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Abstract
The Japanese grenadier anchovy (Coilia nasus) undergoes upstream migration to spawning
annually but can also be observed in freshwater resident populations. It has been hypothesized that
anadromous adult C. nasus may utilize olfactory cues to locate spawning grounds. We ﬁrstly performed
a comparative proteome analysis about olfactory rosettes in two populations to hunt for the proteomic
changes. Among 5 408 identiﬁed proteins, 1 515 proteins (629 up-regulated and 886 down-regulated) were
diﬀerentially expressed. Especially, several proteins and pathways associated with olfactory signaling were
found to be signiﬁcantly diﬀerential. Compared with resident C. nasus, the expressions of Golf protein and
the sodium/calcium exchanger were signiﬁcantly up-regulated in anadromous C. nasus. The expression
of adenylate cyclase and regulator of G-protein signaling (RGS) were decreased. Our ﬁndings suggest a
decrease in the expression of cGMP-dependent protein kinase (PKG) in anadromous C. nasus compared to
resident C. nasus. The expression of Calmodulin (CaM) was increased and CaM-dependent protein kinase
II (CaMKII) was decreased. In addition, KEGG pathway enrichment analysis of up-regulated proteins
indicated statistically signiﬁcant diﬀerence not only in olfactory transduction but also in the cGMP-PKG
signal pathway. Furtherly, we sought out some proteins expressed in the same trend occurring in DEGs
(diﬀerentially expressed genes) and DEPs (diﬀerentially expressed proteins) by doing the integrative
analysis of proteome and transcriptome in olfactory rosettes of C. nasus.
Keyword: Coilia nasus; olfaction; spawning migration; proteome

1 INTRODUCTION
The Japanese grenadier anchovy (Coilia nasus)
belongs to the family Engraulidae, order Clupeiformes,
and is distributed widely in the coastal waters of
China, e.g., the Changjiang (Yangtze) River and
Huanghe (Yellow) River etc. (Jiang et al., 2012).
Anadromous C. nasus individuals annually undergo
the long-distance spawning migration from the coastal
ocean up to fresh-water when the spawning period
arrives. However, the resident population of C. nasus
in lakes does not perform the behavior of longdistance spawning migration for unknown reasons
(Zhu et al., 2014). Several studies in salmon and
American eels have drawn the conclusion that
functional olfactory ability is essential to perform
accurate spawning migration (Døving et al., 1985;

