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Abstract

Aeromonas hydrophila is an important etiologic agent, triggering an increased trend of dis-
ease outbreak in fish farming. In this investigation, we evaluated pathological response in
the midgut and liver of three types of grass carps after gut infection. Severe pathological
levels of tissue necrosis were observed in common grass carp (GC) and gynogenetic grass
carp (GGC), but mild pathological symptom was detected in hybrid grass carp (DRGC),
along with the dramatically increased number of goblet cells. Moreover, three types of grass
carps showed upregulated levels of immune gene patterns and antioxidant abilities, whereas
inflammatory cytokine expression levels in hybrid grass carp (DRGC) were lower than that
of gynogenetic grass carp (GGC) and common grass carp (GC). These results suggested that
DRGC may exhibit a disease tolerance against A. hydrophila-induced tissue inflammation.

Keywords Grass carp - Gene expressions - Antioxidant ability - Gut tract

Introduction

Among cultivated fish species, grass carp occupies a dominant position in Chinese aqua-
culture, but it frequently suffers from various infectious diseases, which may show a
detrimental impact on its farming process (Xie et al. 2018). Although large numbers of
immune-associated properties are found in teleost fish (Magnadottir 2010), such as
cytokine production and secretion (Secombes et al. 2001), complement cascades (Kania
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and Buchmann 2022), and pathogen-recognizing clusters (Boltafia et al. 2011), pollut-
ants and ambient stressors can rapidly suppress immune function and disorder physiolog-
ical disorder, which can render fish more susceptible to invading pathogens (Reid et al.
1997). In addition, antibiotic accumulation may markedly challenge microbial community
to increase the proportion of resistant pathogens, which may lead to increasing trend of
microbial infection in aquaculture (Yuan et al. 2023).

When referring to fish breeding, hybridization may generally enable hybrid offsprings to
develop novel abilities, including disease resistance and rapid growth performance, through
alteration of gene structures and expressions (Bullini 1985). Our previous studies indicated
that hybrid cyprinid fish showed a higher disease tolerance than its parents (Xiong et al. 2022,
2021). In addition, hybrid cyprinid fish possessed increased activities of digestive enzymes
and gut flora by comparing with its parental species, which may be associated with its faster
growth rate (Wang et al. 2023a). Currently, researchers have paid increasing attention to the
study on the synergistic regulation of the gut tract and liver in teleosts (Wu et al. 2016). In
general, the reciprocal connection of the liver, gut tract, and gut flora may play the predomi-
nant role in immune surveillance against invading pathogens (Zeuzem 2000). For instance,
gut flora can restrict pathogenic colonization, regulate immunoglobulin production as well
as facilitate lymphocyte recruitment, while metabolites from the gut tract may significantly
influence innate immunity in the liver upon infection (Trivedi and Adams 2016). Nevertheless,
recent findings indicate that some invasive pathogens can effectively escape the host immune
surveillance and then elevate disease-induced inflammatory response at infection loci after the
breach of mucosal barrier (Pickard et al. 2017). Afterwards, pathogenic bacteria may further
invade extragut organs for deep infection, while the liver may subsequently receive bacterial
products and metabolites from the gut tract for detoxification (Giuffré et al. 2020). Among
reported issues, A. hydrophila is one of the serious pathogens in aquatic environment, which
can enhance the morbidity of farmed fish by producing different types of bacterial toxins
(Howard et al. 1987). Our preliminary investigation demonstrated that increased levels of tis-
sue injury and antioxidant collapses were found in A. hydrophila-infected cyprinid fish (Wang
et al. 2023b). In addition, inflammatory cytokine could dysregulate mucosal immunity and
then aggravate A. hydrophila-induced injury in gut-liver axis of crucian carp (Xiong et al.
2023; Li et al. 2024). Although previous findings have claimed the advantage in survival and
growth rates of DRGC (Wang et al. 2022), there are few studies on regulation in immune sig-
nals in the midgut and liver of hybrid grass carps and its parental species.

