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Abstract 

Pseudorabies virus (PRV), also known as suid Alphaherpesvirus 1 (SuHV-1), which is one of the most devastating infec-
tious pathogen of swine industry worldwide. Vaccination is the safest and most effective PRV prevention and control 
strategy. B cell receptor (BCR) is membrane-bound immunoglobulin located on the surface of B cells capable of 
specifically binding foreign antigens, which is one of the most important molecules regulating the proliferation and 
function of B cells. Here, to assess the molecular diversity of BCR H-CDR3 repertoire after different PRV strains infection, 
we detected the IGHV, IGHD, IGHJ genes usage and CDR3 sequence changes of mice spleen with PRV vaccine strain 
(Bartha-K61), variant strain (XJ) and mock infection by high-throughput sequencing. We found that PRV-infected 
groups shared partial BCR sequences, which are most likely to be PRV-specific BCR candidates. However, there were 
still differences in the IGHV genes usage as well as the combined usage of IGHV and IGHJ genes between the Bartha-
K61 strain and XJ strain infection groups. In addition, the CDR3 sequences exhibited large differences in the types 
and lengths in PRV infection groups. Our study contributes to a better understanding of the host adaptive immune 
response to PRV infection and provides a theoretical basis for further research on novel and efficient PRV vaccines in 
the future.
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Introduction
Pseudorabies virus (PRV), also known as suid Alphaher-
pesvirus 1 (SuHV-1), is a member of the Alphaherpesviri-
nae subfamily of the Herpesviridae family [1]. It is one of 
the most destructive swine infectious pathogens world-
wide, causing Aujeszky’s diseases [2, 3]. PRV has a broad 
host range and is capable of infecting virtually all mam-
mals. However, pigs or wild boar are the unique natu-
ral host [2, 4, 5]. PRV mainly damages the reproductive 
system, respiratory system and nervous system of pigs, 

generally causing diarrhea and vomiting [6]. However, 
pigs of different ages have different clinical symptoms: 
high morbidity and mortality in piglets, breathing diffi-
culties in growing pigs, reproductive failure in breeding 
pigs [4, 7]. The threat posed by PRV to pig herds is mainly 
due to the occurrence of PRV variants in situations with 
issues in farm management and various breeding con-
ditions [4]. Vaccination is currently the safest and most 
effective PRV prevention and control strategy, which can 
stimulate the host’s immune system to produce adaptive 
immunity and form immune memory, thereby exerts 
long-term immune protection. Currently, attenuated live 
or inactivated vaccines are developed and applied to pre-
vent PRV infection in pigs [8]. The attenuated modified 
live Bartha-K61 virus is the most commonly used vaccine 
against PRV worldwide [8, 9].
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B lymphocytes are an essential component of the adap-
tive immune system in humans and other vertebrates, 
which mainly mediate humoral immunity. B cell receptor 
(BCR) is membrane-bound immunoglobulin located on 
the surface of B cells capable of specifically binding for-
eign antigens, which is one of the most important mol-
ecules regulating the proliferation and function of B cells 
[10]. The BCR is composed of two heavy chains and two 
light chains, encoded by the genes IGH and IGL respec-
tively. The antigen binding domain of the BCR consists of 
variable (V), diversity (D) and joining (J) gene segments 
in the heavy chain and V and J gene segments in the light 
chain [11]. The IGHV, IGHD, and IGHJ genes are often 
used as measures of BCR diversity and clonal evolution 
to describe B cell responses under different immune sta-
tus [12]. In addition, the majority of variations in BCR 
sequences are concentrated in the complementarity 
determining regions (CDRs, including CDR1, CDR2, 
CDR3) [13]. The CDR3 is the most variable of the three 
CDRs and is considered a key region for determining B 
cells to recognize antigen peptides [10, 14]. The BCR rep-
ertoire is closely related to B cell immune response and 
clonal proliferation [15]. BCR repertoire sequencing can 
monitor the B cell response to pathogens by describing 
the diversity of BCR repertoire. Viral infection or vacci-
nation has been shown to influence the diversity of the 
BCR repertoire [16–19], yet molecular researches of BCR 
repertoire after PRV infection have not been performed.

