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The hepatopancreas is an important digestive and immune organ in crustacean. There were low but stable numbers of microbes living in the hemolymph of crustacean, whereas the organs (including hepatopancreas) of crustacean were immersed in the hemolymph. It is very important to study the immune mechanism of the hepatopancreas against bacteria. In this study, a novel CTL (HepCL) with two CRDs, which was mainly expressed in the hepatopancreas, was identified in red swamp crayfish (Procambarus clarkii). HepCL binds to bacteria in vitro and could enhance bacterial clearance in vivo. Compared with the C-terminal CRD of HepCL (HepCL-C), the N-terminal CRD (HepCL-N) showed weaker bacterial binding ability in vitro and stronger bacterial clearance activity in vivo. The expression of some antimicrobial proteins, such as FLP, ALF1 and ALF5, was downregulated under knockdown of HepCL or blocked with Anti-HepCL after challenge with Vibrio in crayfish. These results demonstrated that HepCL might be involved in the antibacterial immune response by regulating the expression of antimicrobial proteins.
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Introduction

In the natural environment, vertebrates and invertebrates are exposed to various bacterial communities all the time, and their autoimmune systems play a key role in defending against pathogen infection (1–3). In vertebrates, innate immunity and adaptive immunity resist pathogen infection together. Invertebrates lack the typical antibody and T/B cell-based immune recognition system. The innate immune system of invertebrates plays an important role in defending against infectious agents (4–7). Pattern recognition receptors (PRRs) can trigger the innate immune response, such as Toll-like receptors and lectins (8–10). Among these PRRs, C-type lectins (CTLs) play an important role in the recognition of microbe-associated molecular patterns (MAMPs). In vertebrates, mannose-binding lectin (MBL), possesses a collagenous domain that can bind to the MBL-associated serine protease (MASP) to activate the complement system (11, 12).

CTLs have been characterized in many organisms, including vertebrates and invertebrates, and they primarily exert their function through the carbohydrate recognition domain (CRD) (13). Most CTLs contain a single CRD, and several of the CTLs have more CRDs. CTLs from invertebrates effectively participate not only in the recognition of pathogenic microbial glycans but also in antimicrobial functions, such as bacterial clearance, phagocytosis, cell adhesion, and prophenoloxidase activation (14–19). Fc-hsL with one CRD, a hepatopancreas-specific lectin, acts as a pattern recognition receptor in antibacterial defense (20). HcLec4 with four CRDs participate in antibacterial immune responses by regulating antimicrobial peptides (AMPs) expression in Hyriopsis cumingii (21). In Anopheles gambiae, two CTLs, CTL4 and CTLMA2 cooperate to exert anti-Gram-negative bacteria function (22). FcLec4 cooperates with β-integrin to promote hemocytic phagocytosis in Fenneropenaeus chinensis (19). It has been reported that CTLs could be involved in antifungal responses (23). Some CTLs have been reported to be directly or indirectly involved in the activation of the immune signaling pathways (24, 25). LvCTL1 possesses anti-white spot syndrome virus activity by binding to virus proteins in Litopenaeus vannamei (26). In contrast, some transmembrance C-type lectins promote Mycobacterium tuberculosis (27) and certain virus entry into host cells (28–31). CD45 phosphatase homolog recruits mosGCTL-1 to promote West Nile virus (WNV) infection in mosquitoes (32).

In crustaceans, especially shrimp, bacteria exist not only in the digestive tract but also in the hemolymph (33, 34). These bacteria possess a potential risk to shrimp farming. The hepatopancreas plays a key role in digestive and immune processes in shrimp. However, how shrimp restrain the proliferation of microbiota in the hepatopancreas needs to be further revealed. It has reported that CTL33 regulates intestinal homeostasis by mediating biofilm formation in Marsupenaeus japonicas (35). mosGCTLs binds gut microbiome and offset AMP activity to maintain gut microbiota homeostasis in Aedes aegypti (36). In this study, HepCL (GenBank No. MW727280), a novel CTL with two CRDs, mainly expressed in the hepatopancreas, was identified from red swamp crayfish (Procambarus clarkii). Bacterial clearance assays, bacterial binding assays and pathological sections were performed to analyze the role of HepCL in the antibacterial immune response in hepatopancreas. This study provides a new perspective for crustacean hepatopancreas resistance to bacterial infection.



Materials and Methods


Vibrio Challenge and Tissue Collection

Healthy red swamp crayfish (10-15 g) were obtained from a fish farm in Weishan, Shandong Province, China. These crayfish were acclimated in laboratory aquarium tanks with aerated freshwater at 22°C for one week before being involved in this study. Organs (hemocytes, hepatopancreas, gills, stomach and intestine) were collected from at least three crayfish for further analyses, and total RNA was extracted with RNAiso Plus (Takara, China). For hemocyte collection, hemolymph was extracted with a syringe containing 1 ml cold anticoagulant buffer [0.14 M NaCl, 0.1 M glucose, 30 mM trisodium citrate, 26 mM citric acid, and 10 mM ethylene diamine tetra acetic acid (EDTA), pH 4.6] at 4°C (37) and immediately centrifuged at 800 g for 5 min (4°C). For bacterial challenge assays, each crayfish was injected in the abdomen with 25 μl of Vibrio parahaemolyticus (1 × 107 CFU in PBS). The total RNA and protein of the hepatopancreas were separately extracted from 10 healthy crayfish and collected at 12 h post injection (hpi). cDNA was synthesized by using the PrimeScript RT-PCR Kit (Vazyme, China) for quantitative real-time PCR (qRT-PCR) analysis. The assay was performed in triplicate.



Expression and Purification of Recombinant HepCL

In the experiment on prokaryotic recombinant expression, primers (HepCL-EX-F/R, HepCL-N-EX-F/R, HepCL-C-EX-F/R, Table 1) were used to amplify fragments of HepCL (957 bp), HepCL-N (345 bp), and HepCL-C (519 bp). PCR was programmed at 95°C for 5 min, 35 cycles at 95°C for 30 s, 58°C for 30 s, 72°C for 50 s, and one cycle at 72°C for 10 min. The DNA fragments were linked to the vector pGEX-4T-1. Recombinant HepCL, HepCL-N, and HepCL-C were expressed in Escherichia coli (E. coli) BL21 cells (TransGen, China). The recombinant proteins were purified by affinity chromatography using GST resin (Sangon, China) following the method described in previous papers (38). HepCL polyclonal antibodies were prepared by the company using recombinant proteins (Frdbio, China).


