Accepted Manuscript

PROGRESS IN
Biophysics &
Molecular Biology

Analyses of the molecular mechanisms associated with salinity adaption of
Trachidermus fasciatus through combined iTRAQ-based proteomics and RNA oo o
sequencing-based transcriptomics

Qian Ma, Xinfu Liu, Wenrong Feng, Shufang Liu, Zhimeng Zhuang

Pll: S0079-6107(17)30286-9
DOI: 10.1016/j.pbiomolbio.2018.02.003
Reference: JPBM 1319

To appearin:  Progress in Biophysics and Molecular Biology

Received Date: 21 November 2017
Revised Date: 30 January 2018
Accepted Date: 6 February 2018

Please cite this article as: Ma, Q., Liu, X., Feng, W., Liu, S., Zhuang, Z., Analyses of the molecular
mechanisms associated with salinity adaption of Trachidermus fasciatus through combined iTRAQ-
based proteomics and RNA sequencing-based transcriptomics, Progress in Biophysics and Molecular
Biology (2018), doi: 10.1016/j.pbiomolbio.2018.02.003.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.pbiomolbio.2018.02.003

O 00 N o U»n

10

11

12

13

14

15

16

17

18

19

20

21

22

Analyses of the molecular mechanisms associated kitsalinity
adaption of Trachidermus fasciatus through combined iTRAQ-based
proteomics and RNA Sequencing-based transcriptomics

Qian Ma*? Xinfu Liu', Wenrong Fenlg Shufang Lit%, Zhimeng Zhuang*

1. Yellow Sea Fisheries Research Institute, Chinksademy of Fishery Sciences, Qingdao
266071, China

2. Function Laboratory for Marine Fisheries Sciemacel Food Production Processes, Qingdao
National Laboratory for Marine Science and Techggl®@ingdao 266200, China

3. Function Laboratory for Marine Biology and Bidbemolgy, Qingdao National Laboratory for
Marine Science and Technology, Qingdao 266200, &hin

“Correspondence to: Zhimeng Zhuang, Yellow Sea Fish&esearch Institute, 106 Nanjing Road,
Qingdao 266071, P.R. China. Email: zhuangzm@ysfdrg Fax: 0086-532-85811514; Tel:

0086-532-85836344



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Abstract

Osmoregulation mechanism underlying acclimation addptation of
migratory fish to different salinities has been dstd for decades.
Recently developed transcriptomic and proteomibrigpies would make
it possible to provide more reliable data to deeiptine mechanism study
at a molecular level. Here in this study, an indéige analysis of the
kidney-specific transcriptome and proteome wasqgoeréd to identify
important regulators and pathways involved in sgliradaption of
roughskin sculpin Trachidermus fasciatus). Fish were subjected to
seawater-to-freshwater transfer that was achieme®4i hours, samples
were collected at 12, 24 and 48 h after the statthed experiment. Time
course profiling of gene and protein expressionsewexamined using
RNA-seq and iTRAQ methods. A total of 1504 differally expressed
genes (DEGs) and 378 differentially expressed preot¢DEPs) were
identified at the three time points. 66 proteingendtered by correlation
of transcriptome and proteome results. When comgdhe data obtained
from the three time points, 12 h exhibited the éastgnumber of DEGs
and DEPs, suggesting the time course experimanritisal to clarify the
framework of regulatory genes/proteins in respatesesalinity change.
This study provides the first time-course, kidneedfic, combined
transcriptomic and proteomic profiling associateithvsalinity adaption

of Trachidermus fasciatus. The results revealed the possibility &f
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fasciatus as an experimental animal for osmoregulation sgjdshowed
the powerfulness of combining transcriptomic anotgomic approaches
to provide molecular insights of osmoregulation hadsms in migratory
fish.

Keywords: Proteomics, Transcriptomics, Kidndyachidermus fasciatus,

RNA-sequencing, iTRAQ

1. Introduction

Vertebrates possess a suite of adaptive behavadl physiological
strategies to cope with destabilizing challengesi{i@ssors), enabling the
animal to maintain homeostasis and overcome theath{Flik et al.,
2006). Accordingly, adaptation can be defined aspitocess of change in
animals to conform better with variable environna¢rdonditions, i.e.,
the organism acquires characteristic changes (mtogy physiology or
behavior changes) to improve their survival andadpctive success in
the particular environment (Bijlsma and Loesch@@5). In comparison
with other vertebrates, fish are subjected to gelavariety of stressors
because the high variability of water environmenEnvironmental
changes in salinity, temperature and dissolved emygre the most
common causes of stress, and will affect physiodl laiological system
in fish (Harper and Wolf, 2009). These environmkakallenges promote

the variability of acclimatization in fish to diffent abiotic factors,
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ultimately lead to adaptive evolution.

For aquatic organisms, the maintenance of bodyl fromposition in
dilute or concentrated salinity environments arkie@ed by activating
osomoregulation (Marshall and Grosell, 2005). Ndiynafreshwater
species inhabit a hypotonic environment where tiegyl to gain water
and lose salts via exposed membranes; marine sgaeen a hypertonic
environment in which salts are gained and watdoss to the external
environment (Hasan et al.,, 2017). Yet, a minorityspecies, i.e., the
euryhaline fish, have a broad capacity to bettapatb salinity changes.
The underlying physiological mechanisms comprise camplex
physiological process involving structural and fiimecal modifications in
the osmoregulatory organs (qgill, kidney and intesti(Eddy and Handy,
2012; Gonzalez, 2012; Marshall and Grosell, 2005).

In seawater, physiological regulation of these nsgancludes a
combination of branchial and renal excretion otssand oral ingestion
and intestinal uptake of water; in weakly brackisHreshwater, salts are
reabsorbed across the gill and intestine whereasssxwater is filtered
by the kidney (Evans and Somero, 2008; Marshall@rasell, 2005). To
date, specific mechanisms have been well studidgeimill (Evans et al.,
2005; Hwang et al.,, 2011) and intestine (Grosellp6) of fish in
response to salinity transfer. The kidney has Imedied to understand

the mechanisms of ion transport in marine and fwesér species
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(Yancheva et al., 2016), however, the specific ablkidney in euryhaline

species has received less attention in comparistintihose of gill and

intestine.