Yano and Nakamura, 1992; Barbin et al., 1998). The
strong olfactory responses to natal stream water have
also been found in lacustrine sockeye salmon
(Oncorhynchus nerka) through blood oxygenation
level-dependent functional magnetic resonance
imaging (Bandoh et al., 2011). These studies indicated
that olfaction may be of great importance for the
spawning migration in ﬁsh.
At present, little is known regarding the olfactory
signaling in C. nasus. However, relevant information
can be acquired from other vertebrate species (Kaupp,
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2010). The interaction of odorous ligands and speciﬁc
receptors in olfactory neurons initiates a cascade of
signal transduction (Mombaerts, 1999). Golf protein is
able to stimulate olfactory-speciﬁc adenylyl cyclase
(Pace et al., 1985) and then produced cAMP (Breer et
al., 1990) opens a cyclic nucleotide-gated cation
(CNG) channels (Nakamura and Gold, 1987) which
can result in an inﬂux of Na+ and Ca2+ and the cell
depolarization. Moreover, Ca2+-activated chloride
channels enable an eﬄux of Cl-, which facilitates
further depolarization (Reisert et al., 2005; Nickell et
al., 2007). The chemical signals are eventually
converted into the electronic signal that is delivered to
higher brain center. Termination of the olfactory
response may occur at all steps of the pathway (Zhu et
al., 2014). The G protein receptor kinase (GRK) that
phosphorylates activated receptors contributes to
olfactory desensitization (Peppel et al., 1997) and
arrestins can desensitize the receptors (Mashukova et
al., 2006). Regulator of G-protein signaling (RGS)
apparently decreases the activity of adenylyl cyclase
(Sinnarajah et al., 2001) and phosphodiesterase can
hydrolyze cAMP, which promotes the termination of
olfactory signaling. In addition, the removal of Ca2+
ions is modulated by Na+/Ca2+ exchange mechanisms,
which contribute to mediating the rapid recovery of
the odor response (Noé et al., 1997; Reisert and
Matthews, 1998).
Some of the olfactory genes involved in the
spawning migration have been demonstrated to be
diﬀerentially expressed at the mRNA level in the
diﬀerent life stages of the wild anadromous Atlantic
salmon while no diﬀerential expression of these genes
was identiﬁed in non-anadromous Atlantic salmon
(Johnstone et al., 2011). Previous studies have stated
clearly that several olfactory receptor genes were
signiﬁcantly up-regulated at the mRNA levels in the
olfactory rosettes of anadromous C. nasus compared
to resident C. nasus during the breeding season (Zhu
et al., 2016). However, mRNA expression may not
correlate directly with the abundance of their protein
products (Muers, 2011) and the mRNA levels might
explain approximately 40% of the variability in
protein levels (Schwanhäusser et al., 2011). And the
key molecules involved in the spawning migratory
behavior between anadromous C. nasus and resident
C. nasus have still remained unknown. Thus, research
carried on protein level is essential.
The transcriptomic database of C. nasus olfactory
rosettes (accession number SRP100816) provided a
good resource for analyzing the proteome. In the
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present work, we performed a comparative proteome
analysis coupled with transcriptome analysis using
isobaric tags for relative and absolute quantiﬁcation
(iTRAQ), which lays the foundation for further
investigation of C. nasus spawning migration.

2 MATERIAL AND METHOD
2.1 Fishes and tissue samples
Female anadromous C. nasus (body length 30±
2 cm) was collected from the Jingjiang section of the
Changjiang River, Jiangsu Province, China at the end
of April 2017 when they were migrating to spawning
grounds (Fig.1). The ﬁsh collection was performed
with the help of ﬁsherman ZHANG Huacai with the
ﬁshing license (No. Suchuanbu 2017 ZX-M019).
Poyang Lake is an adjacent lake of Changjiang River
and is divided into Hukou County, Xingzi County,
Duchang County, Yongxiu County, and other areas. It
is possible for anadromous C. nasus to enter to the
Poyang Lake. Thus, female resident C. nasus (body
length 22±2 cm) was collected from Poyang Lake in
Duchang County, Jiangxi Province, China at the
beginning of April 2017 before anadromous C. nasus
has reached Poyang Lake to spawn. The ﬁsh collection
was performed with the assistance of ﬁsherman
Baishan ZHAN holding the ﬁshing license (No.
0400051). We chose the sampling sites with the
expectation that the olfactory rosettes of migrating
and pre-spawning C. nasus from Jingjiang would be
more sensitive to the imprinted odors compared to
Poyang Lake. The acquired live C. nasus were
euthanized by an overdose of anesthetic (MS-222,
Sigma-Aldrich, USA) in a separate plastic container
contained with ice bags (-20°C). Before sampling, we
made an incision in the abdomen and immediately
checked the gonadal development phase. If the
gonadal development phase was in phase III, we
collected the olfactory rosettes of C. nasus. The rinsed
olfactory rosettes were placed into liquid nitrogen at
once and subsequently delivered to the Shanghai
Ocean University for further processing. The remains
of the samples were preserved at Shanghai Ocean
University for subsequent study. Samples from
Jingjiang were labeled JJ, and the samples from
Poyang Lake were labeled PY.
2.2 Protein extraction
Olfactory rosettes from three similar individuals
were pooled as one sample. The JJ group and the PY
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Fig.1 Location of C. nasus sampling area
JJ: the sampling site of Jingjiang section of the Changjiang River; DC: the sampling site of Poyang Lake in Duchang County.