To assess the molecular diversity of BCR H-CDR3 
repertoire after different PRV strains infection, we have 
detected usage of IGHV, IGHD, and IGHJ genes and also, 
CDR3 sequences of BCR of mice spleen following inocu-
lation with PRV vaccine strain (Bartha-K61), and variant 
strain (XJ). Our results contribute to a better understand-
ing of the host adaptive immune response to PRV infec-
tion and lay the foundation for further developing on 
new and efficient PRV vaccines.

Materials and methods
Viruses, mice and infections
XJ strain of PRV (GenBank accession number: 
MW893682) was isolated and preserved in our labora-
tory. Bartha-K61 strain (GenBank accession number: 
JF797217) was purchased from Zhongmu biological 
pharmaceutical Co., Ltd (Chengdu, China). PRV strains 
were propagated and titrated in baby hamster kidney 
(BHK-21) cells in DMEM supplemented with 2% FBS. 
With reference to the Reed-Muench method, the titers 
of viruses were determined by 50% tissue culture infec-
tive dose  (TCID50) [20]. BHK-21 cells were obtained 
from the Animal Biotechnology Center, College of Vet-
erinary Medicine, Sichuan Agricultural University. 
Female BALB/c mice (2–3  weeks old) were purchased 

from the Experimental Animal Corporation of Dossy 
(Chengdu, China). Thirty mice were randomly divided 
into three groups (10 mice per group), which were sepa-
rately raised in different isolation rooms. Mice of group 
X were subcutaneously administered with 0.1  mL XJ 
strain (1 ×  101.27/0.1  mL  TCID50), group B with 0.1  mL 
Bartha-K61 strain (1 ×  103.11/0.1 mL  TCID50), and group 
C with 0.1 mL BHK-21 culture supernatant as the nega-
tive control.

Sample collection and RNA extraction
Seventeen days post-infection, mice were sacrificed by 
 CO2 asphyxiation and spleens were harvested. Total 
RNA of each sample was extracted using RNeasy Mini 
Kit (Qiagen, Germany) according to the manufacturer’s 
instructionsand frozen at -80 °C. RNA samples with OD 
(260/280) ratios in the range of 1.8–2.0 and OD (260/230) 
ratios from 1.8 to 2.2 detected by NanoPhotometer spec-
trophotometer met the sequencing requirements.

cDNA library construction
Total RNA was reverse transcribed into cDNA using 
the RevertAid H Minus Kit (Thermo Scientific, USA). 
Based on the gene composition of BCR H-CDR3 regions, 
19 upstream primers and 5 downstream primers of the 
mice were designed and synthesis [21]. Then cDNA was 
used as a template to amplify the BCR H-CDR3 regions 
by multiplex PCR with the specifically designed primers 
using the Qiagen Multiplex-PCR Kit (Qiagen, Germany). 
PCR cycling conditions were 95 °C for 15 min, 25 cycles 
of 94  °C for the 15 s and 60  °C for 3 min, and 70  °C for 
10  min, followed by the final step at 4  °C as a holding 
temperature. Subsequently, the multiplex PCR products 
were purified using Beckman Agencourt AMPure XP 
Kit (Beckman, USA). The purified product was then sub-
jected to a second round of multiplex PCR reaction. PCR 
cycling conditions were 98 °C for 1 min, 25 cycles of 98 °C 
for the 20 s and 65 °C for 30 s, and 72 °C for 5 min, fol-
lowed by the final step at 4 °C as a holding temperature. 
After end-repair, dA-tailing, adapter ligation and PCR 
amplification, the specific DNA fragments were purified 
again and subjected to library construction.

