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A B S T R A C T   

C1q domain-containing (C1qDC) proteins are significant pattern recognition receptors in the innate immune 
system that play important roles in regulating immune responses in vertebrates and invertebrates. In this study, a 
gene encoding the fish C1qDC (designated CiC1ql2) from the grass carp Ctenopharyngodon idella was charac
terized for the first time. Like other reported C1ql proteins, CiC1ql2 contains a conserved C1q domain and a 
signal peptide at its 5′ end. Expression profile analysis revealed that CiC1ql2 was mostly expressed in the in
testine but was expressed at low levels in the brain and gill. In vivo injection experiments directly revealed that 
CiC1ql2 exhibited strong responsiveness to Aeromonas hydrophila, Aeromonas veronii and pathogen-associated 
molecular pattern (PAMP) challenge, as indicated by the presence of lipopolysaccharide (LPS) and peptido
glycan (PGN), and that the expression of these genes was significantly upregulated in the intestine of C. idella. 
Additionally, the recombinant CiC1ql2 protein obviously promoted the agglutination of the gram-negative 
bacteria A. hydrophila and A. veronii and the gram-positive bacterium Bacillus subtilis, as shown by in vitro 
binding experiments. Moreover, CiC1ql2 protein injection experiment revealed that CiC1ql2 significantly 
enhanced the expression levels of classic complement genes (C3, C5, and C7) and inflammatory cytokines (TNF- 
α, IL-1β, and IL-8), while knockdown of CiC1ql2 decreased the expression of these immune-related genes. Taken 
together, our results suggested that CiC1ql2 could act as a pathogenic pattern recognition receptor involved in 
complement activation and that this might be related to the intestinal defense of C. idella against bacterial 
infection.   

1. Introduction 

The complement system is an essential component of innate immu
nity and serves as a bridge between innate and adaptive immune re
sponses (Nesargikar et al., 2012). The complement system consists of a 
cascade of soluble proteins, membrane-bound receptors, and regulatory 
factors that work together to recognize, modulate, and lyse pathogens, 
thereby mediating inflammatory responses that are triggered by path
ogen invasion (Merle et al., 2015). There are three pathways in the 

complement system that contribute to immune defense: the classical 
pathway, the alternative pathway, and the lectin pathway. The com
plement component 1q, which has a typical C1q globular (gC1q) 
domain, was identified as an important recognition molecule and is 
responsible for recognizing and binding to antigen-antibody complexes 
that are formed by IgM or IgG antibodies in the classic complement 
pathway (Bally et al., 2019; Zong et al., 2019). Upon binding, C1r and 
C1s, which are proteases, are activated and cleave other complement 
components to initiate the cascade reaction (Kishore and Ghebrehiwet, 
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2020; Vadászi et al., 2022). Subsequently, the activation of C2, C3, and 
C4 leads to the formation of a membrane attack complex (C5b-C9), 
resulting in elimination of the pathogen (Daha, 2010). This process 
demonstrates the role of C1q molecules in activating the classical 
complement pathway. C1q domain-containing proteins (C1qDCs) are 
further classified into three subfamilies, namely, the C1q, C1q-like, and 
ghC1q families, on the basis of their structural characteristics (Huang 
et al., 2016; Li et al., 2019). The C1qDC family is a large protein family, 
and its members possess a gC1q domain and are involved in compre
hensive adaptation to ligands, such as lipopolysaccharide (LPS), pepti
doglycan (PGN), lipoteichoic acid (LTA), poly I:C, and gram-negative 
bacteria (Wang et al., 2015; Zhu et al., 2021; Zong et al., 2019). In 
addition, C1qDC family members participate in various immune re
sponses, including activating the complement pathway (M.-f Li et al., 
2023; J. Li et al., 2023), clearing retroviruses (Liang et al., 2022) and 
promoting cell adhesion (Wang et al., 2022). 

An increasing number of C1qDC proteins have recently been iden
tified in vertebrates and invertebrates. C1qDC functions as a pattern 
recognition receptor to participate in innate immune responses in 
Lethenteron camtschaticum (Pei et al., 2016) and the pacific oyster 
Crassostrea gigas, and it plays a vital role in specifically recognizing 
certain gram-negative bacteria and opsonins to enhance phagocytosis 
(Lv et al., 2018). The PoC1qDC protein from Paralichthys olivaceus, 
which has a collagen-like structure, is able to mediate complement 
activation during bacterium-induced inflammatory responses (M.-f Li 
et al., 2023; J. Li et al., 2023). In Argopecten irradians, AiC1qDC can 
promote the agglutination of fungi and bacteria (Wang et al., 2012). 
C1qDC from a colonial ascidian is involved in the inflammatory response 
(Peronato et al., 2021). Based on the current research, C1qDC plays a 
significant role in the innate immune responses of aquatic animals. 

Ctenopharyngodon idella, which belongs to the Cyprinidae family, is 
cultured mainly in China, Russia and Bulgaria and ranks among the top 
cultured fishes in terms of aquaculture yield. In recent years, bacterial 
enteritis has led to an increase in the mortality rate of C. idella, signifi
cant decreases in production, and substantial economic losses (Song 
et al., 2014; Zhou et al., 2020). Previous studies have indicated that the 
C1qDC protein plays a crucial biological role in the innate immune de
fense of organisms against bacterial infections (Xiong et al., 2021). To 
understand the immune defense of C. idella in response to bacterial 
infection, a novel C1qDC gene (CiC1ql2) was cloned from C. idella. In 
addition, the expression pattern, binding activity, and role of CiC1ql2 in 
the intestinal defense against bacterial infections via classical comple
ment pathway activation were also investigated. In-depth research on 
the function of C1qDCs in the immune system of C. idella, as well as the 
underlying mechanisms, will provide a theoretical foundation for the 
development of related strategies to further enhance immune responses. 