group respectively consisted of three biological
replicates. Each sample was ground to a ﬁne powder
in liquid nitrogen and protein was extracted. The
solution was centrifuged at 30 000×g for 15 min at
4°C. To the supernatant, 10 mmol/L DTT was added
and the tube was incubated at 56°C for 1 h.
Subsequently, the tube was incubated for 1 h in the
dark using 55 mmol/L iodoacetamide. After
centrifugation, the precipitate was washed four times
with chilled acetone for 2 h at -20°C and was
suspended in 0.5 mol/L tetraethylammonium bromide
buﬀer. The protein concentration was detected using
the Bradford method.
2.3 iTRAQ labeling and RP fractionation
The digested and desiccated peptides were labeled
with iTRAQ 8-plex kits following the manufacturer’s
protocol. Three samples of the resident C. nasus were
labeled with isobaric tags 113, 114, and 115,
respectively. Three samples of the anadromous C.
nasus were labeled with isobaric tags 116, 119, and
121, respectively. The peptides were separated on a
high pH RP column. Elution was monitored by
measuring absorbance at 214 nm.
2.4 LC-ESI-MS/MS analysis based on Triple TOF
5600 system
All vacuum-dried fractions were resuspended in
buﬀer A (2% ACN, 0.1% FA) and centrifuged at
20 000×g for 10 min. Subsequently, 10 μL of
supernatant was loaded onto a C18 trap column

attached to a Shimadzu LC-20AB HPLC Pump
system. The fractions were analyzed using a Triple
TOF 5600 system.
2.5 Protein identiﬁcation and quantitative iTRAQ
analysis
The MGF ﬁles converted from the raw MS/MS
data were searched using Mascot (version 2.3.02)
against the RNA-Seq transcriptomic database of
C. nasus olfactory rosettes (accession number
SRP100816). Quantitative analysis of the peptides
was performed using the IQuant software. The results
were ﬁltered at 1% false discovery rate (FDR) at the
peptide level. The proteins with a fold change of >1.2
and P-value less than 0.05 were recognized as the upregulated proteins. The proteins with a fold change of
<0.83 fold change and P-value less than 0.05 were
clustered as the down-regulated proteins.
These identiﬁed proteins were classiﬁed and
grouped according to their Gene Ontology (GO)
annotation, the Cluster of Orthologous Groups of
proteins (COG) analysis and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) Pathway Database.
Diﬀerentially expressed proteins and proteins related
to olfactory signaling were analyzed further. GO
enrichment analysis and KEGG pathway enrichment
analysis were performed to classify DEPs
(diﬀerentially expressed proteins). Eventually,
integrative analysis of the proteome and transcriptome
was performed (the above work was completed with
the help of BGI-Shenzhen).
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Fig.2 GO enrichment analysis of the up-regulated and down-regulated proteins
F: function; C: component; P: process. 1: iron ion binding; 2: substrate-speciﬁc transmembrane transporter activity; 3: ion transmembrane transporter activity;
4: oxygen transporter activity; 5: oxygen binding; 6: peptidase inhibitor activity; 7: cargo receptor activity; 8: peptidase regulator activity; 9: endopeptidase
inhibitor activity; 10: scavenger receptor activity; 11: microtubule; 12: microtubule cytoskeleton; 13: cytoskeletal part; 14: cytoskeleton; 15: hemoglobin
complex; 16: myosin ﬁlament; 17: myosin complex; 18: extracellular region; 19: protein phosphatase type 1 complex; 20: membrane attack complex; 21:
protein polymerization; 22: microtubule-based movement; 23: gas transport; 24: cellular protein complex assembly; 25: microtubule-based process; 26:
defense response; 27: defense response to bacterium; 28: immune response; 29: calcium ion-dependent exocytosis; 30: complement activation.

