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Bovine herpesvirus type 1 (BHV-1) is a neurotropic herpesvirus that causes infectious rhinotracheitis and vulvovaginitis in cattle. The virion host shutoff protein encoded by the BHV-1 UL41 gene is highly conserved in the Alphaherpesvirinae subfamily. This protein can degrade viral and host messenger RNA (mRNA) to interrupt host defense and facilitate the rapid proliferation of BHV-1. However, studies on the BHV-1 UL41 gene are limited, and BHV-1 defective virus construction using the CRISPR/Cas9 system is somewhat challenging. In this study, we rapidly constructed a BHV-1 UL41-deficient strain using the CRISPR/Cas9 system in BL primary bovine-derived cells. BHV-1 UL41-defective mutants were screened by Western blot analysis using specific polyclonal antibodies as the primary antibodies. During the isolation and purification of the defective strain, a mixed virus pool edited by an efficient single-guide RNA (sgRNA) showed a plaque number reduction. Viral growth property assessment showed that BHV-1 UL41 was dispensable for replication, but the UL41-defective strain exhibited early and slowed viral replication. Furthermore, the BHV-1 UL41-deficient strain exhibited enhanced sensitivity to temperature and acidic environments. The BHV-1 UL41-deficient strain regulated viral and host mRNA levels to affect viral replication.
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Introduction

Bovine herpesvirus type 1 (BHV-1) is a pivotal member of the order Herpesvirales, family Herpesviridae, subfamily Alphaherpesvirinae, and genus Varicellovirus (Ackermann and Engels, 2006). BHV-1 has a relatively short reproductive cycle, spreads rapidly in culture, efficiently destroys infected cells, and can quickly establish latent infections not only in ganglia but also in other tissues (Valyi-Nagy et al., 2007). Upon entry into the bovine host, BHV-1 remains latent but infects susceptible animals when it is reactivated (Weidner-Glunde et al., 2020). One characteristic of herpesvirus-infected cells is the rapid shutoff of host macromolecular metabolism at the early stage of infection (Smith et al., 2000). Host protein synthesis also declines very rapidly after infection, and this decline is accompanied by cessation of glycosylation of host proteins. Although some viral proteins are produced late in infection, they expressed functions early in viral replication (Wentink et al., 1993). The host shutoff protein synthesis occur immediately after infection, and structural proteins release viral DNA from the capsid during nuclear processing.

The UL41 gene of BHV-1 appears to be non-essential for the multiplication in cell culture under non-selective conditions. This gene encodes the virion host shutoff (VHS) protein, a late tegument protein expressed in BHV-1 infections. The VHS protein has a function similar to that of mRNA-specific ribonuclease (RNase) and can induce host shutoff early in infection (Taddeo and Roizman, 2006). However, VHS does not effectively discriminate between proteins synthesized by viruses and those synthesized by the host in its shutoff process. VHS degrades not only mRNAs from host cells to evade host abrogation but also mRNAs from viruses to facilitate the sequential expression of various classes of viral genes (He et al., 2020). Its unrestrained RNase activity is lethal but can be neutralized via formation of a trimeric complex with the tegument proteins VP22 and VP16 at the late stage of infection (Elliott et al., 2018). VP13/14, another viral protein, also plays a vital role in protecting against the degradation of viral transcripts (Shu et al., 2013a; Shu et al., 2013b). The VHS homology protein in varicella-zoster virus, a late protein encoded by open reading frame (ORF) 17, induces delayed shutoff of cellular RNA translation (Desloges et al., 2005). The VHS homology protein of equid herpesvirus type 1 encoded by ORF19 cannot degrade mRNAs or induce the shutoff of cellular and viral protein synthesis (Stokol and Soboll, 2019). The VHS homology protein in Pseudorabies virus (PRV) induces host mRNA degradation and cleaves the internal ribosomal entry site (IRES) sequence containing RNA (Lin et al., 2010; Liu et al., 2016). The VHS homologous protein of DPV influences pol II mRNA degradation, protein synthesis shutoff, and viral replication and spread (He et al., 2021). The VHS homologous protein of BHV-1 degrades the 5′ cap and 3′ untranslated region (UTR) adenylate-uridylate (AU)-rich element (ARE) areas of STAT1 in the antiviral pathway (Ma et al., 2019).

Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9), a revolutionary gene engineering technology, has recently been used to successfully edit various viruses (Borca et al., 2018; Das et al., 2019; Neuhausser et al., 2020; Tang et al., 2021; Van Cleemput et al., 2021). For example, HIV-1 (Das et al., 2019), herpes simplex virus type 1 (Velusamy et al., 2020), Marek’s disease virus (Luo et al., 2020), African swine fever virus (Borca et al., 2018), and PRV (Van Cleemput et al., 2021) have been extensively edited with the CRISPR/Cas9 system. The method is straightforward; the only requirement is an effective single-guide RNA (sgRNA) that targets the given gene with a protospacer-adjacent motif (PAM) sequence. The greatest disadvantages of this technique for BHV-1 editing are the plasmid’s low transfection efficiency, the unsustainable cell platform (Yang et al., 2019), and the high GC content in the BHV-1 genome. Even though the DNA viral genome can easily be edited, few BHV-1 deficiency mutants have been successfully constructed (Lobanov et al., 2010). To date, the CRISPR/Cas9 system has not been used to efficiently or rapidly construct a defective BHV-1 strain. In this study, we attempted to construct a BHV-1 UL41 strain using the CRISPR/Cas9 system in bovine lung (BL) cells and further explore the replication properties of the deficient strain.



Materials and methods


Cells, Viruses, and Animals

Madin–Darby bovine kidney (MDBK) cells and primary embryonic BL cells were stored at our laboratory and cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% heat-inactivated fetal bovine serum (FBS, Gibco, Life Technologies) and antibiotics (streptomycin, 100 μg/ml; penicillin, 100 IU/ml; and amphotericin B, 0.25 μg/ml). All culture media were maintained in an incubator with 5% CO2 at 37°C. The BHV-1 strain was obtained from the China Institute of Veterinary Drug Control (Beijing, China). Three New Zealand White rabbits (8 weeks old) were purchased from the Laboratory Animal Center of Harbin Veterinary Research Institute. The animal treatment protocols followed the Chinese Regulations of Laboratory Animals and the Guidelines for the Care of Laboratory Animals. The experiments on rabbits were approved by the Laboratory Animal Ethical Committee of Northeast Agricultural University.



Preparation and Detection of Rabbit Polyclonal Antibodies

An epitope of BHV-1 UL41 was designed and ligated into the pET30a(+) vector. The cloning and expression primers are shown in Table 1. Recombinant protein expression was induced with 1 μmol/L isopropyl β-d-1-thiogalactopyranoside (IPTG). The purified recombinant BHV-1 UL41 protein was collected from the gel and used as the immunogen to immunize rabbits. Specifically, after three freeze–thaw cycles, the gelled UL41 protein was injected subcutaneously. Two and four weeks after the first immunization, two more rounds of enhanced immunization were performed. Two weeks after the last immunization, the postimmunization serum containing polyclonal antibodies were collected. The rabbit anti-BHV-1 UL24 and anti-BHV-1 VP24 polyclonal antibodies were prepared in the same manner as the rabbit anti-BHV-1 UL41 polyclonal antibodies.


Table 1 | Cloning and expression primers used in this study.



The sensitivity of the antibodies was detected with ELISA. Antigen (50 ng/well Ni+ chromatographic affinity-purified recombinant protein) was coated onto the bottom of a 96-well ELISA plate, and 5% skimmed milk was added. The plate was incubated at 37°C for 1 h. The plate was rinsed three times with 1× PBST, and diluted polyclonal antibodies were added to the wells. The samples were incubated at 37°C for another hour and then rinsed three more times. A goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (ZB-2301, ZSGB-BIO, Beijing, China) was added, and the plate was incubated for 45 min at 37°C in an incubator. Then, the plate was rinsed, and 3,3′5,5′-tetramethylbenzidine (TMB) solution was used to visualize the HRP. Finally, 2 M H2SO4 was used as the stop solution to end the reaction. The results were read at 450 nm with a microplate reader.

The specificity of the polyclonal antibodies was detected by Western blotting. Recombinant proteins were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose (NC) filter membranes (Pall Corporation, USA) with the prepared antibodies as the primary antibodies. A goat anti-rabbit HRP-conjugated antibody was used as the secondary antibody. A GeneGnome XRQ chemiluminescence imaging system (Syngene, UK) was used for image generation. A mouse anti-Flag antibody (M20008XS), mouse anti-Actin monoclonal antibody (M20003XS), and mouse anti-β-tubulin antibody (M20005XS) were purchased from Abmart (Shanghai, China).



Generation of CRISPR/Cas9 sgRNA plasmids

Three sgRNAs targeting the ORF of the UL41 gene were designed using the online CRISPR Design Tool (CRISPR gRNA Design tool - ATUM). The oligo sequences of the three sgRNAs are listed in Table 2. Recombinant plasmids were constructed. Briefly, the forward and reverse primers of the oligos sgRNAUL411–3 were annealed, and the oligos were ligated into the BbsI-digested pX330-U6-Chimeric_BB-CBh-hSpCas9 vector. The recombinant plasmids were transformed into DH5α competent cells to amplify the constructs. All constructs were verified by BGI sequencing. Trans2K (BM101) and 15K (BM161) were purchased from TransGen Biotech (Beijing, China).