Therefore, we aimed to assess pathological features, gene profiles, and redox enzymatic
activities in the midgut and liver of three types of juvenile grass carps after gut infection.
This research may offer a newly finding into immune feature of hybrid fish.

Materials and methods
Ethical statement

All procedures, including the care and use of experimental fish, were approved by the
Animal Care and Use Committee of Hunan Normal University (Changsha City, Hunan
province, China) and the Technical Committee for Laboratory Animal Sciences of the
Standardisation Administration of China (SAC/TC281), and performed under the national
standard Guidelines for Ethical Review of Animal Welfare (GB/T 35892-2018).
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Fish preparation

Healthy juvenile GC, GGC, and DRGC (average length 16.28 +0.87 cm) were collected
from a farming base (Wangcheng district, Changsha, China). Fish were daily fed with com-
mercial diets (2 mm, Tongwei Co., Ltd., China) for 2-week acclimation in clean circulating
water (21-24 °C, pH 7.6-8.2) till 24 h before infection experiment. Fish feed and feces
were removed daily to avoid pathogenic contamination during fish acclimation and infec-
tion periods. Before the infection experiment, liver tissues were randomly isolated from
GC, GGC, and DRGC to confirm healthy status. No amplification of A. hydrophila hiyA
gene was detected by using DNA templates of isolated livers (Fig. S1).

Infection by bacterial perfusion

PBS suspension of A. hydrophila L3-3 (OM184261, 1 x 10 CFU mL™") was used for per-
fusion assay based on our previous study (Wang et al. 2023c). Thirty fish of each spe-
cies were randomly divided and sacrificed for mortality statistics, tissue section, bacterial
load, biochemistry analysis, and gene expression. In brief, fish were gut perfused with A.
hydrophila 1.3-3 by using a gavage needle inserted into a depth of approximately 3 cm,
whereas equivalent volume of sterile PBS perfusion was used as control group. The liver,
midgut, trunk kidney, and spleen were collected at 72-h post-infection. Afterwards, iso-
lated tissues were immediately frozen in liquid nitrogen and stored in — 80 °C.

Pathological section assay

After tissue fixation by Bouin’s solution, paraffin-embedded midgut and liver were performed
as previously described (Ma et al. 2021). In brief, Bouin-fixed tissues were dehydrated in
gradient alcohol (70% ethanol, overnight; 80%, 90%, 95%, and 100% ethanol, 15 min each;
xylene + 100% ethanol (1:1) and xylene, 30 min each), followed by paraffin infiltration and
embedment. According to the manufacturer’s instructions, midgut slices, and liver slices
were stained by using a periodic acid-schiff (PAS) kit (Beyotime Biotechnology, China) and
hematoxylin and eosin (HE) staining kit (Beyotime Biotechnology, China), respectively.
Then, pathological sections were observed by using a light microscope (Leica DM 4000 with
Leica Q Vin 3 program). The experiment possessed three biological repeats (n=3).

DNA isolation for bacterial load assay
Genomic DNA was extracted from the liver, midgut, trunk kidney, and spleen of GC,

GGC, and DRGC by using a tissue DNA extraction kit (Magen Biotechnology, China).
Before use, DNA concentration was adjusted to 100 ng/uL before use.

RNA extraction, cDNA synthesis, and gene expression analysis

Total RNA was isolated from the midgut and liver and treated with DNAase to avoid
genomic DNA contamination by using FastPure cell/tissue total RNA isolation Kit v2
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(Vazyme Biotech, China). After RNA quality check, 1000 ng of purified total RNA was
used for cDNA synthesis by using MonScript™ RT III All-in-One Mix with dsNase
(Monad, China) (Li et al. 2024).

