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Abstract

Heavy metal Cadmium (Cd) pollution has becanpetential environmental problem
and it threatens aquatic organismséncludingeconomic crabs and shrimp€hinese
mitten crab is a native species in East Asia, andhieisnost important economic crab
species in Chinddowever,there are only a few studies about gitlssponding to Cd
stressin the Chhese mitten cratat a molecular level.ar'gain better understanding of
the oxidative stress syste(antioxidant defensgof the E. j.sinensisin this study, RNA
Seq was applied to obtaigene expression profilerom the mitten crab® gills in
response toCd for 24h, angielding 39612948 highquality clean readérom which
570,84 transcripts and04,889unigenes are assembled by removing redundancy ¢
Transcriptome transcripts with low coveragé total of 1544differential expression genes (DGEsg
Chinese mitten crab identified. GO functional analysis and KEGG pathway analysis indlisatee vital
Gill pathways andgenes in response to the challendg®ur genes related tammune
response andietoxification are selected to validate the DGE results by-R&R This
comparative transcrippme provides valuable molecular information about on tt
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further understanding of heavy metadtress

Introduction Over the past few decadewith the accelerating

The Chinese mitten crabEfiocheir japonica
sinensi} is a widely-distributed groupin streams and
rivers along the easterpacific coast of China to the
Korean Peninsul@Vanget al.,, 2018; Xbnget al., 2001)
The Chinese mitten crabas abundant nutrition and
delicate taste making itbecomes a common food toda
and has higmarket demandand pricein ChingLiet al.,
2018; Wauet al, 2007) The annual production oE. j.
sinensishas increased sharply during the past tw
decadeswhich is approximately 812,103 tons in 201
(China Fisheries Yearbook, 20IHus,E. j.sinensishas
becomeone of the most prevalent and commerciall
important aquaulture crabsin China In addition,E. j.
sinensisalways was considereals a model organism ir
aquaculture studie¢Cuiet al., 2013)

industrialiation andanthropogenicactivities more and
more waters have been polluted by high levels of hee
metals (Wanget al,, 2015) As a consequencdieavy
metal pollution has becomea serious environmenta
problem producing deleterious impacts on the
ecosystem Particularly, it threatens aquatic organisms
includingeconomic crabs and shrimgeu and Q 2011)
As one of the most hazardous heavyetals Cadmium
(Cd) is a nonessential and potentially toxic metal
because ittannot bedegradedin bioaccumulationand
can be accumulad in humansviafood chain(Gaspicet
al.,, 2002) which would nay resultin morphological
deformities physiologicadysfunctionsand even death
(Sunet al, 2016) Cd can caus¢he production and
accumulationof reactive oxygen species (R@)ich is
known to induce oxidization of biological
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macromoleculesand variouslyphysiological damage tc
animal tissues and organs (Thévenod 2009)
Furthermore Cd also generatd3NA stranchreaksand
gene inactivationManna and Sil 2009and alterggene
expressionto regulate activities of various enzyme:
(Overstreet 2000)Previous studieshowed that dfects
of Cd exposurein many crustaceanswhich including
Sinopotamon  henanense (Sun et al, 2016)
Macrobrachium rosenbergiHAKaoud anédRezk 2011)
and Gammarus fossarum(Silvestre et al., 2006)
However, up to date, the research abdkt . sinensis
limited on the knowledge about the molecular basis
responding to Cd stress.

In crustaceans, theills are multifunctional and
generally regarded as a majargan of respiration
(Burnett and Mcmahori985)and osmoregulation(Hu
et al, 2015; Weihrauctet al,, 2001) Additionally, he
gills also play a critical role ixenobiotics entering
organisms material absorption and biological
transformation because it associates withmdient
environment directly (Wang et al, 2013) Previous
studies have reporteé. j.sinensisarethreatened byCd,
but mostly focused on tissuespecific cadmium
accumulation(Silvestreet al., 2005; Wanget al., 2001)
Silvestreet al., (2005)found that the anterior gillin E. |.
sinensis has highest level of cadmium accumulation
followed by the hepatopancreasand posterior gill
However, the studies on the molecular responses ¢
differentially expressed genes are scarce in Chin
mitten crabgillsexposed to Cd

