of the Tg-Nful gene in the
balance, and leading to necrosisuClair and Gagné, 20)4The hepatopancreas and gill under Cd stress. Values are given abe mean
increase in blood clam ROS levels after Cd stress showed that CS.D., n D 3. Asterisks indicate signi cant differences: *p < 0.01.
could induce oxidative stress and cause damage to the bawy.
e ects of cadmium-induced oxidative stress in animals, ptant
cells and tissues are outlined in several revie®sagad and
Hagemeyer, 1999; Waisberg et al., 2003; Bertin and Averbeak higher activation in CAT, SOD, and GPX. Other studies
2006; Joseph, 200%unes et al. (2005eported that mollusks reported that Cd could induce antioxidant gene in sh, such as
(oystersCrassostrea angulatnd musselsVl. galloprovincials brown trout, Salmo trutta(Hansen et al., 20),/and sea bass,
from areas that had severe heavy metal contamination haBicentrarchus labragromeéo et al., 2000
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FIGURE 5 | Assay of ROS production and Cu/ZnSOD activity in blood clam'iemocytes under Cd stress after 24 h. Control, Cd stress conbl; 250 mg/L, Cd stress
with a concentration of 250mg/L. Asterisks indicate signi cant difference: p < 0.05, **p < 0.01. (A) Tg-Nful expression;(B) ROS production; (C) Cu/ZnSOD.

FIGURE 6 | Cu/ZnSOD activity and ROS production in blood clam's hemocys after Tg-Nful silencing. Si-Nful, Tg-Nful silencing; NCTg-Nful silencing control.
Asterisks indicate signi cant differences: *p < 0.01. (A) Tg-Nful expression;(B) ROS production;(C) Cu/ZnSOD.

It is generally agreed that oxidative stress plays an impbrtarnas been implicated in lipolic acid biosynthesis and respigator
role in acute Cd poisoningHathak and Khandelwal, 200@&nd  chain complex activity Navari-1zzo et al., 2002 Lipolic acid
SOD are the rst and most important line of defense againsinteracts with other metal-binding proteins and not only
ROS, especially superoxide anion radicalsli{o et al., 2002  functions in the detoxi cation of Cd and other heavy mentaltb
SOD activity during Cd exposure has been studied intensivelgiso plays an important role in antioxidant activityi(¢ et al.,
and both increases as well as decreases are describeddtutige  2009.

(Jurczuk et al., 2004; Yalin et al., 2006; Rocha et al.)Z0h&se There is a correlation between sulfur metabolism and
apparent discrepancies can be attributed to di erent exposureadmium. Many studies have shown that Cd induces sulfate
conditions as well as the organ system studied, leading to @take and that sulfur compounds are involved in the
di erent outcome (Cuypers et al.,, 20)0In this study, the detoxication of Cd in plants Clemens, 2006the synthesis of
activity of Cu/ZnSOD was inhibited because of the replacemerghytochelatins (PCs) can be rapidly induces under Cd exposure
of zinc with Cd in Zn/Cu superoxide dismutase after Cd-in higher plants, which is synthesized using glutathione (GSH)
induced stressKusumoto et al., 1991; Casalino et al.,, 1997(Ste ens, 1990 In animals, GSH, as a metal-binding protein,
Riordan et al., 2005and the resulting ROS accumulated in theplays an essential role in the detoxi cation of Cd and manyesth
organism. metals Rauser, 1995 and its functions as an important thiol,