2. Materials and methods 

2.1. Animals, immune challenge and sample collection 

C. idella, weighing approximately 30 ± 1.0 g, were obtained from the 
Hunan Institute of Aquatic Science in Hunan Province, China. The fish 
were maintained in the laboratory with a recirculating water system at 
25 ◦C for 2 weeks. For the tissue-specific expression pattern analysis, the 
heart, liver, spleen, kidney, intestine, muscle, brain and gills were har
vested from three healthy fish. The collected samples were promptly 
homogenized in RNAiso Plus (Accurate Biology, China), rapidly frozen 
in liquid nitrogen, and subsequently stored at − 80 ℃ before use. 

For the A. hydrophila and A. veronii challenge experiments, the fish 
were divided into three groups of 20 individuals each and placed in 
tanks with 50 L of water. In the experimental groups, the fish were 
immersed in water containing A. hydrophila (5 ×107 CFU/ml), A. veronii 
(2 ×107 CFU/ml) or PBS. The intestines were collected from three fish in 
each group at different time points (3, 6, 9, 12, and 24 h) after challenge 
and stored in liquid nitrogen until further use. To investigate the impacts 

of LPS and PGN challenge on C. idella, three groups of 20 fish each were 
intraperitoneally injected with 10 mg/kg LPS (Beyotime, China) or 10 
mg/kg PGN (Beyotime, China). The control group was injected with the 
same volume of sterile PBS (pH 7.4). At 12, 24, 48, and 72 h post in
jection (p.i.), intestines were collected from 3 fish in each challenge 
group for subsequent gene expression analysis. All the experiments were 
conducted in accordance with the national regulations on the use of 
laboratory animals of China and were approved by the Animal Ethics 
Committee of Changsha University. 

2.2. cDNA cloning, identification of CiC1ql2 and sequence analysis 

The CiC1ql2-F1 and CiC1ql2-R1 (Table 1) primers were designed in 
accordance with the sequence information of MaC1ql2 
(XM_048162858.1), which was acquired from the NCBI database 
(https://www.ncbi.nlm.nih.gov/). The PCR template was synthesized 
using the PrimeScript™ 1st Strand cDNA Synthesis Kit (Takara, Japan). 
The optimal PCR mixture was composed of 25 μl of premixed Taq (Ex 
Taq HS Version, Takara), 2 μl of each primer (10 μM), 2 μl of template, 
and 19 μl of ddH2O. The PCR program consisted of an initial denatur
ation at 98 ◦C for 2 min, followed by 30 cycles of denaturation at 98 ◦C 
for 10 s, annealing at 40 ◦C for 30 s, extension at 72 ◦C for 2 min, and a 
final extension at 72 ◦C for 5 min. The obtained PCR products were 
analyzed via 1.5% agarose gel electrophoresis and purified via a DNA Gel 
Extraction Kit (Accurate Biology, China). The PCR products were sub
sequently inserted into the pMD18-T vector (Takara, Japan) and 
sequenced by Biosune (Shanghai, China). 

A sequence homology search of the putative CiC1ql2 sequence was 
carried out using the National Center for Biotechnology Information 
(NCBI) database (https://blast.ncbi.nlm.nih.gov/Blast.cgi), and the 
conserved domain features were predicted by the SMART program (htt 
p://smart.emblheidelberg.de/). Multiple sequence alignments were 
performed using ClustalX1.83, and the phylogenetic tree was con
structed using the boot-strapped neighbor joining method of MEGA 
version 5.0. 

2.3. CiC1ql2 protein expression and purification 

The cDNA sequence that encodes the mature protein was amplified 
with the specific primers CiC1ql2-F2 and CiC1ql2-R2. The Nde I and Xho 
I restriction sites were added to the 5′ ends of CiC1ql2-F2 and CiC1ql2- 
R2, after which the PCR products were purified and inserted into the 
pMD18-T vector. The pMD18-T-CiC1ql2 and plasmid pET32a were 
digested with Nde I and Xho I and then ligated using solution I (TaKaRa, 
Japan). The recombinant plasmid pET32a-CiC1ql2 was transformed into 
Escherichia coli BL21 (DE3) (Sangon Biotech, China), which was subse
quently cultured in LB supplemented with kanamycin at 37 ◦C. When 
the culture medium reached an O.D. 600 of 0.6, isopropyl-β-D- thio
galactopyranoside (IPTG) was added at a final concentration of 0.5 mM, 
and the mixture was incubated at 37 ◦C overnight. The cells were 
collected by centrifugation at 4000 rpm for 10 min at 4 ◦C, after which 
the precipitate was resuspended in 1 × PBS. Protein purification was 
performed using Ni-NTA (Sangon Biotech, China) according to the 
manufacturer’s protocol. The purified protein was dialyzed against 1 ×
PBS, enriched with 20,000 PEG, and stored at − 80 ◦C after being 
filtered through a 0.45 µm membrane (Sangon Biotech, China). Even
tually, the protein concentration was measured by a protein concen
tration quantitative kit (Sangon Biotech, China). 

