
Contents lists available at ScienceDirect

Fish and Shellfish Immunology

journal homepage: www.elsevier.com/locate/fsi

Full length article

Expression analysis of the heat shock protein genes and cellular reaction in
dojo loach (Misgurnus anguillicaudatus) under the different pathogenic
invasion

Jia Chenga,c,1, Honghui Lia,d,1, Zhenyu Huangb,1, Fangliang Zhanga, Lingsheng Baoa, Yulong Lia,
Lin Chena, Liangyi Xuec, Wuying Chua,∗, Jianshe Zhanga,∗∗

a Department of Bioengineering and Environmental Science, Changsha University, Changsha, 410003, China
bDepartment of Aquatic Animal Medicine, College of Fisheries, Huazhong Agricultural University, Hubei Engineering Technology Research Center for Aquatic Animal
Diseases Control and Prevention, Wuhan, 430070, China
c College of Marine Sciences, Ningbo University, Ningbo, 315211, China
d College of Food Science, South China Agricultural University, Guangzhou, 510642, China

A R T I C L E I N F O

Keywords:
Heat shock proteins
Embryonic development
Gene expression
Cellular response
Dojo loach

A B S T R A C T

As molecular chaperones, heat shock proteins (HSPs) play essential roles in cells in response to stress conditions.
Recent studies about immune functions of HSPs in fish have also been reported. In this study, based on the
reported cDNA sequences of the four HSP genes, HSP70, HSC70, HSP90α and HSP90β, the temporal expression
patterns of the four genes during embryonic development of dojo loach(Misgurnus anguillicaudatus) was assayed
with qRT-PCR. All of the four genes were ubiquitously expressed in all detected embryonic developmental
stages. Among of them, HSP70, HSC70 and HSP90β were highly expressed in the organ formation stage, while
HSP90α was the highest expressed in myotome formation stage. Further, the immune responses of the four HSP
genes were assayed when loach were infected with three different pathogens, bacterium (Flavobacterium
cloumnare G4), parasite (Ichthyophthirius multifiliis) and fungus (Saprolegnia). All of the four genes were differ-
entially expressed in four tissues such as skin, gills, spleen and kidney in response to the pathogenic invasion, but
both HSP70 and HSP90α expressions were dramatically up-regulated. Further, the cellular responses of the loach
skinand gill tissues were observed, in which the number of the skin goblet cells were significantly increased, and
the gill lamellae became shorter and wider after infected. Thus, our work indicated that the HSPs may directly or
indirectly involved in immune defense in fish, at least in the loach.

1. Introduction

Heat shock proteins (HSPs), an evolutionary conserved multigene
family of proteins, exist in all organisms from bacteria to mammals
[1,2]. HSPs are ubiquitously essential molecular chaperones whose
expression are influenced by changes in temperature, dissolved oxygen
levels, osmotic pressure, the presence of heavy metals and microbial
infections or constitutively expressed in non-stressed cells as house-
keeping proteins [3–5]. HSPs could be classified into the five major
categories, including small HSPs family, HSP60, HSP70, HSP90 and
HSP100 family according to molecular weights and functions [6].
Among of them, HSP70 and HSP90 families have been well studied and
were reported to be involved in on immune regulation and signal

transduction [7,8]. HSP70 family contains two genes, an inducible type
HSP70 and a constitutive type HSC70 (heat shock cognate 70) [9,10].
HSP70 is highly induced upon stress stimulus, while HSC70 is actively
expressed under non-stressed cells and remains unchanged or only-
mildly induced during stress [11]. HSP70 and HSC70 share some si-
milarities in protein folding/unfolding, assembly/disassembly, de-
gradation and translocation. Interestedly, HSC70 exhibitssome unique
functions such as regulating apoptosis, embryo development and innate
immune reactions [12,13]. The HSP90 family have four major proteins
in vertebrates, two major cytosolic isoforms referred to HSP90α and
HSP90β, one endoplasmic reticulum isoform as HSP90β and the mi-
tochondrial HSP90 homologue as TRAP [14,15]. Both HSP90α and
HSP90β take part in cell proliferation and differentiation with specific

https://doi.org/10.1016/j.fsi.2019.10.073
Received 18 June 2019; Received in revised form 23 October 2019; Accepted 30 October 2019

∗ Corresponding author.
∗∗ Corresponding author.
E-mail addresses: chuwuying18@163.com (W. Chu), jzhang@ccsu.edu.cn (J. Zhang).