BCR repertoire sequencing
BCR repertoire sequencing was performed using the 
Illumina Miseq platform (Illumina, America) with a read 
length of 2 × 300  bp. And the raw data were obtained 
for further analysis. To ensure the accuracy of follow-up 
analysis results, high-quality clean reads were screened 
from raw reads by removing reads containing adapter 
and ploy-N, as well as low-quality reads.
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Data analysis
Raw fastq files were aligned, spliced, and filtered to 
obtain clean reads using PANDAseq (https:// github. com/ 
neufe ld/ panda seq) [22]. BCR regions were analyzed by 
the international ImMunoGeneTics information system 
IMGT/V-Quest (http:// www. IMGT. org).

Results
High‑throughput sequencing and quality control
We analyzed the spleen samples of each group to get raw 
reads by Illumina Miseq high-throughput sequencing 
(HTS). After aligning and filtering by PANDAseq soft-
ware, clean reads are obtained and saved in FASTA for-
mat. Q20 percentages of clean data for all samples were 
higher than 99%, Q30 percentages of clean data for all 
samples were higher than 97%. Then, data were submit-
ted to IMGT V-QUEST and High V-QUEST databases 
for gene analysis. As shown in Table  1, the numbers of 
clean reads in groups X, B, and C that were success-
fully aligned and recognized as immune sequences in 
the database were 1,149,268, 1,464,064, and 1,110,979, 
respectively. The total number of CDR3 sequences of 
each group were 1,103,181, 1,402,968, and 1,063,551 
respectively.

Usage of IGHV, IGHD, and IGHJ genes
To determine whether PRV infection alters targeting 
of individual IGHV, IGHD, and IGHJ genes, we gener-
ated histograms comparing usage of these genes in each 
group. The results showed that the frequency of indi-
vidual IGHV, IGHD, and IGHJ gene usage was distinct in 
healthy controls and PRV-infected groups (Fig. 1, Supple-
mentary Table  1–3). The frequency of IGHV14-3 genes 

in each group was the highest (11.1% in group X, 14.1% 
in group B and 14.5% in group C), followed by genes 
such as IGHV2-9 (6.0% in group X, 5.8% in group B and 
5.1% in group C) and IGHV3-2 (5.2% in group X, 5.2% in 
group B and 3.9% in group C) (Fig.  1A, Supplementary 
Table 1). However, IGHV11-1, IGHV2-7 and IGHV5-16 
genes were not detected in PRV-infected groups in com-
parison with the control group. After XJ strain infection, 
IGHV1-16 (0.0001%) gene was specifically used, while 
IGHV5-1, IGHV1-48, IGHV1-70, IGHV15-2, IGHV1S74 
and IGHV9-3–1 genes were not detected. In addition, 
after Bartha-K61 strain infection, IGHV6-4 (0.0001%), 
IGHV8-7 (0.0004%), and IGHV9-1 (0.0001%) genes were 
explicitly utilized, while IGHV1S15, IGHV1S72 and 
IGHV2S3 genes were not detected. As shown in Fig. 1B 
and Supplementary Table  2, the use of IGHD genes in 
each group was similar but there is a difference in the 
frequency of the same gene. The IGHD1-1 gene was 
used most frequently (19.5% in group X, 20.6% in group 
B and 18.4% in group C), followed by IGHD4-1 (15.0% 
in group X, 14.9% in group B and 19.6% in group C), 
IGHD2-3 (9.4% in group X, 9.0% in group B and 9.1% in 
group C), and IGHD2-10 (8.6% in group X, 8.0% in group 
B and 7.5% in group C) genes among the three groups. 
Similarly, all groups used 4 types of IGHJ genes, of which 
the IGHJ2 gene was used the most frequently (29.8% in 
group X, 30.7% in group B and 31.2% in group C), and the 
lowest was the IGHJ1 gene (13.8% in group X, 14.3% in 
group B and 17.2% in group C) (Fig. 1C, Supplementary 
Table  3). According to the usage of IGHV, IGHD, and 
IGHJ genes in each group, we have drawn the above gene 
expression correlation heat maps. The results showed 
that the differences in gene use between Bartha-K61 
strain infection and XJ strain infection are small, while 
that between XJ strain infection and control group are 
quite different (Fig. 2).