2.4. Western blotting analysis 

The purified CiC1ql2 protein was subjected to SDS–PAGE. After 
electrophoresis, the proteins were transferred to PVDF membranes 
(Sangon Biotech, China). The PVDF membranes were washed with 1 ×
TBST three times at each step and then blocked with 5% SMP (Beyotime, 
China) for 2 h. The primary antibody used was a monoclonal mouse anti- 
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His tag antibody (1:5000, the optimal dilution determined previously) 
(Sangon Biotech, China), after which the membranes were incubated for 
2 h. The secondary antibody used was a goat anti-mouse antibody 
(1:8000) (Sangon Biotech, China), which was incubated with the 
membranes for 2 h. The antibody-bound protein was visualized by TMB 
(Sangon Biotech, China). 

To explore the function of the recombinant CiC1ql2 protein 
(rCiC1ql2) in bacterial agglutination, a rCiC1ql2 and bacteria binding 
experiment was performed following the methods described by Lee and 
Söderhäll (Lee and Söderhäll, 2001). The gram-negative bacteria used in 
the experiment included A. hydrophila and A. veronii, while the 
gram-positive bacterium was B. subtilis. The bacteria were seeded in LB 
liquid culture medium and incubated overnight at 200 rpm and 30 ◦C. 
The bacteria were diluted to a concentration of 1 × 108 CFU/ml with 
PBS. Then, 1 ml of the bacteria was incubated with 100 μg of rCiC1ql2. 
The precipitate was collected by centrifugation. Finally, western blot
ting was performed to complete the experiment. 

2.5. Cell culture and rCiC1ql2 treatment experiment 

The C. idella intestinal cells from our laboratory (Zhou et al., 2022) 
were cultured in DMEM/F12 (Gibco, USA) supplemented with 10% FBS 
(Gibco, USA), penicillin (100 U/ml) (Gibco, USA), and streptomycin 
(100 mg/ml) (Gibco, USA) and maintained at 28 ◦C in CO2 (5%) a hu
midified incubator. 

For the in vitro experiments, after cell subculture, the passaged 
C. idella intestinal cells were seeded into 6-well plates and randomly 
divided into four groups (three wells per group). The four groups 
included the blank control group, rCiC1ql2 treatment group (10 μg/ml), 
LPS treatment group (10 μg/ml), and rCiC1ql2 and LPS combined 
treatment (10 μg/ml+10 μg/ml). After passaging, the cells had adhered 
well. The original culture medium was removed, and then, the cells were 
gently washed with 2 ml PBS. Complete cell medium containing 
different concentrations of rCiC1ql2 and LPS was added to each group of 
cells. After culture for 12, 24, 48 h, the cell culture medium was 
removed, and then the cells were washed with 1 ml PBS three times. The 

cells were collected with RNAiso Plus (Accurate Biology, China), frozen 
in liquid nitrogen, and stored at − 80 ◦C for use in subsequent 
experiments. 

2.6. RNA interference 

Three pairs of CiC1ql2-specific siRNAs and scrambled siRNA (nega
tive control; NC siRNA) are listed in Table 1, and these molecules were 
chemically synthesized by Shanghai GeneBio. C. idella (weighing 
approximately 4 ± 1.0 g) were randomly divided into four groups (three 
fishes per group) that were housed in the indoor circulating aquaculture 
system. Different types of siRNA (1 μg/g) (Ge et al., 2020) were injected 
into the abdomen of the fish, and intestinal tissues were sampled 48 h 
after injection; siRNAs with the best gene knockdown effects were 
identified by qRT–PCR. The formal experiment included the NC group, 
siRNA-NC+LPS group, and siRNA-1 +LPS group, and the treatments 
were administered according to body weight. Three groups of 3 fish per 
group were injected with the same volume (100 μl) of siRNA-NC, siR
NA-NC, or siRNA-1. After 48 h, the NC group was injected with 100 μl 
siRNA-NC, and the other two groups were injected with 100 μl LPS. 
C. idella individuals were anesthetized with 20 mg/l MS-222 (Sigma
–Aldrich), and then after 24 h, intestinal tissues were collected for 
subsequent qRT–PCR analysis. 

2.7. RNA extraction and quantitative real-time PCR analysis 

Total RNAs were extracted by using RNAiso Plus (Accurate Biology, 
China) according to the manufacturer’s protocol. The concentration and 
purity of the extracted RNA were assessed by spectrophotometer 
(Thermo, USA), and then, the quality of the RNA was analyzed by 1.0% 
agarose gel. Afterward, cDNA was synthesized from 1.0 µg of each RNA 
sample using a Evo M - MLV Mix Kit with gDNA Clean for qPCR (Ac
curate Biology, China). 

After reverse transcription of the RNA, quantitative real-time PCR 
(qRT–PCR) was performed with a Bio-Rad CFX96™ Real-time PCR 
Detection System (Bio-Rad, USA). The qRT–PCR mixture consisted of 8 

Table 1 
Sequences of designed primers used in this study.  