3 RESULT
3.1 Protein identiﬁcation and classiﬁcation
Under the 1% FDR threshold, a total of 5 408
proteins were identiﬁed on the basis of 40 729 unique
spectra and 17 989 unique peptides. A total of 4 909
proteins (90.77%) were categorized with KEGG
pathway and 320 pathways were identiﬁed in the
Supplementary Information. Identiﬁed proteins
analyzed with COGs were most represented by
proteins in R (general function prediction only), J
(translation, ribosomal structure and biogenesis) and
O (posttranslational modiﬁcation, protein turnover,
chaperones). Moreover, a total of 3 560 proteins
(65.83%) were functionally annotated with their GO.
Numerous proteins were functioned in more than one
of the GO terms.
3.2 Diﬀerentially expressed proteins
Resident C. nasus was selected as the control
group. Anadromous C. nasus was selected as the
experimental group. We compared expressed proteins
of olfactory rosettes in two groups. A total of 1 515
(629 up-regulated and 886 down-regulated) proteins
exhibited expression diﬀerences with an FDR of less
than 1%.
GO enrichment analysis was conducted to
categorize DEPs (Supplementary Information).
According to P-value, categories of up-regulated and
down-regulated proteins are presented in Fig.2.
KEGG pathway enrichment analysis was performed
to classify DEPs. According to P-value, categories of
up-regulated and down-regulated proteins are shown

in Fig.3. KEGG pathway enrichment analysis of upregulated proteins indicated statistically signiﬁcant
diﬀerence not only in olfactory transduction but also
in the cGMP-PKG signaling pathway.
Especially, in view of the importance of olfactory
signaling in spawning migration of anadromous
C. nasus, we concentrated on DEPs involved in
olfactory signaling. In our proteomic data, the
expression of Golf protein and the sodium/calcium
exchanger was found to be signiﬁcantly up-regulated
in the anadromous population compared with the
resident population (Fig.4). Our ﬁnding suggested a
decrease in the expression of adenylate cyclase
(Unigene1734_All) and RGS. The expression of
cGMP-dependent protein kinase (PKG) was
signiﬁcantly down-regulated. The expression of
Calmodulin (CaM) was increased and CaM-dependent
protein kinase II (CaMKII) was decreased.
3.3 Integrative analysis of the proteome and
transcriptome
The quantitative analysis of the transcript was
based on uploaded transcriptome (SRP100816) from
our laboratory. It was possible to do the integrative
analysis of transcriptome and proteome due to the
same sampling strategies, including the same
sampling sites and sampling season. One hundred
ﬁfty-ﬁve cases of concordant expression between
DEGs (diﬀerentially expressed genes) and DEPs were
evident (Supplementary Information). The number of
cases of the opposite trend occurring in DEPs and
DEGs was 69. A few genes (396) were only
diﬀerentially expressed at the mRNA level and 1 276
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Fig.3 KEGG pathway enrichment analysis of the up-regulated and down-regulated proteins
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Fig.4 Functional annotation of C. nasus proteins using the KEGG pathway of olfactory transduction
Red: up-regulated; green: down-regulated. R: odorant receptor; Golf: G protein; AC: adenylate cyclase; CNG: cyclic nucleotide-gated cation channel; GC-D:
guanylyl cyclase; CLCA: calcium-activated chloride channel; PDE: phosphodiesterase; PKG: cGMP-dependent protein kinase; RGS: regulator of G-protein
signaling; PKA: cAMP-dependent protein kinase A; GRK: G protein receptor kinase; CAMKII: calcium/calmodulin-dependent protein kinase II; CAM:
calmodulin.
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Fig.5 The GO enrichment analysis of genes having the same trend occurring in DEGs and DEPs

signiﬁcant changes were only observed at the protein
level.
The enrichment analysis of GO and KEGG
pathway were conducted to categorize these proteins
having the same trend occurring in DEGs and DEPs
(Supplementary Information). In the GO category of
biological process, 18.37% of the proteins were
involved in the metabolic process (Fig.5). Of the

proteins assigned to the GO category of cellular
component, 25% of the proteins were involved in the
cells. Additionally, of the proteins annotated with
potential molecular function, catalytic activity
(43.51%) and binding (39.69%) were enriched in this
category. Among these KEGG pathway enrichment
categories, the cluster for ‘‘metabolic pathways’’ was
the largest, followed by ‘‘carbon metabolism’’ and
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Table 1 Identiﬁed proteins by the iTRAQ analysis that are related to olfactory signaling
Protein ID