Table 2 | The targeting sgRNA oligo sequences.





Gene Inactivation By CRISPR/Cas9

BL cells were seeded in six-well plates and transiently transfected 12 h later with CRISPR/Cas9 recombinant plasmids containing sgRNA using a 2× Max transfection reagent (purchased from Harbin Medical University, China). Before transfection, the 2× Max transfection reagent needed to be preheated at 56°C for 5–10 min. The transfection procedure was as follows: dilute 4 μg of DNA to 200 μl with serum-free DMEM; add 8 μl of 2 mg/ml of the Max transfection solution and vortex immediately; let it stand at room temperature for 10 min; and add the mixture to BL cells with 800 μl medium (with serum). Twelve hours post-transfection, the cells were inoculated with BHV-1at an multiplicity of infection (MOI) of 0.01. Forty-eight hours later, the supernatants were purified by plaque formation assay. Several plaques were randomly selected and placed in 48-well cell culture plates. After virus amplification, the cell lysates were analyzed by Western blotting. The supernatants were saved as the primary virus. The viral DNA of the UL41-defective strain was extracted using an AxyPrep Body Fluid Viral DNA/RNA Miniprep Kit (Axygen, USA) according to the manufacturer’s instructions. Inactivation-specific genes were confirmed by DNA sequencing.



Effective sgRNA Screening

The resulting virus pools were screened by plaque formation assay and Western blotting. For the plaque formation assay, MDBK cells were seeded the six-well plates and starved for 1 h with serum-free DMEM. Then, serial dilutions (10−2- to 10−6-fold) of BHV-1 were injected with the cells for 2 h. The cells were rinsed three times with PBS, and the empty plates were overlaid with 0.7%–0.8% low-melting-point agarose (Amrosco, USA) mixed with DMEM and 2% FBS. The plates were further incubated at 37°C for 3 days. Then, the plates were stained with 0.5% neutral red and covered with a tinfoil in a 37°C incubator for 30 min. The plaque numbers were calculated in triplicate. Plaques were picked and inoculated into new cell culture plates to expand the viruses. Western blotting was conducted. Briefly, cells were collected, rinsed three times with PBS, and then lysed in RIPA lysis buffer (Beyotime Biotechnology, China) containing a protease inhibitor cocktail (Beyotime). The proteins contained in the cell lysates were separated by SDS-PAGE, and all proteins were transferred to the NC filter membranes. Prepared polyclonal antibodies were used as the primary antibodies to analyze viral protein expression. The defective virus (based on the protein expression levels) that was edited by the most effective sgRNA was selected in this study.



In vitro Growth Property Assessment

Wild-type (WT) BHV-1 or BHV-1 UL41- was used to infect MDBK cells at an MOI of 0.01. The cells were harvested 6, 12, 24, 36, 48, 60, and 72 h after infection. Serially diluted viruses (10−1- to 10−8-fold) were used to infect the cells at 37°C for 2 h. A PBS rinse was used to remove the excess viral inoculum. Then, 100 μl of 2% FBS DMEM was added to each well, and the cells were further cultured for 3 days. The cytopathic effects were recorded every day, and the tissue culture infective dose (TCID50) value was calculated with the Reed–Muench method. The viral titers were recorded as the TCID50/ml values at various time points.



Analysis of Viral Environmental Stability

The relative resistance levels of the virus strains to pH and temperature were compared. For acid–base stability analysis, the WT and BHV-1 UL41− viruses were placed in a pH of 5.0 or 9.0 and then recovered to the normal pH of 7.8. For thermal stability analysis, the virus fluids were incubated at 42°C or 65°C for 30 min and then stored at 4°C for 24 h. The environmental stability was recorded as the viral titers, which were calculated with the Reed–Muench method.



Quantitative Polymerase Chain Reaction Analysis (qPCR)

Total RNA was extracted with TRIzol, and first-strand cDNA was synthesized with NovoScript Plus All-in-one 1st Strand cDNA Synthesis SuperMix (gDNA Purge) according to the manufacturer’s instructions. Quantitative PCR (qPCR) was performed on a Real-time PCR Detection System (ABI 7500 qPCR thermal cycler, USA) with a NovoStart SYBR qPCR SuperMix Plus Kit (Novoprotein Scientific). The viral and host mRNA detection primers are shown in Table 3. The 20 μl reaction system contained 10 μl of 2× SYBR SuperMix, 6.4 μl of qPCR primers (2.5 μM), 0.4 μl of ROX Reference Dye II, 1 μl of cDNA template, and 2.2 μl of ddH2O. The reactions were carried out under the following thermal cycling conditions: 95°C for 30 s and 40 cycles of 95°C for 5 s and 60°C for 34 s. A dissociation curve analysis step was also performed. The 18S rRNA was amplified with specific primers to normalize amplification values of the triplicate samples. The comparative 2−ΔCT and 2−ΔΔCT methods were used to calculate the relative expression levels.