Relative levels of A. hydrophila 1.3-3 hiyA gene and immune-related genes were
measured by quantitative real-time PCR (qRT-PCR) assay. For bacterial load assay, rel-
ative expressions of A. hydrophila hlyA gene were detected in the liver, trunk kidney,
spleen, and intestine, while gapdh was used as reference gene. For immune-related gene
detection, relative expressions of cytokines (cli2a, cxcll4, cxcll8b, illp, il6, il8, ill19,
il34, ccl2, ccl8, ccl20, tnfa), mucins (Muc2, Muc4, Muc5e, Mucl3a, Mucl5, Muc21),
immunoglobulins (IgM, 1gT/Z), cluster of differentiation antigen (cd4, cd8a), myelop-
eroxidase (mpo), NK-lysin and hepcidin were investigated. /8 s rRNA was used as ref-
erence gene. In addition, qRT-PCR reaction contained: 10.0 uL SYBR Green Master
Mix (ABI), 2.0 uL DNA/cDNA template, 0.5 pL each primer, and 7.0 uL. ddH,0O. The
program contained 1 cycle of 95 °C for 30 s, 40 cycles of 95 °C for 15 s, 60 °C for 35 s,
followed by 1 cycle of 95 °C for 30 s, 60 °C for 60 s. At the end of qRT-PCR amplified
reactions, the melting curve analysis was implemented to confirm the credibility of each
gqRT-PCR analysis. Results were calculated by 2 ~24Ct method. The primers are pre-
sented in Table. S1. The experiment possessed three biological repeats (n=3).

Evaluation of antioxidant ability

The isolated midgut and liver were homogenized in ice-cold 1XxPBS buffer. Follow-
ing centrifugation at 10,000 X g for 10 min at 4 °C, the supernatants were quantified by
using bicinchoninic acid (BCA) method.

Catalase (CAT) activities in the midgut and liver were detected at OD,,s absorb-
ance by using a CAT activity kit (Nanjing Jiancheng Bioengineering Institute, China).
Results were presented as units of CAT activity per milligram of protein, where 1 U of
CAT is defined as the amount of enzyme decomposing 1 umol H,O, per second. The
experiment possessed three biological repeats (n=3).

Succinate dehydrogenase (SDH) activities in the midgut and liver were detected at
0Dy, absorbance by using a SDH activity kit (Nanjing Jiancheng Bioengineering insti-
tute, China). Mean values were shown as U SDH per milligram of protein. The experi-
ment possessed three biological repeats (n=3).

Glutathione peroxidase (GPx) activities in the midgut and liver were observed at ODsy,
absorbance by using a GPx activity kit (Beyotime Biotechnology, China). Results were shown
as U GPx activity per gram of protein. The experiment possessed three biological repeats (n=3).

Lactate dehydrogenase (LDH) activities in the midgut and liver were observed at OD
nm by using a LDH kit (Beyotime Biotechnology, China). Results were shown as U LDH
activity per milligram of protein. The experiment possessed three biological repeats (n=3).

Glutathione reductase (GR) activities in the midgut and liver were observed at OD,;, nm
by using a GR kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Results
were shown as U GR activity per gram of protein. The experiment possessed three biological
repeats (n=3).

Monoamine oxidase (MAQO) activities in the midgut and liver were detected at OD,,,
nm by using a MAO kit (Nanjing Jiancheng Bioengineering Institute, China). Results were
shown as U MAO activity per milligram of protein. The experiment possessed three biologi-
cal repeats (n=3).
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Statistical analyses

The qRT-PCR results and enzymatic activities in tissues were subjected to T-test analysis by
using SPSS 17.0 software. If the analytical levels reach less-than 0.05 p-value, results were
statistically significant with different letters. In addition, results of qRT-PCR and enzymatic
data were calculated by principal component analysis (PCA).

Results
Bacterial loads in tissues

Survival rates of DRGC were higher than that of GC and GGC after gut infection with A.
hydrophila 1.3-3 during monitor periods (Fig. S2). In order to compare the infectious status
in three species of grass carps, bacterial load assay was performed at 72-h post-infection. GC
receiving bacterial infection showed 1.6-, 3.2-, 1.5-, and 2.1-fold increase of hlyA gene expres-
sion in the liver, midgut, trunk kidney, and spleen (p <0.05) (Fig. 1A). In Fig. 1B, 1.6-, 1.6-,
2.8-, and 2.5-fold increase of hlyA gene expression was detected in the liver, midgut, trunk
kidney, and spleen of GGC at 72 h (p<0.05). In addition, relative expression of #lyA gene in
the liver, midgut, trunk kidney, and spleen of DRGC increased by 1.5-, 1.8-, 1.4-, and 2.7-fold
at 72 h upon infection (p <0.05).