The kidney functions in integrating ion and watansport in maintaining
body fluid concentrations (Varsamos et al.,, 2008¢nce, studying

aspects of renal function in osmoregulation carvigeminsights to their

role in salinity adaptation of euryhaline fish. Adugh relative studies on
cellular morphology (Hasan et al., 2017 ; Jarial &avilkins, 2010) and

transcriptional changes (Mu et al., 2015; Wanglet2914) of kidney

have been reported in euryhaline species, the sabpwlecular studies
Is still limited, and the data are not sufficientrevealing the molecular
targets to explain the underlying adaptive mecimanis

Recently, evaluation of potential candidate gemeslved in salinity

tolerance of striped catfisiP@ngasianodon hypophthalmus, S) has been

reported in three tissues (gill, kidney and intestiusing the RNA-Seq
approach (Nguyena et al., 2016). In addition, pnoie studies have
focused on the comparison of fish under salt stiresgments and normal
environment to survey differentially expressed gt (DEPS). Recently
developed proteomic techniques, such as isobagcfda relative and

absolute quantitation (iTRAQ), allows identificatioof more proteins,
provides more reliable quantitative measurementsl #arge-scale

comparisons than traditional two dimensional etgghioresis (2DE)
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analysis (Karp et al., 2010). It is also possibleise iTRAQ for pathway
and protein-protein interaction analyses. The moie analysis by
ITRAQ technique was carried out in gill of marblesdl (Anguilla
marmorata), DEPs were identified under brackish water/frestewnw and
seawater/freshwater conditions (Jia et al., 2016).

Moreover, the transcriptomic profile has been comabiwith proteomic
analysis (iTRAQ), as it has been reported thatstaptome deduced
proteins could cover almost all of the proteinsidun iITRAQ (Tse et al.,
2013; Tse et al., 2014). As reported, combinatioRMA-seq and iTRAQ
was used to reveal the physiological and moleadsgponses to osmotic
stress. Hence, this combination provides us the®agpproach to fill the
knowledge gap of the genetic basis of salinity satagn of euryhaline
fish, especially for non-model organisms and thtsking reference
genomes. In addition, the samples in previoushorspwere normally
collected at only one time point post treatment] #re set time varied
depending on different researches. Still, a conbipeoteomic and
transcriptomic analysis regarding the time-coursevegiing of
osmoregulation in response to salinity stressmgédid.

In the past decade, some euryhaline species sushl@®ns and eels
have been widely used for studying the mechanismasafioregulation,
because of their wide distribution in different gesiphical locations and

spawning migration between freshwater (FW) and sgawWSW) habitats.
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Even though much has been achieved in these spa@egsre attempted
to select another experiment animal with smallee sand shorter life
cycle, which would be more suited for relative droalture systems.

The roughskin sculpinT¢achidermus fasciatus) used to distribute widely
along the eastern coasts of China, however, wildufaions of this
species have seriously declined since 1970s duevésfishing and
destruction of natural habitats (Cao et al., 20I0Jasciatus exhibits a
catadromous lifestyle, i.e., the adults migratemfré&W to SW for
spawning and the fingerlings migrate from SW to E8%to, 1990). This
fish has been previously listed as a criticallyamgered species in China
Red Data book of Endangered Animals-Pisces (Yue Ginein, 1998).
However, some populations have recently reappeanedraditional
habitats, successful farming of these species &éas bonducted in many
fish farms and hatchery stations. Regarding theeatrfacilitation for
sampling, here we propose the potential of thigigiseas an experimental
animal in biological and ecological studies, fa #hort life cycle (one
year life-span), as well as the high tolerance iteer@nt salinity and
temperature. So far, the life history and spawinagitats ofT. fasciatus
have be reported (Takeshita et al., 1997; Takestitd.,, 2004; Wang et
al., 2000). Recent publications are focusing onecwhar mechanism of
Immune responses (Liu et al.,, 2012; Yu et al., 2088netic diversity

and population genetic structure (Gao et al., 2QiBet al., 2010; Xu et



155 al., 2009).

156 In this study, transcriptome sequencing and quag shotgun
157 liquid-chromatography mass spectrometry (LC-MS) eveonducted to
158 identify salinity adaptation related proteinsTirfasciatus. This study will
159  be helpful developing a comprehensive understandhghow the
160 proteome and transcriptome change in associatitim salinity changes
161 In the kidney, provide more genomic and proteonaickiground data for
162 the candidacy of. fasciatus to serve as an experimental animal, and gain
163 Insight into the osmoregulation net work of euryhaleleosts.

164 2. Materials and Methods

165 2.1 Animal collection, maintenance and salinity camol

166 Adults of T. fasciatus (one year-old) were collected at Yuhai Hatchery
167 station (Shandong, China) in December 2014, and thensported to
168 Tongyong Hatchery station (Qingdao, China) wheeredkperiment was
169 carried out. A total of 90 fish were equally sepedainto three groups,
170 each group was domesticated in a flat bottom FRFE wath an effective
171 volume of 100 L under a 12 h light : 12 h dark pipetriod for two weeks
172 prior to the beginning of the experiment. Over &0$and-filtered natural
173 sea water with a salinity of 30 ppt and temperatirel0-12C was
174 supplied to each tank per day.

175 At the start of the experiment (time O h), sampheye collected as

176  control group while fish remained at seawater (B€).pSalinity change
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commenced thereafter by adding freshwater (3 p@9 the inflowing
seawater to each tank, salinity was gradually redwt a rate of 1.1 ppt/h
over a 24-hour period, then the fish were mainthime freshwater
afterwards. Samples were collected at the timetpah12 h (during the
salinity treatment), 24 h (immediately after salirchange was achieved)
and 48 h (24 hours after the salinity change wasesed). All the fish
were collected under dark conditions. The kidneys wallected from
three individuals of each tank at different timenpof 0, 12, 24 and 48 h,
tissues from three tanks at each time point werelegoto generate
sufficient amounts of sample for both RNA-seq ahdAQ experiments.
Two independent biological replicates for each tpoent were conducted,
and a total of eight samples were collected. Timepsas were frozen in
liquid nitrogen for RNA isolation and protein extt@n. All the
experimental animal procedures involved in thigigtwere approved by
the Yellow Sea Fisheries Research Institute’ s ahigare and use
committee.