Protein description

Protein ratio
(JJ/PY,
mean±SD)

Protein
P-value

Gene ratio
(log2JJ/PY)

Gene P-value

Unigene6115_All (Golf)

Guanine nucleotide-binding protein
beta subunit [Oryzias latipes]

1.31±0.185

0.000 576

-0.229 744

0.956 66

Unigene33651_All (Golf)

Guanine nucleotide-binding protein G (I)/G (S)/G
(O) subunit gamma-13-like [Oryzias latipes]

1.4±0.094

0.000 000 3

1.233 677 2

0.499 48

CL4622.Contig3_All (Golf)

Guanine nucleotide binding protein (G
protein),olfactory type [Danio rerio]

1.22±0.156

0.001 826

0.291 552 6

0.775 79

Unigene17037_All (Exchanger)

Sodium calcium exchanger 1n [Danio rerio]

1.65±0.153

0.000 000 3

0.430 602 3

0.923 24

CL1448.Contig2_All (Exchanger)

Sodium calcium exchanger 1n [Danio rerio]

1.21±0.119

0.000 535

1.223 244 1

0.420 22

Unigene20911_All (CaM)

Parvalbumin beta-like [Oreochromis niloticus]

1.42±0.089

0.000 000 2

-0.333 851

0.707 153

CL9566.Contig1_All (CaM)

Calcyphosin-like protein [Ictalurus furcatus]

1.25±0.144

0.000 405 1

5.986 684 2

0.000 000

Unigene1734_All
(adenylate cyclase)

Adenylate cyclase type 8-like [Takifugu rubripes]

0.67±0.173

0.001 685

1.502 676 6

0.266 34

Unigene24599_All (RGS)

Regulator of G-protein signaling
14-like [Danio rerio]

0.8±0.1

0.000 721

-1.183 442

0.144 005

Unigene47042_All (PKG)

Hypothetical protein LOC100488659
[Xenopus (Silurana) tropicalis]

0.49±0.091

0.000 002 0

1.376 535 5

0.175 29

Unigene37161_All (CaMK II)

Calcium/calmodulin-dependent protein kinase type II
subunit beta-like isoform 4 [Oreochromis niloticus]

0.8±0.225

0.029 91

-0.177 475

0.916 219

Unigene19622_All
(olfactory receptor)

Transmembrane protein 65-like [Takifugu rubripes]

0.95±0.21

0.340 1

-0.162 214

0.935 71

Unigene37349_All (GRK)

G-protein coupled receptor kinase 2/3 [Danio rerio]

1.04 ±0.122

0.349 2

0.799 577 4

0.316 73

CL8022.Contig1_All (arrestin)

Arrb2b protein [Danio rerio]

0.9±0.042

0.000 11

2.115 599 5

0.375 1

‘‘Glycolysis / Gluconeogenesis”.
Although several identiﬁed proteins related to
olfactory signaling were diﬀerentially expressed
between the two populations at the protein level, they
did not display signiﬁcant changes at the mRNA level
(Table 1). Proteins expression was not always
consistent with gene expression.