In recent yearswith the development of next
generation sequencing, de novo transcriptomic
approaches have been increasingly used to investig
physiological process and molecular characteristics
model and normodel organisms(Lou et al., 2017)
Additionally, de novo transcriptome provides great
breadth and depth of information that can be used f
catalog all the genes expressed in the tissue, ¢
facilitates detailed functional research of variou
proteins(Bainet al., 2016) To get better understanding
aboutthe molecularbasisresponses taCd stress iik. j.
sinensiswe used thecomparativetranscriptome of the
gillsto analyze the differentially expressed gerfPEG)
between eposedandunexposed to Chyusing lllumina
sequencing platform and quantitative retiine PCR (RT
gPCR) The goal of this study is toimprove a better
understanding of molecular responses$ E. j.sinensis
when exposed taCdandto provide a theoretical basis
for the further researchesn heavy metalstress

Materials andMethods
Animals andExposures

E. j. sinensiswere purchasedfrom Yangguang
market in Yancheng Jiangsu Province, China, or
October Bth, 2017 Before experiments the crabs were
acclimated2 days.Crabswere randomly divided to the
treated group and the control grouprhe treatedgroup

of three crabs vas exposedto Cd for24 hoursat a
concentration oftmg/L prepared by dissolvirj036 mg
of CdGI-2.5H0 inlL ofclean water(without Cd).The
control group of three crabs was maintained under
clean water for 24 hours at 200.5°CThe crabs of each
group weresettled at tanks 36 cm %20 cm x 18 cr
which contain onethird water. During the whole
processes, crabs were not feéthen the gills samples of
the E. j.sinensigrom each group were rapidly removec
snapfrozen in liquid nitrogenplaced into 1.5 ml RNase
free tubes and immediately stored &0 °C prior to the
RNA extraiion, respectivdy.

RNAExtraction, cDNALibrary Preparatiorand lllumina
Sequencing

Total RNA was isolated from the composite sam|
using a standard TRIzBeagent Kit according to the
manufacturer's instructions. RNA purity was confirme
spectrophotometrically using a NanoDrop 2000 a
integrity were assessed using an Agilent 21
Bioanalyser (Agilent Technologies, USA). Briefly, ml
was purified using alio (dT) magnetic bead®urified
MRNA was fragmentethto smaller fragments (about
200 bp)by using dragmentation buffer Then,random
hexamer primeraindreverse transcriptase were used t
synthesize the firsstrand Next, Secondstrand cDNA
synthesiswas subsequently performedis a stable
doublestrandedstructure, after which endrepair and
addition of a base ato SYyRa ¢ SNBe
suitable fragments were purified by 2% agarose |
electrophoresisand enriched by PCR amplificatidar
15 cycledo create a cDNA librarfanally, the library was

O2yRdzOGSR o6& LftfdzYAytl I
Inc.).
Assembly andAnnotation

In this study, the SeqPrej

(https://github.com/jstjohn/SeqPrep  and Sickle
(https://github.com/najoshi/sickley <ftware were
used to filterraw reads INFASTQ format by removin
reads with sequencing adaptors, low quality (quall
a02NBa& XX HnNL YR dzyly2e)
Following quality filtering, all downstream analys¢
were based on clean, higjuality dai, and thenclean
reads werede rovo assembled using Trinity softwar
packagegHaaset al, 2013) Longesttranscripts of each
3SyS 4SNB LI22t SR & adzyA
To search for the likely homologues of proteil
with known function,all the unigenesmatched with
sequences in the BLAST against the-hamiundant(NR
database, String, Swigsot protein databaseProtein
family database Rfanm), Kyoto Encyclopedia of Gene
and Genome (KEGG) classification Clusters of
Orthologous Groups (COG) of proteins and Ge
ontology (GO databaseswith a cutoff Evalue of -5
(Altschulet al., 1997) GO databasewere mapped to
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sequencedased on their alignmerusing theBlast2GO
software(Delanghe 2005)