Table 1 | Primers used in this study.





Tissue Distribution and Expression Profiles

The tissue distribution of HepCL in normal crayfish was analyzed by qRT-PCR and western blot. For qRT-PCR, a pair of primers (HepCL-RT-F/R, Table 1) was used to detect the transcriptional levels of HepCL with 18S rRNA (with primers 18S-RT-F/R, Table 1) as an internal control. The qRT-PCR procedure was as follows: 94°C for 2 min, 40 cycles at 94°C for 15 s and 60°C for 30 s. The results were analyzed by using the 2-ΔΔCt method (39). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze protein samples, and then the proteins were transferred onto nitrocellulose (NC) membranes followed by blocking in nonfat milk (4% in TBS: 150 mM NaCl, 10 mM Tris-HCl, pH 7.4) for 2 h. The NC membranes were incubated overnight with primary antibody (rabbit anti-HepCL or β-actin antiserum), washed three times with TBST (0.02% Tween 20 in TBS) and then with TBS. The specific polyclonal antiserum of HepCL and β-actin were prepared in our lab by immunizing rabbit with the purified GST-HepCL and His-actin. The NC membrane was incubated with HRP goat anti-rabbit IgG (1/10,000 diluted in TBS) (Proteintech, China) for 1 h. After washing with TBST and TBS as above, the protein bands were detected using ChemiLuminescence (CWbio, China). qRT-PCR and western blot were also used to detect HepCL expression patterns after Vibrio infection following the methods described above.



RNA Interference Assay

The specific primers HepCL-RNAi-F/R and GFP-RNAi-F/R (Table 1) were used in this assay. A commercial transcription T7 kit (Thermo, USA) was used to synthesize dsRNA following a previously reported method (40). Crayfish were divided into three groups (3 crayfish/group) and injected with dsHepCL (20 μg) or dsGFP. The normal group was the group of unchallenged crayfish. Total RNA from the hepatopancreas was extracted to evaluate the RNAi efficacy at 48 h after the injection of dsRNA.



Bacterial Clearance Assay

Crayfish were divided into two groups (3 crayfish/group) and injected with 50 μg of (1 μg/μl) HepCL. GST-Tag was used as a control. One hour after injection, the crayfish were challenged with 25 μl Vibrio (1 × 109 CFU/ml). Thirty minutes after bacterial injection, the hemolymph of each crayfish was collected, and 50 μl of the hemolymph was cultured on solid Luria-Bertani (LB) plates at 37°C overnight. The numbers of bacteria on each plate were counted. HepCL was knockeddown in vivo, and then the bacterial clearance assay was performed as above. The experiment was repeated three times.

To study the role of the different domains of HepCL in antibacterial immune responses, crayfish were divided into four groups (3 crayfish/group) and injected with 50 μg of (1 μg/μl) HepCL, HepCL-N, or HepCL-C protein. GST-Tag was used as control. The experiment was carried out as above.



Survival Rate Assay

To analyze the function of HepCL, crayfish (60 crayfish per group, 10-15 g) were divided into two groups to evaluate the crayfish survival rate. The experimental group was injected with recombinant HepCL (50 μl, 1 μg/μl) and then challenged with Vibrio (25 μl 1 × 107 CFU/ml in PBS) within 1 h after the first injection. GST-Tag was used as a control. The number of dead crayfish was monitored every day, and the cumulative survival rates of the two groups of crayfish were calculated.



Pathological Analysis of the Hepatopancreas After Challenge with Vibrio

Crayfish were divided into six groups (6 crayfish per group), one group was not treated as control, and 50 μg of HepCL, HepCL-N, HepCL-C or GST-Tag protein were injected into other five group crayfish. Overnight-cultured Vibrio or heat-inactivated Vibrio were washed three times with PBS and diluted to 107 CFU/ml, and then, 50 μl Vibrio or heat-inactivated Vibrio was injected into each crayfish 1 h after protein injection. Hepatopancreases were collected after 24 hpi and fixed with 4% paraformaldehyde solution. Then, all samples were sent to the company (Google, China) for pathological sections, then pathological sections of hepatopancreas were observed and analyzed under microscope in our lab.



Bacterial Binding Assay

Six kinds of bacteria were involved in the bacterial binding assay (gram-positive bacteria: Staphylococcus aureus, Bacillus subtilis and Streptococcus agalactiae; and gram-negative bacteria: Edwardsiella piscicida, V. parahaemolyticus and Aeromonas hydrophila). All bacteria were cultivated overnight, harvested at 3000 rpm for 10 min by centrifugation, and then washed three times with PBS. The HepCL, HepCL-N, HepCL-C or GST-Tag proteins were mixed and incubated with different bacteria (107 CFU/ml) respectively at 37°C for 30 min at a final concentration of 50 μg/ml. The samples were centrifuged at 3000 rpm for 10 min and washed three times with PBS. Finally, bacterial pellets in each tube were resuspended in 20 μl of PBS and boiled with 2 × loading buffer for 5 min. Western blot was used to determine the binding activity of HepCL, HepCL-N, and HepCL-C to the bacteria with anti-GST-Tag (Cwbio, China).



Expression Analysis of Antibacterial Proteins After Blocked HepCL or HepCL Was Knockeddown

The expression levels of antibacterial proteins were detected at 6 h after Vibrio or S. aureus infection in the hepatopancreas of crayfish. The expression levels of FLP, ALF1, ALF2, ALF5 and Lys-i1 were detected by qRT-PCR with specific primers (Table 1). After blocked HepCL with Anti-HepCL, the expression levels of antibacterial proteins were detected at 6 h after challenge with Vibrio in the hepatopancreas of crayfish. Anti-actin was used as control. The assay was repeated three times.

To further verify the role of HepCL in regulation the expression of AMPs, it was knockeddown. And then the expression levels of antibacterial proteins were detected in hepatopancreas of HepCL-knockdown crayfish at 6 h post Vibrio challenge. dsGFP was used as control. The assay was repeated three times.