Fe-S clusters are essential for many cellular processeghich may be involved in sulfur metabolism and can mobilize
including aerobic respiration, metabolite biosynthesispsome and detoxify Cd by forming Cd-thiol complexes inside the cell
assembly and DNA repair, and their inorganic cofactorg(Zalups and Ahmad, 2003 Nful, as a persul de reductase,
frequently undergo ROS-induced decomposition reactionss associated with sul de transfeififai and Barondeau, 20),0
(Bruska et al., 20)5For most [4Fe-4S] client proteins, Nful, which is provided by Nfs1 cysteine along with its e ector protein
an alternate scaold protein {ameron et al., 20),l appears during Fe-S cluster synthesisl(ssbaum et al., 1988; Gerber
to have evolved to shield its [4Fe-4S] cluster from endogsno et al., 2003; Biederbick et al., 2006; Lill and Muhlenho , 2006
oxidants during the cluster transfer steplélber et al., 2006  this study, the high expression of the Nful gene indicated
In this study, we reduced expression of Tg-Nful using RNAihat cadmium might promote the synthesis of Fe-S clusters
technology and detected the activity of Cu/ZnSOD as well alsy promoting sulfur compounds, thereby maintaining normal
production of ROS. Production of ROS increased after Nfukellular metabolism in the blood clam, and this mechanism iseed
interference in blood clams, which indicated that Tg-Nfulfurther research.
could decrease the production of ROS and prevent oxidative In conclusion, Nful from the benthic bivalve blood clam
damage to [4Fe-4S]Melber et al., 2016 Additionally, Nful was characterized at the sequence level for the rst time in

Frontiers in Physiology | www.frontiersin.org 7 December 2017 | Volume 8 | Article 1061



Qian et al. Nful for Cadmium Detoxi cation inTegillarca granosa

the present study. In blood clams, Cd induces both damaginffUNDING

and repair processes in which the cellular redox status plays

a crucial role in the cellular Quypers et al., 20)00On the This research was supported by the National Science Foumdatio
one hand, cadmium stress could reduce Cu/ZnSOD activitpf China (31672678), Zhejiang Province Public Technology
and cause oxidative damage by producing more reactive oxygépplied Research Projects (2016C33090), Natural Science
species Kusumoto et al., 1991; Casalino et al., 1997; Riordaffoundation of Ningbo (2015A610258), Zhejiang Major Progra

et al., 200% on the other hand, Cd also induced repair proces®f Science and Technology (2016C02055-9) and the K. C. Wong
which clams expressed more Nful to against or eliminat&agna Fund at Ningbo University.

ROS ang et al., 2016 The high expression of Tg-Nful

after Cd stress suggests that could protect blood clam frosUPPLEMENTARY MATERIAL

oxidative damage caused by Cd stress. Besides, sulfteerela

metabolism might also be involved in the Cd-induced respons@he Supplementary Material for this article can be found
and detoxi cation of Cd in animals. More studies are necegsaronline at: https://www.frontiersin.org/articles/10.33gphys.

to elucidate the roles and related mechanisms of Nful in inet&017.01061/full#supplementary-material

detoxi cation. Figure S1 | The nucleotide and deduced amino acid sequence of Tg-Nful. fie

nucleotides and amino acids are numbered from the rst base oresidues,
respectively. The start and stop codons and polyadenylatio signal are boxed, the
N-glycosylation is shaded with gray, and the domain of Tg-Nf1 is underlined.

AUTHOR CONTRIBUTIONS

Figure S2 | Prokaryotic expression and puri cation of recombinant Tg-NU1

. . . otein. (A) Tg-NFUL1 protein prokaryotic expression. 1: mark; 2: contrb 3-7:
YB and ZL conceived and designed the experiments. Q?gduce with 3, 4, 5, 6, 12 h; 8: supernatant; 9: inclusion body(B) Tg-NFU1

and GQ ?nalyzed the dat?- GQ; CL, and ML . perfqrmeqmri cation. 1: mark; 2: supernatant; 3: ef uent; 4-6: washing buffer; 7-9: elution
the experiments and contributed reagents/materials/aiglysbuffer.
tools. YB and GQ wrote the paper. All authors reviewed th&able S1| Species and GenBank accession numbers of NFU1 sequence usefbr

manuscript.

REFERENCES

Abdullah, M. H., Sidi, J., and Aris, A. Z. (2007). Heavy metals (Cd,GZuPb and
Zn) in meretrix meretrix roding, water and sediments from estuariesaibas,
North Borneo.Int. J. Environ. Sci. Ed@, 69-74.