Pathological observation

To compare injury levels of the midgut and liver, tissue section assay was carried out. In
Fig. 2A-C, gut infection with strain L3-3 could dramatically induce different degree of tissue
injury in the midgut and liver of GC, GGC, and DRGC. Severe tissue necrosis, villous defor-
mation, and villous vacuolization occurred in the midgut of GC and GGC at 72-h post-infec-
tion, while mild pathological symptom was observed in the midgut of DRGC. A significant
decrease of villous aspect ratios in the midgut was detected in GC, GGC, and DRGC upon
infection. In contrast, goblet cell numbers decreased dramatically in GC and GGC after strain
L3-3 infection, while goblet cell numbers in DRGC increased sharply (p <0.05). Moreover,
liver pathological levels of tissue necrosis, vacuolation, and nuclear displacement appeared
to be more severe than that of DRGC (Fig. 3). These results suggested that the differences of
pathological symptoms were observed in three species of grass carps.

Gene profile detection

To compare the difference of immune regulation, crucial gene patterns were detected
in the midgut and liver of GC, GGC, and DRGC upon infection. In Figs. 4A and S3A,
GC perfused with strain L3-3 exerted a sharp increase of cxcll4, ccl20, ccl2, mucl3a,
mucSe, mucl5, muc2, IgM, tnfa, il8, il6, and mpo in the midgut, while relative expres-
sions of ccl8 and muc2l decreased sharply (p <0.05). In Figs. 4B and S3B, relative
expressions of ccl2, ccl8, ccl20, il19, cxclli8b, hepcidin, mpo, il6, il8, tnfa, IgM, 1gT/Z,
cd4, and cd8a increased by 5.6-, 2.3-, 52.2-, 12.7-, 2.1-, 3.0-, 15.1-, 23.5-, 30.1-, 21.8-,
7.8-, 6.4-, 5.9-, and 4.7-fold in the liver, along with a sharp decline of NK-lysin, illp,
cxcll4, and il34 (p <0.05).
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Fig. 1 Detection of bacterial
loads in tissues. A Gene expres-
sions of A. hydrophila hlyA in
tissues of GC after gut infection
with A. hydrophila. B Gene
expressions of A. hydrophila
hlyA in tissues of GGC after gut
infection with A. hydrophila. C
Gene expressions of A. hydroph-
ila hlyA in tissues of DRGC after
gut infection with A. hydrophila.
The calculated data (mean + SD)
with different letters were signifi-
cantly different (p <0.05)
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Fig. 2 Histological section of the midgut. A Morphological analysis of the midgut in GC, GGC, and DRGC
anally intubated with A. hydrophila. E, edema of midgut wall; H, goblet cell hyperplasia; D, villus deforma-
tion; V, villus vacuolization; S, submucosal rupture; F, villus fusion. B Determination of length-to-width
ratio in the midgut villi. C Determination of average numbers of goblet cells. Results (mean+ SD) with dif-
ferent letters were significantly different (p <0.05). The experiments were performed in triplicate

In Figs. 4C and S3C, 2.1-, 1.5-, 9.5-, 6.0-, 3.1, 1.4-, 3.0-, 7.1-, 12.5-, 16.1-, 13.8-, and
1.6-fold increase of muc2, mucl5, mucSe, mucl3a, ccl2, cxcll4, cxcll2a, mpo, il6, il§,
tnfa, and IgM were detected in midgut of GGC after strain L3-3 challenge, while relative
expressions of ccl20, ccl8, and muc21 decreased significantly (p <0.05). In Figs. 4D and
S3D, relative expressions of il19, il34, cxcli4, cxcll2a, cxcll8b, hepcidin, mpo, il6, il8,
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ge

Fig. 3 Histological section of L in GC, GGC, and DRGC after gut infection with A. hydrophila. N, necro-
sis; F, fusion; Nd, nuclear displacement; Cb, cell boundary blurring; Ne, nuclear enrichment; Nf, nuclear
fragmentation

tfa, IgM, IgT/Z, cd4, and cd8a rose 1.9-, 2.6-, 10.8-, 8.4-, 14.3-, 3.1, 13.1-, 16.5-, 23.1-,
18.8-, 4.8-, 3.2-, 2.2-, and 2.7-fold in the liver upon infection, while il1f, ccl20, and ccl8
expressions decreased dramatically (p <0.05).