Combined usage of IGHV and IGHJ genes
To evaluate the differential combined expression of 
IGHV-IGHJ genes in the samples of each group, we drew 
a map of the combined usage frequencies of IGHV and 
IGHJ genes by comparing samples in the IMGT/HighV-
QUEST database (Fig.  3, Supplementary Table  4). The 
results showed that there are many similarities in the 
usage of IGHV-IGHJ genes in each group, and there 
are also certain differences in the amount of expres-
sion. In all groups, IGHV14-3-IGHJ1 (2.2% in group X, 
2.7% in group B and 5.9% in group C), IGHV14-3-IGHJ2 
(4.0% in group X, 4.2% in group B and 3.7% in group C), 
IGHV14-3-IGHJ3 (2.6% in group X, 3.8% in group B and 
2.2% in group C), IGHV14-3-IGHJ4 (2.4% in group X, 
3.2% in group B and 2.5% in group C), IGHV1-9-IGHJ2 
(1.7% in group X, 1.6% in group B and 1.9% in group C), 

Table 1 BCR repertoires data using high-throughput 
sequencing in this study

C: control group; B: Bartha-K61 strain infection group; X: XJ strain infection 
group

Item Group X Group B Group C

Total reads 1,345,576 1,682,460 1,288,004

Merge reads 1,186,265 1,514,862 1,167,608

Filter reads 1,155,105 1,478,122 1,137,603

Clean reads 1,149,268 1,464,064 1,110,979

Unknown sequences numebr 5837 14,058 26,624

Productive sequences number 1,110,322 1,412,649 1,070,685

Non-productive sequences number 38,946 51,415 40,294

In-frame sequences number 1,138,293 1,447,833 1,098,274

Out-of frame sequences number 10,507 15,295 11,381

Total CDR3 sequences number 1,103,181 1,402,968 1,063,551

Unique CDR3 nt sequences number 278,712 261,800 240,260

Unique CDR3 aa sequences number 241,355 226,182 210,200

https://github.com/neufeld/pandaseq
https://github.com/neufeld/pandaseq
http://www.IMGT.org
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IGHV1-9-IGHJ3 (1.4% in group X, 1.5% in group B and 
1.2% in group C), IGHV1-9-IGHJ4 (1.3% in group X, 
1.3% in group B and 1.2% in group C), IGHV1-7-IGHJ2 
(1.5% in group X, 1.1% in group B and 1.7% in group C), 

IGHV1-7-IGHJ3 (1.1% in group X, 0.9% in group B and 
1.0% in group C), IGHV1-7-IGHJ4 (1.2% in group X, 
0.8% in group B and 1.2% in group C), IGHV2-9-IGHJ3 
(2.3% in group X, 1.9% in group B and 1.8% in group C), 

Fig. 1 Gene usage frequencies observed for the IGHV genes (A), and IGHD genes (B) and IGHJ genes (C) of BCR in three groups. c: control group; b: 
Bartha-K61 strain infection group; x: XJ strain infection group

Fig. 2 The expression correlation of IGHV genes (A), IGHD genes (B) and IGHJ genes (C) between different groups. c: control group; b: Bartha-K61 
strain infection group; x: XJ strain infection group
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IGHV2-9-IGHJ4 (2.0% in group X, 2.0% in group B and 
1.7% in group C), IGHV3-2-IGHJ2 (2.5% in group X. 2.7% 
in group B and 1.7% in group C) and IGHV3-2-IGHJ4 
(1.0% in group X, 1.0% in group B and 0.9% in group 
C) genes have higher expression levels (Supplementary 
Table  4). Compared with control group, the expres-
sion of IGHV1-14-IGHJ2 and IGHV3-2-IGHJ2 genes 
increased after PRV infection, while IGHV1-47-IGHJ3, 
IGHV1-5-IGHJ3, IGHV1-63-IGHJ1 and IGHV14-3-
IGHJ1 genes expression decreased. IGHV1-11-IGHJ1, 
IGHV1-50-IGHJ1, IGHV1-50-IGHJ4, IGHV1-50-IGHJ1, 
IGHV1S61-IGHJ1, IGHV1S61-IGHJ2, IGHV1S61-IGHJ3 
and IGHV1S61-IGHJ4 genes were not expressed after 
PRV infection. The XJ strain infection group expressed 
IGHV8-12-IGHJ1, IGHV12-3-IGHJ4 and IGHV1S134-
IGHJ4 genes, but did not express IGHV1-12-IGHJ1, 
IGHV1-22-IGHJ1, IGHV1-50-IGHJ2 and IGHV1-30-
IGHJ3 genes in comparison with Bartha-K61 strain 
infection.