Results


Tissue Distribution and Expression Profiles of HepCL

The tissue distribution of HepCL was analyzed in hemocytes, hepatopancreas, gills, stomach and intestine by qRT-PCR and western blot. HepCL was observed mainly in the hepatopancreas at the mRNA level (Figure 1A). HepCL was mainly expressed in the hepatopancreas at the protein level, and it was also detected in the stomach and intestine (Figure 1B).




Figure 1 | Tissue distribution and expression profile of HepCL. (A, B) The tissues distribution of HepCL was detected by qRT-PCR and western blot. (C, D) Expression profile of HepCL were analyzed after challenged with Vibrio at 12 h also detected by qRT-PCR and western blot in hepatopancreas. 18S rRNA (mRNA level) and β-Actin (protein level) were used as the control. The asterisk represented the significant difference, p < 0.05.



Expression patterns of HepCL after challenge with Vibrio were analyzed with qRT-PCR and western blot. The results showed that the expression level of HepCL was upregulated at 12 h after Vibrio challenge in the hepatopancreas (Figures 1C, D).



HepCL Influence Survival Rate and Bacterial Clearance

To further study the role of HepCL in the antiVibrio immune response in vivo, survival assay and bacterial clearance assay were performed. The results showed that after knockdown of HepCL (Figure 2A), the number of bacteria in dsHepCL injection crayfish increased significantly compared with that in the control crayfish (Figure 2B). As shown in Figure 2C, the number of bacteria in HepCL injection crayfish decreased significantly compared with that in the control crayfish. The survival assay showed that the crayfish began to die on the first day after injection. All of the crayfish in the GST-Tag injection group died within six days, whereas half of the crayfish survived in the HepCL injection group at six day after injection (Figure 2D). These results suggest that HepCL improved the survival rate of crayfish and enhanced bacterial clearance in crayfish.




Figure 2 | HepCL influence survival rate and bacterial clearance capacity of crayfish. (A) After HepCL was knocked down, bacterial clearance experiments were performed. qPCR was used to analyze the interference effect of HepCL. (B) After hep was knocked down, the residual bacteria in crayfish were counted, dsGFP was used as control. (C) The bacterial clearance capacity of the crayfish was analyzed after HepCL was injected into Crayfish, GST- Tag protein was used as control. (D) The survival rate was counted after HepCL and Vibrio injected, GST-Tag was used as the control. Differences among the groups were analyzed using a t-test, different letters indicate significant differences p < 0.05.





Histological Section Analysis

To further analyze the role of HepCL in the hepatopancreas, GST-Tag+ Vibrio, HepCL+Vibrio, HepCL-N+Vibrio, HepCL-C+Vibrio and HepCL+Dead Vibrio were injected into crayfish. The hepatopancreas tissue of each crayfish was fixed for histological sectioning at 24 hpi. As shown in Figure 3B, vacuolization in the hepatopancreas was found, and the connection between the lobules of the hepatopancreas was broken after Vibrio infection. The pathological tissue morphology of each crayfish injected with HepCL+Vibrio (Figure 3C), HepCL-N+Vibrio (Figure 3D) or HepCL+Dead Vibrio (Figure 3F), revealed shrinkage and a cell infiltration inflammatory response in the hepatopancreas compared with that of control and injected HepCL-C+ Vibrio (Figure 3E) crayfish. Obvious tissue damage was present in the hepatopancreas of Vibrio-infected crayfish. The hepatopancreas of crayfish injected with HepCL showed a stronger inflammatory response than those injected with other proteins.




Figure 3 | Histological section analysis of hepatopancreas. H&E stain was used in this assay. Proteins (GST-Tag (B), HepCL (C), HepCL-N (D), HepCL-C (E) were injected into crayfish, then crayfish was challenged with 106 Vibrio. (F) After protein HepCL injection, the crayfish was injected with heat-inactivated Vibrio (Dead Vibrio). Normal crayfish was used as control (A).





Influence of the Different Domains of HepCL on Bacterial Clearance

To identify the role of the two domains of HepCL in the antibacterial immune response. Bacterial clearance was observed in the hemolymph and hepatopancreas after HepCL, HepCL-N or HepCL-C protein injection. Crayfish were injected with the corresponding proteins and then infected with Vibrio 1 h after the first injection. Thirty minutes after infection, hemolymph and hepatopancreas homogenates were collected. The bacterial clearance activity of crayfish injected with HepCL or HepCL-N was more effective than those crayfish injected with HepCL-C in both the hemolymph (Figure 4A) and hepatopancreas (Figure 4B). These results suggest that N-terminal CRD (HepCL-N) plays a key role in maintaining bacterial homeostasis.




Figure 4 | Bacterial clearance assay. Bacterial clearance assay was involved to study the function of different domain of HepCL in antibacterial immunity. Crayfish were injected with HepCL, HepCL-N, HepCL-C 1 h later challenged with Vibrio, after 30 mpi, hemocytes (A) and hepatopancreas (B) were collected and the number of bacteria was counted. The group of GST-tag was used as control. Differences between groups were analyzed using one-way analysis of variance (ANOVA). Different letters indicate significant differences (p < 0.05).





Bacterial Binding Analysis

It has reported that CTLs could bind the bacteria, then promote phagocytosis or inhibit bacteria proliferation. To gain further insight into the role of HepCL in antibacterial immunity, the bacterial binding activities of HepCL, HepCL-N and HepCL-C were analyzed by western blot using the six kinds of bacteria. As shown in Figure 5, HepCL, HepCL-N and HepCL-C could bind to all the tested bacteria, while the binding activity of HepCL-N was weaker than that of HepCL and HepCL-C. These results suggest that HepCL-C contributed more bacterial binding activity.




Figure 5 | Bacterial binding assay. Six kinds of bacteria S. aureus, B subtilis and S. agalactiae, E piscicida, V. parahaemolyticus and A hydrophila, were used to analyze the binding activity of recombinant HepCL, HepCL-N, HepCL-C by western blot, and detected with anti-GST-Tag antibody. GST-Tag was involved as control.