Primer Sequence (5′ to 3′) Comment 

CiC1ql2-F1 TCAGGTAAAGATGTCCT CDS Cloning 
CiC1ql2-R1 AGACTCAGTAATGCCAATAA 
CiC1ql2-F2 AATTTTGTTTAACTTTAAGAAGGAGATATACATATGCACCATCACCATCACCATGAAGAAAAGGG Protein expression 
CiC1ql2-R2 AGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTTACAGACTATACAGCAGATGACCCACAA 
CiC1ql2-F CTGAAGAACAGACTGGAGGT Real-Time PCR 
CiC1ql2-R AAACACATCTTGGTAAATCA 
β-actin-F GCTATGTGGCTCTTGACTTCG Real-Time PCR 
β-actin-R GGGCACCTGAACCTCTCATT 
C3-F GTCTCATTATGGCGGTTCTGG Real-Time PCR 
C3-R TTCACCTGCGTGCGATACTCT 
C5-F AGCGGGCACTCATACACTCAC Real-Time PCR 
C5-R ATTCCCTCTGGCACCACTTTC 
C7-F CCAGCACCTGAGTCTGTCCGA Real-Time PCR 
C7-R GGCAGATGCTCATTCCGTTC 
CR1-F GGAAACCTGAACCACCAAAGTG Real-Time PCR 
CR1-R GTCCCATCCTCTGAACAACGAA 
TNF-α-F CATCCATTTAACAGGTGCATAC Real-Time PCR 
TNF-α-R GCAGCAGATGTGGAAAGAGAC 
IL-1β-F GCCAAGTAGCCGAATCACAGA Real-Time PCR 
IL-1β-R AGAAGCCCAAGATATGCAGGA 
IL-8-F CATGTCTGACCATTACTGAAGC Real-Time PCR 
IL-8-R GTTTCCTTCAGGGTGGCAATG 
siRNA-NC-F UUCUCCGAACGUGUCACGUTT NC siRNA 
siRNA-NC-R ACGUGACACGUUCGGAGAATT 
siRNA-1-F CACUUGGACCCAUUGGUAATT CiC1ql2 siRNA 
siRNA-1-R UUACCAAUGGGUCCAAGUGTT 
siRNA-2-F GGAAGAGCUUACAACCCAATT CiC1ql2 siRNA 
siRNA-2-R UUGGGUUGUAAGCUCUUCCTT 
siRNA-3-F GACACAGGAUCUAAUUCAATT CiC1ql2 siRNA 
siRNA-3-R UUGAAUUAGAUCCUGUGUCTT  
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μl of 2 ×SYBR Green Pro Taq HS Premix II (High Rox Plus) (Accurate 
Biology, China), 1 μl of cDNA, 5.72 μl of RNase-free water, and 0.64 μl of 
each specific primer. Each assay was carried out in triplicate with the 
following cycling procedure: 95 ◦C for 5 min for activation, followed by 
40 cycles of 95 ◦C for 15 s, 60 ◦C for 15 s and 72 ◦C for 30 s. The specific 
primers for the genes that were examined by qRT–PCR are listed in 
Supplemental Table 1. The expression levels of all the target genes were 
analyzed using the comparative threshold cycle method (2− ΔΔCT) (Livak 
and Schmittgen, 2001), with β-actin serving as an internal reference. 

2.8. Statistical analysis 

All the data were shown as the mean ± S.E (n = 3), and the data were 
analyzed by one-way ANOVA with the SPSS 26 (Chicago, IL, USA) sta
tistical software package. Significant differences among the groups were 
confirmed using one-way analysis of variance with Tukey’s multiple 
range tests. P values less than 0.05 and 0.01 were considered statistically 
significant and extremely significant, respectively. 

Fig. 1. The cDNA sequence of CiC1ql2. (A) The signal peptide is highlighted. The C1q domain is indicated in gray. (B) The domain organization was predicted by 
SMART. The red region is the signal peptide. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.). 
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3. Results 

3.1. Molecular characterization of CiC1ql2 

The cDNA sequence of CiC1ql2 was cloned from Ctenopharyngodon 
idella and obtained from NCBI GenBank with the accession number of 
OR413255. The CiC1ql2 sequence consisted of a 660-bp ORF encoding 
220 amino acids (Fig. 1A), and it had a predicted molecular weight of 
24.8 kDa and theoretical isoelectric point of 5.42. Similar to other C1qls, 
CiC1ql2 was composed of a C1q domain and a signal peptide according 
to SMART prediction (Fig. 1B). 

The multiple C1ql2 amino acid sequence alignments showed that the 
CiC1ql2 protein exhibits low sequence identity with the C1ql sequences 
from other species except for the critical conserved C1q domain and 
signal peptide (Fig. 2). To investigate the evolutionary relationships of 
C1qls, a phylogenetic tree was constructed using the C1ql sequences of 
fourteen representative vertebrate species. CiC1ql2 shared 88.29% 
amino acid sequence identity with a homolog from Megalobrama 
amblycephala (XP_048018815.1) and 86.04% amino acid sequence 
identity with a homolog from Anabarilius grahami (ROL44151.1). 
Phylogenetic analysis revealed that CiC1ql2 first clustered with C1ql2 
from M. amblycephala and then clustered with other teleost homologs, 
revealing the closest relationship of C1ql2 proteins between C. idella and 
M. amblycephala. The C1ql proteins from other vertebrates, such as 
Homo sapiens, Mus musculus, Rhinolophus ferrumequinum and so on, 
consecutively formed sister groups of the group formed by the teleost 
C1ql protein (Fig. 3). These observations suggested that C1ql proteins 
might be conserved from fish to mammals throughout the evolution of 
vertebrates. 

3.2. Tissue expression analysis of CiC1ql2 

qRT–PCR was used to measure the expression of CiC1ql2 in various 
tissues of C. idella, and the results are shown in Fig. 4. CiC1ql2 was 
expressed in all the analyzed tissues, namely, heart, liver, spleen, kid
ney, intestine, muscle, brain and gill, with the highest expression in the 
intestine, followed by liver, and minimal expression in the brain. The 
constitutive expression of CiC1ql2 revealed the involvement of CiC1ql2 
in multiple physiological processes of C. idella. 