Identification of Differentially Expressed Unigenes

To identify differential expression genes (DEC
between two samples, the expression level edch
unigene was measuredby using the Fragments Pe
Kilobase of exon model per Million mapped rea
(FPKNM method (Mortazavi et al., 2008) Differential
expressionanalysis between samples was perf@un
using edgeR
(http://www.bioconductor.org/packages/2.12/bioc/ht
ml/edgeR. Genes were considered significantly
differentially expressed (DEGsywhen FDR (false
discovery rate) <0.05 and logFC| >= 1 GO term
enrichment analysisand KEGG pathway functiona
enrichment analysis of the differentially expressed
genesto determine the DEG functionand biological
pathways by Goatools
(https://github.com/tanghaibao/GOatoo)sand KOBAS
(http://kobas.cbi.pku.edu.cn/home.dg) respectively
We defined the corrected p value=0.05 as significantly
enriched(Kanehisat al., 2008)

ExpressionAnalysis by RealTime Quantitative PCR
(QRFPCR)

A total of4 up-regulatedgenes associated with Ci
stresswere selected for gRIPCR analysis to validate th
lllumina sequencing resulind the expression pattern
The genespecific primers were designed by Prim
Premier 50 (Tablel). Total RNA wasxtracted from the
gills of three crabs in each group using TRL
(Invitrogen) gRFPCR analysizvas performedon an
Applied Biosystem 7500 retime PCR system (Applie
Biosystems, Thermo Fisher Scientific, Waltham, N
USA) with 2 x SYBR Green gPCR MhAidlab
Biotechnologie<Co., Ltd.Ching. ThegRFPCR reaction
system (B3> f 0 02 yla5>§ (2% BYBR §PCR Mi
M >[ 2F F2NBIFNR M yR REOC
mMn dp RNasdr@gefHO. i -actin was used as the
reference gene to normalize target gene expressidre
PCRorogram was set with aincubation step 3 min at
95 °C40 cycls of 15 s at 94 °Q5s at55°C and25s at
72 °C, followed withthe standard dissociation cycle
Eachgene was repeated three technique replicatior
and 2¢ €T method was used for analyzingelative
guantification(Thomaset al., 2008)

Resultsand Discussion
lllumina Sequencingand De NovoAssembly

To get an overview of the transcriptomic
characteristics of th€d stresstwo cDNA libragswere
constructed between the gills of exposed and
unexposedE. j.sinensisWe obtained 3%12948 total
raw reads and 3265370 totalraw reads fromtreated
groupand controlgroupsamplesrespectivelyThe raw
reads were further filteredinto clean reads. fer
assembly, we obtaine870,847transcripts, which were
further clustered into504,889 unigenes.The unigenes
comprised 18895620 bases, andhe N50 length of
364bp with an average GC content of approximate
44.11%. The average length, largest length and small
length were 374.33bp, 50681bp and 201b
respectively.Detailed information relevant to overal
assemblyquality was summarized irable 2.

FunctionalAnnotation and Classification

All the unigenes were alignei NR,String, Swiss
Prot, Pfam GO and KEG@atabase, with a cubff &
value of B-5. A total of 71,968unigenes(13.11% of all
unigene$ had significant hits in deast one of these
databasesincluding60,587 (84.1%%b) 47,038 (65.36%0)
42,963 (59.70%)and 42,357 (58.868%)were mapped to
String, NR, SwissProt and GOdatabases, respectively
However, comparing toolr databases, only 2573¢
(35.76%) and 2477334.426) of the total sequences
were matched against Pfam andEGGlatabasesThese
annotation and classification will facilitate the followin
interpretation of the gene functioin E. j.sinensis

From the annotated information dfix databases,
all unigenes were annotated through Blast against t
NCBI norredundant (nr) protein database built for the
invertebrate The Blast toghit species distribution of
the annotated unigenes showed the highdsimology
to the Hyalella azteca(9838 20.92%) followed by
Zootermopsis nevadensig1547 3.29%) Trichuris
trichiura (1121 2.38%) Capitella teleta(993 2.11%)
and Plutella xylostell§950 2.02%) Except for the top
20 species with sequence hits, the lasgggumber of the
unigenes was hits in the other species (23630,21%)
due to limited genome information in curstacear
(Figire 1.