IGH CDR3 nucleotide and amino acid composition
BCR can specifically recognize antigens, which is mainly 
regulated by the structure of IGH CDR3. CDR3 region 
spatial structure depends on its nucleotide (nt) sequence 
and amino acid (aa) sequence. Thus, CDR3 differences 
among the three groups are mainly manifested in the 
differences in nt and aa sequence, and their expres-
sion levels. According to the comparison results of the 
IMGT database, we drew a venn diagram to analyze the 
unique CDR3 nt sequences of each group of IGH chain 
(Fig. 4A, Supplementary Table 5–7). The results showed 
that the number of shared nt sequence among three 
groups reached 7438, accounting for 2.67%, 2.84%, and 
3.10% of the total sequences of XJ strain infection group, 
Bartha-K61 strain infection group, and control group, 
respectively. The unique CDR3 sequences of XJ strain 
infection group, Bartha-K61 strain infection group, and 
control group were 251,768, 23,420, and 217,040, respec-
tively. Obviously, the number of shared sequences in 

Fig. 3 The combined usage frequencies of IGHV and IGHJ genes in three groups. c: control group; b: Bartha-K61 strain infection group; x: XJ strain 
infection group

Fig. 4 The unique CDR3 nt (A) and aa sequence (B), and CDR3 aa lengths distribution (C) of three groups. c: control group; b: Bartha-K61 strain 
infection group; x: XJ strain infection group
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Bartha-K61 strain infection group and control group, 
as well as XJ strain infection group and control group is 
significantly less than the number of shared sequences in 
Bartha-K61 strain infection group and XJ strain infection 
group. Next, we analyzed the top 100 CDR3 nt sequences 
in each group (Fig.  5A, Supplementary Table  8–10). 
Compared with control group, XJ strain infection group 
lacked 12 nt sequences and Bartha-K61 strain infec-
tion lacked 4 nt sequences (3 sequences are the same as 
the former group). Among the top 100 nt sequences of 

control group, a total of 4 sequences were high clones. 
The other two groups have three high cloning sequences 
among the top 100 nt sequences, respectively. All groups 
shared one high cloning sequence and PRV infection 
groups shared 2 of that.

Similarly, we analyzed the unique CDR3 aa sequence 
of each group (Fig.  4B, Supplementary Table  11–13). 
The number of aa sequences shared by three groups 
reached 15,231, accounting for 6.31%, 6.73%, and 7.25% 
of the total sequences of XJ strain infection group, PRV 