Abbas Alkarkhi, F. M., Ismail, N., and Easa, A. M. (2008). Assessme

of arsenic and heavy metal contents in cockle&ngdara granosa
using multivariate statistical techniqued. Hazard. Mater.150, 783-789.
doi: 10.1016/j.jhazmat.2007.05.035

Angelini, S., Gerez, C., Choudens, S. O., Sanakis, Y., Feateldh, Barras,
F., et al. (2008). NfuA: a new factor required for maturating Fe/Seqins
in Escherichia colinder stress conditionsl. Biol. Chem283, 14084-14091.
doi: 10.1074/jbc.M709405200

Auclair, J., and Gagné, F. (2014). Metal metabolism and detatibn. Biochem.
Ecotoxicol75-101. doi: 10.1016/B978-0-12-411604-7.00005-2

Bandyopadhyay, S., Naik, S. G., O'Carroll, I. P., Huynh, B. H., I2dR.,, Johnson,
M. K., etal. (2008). A proposed role for tAgotobacter vinelandifuA protein
as an intermediate iron-sulfur cluster carridr.Biol. Chem283, 14092-14099.
doi: 10.1074/jbc.M709161200

Bao, Y., Liu, X., Zhang, W., Cao, J., Li, W,, Li, C., et al. (208@énti cation
of a regulation network in response to cadmium toxicity using blodaht
Tegillarca granosas modelSci. Rep6:35704. doi: 10.1038/srep35704

Bao, Y., Zhang, L., Dong, Y., and Lin, Z. (2014). Identi oatand comparative
analysis of theTegillarca granoshaemocytes microRNA transcriptome in
response to Cd using a deep sequencing appro®tlnS ONE9:e93619.
doi: 10.1371/journal.pone.0093619

Bebianno, M. J., Nott, J. A., and Langston, W. J. (1993). Qadmietabolism in
the clamRuditapes decussathe role of metallothioneinsAquat. Toxicol27,
315-333. doi: 10.1016/0166-445X(93)90061-5

Bebianno, M. J., and Seram, M. A. (1998). Comparison of metallothion
induction in response to cadmium in the gills of the bivalve mollusbgilus
galloprovincialisand Ruditapes decussati®&ci. Total Environ214, 123-131.
doi: 10.1016/S0048-9697(98)00059-X

Bertin, G., and Averbeck, D. (2006). Cadmium: cellular e ects, noations
of biomolecules, modulation of DNA repair and genotoxic conseqesn@
review).Biochimie88, 1549-1559. doi: 10.1016/j.biochi.2006.10.001

phylogenetic analysis.

Biederbick, A., Stehling, O., Rosser, R., Niggemeyer, B.aiNak, Elsasser,
H. P., et al. (2006). Role of human mitochondrial Nfsl in cytosoli®iro
sulfur protein biogenesis and iron regulatioklol. Cell. Bial 26, 5675-5687.
doi: 10.1128/MCB.00112-06

Bruska, M. K., Stiebritz, M. T., and Reiher, M. (2015). Bindinigreactive
oxygen species at Fe-S cubane clust&€@bemistry 21, 19081-19089.
doi: 10.1002/chem.201503008

Cameron, J. M., Janer, A., Levandovskiy, V., Mackay, N., Rpuau A.,
Tong, W. H., et al. (2011). Mutations in iron-sulfur cluster schlogenes
Nful and Bola3 cause a fatal de ciency of multiple respiratory chain
and 2-oxoacid dehydrogenase enzym@&m. J. Hum. Genet89, 486—495.
doi: 10.1016/j.ajhg.2011.08.011

Casalino, E., Sblano, C., and Landriscina, C. (1997). Enzymiityact
alteration by cadmium administration to rats: the possibility of iron
involvement in lipid peroxidation.Arch. Biochem. Biophy846, 171-179.
doi: 10.1006/abbi.1997.0197

