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A B S T R A C T

In order to illustrate the immunometabolic changes of fish during bacterial infection, grass carp
(Ctenopharyngodon idellus) was injected with Flavobacterium columnare (F. columnare) and then the immune
response, nutrient metabolism and related signaling pathways were assayed from 6 h post injection (hpi) to 7
days post injection (dpi). After F. columnare injection, gill lamellae showed obvious fusion and higher mRNA
expression levels of pro-inflammatory cytokines. The mRNA expression levels of TNF-α, IL-1β and IL-8 in the
head kidney were also significantly upregulated at 6 hpi and 3 dpi. Moreover, the expression of IgZ in the gill was
significantly upregulated at 3 dpi and 7 dpi, while the expression of IgM in the head kidney was significantly
upregulated at 1 dpi and 3 dpi after F. columnare injection. During bacterial infection, the systematic nutrient
metabolism was also significantly affected. Hepatic glycolysis, indicated by GK mRNA expression and PK ac-
tivity, was significantly upregulated at 1 dpi, while glucogenesis, indicated by PEPCK mRNA expression and
enzyme activity, was significantly increased at later time, which resulted in the decreased hepatic glycogen
content at 1dpi but increased glycogen content at 7 dpi in the experimental group. LPL, which catalyzed the lipid
catabolism, showed decreased mRNA expression and enzyme activity at 6 hpi, while ACC, which was rate-
limiting of FA synthesis, was significantly increased at 6 hpi, 3 dpi and 7 dpi. During this process, the nutrient
sensing signaling was also significantly affected. TOR signaling in grass carp was significantly activated while
ERK signaling was significantly inhibited after F. columnare infection, both of which might function as the sensor
and regulator of fish immunometabolic changes.

1. Introduction

Fish diseases induced by bacterial infection still remain the largest
threat to the development of aquaculture [1]. Flavobacterium columnare
(F. columnare), the casusative agent of columnaris disease, infects many
freshwater fish species and results in a high degree of mortality [2].
Plenty of studies have been performed to elucidate the pathogenesis of
columnaris disease and the interactions between F. columnare and the
host [3]. Following F. columnare infection, the fish gills exhibited in-
creased mucous cells [4], congestion of gill lamellae and inflammatory
cell infiltration in the advanced stage [5], and fusion of gill lamellae
and extensive internal hemorrhage in the more advanced stages [4]. F.
columnare can secrete toxins to damage the tissue or enhance invasive
processes and the chondroitin AC lyase, a connective-tissue-degrading
enzyme, is alleged to play a role in the virulence of F. columnare [6]. On
the other side, fish activate its own immune system when encountering

an infection, including both the innate and adaptive immune system
[7]. The surface mucous layer of fish has been assumed as the first
physical-immunological barrier as it plays an important adhesive role in
defending against external bacteria and toxicants [8]. Not only the in-
flammatory cell infiltration in the gill lamellae could be detected under
light microscopic examination [9], the expression levels of many pro-
inflammatory cytokines both in the gill and head kidney were also
elevated after infection [10,11]. Early study demonstrated that the
classical, antibody-mediated complement pathway of the fish immune
system is highly effective in killing F. columnare [12]. However, F. co-
lumnare might be able to avoid parts of the immune system, as it might
triggers the endogenous programmed cell death machinery of immune
cells including apoptosis to evade the immune system [13].

The preventive measures to control columnaris disease are rather
important, including management, vaccination and probiotics [14].
Furthermore, developing specific antibodies would be one potential
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with huge prospects [15]. During the early stages of the disease, anti-
microbial agents and chemicals have been used to treat disease with
varied success rates [2], however, the usage of these agent or chemicals
might induce the risk of drug residues in fish fillet [16]. Nutritional
modulation methods to improve fish immunity own their advantage
and some additives have been shown to promote the immunity and
disease resistance ability of fish [17]. For example, β-glucan adminis-
tration induces metabolic changes and differential survival rates after
bacterial or viral infection in turbot (Psetta maxima) [18]. Before the
application of nutritional modulation, one question should be an-
swered, as how fish modulate their own nutrient metabolism during
pathogenic infection. A study in mosquito fish (Gambusia holbrooki)
demonstrated that LPS-challenged fish could increase their production
of ATP to compensate physiologically for the energetic requirements of
immune functioning [19]. Metabolic changes in white shrimp (Litope-
naeus vannamei) after white spot syndrome virus (WSSV) infection were
shown to resemble the Warburg effect with increased glucose con-
sumption and increased glucose-6-phosphate dehydrogenase (G6PDH)
activity [20]. Previous studies also showed that fish metabolism was
significantly affected after F. columnare infection. In the channel catfish
(Ictalurus Punctatus) that was infected by F. columnare via immersion,
the mRNA expression levels of genes involved in the carbohydrate
metabolism and lipid metabolism, such as G6PCa1, lipoyl synthase, and
fatty acid-binding protein, were significantly affected [21]. Another
study in topmouth culter (Culter alburnus) also found that the differ-
entially expressed genes after the injection of F. columnare were mainly
associated with pathways such as immune response, carbohydrate
metabolism, amino acid metabolism and lipid metabolism [22].