1 These authors contributed equally to this work.

Fish and Shellfish Immunology 95 (2019) 506–513

Available online 02 November 2019
1050-4648/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/10504648
https://www.elsevier.com/locate/fsi
https://doi.org/10.1016/j.fsi.2019.10.073
https://doi.org/10.1016/j.fsi.2019.10.073
mailto:chuwuying18@163.com
mailto:jzhang@ccsu.edu.cn
https://doi.org/10.1016/j.fsi.2019.10.073
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsi.2019.10.073&domain=pdf


functions. HSP90α is mainly associated with growth promotion, cell
cycle regulation, and stress-induced cyto-protection, while HSP90β is
mainly involved with early embryonic development, germcell matura-
tion, cytoskeletal stabilization, cellular transformation, signal trans-
duction, and long-term cell adaptation [16].

To date, studies on HSP70 and HSP90 have been carried out in
various vertebrates including mammals, Homo sapiens [16,17] and
Rattus norvegicus [18]; in avian, Ansercygnoides [19] and Coturnix ja-
ponica [20]; in reptiles, Caretta Caretta [21] and in amphibians, Xenopus
laevis [22,23]. In teleost, HSP70 and HSP90 have been identified and
assayed in such species as Danio rerio [24], Cyprinus carpio [25,26],
Oncorhynchus mykiss [27], Sciaenopsocellatus [28] and Solea senegalensis
[29] etc. However, the assays of HSP70 and HSP90 in response to the
bacterial or fungous infection in fish, especially in dojo loach (Misgurnus
anguillicaudatus) have not been reported.

The dojo loach (Misgurnus anguillicaudatus) is one of important
commercial freshwater aquaculture species in Eastern Asian including
China, Japan and Korea [30,31]. Recently, infectious diseases occurred
frequently the intensive loach culture, which limit the profitability and
development of aquaculture [32]. To reveal the potential roles of HSPs
in loach development and their responses to foreign pathogen invasion,
we firstly assayed the differential profiles of the four proteins, HSP70,
HSC70, HSP90α and HSP90β at mRNA level during embryonic devel-
opment. Then, we constructed three infection models (F. columnare G4,
I. multifiliis and Saprolegnia) and sysmetically analyzed the mRNA ex-
pression of the four HSPs in different tissues of loach and the histolo-
gical features of loach skin and gills upon infection. The obtained re-
sults demonstrated that the assayed HSPs exhibited deferentially
expressed in response to bacterial or fungous invasion, suggesting their
potential function in immune reaction in fish, or at least in dojo loach
(Misgurnus anguillicaudatus).

2. Materials and methods

2.1. Fish and experimental samples

The healthy loaches (average body weight at 8.0 ± 1.0 g) used for
the experiment were obtained from a farm in Wuhan (Hubei province,
China) and acclimated in tanks suing recirculation water at 22–25 °C
with continuous aeration. Loaches were fed with UV-irradiated frozen
red worm twice a day (8:00 a.m. and 4:00 p.m.) and maintained for 2
months prior to treatments.

To assay the temporal mRNA expression patterns of the four genes,
HSP70, HSC70, HSP90α and HSP90β, mature male and female loaches
were injected with mixed oxytocin to produce germ and eggs as the
method described in Zhou et al. [33]. Subsequently, developing em-
bryos at different stages including unfertilized eggs, fertilized eggs, 2-
cell, 4-cell, 8-cell, 16-cell, 32-cell and 64-cell stage, blastula, gastrula,
myotome formation stage and organ formation stage were collected and
frozen immediately in liquid nitrogen stored at −80 °C for further use.