In Figs. 4E and S3E, 4.1-, 1.5-, 3.9-, 3.7-, 49-, 34-, 3.1-, 4.5-, 2.7-, 6.8-, 2.7-, 1.7-,
1.5-, and 1.7-fold increase of muc2, muc4, mucl5, mucl3a, ccl2, ccl8, mpo, il6, ilS, tnfa,
IgM, 1gT/Z, cd4, and cd8a were observed in midgut of DRGC after gut infection with
strain L3-3, whereas relative expressions of cxcli2a, cxcll4, and muc5e decreased sharply
(»<0.05). In Figs. 4F and S3F, il19, i34, il1J, hepcidin, mpo, il6, il8, tnfa, IgT/Z, cd4, and
cd8a increased dramatically in the liver after strain L3-3 infection, along with a marked
decline of cxcll8b, cxcll2a, cxcll4, ccl20 and ccl8 (p <0.05).
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Fig.4 Expressions of immune-relative genes in the midgut and liver after gut infection with A. hydrophila.
A Gene expressions in the midgut of GC. B Gene expressions in the liver of GC. C Gene expressions in the
midgut of GGC. D Gene expressions in the liver of GGC. E Gene expressions in the midgut of DRGC. F

Gene expressions in the liver of DRGC. The calculated data (mean + SD) with different letters were signifi-
cantly different (p <0.05). The experiments were performed in triplicate

The changed expressions of immune-related genes in the midgut and liver were calcu-
lated by PCA. The expressions of most immune-related genes in the midgut of GC, GGC,
and DRGC were predominantly located in the second and fourth quadrants, which dis-
played the horizontal mirror symmetry. In addition, expression level of Muc21 displayed
a negative correlation with that of ccl2, mucl3a, Mucl5, mpo, tnfa, and il6 (Fig. S4A).
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In Fig. S4B, expression levels of cxcli4, illf, cxcli2a, cd8, cxcll8b, and IgT/Z showed
a negative correlation with il6 expression in the liver of GC, GGC, and DRGC after gut
infection. Moreover, expression trends of /gM, mpo, and tnfa were negative-correlated with
that of ccl2, ccl8, and NK-lysin. Besides, the remote distances of PCA ellipses in the mid-
gut and liver of DRGC were much smaller than that of GC and GGC. Thus, taken together,
these results suggested that most proportions of immune-related genes increased dramati-
cally in three species of grass carps following gut infection with A. hydrophila, but ampli-
tudes of gene expressions in DRGC were lower than that of GC and GGC.

Antioxidant property determination

To evaluate the effect of bacterial infection on redox status in three species of grass carps, anti-
oxidant indexes were investigated in the midgut and liver. As shown in Fig. 5A, GC, GGC,
and DRGC receiving gut infection with strain L3-3 showed 1.6-, 1.7-, and 1.7-fold decrease of
CAT activities in the midgut, respectively (p <0.05). Similarly, SDH activities decreased by
1.6-, 2.1-, and 1.4-fold in midgut of GC, GGC, and DRGC (p<0.05) (Fig. 5B). In contrast,
1.3-, 1.4-, and 1.3-fold increase of GPx activities were detected in the midgut of GC, GGC,
and DRGC, while LDH activities in midgut increased by 1.2-, 1.3-, and 1.6-fold (p <0.05)
(Fig. 5C, D). In addition, GR activities increased by 1.3- and 1.4-fold in the midgut of GC and
DRGC upon infection, whereas 1.4-fold decline of GR activity was observed in GGC (p <0.05)
(Fig. SE). As shown in Fig. 5F, 1.6- and 1.3-fold increase of MAQO activities were detected in
midgut of GC and DRGC, while MAO activity decreased by 2.0-fold in GGC (p <0.05).