Fig. 5 The top 100 CDR3 nt (A) and aa sequences (B) in three groups. c: control group; b: Bartha-K61 strain infection group; x: XJ strain infection 
group
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Bartha-K61 strain infection group, and control group, 
respectively. The numbers of unique CDR3 aa sequences 
in XJ strain infection group, Bartha-K61 strain infection 
group, and control group were 196,479, 181,736, and 
170,153, respectively. Then we analyzed the CDR3 aa 
sequence length distribution in each group, which ranged 
from 2 to 20 aa lengths (Fig.  4C). In XJ strain infection 
group, CDR3 sequences with a length of 11 aa are the 
most, followed by 10 and 12 aa. In Bartha-K61 strain 
infection group, CDR3 sequences with a length of 11 aa 
are the most, followed by 12 and 10 aa. In control group, 
CDR3 sequences with a length of 9 aa are the most, and 
the proportion is close to 15%, followed by 11 and 10 aa. 
Compared with control group, the proportion of CDR3 
sequences with a length of 9 aa differed the most in 
PRV infection groups, followed by 11 aa, 12 aa, and 15 
aa. Then, we analyzed the top 100 CDR3 aa sequences 
in each group (Fig.  5B, Supplementary Table  14–16). 
Compared with control group, XJ strain infection group 
lacked 5 aa sequences and Bartha-K61 strain infection 
group lacked only one CDR3 aa sequence. Among the 
top 100 aa sequences in the control group, a total of 5 
sequences showed high clones. XJ strain infection group 
has 3 high cloning sequences and Bartha-K61 strain 
infection group has 4 high cloning sequences among the 
top 100 aa sequences, respectively. PRV infection groups 
shared 2 high clones.

Discussion
The BCR repertoire is one of the most important parts of 
the immune system and a key element in protecting the 
host from pathogens [12]. The diversity of BCR repertoire 
typically varies among different immune status. There-
fore, understanding BCR repertoire diversity can provide 
insights into how the immune system rapidly responds 
to pathogens, thereby facilitating effective vaccine 
design [23]. BCR repertoire sequencing can be applied to 
explore BCR repertoire and to bypass in vitro screening 
or immunization steps [24]. In this study, we monitored 
the diversity of BCR H-CDR3 repertoire of PRV Bartha-
K61 strain, XJ strain infected and mock infected mice 
spleen (group B, group X, and group C, respectively).

The frequency of the usage of IGHV, IGHD, and IGHJ 
genes was related to naïve rearrangement, B cell self-
tolerance selection, B cell clonal proliferation, immune 
response [15]. The BCR repertoire responding to differ-
ent infections or vaccinations has generally preference 
for specific IGHV, IGHD or IGHJ genes [17]. Studies 
have shown that the IGHV4-59, IGHV4-39, IGHV3-23, 
IGHV3-53, IGH3-66, IGHV2-5, and IGHV2-70 genes 
enriched after SARS-CoV-2 infection [17]. After Ebola 
virus infection, the frequency of usage of IGHV3-30 
and IGHV3-15 increased [19]. The specific usage of 

the IGHV3-7 gene has been observed after Hepatitis B 
vaccination [18]. The usage of the IGHV3-23, IGHV1-
2, IGHV1-18, IGHV3-33, IGHV4-39, IGHV4-31 and 
IGHV5-51 genes increased at various times post-Boos-
trix vaccination [17]. Our data indicated that PRV-
infected mice shared partial BCR repertoire sequences, 
which are most likely to be PRV-specific BCR candi-
dates. However, there were still differences in the IGHV 
genes usage and the combined usage of IGHV and IGHJ 
genes between the Bartha-K61 strain and XJ strain infec-
tion groups. In XJ strain infection group, IGHV1-16 and 
IGHV5-1 genes were specifically used. After Bartha-K61 
strain infection, IGHV1-62–1, IGHV6-4, IGHV8-7, and 
IGHV9-1 genes were explicitly utilized. The use of IGHD, 
and IGHJ genes is roughly similar in different groups, 
thus the shared CDR3s might result from the similar 
selection of these genes [15]. In addition, there are a large 
number of IGHV-IGHJ sequences coexisted in the three 
groups. However, the usage of IGHV1-14-IGHJ2 and 
IGHV3-2-IGHJ2 increased in the PRV-infected groups 
compared to the control group. Furthermore, the XJ 
strain infection group specifically expressed IGHV8-12-
IGHJ1, IGHV12-3-IGHJ4 and IGHV1S134-IGHJ4 genes, 
while the Bartha-K61 strain infection group specifically 
expressed IGHV1-12-IGHJ1, IGHV1-22-IGHJ1, IGHV1-
50-IGHJ2 and IGHV1-30-IGHJ3. Overall, we speculate 
that the differences in IGHV, IGHD, and IGHJ gene usage 
between Bartha-K61 strain infection group and XJ strain 
infection group may be associated with strain variation 
and specific antigenic stimulation. Diversity in the usage 
of these genes might provide a direction for the discov-
ery of biomarkers for the diagnosis and prognosis of PRV 
infection.