4 DISCUSSION
Although the sampling time is diﬀerent, the
gonadal development phase of anadromous C. nasus
and resident C. nasus was both in phase III. In this
study, we ﬁrstly seek to hunt for the proteomic
changes in olfactory rosettes of two populations,
especially changes involved in olfactory signaling.
Generally, if C. nasus use speciﬁc genes to coordinate
life stage-speciﬁc activities, then it is expected that
these genes are expressed at higher levels. Compared
with resident C. nasus, anadromous C. nasus may
detect odorant cues in the water through their olfactory
system, which may demand an increased expression
level of some genes during the spawning migration.
Previous relevant studies were through quantitative
mRNA data to predict protein expression levels,
which was indeed insuﬃcient. Here, proteins

expression related to olfactory signaling and some
pathways were compared between resident C. nasus
and anadromous C. nasus.
Vertebrate olfactory receptors are G proteincoupled receptors, which is crucial for a rapid and
robust odorant recognition. Several distinct families
of olfactory receptors include MORs (main olfactory
receptors), V1Rs (vomeronasal type-1 receptors),
V2Rs (vomeronasal type-2 receptors), TAARs (trace
amine-associated receptors) and FPRs (formyl
peptide receptors) (Zhu et al., 2016). And signiﬁcant
diﬀerences of some V1Rs at mRNA level were
detected between the anadromous and resident
C. nasus (Zhu et al., 2016). In our proteomic data,
only an olfactory receptor (Unigene19622_All) was
identiﬁed but displayed no expression diﬀerence. The
up-regulated expression of Golf may indicate the
important role in olfactory transduction during
C. nasus spawning migration. The gene expression of
the Golf did not display signiﬁcant change between
two populations at mRNA level. Expression changes
at protein level may not be detected at the mRNA
level at the same time (Hu et al., 2013). A series of
regulatory processes play a vital role in controlling
protein expression, which belongs to biological
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factors and may partially account for the complex
relationship between mRNA and protein abundances
(Vogel and Marcotte, 2012). Adenylyl cyclase and
cAMP signaling are critical for olfactory-dependent
behavior (Watt and Storm, 2001). Adenylate cyclase
(Unigene1734_All) was unexpectedly downregulated in anadromous C. nasus compared with
resident C. nasus. The expression of RGS was
decreased, which may suggest a lower termination
response and sustained detection to imprinted odors
during spawning migration. These results indicate
changes of proteins related to olfaction but do not
indicate changes of the olfactory signaling pathway.
Previous studies have shown that salmon exposed
to an odorant during a sensitive period for imprinting
can show enhanced sensitivity of olfactory guanylyl
cyclase activity to that odorant during their homeward
migration (Dittman et al., 1997) and changes in
olfactory-speciﬁc guanylyl cyclase increasing
olfactory sensitization is important for natal stream
recognition (Yamamoto et al., 2010). In addition,
cGMP can activate adenylate cyclase in a cGMPdependent protein kinase (PKG) manner, generating a
sustained cAMP signal upon odorant stimulation
(Moon et al., 1998). KEGG pathway enrichment
analysis of up-regulated proteins displayed the
statistically signiﬁcant diﬀerence in the cGMP-PKG
signaling pathway. However, the expression of PKG
(Unigene47042_All) in anadromous C. nasus relative
to resident C. nasus was down-regulated at the protein
level.
To the best of our knowledge, the Ras-MAPK
(mitogen-activated protein kinase) pathway regulated
the perception and transmission of sensory signals in
olfactory neurons in Caenorhabditis elegans (Hirotsu
et al., 2000). Furthermore, odorants can activate the
MAPK pathway in rodent olfactory neurons due to
CaMKII phosphorylation (Watt and Storm, 2001).
Thus, CaMKII can link the termination of the cAMP
signal by inhibiting adenylyl cyclase to activation of
MAP kinase. The expression of CaMK II
(Unigene37161_All) was shown to be decreased.
The samples were from two diﬀerent waters, which
could have an impact on the results. Additionally,
more studies are still needed to verify the described
proteins and determine behavioral responses.

5 CONCLUSION
This study exhibits a proteomic proﬁle of olfactory
rosettes of C. nasus and diﬀerently expressed proteins
were detected between anadromous and resident
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C. nasus, which may provide a useful resource for
research into the spawning migration of C. nasus and
other molecular studies in C. nasus. Additionally, we
speculate that Golf protein may play a crucial role in
the olfactory signaling during the spawning migration
of anadromous C. nasus.
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