2.2 RNA isolation, lllumina sequencing and raw datgrocessing

Total RNA was extracted from mixed kidney tissuenafe fish (three
individuals per tank, three tanks) at each timenpuaosing the Trizol Kit
(Promega, USA) according to the manufacturer'srungbns. RNA
samples were treated with RNase-free DNase | (‘BaBar, Japan) for 30

min at 37C to remove residual DNA. RNA quality and quantitgne
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assessed by RNase free agarose gel-electrophanesgetermined using
Agilent 2100 Bio-analyzer (Agilent Technologies, n&a Clara, CA),
respectively. Afterwards, RNA samples were used dBNA library
construction following NEBNext Ultra RNA Library &p Kit for
[llumina (New England BioLabs, USA). RNA-Seq wasfpaned on the
lllumina sequencing platform (lllumina HiSeq™ 200Qsing the
paired-end technology by Gene Denovo Biotechnology (Guangzhou,
China). RNA-sequencing data were filtered by a Pesgram to remove
low quality reads containing more than 50% of lowalkiy (Q-value <
10) bases, reads with more than 5% of unknown otidies (N), and
reads containing adapters. Downstream analyses Vibaged on
high-quality clean data. The high-quality cleandseavere assembled
using trinity software as described for de novasiptome assembly
without a reference genome (Grabherr et al., 20Hjnctional
annotations and classifications were performed Bingu Blast2GO
(Conesa et al., 2005) and WEGO (Ye et al., 2086)alue threshold 1 x
10™), respectively.

The gene expression level is calculated by usingNRPnethod (Reads
Per kb per Million reads) (Mortazavi et al.,, 2008)o identify
differentially expressed genes (DEGS) across sanftle edgeR package
(http://www.r-project.org/) was used (Robinson et, &010). We

identified genes with a fold change 2 and a false discovery rate (FDR)



221 < 0.05in a comparison as significant DEGs at egé point (12, 24 and
222 48 h) in comparison with 0 h, and numbers of DEGallahe three time
223 points were summed to obtain the overall DEGs nuiniidee DEGs were
224 used for gene ontology (GO) and Kyoto EncyclopeafiaGenes and
225  Genomes database (KEGG, http://www.genome.jp/kedighay.html)
226 enrichment analyses (Minoru Kanehisa et al., 2@igng et al., 2013).
227 Both GO terms and KEGG pathways with a Q-valse 0.05 are
228 significantly enriched in DEGs. All expression dastatistic and
229  visualization was conduction with R package (hpaw.r-project.org/).
230 Short Time-series Expression Miner (STEM, versio@.2b) software
231 was used to perform trend analysis and clusterirggeoe expression. The
232 software uses a specialized calculation methoduster genes according
233 to their changing trend of expression level, anchegene cluster has a
234 similar gene expression curve. The clustered m®fivith p-value<
235 0.05 were considered as significant profiles.

236 The RNA-Seq data have been submitted to the NCBit3tead Archive
237 (SRA) with  an accession number SRA552729  (http://
238 www.ncbi.nlm.nih.gov/sra).

239 2.3 Protein extraction and iTRAQ analysis

240 Total proteins were extracted from the same sampkesthose for
241 RNA-Seq using the cold acetone method (Wu et @142 Protein

242 concentration and quality were determined using Fercé" BCA
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Protein Assay Kit (Thermo Scientific, USA) and comed by
SDS-PAGE. 10Qug protein of total protein from each sample wasduse
for protein digestion, the protein was adjusted tmal volume of 10QL
with 8 M Urea. 11uL of 1 M DTT (DL-Dithiothreitol) was added and
samples were incubated at'@7for 1 hour. Then 12QL of the 55 mM
lodoacetamide was added to the sample and inculdate@?0 min
protected from light at room temperature.

For each sample, proteins were precipitated widhcmld acetone, then
re-dissolved in 100 mM TEAB (triethylammonium bilbanate). Proteins
were then tryptic digested with sequence-grade fieoditrypsin
(Promega, Madison, WI) at 37 °C overnight. The ltasti peptide
mixture was labeled with iITRAQ tags 113-119 and,¥2%pectively. The
labeled samples were combined and dried in vaclRnotein samples
were subject to ITRAQ labeling, strong cation exd® (SCX)
fractionation and reverse-phase nanoliquid chrografhy/tandemMS
(LC-MS/MS) analysis.

All of the mass spectrometry data were collecteiigugriple TOF™
5600 LC/MS/MS and analyzed using the Data Analyoftware. The
mass spectrometry data were transformed into M(&B fvith Proteome
Discovery 1.2 (Thermo, Pittsburgh, PA, USA) andlyred using Mascot
search engine (Matrix Science, London, UK; versiB.2). Mascot

database was set up for protein identification gisimachidermus
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fasciatus reference transcriptome. Mascot was searched avitagment
lon mass tolerance of 0.050 Da and peptide Massdiote of 20.0 ppm.
The Mascot search results were averaged using nsediad quantified.
Proteins with fold change in a comparison > 1.2 ®.83 and unadjusted
significance levelP < 0.05 were considered differentially expressed.
DEPs number at each time point (12, 24 and 48 bpmparison with O h
was calculated, and numbers of DEPs at all theettiree points were
summed to obtain the overall DEPs number.

The search results were passed through additidteasfbefore exporting
the data. For protein identification, the filtersene set as follows:
significance threshol® < 0.05 (with 95% confidence) and iam score
or expected cut-off of less than 0.05 (with 95%fmtance). For protein
guantitation, the filters were set as follows: ‘naad was chosen for the
protein ratio type
(http://www.matrixscience.com/help/quant_config ghietml); the
minimum precursor charge was set to 2+, and thenmim peptide was
set to 2 (Xu et al., 2016); only unique peptidesengsed to quantify the
proteins. The median intensities were set to namadbn, and outliers
were removed automatically. The peptide threshad set as above for
identity.