In fact, the crosstalk between the immune system and metabolism is
an emerging interesting field of study both in human health and animal
agriculture [23]. Malnutrition leads to a decrease in immune cell
number, for example, both total T cell and CD4+ T cell numbers from
spleens of fasted mice were decreased by 40–50% compared to fed
control animals [24]. On the other hand, bacterial infection can disrupt
metabolic homeostasis of the hosts and induce multiple shifts in tissue
metabolism involved in energy supply and demand [25]. Moreover, the
shifts in energy supply and demand led to the transcriptional and
translational changes, which were orchestrated by multiple metabolic
sensors to regulate the intrinsic metabolic programs [26]. Among all
metabolic sensors, mechanistic target of rapamycin (mTOR) and mi-
togen-activated protein kinase (MAPK) were shown to act as im-
munometabolic switches to regulate the local immune and metabolic
phenotypes [27]. mTOR signaling pathway will be activated when
nutrients are in abundance [28], and when immune cells are in meta-
bolically demanding situations, such as stimulation with growth factors,
nutrient availability, and immune regulatory signals [29]. Phosphory-
lated mTOR senses cues from the immune microenvironment, sup-
presses autophagy, and elevates immune cell growth and proliferation
[30]. Following infection, the pathogen recognition receptors (PRRs) of
the host could also activate MAPKs, which would further induce the
mRNA expression levels of multiple genes that regulate immune re-
sponse [31]. On the other hand, pathogenic bacteria also evolved me-
chanisms to directly modulate MAPK activation to inhibit the immune
response [32]. For example, S. enterica can activate ERK1 and ERK2 via
the Salmonella Pathogenicity Island-2 T3SS effector SteC, but it can also
inactivate ERK1 and ERK2 via the phosphothreonine lyase activity of
the Salmonella Pathogenicity Island-2 T3SS effector SpvC [33].

Till now, little information is known about the metabolic changes of
fish with columnaris disease induced by F. columnare infection, and no
information is available about the regulatory mechanism of fish im-
munometabolism during infection. Such information will provide pos-
sible nutritional modulatory methods to control columnaris disease.
Thus, the immune response, nutrient metabolism and several nutrient
sensing signalings of grass carp during F. columnare infection were as-
sayed in the present study.

2. Materials and methods

2.1. Bacterial culture

F. columnare G4 strain used in the present study was obtained from
the Laboratory of Aquatic Medicine of College of Fisheries, Huazhong
Agricultural University (Hubei, China). F. columnare G4 strain was
taken out from −80 °C refrigerator and recovered on plate medium at
28 °C for 24 h. Then a single colony was chosen and inoculated in
modified Shieh (MS) broth at 28 °C in a shaker incubator at 100 rpm for
24 h to reach the final OD540 at 0.6. The colony forming units per
milliliter (CFU/mL) in the final culture were measured by plate
counting under a microscope.

2.2. Fish husbandry and bacterial infection

Juvenile grass carp (mean ± SEM: 40.0 ± 5.0 g; mixed sex) were
bought from a fish farm in Wuhan (Hubei, China) and maintained in six
independent circular fiberglass tanks (80 cm in dimeter, 100 cm in
column height), with the water turnover rate of 10.6 L min−1. All tanks
were maintained at 16 ± 2 °C, under a 12:12 light:dark photoperiod.
Fish were fed twice per day with a commercial diet (38% crude protein
and 4% crude lipid) from Wuhan Zhengda Aquatic Products Co. Ltd
(Hubei, China).