Table 1.Realtime quantitativePCR primers used in this study

Gene Name Forward primer sequence (3') Reverse primer sequence {5)

I -actin GATGGTGGGAATGGGTCA CCAACCGTGAGAAGATGACT
TRX TGATTTAGGTGGATGAGTTGG TTCCTCAATATGCCGTACCT
Prx3 GAGCCGAGAAGCAGACGA ACTCGCACTTCTCCCACC
HSP70 CTGGTTGTCGGAGTAGGTG ATTTCTCCACAGGCTCCA
ATP6L CCCTCTTCAGTCTTTCCAGTCA ATTGGTATCGTGGGTGACGC
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Table 2.Summary of transcriptome characterizationkfj. sinensis

Sequencing

Type Treated Group Control Group
Raw reads num 39612948 34265370
Clean read num 38301346 32916952
Assembly

Type Unigene Transcripts
Total sequence num 504889 570847
Total sequence base 188995620 228410682
Percent GC 44.11 44.59
Largest 50681 50681
Smallest 201 201
Average 374.33 400.13
N50 364 396
N90 224 227
Annotation

Type Unigene Transcripts
GO 42357 53002
KEGG 24773 34443
NR 47038 62284
PFAM 25738 34761
STRING 60587 73117
SWISSPROT 42963 53706

As an internationally standardized database
predicting the possible functions, COG analysis ca
help us understand the gene function distributior
characteristics of the specigbhe results showed that o
the 504,889 unigenes,46,552 sequences had a CO:!
classification. From the 25 COG categories, the clu:
F2NJ a! YAy2 | OAR (NI V8B
8.84%) was the largest group, followed by the group t
GwS LI AOF GA2y T NB O399 358%) (
G99y SNH& LINE RdzOU A 23¢82 7.48R)
GLY2NBIFYAO A2y G NI309%5 6EIN)I
FYR &/ ND2Ke&RNJ GS V#3062 L
6.58%)(Figure 2).

Besides COG analysi®4773 unigenes were
successfully mapped t880 KEGG pathways within 4
categories. Among these pathwaysthe highy
represented categdes were ¢ aSil 62t A O
(ko01100:6637, 26.79%) & . A2aéy (i KSaAa
YS il 0 2koald® 2869, 11.580) G . A 2 &y i
Fy Ao A(ILBD a2215 8.94 %), da A ON.
metabolism in divers& y @A N2 YRG0 544
7.72%))andda / | ND 2y Y &a0126021450, B.85
%)

Differentially Expressed Gend®EGS) in th&il of E. .
sinensis

To identify genes display significant changes
expression during:d stress,we analyzedifferentially
expressed genes by comparing tlel treated library
with the control library.The expression level aéach
unigene vasmeasuredoy FPKMmethod.We judged the
statistical significance of gererrectedp-value< 0.05
and thelog:2 |FC| >= 1 A total of 1544 genes were
significant differentially expressed in gills of crabs

Amongthese DEGs1084 genes were ugegulated and
460 genes were dowstegulated compared with the
control group (Figure 3). This analysishowedCdstress
had significant effect o the geneexpressionin E. j.
sinensis and he larger number ofip-regulatedgenes
suggested thamost of the DEGs were mainly associat
with stress response

GOAnalysisof DEGs

To obtain a better understanding obiological
functions and gene interactioof DEGs, all DEGs wel
annotated in GO terms and significantly enriched in
three GO categoriesncluding BlogicalProcess BP, 29
sub-categories), Cellular Component CC, 20 sub
categorie3y, and Molecular Function (MF, 15 sub
categories)(Figure 4). Within the Biological Process,
G OSt t dzf [(GO: WINERIRIHDBESSY Y S G I ¢
LINE O S(@Ck £0008152 239 DEGs), a0 A 2
NB 3 dzf KGDA0R6PD7 211 DEGs) NB 3 dzf |
0A2f 23A0I (GO: QOB 2833 BEGS) anc
GOStfdzA NI O2YLRYySyi 226c@E
0071840 193 DEGs) were mosflyevalent term Under
Cellular Component categoryg O S&A:0005623 285
DEGs)omprised the largest proportignfollowed by
G OSf f (GahoMEGd 284DEGs) 2 NH | (GO
0043226 271 DEGs)Xi 2 NH | y S {(GOS004432N.
247 DEGs) and Y S Y 6 NG@:@£6020 222 DEGS).
In Molecular Function category, & 6 A Y R({G@:=
0005488 229 DEGs) wathe predominant GO term
followed by @ OF G I f & (i A(@D: 0003824 D7A i
DEGs)a (i NI y & LJ2 NIGONDOS205i145 PRQAS)
aY2f SOdzt I NJ T daGO:60R87 32 3NIEQS)
and & a 4 NHzO G dzNJ £ Y(B0: 8005148328
DEGS).
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Species Distribution