2.2. Challenge experiment

2.2.1. Challenge with F. cloumnare G4
For the bacterial challenge experiments, F. cloumnare G4 were ob-

tained from the institute of Hydrobiology, Chinese Academy of Sciences
(Hubei, China) and it was cultured in Shieh broth for 24 h at 28 °C.
Then, the bacterial concentration was measured by the plate count and
adjusted to 1×105 CFU/mL. For infection group, 90 individuals were
put in three replicate tanks and exposed to F. columnare G4 by im-
mersion for 3 h at the concentration of 1× 105 CFU/mL, and then re-
moved to fresh water. For control group, another 90 individuals were
treated with Shieh medium with no bacterial added. In each group, six
loaches were randomly chosen for the collection of skin, gills, spleen
and kidney at 12 h, 1 d, 2 d, 4 d, 7 d, 14 d, 21 d and 28 d after chal-
lenged. To obtain the gill blood, the gills was first perfused with PBS-

heparin (12500 U/mL), and then its blood was collected. All of the
collected tissue samples were immediately frozen in liquid nitrogen and
stored at −80 °C for total RNA isolation.

2.2.2. Challenge with I. multifiliis
Challenge with I. multifiliis (Ich) was performed using a reported

method [34]. Briefly, I. multifiliisw asisolated and collected from heavily
infected rainbow trout in the fishery research base at Huazhong Agri-
cultural University (Hubei, China). For infection group, 60 loaches were
divided into three replicate tanks (each tank contained ~200000 Ich
theronts). For control group, the loaches were treated on tanks with
normal water supply. Six loaches were randomly chosen for the col-
lection of the tissues skin, gills, spleen and kidney at the time points
same as described above. The collected samples were also stored at
−80 °C for total RNA isolation.

2.2.3. Challenge with Saprolegnia
Saprolegnia was isolated from heavily infected rainbow trout in the

fishery research base at Huazhong Agricultural University (Hubei,
China). Saprolegnia cultures were maintained on a peptone-glu-coseagar
(PGA) medium [35], and sporulation was performed according to the
protocol described by Diéguez-Uribeondo et al. [36]. The Saprolegnia
mycelium was first grown for 3 days at 25 °C on PGA medium covered
with sterile rapeseeds, then the sporulation was induced followed by 2 d
incubation in sterile water at 20 °C to allow release of the zoospores.
Zoospores were counted using a hemocytometer and adjusted to
1×105 zoospore/ml. For infection group, 60 loaches were divided into
three replicate tanks within 1 L of facility water at room temperature
(each tank contained 1×108 zoospores). Fish from the control groups
were treated in tanks with normal water. Samples were collected and
treated similar to the time points as described above.

2.3. RNA extraction and cDNA preparation

Total RNA was extracted from the collected loach tissues using
Trizol Reagent (Invitrogen Life Technologies, USA) following manu-
facturer's protocol. The quality of RNA was determined by electro-
phoresis and the concentration was measured with the Nanodrop 2000
(Thermo scientific, USA). One microgram of total RNA was reverse-
transcribed into cDNA using a 5×All-In-One MasterMix with AccuRT
Genomic DNA Removal Kit (Abm, Canada).

2.4. Quantitative real-time PCR and expression analysis

The qRT-PCR was performed on a 7500 Real-time PCR system
(Applied Biosystems, USA) using the EvaGreen 2× qPCR Master mix
(ABM, Canada). All samples were performed in triplicate wells, using
the following conditions: 30 s at 95 °C followed by 40 cycles at 95 °C for
1 s and at 55 °C for 10 s. The dissociation curve was analyzed after
thermal cycling to determine whether a specific-sized single amplicon
amplified. Ct values determined for each sample were normalized
against the values for EF1α. The relative fold change in expression to
EF1α was calculated by 2-△△Ct method [37]. The four pairs of primers
were designed in the relatively conserved extracellular domain of
HSP70, HSC70, HSP90α and HSP90β sequences, respectively. All pri-
mers used in this study are listed in Table 1.