In the experimental group, fish were intraperitoneally injected with
F. columnare at a final concentration of 2×106 CFU/mL, after an-
esthesia with MS222 (1:10000). Sham-challenge (control group) fol-
lowed an identical procedure using MS broth inoculum without bac-
teria for another three tanks of fish. After challenge, fish were returned
to the previous tanks with the same water conditions and kept starved
till the end of the experiment. Fish samples were obtained from two
groups at 6 h post injection (hpi), 1 day, 3 days, and 7 days post in-
jection (dpi). Four individuals were sampled from each tank. All sam-
pled fish were firstly anesthetized using MS222 (1: 10000) and killed.
Then gill, head kidney, liver and other tissues were taken out. Partial
segments of the gill were stored in paraformaldehyde. Other tissue
samples (including gill, liver, head kidney and other tissues) were im-
mediately frozen in liquid nitrogen and then stored at −80 °C until
analysis for nucleotide extraction and Western blot analysis.

2.3. Histological observation of tissue section

The gill samples of grass carp were removed, fixed with paraf-
ormaldehyde and then transferred into 70% ethanol after 24 h. Then,
about 0.5-cm length segments of distal intestinal were transversely
sliced into 5-μm sections and then stained with Alcian Blue (A.B.)
staining kit (Solarbio, China). The slides were examined under a light
microscope (Olympus, DP72) equipped with a camera (Nikon E600)
and CellSens Standard Software (Olympus) for image acquisition.

2.4. DNA and RNA extraction, cDNA synthesis and quantitative RT-PCR

Genomic DNA was extracted from tissue samples (liver, muscle,
head kidney, swim bladder, gut, gill and gall bladder) of grass carp
using the Universal Genomic DNA Kit (CwBiotech, China) following the
manufacturer's instructions, which were then used to amplify a 1460
base pair fragment flanking F. columnare gene with a specific primer set
(Table 1). RNA was extracted from the gill, liver and head kidney using
Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer's recommendations. The integrity and purity of RNA were
checked with 1% agarose gel electrophoresis and Nanodrop 2000
spectrophotometer (Thermo scientific, USA), respectively. In order to
remove the potential genomic DNA, the RNA samples were treated with
DNase, then 1 μg of the resulting total RNA was reverse transcribed into
cDNA using the Prime Script Reverse Transcriptase kit (Takara) ac-
cording to the manufacturers' instructions.
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Specific primer pairs were designed using Primer Premier 5, whose
amplification efficiencies were controlled at 100 ± 5%. Quantitative
real-time PCR was conducted on 7500 Real-time PCR system (Applied
Biosystems, USA) using the Eva Green 2× qPCR Master mix (ABM,
Canada). All samples were performed in triplicate wells and the cycling
conditions were 30 s at 95 °C, 1 s at 95 °C and 10 s at 58 °C for 40 cycles.
In addition, the specificity of each primer pair was verified by dis-
sociation curve to ensure only one specific-sized single amplicon was
amplified. The relative quantification of the target genes was de-
termined via normalized against β-actin. Then relative abundance of
target genes was calculated by using the 2−ΔΔCt method [34]. All pri-
mers used in the present study are shown in Table 1.

2.5. Western blot analysis

Protein was extracted from liver tissues after homogenation with
RIPA buffer (added with proteinase inhibitor and phosphorylated-pro-
tease inhibitor). The protein concentration within each sample was
calculated with an enhanced BCA Protein Assay Kit (P0010, Beyotime
Tech., China) and then protein concentration of all samples was ad-
justed to the same level. Same levels of protein from each group were
separated on SDS-PAGE. Proteins were then transferred to PVDF
membranes (Pall Corporation) for Western blot analysis. Primary an-
tibody for phospho-S6 (Ser 235) was purchased from Cell Signaling
(U.S.A.). Primary antibody for phospho-ERK1/2 (Thr 202/204,
Thr185/187) and β-actin was purchased from ABClonal Biotechnology
(China). These antibodies have been used in many fish species including
turbot [35,36], rainbow trout [37,38] and grass carp [34].

2.6. Statistics

All statistical analyses were performed using SPSS 17.0. All results
were tested for normality using the Shapiro Wilk's-W's test. Normally
distributed data were analyzed by Factorial (two-way) analysis of var-
iance (ANOVA) to determine the main effects of period (from 6 h to 7
days) and group (control group v. s. experimental group), and their
interactions on gene expression, enzyme activity, metabolites content
and protein concentration. When significant interaction of period and
group were observed, data were analyzed by one-way ANOVA followed
by Tukey's multiple range tests to inspect differences among all the
treatments. When only a significant interaction and significant main
effects of period or group were observed, data were analyzed by one-

way ANOVA followed by Tukey's multiple range tests to inspect dif-
ferences among periods within each group and vice versa. When the
significance is only with the main effects of period or group, the data
were analyzed by the two-way ANOVA followed by Tukey's multiple
range tests to assess the main effects of period or group only.
Differences were considered significant when P < 0.05. All data were
expressed as mean ± standard deviation of the mean (SD).