. Hyalella azteca

. Zootermopsis nevadensis
. Trichuris trichiura

. Capitella teleta

. Plutella xylostella

. Nematostella vectensis
. Drosophila eugracilis

[ Amphimedon queenslandica
. Lasius niger

. Daphnia magna

. Lingula anatina

. Exaiptasia pallida

. Daphnia pulex

. Monomorium pharaonis

23619

. Crassostrea gigas
Strongylocentrotus purpuratus

. Eriocheir sinensis

- Branchiostoma belcheri

. Caenorhabditis remanei
Diachasma alloeum
other

. species unknown

Figure 1.Species distribution of BLASTx matches the hepatopancreas transcriptome unigankiece of fan indicates tr
number of top BLAST matches against the Genbankedundant (Nr) protein database for various species.

Function Classification

. RNA processing and modification

: Chromatin structure and dynamics

: Energy production and conversion

. Cell cycle control, cell division, chromasome partitioning
: Amino acid transport and metabolism

Nucleotide transport and metabolism

. Carbohydrate transport and metabolism

- Coenzyme transport and metabolism

Lipid transport and metabolism

: Translation, ribosomal structure and biogenesis

3732

-

[{s}

w
|

: Transcription

. Replication, recombination and repair

: Cell walVmembrane/envelope biogenesis

: Cell motility

: Posttranslational modification, protein turnover, chaperones

. Inorganic ion transport and metabolism

: Secondary metabolites biosynthesis, transport and catabolism
: General function prediction only

Number of Seqygnces
>
(0]
|

933

: Function unknown

|_| . Signal transduction mechanisms
0 _ |_| : Intracellular trafficking, secretion, and vesicular transport
ABCDEFGHI JKLMNOPQRSTUVWYZ - Defense mechanisms
. Extracellular structures
: Nuclear structure

Z: Cytoskeleton

Figure 2COG classification of alhigenes. Unigenesere classified into 25 function classes. The columns represents the num
unigenes in each class.
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Function Class
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Cd-treated groups VS. controls scatter

mean_controls

v down-regulated
+ nosig
+ up-regulated

mean_Cd-treated groups

Figure 3.Analysis of DEGs following exposure of the gills to Cd. The change pattern is displayed as a Scatter plot.
represents the FPKM value [log2(fold change)]. Red points represent upregulated genes and blue points re

R26yNB3IdzA i SR 3SySa

In addition among all the64 GO termsg a e y |
LI NSt SOGNRY OFNNRBYNIE I O
FOUGABANRYAONRLIGAZY FI 0,2
Gy dzOf, SRWRZEY Sy (¢ LWINRYEY | LII .
Ay@2ft SR Ay OKSYAOL faOf
I 33 NS Jd¢ dMBNEYNR 20yietadldcHafedone
F QOGANDGRBE2EATAONI W BYEGA2
I OGADKDEND2KERNI 0S5 & ydrdiaN
dzii A f A & LINR & $akdd (R IER & fromhiek ¢
GO categorieswere all up-regulated DEGs with nc
downregulated DEGE-igure 5)It is worth notingthat
thed & &y LIAB), I ENIIGE NB Yy  O@0IN
andd & A Ay { NI yiD)RaleGoebliad tiiki
most participating genes in thesgO terms. gapse is
a structure that permits a neuron to pass an elést or
chemical signal to another neuron or to the targr
effector cellBotha St SO NBY CanddiNMSE
i NI¥ y a RdzOS Nie invOliledl @A dirésg  signal
transduction(Liu et al,, 2017) These findingsndicate
the importance of signal transduction in the stre:
response of theée. j.sinensicaused byCdstress.