To predict the functions of the differentially erpsed proteins (DEPS),

we analyzed the proteins with regard to three dspderoteins were
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annotated using blastp against GO, KEGG and COG/Klatabase to
obtain their functions. Significant GO functionsdapathways were
examined within differentially expressed proteinthwP value < 0.05.
The category gene enrichment test of all proteias werformed using
Blast2GO to determine whether the DEPs were sigantly enriched in
any functional subcategories (Conesa et al., 200%)FDR significance
threshold of 0.05 was selected. Lastly, we allatatee DEPs to
biological pathways using the KEGG resource (wwwayee.jp/kegg/). A
1.2-fold cutoff value was wused to identify up-reged and
down-regulated proteins with B-value of less than 0.05 (Song et al.,
2016). The iTRAQ was conducted by the GuangzhoueGeaenovo
Biotechnology Co., Ltd.

2.4 Association analysis and co-expression analysis

To investigate the concordance between transcrpt@amd proteome
results in this study, we calculated the Pearsooreelation for these data
and created scatter plots with the expressiongaifoeach time point
during or post salinity change (12, 24 and 48 h¥we the control group
(0 h). Values were considered significantly posityvcorrelated when R >
0.80, while moderate positive correlation was deiteed when 0.50 < R
< 0.80.

To illustrate the molecular mechanisms associateith vealinity

adaptation, the protein/protein regulatory netwarlalysis was carried
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out by analyzing co-expression status of each plaselected proteins
(between the 19 selected ion transport and matdirg proteins and 378
DEPs identified by ITRAQ, listed in Table S1 and).S&he Pearson
correlation was calculated, and paired proteinemftransport and metal
binding protein interactors with a significant cadation based on Pearson
correlation coefficient > 0.90 were selected forrtifar analysis.
Cytoscape 3.2.1 software was applied to integrhge do-expression
relationship of ion transport and metal bindingteno interactors with
their associated pathways (Kong et al., 2017).

2.5 The cDNA synthesis and quantitative real time €R

The first-strand cDNA was synthesized from total ARRNiSINng
PrimeScript¥ RT reagent Kit with gDNA Eraser (Takara Bio., Chin
following the manufacturer’s instructions.

Transcriptomic data were validated by performing-6fCR on a total of
11 genes to detect their mRNA levels at all the toue points (0, 12, 24
and 48 h). Primer sequences are tabulated in Bibldhe gRT-PCR was
conducted using SYBRPremix Ex Taq™ (Takara Bio., China) by a 7500
ABI Real time PCR system (Applied Biosystems, USA)dissociation
protocol was always performed after thermocycliagdetermine target
specificity. Control amplifications were always Imded. PCR
amplifications were performed in triplicate. Exmies of 18s was used

as the internal control. The ratio changes in #énget genes relative to the
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control gene were determined by the”2°" method (Livak and
Schmittgen, 2001) and the transcript level was rilgsd in terms of its
relative concentration (R&get/ RCeontro)-

All data were expressed as mean * standard devigitD.) and
analyzed by one-way ANOVA (analysis of variance) determine
significant differences between means using théis8tal Package for
the Social Sciences, SPSS (version 16.0). Valuere veensidered
statistically significant whenP < 0.05. The strength of association
between gRT-PCR and RNA-seq results was evalugtealbulating the
Pearson product-moment correlation coefficient (R).

2.6 SDS-PAGE and Western blotting assay

Protein concentrations were determined using thé& B@thod. Samples
(40 pg per lane) were separated on a 12% polyacrylamgaleunder
reducing conditions and then blotted onto a PVDnimane (Millipore,
USA). The membranes were blocked in blocking buffEBST, 5%
skimmed milk in TBS containing 0.05% Tween-20) frh at room
temperature, and incubated overnight at 4 °C witngry antibodies in
TBST containing 1% skimmed milk. The incubation &eespectively
conducted using rabbit antibodies to Aquaporin §jgA 1:300; Boster,
China), Solute carrier family 12 member 3 (SIc124300; Boster,
China), Calmodulin (Calm1, 1:800; Cusabio, China)Beactin (1:200;

Boster, China), followed by incubation with goatiamabbit horseradish
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peroxidase (HRP)-conjugated IgG (1:50000; Bostdnn&) for 2 h at
37 °C. The reactive protein bands on the membrasre wisualized using
ECL (Tiangen, China) and exposed in the darkrooime €xpression
intensities of gene-specific bands were normaliagdinst theB-actin
bands.

3. Results

3.1 Data obtained from theT. fasciatus kidney transcriptome analysis
To identify DEGs that respond to salinity changen& expression
profiles in kidney at different time points (0, 124 and 48 h) were
investigated using the RNA-Seq technique. The t@pt®me sequencing
of eight samples resulted in a total of 387,485,68&8ds. These reads
were then de novo assembled into 85,994 transcripts

Using the BLASTx algorithm (E-value < PJ) all assembled unigenes
was searched against the databases of NCBI Nr,sSwi, COG, and
KEGG (Li et al.,, 2017; Liping Ma et al., 20172f all the 28,010
unigenes that could be annotated by all four daede27,912 and 24,276
had homologous sequences in the Nr and Swiss-Pottip databases,
while 8,074 and 14,188 unigenes could be classiie@OG and KEGG
databases, respectively.

A BLASTx top-hit species distribution showed thad,d92 unigenes
exhibited similarity to the sequences Mfylandia zebra, 6,931 to the

sequences oDreochromis niloticus, 2,856 to the sequence Tdkifugu
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rubripes, and 2,076 to the sequencelriyzias latipes (Fig.S1).

For functional prediction and classifications, uatigenes were aligned to
the COG database and grouped into 25 COG clagsfisa Gene
Ontology analysis of our dataset showed that 9gdies were grouped
into cellular component, 10,211 were grouped intecular function,
and 10,683 were grouped into biological procesg.gd). For further
identification of the biological pathways ih fasciatus, we mapped the
assembled sequences to 240 different KEGG pathways.

3.2 Identification of DEGs at the mRNA level

The number of DEGs exhibiting significant (FDR <O0@l) and
differential (ratio value > 2 or < 0.5) expresspmattern at 12, 24 and 48 h
time points was respectively shown in Fig.1B. Comgdawith 0 h, 549
up- and 510 down-regulated genes at 12 h, 51 wp4@rdown-regulated
genes at 24 h, 250 up- and 386 down-regulated ganhds8 h were
respectively detected. Overall, a total of 1504 BEGre detected at all
the three time points in comparison with 0 h. Tls ¢f DEGs was
presented in Table S3. Obviously, salinity changd to dramatic
alteration of gene expression at early time poitierv the fish were
exposed to the ambient stress.