Chen, C., Shen, W., Gu, H., Wu, L., Lin, L., and Xue, Q. (2017ll¥genin's
putative role inTegillarca granosacadmium detoxi cationGene Genom 39,
143-154. doi: 10.1007/s13258-016-0477-4

Chen, H., Mai, K., Zhang, W., Liufu, Z., Xu, W., and Tan, B. (90@5ects
of dietary pyridoxine on immune responses in abalortgliotis discus
hannai Ino. Fish. Shell sh Immunol19, 241-252. doi: 10.1016/j.fsi.2004.
12.006

Clemens, S. (2006). Toxic metal
and mechanisms of tolerance
doi: 10.1016/j.biochi.2006.07.003

Cuypers, A., Plusquin, M., Remans, T., Jozefczak, M., KeuneiGi&en, H.,
et al. (2010). Cadmium stress: an oxidative challeBgemetals23, 927-940.
doi: 10.1007/s10534-010-9329-x

Dobaradaran, S., Nadda , K., Nazmara, S., and Ghaedi, H. (2013}yHuetals
(Cd, Cu, Niand Pb) contentin two sh species of Persian Gulf isBehr Port,
Iran. Afr. J. Bio 9, 6191-6193.

Domouhtsidou, G. P., and Dimitriadis, V. K. (2000). Ultrastructul@talization
of heavy metals (Hg, Ag, Pb, and Cu) in gills and digestive gland cfsels,
Mytilus galloprovincialigL.). Arch. Environ. Contam. ToxicoB8, 472—-478.
doi: 10.1007/s002449910062

accumulation, responses to exposure
in plantBiochimie 88, 1707-1719.

Frontiers in Physiology | www.frontiersin.org 8

December 2017 | Volume 8 | Article 1061



Qian et al. Nful for Cadmium Detoxi cation inTegillarca granosa

Fabioux, C., Corporeau, C., Quillien, V., Favrel, P., and Huvet, 8092In vivo Liu, Y., Qi, W., and Cowan, J. (2009). Iron-sulfur cluster bitdbkgsis:

RNA interference in oyster -vasa silencing inhibits germ celletigpment. functional characterization of the N-and C-terminal domains efhan Nful.
FEBS 276, 2566—-2573. doi: 10.1111/j.1742-4658.2009.06982.x Biochemistryt8, 973-980. doi: 10.1021/bi801645z
Fernandes, L., Rodrigues-Pousada, C., and Struhl, K. (199¥)aYeovel family  Marasinghe Wadige, C. P., Maher, W. A., Taylor, A. M., and Krigpw
of eight bZIP proteins inSaccharomyces cerevisieh distinct biological F. (2014). Exposure-dose-response relationships of the freshiataive
functions.Mol. Cell. Biol 17, 6982—-6993. doi: 10.1128/MCB.17.12.6982 Hyridella australiso cadmium-spiked sedimentaguat. Toxicol152, 361-371.
Ferrer-Cortes, X., Font, A., Bujan, N., Navarro-Sastre, A., Matglph., Arranz, doi: 10.1016/j.aquatox.2014.04.016
J. A, et al. (2013). Protein expression proles in patients carryindJNF Melber, A., Na, U., Vashisht, A., Weiler, B. D., Lill, R., and Wohilsgel, J. A.
mutations. Contribution to the pathophysiology of the diseade Inherit. (2016). Role of Nful and Bol3 in iron-sulfur cluster transfer to notiondrial
Metah 36, 841-847. doi: 10.1007/s10545-012-9565-z clients.Elife5:€15991. doi: 10.7554/eLife.15991

Funes, V., Alhama, J., Navas, J. |., Lopez-Barea, J., and Peiha(®D05). Nasreddine, L., and Parent-Massin, D. (2002). Food contanoindty metals and
Ecotoxicological e ects of metal pollution in two mollusk species pesticides in the European Union. Should we worfgXicol. Lett127, 29-41.