3.3. Analysis of CiC1ql2 expression in response to bacterial pathogen 
infection and PAMP exposure 

The expression of CiC1ql2 was examined in fish in response to 
A. hydrophila and A. veronii infection (Fig. 5 A). In the A. hydrophila 
treatment group (Fig. 5 A), the expression of CiC1ql2 was remained high 
after infection with A. hydrophila. However, in control group, the 
expression of CiC1ql2 was comparatively lower than that in the 
A. hydrophila treatment group. The expression level of CiC1ql2 in the 
A. hydrophila treatment group significantly increased from 3 h to 24 h p. 
i., with increases of approximately 20.5-fold, 41.2-fold, 3.5-fold, 404.0- 
fold and 103.3-fold compared to the control group, respectively. In the 
A. veronii treatment group, the mRNA expression levels of CiC1ql2 
increased from 3 h p.i.(2.7-fold), and peaked at 6 h p.i.(143.7-fold), and 
then decreased, showing a trend of initial increase followed by a 
decrease. Additionally, at 24 h p.i.(1.2-fold), the expression level of 
CiC1ql2 was almost consistent with that of the control group. 

In the PGN injection group (Fig. 5B), the relative expression of 
CiC1ql2 first decreased at 24 h postinjection and then increased at 48 h 
postinjection, and the control group showed similar trends. Moreover, 
the expression levels of CiC1ql2 in the PGN injection group were 
consistently higher than those in the control group. However, the 
expression of CiC1ql2 in the LPS injection group was significantly 
upregulated compared with that in the control group, with peak increase 
of approximately 2.8-fold. These results suggested that CiC1ql2 might be 
involved in immune defense against bacterial challenges. 

3.4. Analysis of bacterial aggregation activity of rCiC1ql2 

E. coli BL21 (DE3) cells harboring the recombinant expression 
construct pET32a-CiC1ql2 successfully expressed the His-CiC1ql2 fusion 
protein after incubation with 0.5 mM IPTG (Fig. 6A). The subsequent 
purification steps utilized the supernatant that was obtained after ho
mogenization and centrifugation. The His-CiC1ql2 fusion protein was 
effectively purified using Ni-NTA, as demonstrated by SDS–PAGE 
(Fig. 6B). To further evaluate the possible immune function of CiC1ql2 
in fish, an in vitro bacterial aggregation experiment was performed. As 
shown in Fig. 6C, three separate bacterial suspensions, including the 
gram-negative bacteria A. hydrophila and A. veronii and the gram- 
positive bacteria B. subtilis, were used as negative controls respec
tively, and the recombinant protein rCiC1ql2 was used as the positive 
control. The results revealed that all three types of bacteria could 
significantly bind to the rCiC1ql2 protein, indicating that the rCiC1ql2 

Fig. 2. Alignment of the predicted amino acid sequences of CiC1ql2 homologs. The percentage in the bracket following each species name indicates the overall 
sequence identity between CiC1ql2 and the protein of the particular species. The Gene Bank accession numbers of the aligned sequences are as follows: Megalobrama 
amblycephala (XP_048018815.1), Rhinichthys klamathensis goyatoka (XP_056097124.1), Molossus molossus (KAF6499253.1), Ictidomys tridecemlineatus 
(KAG3257554.1), and Homo sapiens C1ql3 (KAI4075349.1). 
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protein possessed bacterial agglutination abilities, which suggested that 
the rCiC1ql2 protein might be involved in innate immune responses in 
C. idella. 

Fig. 3. Phylogenetic analysis of CiC1qlp2 and other C1qDC proteins. The phylogenetic tree was constructed with MEGA 11 software (http://www.megasoftware.net 
/) using the neighbor-joining method. CiC1qlp2 is indicated by a triangle. Numbers next to the internal branches indicate bootstrap values based on 1000 repli
cations. The accession numbers of the analyzed sequences are as follows: Megalobrama amblycephala C1ql2 (XP_048018815.1), Ctenopharyngodon idella C1ql2 
(OR413255), Labeo rohita C1ql2 (KAI2646595.1), Cyprinus carpio C1ql2 (XP_042623544.1), Carassius gibelio C1ql2 (XP_052386651.1), Rhinichthys klamathensis 
goyatoka C1ql2 (XP_056097124.1), Pimephales promelas C1ql2 (XP_039510469.1), Triplophysa rosa C1ql2 (XP_057190421.1), Mus musculus C1qA (NP_031598.2)， 
Homo sapiens C1qA (NP_057075.1), Mus musculus C1qB (NP_033907.1), Homo sapiens C1qB (NP_000482.3), Mus musculus C1qC (NP_031600.2), Homo sapiens C1qC 
(NP_758957.2), Molossus molossus C1ql3 (KAF6499253.1), Ictidomys tridecemlineatus C1ql3 (KAG3257554.1), Homo sapiens C1ql3 (KAI4075349.1), Rhinolophus 
ferrumequinum C1ql4 (KAF6338948.1), and Oryctolagus cuniculus C1ql2 (XP_051705825.1). 

Fig. 4. The gene expression levels of CiC1ql2 in different tissues of C. idella. All 
the data are expressed as the mean ± SE (n = 3). Significant differences are 
indicated with different letters (P < 0.05). 