GO assignments of the 1504 DEGs showed that theggnes were
categorized into 44 functional groups, which cdugdclassified into three

main categories (biological process, cellular congm and molecular
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function), which respectively contains 20, 15 and f@nctional
subcategories (Fig.2). The assembled unigenesamai@ated against the
KEGG database and assigned to the 175 KEGG pathifiagte S4). The
majority of these pathways were shown in Fig.3hwtie top three of
pathway enrichment as ‘Cytokine-cytokine receptotenaction’ (30
genes), ‘Jak-STAT signaling pathway’ (20 genes) at@hrbon
metabolism’ (20 genes).

3.3 Trend analysis and clustering of gene expressio

In this study, we tracked the mRNA level changeD&Gs during the
salinity-treatment time course (from 12 h to 48 dy) using k-mean
clustering. As a result, 26 clusters were retriewddwhich seven were
evaluated as statistically significar® & 0.05) (Fig.4). Of the seven
significant trends, profile 18, 19 and 21 represéngenes whose
expression were significantly increased at 12 hprofile 18 and 19, a
total of 161 and 123 genes showed similar expresgaitern with the
MRNA levels decreasing at 24 h but then followedopposite trend;
profile 21 consisted of the maximum numbers of ggihe= 188), whose
expression increased at 12 h and then stayed obresterwards. The
other four profiles (3, 4, 6 and 7) representedegewhose expression
initially decreased at 12 h and then followed bifjedent variation trend
in MRNA expression. GO analyses of genes from tlsesen clusters

indicated that the most number of genes enrichaxtlimlar process and
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metabolic process classes in BPs, as well as lgndiMFs (Table S5).
3.4 Identification of DEPs through iTRAQ

Four time points (0, 12, 24, and 48 h) were seted¢te profiling the
osmoregulatory responsive proteome changes. Bygugie iTRAQ
labeling and LC-MS/MS analysis, a total of 4997tenus inT. fasciatus
kidney from all the time points were identifiedaa®5% confidence level.
The identified proteins cover a wide range of dallicomponents (1722,
34%), molecular functions (1908, 38%), and biolagijsrocesses (1929,
39%).

Proteomic changes were first examined betweerhtiee time points (12,
24 and 48 h) and 0-h control. Fish at the 12 h pmiat showed the most
changes, with 179 (55 up- and 124 down-regulateatems differentially
expressed under salinity treatment. When comparédOnah, 39 up- and
53 down-regulated proteins were identified at 24986, up- and 76
down-regulated proteins at 48 h were detected XBig.Overall, a total
of 378 DEPs were identified (Table S6). Hierarchidastering results
revealed that salinity stress response varied drealig at the three time
points (Fig.5).

Under GO analysis of the 378 identified DEPs, sigant enrichmentR
< 0.05) was respectively found for 18, 17, and Hbegories in the
biological process (BP), cellular component (C@Y aolecular function

(MF) domains. The most enriched GO terms were leellprocess,
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metabolic process, and single-organism processB® cell, as well as
cell part in CCs; and binding in MFs (Fig.6).

A total of the 125 pathways were identified und&@&G analysis (Table
S7), 14 of which were significantly enriche® & 0.05). The high
representation of ‘Focal adhesion’, ‘Phagosome’, ibéRome’,
‘ECM-receptor interaction’ and ‘Spliceosome’ patlywavere shown in
Fig.7.

3.5 Association analysis of transcriptome and proteme data

As the transcriptomic and proteomic data were okthifrom exactly the
same samples at the same time point, we deterntmechumber of
iIdentified proteins for which corresponding tramsis were represented
in the RNA-seq data to examine their congruence. diktribution of the
corresponding mRNA : protein ratios was shown Isgatter plot analysis
of the log-transformed ratios (Fig.8). Analyses of data frdifferent
experimental groups (12, 24 and 48 h) revealedah &b 102 concordant
dots, representing a correspondence of proteindamae with transcript
accumulation (red dots) were identified. Up-regediatrend of 22, 9 and
26 genes respectively at the time points of 12,a2d4l 48 h was
significantly associated between DEGs and DEPs.egulated trend
of 14, 7 and 17 genes were also revealed. In addi?16 green dots
(transcripts only) and 901 blue dots (proteins pnlere identified,

indicating differential expression was only found the transcript or the
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protein levels.

When analyzing the 102 concordant dots, the prstiiat overlapped at
different time points as well as those shared #raesannotation were
excluded. As a result, the expression of 66 pretewere altered
significantly at three time points post seawatefréshwater transfer in
this study, 38 proteins were up-regulated and 28 vad®wn-regulated
(Table S8). Among the 66 proteins, 19 were idegdifas ion transport
and metal binding proteins, 9 were immune- andsstreelated proteins,
etc.

We further investigated the co-expression statusoof transport and
metal binding protein interactors in the 378 DE®=nitified by iITRAQ,

and 169 co-expression proteins with the 19 selemndtransport and
metal binding proteins were identified (Table S4&xt, the networks of
the co-expression of the aforementioned interactatts their associated
pathways were integrated through Cytoscape 3.2tlva@. Our data
showed that a complex co-expression network wamddr (Fig.S3). In

addition, through pathway analysis, we found th&t af the 169

co-expression proteins were annotated with siganiy enriched KEGG
pathways.

3.6 Validation of selected genes by quantitative aktime polymerase

chain reaction

Concordance between gPCR and RNA-seq based mRNAssipn for a
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total of 11 genes was examined in this study (Fig® the 11 genes
selected for validation of transcriptome data, nwexe chosen from the
concordant red dots in the aforementioned assonianalysis whose
protein abundance were shown to be correspondentie mRNA
transcription levels. These genes were shown tons#Eved in response
to stimulus (F13al, Vrk2, Msrb2 and Cmpk?2), ionngj@ort (Pvalb,
Calml and Slcl12a3), fatty acid metabolism (ES1) iamaunity (MHC
class I). Moreover, two osomoregulation-relatedege{Cldn4 and Agpl)
were used for validation of osomoregulation exporspattern in our
results. A linear regression analysis was perform@dconfirm the
reliability of RNA-seq data, as shown in Fig.9,ighhcorrelation of gene
expression level was detected between RNA-Seq RiePER in all the
11 genes.