from the Spanish South Atlantic littoralEnviron. Pollut.139, 214-222. doi: 10.1016/S0378-4274(01)00480-5
doi: 10.1016/j.envpol.2005.05.016 Navari-1zzo, F., Quartacci, M. F., and Sgherri, C. (2002). Lipgid: a unique
Gao, H., Subramanian, S., Couturier, J., Naik, S. G., Kim, S. Kistdle T., antioxidant in the detoxi cation of activated oxygen speciPlant Physiol.

et al. (2013).Arabidopsis thalianaNfu2 accommodates [2Fe-2S] or [4Fe- Biochem40, 463-470. doi: 10.1016/S0981-9428(02)01407-9
4S] clusters and is competent fan vitro maturation of chloroplast [2Fe- Nussbaum, S., Schmutz, D., and Brunold, C. (1988). Regulatioasah#éatory
2S] and [4Fe-4S] cluster-containing Proteir&iochemistry52, 6633-6645. sulfate reduction by cadmium iZea mayd.. Plant. Physiol88, 1407-1410.

doi: 10.1021/bi4007622 doi: 10.1104/pp.88.4.1407
Gerber, J., Muhlenho, U., and Lill, R. (2003). An interaction Wween frataxin ~ Pan, J. L., and Bardwell, J. C. (2006). The origami of thioredokéfdilds.Protein
and Isul/Nfs1 that is crucial for Fe/S cluster synthesis od.|IEMBO Rep4, Sci.15, 2217-2229. doi: 10.1110/ps.062268106
906-923. doi: 10.1038/sj.embor.embor918 Pathak, N., and Khandelwal, S. (2006). Oxidative stress and @mopt
Geret, F., Seram, A., Barreira, L., and Bebianno, M. J. (2002xt®kfcadmium changes in murine splenocytes exposed to cadmiliaxicology220, 26-36.
on antioxidant enzyme activities and lipid peroxidation in thégof the clam doi: 10.1016/j.tox.2005.11.027
Ruditapes decussatBsoomarkers, 242—261. doi: 10.1080/1354750021012504@aul-Pont, ., Gonzalez, P., Baudrimont, M., Nili, H., and de Madi@uin,
Gong, Q., Caij, Y. Q., Ma, B., Yu, H. J,, Qian, B. L., Wang, Y/, é2@11). On X. (2010). Short-term metallothionein inductions in the edible kiec
heavy metal sanitation standards of bivalve molludtar. Fish.33, 226-233. Cerastoderma edulafter cadmium or mercury exposure: discrepancy
doi: 10.13233/j.cnki.mar. sh.2011.02.002 between mRNA and protein responsefquat. Toxical 97, 260-267.

Habeebu, S. S., Liu, J., and Klaassen, C. D. (1998). Cadmiweid@poptosis in doi: 10.1016/j.aquatox.2009.12.007
mouse liverToxicol. Appl. Pharml49, 203-209. doi: 10.1006/taap.1997.8334 Prasad, M. N. V. and Hagemeyer, J. (199®avy Metal Stress in Plants—From
Haberkorn, H., Lambert, C., Le Goic, N., Guéguen, M., Moal, J., iBgjaE., Molecules to Ecosystergidelberg; Berlin; New York, NY: Springer-Verlag.
etal. (2010). E ects oAlexandrium minutumexposure upon physiological and doi: 10.1007/978-3-662-07745-0
hematological variables of diploid and triploid oysteéZsassostrea gigasjuat. Rauser, W. E. (1995). Phytochelatins and related peptides. $teybiosynthesis,