2.7. Key resources table

Resource Source

Antibodies
phospho-ERK1/2 ABClonal Biotechnology
phospho-S6 Cell Signaling Technology
ß-actin ABClonal Biotechnology
Chemical
Alcian Blue staining kit Solarbio Technology
Universal Genomic DNA kit Cw Biotechnology
Prime Script Reverse Transcriptase Takara
Eva Green 2*qPCR Master Mix ABM
BCA protein assay kit Beyotime Technnology

3. Results

3.1. F. columnare infection seriously affected gill morphological structure

PCR amplifications with most DNA samples in the experimental
group were positive for F. columnare, while PCR results with samples in
the control group were negative, which indicated the successful infec-
tion (Fig. 1). Then gill histological structures were evaluated. Lesions
were observed in gill after F. columnare injection, with exfoliation of
respiratory epithelia cells from the infected gill. The secondary lamellae
(SL) length of the gill in the experimental group was much shorter than
its length in the control group (Fig. 2). The affected gill histological
structures after F. columnare infection significantly affected their phy-
siological capacity.

3.2. F. columnare infection significantly induced inflammation in the gill
and head kidney

Pro-inflammatory cytokines expression, including IL-1β and IL-8, in
the gill of the experimental group was significantly upregulated at 1dpi

Table 1
Primer used in the present study.

GenBank No. Forward Sequence Reverse Sequence

F. columnare 16S GCCCAGAGAAATTTGGAT TGCGATTACTAGCGAATCC
TNFα HQ696609 CATCCATTTAACAGGTGCATAC GCAGCAGATGTGGAAAGAGAC
IL-1β JN705663.2 TCCTCGTCTGCTGGGTGT CAAGACCAGGTGAGGGGAAG
IL-8 JN663841 CATGTCTGACCATTACTGAAGC GTTTCCTTCAGGGTGGCAATG
P65 NF-κB KJ526214 GAAGAAGGATGTGGGAGATG TGTTGTCGTAGATGGGCTGAG
IkBα KJ125069 TCTTGCCATTATTCACGAGG G TGTTACCACAGTCATCCACCA
Ikkα KM279718 GGCTACGCCAAAGACCTG CGGACCTCGCCATTCATA
IgM DQ417927 GCTGAGGCATCGGAGGCACAT TTGGGTCTCGCACCATTTTCTC
IgD GQ429174 CTGGCGCAGCTCTGAATTTG TCGGAGGATGCTCACAATGG
IgZ GQ201421 GGGGTACCATGCAAAAAAAGTGACAG CGGAATTCGCATGCATAATCTTTGTTACA
pIgR ACCCGCAGTACATCAGCC ATCGTCACCCTTCCCTTG
GK ADD52460 GAAGAGCGAGGCTGGAAGG CAGAATGCCCTTATCCAAATCC
PK JQ951928 GCCGAGAAAGTCTTCATCGCACAG CGTCCAGAACCGCATTAGCCAC
G6Pase ESTs AAAGACAGCAGGTAGAAGAGG ACGGAAAACAAGAAGAGCAG
PEPCK JQ898294 ATCGTCACGGAGAACCAA CCTGAACACCAAACTTAGCA
FAS HM802556 GATGGGTCTACAGCCTGATGG GACACCCTGTGGACATTGAGC
LPL FJ436077 TACAGCGGCGTTCACACTTG CTACATGAGCACCAAGACTG
CPT-1α JF728839 GCCACTGTAAAGGAGAACC GGATGCCTCATAAGTCAAG
ACC GU908475 TGGCTGCACTGCACTCTCACT GGTCCAGCTTCCCTGCGGTC
PPAR-α FJ231987 AGCAGAGAAGGACGTCAG TTCCTTCTCGGCATGCTG
SREBP-1 GU339498 TACAGCCAGGCAGGAAACTCA AGTATTCCCCATCCCCGTCA
β-Actin M25013 GGCTGTGCTGTCCCTGTA GGGCATAACCCTCGTAGAT
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and 3 dpi, with the highest expression level detected at 1 dpi (Fig. 3a).
Even at 7 dpi, IL-1β expression in the gill of the experimental group was
still significantly higher than in the gill of the control group. However,
TNF-α expression in the gill of the experimental group was only upre-
gulated at 7 dpi. The expression of genes involved in NF-κB signaling
was also significantly affected in the gill after infection. IκKα expression
in the gill of the experimental group was significantly upregulated from
1dpi to 7 dpi, and highest expression level was also detected at 1 dpi.
IκBα expression in the gill of the experimental group was only upre-
gulated at 7 hpi, and p65 NF-κB expression in the experimental group
was also significantly higher than in the control group.