2.5. Histological assays

To evaluate the morphological changes of skin and gills after chal-
lenged with bacterial and parasite, the dissected gills (~0.01 g) and
skin (~0.25 cm2) were fixed in 4% neutral buffered paraformaldehyde
for 24 h. The fixed tissues were then dehydrated in a graded ethanol
series, transparented with xylene, and embedded in paraffin for histo-
logical sectioning. Sections at 5–7 μm were obtained with a rotary mi-
crotome (HM 325 Manual Microtome, MICROM International GmbH,
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Waldorf, Germany) and stained with conventional haematoxylin and
eosin (HE) for routine histology examination. The stained sections were
examined under microscope (Olympus, BX53, Japan) analyzed with the
Axiovision software.

2.6. Statistic analysis

All data were expressed as the mean ± SEM and checked for nor-
mality and homogeneity of variances before statistical analysis. A one-
way analysis of variance (ANOVA) was conducted with SPSS 16.0
software (SPSS Inc., USA). Differences were considered significant
when P < 0.05.

3. Results

3.1. Expression patterns of HSP70, HSC70, HSP90α and HSP90β at
different embryonic development stages

Assayed with qRT-PCR techniques, the temporal mRNA expression
profiles of the four genes, HSP70, HSC70, HSP90α and HSP90β were

summarizedin in Fig. 1. All of the four genes were ubiquitously ex-
pressed in all detected embryonic developmental stages, but main-
tained a relatively lower expression from unfertilized eggs to blastocoel.
However, their expressions were highly up-regulated from gastrula to
organogenic stages. Among of them, HSP70, HSC70 and HSP90β ex-
hibited the highest expression at the myotome formation stage, but
HSP90α with an exception.

3.2. Effect of F. cloumnare G4 infection on histological structure and HSPs
expression in M. anguillicaudatus

To reveal how the spatial expression of the HSP genes being influ-
enced in response to F. cloumnare G4 infection on M. anguillicaudatus,
the expression levels of the four HSPs, HSP70, HSC70, HSP90α and
HSP90β, transcripts at the four tissues, gill, skin, kidney and spleen,
were determined with qRT-PCR. As summarized in Fig. 2, the four HSP
genes were differentially expressed in a tissue-specific manner and in-
fection time dependent. Both HSP70 and HSP90α mRNA expression
were detected in all of the four tissues with a gradual increasing from
12 h to 28 d post infection (Fig. 2B) and they reached the highest at
28 d. Compared with controls, HSP70 expression level was up to 4.08-
fold in gills, 5.23-fold in skin, 11.98-fold in kidney and 10.54-fold in
spleen. Similar to HSP70, HSP90α expression was increased to 1.51-
fold in gills, 2.97-fold in skin, 4.52-fold in kidney and 3.97-fold in
spleen at 28 d post infection. However, HSC70 and HSP90β were ubi-
quitously expressed in all the four tissues, but their expression levels
were relatively lower and showed relatively constant at different in-
fection periods.

To detect whether F. cloumnare G4 infection could induce cellular
responses, the loach skinand gill tissues were histologically assayed
with Haematoxylin/eosin staining. As showed in Fig. 3, the goblet cells
in skin significantly increased at 12 h (Fig.3b) and 96 h (Fig. 3c) post F.
cloumnare G4 challenge, compared to control group (Fig. 3a). By

Table 1
PCR primer sequences for the four HSPs members qRT-PCR from M.
anguillicaudatus.