HepCL Regulates the Expression of Antimicrobial Proteins

HepCL did not show any activity in inhibiting bacterial proliferation (data not shown). We wanted to know whether HepCL is involved in anti-bacterial immunity as a regulatory factor. We analyzed whether HepCL regulates the expression of antimicrobial proteins. The antimicrobial proteins expression levels were detected after Vibrio and S. aureus infection. The result showed that the expression levels of all antimicrobial proteins which were tested, were significantly upregulated (Figure 6A). To analyze the possible mechanism of HepCL in antibacterial immunity, the expression levels of antimicrobial proteins were analyzed, in Anti-HepCL injection- or HepCL knockeddown-crayfish at 6 h after Vibrio challenge (Figure 7A). The expression levels of five antimicrobial proteins were evaluated, including four antimicrobial peptides (ALF1, ALF2, ALF5 and Lys-i1) and a ficolin-like protein (FLP), after Vibrio challenge in crayfish. The results showed that in Anti-HepCL injection crayfish the expression levels of FLP, ALF1, ALF5 and Lys-i1 were downregulated (Figures 6B, C, E, F), while the expression levels of ALF2 was not (Figure 6D) compared with those in the Anti-actin injection crayfish. In dsHepCL injection crayfish, the expression levels of FLP, ALF1 and ALF5 were downregulated (Figures 7B, C, E), while the expression levels of ALF2 and Lys-i1 were not (Figures 7D, F) compared with those in the dsGFP injection group. All the above results indicated that block and knockdown of HepCL specifically downregulated the expression of some antimicrobial proteins.




Figure 6 | The expression levels of antimicrobial proteins after Anti-HepCL-Vibrio injection. (A) The expression levels of FLP, ALF1, ALF2, ALF5 and Lys-i1 were analyzed by qRT-PCR after Vibrio and S. aureus infection. (B–F) The expression levels of FLP, ALF1, ALF2, ALF5 and Lys-i1 was analyzed when blocked HepCL with Anti-HepCL after Vibrio infection, Anti-actin was used as control. Differences between groups were analyzed using one-way analysis of variance (ANOVA). Different letters indicate significant differences p < 0.05.






Figure 7 | The expression levels of antimicrobial proteins after knockdown of HepCL. (A) qPCR was used to analyzes the effect of HepCL was knockeddown. (B–F) The expression levels of FLP, ALF1, ALF2, ALF5 and Lys-i1 was analyzed under knockdown of HepCL after Vibrio infection by qPCR, dsGFP was used as control. Differences between groups were analyzed using one-way analysis of variance (ANOVA). Different letters indicate significant differences p < 0.05.






Discussion

Invertebrates possess an innate immune system, lack acquired immune system that is dependent on immunoglobulin (41). Pathogen-associated molecular patterns (PAMPs) are detected by host pattern recognition receptors (PRRs) in innate immunity. C-type lectins are important pattern recognition receptors in the innate immune system of invertebrates. Lectins are generally expressed in lymphocytes and act as immunoglobulins (42, 43). Some insect lectins can bind to bacterial lipopolysaccharides by O-specific chains (44). A hepatopancreas specific C-type lectin (PmLT) binds to bacteria and activates the innate immunity of Penaeus monodon (45). CTL33, mainly in stomach and intestine, mediated biofilm formation by intestinal bacteria was reported, providing a new view into the homeostasis of intestinal regulation in invertebrates (35). MjHeCL inhibits the proliferation of the hemolymph microbiota in maintaining a healthy status (18). The hepatopancreas is one of the major digestive and immune tissues of shrimp. In this study, we identified a C-type lectin from crayfish, HepCL, with two different CRDs that was primarily expressed in the hepatopancreas and plays a very important role in the crayfish antibacterial immune response. HepCL was primarily expressed in the hepatopancreas at mRNA and protein level, and it was detected low expression at protein level in stomach and intestine (Figures 1A, B). There is a signal peptide at the N-terminus of HepCL. These results suggest that HepCL may be a secretory protein that is synthesized from the hepatopancreas and secreted into circulatory hemolymph.

Previous studies have shown that most CTLs play a key role in immune responses, and their expression levels can be upregulated after challenge by pathogenic microorganisms. Vibrio infection could cause pathological changes in the hepatopancreas of shrimp. Ficolin-like protein (FLP1), a type of lectin, could protect the connection between the lobule from Vibrio infection in crayfish (46). As shown in Figure 3B, Vibrio infection induced an obvious inflammatory response in the hepatopancreas. There were obvious hepatopancreatic tube shrinkage and cell infiltration when injected with HepCL and HepCL-N, compared with that which injected with GST or HepCL-C (Figure 3). STAT3 signaling hyperactivation occurs in most human cancers and is connected with a poor prognosis (47). These results suggest that HepCL may be closely related to the activation of inflammatory response.

The histopathological analysis prompted us to consider the possibility that HepCL may be connected with other immune responses. CRDs usually contain key motifs, such as EPN (Glu-Pro-Asn), EPS (Glu-Pro-Ser), LND (Leu-Asn-Asp), and QAP (Glu-Ala-Pro), which bind to polysaccharides (9, 48). HepCL contains two dissimilar CRDs. HepCL and the C-terminal CRD (HepCL-C) showed strong binding activity, but the N-terminal CRD (HepCL-N) with “EPS and LND” motifs was weak (Figure 5). The bacterial clearance efficiency of the HepCL-N injection crayfish was higher than that of the HepCL-C injection crayfish (Figure 4). CfLec-3 from scallop with three CRDs that occurred obvious different functions, as CRD1 showed strong binding activity, while CRD2/3 showed more function in facilitating hemocyte mediated opsonisation (49). Our results suggest that other molecules which may be regulated by HepCL, rather than CRDs itself, play a direct antimicrobial role. Thus, we speculate that the N-terminal CRD (HepCL-N) may trigger the innate immune response, while the C-terminal CRD (HepCL-C) plays a role in the recognition of MAMPs.

Previous studies showed that Ab and MBL are classical opsonins in mammals, and in invertebrates, some CTLs were also reported as opsonins, pattern recognition or effector molecules to exert immune functions (50–52). In the current study, we found that HepCL could bind to bacteria and enhance bacterial clearance activity in crayfish, but it did not inhibit bacterial proliferation in vitro (data not shown). Further study showed that HepCL could regulate the expression of antimicrobial proteins (Figures 6, 7). Invertebrates lack an acquired immune system, and effector molecules such as antimicrobial peptides (AMPs) play important roles in innate immunity (53). The rapid synthesis and release of active AMPs is a significant strategy in invertebrate host defenses. In M. japonicas, MjCC-CL upregulates the expression of AMPs via the JAK/STAT signaling pathway in the antibacterial response (24). HcLec4 is involved in the regulation of AMP expression (21). MjHeCL binds to hemocytes to modulate the expression of AMPs (18). A new AMP inhibits A. hydrophila infection in crayfish, and new insights into the maturation of AMPs were revealed (54). We speculated that HepCL may modulate the expression of antimicrobial proteins to exert an antibacterial immune response.