Table 3 | Primers used in qPCR detection.





Statistical Analysis

Graphs were created and relevant statistical tests were performed with GraphPad Prism version 9.0.0 (121) (GraphPad Software, CA, USA) in this work. Statistical analysis was performed by one- or two-way ANOVA methods. Values of *p < 0.05 were considered to indicate statistical significance.




Results


Generation of CRISPR/Cas9 sgRNA Plasmids and Construction of BHV-1 UL41-

To investigate the importance of the UL41 gene for the lytic cycle of BHV-1, we constructed a BHV-1 UL41 defective strain. Using online software, we designed three specific sgRNAs to target the UL41 ORF. The targeting sequences and PAM are shown in Figure 1A. The designed three sgRNAs targeted the first 500 bp N-terminal sequence of the UL41 gene. The sgRNAUL411–3 oligos were inserted into the pX330 vector and the U6-Forward primer was used with specific reverse primer for PCR amplification. The positive recombinant plasmids were identified by PCR (Figure 1B). The size of the positive amplification product was approximately 270 bp. To further confirm the insertion of the fragment into the pX330 vector, the restriction endonuclease EcoRV was used to digest the constructs, and the recombinant plasmids pX330-sgRNAUL411–3 were identified (Figure 1C). The overall size of the pX330 vector and insert was 8,509 bp, and the digestion identification results were as expected. We next tested whether the CRISPR/Cas9 recombinants effectively disrupted the BHV-1 genome by transfecting BL cells. The cells were infected with BHV-1 (MOI=0.01) 12 h post-transfection. BL cells were collected after 48 h of infection, and the cell lysates were analyzed by Western blotting (Figure 1D). The Cas9-Flag protein indicated the recombinant plasmids pX330-sgRNAUL411–3 were transfected into the BL cells, and the efficiency of transfection in BL was ideal.




Figure 1 | Generation of CRISPR/Cas9 sgRNA plasmids and construction of BHV-1 UL41−. (A) CRISPR/Cas9 sgRNA-targeted sequences and PAM array. Three sgRNA targeting positions are marked in the UL41 sequence diagram. The CRISPR/Cas9-predicted cleavage sites are indicated by arrows. The red dotted frame areas are the PAM arrays. (B) PCR amplification of recombinant plasmids sgRNAUL411–3. The lanes are marked with different recombinant plasmids. Water was used for the negative control lane, and the DNA marker was a 2-kb molecular ladder. The molecular weight of the specific amplified fragment of the positive recombinant plasmids was 300 bp. (C) Restriction endonuclease digestion identification of recombinant plasmids. Digestion of the pX330 vector was performed with the EcoRV restriction enzyme, and the DNA marker was a 8-kb molecular ladder. (D) Analysis of the transfected CRISPR/Cas9 recombinant plasmids. Mock indicates BL cells treated with the transfection agent. Cas9 protein expression was detected with a mouse anti-Flag antibody. The three sgRNA recombinant plasmids are marked above the lane. Tubulin was the internal reference protein.





Detection Sensitivity and Specificity of Rabbit Anti-BHV-1 UL41 Antibodies

To screen the recombinant defective mutants by Western blotting, we prepared sensitive and specific antibodies against BHV-1 viral proteins. Specifically, we prepared a rabbit anti-BHV-1 UL41 polyclonal antibody to further detect UL41 expression. Rabbit anti-BHV-1 UL24 and anti-BHV-1 VP24 polyclonal antibodies were prepared as BHV-1 infection-positive controls. The BHV-1 VP24 protein is encoded by the BHV-1 UL26 gene. The ectopic expression of UL41 protein was mainly expressed as an inclusion body with a molecular mass of 52 kDa in the Coomassie blue protein gel (Figure 2A), and the purified UL41 protein was prepared as the immunogen to immunize rabbits. The ectopic expression of UL41 protein was expressed with a His-tagged protein in the N-terminus of the insert sequence. Figure 2B shows that the ectopic expression of protein was detected with the mouse anti-His monoclonal antibody by Western blotting. Ectopically expressed UL24 showed soluble and inclusion body expression, and it was expressed with a molecular mass of 32 kDa. When the immunization schedule was finished, serum was collected and used as the polyclonal antibody. The sensitivity of the polyclonal antibody was detected using ELISA, and the P/N value was used to evaluate the serum titer. In our results, P/N=2 was used as the sensitivity criterion, and 1:102,400 was the serum-sensitive dilution of the rabbit anti-BHV-1 UL41 and anti-BHV-1 UL24 polyclonal antibody (Figure 2C). The specificity of the polyclonal antibody was detected by Western blotting. As shown in Figures 2D, E, the prepared antibodies reacted more strongly with the ectopic expression of proteins than with the vector protein, which indicated well specificity of the rabbit anti-BHV-1 UL41 and anti-BHV-1 UL24 polyclonal antibody. To identify the specificity of the rabbit anti-BHV-1 UL41 polyclonal antibody, the ectopic expression of UL24 and VP24 were used as the irrelevant antigens for detection (Figure 2F). The rabbit anti-BHV-1 UL41 polyclonal antibody exhibited good sensitivity and specificity in detection.