Primer Sequences

qMaHSP70-F TATCACAGTTCCCGCCTATTTC
qMaHSP70-R TTTGCCTTTATCCAGCCCAT
qMaHSC70-F CTGATTGGTCGCAGGTTTGA
qMaHSC70-R GACTTGGTCTCGCCCTTGTAT
qMaHSP90α-F ATTCCCAACAAACAAGACCG
qMaHSP90α-R TAGAAACCCACGCCAAACTG
qMaHSP90β-F AGAAGGCTGACGCAGATAAAA
qMaHSP90β-R GGGCACATCTTCATCCTCATC

Fig. 1. Expression patterns of HSP70, HSC70, HSP90α and HSP90β genes at different embryonic developmental stages in M. anguillicaudatus(n=4). 1, unfertilized
eggs; 2, fertilized eggs; 3, 2-cell stage; 4, 4-cell stage; 5, 8-cell stage; 6, 16-cell stage; 7, 32-cell stage; 8, 64-cell stage; 9, multicellular stage; 10, blastula; 11,
blastocoel; 12, gastrula; 13, myotome formation stage; 14, organ formation stage.
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statistically analysis, the numbers of mucus cells per millimeter skin
tissue was increased to about 5 folds at 12 h (Fig. 3g) and folds at 96 h
(Fig. 3g) in the infected fish. For the gill tissue, the gill lamellae became
shorter and wider after infected with F.columnare G4, at 12 h (Fig.3e)
and 96 h (Fig. 3f) compared with controls (Fig. 3d). By analysis of the
length-width ratio of gill SL between the control and infected fish
confirmed that the gill lamellae were morphologically changed into a
relative wider (Fig. 3).

3.3. Effect of I. multifiliis infection on histological structure and HSPs
expression in M. anguillicaudatus

The expression levels of the four HSPs, HSP70, HSC70, HSP90α and
HSP90β transcripts in gill, skin, kidney and spleen upon I. multifiliis
infection were also evaluated by qRT-PCR (Fig. 4) of the four HSPs,
HSP70 was expressed in all of the four tissues, but showed the highest
expression in skin (25.78-fold), then came to and the gills (11.85-fold),

and lowest expression in kidney and spleen tissues. HSP90α was rela-
tively higher expressed in skin and kidney, and it was highest expressed
at 12 h, then gradually decreased in skin, but the highest expression was
detected at in kidney at post 28 day infection by I. multifiliis. However,
expression of HSC70 and HSP90β did not show significant changes in
the four tissues at different infecting time points.

The cellular response in loach skin and gills upon infected with I.
multifiliis was also histologically assayed (Fig. 5). The number of goblet
cells in skin was significantly increased (Fig. 5b) and the gill lamellae in
gills became much shorter and wider (Fig. 5e). As showed in Fig. 5c and
f (arrow pointed), parasites (I. multifiliis) was accumulated in skin and
gills at 96 h post infection, which suggested the successful infection of
parasites on the loach tissues.

Fig. 2. The transcription level of HSP70, HSC70, HSP90α and HSP90β genes in different tissues responses to F. cloumnare G4 infection. (A) Heat map illustrates the
fours HSP protein expression levels upon F. cloumnare G4 infected fish at 12 h, 1 d, 2 d, 4 d, 7 d, 14 d, 21 d and 28 d post infection (n=6) in the skin, gill, spleen and
kidney. Color value: 2−△△Ct (fold change). (B) the four HSPs mRNA expression levels in skin, gill, spleen and kidney at 12 h, 2 d, 21 d and 28 d (n = 6).
*0.01 < P < 0.05, **P < 0.01 (unpaired Student's t-test). Data are representative of three independent experiments (mean and SEM).