Previous studies showed that Fibrinogen-related proteins are mainly function as PRRs in invertebrates and vertebrates (55, 56). Two ficolin-like proteins function as pattern recognition receptors in the innate immunity of crayfish (57). A Fibrinogen-related protein (FREP) in M. japonicus was reported that plays an important role in the antibacterial immunity by binding bacteria and enhancing bacterial clearance (58). Our previous results showed that ficolin (FLP) could bind to bacteria and inhibit the replication of bacteria in P. clarkii (46). Some shrimp ALFs, which is a type of AMPs, have important motifs interact with LPS in antibacterial immunity (mainly Gram-negative bacteria) (59). ALF5 inhibits proliferation of microbiota by binding to RPS4 and MscL of E. coli in Crayfish (60). In this project, the expression levels of two AMPs (ALF1 and ALF5) and FLP were upregulated in Vibrio and S. aureus infection crayfish (Figure 6A), while the expression levels of them were downregulated after challenge with Vibrio in Anti-HepCL injection crayfish (Figure 6) and HepCL knockeddown crayfish (Figure 7). When the crayfish was injected with HepCL protein, the number of bacteria in the crayfish decreased than those in control crayfish (Figure 2C), while in the crayfish of HepCL was knockeddown, the number of bacteria in the crayfish increased than those in control crayfish (Figure 2B). The present study revealed that HepCL might be involved in the antibacterial immune response by regulating the expression of antimicrobial proteins rather than by the classical inhibition of bacterial replication and decreasing pathological changes. Hyperactivation of the immune system (overly strong or long-lasting activation) can subsequently lead to organ dysfunction and increased susceptibility to secondary infections (61). An inflammatory storm caused by the high expression of antimicrobial molecules in a short period of time leads to cell infiltration. The underlying mechanism by which HepCL regulates the expression of antibacterial proteins needs further study.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/genbank/, 2437240.



Author Contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication.



Funding

This work was supported by grants from the open project of Agriculture Ministry Key Laboratory of Healthy Freshwater Aquaculture (No. ZJK201804), the National Key Research and Development Program of China (No. 2020YFD0900303), Technical Innovation Project of Hubei province (No. 2018ABA103), Research on Public Welfare Technology Application Projects of Zhejiang Province (No. 2017C32012).



References

1. Maynard, CL, Elson, CO, Hatton, RD, and Weaver, CT. Reciprocal Interactions of the Intestinal Microbiota and Immune System. Nature (2012) 489:231–41. doi: 10.1038/nature11551

2. Duron, O, and Hurst, GD. Arthropods and Inherited Bacteria: From Counting the Symbionts to Understanding How Symbionts Count. BMC Biol (2013) 11:45. doi: 10.1186/1741-7007-11-45

3. Kamada, N, Seo, SU, Chen, GY, and Núñez G,.  Role of the Gut Microbiota in Immunity and Inflammatory Disease. Nat Rev Immunol (2013) 13:321–35. doi: 10.1038/nri3430

4. Loker, ES, Adema, CM, Zhang, SM, and Kepler, TB. Invertebrate Immune Systems–Not Homogeneous, Not Simple, Not Well Understood. Immunol Rev (2004) 198:10–24. doi: 10.1111/j.0105-2896.2004.0117.x

5. Vasta, GR, Ahmed, H, and Odom, EW. Structural and Functional Diversity of Lectin Repertoires in Invertebrates, Protochordates and Ectothermic Vertebrates. Curr Opin Struct Biol (2004) 14:617–30. doi: 10.1016/j.sbi.2004.09.008

6. Hanington, PC, Forys, MA, Dragoo, JW, Zhang, SM, Adema, CM, and Loker, ES. Role for a Somatically Diversified Lectin in Resistance of an Invertebrate to Parasite Infection. Proc Natl Acad Sci U S A (2010) 107:21087–92. doi: 10.1073/pnas.1011242107

7. Amparyup, P, Sutthangkul, J, Charoensapsri, W, and Tassanakajon, A. Pattern Recognition Protein Binds to Lipopolysaccharide and β-1,3-glucan and Activates Shrimp Prophenoloxidase System. J Biol Chem (2016) 291:10949. doi: 10.1074/jbc.A111.294744

8. Christophides, GK, Vlachou, D, and Kafatos, FC. Comparative and Functional Genomics of the Innate Immune System in the Malaria VectorAnopheles Gambiae. Immunol Rev (2004) 198:127–48. doi: 10.1111/j.0105-2896.2004.0127.x

9. Zelensky, AN, and Gready, JE. The C-type Lectin-Like Domain Superfamily. FEBS J (2005) 272:6179–217. doi: 10.1111/j.1742-4658.2005.05031.x

10. Wang, Z, Chen, YH, Dai, YJ, Tan, JM, Huang, Y, Lan, JF, et al. A Novel Vertebrates Toll-like Receptor Counterpart Regulating the Anti-Microbial Peptides Expression in the Freshwater Crayfish, Procambarus Clarkii. Fish Shellfish Immunol (2015) 43:219–29. doi: 10.1016/j.fsi.2014.12.038

11. Ali, YM, Lynch, NJ, Haleem, KS, Fujita, T, Endo, Y, Hansen, S, et al. The Lectin Pathway of Complement Activation is a Critical Component of the Innate Immune Response to Pneumococcal Infection. PloS Pathog (2012) 8:e1002793. doi: 10.1371/journal.ppat.1002793

12. Cedzynski, M, Swierzko, AS, and Kilpatrick, DC. Factors of the Lectin Pathway of Complement Activation and Their Clinical Associations in Neonates. J BioMed Biotechnol (2012) 2012:363246. doi: 10.1155/2012/363246

13. Robinson, MJ, Sancho, D, Slack, EC, LeibundGut-Landmann, S, and Reis e Sousa, C. Myeloid C-type Lectins in Innate Immunity.  Nat Immunol (2006) 7:1258–65. doi: 10.1038/ni1417