Figure 2 | Detection sensitivity and specificity of rabbit anti-BHV-1 UL41 antibodies. (A) Expression analysis of rHis-BHV-1 UL41. Lane M: protein molecular ladder; lane 1: negative control of the pET30a(+) vector; lane 2: rHis-BHV-1 UL41 after induction; lane 3: supernatants of rHis-BHV-1 UL41; lane 4: sedimentations of rHis-BHV-1 UL41; lane 5: purified rHis-BHV-1 UL41. (B) Western blot analysis of rHis-BHV-1 UL41 expression. Notes of the lanes are the same as panel (A). A mouse anti-His monoclonal antibody was used as the primary antibody. (C) ELISA of rabbit anti-rHis-BHV-1 UL41 and rabbit anti-rHis-BHV-1 UL24 polyclonal antibodies. P/N indicates the positive value/negative value ratio. The horizontal axis indicates the serum dilution. The dotted line indicates a P/N value of 2, which was the criterion value. (D) Specificity analysis of a rabbit anti-rHis-BHV-1 UL41 polyclonal antibody. Notes of the lanes are the same as panel (A).The prepared rabbit anti-BHV-1 UL41 polyclonal antibody was used as the primary antibody. (E) Specificity analysis of a rabbit anti-rHis-BHV-1 UL24 polyclonal antibody. Lane M: protein molecular ladder; lane 1: negative control of the pET30a(+) vector; lane 2: rHis-BHV-1 UL24 after induction; lane 3: supernatants of rHis-BHV-1 UL24; lane 4: sedimentations of rHis-BHV-1 UL24; lane 5: purified rHis-BHV-1 UL24. The prepared rabbit anti-BHV-1 UL24 polyclonal antibody was used as the primary antibody. (F) Specificity analysis of the rabbit anti-rHis-BHV-1 polyclonal antibodies. Lane M: protein molecular ladder; lane 1: purified rHis-BHV-1 UL24; lane 2: purified rHis-BHV-1 VP24; lane 3: purified rHis-BHV-1 UL41. The primary antibody on the left is the rabbit anti-rHis-BHV-1 UL41 polyclonal antibody; that in the middle is the rabbit anti-rHis-BHV-1 UL24 polyclonal antibody; and that on the right is the rabbit anti-rHis-BHV-1 VP24 polyclonal antibody.





Effective sgRNA Screening and Identification of BHV-1 UL41-

The supernatants were serially diluted and used to infect MDBK cells to determine the effective sgRNA of BHV-1 UL41. A plaque formation assay was performed to assess the ability of the three groups of sgRNAs to target BHV-1 UL41. The numbers of viral plaques were significantly lower in the supernatants of the groups subjected to editing with sgRNAUL41-1 than in those of the other two groups (Figure 3A), indicating that the BHV-1 genome was effectively disrupted by sgRNAUL41-1. UL41 expression was relatively decreased under sgRNAUL41-1 editing after BHV-1 infection for 48 h (Figure 3B). Next, we tested whether the DNA breaks induced inactivating indels at the targeted cleavage site. Several plaques were picked and used to inoculate the new MDBK plates. The virus was amplified, and UL41 expression was analyzed. Our results revealed that the A2 strain presented significantly defective UL41 expression (Figure 3C). Thus, the CRISPR/Cas9 system successfully disrupted the BHV-1 genome and induced indels. We further selected a purified A2 isolate for PCR-based sequencing. The UL41 gene of the A2 strain was successfully cloned, and it contained a deletion of “C” at the 497th nucleotide according to sequencing by BGI (Figure 3D). Thus, a UL41 gene-inactivated BHV-1 strain was successfully constructed (hereafter named BHV-1 UL41−). The silencing of UL41 protein expression was confirmed by Western blot analysis compared to the expression in the WT strain. The correct expression of the UL24 and VP24 proteins in BHV-1 UL41− (Figure 3E)  indicated that sgRNAUL41-1 had good target specificity.