As the most variable region of the BCR repertoire, the 
CDR3 region determines the specificity of antigen bind-
ing to the BCR [14, 25]. The CDR3 sequences exhibited 
large differences in the types and lengths in PRV infec-
tion groups in this study, which may be related to the 
immune response to specific antigens. Compared with 
control group, XJ strain infection group lacked 12 nt 
sequences and Bartha-K61 strain infection group lacked 
4 nt sequences in the top 100 CDR3 nt sequences. Length 
distribution of CDR3 aa sequence showed that CDR3 
sequences with a length of 11 aa are the most, followed by 
10 and 12 aa in XJ strain infection group. In Bartha-K61 
strain infection group, CDR3 sequences with a length 
of 11 aa are the most, followed by 12 and 10 aa. The aa 
sequences of CDR3s in the PRV infection groups were 
more convergent compared with that of control group, 
especially the CDR3s with 11 aa. The length of CDR3 was 
reported to be associated with antibody polyreactivity 
and autoimmunity, and naive B cells have longer CDR3 
regions than mature cells [25, 26].
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Vaccine is an effective measure to prevent and control 
PRV infection. For most vaccines, protection is achieved 
via activation of B cells with vaccine antigen-specific 
receptors, which subsequently differentiate into plasma 
cells. The recognition of antigens mediated by B cells 
mainly depends on BCRs. XJ strain is a typical PRV vari-
ant isolated by our laboratory, which causes widespread 
abortions, stillbirths, and mummification in pregnant 
sows fetuses, persistent diarrhoea and mass mortal-
ity in nursery pigs, and severe respiratory symptoms in 
adult pigs [27]. Taken together, we found that the BCR 
H-CDR3 repertoire in XJ strain -infected and Bartha-K61 
strain-infected mice is generally similar, but there are still 
some differences, mainly in IGHV genes uses, combined 
usage of IGHV and IGHJ genes, and CDR3 sequences. 
Therefore, we hypothesize that the classic PRV vaccine 
does not provide effective protection against all clinical 
variants. There is an urgent need for new methods and 
strategies to prevent PRV infection.

In conclusion, we effectively analyzed the changes of 
BCR H-CDR3 repertoire of PRV Bartha-K61 strain, XJ 
strain and mock infected mice spleen using HTS. The 
diversity in IGHV genes uses, combined usage of IGHV 
and IGHJ genes, and CDR3 sequences are found after 
strain and XJ strain infection. Our study contributes to 
a better understanding of the host adaptive immune 
response to PRV infection and provides a theoretical 
basis for further research on novel and efficient PRV vac-
cines. Since the current study is limited to a single dose 
and time point, dose- and time-dependent studies in the 
future may help to see clearer results of gene usage fol-
lowing PRV infection.

Abbreviations
PRV: Pseudorabies virus; BCR: B cell receptor; CDR: Complementarity determin-
ing region; BHK-21: Baby hamster kidney; HTS: High-throughput sequencing.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12917- 022- 03340-2.

Additional file 1: Supplementary Table 1. The frequency of IGHV 
genes usage. Supplementary Table 2. The frequency of IGHD genes 
usage. Supplementary Table 3. The frequency of IGHJ genes usage. 
Supplementary Table 4. The combined usage frequencies of IGHV and 
IGHJ genes. Supplementary Table 5. The CDR3 nt sequences of XJ strain 
infection group. Supplementary Table 6. The CDR3 nt sequences of 
Bartha-K61 strain infection group. Supplementary Table 7. The CDR3 nt 
sequences of control group. Supplementary Table 8. The top 100 CDR3 
nt sequences in XJ strain infection group. Supplementary Table 9. The 
top 100 CDR3 nt sequences in Bartha-K61 strain infection group. Sup‑
plementary Table 10. The top 100 CDR3 nt sequences in control group. 
Supplementary Table 11. The CDR3 aa sequences of XJ strain infection 
group. Supplementary Table 12. The CDR3 aa sequences of Bartha-K61 
strain infection group. Supplementary Table 13. The CDR3 aa sequences 
of control group. Supplementary Table 14 The top 100 CDR3 aa 
sequences in XJ strain infection group. Supplementary Table 15 The top 