14. Shagin, DA, Barsova, EV, Bogdanova, E, Britanova, OV, Gurskaya, N, Lukyanov, KA, et al. Identification and Characterization of a New Family of C-type Lectin-Like Genes From Planaria Girardia tigrina. Glycobiology (2002) 12:463–72. doi: 10.1093/glycob/cwf056

15. Yu, XQ, and Kanost, MR. Immulectin-2, a Lipopolysaccharide-Specific Lectin From an Insect, Manduca Sexta, is Induced in Response to Gram-Negative Bacteria. J Biol Chem (2000) 275:37373–81. doi: 10.1074/jbc.M003021200

16. Watanabe, A, Miyazawa, S, Kitami, M, Tabunoki, H, Ueda, K, and Sato, R. Characterization of a Novel C-Type LectinBombyx Mori Multibinding Protein, From the B. Mori Hemolymph: Mechanism of Wide-Range Microorganism Recognition and Role in Immunity. J Immunol (2006) 177:4594–604. doi: 10.4049/jimmunol.177.7.4594

17. Ao, J, Ling, E, and Yu, XQ. Drosophila C-type Lectins Enhance Cellular Encapsulation. Mol Immunol (2007) 44:2541–48. doi: 10.1016/j.molimm.2006.12.024

18. Wang, XW, Xu, JD, Zhao, XF, Vasta, GR, and Wang, JX. A Shrimp C-Type Lectin Inhibits Proliferation of the Hemolymph Microbiota by Maintaining the Expression of Antimicrobial Peptides. J Biol Chem (2014) 289:11779–90. doi: 10.1074/jbc.M114.552307

19. Wang, XW, Zhao, XF, and Wang, JX. C-Type Lectin Binds to β-Integrin to Promote Hemocytic Phagocytosis in an Invertebrate. J Biol Chem (2014) 289:2405–14. doi: 10.1074/jbc.M113.528885

20. Sun, YD, Fu, LD, Jia, YP, Du, XJ, Wang, Q, Wang, YH, et al. A Hepatopancreas-Specific C-Type Lectin From the Chinese ShrimpFenneropenaeus Chinensis Exhibits Antimicrobial Activity. Mol Immunol (2008) 45:348–61. doi: 10.1016/j.molimm.2007.06.355

21. Zhao, LL, Wang, YQ, Dai, YJ, Zhao, LJ, Qin, QW, Lin, L, et al. A Novel C-Type Lectin With Four Crds is Involved in the Regulation of Antimicrobial Peptide Gene Expression inHyriopsis Cumingii. Fish Shellfish Immunol (2016) 55:339–47. doi: 10.1016/j.fsi.2016.06.007

22. Schnitger, AK, Yassine, H, Kafatos, FC, and Osta, MA. Two C-type Lectins Cooperate to DefendAnopheles Gambiae Against Gram-negative Bacteria. J Biol Chem (2009) 284:17616–24. doi: 10.1074/jbc.M808298200

23. Höft, MA, Hoving, JC, and Brown, GD. Signaling C-Type Lectin Receptors in Antifungal Immunity. Curr Top Microbiol Immunol (2020) 429:63–101. doi: 10.1007/82_2020_224

24. Sun, JJ, Lan, JF, Zhao, XF, Vasta, GR, and Wang, JX. Binding of a C-type Lectin’s Coiled-Coil Domain to the Domeless Receptor Directly Activates the JAK/STAT Pathway in the Shrimp Immune Response to Bacterial Infection. PloS Pathog (2017) 13:e1006626. doi: 10.1371/journal.ppat.1006626

25. Geng, T, Lu, F, Wu, H, Wang, Y, Lou, D, Tu, N, et al. C-Type Lectin 5, a Novel Pattern Recognition Receptor for the JAK/STAT Signaling Pathway in Bombyx Mori. J Invertebr Pathol (2021) 179:107473. doi: 10.1016/j.jip.2020.107473

26. Zhao, ZY, Yin, ZX, Xu, XP, Weng, SP, Rao, XY, Dai, ZX, et al. A Novel C-Type Lectin From the ShrimpLitopenaeus Vannamei Possesses Anti-White Spot Syndrome Virus Activity. J Virol (2009) 83:347–56. doi: 10.1128/JVI.00707-08

27. Tailleux, L, Schwartz, O, Herrmann, JL, Pivert, E, Jackson, M, Amara, A, et al. Dc-SIGN is the Major Mycobacterium Tuberculosis Receptor on Human Dendritic Cells. J Exp Med (2003) 197:121–27. doi: 10.1084/jem.20021468

28. Halary, F, Amara, A, Lortat-Jacob, H, Messerle, M, Delaunay, T, Houlès, C, et al. Human Cytomegalovirus Binding to DC-SIGN is Required for Dendritic Cell Infection and Target Cell Trans-Infection. Immunity (2002) 17:653–64. doi: 10.1016/s1074-7613(02)00447-8

29. Klimstra, WB, Nangle, EM, Smith, MS, Yurochko, AD, and Ryman, KD. Dc-SIGN and L-SIGN can Act as Attachment Receptors for Alphaviruses and Distinguish Between Mosquito Cell- and Mammalian Cell-Derived Viruses. J Virol (2003) 77:12022–32. doi: 10.1128/jvi.77.22.12022-12032.2003

30. Tassaneetrithep, B, Burgess, TH, Granelli-Piperno, A, Trumpfheller, C, Finke, J, Sun, W, et al. Dc-SIGN (Cd209) Mediates Dengue Virus Infection of Human Dendritic Cells. J Exp Med (2003) 197:823–29. doi: 10.1084/jem.20021840

31. Miller, JL, de Wet, BJ, Martinez-Pomares, L, Radcliffe, CM, Dwek, RA, Rudd, PM, et al. The Mannose Receptor Mediates Dengue Virus Infection of Macrophages. PloS Pathog (2008) 4:e17. doi: 10.1371/journal.ppat.0040017

32. Cheng, G, Cox, J, Wang, P, Krishnan, MN, Dai, J, Qian, F, et al. A C-type Lectin Collaborates With a CD45 Phosphatase Homolog to Facilitate West Nile Virus Infection of Mosquitoes. Cell (2010) 142:714–25. doi: 10.1016/j.cell.2010.07.038