Figure 3 | Effective sgRNA screening and identification of BHV-1 UL41−. (A) sgRNAUL41-1 inhibited BHV-1 plaque formation. BL cells were transfected with 4 μg of sgRNAUL41-1, sgRNAUL41-2, or sgRNAUL41-3. Twelve hours later, the cells were infected with BHV-1 (MOI=0.01), and the supernatants were subjected to a plaque formation assay after 48 h of infection. “Control” indicates the supernatants edited by the plasmids sgRNAUL41-2 and sgRNAUL41-3 for the plaque formation assay. The plaque numbers were calculated in three independent assays, ** for p < 0.01. (B) sgRNAUL41-1 inhibited BHV-1 UL41 expression. The cell lysates from panel (A) were subjected to Western blotting. UL41 expression was detected with the prepared polyclonal antibodies. “Mock” indicates blank BL cells. sgRNAUL41-1–3 indicates the cells infected with the sgRNA-Cas9-edited viruses. (C) BHV-1 UL41− screening. Plaques from the sgRNAUL41-1 group were inoculated into 48-well plates. The cell lysates were collected after virus amplification and analyzed by Western blotting. A2 indicates the UL41-silenced expression virus and is marked with a red arrow. Letters A–C before the numbers indicate the plaques that were amplified from the three sgRNAs (A for sgRNAUL41-1, B for sgRNAUL41-2, and C for sgRNAUL41-3). BHV-1 UL24 and UL41 were detected with the prepared polyclonal antibodies. UL24 was used as the BHV-1 infection reference control. (D) Cloning and sequencing analysis of the defective viral UL41 gene. Lane M: Trans 2K Plus II DNA ladder. The blue-line-framed area represents the 490- to 500- nucleotide sequencing results of BHV-1 UL41−; “−” in the BHV-1 UL41− sequence indicates an absent nucleotide. The “−” above the agarose gel chart indicates the water negative control. UL41− indicates the UL41 gene amplification of the deficient virus. (E) Western blot analysis of the BHV-1 UL41− strain. “UL41−” indicates the BHV-1 UL41− strain, and BHV-1 indicates the parent strain. UL41, VP24, and UL24 were detected by the prepared polyclonal antibodies. Actin was used as the internal reference control; UL24 and VP24 were used as the BHV-1 infection reference controls.





Evaluation of Viral Replication and Environmental Stability

To determine whether UL41 inactivation affected BHV-1 replication, the replication properties of the virus were analyzed. MDBK cells were separately infected with BHV-1 UL41− and the WT strain at an MOI of 0.01. As depicted in Figure 4A, the growth property of BHV-1 UL41− resembled that of the WT strain. One-step growth curves indicated that the defective mutant replicated slower than the parent virus from 36 to 60 h and that it replicated earlier than the WT strain. The WT strain did not show replication at 36 h, as shown in Figure 4A. Next, we tested the cell tropism of BHV-1 in various research cell lines. Figure 4B shows that the virus was able to infect the two bovine-derived cell lines, while the MDBK cells presented enhanced adaptability to BHV-1 infection. The viral titer of BHV-1 replication in BL cells was lower (by almost 105-fold) than that in MDBK cells. BHV-1 UL41− showed the same cell tropism with the WT strain. To investigate the relative resistance of the defective and WT strains to temperature and pH variations, the viral titers were measured after the environment was changed. The replication of the virus slightly declined with increasing temperature (Figure 4C). However, the titer of the defective strain was 40-fold lower than that of the WT strain after the viruses recovered from 42°C exposure. The viruses were inactivated after recovery from 56°C. They replicated relatively stably in the low-temperature environment. BHV-1 UL41− exhibited enhanced sensitivity to the pH 2.0 environment; the viral titer in this strain decreased by 105-fold, while the titer in the WT strain decreased by only 200-fold after recovery from the pH 2.0 environment. Both BHV-1 UL41− and the WT strain presented alkaline resistance characteristics after recovery from the pH 9.0 environment (Figure 4D). The viral titers of BHV-1 UL41− and the WT strain were 100-fold lower than those under pH 7.8. In our research, BHV-1 UL41− and the WT strain showed different acid–base stabilities in MDBK infections, which also indicated that the viruses could not stably stay in an overly acidic environment. We further tested the stability of BHV-1 UL41− through 10 serial passages in MDBK cells. No reversion mutation was found by sequencing.