Toxicol 97, 96-110. doi: 10.1016/j.aquatox.2009.12.006 and function.Plant. Physiol109, 1141-1149. doi: 10.1104/pp.109.4.1141
Hansen, B. H., Romma, S., Garmo, O. A., Pedersen, S. A., Olsvik, Riordan, M., Sreedharan, R., Wang, S., Thulin, G., Mann, A.k8taich, M., et al.
A., and Andersen, R. A. (2007). Induction and activity of dative (2005). Hsp70 binding modulates detachment of na-k-atpase falpenergy

stress-related proteins during waterborne Cd/Zn-exposure in browmttro deprivation in renal epithelial cellédm. J. Physiol. Renal Physk88, 311-320.
(Salmo truttg. Chemospher@7, 2241-2249. doi: 10.1016/j.chemosphere.2006. doi: 10.1152/ajprenal.00438.2004

12.048 Rocha, T. L., Gomes, T., Mestre, N. C., Cardoso, C., and Bebhiavino
Henson, M. C., and Anderson, M. B. (2000). The e ects of cadmamplacental J. (2015). Tissue specic responses to cadmium-based quantus idot
endocrine functionDev. Endocrinoll, 37-47. the marine musseMytilus galloprovincialis Aquat. Toxicol. 169, 10-18.

luchi, S., and Kuldell, N. (2005¢inc Finger Proteins: From Atomic Contact doi: 10.1016/j.aquatox.2015.10.001
to Cellular Function Tokyo: Landes Bioscience; Kluwer Academic/PlenumRoméo, M., Bennani, N., Gnassia-Barelli, M., Lafaurie, M., anar@iJ. P. (2000).

Publishers Cadmium and copper display di erent responses towards oxidative sires
Jo, P. G., Choi, Y. K., and Choi, C. Y. (2008). Cloning and mRNA the kidney of the sea bag&icentrarchus labraxAquat. Toxical 48, 185-194.
expression of antioxidant enzymes in the paci c oyst@gssostrea gigas doi: 10.1016/S0166-445X(99)00039-9
response to cadmium exposur€om. Biochem. Physiol.. @47, 460-469. Silvestre, F., Duchéne, C., Trausch, G., and Devos, P. (208SueTspecic
doi: 10.1016/j.cbpc.2008.02.001 cadmium accumulation and metallothionein-like protein levels during
Joseph, P. (2009). Mechanisms of cadmium carcinogen&sisicol. Appl. acclimation process in the Chinese cr&bocheir sinensisComp. Biochem.
Pharmacal238, 272-273. doi: 10.1016/j.taap.2009.01.011 Physiol. C140, 39-45. doi: 10.1016/j.cca.2005.01.004
Jurczuk, M., Brzéska, M. M., Moniusz-Kojakoniuk, J., Gana3jdorczuk, Ste ens, J. (1990). The heavy metal-binding peptides of pldma. Rev. Plant
M., and Kulikowska-Karpinska, E. (2004). Antioxidant enzymesiviy Biol.41, 553-575. doi: 10.1146/annurev.pp.41.060190.003005

and lipid peroxidation in liver and kidney of rats exposed to cadmium Strain, J., Lorenz, C. R., Bode, J., Garland, S., Smolen, G. A.,Tlagbal. (1998).
and ethanol. Food Chem. Toxicol42, 429-438. doi: 10.1016/j.fct.2003.  Suppressors of superoxide dismutase (SOD1) de ciencysaccharomyces

10.005 cerevisiag). Biol. Chen273, 31138-31144. doi: 10.1074/jbc.273.47.31138
Kruger, N. J. (1994). The Bradford method for protein quantitatibfethods Mol.  Tong, W. H., Jameson, G. N., Huynh, B. H., and Rouault, T. A. (2®&)cellular
Biol. 32, 9—-17. doi: 10.1385/0-89603-268-X:9 compartmentalization of human Nfu, an iron—sulfur cluster sca old priote