In accordance with the association analysis, dade&cated that mRNA
expression of these genes, even with the genesnuolais functions,
exhibited different expression patterns after gglichange. For instance,
among the four genes involving in response to dtisjuhe expression of
Cmpk2 and Vrk2 were up-regulated and then follolwgdlown-regulated:;
while the expression of F13al and Msrb2 showededsang trend. Pvalb
expression was significantly down-regulated afemgy change, while
the other two genes related to ion transport shodiffdrent patterns.

Moreover, Agpl (osomoregulation-related gene) mRBMel decreased



so7  sharply after salinity change, while Cldn4 expressiwas slightly
s08 down-regulated and then followed by an increme#iSat.

s09 3.7 Validation of selected proteins by Western blot

s10 Validation of the iITRAQ results was limited by trevailability of
511 antibodies for the fish species. We used mammalibodies and some
512 of them resulted in specific bindings. As showrFig.9, the expression
513 of three proteins (Agpl, Calml and Slicl2a3) showeedyradually
514 decreasing trend. Further comparison between th&ée blot results
515 and time-course qPCR data revealed a mainly pesdosrelation, two
516 inconsistent data were detected, i.e., the exesdi Calml at 24 h and
517 that of Slc12a3 at 48 h.

518 4. Discussion

519  The fish were subjected to a salinity transfer e in 24 hours in this
520  study, our previous research on gill physiologresiponses (including the
521 branchial N¥K*-ATPase relating to osmoregulation and caspase 3/7
522 relating to apoptosis) of exactly the same fisteherealed no significant
523  difference in the enzyme activities at all the éhtiene points (Manuscript
524 under review). Since fish gills are directly expb$e water environments,
525 the branchial enzyme activities were shown to lmkcative of salinity
526 acclimation in fish (Imsland et al., 2003; Martinglwarez et al., 2005).
527 Our data might have reflected the stable physicklgievels of T.

528  fasciatus during, and even post the salinity treatment.
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In addition to the physiological data, we did obgesignificant variations
In the expression of three stress-related gesed,(hsfl andhsp70) at
the corresponding time points (Manuscript underen@y. These results
suggested that the expression of stress-relatedsgerre significantly
altered, even though the relatively sensitive piiggiical indicators were
not affected. Regarding these previous resultsstopres have been raised
such as what genes were contributing to sustairstéddde physiological
level, and how their expression patterns would Ibagawith the salinity
change.

In this study we monitored the variation of DEGsIdDEPs for three
time points within the 48 h period after the ongsksalinity change, to
pursue a scoping on the trends in multi omic3.déasciatus. Firstly, we
found the largest number of DEGs and DEPs at litné point, which
was in the middle of the 24-h salinity transfer.eQuossible reason for
this is that fish normally suffer the most sevemallenges during the
environment change, expression changes of manysgamaild be
identified at this time. Although some of the gerdemntified at this time
might not be classified as closely related genehsas salt-response
genes in this study), they should not be overlopkette further studies
would clarify their function even though they werdentified as
nonresponsive at first (like the role of NFATS dédt by Wang et al.,

2014).
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Wang et al. (2014) also suggested that changdseitranscription rates
of genes could be missed due to the experimentgjaesuch as single
time-point sampling. Multiple time points spannioige- and post- salinity
change were performed in our research. VariationBEGs and DEPs
iIdentified at different time points supported Wangioint of view,
showing that the alteration in proteins and geassyell as activation of
relative pathways, were time-dependent under salireatments.

4.1 Proteomic responses during and post the seawate-freshwater
transfer

Of the 378 identified DEPs in this study, 66 quizeibie proteins were
significantly changed at both the transcript andtgin levels, with 38
displaying increased abundance levels and 28 gisgladecreased
abundance levels. Based on the annotation of tBb&des, most of the
Immune- and stress- related proteins were idedtiftebe up-regulated,
while other proteins related to ion transport, mbtading, cytoskeleton,
etc. were found in both up- and down- regulatedgans. Moreover, the
altered immune-related proteins overlapped at @hffetime points, but
most of the proteins related to ion transport atfeeiofunctions rarely
exist simultaneously at different sampling time.

Immune- and stress- related proteins were up-regutad

In this study, the salinity change was achieved relative short time (24

h), which might lead to an acute stress responsdetthis circumstance,
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some of the DEGs and DEPs would be related tosstesistance. As
shown in Table S8, a total of 8 of the 18 up-remagroteins detected at
12 h had roles in immune and stress response. Tgreseins included
MHC class | alpha antigen, fibrinogen beta chairy@e lysozyme B,
GTPase IMAP family member 4-like, etc. Immune fasisuch as MHC
class | antigen etc., have been reported to bedirt& osmotic stress, the
decreased expression levels of immune-related ipsote the seawater
might indicate that their functional roles are moneportant in the
freshwater environment (Narnaware et al., 1998;€fsa., 2013). Under
this circumstance, the up- and down- regulation aédrementioned
stress-related proteins identified in this studymialso be related to
freshwater adaptation.

In this study, the protein G-type lysozyme B was ardy identified at 12
h, but also found to be the only up-regulated imeatglated protein
identified at 24 h (Table S8). Lysozymes were shawvibe involved in
innate immunity and physiological activities inHigGao et al., 2016;
Wang et al., 2016). It has been reported by Schatital. (2016) that
salinity significantly enhanced plasma lysozymevatgtin striped catfish
(Pangasianodon hypophthalmus, S). Higher lysozyme activities during
both acute and chronic hyperosmotic stress hawelssn described in
euryhaline species (Dominguez et al., 2005; Jiarad. ,e2008; Yada et al.,

2001). Here we reported the potential role of Getypsozyme B in
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freshwater acclimation of. fasciatus. Similar to G-type lysozyme B, five
stress-regulated proteins were found to be indatdabth 12 and 48 h
time points (Table S8). The up-regulation of theseteins at different
time points revealed that the activation of thesgrrelated proteins could
last for 24 more hours after the treatment.