Fig. 5. (A) Relative expression of CiC1ql2 in the intestine after A. hydrophila 
and A. veronii infection. (B) Relative expression of CiC1ql2 in the intestine after 
LPS and PGN injection. All the data are expressed as the mean ± SE (n = 3). 
Significant differences between the infected and control groups at the same 
time point are indicated with * (P < 0.05) or * *(P < 0.01). 
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3.5. Effects of the rCiC1ql2 protein on intestinal immune responses of C. 
idella 

To investigate whether the rCiC1ql2 protein is important for pro
tection against LPS, the mRNA expression of selected classic comple
ment genes and inflammatory cytokine genes in C. idella intestinal cells 
were measured at 12, 24, 48 h p.i. (Fig. 7). In the rCiC1ql2 treatment 
group, the expression of CR1 was upregulated from 12 h to 48 h p.i., 
peaking at the 24 h p.i., compared with the control group. The expres
sion of C5 and C7 in the rCiC1ql2 treatment group were also upregulated 
compared to the control group. Additionally, the mRNA expression of 
TNF-α, IL-1β and IL-8 were significantly upregulated at 12 h p.i., 24 h 
and 48 h p.i., and 12 h, 24 h, 48 h p.i., respectively than the control 
group. After challenge with LPS, the expression of IL-8 were gradually 
significantly upregulated and peaked after 48 h p.i. The expression of 
TNF-α and IL-1β were significantly upregulated at 12 h p.i. and 12 h, 
24 h, 48 h p.i., after stimulations with LPS compared to the control 
group. In the LPS treated group, the mRNA expression of CR1, C3, C5 
and C7 were significantly upregulated at 24 h and 48 h p.i. compared to 
the control group. In the rCiC1ql2 + LPS treated group, the expressions 
levels of TNF-α, IL-1β and IL-8 were significantly upregulated at 24 h p. 
i., 12 h and 48 h p.i., and 12 h and 48 h p.i. in intestine compared with 
the LPS treatment group. In addition, the mRNA levels of classical 
complement pathway related genes were upregulated in the 
rCiC1ql2 + LPS treated group compared to the LPS treated group at 48 h 
p.i. It was preliminarily revealed that rCiC1ql2 may affect the expression 
of genes in the classical complement pathway, and subsequently affected 
intestinal inflammation in C. idella. 

3.6. Effects of CiC1ql2 knockdown on intestinal immune responses in C. 
idella 

To obtain evidence to support the activation of the classic 

complement pathway by CiC1ql2 in vivo, we performed further experi
ments to analyze the effect of CiC1ql2 in activating the classic comple
ment pathway in C. idella. As shown in Fig. 8A, the expression of CiC1ql2 
was significantly knocked down 48 h after transfection with siRNA-1, 
siRNA-2, and siRNA-3 compared with PBS treatment, and the 
sequence with the greatest knockdown efficiency (8.2-fold) was siRNA- 
1. Subsequent experiments were conducted using siRNA-1 combined 
with LPS treatment. In the LPS treatment group, the expression of CR1 
and classic complement genes (C3, C5, and C7), inflammatory cytokines 
(TNF-α, IL-1β and IL-8) were generally increased compared to the NC 
group, indicating that LPS has induced intestinal inflammation. The 
expression of CiC1ql2 was knocked down in siRNA-1 + LPS-injected 
C. idella, and the mRNA levels of CiC1ql2 was 0.1-fold (p < 0.05) 
compared with that in the NC + LPS-injected group, and it was lower 
than that in the NC group (Fig. 8B). The mRNA expression levels of 
classic complement genes (C3, C5, and C7) in the CiC1ql2-knockdown 
C. idella were significantly decreased at 24 h (p < 0.05) after LPS stim
ulation, compared with that in the NC + LPS-injected group, respec
tively, suggesting that CiC1ql2 might be involved in the classical 
complement signaling pathway. In addition, the transcript levels of IL-1β 
and IL-8 in the siRNA-1 + LPS group were significantly decreased 
compared to those in the NC + LPS group. Although the expression of 
TNF-α was also decreased in the siRNA-1 + LPS group compared with 
the NC + LPS group, the difference was not significant. These results 
suggested that CiC1ql2 might participate in the LPS-induced immune 
response in the intestines of C. idella. 

4. Discussion 

C1qDC proteins that contain the C1q domain form a family of 
signaling molecules in the complement pathway, and these proteins 
have been identified in a variety of animals (Bally et al., 2009; Huang 
et al., 2016; Liang et al., 2022; Mei and Gui, 2008). C1ql was an 