Kusumoto, T., Maehara, Y., Sakaguchi, Y., Emi, Y., Kohnoe, &, a andits ability to assemble a [4FéS] clusterProc. Natl. Acad. Sdi.S.A.100,
Sugimachi, K. (1991). 1-hexylcarbamoyl-5- uorouracil alters the 9762-9767. doi: 10.1073/pnas.1732541100
expression of heat shock protein in hela cefsiticancer Drug®, 45-48. Tsai, C. L., and Barondeau, D. P. (2010). Human frataxin is an aetiostwitch that
doi: 10.1097/00001813-199102000-00006 activates the Fe— S cluster biosynthetic compBiachemistry}9, 9132-9139.
Lange, A., Ausseil, O., and Segner, H. (2002). Alterations siidiglutathione doi: 10.1021/bi1013062
levels and metallothionein mRNA in rainbow trout during single and congal Waisberg, M., Joseph, P., Hale, B., and Beyersmann, D. (2008cdar and

exposure to cadmium and zin€omp. Biochem. Physiol. €31, 231-243. cellular mechanisms of cadmium carcinogenediexicology192, 95-117.
doi: 10.1016/S1532-0456(02)00010-8 doi: 10.1016/S0300-483X(03)00305-6

Lill, R., and Muhlenho , U. (2006). Iron-sulfur protein biogenesiseukaryotes: ~ Wang, S. L., Xu, X. R, Sun, Y. X., Liu, J. L., and Li, H. B. (2013\yHeetal
components and mechanism#&nnu. Rev. Cell Dev. BioR2, 457-486. pollution in coastal areas of South China: a revitar. Pollut. Bull 76, 7-15.
doi: 10.1146/annurev.cellbio.22.010305.104538 doi: 10.1016/j.marpolbul.2013.08.025

Frontiers in Physiology | www.frontiersin.org 9 December 2017 | Volume 8 | Article 1061



Qian et al. Nful for Cadmium Detoxi cation inTegillarca granosa

Wang, Z., Shao, Y., Li, C., Zhang, W., Duan, X., Zhao, X., et a6
RNA-seq analysis revealed ROS-mediated related genes involvadntium
detoxi cation in the razor clanSinonovacula constrictBish Shell sh Immun.
57, 350-361. doi: 10.1016/j.fsi.2016.08.051

Wu, Z., He, M., and Lin, C. (2012). Environmental impacts of heavy
metals (Co, Cu, Pb, Zn) in sur cial sediments of estuary in Dalig@eR Conict of Interest Statement: The authors declare that the research was
and Yingkou Bay (northeast China): concentration level and nubael conducted in the absence of any commercial or nancial relativps that could

fraction. Environ. Earth. Sci 66, 2417-2430. doi: 10.1007/s12665-011be construed as a potential con ict of interest.
1466-1

Yalin, S., Comelekoglu, U., Bagis, S., Sahin, N. O., Ogenler, ©Hatungil, R.
(2006). Acute e ect of single-dose cadmium treatment on lipid pedaiion

Zelko, I. N., Mariani, T. J., and Folz, R. J. (2002). Superoxidgeudése multigene
family: a comparison of the Cuzn-SOD (SOD1), Mn-SOD (SOD2), and EC
SOD (SOD3) gene structures, evolution, and express$iocge Rad. Biol. Med
33, 337-349. doi: 10.1016/S0891-5849(02)00905-X

Copyright © 2017 Qian, Bao, Li, Xie, Lu and Lin. This is an opeesacarticle
distributed under the terms of the Creative Commons AtidhuLicense (CC
and antioxidant enzymes in ovariectomized reéEsotoxicol. Environ. S&5, BY). The use, distribution or reproduction in other forumseisnitted, provided

140-144. doi: 10.1016/j.ecoenv.2005.06.006 the original author(s) or licensor are credited and thatdhginal publication
Zalups, R. K., and Ahmad, S. (2003). Molecular handling of cadmiumin this journal is cited, in accordance with accepted acmdg@mactice. No

in transporting epithelia. Toxicol. App. Pharmacol 186, 163-171. use, distribution or reproduction is permitted which dagtscomply with these
doi: 10.1016/S0041-008X(02)00021-2 terms.

Frontiers in Physiology | www.frontiersin.org 10 December 2017 | Volume 8 | Article 1061