Among the 28 down-regulated proteins observed lathal three time
points, only one (heat shock protein 90 alpha) stesvn to be related to
stress-response. However, nearly half of the upla¢gd proteins were
Immune- or stress- related factors. The observabbrup-regulated
expression of immune factors in the freshwater remvnent suggested
that the salinity change might activate the stmesponse process, the
association between the role of these proteinsaamdoregulation still
need further investigation.

lon transport and metal binding proteins were signficantly altered

A total of five of the 38 up-regulated proteins,vasll as 14 of the 28
down-regulated proteins were shown to be relatembriotransport and
metal binding. As described by Tse et al. (201 ,ibn transporters were
considered as effectors to induce different medmasito compensate for
the osmotic challenge. As the end point effectorstlie latter phase of
the osmotic response, their fast response wergetggl by ambient
salinity change.

Among the aforementioned 17 altered proteins, ewgdrte involved in
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calcium binding and transport. €as an important and universal second
messenger participating in different signaling eass, especially the
osmosensing pathways (Fiol and Kiltz, 2007). Pnstelated to Ca
homeostasis, such as calcium-sensing receptor, sheren to be salinity
dependent in some osmoregulatory tissues (Loredt.,e2012; Loretz et
al.,, 2009). In this study, we found that eight pma$ (Stanniocalcin,
Vitellogenin B, Calmodulin, etc.) were down-regelatin kidney of
freshwater-acclimating fish.

In fish, Stanniocalcin is a key endocrine factatthcts on gill, intestine
and kidney to regulate serum calcium and phospghateeostasis (Yeung
et al., 2012). The primary function of stanniocalds the inhibitory
effects on C& uptake in response to excess serum calcium in(@en
et al., 1996; Tseng et al., 2009). It is also imedl in negative regulation
of CI' uptake (Guhab and Hwangb, 2016). Yet the downilatign of
Stanniocalcin at 12 h in this study was inducedtlvy seawater to
freshwater transfer, which might result in the falC&* and Cllevels.
Previous studies have demonstrated that calciumestrogen-treated
freshwater trout was bound to Vitellogenin, i.de fcirculating plasma
levels of Vitellogenin was induced by oestrogeratingent, which resulted
In increased circulating levels of Vitellogenin aMitellogenin-bound
calcium (Persson et al., 1994). Similarly, circulgtplasma levels of

Vitellogenin and total calcium were also found te bimultaneously
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induced by oestradiol-17 beta treatment in seanbr@auerreiro et al.,
2002). These reports suggested the associatiorebetitellogenin and
calcium levels in response to exogenous induction.

In addition to the calcium binding and transpoxitpins, an ion channel
impairing toxin (Stonustoxin) and a calcium chanmapairing toxin
(Stonustoxin), were found to be significantly ugukated at 12 h if.
fasciatus kidney, indicating the negative effect of saliniiyansfer on
permeability of calcium ions. Although our currembderstanding of
calcium signaling in fish osmotic responses is tiaj the identification
of these proteins may help in clarifying their ©le mechanisms of ionic
regulation.

Other ion transport proteins, such as solute cafaumily 22 member 6,
coagulation factor XIlIl A chain, betaine homocystes-methyltansferase
and Methionine-R-sulfoxide reductase B2, were idiedt as the
significantly down-regulated concordant dots. Oam ¢ther hand, proteins
like trypsin, 60S ribosomal protein L27a and epidisrtype
lipoxygenase 3-like, were induced by the environtalensalinity
decrement. To our knowledge, the regulation ofdHastors at both RNA
and protein levels induced by salinity variationswaist reported in our
study, and the mechanism underlying this phenomemseds further
investigation.

Other proteins related to salinity change
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Achieving ion homeostasis during osmotic stressoistingent upon the
cell's ability to recognize and quantify environnenosmolality and
arrange an appropriate response (Evans and Sor2éfig). Upon
osmotic challenge, effective regulation of cytoskeh dynamics is
essential for cell-cell adhesion and cell volumguration (Ciano et al.,
2002; Wehner et al., 2003). Therefore, work mustioeed at exploring
the proteins and their roles in cellular componénir study showed that
short-term seawater to freshwater transfer induoquession of several
cytoskeleton proteins. Cellular component (compl@msomponent 7,
protamine-like protein), cytoskeleton (formin-likgotein 1-like, tubulin
alpha), cell adhesion (ribosomal protein L34), ,eteere significantly
altered, these findings highlighted the role of ¢lfoskeleton in response
to osmotic stress.

4.2 Further association analysis and verificationfoRNA-seq data

As shown in Fig.9, high correlations were detedietdveen gPCR- and
RNA-seq based expression in most of the detectedsgeonfirming the
reliability of RNA-seq data we obtained. Two ososgulation-related
genes, i.e., Cldn4 and Aqgpl, were used as contaml the
seawater/freshwater transfer effects. Aqpl showgdhdual decrease in
gene expression along with the freshwater transfénis study. Similar
results were also reported by Giffard-Mena et &00{) that the

freshwater-acclimated fish exhibited lower mRNA dB/ However,



683 Wong et al. found that the Agpl expression as drabfor the salinity
684 acclimation was puzzling since the expression treodld differ from
685  different species (Wong et al., 2014). For instaribe decreased Aqgpl
686 expression in medaka and seabream intestine westeetafter seawater
687 transfer, while seawater acclimation up-regulategh Aexpression in the
688 eel intestine (An et al., 2008; Aoki et al., 200@%ng et al., 2014). Even
689 though the species-specific difference in Agpl egpion might indicate
690  various ion transporting mechanisms existing ifedént teleost lineages
691 (Wong et al., 2014), the Agpl expression trendlirfasciatus kidney
692 could also suggest the activation of cell wateruwwd regulation. In
693 addition, mammalian Agpl antibody specifically d¢¢el a separate
694 protein in the kidney off. fasciatus, which also resulted in a similar
695 decrease trend.

696 Calmodulin, a multifunctional calcium sensor protéiat participates in
697 various cellular processes under normal, stress pathological
698 conditions (Li et al., 2014), was also found todignificantly regulated
699 under freshwater transfer. In comparison with th&lARseq and
700 Western-blot results, the gRT-PCR revealed dramticvariation of
700 Calml mRNA levels. Still, high correlation was itiied among the
702 aforementioned three data. Moreover, CaM bindingotgmn
703  (plasmalemma vesicle-associated protein) was fooifoed inhibited at 12

704 h in T. fasciatus kidney, which happened 12-h prior to the
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down-regulation of CaM, suggesting the action oMCand its related
proteins might be time-dependent in response toigathange.