Fig. 6. SDS–PAGE (A), western blotting (B) analysis of the recombinant rCiC1ql2 protein and western blotting (C) analysis of the rCiC1ql2 protein binding to the 
gram-negative bacteria A. hydrophila, A. veronii and the gram-positive bacteria B. subtilis.(A) M: Protein Marker; Lane1: Total protein before induction; Lane 2: Total 
protein after induction; Lane 3: rCiC1ql2 protein.(B) M: Prestained Marker; Lane1: rCiC1ql2 protein. (C) Lane 1: rCiC1ql2 protein; Lane 2: A. hydrophila; Lane 3: 
rCiC1ql2 protein bound to A. hydrophila; Lane 4: A. veronii; Lane 5: rCiC1ql2 protein bound to A. veronii; Lane 6: B. subtilis; Lane 7: rCiC1ql2 protein bound 
to B. subtilis. 
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Fig. 7. Relative expression of CR1, C3, C5, C7, TNF-α, IL-1β, and IL-8 in the intestinal cells after rCiC1ql2 and LPS treatment. All the data are expressed as the mean 
± SE (n = 3). Bars bearing the different letters are significantly different according to one-way 1uanalysis of variance (ANOVA) (P < 0.05). 
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Fig. 8. Relative expression of CR1, C3, C5, C7, TNF-α, IL-1β, and IL-8 after RNA interference of CiC1ql2 in vivo. All the data are expressed as the mean ± SE (n = 3). 
Bars bearing the different letters are significantly different according to one-way analysis of variance (ANOVA) (P < 0.05). 
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important member of the C1qDC protein family and was essential for 
innate immunity in mammals, but its function has been poorly studied in 
fish, and only one C1qDC family member has been reported in zebrafish 
(Mei et al., 2008). In this article, a novel C1qDC protein called CiC1ql2 
was identified in C. idella. In addition to the C1q domain and coiled-coil 
domain, the deduced CiC1ql2 protein also contained a signal peptide at 
its 5′ end according to SMART analysis; this structure was consistent 
with the protein domain of CcC1qDC from Yellow River carp (Zhu et al., 
2021). Therefore, CiC1ql2 was also presumed to function as a secreted 
protein. The deduced amino acid sequence of CiC1ql2 shared a relatively 
high similarity with those of C1ql proteins from fish species, such as 
M. amblycephala, C. carpio and so on. In the phylogenetic tree, CiC1ql2 
was first clustered with MaC1ql2 from M. amblycephala in the fishes C1ql 
clade. This result suggested that CiC1ql2 was a C1qDC family member 
and that it might perform similar functions. CssghC1q was shown to 
possess antibacterial and antiviral activities by recognizing binding li
gands and inducing phagocytosis, thus participating in the immune 
response of Cynoglossus semilaevis (Chen et al., 2017; Zeng et al., 2015). 
T.M. (Carland et al., 2012) reported that the expressions of sghC1q08 
and sghC1q09 in zebrafish was significantly upregulated 24 h after 
infection with the bacterial pathogen Streptococcus iniae, revealing that 
sghC1q participated in innate immune responses. It could be indicated 
that CiC1ql2, which is one member of the fish C1qDC family, might 
perform similar functions and participate in immune defense processes 
of C. idella. 

The intestine is not only a vital organ for digestion and absorption in 
animals but also an important immune organ for the resistance of 
pathogens (Cui et al., 2021; Taylor et al., 2021; Vargas-Albores et al., 
2021). This conclusion is because while substances are absorbed and 
metabolized in the intestine, the intestine is also a site of direct contact 
with pathogens such as bacteria, fungi and viruses, which is particularly 
crucial for fish (Dawood, 2021; Palomino Ramos et al., 2022; Zhang 
et al., 2022). In the present study, the CiC1ql2 was widely distributed in 
all the investigated tissues, with the highest expression in intestinal 
tissues. The relatively high expression of CiC1ql2 in intestinal tissues 
suggested that CiC1ql2 was an important component of the intestinal 
immune system. Our results were consistent with those of (Pei et al., 
2016) who reported the tissue distribution of L-C1qDC-1 in Lethenteron 
camtschaticum. After stimulation with A. hydrophila and A. veronii, 
CiC1ql2 transcription was significantly upregulated and then slightly 
decreased but remained higher than that in the control group; this trend 
was similar to that of the CgC1qDC-1 and Pf-ghC1q mRNA levels after 
bacterial infection (Jiang et al., 2015; Wang et al., 2022). The tran
scription level of CiC1ql2 was significantly upregulated after bacterial 
stimulation, revealing that CiC1ql2 could be rapidly upregulated by 
A. hydrophila and A. veronii effectively, thereby triggering the produc
tion of immune molecules to protect against pathogen invasion (Li, J. 
et al., 2023). LPS and PGN, which are main components of the cell walls 
of gram-negative bacteria and gram-positive bacteria, respectively, 
promoted inflammatory responses in animals (Moreillon and Maj
cherczyk, 2003). After C. idella were injected with LPS and PGN, the 
relative expression level of CiC1ql2 was significantly upregulated. Based 
on previous studies, after injection with bacteria and PAMPs, the 
expression of CgC1qDC-5, CfC1qDC and HcC1qDC6 was significantly 
increased (Huang et al., 2017; Lv et al., 2019; Zhang et al., 2008). 
IsC1ql3 was significantly induced in the intestine of several ticks after 
feeding on Borrelia burgdorferi-infected mice (Tang et al., 2022). Ac
cording to these studies, it is speculated that C1ql2 could participate in 
the intestinal immune response against bacterial challenges in C. idella. 

The C1q subunit, which is a constituent of complement 1 (C1), is also 
present in C1qDC, which possessed the capacity to recognize pathogens 
and initiate the classical complement pathway. This process led to the 
engulfment and removal of exogenous pathogenic microorganisms 
through phagocytosis (Carland and Gerwick, 2010). The classical com
plement pathway is a crucial and specific mediator of various autoim
mune and inflammatory diseases (Garcia et al., 2016), and it can trigger 