33. Gomez-Gil, B, Tron-Mayén, L, Roque, A, Turnbull, JF, Inglis, V, and Guerra-Flores, AL. Species of Vibrio Isolated From Hepatopancreas, Haemolymph and Digestive Tract of a Population of Healthy Juvenile Penaeus Vannamei. Aquaculture (1998) 163:0–9. doi: 10.1016/s0044-8486(98)00162-8

34. Fagutao, FF, Koyama, T, Kaizu, A, Saito-Taki, T, Kondo, H, Aoki, T, et al. Increased Bacterial Load in Shrimp Hemolymph in the Absence of Prophenoloxidase. FEBS J (2009) 276:5298–306. doi: 10.1111/j.1742-4658.2009.07225.x

35. Zhang, YX, Zhang, ML, and Wang, XW. C-Type Lectin Maintains the Homeostasis of Intestinal Microbiota and Mediates Biofilm Formation by Intestinal Bacteria in Shrimp. J Immunol (2021) 206:1140–50. doi: 10.4049/jimmunol.2000116

36. Pang, X, Xiao, X, Liu, Y, Zhang, R, Liu, J, Liu, Q, et al. Mosquito C-type Lectins Maintain Gut Microbiome Homeostasis. Nat Microbiol (2016) 1:16023. doi: 10.1038/nmicrobiol.2016.23

37. Söderhäll, K, and Smith, VJ. Separation of the Haemocyte Populations of Carcinus Maenas and Other Marine Decapods, and Prophenoloxidase Distribution. Dev Comp Immunol (1983) 7:229–39. doi: 10.1016/0145-305x(83)90004-6

38. Dai, YJ, Wang, YQ, Zhao, LL, Qin, ZD, Yuan, JF, Qin, QW, et al. A Novel L-Type Lectin was Required for the Multiplication of WSSV in Red Swamp Crayfish (Procambarus Clakii). Fish Shellfish Immunol (2016) 55:48–55. doi: 10.1016/j.fsi.2016.05.020

39. Livak, KJ, and Schmittgen, TD. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001) 25:402–8. doi: 10.1006/meth.2001.1262

40. Lan, JF, Li, XC, Sun, JJ, Gong, J, Wang, XW, Shi, XZ, et al. Prohibitin Interacts With Envelope Proteins of White Spot Syndrome Virus and Prevents Infection in the Red Swamp CrayfishProcambarus Clarkii. J Virol (2013) 87:12756–65. doi: 10.1128/JVI.02198-13

41. Hoffmann, JA. The Immune Response of Drosophila. Nature (2003) 426:33–8. doi: 10.1038/nature02021

42. Wang, XW, and Wang, JX. Crustacean Hemolymph Microbiota: Endemic, Tightly Controlled, and Utilization Expectable. Mol Immunol (2015) 68:404–11. doi: 10.1016/j.molimm.2015.06.018

43. Huang, Y, and Ren, Q. Research Progress in Innate Immunity of Freshwater Crustaceans. Dev Comp Immunol (2020) 104:103569. doi: 10.1016/j.dci.2019.103569

44. Shin, SW, Park, DS, Kim, SC, and Park, HY. Two Carbohydrate Recognition Domains ofHyphantria Cunea Lectin Bind to Bacterial Lipopolysaccharides Through O-Specific Chain. FEBS Lett (2000) 467:70–4. doi: 10.1016/s0014-5793(00)01127-3

45. Ma, TH, Benzie, JA, He, JG, and Chan, SM. PmLT, a C-type Lectin Specific to Hepatopancreas is Involved in the Innate Defense of the ShrimpPenaeus Monodon. J Invertebr Pathol (2008) 99:332–41. doi: 10.1016/j.jip.2008.08.003

46. Dai, YJ, Wang, YQ, Zhang, YH, Liu, Y, Li, JQ, Wei, S, et al. The Role of Ficolin-Like Protein (PcFLP1) in the Antibacterial Immunity of Red Swamp Crayfish (Procambarus Clarkii). Mol Immunol (2017) 81:26–34. doi: 10.1016/j.molimm.2016.11.017

47. Johnson, DE, O’Keefe, RA, and Grandis, JR. Targeting the IL-6/JAK/STAT3 Signalling Axis in Cancer. Nat Rev Clin Oncol (2018) 15:234–48. doi: 10.1038/nrclinonc.2018.8

48. Cambi, A, Koopman, M, and Figdor, CG. How C-type Lectins Detect Pathogens. Cell Microbiol (2005) 7:481–8. doi: 10.1111/j.1462-5822.2005.00506.x

49. Yang, J, Huang, M, Zhang, H, Wang, L, Wang, H, Wang, L, et al. Cflec-3 From Scallop: An Entrance to non-Self Recognition Mechanism of Invertebrate C-Type Lectin. Sci Rep (2015) 5:10068. doi: 10.1038/srep10068

50. Thiel, S, and Gadjeva, M. Humoral Pattern Recognition Molecules: Mannan-Binding Lectin and Ficolins. Adv Exp Med Biol (2009) 653:58–73. doi: 10.1007/978-1-4419-0901-5_5

51. Tian, YY, Liu, Y, Zhao, XF, and Wang, JX. Characterization of a C-type Lectin From the Cotton BollwormHelicoverpa Armigera. Dev Comp Immunol (2009) 33:772–9. doi: 10.1016/j.dci.2009.01.002

52. Goh, YS, Grant, AJ, Restif, O, McKinley, TJ, Armour, KL, Clark, MR, et al. Human IgG Isotypes and Activating Fcγ Receptors in the Interaction of Salmonella Enterica Serovar Typhimurium With Phagocytic Cells. Immunology (2011) 133:74–83. doi: 10.1111/j.1365-2567.2011.03411.x

53. Zhou, J, Fang, NN, Zheng, Y, Liu, KY, Mao, B, Kong, LN, et al. Identification and Characterization of Two Novel C-type Lectins From the Larvae of Housefly, Musca Domestica L. Arch Insect Biochem Physiol (2018) 98:e21467. doi: 10.1002/arch.21467

54. Zhao, BR, Zheng, Y, Gao, J, and Wang, XW. Maturation of an Antimicrobial Peptide Inhibits Aeromonas Hydrophila Infection in Crayfish. J Immunol (2020) 204:487–97. doi: 10.4049/jimmunol.1900688