All these pro-inflammatory cytokines expression in the head kidney
of the experimental group were also significantly upregulated from 1
dpi to 3 dpi, with the highest expression level detected at 3 dpi
(Fig. 3b). Similar trend was also found in the expression of IκKα and
IκBα, whose highest expression level were also detected at 1dpi. p65 NF-

κB expression in the head kidney of the experimental group was also
significantly upregulated at 1 dpi and 3 dpi.

3.3. F. columnare infection significantly induced up-regulation of Igs in the
gill and head kidney

As shown in Fig. 4a, IgZ expression in the gill of the experimental
group was significantly upregulated at 3 dpi and 7 dpi. IgM expression
in the gill of the control and experimental group showed not significant
difference, but significant differences were detected among different
periods. IgD and poly immunoglobulin receptor (pIgR) expression in the
gill of the experimental group was significantly upregulated at 7 dpi.

IgM expression in the head kidney of the experimental group was
significantly upregulated at 1 dpi and 3 dpi (Fig. 4b). No significant
difference in the IgZ expression was detected between the head kidney
of the control and experimental group, but IgZ expression in the head

Fig. 1. PCR results of DNA samples from grass carp tissues to amplify a 1460 base pair fragment flanking F. columnare gene. Li: liver; Mu: muscle; HK: head kidney;
SB: swim bladder: Gu: gut; Gi: gill; GB: gall bladder. M1: DNA Marker 1500bp; M2: DNA Marker 2500bp. Con: Control group; Exp: Experimental group.

Fig. 2. The histological structures in the gill of grass carp in the control group (a) and experimental group at 6 h, 1 d, 3 d, and 7 d (b) after F. columnare injection. All
sections were stained with A.B. staining. SL: secondary lamellae. Scale bars, 50 μm.
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kidney showed variation among different periods. IgD expression in the
head kidney of the experimental group was significantly downregulated
at 7 dpi, while no significant differences were found in the pIgR ex-
pression among all periods in two groups.

3.4. F. columnare infection significantly affected signaling pathways
involved in immune response and nutrient metabolism

As shown in Fig. 5, F. columnare infection resulted in the activation
of TOR signaling and the inactivation of ERK signaling. The activation
of TOR signaling, indicated by p-S6/β-actin protein level, were sig-
nificantly higher in the experimental group than in the control group at
all periods, with highest level detected at 3 dpi. The inactivation of ERK

signaling, indicated by p-ERK1/2/β-actin protein level, was detected in
the experimental group at 6 hpi, 1 dpi and 7 dpi.

3.5. F. columnare infection significantly affected systemic nutrient
metabolism

GK expression in the liver of the experimental group, which cata-
lyzed the glycolysis, was significantly upregulated from 1 dpi to 7 dpi
(Fig. 6a). Another gene involved in glycolysis, PK, also exhibited in-
creased mRNA expression level in the liver of the experimental group at
1 dpi and 7 dpi. Hepatic PK enzyme activity in the experimental group
was also significantly upregulated at 1 dpi. On the other hand, PEPCK
expression in the liver of the experimental group, which was involved

Fig. 3. The relative mRNA expression levels of pro-inflammatory cytokines (TNF-α, IL-1β, IL-8) and genes involved in NF-κB pathway (NF-κB, Ikkα, IkBα) in the gill (a)
and head kidney (b) of grass carp at different periods (6 h, 1 d, 3 d and 7 d) after injection of F. columnare (Exp) or MS broth (Con). Statistical analysis was performed
by two-way ANOVA. Data are means ± SD (n= 3). Mean values with different letters indicated significant difference among groups, P < 0.05. *P < 0.05,
**P < 0.01, ***P < 0.001.
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in gluconeogenesis, was significantly upregulated at 7 dpi (Fig. 6b).
Hepatic PEPCK enzyme activity in the experimental group was sig-
nificantly upregulated at 1dpi and 3 dpi. G6Pase, which was also in-
volved in gluconeogenesis, was not significantly affected by F. co-
lumnare infection, but showed decreased expression level with
increased period. The glycogen content in the liver of the experimental
group was also significantly affected, which significantly decreased at
1dpi but increased at 7 dpi in the experimental group (Fig. 6c).