Another ion transporter, Slcl2a3, was also used gef-PCR and
Western-blot to examine whether the gene/proteirs \affected by
freshwater transfer. High correlation was determiibetween the gPCR-
and RNA-seq result, and the protein levels alsonvgldoa similar trend
excepted for the 48 h time point. Basically, thessults clarified the
concordance of regulated gene and protein expresbyp salinity
treatment. So far, our researches first reportedl ghtential role of
Slcl2a3 in salinity adaptation. However, SLC12Alol¢& Carrier
Family 12: Member 1) was shown to be critical foalooum
(re)absorption and homeostasis in the kidney (4hal.e2014). Previous
studies indicated that SLC12Al1 showed a graduatease in gene
expression under seawater transfer (Wong et al4)20rhese findings
provides us a new direction to take the Solute i@arfFfamily as a
candidate gene family for further functional stsdie

5. Conclusions

The present study showed the successful acclimafidnfasciatus to a
transfer from seawater to freshwater achieved wi2di hours, suggesting
the excellence of this species as an experimemiaiah revealing the
regulatory mechanism of salinity adaption in eutyteafish. To better

understand the time course gene and protein expnessechanisms
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underlying the relative physiological functions, weesented the kidney
specific analysis using a combined method of RNé4-s&d ITRAQ
technologies. A total of 66 differentially expredgamoteins were filtered
by correlation of transcriptome and proteome resuRmong these
proteins, the class of ion transport and metalibogroteins, especially
those related to calcium binding and transport, watb the most
prominent differences between the experimental eodtrol groups.
From these differentially expressed proteins, cdatei genes (Calml,
SLC12A1, Pvalb, Agpl, etc) as well as their gemmilias for further
studies were revealed. In addition, strong vanmmid immune-/stress-
related and cytoskeleton proteins in the experialagroup suggested an
Important role of these proteins in the processatihity stress response.
Overall, the integrative transcriptomic and proteéoadata can provide a
large number of valuable dataset to reveal the iploggcal process of
osmoregulation irl. fasciatus, and a significant step forward towards a
elucidation of the mechanism of salinity responsel aadaptation

underlying fish migration.
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Fig.1 Differentially expressed genes or proteins at different time points
(12, 24 and 48 h respectively compared to 0 h) in Trachidermus fasciatus.
(A) Venn diagram showing the number of genes differentially expressed.
(B) Clusters of differently expressed genes (up-regulated and
down-regulated). (C) Venn diagram showing the number of proteins
differentially expressed. (D) Clusters of differently expressed proteins
(up-regulated and down-regulated).

Numbers on the top of the columns represent the gene or protein numbers.

Red indicates up-regul ated and green indicates down-regul ated.
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Fig.2 GO assignments of the 1504 differentially expressed genes (DEGS).
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Fig.3 Top 20 of pathway enrichment of the 1504 differentially expressed

genes by KEGG.
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Fig.4 Sketch map of the cluster analysis of differentially expressed genes.
Filled color clusters show clusters with significant trends (P value < 0.05).
The number at the lower left corner of each cluster represents the number

of genesin the cluster.
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Fig.5 Hierarchica clustering of the 378 differentially expressed proteins.
L eft, protein tree. The color scale bar in the right, bottom corner indicates
increased (red) and decreased (green) levels, and no significant changes

(black) of proteinsin response to salinity change.

Level2 GO terms of all_diff_protein.list

Num of Genes

T

o-_-l Ill | | II-I'I - l_IIIII pp—— ..___I_l
$ > & Fo &8 &4 2 Ry ry T Eg X S
e & & £& £ Seddrd 3
S & 4 § 5 £ § r 4§
&S 8 & € s
& ¢ é &y ry/ $ § & ral $ 3 &4
R

Biological Process Cellular Component Molecular Function

Fig.6 Gene ontology (GO) analysis of the 378 differentially expressed

proteins (DEPS) responded to salinity change.
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Fig.7 Top 20 of pathway enrichment of the 378 differentially expressed

proteins (DEPs) by KEGG.
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Fig.8 Comparison of expression ratios from transcriptomic (y-axis) and



proteomic (x-axis) profiling. (A) 12 h/0 h; (B) 24 h/0 h; (C) 48 /O h.
Log2 expression ratios were calculated from time points post salinity
change (12, 24, 48 h) versus 0 h. Significant changes in expression are

color-coded: blue, proteins only; green, transcripts only; red, both.

Cmpk2 ESI
i p. aaa - mich 5 Fl13al e : MHC class I -
s | maviasen | mRNA-seq 1] Anasen y mRnAseq
| - 10 og | 1 - " .
5. 51 b . 04 cd 2
ol i = > Il I L -
Oh 12h 24h S h Oh 12h 24h 48h 0h 12h 24h 48h Oh 12h 24h 48h
Msrb2 Pvalb Vrk2 Cldng =
15 PR 12 maPCR 15
RN 1 WRNA-seq 25 WRNA-seq
1 08 2 L v
. i » 2
05 L] 04 o 1 05
. - HdAdHNN :m 1
o L L __l_‘_ o/ i 0! 0
Oh 12h 24h 48h 0h 12k 24h 48h 0h 8h Oh 12h 4k 48h
h h
Agpl Calm1
T — 15 - 5
0!15 1 mRNAseq i WRNA-seq o8
06 " » 06 4
04 05 04
oz . B %
o N N NN el i | 0l
Oh 12h 2 Sh 0h 12h 24h 48h

Fig.9 Extension and validation of the RNA-Seq and iTRAQ results. A-K:
Relative mRNA expression levels at different time points by gPCR-PCR.
I: The atered expression of the three identified proteins by western blot,
controls of equal protein loading were confirmed by -actin expression.
Cmpk2: UMP-CMP kinase 2; ES1: ES1 protein homolog; F13al:
coagulation factor XlIIl A chain; MHC class|: MHC class | alpha antigen;
Msrb2: Methionine-R-sulfoxide reductase B2; Pvalb: Parvalbumin beta;
Vrk2: serine/threonine-protein kinase VRK2; Cldn4: claudin 4; Aqgpl:
aquaporin 1; Caml: Calmodulin 1; Slcl2a3: solute carrier family 12
member 3. Statistical significances are indicated with an asterisk at P <

0.05, and two asterisks at P < 0.01.