Figure 4 | Evaluation of viral replication and environmental stability. (A) One-step growth curve of the BHV-1 UL41− and WT viruses. MDBK cells were infected with viruses at an MOI of 0.01, and the viruses were collected after inoculation for 6, 12, 24, 36, 48, 60, and 72 h. The viral titers were recorded as TCID50/ml values. The blue triangle indicates the growth curve of BHV-1 UL41−, and the purple circle indicates the growth curve of the WT strain. (B) Cell tropism analysis of BHV-1 UL41− and the WT strain. MDBK, BL, PK-15, BHK-21, Vero, and HEK293T cells were used to detect the cell tropism of the viruses. N.D. stands for not detected. (C) Temperature sensitivity analysis of BHV-1 UL41− and the WT strain. The number 4 indicates that the viruses were collected and stored at 4°C for temperature stability detection. The number 42 indicates that the viruses were kept at 42°C for 30 min and cold at 4°C. The number 56 indicates that the viruses were kept at 56°C for 30 min and cold at 4°C. The data are plotted as the fold change over 4°C. N.D. stands for not detected. (D) pH sensitivity analysis of BHV-1 UL41− and the parent strain. pH 7.8 indicates the pH of the initial viral solution; pH 5 indicated that the viruses recovered to pH 7.8 from pH 5; pH 9 indicates that the viruses recovered to pH 7.8 from pH 9; and the data are plotted as the fold change over pH 7.8. The viral titers were detected in three independent experiments and calculated as the mean ± SD. **** for p < 0.0001, ** for p < 0.01, and ns for no significance.





The BHV-1 UL41-Deficient Strain Regulates Viral and Host mRNAs

To further investigate whether BHV-1 UL41 regulates viral and host mRNA levels to affect viral replication, MDBK cells were infected with BHV-1 UL41− and the WT strain at an MOI of 1. Samples were collected and then assessed by reverse transcription qPCR. As shown in Figure 5A, compared with those in the WT strain, the mRNA levels of the immediate early (IE) gene UL34, the early (E) gene UL54, and the late (L) gene UL47 were changed in the BHV-1 UL41−-infected group. The levels of the viral IE and E genes were significantly increased, while those of the viral L gene were significantly decreased. Furthermore, we found that some host genes also exhibited significant changes in BHV-1 UL41− infections (Figure 5B). Interferon-stimulated gene 15 (ISG15), Viperin, and oligoadenylate synthetase (OAS) mRNA levels were significantly increased, and Mx1 mRNA levels were significantly decreased. These results showed that stronger regulation of viral and host RNAs occurs following infection with BHV-1 UL41− and indicate that BHV-1 UL41 broadly regulates viral and host mRNAs to affect viral replication.




Figure 5 | BHV-1 UL41− regulates viral and host mRNAs. (A) BHV-1 UL41 regulates viral mRNA. The BHV-1 UL41- and WT strains were used to infect MDBK cells at an MOI of 1, and total RNA was collected at 12 hpi. The mRNA levels of the immediate early gene UL34, the early gene UL54, and the late gene UL47 were analyzed using reverse transcription qPCR and normalized to those of 18S rRNA. The data are plotted as the fold change over the WT strain. (B) BHV-1 UL41 regulates host mRNA. The BHV-1 UL41− and WT strains were used to infect MDBK at an MOI of 1, and total RNAs RNA was collected at 8 hpi. The relative gene expression levels were determined with the 2−ΔΔCT method. The viral titers were detected in three independent experiments and calculated as the mean ± SD. **** for p < 0.0001, *** for p < 0.001, and * for p < 0.05.






Discussion

Here, we used the BL primary cell line as the construction platform (Osorio and Bionaz, 2017), not only because it could be relatively well transfected with the targeting sgRNA CRISPR/Cas9 system plasmids but also because replication of BHV-1 could be achieved. We found a higher transfection efficiency of BL cells compared to MDBK cells (Supplementary Figure S1) and the cells cloud transfected as the normal primary cells with many transfection reagents. We had tried Lipofectamine 3000 and the Max transfection reagent in BL cells, and the transfection efficiency was similar. A specific sgRNA was used to rapidly edit the BHV-1 genome with the CRISPR/Cas9 system. Efficient sgRNAs were screened using polyclonal antibodies that specifically reacted with the expressed target protein expression by Western blotting. We simplified the construction and identification process, and the BHV-1 UL41− strain was effectively screened using specific polyclonal antibodies. Although the CRISPR/Cas9 gene-editing system has some limitations for use in BHV-1 gene inactivation, previous research (Lobanov et al., 2010; Zhang et al., 2011; Sucharita et al., 2021) has revealed that a pivotal step is the discovery of highly transfectable cell lines that can be infected with the virus. The important challenges of CRISPR/Cas9 in genome editing were addressed by Zhang et al. (2014). One of the four issues was the delivery methods, and the efficiency of the delivery methods depends on the types of target cells and tissues. The other three challenges were off-target mutations, PAM dependence, and gRNA production. We selected the most efficient sgRNA for the given coding sequence. The construction method was rapid but had low efficacy. In our research, the UL41 gene was silently expressed in only one strain, so more convenient and highly mutagenic methods need to be studied.