a series of chemotaxis and pro-inflammatory responses, such as inducing 
the expression of TNF-α and IL-8 (Yang et al., 2013). In vivo and in vitro 
experiments showed that the relative expression levels of C3, C5, C7, 
TNF-α, IL-1β, and IL-8 were significantly upregulated after stimulations 
with LPS. These results were similar to the findings of (Qiang et al., 
2017), namely, that the C3 mRNA level significantly increased, which 
consequently increased the transcription of IL-1β and TNF-α, helping to 
activate the inflammatory response after S. iniae injection. The activa
tion of C3 and C5, which are key components of the classical comple
ment pathway, revealed that the classical complement pathway was 
involved in activation of the complement pathway and the occurrence of 
bacterium-induced immune inflammatory responses (Li et al., 2022; Wu 
et al., 2022). The transcripts of C3, C5, and C7, which are members of 
the classical complement pathway, were significantly increased after 
LPS treatment. Moreover, the expression levels of factors (C7) that form 
the membrane attack complex were upregulated, indicating that many 
membrane attack complexes were synthesized to induce macrophage 
phagocytosis and pathogen elimination (Lukácsi et al., 2020). IL-1β, IL-8 
and TNF-α are pro-inflammatory cytokines that play crucial roles in the 
recruitment and activation of neutrophils during inflammation (Del 
Valle et al., 2020). In this study, TNF-α, IL-1β and IL-8 mRNA expression 
rapidly increased after LPS treatment. This indicated that after LPS 
treatment, the classical complement pathway might participate in 
regulating intestinal inflammation in C. idella. According to previous 
studies, human polymorphonuclear cells exhibited increased C3a and 
C5a expression after infection with Cryptococcus neoformans to promote 
IL-8 production (Vecchiarelli et al., 1998). Propionibacterium acnes 
induced inflammation by activating the classical and alternative com
plement pathways to stimulate the formation of C5a, inducing mono
cytes to secrete pro-inflammatory cytokines such as TNF-α, IL-1β, and 
IL-8 (Vowels et al., 1995). In the present study, the intestinal expres
sion levels of complement genes (C3, C5, and C7) and proinflammatory 
factor genes (TNF-α, IL-1β and IL-8) in response to LPS challenge were 
significantly inhibited by CiC1ql2 knockdown, suggested that CiC1ql2 
may play essential roles in the regulation of LPS-induced intestinal im
mune the response in C. idella. Similar results were reported in Hyriopsis 
cumingii (Huang et al., 2017) where the knockdown of HcC1qDC6 
inhibited the expression of two immune-related genes (tumor necrosis 
factor and whey acidic protein). These findings revealed that complex 
interactions occur among the complement system, humoral immunity, 
and cytokine regulation (Oosterhoff et al., 2022). 

The ability of the C1q domain to recognize pathogens has been 
extensively studied (Ghai et al., 2007). In this study, the recombinant 
CiC1ql2 protein was successfully purified, and its immune recognition 
ability was determined by western blotting. The results showed that 
rCiC1ql2 could bind to A. hydrophila, A. vieteri and B. subtilis and 
recognize them, which suggested that the rCiC1ql2 protein was involved 
in the innate immune responses of C. idella. Similar findings were 
observed in previous studies. PoC1qDC from Paralichthys olivaceus 
bound to bacteria and exhibited agglutination activity (M.-f Li et al., 
2023; J. Li et al., 2023). Y. Huang et al. (Huang et al., 2017) found that 
the HcC1qDC protein from H. cumingii was able to bind to gram-positive 
bacteria and gram-negative bacteria, and the rC1q3 protein could bind 
more strongly to gram-positive bacteria. These studies suggested that 
the innate immune recognition function of the C1ql protein is highly 
conserved in aquatic animals. To investigate the role of the rCiC1ql2 
protein in mediating bacterial-induced intestinal immune responses, we 
performed an experiment in which C. idella intestinal cells were treated 
with both the rCiC1ql2 protein and LPS. The expression level of the C1q 
receptor (CR1) was increased in the rCiC1ql2 protein treatment group, 
and interestingly, the expression levels of C7 was also significantly 
increased, which preliminarily suggested that the rCiC1ql2 protein was 
involved in mediating the activation of the classical complement 
pathway. After combined treatment with the rCiC1ql2 protein and LPS, 
the transcript levels of C3, C5, and C7 were higher. Previous studies also 
showed that the rPoC1qDC protein could bind to fish IgM, activating C3 
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to cause complement activation and defend against bacterial infections 
(M.-f Li et al., 2023; J. Li et al., 2023). In addition, the expression levels 
of TNF-α, IL-1β and IL-8 in C. idella intestinal cells were significantly 
increased in the rCiC1ql2 protein-treated group, which was consistent 
with the results of (Chen et al., 2018) who discovered that the recom
binant OnC1qs protein upregulated the expression of IL-8 in adherent 
leukocytes in vitro. C1q, which is an inducer of pro-inflammatory acti
vators, was produced in response to infection (van den Berg et al., 1998). 
Consistent with the results of this study, CiC1ql2 also activated the 
expression of pro-inflammatory factors. After combined treatment with 
the rCiC1ql2 protein and LPS, the expression of TNF-α, IL-1β and IL-8 
was more significantly upregulated, which indicated that the rCiC1ql2 
protein promoted the induction of bacterium-induced intestinal 
inflammation in C. idella. Studies have shown that when the expression 
of HcC1qDC5 was silenced during exposure to Vibrio parahaemolyticus, 
the mRNA expression level of HcTNF was significantly reduced, sug
gesting that HcC1qDC5 interacted with HcTNF during bacterial expo
sure to promote antibacterial innate immunity (Huang et al., 2016). 
Therefore, considering these results, it was inferred that CiC1ql2 could 
have a significantly positive effect on recognizing pathogens, inducing 
complement activation, and playing an important role in initiating 
innate immune responses. 

In conclusion, a gene encoding a novel C1q domain-containing 
protein (CiC1ql2) in C. idella was identified and characterized in this 
study. The CiC1ql2 protein was found to possess conserved structural 
features with other species. The transcription levels of CiC1ql2 were 
significantly upregulated in response to bacterial and PAMP exposure in 
vivo and in vitro. Additionally, the purified rCiC1ql2 protein was capable 
of agglutinating bacteria and inducing the expressions of classic com
plement genes and inflammation cytokines. In summary, these results 
suggested that CiC1ql2 might participate the immune responses induced 
by bacterial pathogens via the activation of the classical complement 
pathway. These findings will contribute to further understanding the 
role of C1ql2 proteins in the immune response to bacterial challenge in 
bony fishes. 
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