LPL expression in the liver of the experimental group, which cata-
lyzed the lipid catabolism, was significantly decreased at 6 hpi and 3
dpi (Fig. 7a). Similar trend was also found in the LPL enzyme activity,
which was significantly decreased in the experimental group at 6 hpi.
Cpt-1α expression in the liver of the experimental group was sig-
nificantly increased at 7 dpi. Similarly, PPARα expression in the liver of
the experimental group was significantly decreased at early period (1
dpi), but increased at later period (7 dpi). On the other hand, ACC
expression in the liver of the experimental group, which catalyzed the
FA synthesis, was significantly upregulated at 6 hpi, 3 dpi and 7 dpi

(Fig. 7b). FAS, another gene involved in FA synthesis, was not sig-
nificantly affected by F. columnare infection, but showed decreased
expression level with increased period. The total triglyceride (TG)
content in the liver was not significantly affected by F. columnare in-
fection, but significantly decreased with increased period in two
groups.

4. Discussion

In the present study, grass carp was infected with F. columnare, and
then the immune response, nutrient metabolism and related signaling
pathway were evaluated. Among all the previous experimental infec-
tion trials with F. columnare, two inoculation routes were mainly
adopted, i.e. bath (immersion) and injection [3]. The water tempera-
ture during the experimental period was lower than 20 °C, resulting in
the low virulence of bacteria [39,40]. Former studies have shown that
injection of low virulent bacteria more readily induced infection and
disease contraction than direct surface contact [41,42]. So in the

Fig. 4. The relative mRNA expression levels of immunoglobulins (IgM, IgD, IgZ) and their receptor (pIgR) in the gill (a) and head kidney (b) of grass carp at different
periods (6 h, 1 d, 3 d and 7 d) after injection of F. columnare (Exp) or MS broth (Con). Statistical analysis was performed by two-way ANOVA. Data are means ± SD
(n=3). Mean values with different letters indicated significant difference among groups, P < 0.05. *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 5. The relative protein abundance of p-S6, p-ERK1/2 and β–actin in the grass carp at different periods (6 h, 1 d, 3 d and 7 d) after injection of F. columnare (Exp)
or MS broth (Con). Statistical analysis was performed by two-way ANOVA. Data are means ± SD (n=3). Mean values with different letters indicated significant
difference among groups, P < 0.05.
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present study, grass carp was infected with F. columnare via in-
traperitoneal injection. PCR results of DNA samples from liver, muscle,
head kidney, gut, and gill of the experimental group were all positive,
confirming the successful F. columnare infection in grass carp. More-
over, the gill morphology in the experimental group was significantly
affected, as the gill lamellae got thickening and the length of the sec-
ondary lamellae (SL) was much smaller than control fish. Obvious hy-
perplasia of epithelial cells was detected in the gill of the experimental
group, which was similar to earlier studies in yellow catfish [43] and
pond loach [44]. The intact structure of mucosal tissues functions as the
first physiological barrier against pathogen attack, and the serious le-
sion of gill mucosal surfaces would result in the activated immune re-
sponse.

During pathogenic infection, several specific pattern rocognization
receptors (PRRs) within the immune cells were devoted to detection of
pathogen-associated molecular patterns (PAMPs) [45]. After the acti-
vation of PRRs signaling pathway, several major effector cells would be
recruited into the site of infection for the induction for inflammation
and the activation of the adaptive immune response [46,47]. In the
present study, the mRNA expression of cytokines, including IL-1β, IL-8
and TNF-α, in the gill and head kidney was significantly upregulated
after F. columnare infection, which is similar to earlier studies in man-
darin fish [48] and channel catfish [10]. Moreover, studies in topmouth

culter (Culter alburnus) [24], mandarin fish [11,48], and grass carp [49]
reported that the cytokines expression in the head kidney after F. co-
lumnare infection was upregulated from 36 hpi to 7 dpi. Other studies in
channel catfish [10,21] reported that the cytokines expression in the
gill was significantly increased at earlier time from 1 h to several hours
post infection. Rather few studies evaluated the influence of F. co-
lumnare infection on the cytokines expression level within mucosal
tissues and systematic tissues at the same time. Our previous study in
pond loach found that the expression of IL-15 and IL15R-α was upre-
gulated at much earlier time in the gill and skin (3 hpi and 12 hpi) than
in the head kidney and spleen (12 hpi and 1dpi) [50]. In the present
study, the highest expression of cytokines in the gill was detected at 1
dpi, while the highest expression of cytokines in the head kidney mainly
was detected at 3 dpi. So the upregulation of pro-inflammatory cyto-
kines after bacterial infection seems to occur much earlier in gill than in
head kidney. Moreover, NF-κB signaling was reported to be involved in
the regulation of inflammation [51,52]. In the present study, IκKα ex-
pression showed the similar trend like the above-mentioned cytokines,
as the highest IκKα expression in the gill was detected at 1 dpi in the
experimental group, while the highest IκKα expression in the head
kidney was detected at 3 dpi in the experimental group. This is similar
to previous reports in catfish, as the expression of IL17R-A and NF-κB in
the gill after F. columnare immersion showed a trend to increase at early