The canonical mutations in a single nucleotide include insertions, substitutions, deletions, and subversions introduced into target genes. The strain under investigation, BHV-1 UL41−, appeared to have the single deletion of the nucleotide “C.” In this study, we attempted to identify the ORFs that target genes by using anti-UL41, anti-UL24, and anti-VP24 polyclonal antibodies to detect the expression of these genes. These antibodies were prepared in rabbits using the major antigenic domain of each ORF, and they had high sensitivity and specificity for the target proteins. We inactivated the UL41 ORF by introducing frameshift mutations; nucleotide-deletion-induced frameshift mutations are prone to silencing in WT sequences. In the future, to improve the viral reversion problems, large fragment deletions spanning the ORFs can be targeted in gene editing.

The ratio of gene disruption was determined according to the sgRNA efficacy. Although multiple CRISPR sequence online design tools can be utilized, many software programs depend fully on computational analysis, resulting in the design of numerous unclassified sgRNAs (Brazelton et al., 2015). In addition, the BHV-1 genome contains a high GC content, and only three advanced evaluated sgRNAs are available; those with higher scores are more effective. To obtain optimal results, the most effective sgRNA was selected for further study.

The biological characteristics of the BHV-1 UL41-defective strain in viral replication were examined. The BHV-1 UL41− strain showed early viral replication, but it was slower than that of the parent strain. BHV-1 UL41 might shut off host proteins to promote viral replication at the early stage of infection and then interact with other viral proteins to interrupt host and virus shutoff functions. The interaction of UL41 with other proteins needs to be further explored. BHV-1 UL41− was more sensitive to high temperature and acidic environments than the WT strain. Our results reveal that UL41 affects the physical and chemical characteristics of the virus, including the growth curve, temperature sensitivity, and acid–base tolerance. However, the main biological characteristics of the virus are not altered; that is, the virus can still be inactivated at 56°C and is relatively alkaline resistant.

The cell tropism experiment revealed that bovine-derived cells were susceptible to BHV-1 and that the MDBK cells were most suitable for use to evaluate viral replication and proliferation. Although the replication ability of BHV-1 was not as good in BL cells as it was in MDBK cells, BL cells still exhibited greater virus susceptibility than other animal-derived cells. MDBK cells are ideal for viral replication, but they have a challenging limitation for use in the construction of a gene-editing virus platform: the efficiency of MDBK cell transfection is low, approximately 1.7%–2.4% (Osorio and Bionaz, 2017), and the transfection efficiency of primary cells was higher than that of MDBK (Supplementary Figure S1). Therefore, BL cells were used as the platform for construction of the gene-editing virus, and MDBK cells were used as the evaluation model in the subsequent virus biological detection experiments.

BHV-1 UL34, UL54, and UL47 were the representative IE, E, and L genes, respectively (Robinson et al., 2008). ISG15, Mx1, Viperin, and OAS are important immune response molecules induced by interferon and play an important role in host resistance to pathogenic invasion. We selected these genes to investigate the effects of invasion by viruses. The reverse transcription qPCR results showed that BHV-1 UL41− induced viral IE and E gene transcription at a relatively early stage and increased the host mRNA transcript levels. This result indicates that BHV-1 UL41 can inhibit viral IE and E gene transcription and decrease the host mRNA levels to facilitate viral replication.

In the present study, we rapidly knocked out the BHV-1 UL41 gene using the CRISPR/Cas9 gene-editing system. The viral replication levels of BHV-1 UL41− and the WT strain were compared in multiple dimensions. The UL41-defective virus exhibited early but has slow viral replication and increased sensitivity to temperature and the acidity of the environment. The viral and host mRNA levels were regulated in the defective strain compared to the WT strain. Our strategy is pivotal for promoting BHV-1 control and prevention in China. Other viral genes of BHV-1 could also be considered for silencing expression by this method. In addition, efficient viral delivery systems such as lentivirus, adenovirus, or MultiBacMam could also be considered for delivery of CRISPR/Cas9 editing systems in BHV-1 genome editing. Based on the CRISPR/Cas9 gene-editing system, more viral gene functions of the BHV-1 genome could be explored.
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