55. Adema, CM, Hertel, LA, Miller, RD, and Loker, ES. A Family of Fibrinogen-Related Proteins That Precipitates Parasite-Derived Molecules is Produced by an Invertebrate After Infection. Proc Natl Acad Sci U S A (1997) 94:8691–6. doi: 10.1073/pnas.94.16.8691

56. Runza, VL, Schwaeble, W, and Männel, DN. Ficolins: Novel Pattern Recognition Molecules of the Innate Immune Response.  Immunobiology (2008) 213:297–306. doi: 10.1016/j.imbio.2007.10.009

57. Wu, C, Söderhäll, K, and Söderhäll, I. Two Novel Ficolin-Like Proteins Act as Pattern Recognition Receptors for Invading Pathogens in the Freshwater CrayfishPacifastacus Leniusculus. Proteomics (2011) 11:2249–64. doi: 10.1002/pmic.201000728

58. Sun, JJ, Lan, JF, Shi, XZ, Yang, MC, Yang, HT, Zhao, XF, et al. A Fibrinogen-Related Protein (FREP) is Involved in the Antibacterial Immunity ofMarsupenaeus Japonicus. Fish Shellfish Immunol (2014) 39:296–304. doi: 10.1016/j.fsi.2014.05.005

59. Rosa, RD, Vergnes, A, de Lorgeril, J, Goncalves, P, Perazzolo, LM, Sauné, L, et al. Functional Divergence in Shrimp Anti-Lipopolysaccharide Factors (Alfs): From Recognition of Cell Wall Components to Antimicrobial Activity. PloS One (2013) 8:e67937. doi: 10.1371/journal.pone.0067937

60. Yin, CM, Pan, XY, Cao, XT, Li, T, Zhang, YH, and Lan, JF. A Crayfish Alf Inhibits the Proliferation of Microbiota by Binding to RPS4 and MscL of E. Coli. Dev Comp Immunol (2021) 121:104106. doi: 10.1016/j.dci.2021.104106

61. Medzhitov, R, Schneider, DS, and Soares, MP. Disease Tolerance as a Defense Strategy. Science (2012) 335:936–41. doi: 10.1126/science.1214935



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Cao, Pan, Sun, Liu and Lan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-679767-g006.jpg
:
¥

&

&

o

Relathe expresson evel
=






OEBPS/Images/fimmu-12-679767-g003.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Hepatopancreas-Specific Lectin Participates in the Antibacterial Immune Response by Regulating the Expression of Antibacterial Proteins

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Vibrio Challenge and Tissue Collection

          



          		

            Expression and Purification of Recombinant HepCL

          



          		

            Tissue Distribution and Expression Profiles

          



          		

            RNA Interference Assay

          



          		

            Bacterial Clearance Assay

          



          		

            Survival Rate Assay

          



          		

            Pathological Analysis of the Hepatopancreas After Challenge with Vibrio

          



          		

            Bacterial Binding Assay

          



          		

            Expression Analysis of Antibacterial Proteins After Blocked HepCL or HepCL Was Knockeddown

          



        



        



        		

          Results

        

          		

            Tissue Distribution and Expression Profiles of HepCL

          



          		

            HepCL Influence Survival Rate and Bacterial Clearance

          



          		

            Histological Section Analysis

          



          		

            Influence of the Different Domains of HepCL on Bacterial Clearance

          



          		

            Bacterial Binding Analysis

          



          		

            HepCL Regulates the Expression of Antimicrobial Proteins

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2021.679767_cover.jpg
, frontiers
in Immunology

Hepatopancreas-Specific Lectin
Participates in the Antibacterial
Immune Response by Regulating the
Expression of Antibacterial Proteins





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-679767-g001.jpg
HepCL.

[—————
f;f‘ S S

expression Level
: ¥ 8 8

o e
o

— Vel

—_—
o 1






OEBPS/Images/fimmu-12-679767-g005.jpg





OEBPS/Images/fimmu-12-679767-g007.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-679767-g004.jpg
Hepatopancreas

Hemolymph

Eore dwsioaont

“Tw Uy e J0 14D

(019 ydwikjowayy

‘T vy ey o 140






OEBPS/Images/table1.jpg
Primers Sequences (5’-3)

HepCL-EX-F TACTCAGGATCCATGGACTGTCCCTAC

HepCL-EX-R TACTCACTCGAGCTA GGT AGC CATGCA

HepCL-N-EX-F  TACTCAGGATCCATGGACTGTCCCTAC

HepCL-N-EX-R  TACTCACTCGAGTTA AAATTCGCATAA

HepCL-C-EX-F  TACTCAGGATCCATGGCGTGTGAGGCA

HepCL-C-EX-R  TACTCACTCGAGCTAGGTAGCCATGCA

HepCL-RT-F  GGTTTAGTGCTGGACGGAGTT

HepCL-RT-R ~ CTGGGCGACATCATAGGTG

Lys-i1-RT-F GTCAACCCACCCTCAATAAC

Lys-i1-RT-R CTTGTGAATCAGGGCGTA

ALF1-RT-F GAAGCGATGACGAGGAGCAAT

ALF1-RT-R GACGGGTTGGCACAAGAGC

ALF2-RT-F CAAACTGGGCGGGTTATGG

ALF2-RT-R TGACGAAGTCCCTGGTGGC

ALF5-RT-F GGGGAGGTGAGGCTACT

ALF5-RT-R TTCCTGCTCGGTGATG

FLP-RT-F CGACAAGACCGTCAAGGC

FLP-RT-R ATCTGTGTTCGTTTTTTATTTT

18S-RT-F TCTTCTTAGAGGGATTAGCGG

18S-RT-R AAGGGGATTGAACGGGTTA

HepCL-RNAi-F  GCGTAATACGACTCACTATAGG ACGACCAAGCAATAGAAA

HepCL-RNAI-R  GCGTAATACGACTCACTATAGG
CACAGGGAATTAAATCAAAC

GFP-RNAI-F GCGTAATACGACTCACTATAGGTGGTCCCAATTCTCGTGGAAC

GFP-RNAI-R

GCGTAATACGACTCACTATAGGCTTGAAGTTGACTTGATGCC
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