Fig. 6. The hepatic carbohydrate metabolism of grass carp at different periods (6 h, 1 d, 3 d and 7 d) after injection of F. columnare (Exp) or MS broth (Con). (a) The
mRNA expression levels of GK and PK, and PK enzyme activities in liver. (b) The mRNA expression levels of G6Pase and PEPCK, and PEPCK enzyme activities in liver.
(c) The glycogen content in liver. Statistical analysis was performed by two-way ANOVA. Data are means ± SD (n=3). Mean values with different letters indicated
significant difference among groups, P < 0.05. *P < 0.05, **P < 0.01, ***P < 0.001.
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time (4 h) and then to decrease with prolonged infection period (24 h
and 48 h) [51].

Like in mammals, immunoglobulins (Igs) in teleost also play im-
portant roles in adaptive immunity to defend against extracellular pa-
thogens attack and there exist three different immunoglobulin types in
teleost, i.e. IgM, IgZ/IgT and IgD [53]. A former study in grass carp
after vaccination with the recombinant fusion protein of F. columnare
showed that both the mRNA expression level and the antibody titers of
IgM were significantly higher at 3 and 4 weeks post vaccination [54]. In
mandarin fish injected with inactivated F. columnare, the expression of
IgZ was also upregulated in the gill at much earlier time (1 week)
compared to its upregulation in the head kidney at 3 weeks [48].
Former studies have shown that IgM play a crucial role in systematic
immunity while IgZ/IgT play a crucial role in mucosal immune re-
sponse including gut [55], gill [56], skin [53]. In the present study, IgM
expression level was upregulated at 1 dpi and 3 dpi in the head kidney,
while IgZ expression level was upregulated at 3 dpi and 7 dpi in the gill
of the experimental group. However, the expression levels of IgM in the
gill and IgZ in the head kidney were not significantly affected by F.
columnare infection, which only showed variation among different in-
jection periods in two groups. Our results might confirm that IgZ play a
more important role in mucosal tissues such as the gill, while IgM play a
more important role in systemic immune organs such as the head
kidney.

During pathogen attack, the activation of lymphocytes and other
leukocytes initiates a program of cell growth, proliferation, and dif-
ferentiation that increase metabolic demand [57]. Leukocytes do not
store glycogen in a large amount, which makes them highly dependent
on the import of extracellular glucose, glutamine and ATP to meet their
increased metabolic needs [58]. Former studies have checked the in-
fluence of F. columnare infection on nutrient metabolism, for example,
the differently expressed genes in F. columnare infected topmouch culter
were mainly associated with pathways such as immune response, car-
bohydrate metabolism, amino acid metabolism, and lipid metabolism
[22]. In the channel catfish infected with F. columnare, the metabolism
in the gills was also significantly affected. The expression of Apolipo-
protein A-1b, Apolipoprotein C, and lipoyl synthase was significantly up-
regulated at 1 hpi and 2 hpi [21]. Considering the fact that bacterial
infection would seriously affect fish feed intake and that mRNA ex-
pression levels of nutrient metabolic genes are impacted by nutritional
status, fish in two groups were kept starved after injection in order to

mimic the side effects. Results showed that two hepatic genes involved
in glycolysis, GK and PK, were significantly upregulated in the experi-
mental group at 1 dpi. Moreover, PK enzyme activity was also sig-
nificantly increased in the experimental group at 1 dpi, which resulted
in the decreased glycogen content in the liver of the experimental group
at 1 dpi. However, PEPCK, which is involved in glucogenesis, showed
increased mRNA expression at 1 dpi and 3 dpi, and increased enzyme
activity at 7 dpi. All these regulation contributed to the increased gly-
cogen content in the liver of experimental group at 7 dpi. Besides car-
bohydrate metabolism, the lipid metabolism was also significantly af-
fected by F. columnare infection. Both the mRNA expression and enzyme
activity of LPL, which was involved in the lipid catabolism, were sig-
nificantly decreased at 6 hpi. This is similar to early studies in rodents,
as endotoxin (LPS) could induce the decreased heaptic LPL activity
[59]. The expression of another gene involved in lipid catabolism,
Cpt1α, was significantly upregulated in the experimental group at 7 dpi.
Consistent with these results, an important regulating factor, peroxisome
proliferators-activated receptor alpha (PPARα) [60], significantly de-
creased at 1 dpi, but increased at 7 dpi. The mRNA expression of acetyl
CoA carboxylase (ACC), which was involved in FA synthesis, was sig-
nificantly upregulated at 6 hpi, 3 dpi and 7 dpi, while FAS expression
only decreased with increased period. The results suggested that me-
tabolic reprogramming might occur in grass carp liver after F. co-
lumnare infection. After F. columnare infection, energy in grass carp
might come mainly from glycolysis at early period (before 3 dpi), but
from lipid catabolism with prolonged period (7 dpi).