Fig. 3. Morphological changes in skin and gills ofM. anguillicaudatus infected with F. cloumnare G4. (a–c): Haematoxylin/eosin staining on loach skin from uninfected
fish (a), 12 h (b) and 96 h (c) post infection; (d–f): on loach gill, uninfected fish (d), 12 h (e) and 96 h (f) in infected fish. (g) The numbers of goblet cells per millimeter
skin tissue in control and infected fish (n=6 per group). (h) The length-width ratio of gill SL from control and infected fish (n= 6 per group). Arrowheads indicate
gobletcells. Scal bar, 30 μm.
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3.4. Effect of Saprolegnia infection on histological structure and HSPs
expression in M. anguillicaudatus

Upon infected with Saprolegnia, white myceliums were observed to
aggregated on the loach skin surface at day 1 post infection (Fig. 6),
which caused an apparent body morphological changes and indicate an
effective infection by the parasites. To reveal how the four loach HSP
genes in response to Saprolegni invasion, the expression levels of HSP70,
HSC70, HSP90α and HSP90β transcripts in gill, skin, kidney and spleen

were also determined with qRT-PCR. The turnout data demonstrated
that all of the four genes appeared up-regulated in the four tissues
(Fig. 7), but with tissue-specific and infection time dependent manner.
HSP70, HSC70, and HSP90α were highest expressed in skin and then
came to kidney, but lower in gill. Temporally analysis, the highest ex-
pression of HSP70 occurredpost 24 d, HSP90α post 28 d and HSC70
post 1d in skin.

Fig. 4. The transcription levels of HSP70, HSC70, HSP90α and HSP90β genes in different tissues responses to I. multifiliis. (A) Heat map illustrates results from real-
time PCR of HSP70, HSC70, HSP90α and HSP90β mRNA expression in I. multifiliis infected fish versus control fish measured at 12 h, 1 d, 2 d, 4 d, 7 d, 14 d, 21 d and
28 d post infection (n= 6) in the skin, gill, spleen and kidney. Color value: 2−△△Ct (fold change). (B) HSP70, HSC70, HSP90α and HSP90β mRNA expression levels
in skin, gill, spleen and kidney were detected at 12 h, 2 d, 14 d and 28 d from control and infected fish by qRT-PCR (n = 6). **P < 0.01 (unpaired Student's t-test).
Data are representative of three independent experiments (mean and SEM). (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 5. Morphological changes in skin and gills of M. anguillicaudatus infected with I. multifiliis. (a–c): Haematoxylin/eosin staining on loach skin from uninfected fish
(a), 12 h (b) and 96 h (c) infected fish; (d–f): Haematoxylin/eosin staining on loach gill from uninfected fish (d), 12 h (e) and 96 h (f) infected fish, respectively.
Arrowheads indicate parasites. Scal bar, 30 μm.
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4. Discussion

Heat shock proteins exert essential functions under stress conditions
such as exposure to high temperature, oxygen radicals, toxins, mi-
crobes, and other factors, which may cause protein denaturation [38].
HSPs have been classified into six families according to their molecular
size: HSP100, HSP90, HSP70, HSP60, HSP40 and small HSPs
(15–30 kDa) including HSP27, and they play important roles in various
physiological process from lower invertebrates to mammals [39]. Ear-
lier studies have revealed the immune responding abilities of HSPs in
various host [40]. In the present study, we firstly assayed the expression
profile of the four HSPs in different embryonic developmental stages of
M. anguillicaudatus (Fig. 1), and then we constructed three infection
models with three pathogens, (Flavobacterium cloumnare G4), parasite
(Ichthyophthirius multifiliis) and fungus (Saprolegnia) to infect the loach.
Upon the pathogenic invasion, the expression profiles of the four HSPs,
HSP70, HSC70, HSP90α and HSP90β were symertically assayed with
qRT-PCR technologies, and the cellular modifications of the loach's skin
and gill tissues were also analyzed with haematoxylin and eosin (HE)
staining. The obtained results confirmed that HSPs expressions are
differentially regulated and the morphological changes in loach skin
and gills were also occurred. HSPs are constitutively expressed under
certain physiological conditions and take part in many important life
activities, such as metabolism, growth, differentiation, programmed
cell death, and fertilization [41,42]. Thus, the obtained results sug-
gested that the HSPs may directly or indirectly involved in immune
defense in fish, at least in the loach. The mechanism behind this phe-
nomenon might be that HSPs provides a rapid protective measure

untilorganic osmolytes are fully accumulate [43]. HSPs are inducible
and involved not only in protein folding and cytoprotection, but also in
specific immune responses against infectious pathogens, thermal, and
osmotic stress [44–46]. After being released from the cell, the HSPs act
as messengers communicating the cells' interior protein composition to
the immune system for initiation of immune responses against in-
tracellular proteins [47].