In Fig. 6A, CAT activities increased by 1.4-, 1.3- and 1.5-fold in the liver of GC, GGC
and DRGC after strain L3-3 challenge. In Fig. 6B, 1.6- and 1.4-fold increase of SDH activ-
ities were observed in the liver of GGC and DRGC upon infection, while SDH activity
decreased by 1.7-fold in GC (p<0.05). In Fig. 6C, 1.5-, 2.1-, and 1.7-fold increases of
GPx activities were observed in GC, GGC, and DRGC, respectively (p <0.05). In addition,
LDH activities increased by 1.6-, 1.3-, and 1.4-fold in GC, GGC, and DRGC (p <0.05)
(Fig. 6D). In Fig. 6E, increased levels of GR activities reached the values of 1.4-, 1.4-, and
1.7-fold in GC, GGC and DRGC at 72 h post-infection, while MAQO activities rose 1.3-,
1.3-, and 1.6-fold in the liver, respectively (p <0.05).

The changed expressions of redox properties in the midgut and liver were calculated by
PCA. The activities of most redox enzymes in the midgut of GC, GGC, and DRGC were pre-
dominantly located in the second quadrants, while GPx activities were negative-correlated
with CAT activities (Fig. S4C). Moreover, activities of GPx, CAT, and MAO in the liver of
three species of grass carps showed horizontal mirror symmetry with that of LDH, GR, and
SDH (Fig. S4D). These results suggested that the differential redox regulation was observed
in the midgut and liver of GC, GGC, and DRGC following gut infection with A. hydrophila.

Discussion

A. hydrophila is one of the important etiologic agents that can cause a broad range of infec-
tious diseases in farmed animals. Stress response mechanisms can enable A. hydrophila to
cope with multiple stressful conditions, which may facilitate biofilm formation to enhance
its survival and evade host immune surveillance (Abreu et al. 2018). In addition, high inva-
siveness of A. hydrophila is largely attributed to the production of various virulent factors
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Fig.5 Evaluation of antioxidant properties in the midgut. A-F Enzymatic activities of CAT, SDH, GPx,
LDH, GR, and MAO were detected in the midgut of GC, GGC, and DRGC after gut infection with A.
hydrophila. The calculated data (mean+SD) with different letters were significantly different (p <0.05)

among the groups. The experiments were performed in triplicate

encoded by virulence genes, such as hlyA (Harikrishnan and Balasundaram 2005). Previ-
ous studies indicated A. hydrophila challenge could dramatically impair host gut barrier
and exacerbate liver injury in red crucian carp (Wang et al. 2023b). In this investigation,
we selected hlyA gene as tracking marker to identify the infectious status of three species
of grass carps following gut infection with A. hydrophila. The elevated expressions of
strain L3-3 hlyA were found in the liver, midgut, trunk kidney, and spleen of GC, GGC,
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Fig.6 Evaluation of antioxidant properties in the liver. A-F Enzymatic activities of CAT, SDH, GPx,
LDH, GR, and MAO were detected in the liver of GC, GGC, and DRGC after gut infection with A.
hydrophila. The calculated data (mean+SD) with different letters were significantly different (p <0.05)
among the groups. The experiments were performed in triplicate