Pathway Analysisof DEGs

KEGG is a database for biological systems 1
integratesgenomic, chemical, and systenfimnctional
information (Kanehisaet al, 2007) In this study, all
DEGsvere assigneihto KEGG metabolic and regulatot
pathwaysto identify the biological pathways involved ii
Cd stress. These genssre mapped into238 pathways
in the KEGG databaseand 43 pathways were
significantly enriched (corrected\alue<0.05)(Table3).
The DEGs were maintpncentrated in thgpathways of

oF&asSR 2y

1KS RAAONRYAYI GAQGS &A3YA

daSil 02K A0 @EJupiregulated, 3 down-

regulated,ad . A2a&yaGKSaixa 27F (@S
up-regulated, 1  downregulated, @& h EA R
LIK 2 & LIK 2 N2b tip-rdgulageyl,@ down-regulated,

G. A2aeéyiKSaA@3upregulatedd dodvrk :
regulated and d aA ONR O A | £ YSil ¢
Sy @A NP y(@ISup-tegukated, 0 down-regulated

(Table 3). Thesepathways were all classified with

metabolites pathway and most DEGs were -uj
regulated. Remarkably, our study found that 29 DE
were all significant up-reguated in the Oxidative
phosphorylationpathway (Figire 4. As we all know
oxidative phosphorylation in mitochondris a major
pathway to supplyenergyin the basic activities dife

through electron transport chain to generate 3Q

adenosine triphosphate(ATP) (Saraste 1999)DEGs
involved in the Oxidative phosphorylation pathwe
were all significant wpegulated, indicating that. j.

sinensisneeds more ATP to provide more energy f
biochemical actiities caused by Cd stress.

Gill associates with mbient environmentdirectly,
andit is one of the most important organs involved i
osmoregulationn crustaceas (Liet al., 2014) As we all
know, Na'/K*-ATPase(NKA) isa widespread Rype
ATPase that plays an importaraie in the regulation of
hematopoietic osmotic pressurfAhearnet al, 1999;
Crambertet al., 2000) In general, alteration$o the ion
environmentcould increasemembrane fluidity,which
may contribute to the changes of NKghzyme Here,
several pathways directly related to the activ
reguation of the NKAenzymewere detected,such as
G/ 2ttt SOGAy3 RdzO{ (kob4069R
M2 LI YAYSNHBAO aceadallda§sS @i
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(ko0497§ (Table 3). Ae regulatory genes oNKA in
these pathwayswvere all upregulated suggesting that
the NKA strengthened the ion exchange functio
necessary to maintaithe osmotic balance required fol
normal survival aftelCd stressOther regulators were
also foundin these pathwaysincludingsolute carrier
organic anion transporter faily member 5A1 (SB&1),
calcineurin Bike protein 1(CBL1) anderine proteinase
inhibitor 2 (SPI2) which mayelated to metal ion
transport (F&*, Cd*, Cé*, C#*, Mr?*, N#*, PI3*, ZrtY)
and were expressed in the gi(Hui et al, 2017) In
addition, three pathways werefound that connected
with the amino acid metabolisiincludingy . A 2 a €
2F | YA Y 2koOl200h BA NHAYAY S
YSGF 02&N0E3canda! NBAYAYS
(ko0022Q (Table 3).1fee amino acidslso played vital
role in osmoregulation the results implied these
pathways might all take part in resistant @dstress In
addition, we used cadmium in the form of Cadmiun
chloride Chloridion is an essential element for

organisms and participate invarious  kinds
of biologicalfunction,such as cellular immunologic
response cellularproliferation, differentiation and
apoptosis (Xt al., 2017).Therefore, the active uptake
of chloridionalso affectssariousphysiological functions
of crabs particularityin osmoregulationChinese mitten
crab must be required to maintain the properion
balance which is need more changes in thdaptive
process Certainly,the mechanism of adaptive process
very complex, and need more idepth research in the
future work.

Identification of Putative Genes for RespondingCd
Stress

We examined th@jillstranscriptome ofCdtreated
and untreatedE. j.sinensigprimarily to identify a variety
of candidate genes that might be functionally associat
with Cd toxicityresponse mechanism. Considering tt
significance of immune genes in thexic environment

Figure 5Up- and downregulated unigenesf the top terms in comparisons between eacht@hted group and the control.