Embryonic development in animals could be detrimentally affected
by some environmental factors including unfavour temperature flux
and chemical exposure. Thus an internal system to protect and maintain
cell homeostasis could be established [48]. Heat shock proteins were
reported to counteract the exposure of the external stimuli [49]. To
date, there are few reports about HSPs expression patterns during dif-
ferent embryonic development in fish. Wang et al. (2015) reported that
four HSPs, HSC70-1, HSC70-2, HSP90α and HSP90β in Siniperca chuatsi
maintained unchanged during the early developmental stages, but
significantly increased from gastrula until hatching stage [50,51]. In
the present study, our work confirmed that the four HSPs, were also
relatively stable during the early development stages from unfertilized
eggs till blastocoels, but they showed increased expression at later de-
velopmental stages, especially highly expressed at the myotome for-
mation stage and organ formation stage (Fig. 1). Thus, the results
showed that different HSPs might play distinct roles during embryonic
development, especially such as they regulates somatic and organic
genesis in functionally.

In teleost, the skin and gill are the major mucosal immune tissues
[52], acting as the first line of defense of pathogens and playing a vital
role in the interaction between the external and internal environment.
Similarly, kidney and spleen are also involved in immune systems in
fish [53]. It is revealed that how the HSPs expression in the four fish
tissues as well as their cellular responses upon pathogenic infection,
which is beneficial to better understanding of their potential function in
the immune response. In the present study, histological assays con-
firmed that the number of goblet cells was significantly increased in the
loach skin tissues challenged with F. columnare G4 and I. multifiliis,
while the gill lamellae were morphologically turned to become wider
and shorter. Moreover, upon I. multifiliis parasite infection, lots of white
mycelium were observed on the surface of loach skin. Thus, the ob-
tained data revealed that once bacterial invasion, the immune related
tissues, such as skin and gills in hosts could exert a response by

Fig. 6. The surface of loach skin at day 1 post Saprolegnia infection. Arrowheads
indicate white mycelium aggregated on the of loach skin surface.

Fig. 7. The transcription level of HSP70, HSC70, HSP90α and HSP90β genes in different tissues responses to Saprolegnia invasion. (A) Heat map illustrates the mRNA
expression levels of HSP70, HSC70, HSP90α and HSP90β infected fish at 12 h, 1 d, 2 d, 4 d, 7 d, 14 d, 21 d and 28 d post infection (n= 6) in the skin, gill, spleen and
kidney. Color value: 2−△△Ct (fold change). (B) HSP70, HSC70, HSP90α and HSP90β mRNA expression levels in skin, gill, spleen and kidney were detected at 1 d,
2 d, 14 d and 28 d from control and infected fish by qRT-PCR (n = 6). *0.01 < P < 0.05, **P < 0.01 (unpaired Student's t-test). Data are representative of three
independent experiments (mean and SEM). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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changing their cellular morphologies.
In mammals, HSP70 could protect the organism against pathogens