and DRGC after bacterial challenge. Besides, high expressions of A. hydrophila hlyA gene
were observed in the midgut and spleen of GC, while the trunk kidney and spleen of GGC
showed high levels of A. hydrophila hlyA gene. In contrast, high level of A. hydrophila hlyA
gene was only detected in the spleen of DRGC. These results suggested that A. hydrophila
L3-3 may breach gut barrier and lead to systemic infection in three species of grass carps,
which may display the different tolerance against A. hydrophila invasion.
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Afterwards, histological section assays revealed that pathological injuries in the midgut and
liver of GC and GGC appeared to be more severe than that of DRGC. In addition, goblet cell
numbers decreased dramatically in the midgut villi of GC and GGC after gut infection with
strain L3-3, while goblet cell hyperplasia occurred in the midgut villi of DRGC. As is well
known, gut epithelial cells serving as critical sensors of foreign stimuli not only effectively
orchestrate mucosal immunity by attraction of active immune cells (Soderholm and Pedicord
2019), but also establish the crucial barrier against invading pathogens (Schneeberger and
Lynch 2004). Goblet cells can secret mucins and immune macromolecules to mediate mucosal
immune response to pathogenic infection (Kim and Ho 2010). In the meantime, the liver is
the pivotal immune-related organ involved in regulation of microbial elimination processes
via multiple signals, which can receive substances from the gut tract and then promote the
production of antimicrobial molecules (Bayne and Gerwick 2001; Gao et al. 2008). Recently,
some reports indicated that cytokine and chemokine may regulate the production of antimicro-
bial peptides (AMPs) (Kolls et al. 2008) or directly exhibit antimicrobial activities (Wolf and
Moser 2012). NK-lysin and hepcidin are the important fish AMPs that can be involved in the
front line of bacterial killing mechanism (Luo et al. 2021; Wang et al. 2010). Generally speak-
ing, cytokine production and secretion participate in host immune regulation and enhance dis-
ease tolerance against invasive microbes (Wu et al. 2016), which can regulate the immune cell
activation and contribute to inflammatory processes at inflamed organs upon infection (Gouwy
et al. 2005), but the defect in built-in checkpoints and anti-inflammatory signals may undoubt-
edly predispose to the outbreak of chronic inflammatory diseases (Lawrence and Gilroy 2007).
In this investigation, most proportion of mucins, cytokines, and AMPs elevated markedly in
the midgut and liver of three species of grass carps after bacterial gut infection, along with dif-
ferential redox response, while fluctuations of gene expressions in DRGC were lower than that
of GC and GGC. Thus, taken together, we predicted that DRGC may exhibit a higher tolerance
against A. hydrophila-induced tissue inflammation.

Inflammatory process is tightly linked to oxidative stress, which may further contribute to
perpetuation of inflammatory diseases (Lugrin et al. 2014). Evidences are emerging that bacte-
rial infection may also trigger severe oxidative stress and alter antioxidant enzymatic activities
in teleost fish (Peixoto et al. 2018). MAO and SDH are two important enzymatic biomarkers of
mitochondria, whose abnormal expressions may reflect the dysfunction of oxidative phospho-
rylation in mitochondria (Seregi et al. 1983). Mitochondrial dysfunction may promote elevated
levels of reactive oxygen species (ROS), whose chronic upregulation may exhibit the detrimen-
tal effort on function of intracellular macromolecules (Bolisetty and Jaimes 2013). In addition,
increased LDH activities were highly associated with worse outcomes in fish under infection
status (Yarahmadi et al. 2016). Recent findings indicate that antioxidant enzymes are able to
partially inhibit stress-induced ROS production through the regulation of redox-dependent
defense against in vitro stimuli (Hoseinifar et al. 2020). Among known antioxidant enzymes,
CAT, GPx, and GR are playing pivotal role in fish immunity, which can immediately attenuate
stress-induced oxidative level and ROS cytotoxicity (Li et al. 2016). Current study revealed that
most detected redox enzymes increased dramatically in the midgut and liver of GC, GGC, and
DRGC after strain L.3-3 challenge and suggested that gut infection stimulated a dramatic fluc-
tuation of antioxidant capability in the midgut and liver of GC, GGC, and DRGC.

In summary, increased bacterial loads in tissues were determined in GC, GGC, and
DRGC after gut infection with A. hydrophila. After that, more severe pathological injuries
and higher expressions of inflammatory cytokines were observed in the midgut and liver of
GC and GGC by comparing with that of DRGC, along with increased levels of antioxidant
activities. Thus, these results may provide a novel understanding of immune and redox reg-
ulation of hybrid grass carp upon infection.
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