Above results suggested that fish reprogrammed their metabolic
status to supply energy for the continuous immune response to F. co-
lumnare infection, however, how the signal was transducted and how
this modulation was regulated remains unknown. mTOR is a serine/
threonine kinase that plays a role in cell growth and metabolism by
sensing environmental cues, including when nutrients are in abundance
and when immune cells are in metabolically demanding situations, such
as stimulation with growth factors, nutrient availability, and immune
regulatory signals [28]. Phosphorylated mTOR senses cues from the
immune microenvironment and elevates immune cell growth and pro-
liferation [30]. Our former studies have indicated that rapamycin
treatment in fish successfully inhibited mTOR signaling [35] and mTOR
signaling could sense the unbalanced amino acid level during fishmeal
replacement by plant protein sources [36]. Moreover, mTOR signaling
integrates nutrient metabolism and intestinal immunity in grass carp

Fig. 7. The hepatic lipid metabolism of grass carp at different periods (6 h, 1 d, 3 d and 7 d) after injection of F. columnare (Exp) or MS broth (Con). (a) The mRNA
expression levels of LPL, CPT-1α and PPAR-α, and LPL enzyme activities in liver; (b) The mRNA expression levels of ACC and FAS in liver; (c) The triglyceride (TG)
content in liver. Statistical analysis was performed by two-way ANOVA. Data are means ± SD (n= 3). Mean values with different letters indicated significant
difference among groups, P < 0.05.

Q. Guo, et al. Fish and Shellfish Immunology 93 (2019) 278–287

285



after prolonged starvation [34]. In the present study, mTOR signaling
pathway in the grass carp was significantly activated during F. co-
lumnare infection, indicated by the increased phosphoraltion of S6.
Former studies have also shown that mTOR signaling was activated
during pathogenic infection [61,62]. For example, hepatitis C virus
induced the mTOR/S6K axis in mammalian hepatocytes by inhibiting
the TSC1/TSC2 complex [61], and human papillomavirus virus 16 was
shown to induce mammalian TOR (mTOR) through upregulation of
growth factor receptor signaling in human keratinocytes [62]. Infection
with protozoan parasites also impacts mTOR signaling, as Toxoplasma
gondii maintained mTOR-dependent cellular growth and phosphoryla-
tion of the ribosomal S6 protein in infected Peritoneal exudate mac-
rophages [63]. However, in some other studies, TOR signaling was
inhibited during infection. In human epithelial cells infected with Shi-
gella or Salmonella, two enteric pathogens that invade host cells, mTOR
activity is rapidly blunted [64]. In the case of Salmonella, this stress
response is only transient and associated with the damage to the Sal-
monella-containing vacuole (SCV) [65]. So the modulation of TOR sig-
naling by pathogenic infection might be pathogen-species specific and
might also be regulated differentially at different time post infection.
Besides TOR, the MAPK pathway is also involved in the infection of host
cells by bacterial pathogens [66] and intracellular pathogens manip-
ulate MAPK pathways to increase their virulence [67]. Several bacterial
pathogens, including Mycobacterium tuberculosis, activate MAPK path-
ways and promote invasion of host cells [68]. In contrast, Yersinia sp.
and Shigella sp. inhibit phosphorylation of MAPK and negatively reg-
ulate proinflammatory responses [69,70]. One study in trophoblast
giant (TG) cells showed ERK1/2 was dephosphorylated at 0.5–6 h after
L. monocytogenes infection [71]. In the present study, the activation of
p-ERK1/2 signaling was significantly inhibited during F. columnare in-
fection.

In all, the immune response of grass carp during F. columnare in-
fection was accompanied with hepatic metabolic reprogramming,
during which process several signaling pathways including TOR sig-
naling and ERK signaling were involved.
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