not only as a molecular chaperone, but also mediating the innate im-
mune responses. Once exogenous ‘‘danger signal’’ occurred, HSP70 is
released to promote immune responses against various pathogens
[54,55]. Earlier studies reported that HSP70 mRNA synthesis was
dramatically increased infected by Vibrio anguillarum, Argopectenirra-
dians Lamarck,and its mRNA expression was reached to a maximum
level at 8 h and lasted to 16 h in haemocytes, and then decreased gra-
dually [55]. Similarly, hepatic HSP70 mRNA expression in Mega-
lobrama amblycephala was significantly increased at first, reaching a
peak at 6 h post infection and then decreasing after being challenged
with A. hydrophila [3]. In the present study, once F.columnare G4 was
infected, the loach HSP70 transcripts in gill, skin, kidney and spleen
were also increased at first and decreased until day 14 post infection
(Fig. 2). However, after day 21 post infection, HSP70 expressions were
significantly up-regulated and maintained high levels until day 28 post
infection, which suggested that HSP70 might not only take part in in-
nate immunity, but also play roles in adaptive immunity. Different with
bacterial infection, once infected by I. multifiliis (Fig. 4), the highest
HSP70 mRNA expression was detected at 12 h and its expression levels
in gill and skin were much higher than that in kidney and spleen, in-
dicating that the gill and skin might be major immune tissues where
HSP70 may be involved in. However, at day 7 post infection, down-
regulated expressions were detected in gill, skin and spleen, which
suggest that parasite infection incurs negative interference with the fish
host immune system by producing a variety of molecules and enzymes
damaging to host immune function and protection mechanisms as
earlier reported [56,57]. HSP70 down-regulation following parasitic
infection was also observed in other studies [58,59]. To better under-
stand the role of HSP70 in fish for defensing pathogens, HSP70 ex-
pression in the four loach tissues, gill, skin, kidney and spleen upon
infected with Saprolegnia were analyzed (Fig. 7). Interestingly, com-
pared with three other tissues, HSP70 expression was always sig-
nificantly up-regulated in skin from 12 h to 28 d, indicating that skin
might be the primary site of immune response. Taken together, our
work suggests that loach HSP70 gene may play essential roles in skin
mucosal immunity against to bacteria, parasite and fungus invasions.

Several studies reported that HSC70 not only functions as the cel-
lular molecular chaperone, but also involves in immune responsein
aquatic animals [50,60]. In this study, HSC70 mRNA were also differ-
entially expressed in the four loach tissues in response to bacteria,
parasite and fungus infection, and it was significantly up-regulated in
loach skin infected with Saprolegnia. However, the HSC70 mRNA ex-
pression level were relatively lower once infected with F. columnare G4
and I. multifiliis. These observations indicate that HSC70 could take part
in immune response, but may be less active in defensing pathogens
infection, compared to HSP70. Several studies reported that HSP90s
also play essential roles in immune cells as a ligand for a variety of cell-
surface receptors such as Toll-like receptors and CDs [61–63]. After
being challenged with A. hydrophila, the HSP90α mRNA levels in both
head kidney and spleen were markedly increased and the expression of
HSP90β in the spleen was also up-regulated at 6 h in Siniperca chuatsi
[51]. Similarly, our study observed that HSP90α expression was sig-
nificantly up-regulated in gill, skin, kidney and spleen after challenged
with F. columnare G4, I. multifiliis and Saprolegnia, but HSP90β expres-
sion was just slightly increased in the four tissues. These results indicate
that HSP90α may modulate stronger immune responses than that of
HSP90β.

In summary, based on the cDNA sequences reported previously, we
firstly assayed the expression patterns of loach HSP70, HSC70, HSP90α
and HSP90β genes at different early embryonic development stages.
Then, three pathogens (bacteria, parasite and fungus) infection models
were constructed. Upon their infection, the expression patterns of the
four HSP genes in the four loach tissues, gill, skin, kidney and spleen as
well their cellular responses were analyzed. The results revealed that

four HSPs were differentially expressed in the assayed tissues with
cellular morphological changes in the skin and gill tissues. Out of the
four HSPs, HSP70 and HSP90α appeared acted as crucialroles in loach
against pathogenic invasion. Thus, our work would contribute to a
better understanding of the HSPs roles in immune response and provide
some molecular insights into pathogen stress tolerance in fish, at least
in the loach species.
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