100 CDR3 aa sequences in Bartha-K61 strain infection group. Supplemen‑
tary Table 16 The top 100 CDR3 aa sequences in control group.

Additional file 2. 

Acknowledgements
The authors appreciate all the helps from our colleagues and collaborators.

Authors’ contributions
Ling Zhu, Zhiwen Xu contributed to the conception of the study and super-
vised the research activity; Lishuang Deng, Fan Yang performed the experi-
ment; Fengqin Li, Jun Zhao, Zhijie Jian contributed significantly to analysis 
and manuscript preparation; Fan Yang performed the data analyses; Lishuang 
Deng wrote original draft and revised the manuscript; Huidan Deng, Siyuan 
Lai, Xiangang Sun helped perform the analysis with constructive discussions. 
All authors contributed to the article and approved the submitted version.

Funding
This research was funded by the Sichuan Province’s “14th Five-Year 
Plan” Sichuan Pig Major Science and Technology Project (grant number: 
2021ZDZX0010), the Key R&D Program in Rural Areas of Sichuan Provincial 
Department of Science and Technology (grant number: 2020YFN0147) and 
the Sichuan Veterinary Medicine and the Drug Innovation Group of China 
Agricultural Research System (grant number: CARS-SVDIP).

Availability of data and materials
The datasets analysed during the current study are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study is reported in accordance with ARRIVE guidelines 2.0 (https:// arriv 
eguid elines. org). And this experiment was approved by the Committee for 
the Care and Use of Experimental Animals at Sichuan Agricultural University 
(SYXK2019-187). All methods were performed in accordance with the relevant 
guidelines and regulations.

Competing interests
There is no competing financial interests exist among all authors.

Consent for publication
Not applicable.

Author details
1 College of Veterinary Medicine, Sichuan Agricultural University, Chengdu, 
China. 2 Key Laboratory of Animal Diseases and Human Health of Sichuan 
Province, Chengdu, China. 3 College of Animal Science, Xichang University, 
Xichang, China. 

Received: 21 February 2022   Accepted: 6 June 2022

References
 1. Derek G, Depledge DP, Hartley CA, Szpara ML, Vaz PK, Mária B, et al. ICTV 

virus taxonomy profile: herpesviridae 2021. J Gen Virol. 2021;102(10):1–2. 
https:// doi. org/ 10. 1099/ jgv.0. 001673.

 2. Zhang A, Wan B, Jiang D, Wu Y, Zhang G. The Cytoprotective enzyme 
heme oxygenase-1 suppresses pseudorabies virus replication in vitro. 
Front Microbiol. 2020;11:1–18. https:// doi. org/ 10. 3389/ fmicb. 2020. 00412.

 3. Bello-Morales R. The valproic acid derivative valpromide inhibits pseu-
dorabies virus infection in swine epithelial and mouse neuroblastoma 
cell lines. Viruses. 2021;13(12):1–12. https:// doi. org/ 10. 3390/ v1312 2522.

 4. Tan L, Yao J, Yang Y, Luo W, Wang A. Current status and challenge of pseu-
dorabies virus infection in China. Virologica Sinica. 2021;36(4):588–607. 
https:// doi. org/ 10. 1007/ s12250- 020- 00340-0.

https://doi.org/10.1186/s12917-022-03340-2
https://doi.org/10.1186/s12917-022-03340-2
https://arriveguidelines.org
https://arriveguidelines.org
https://doi.org/10.1099/jgv.0.001673
https://doi.org/10.3389/fmicb.2020.00412
https://doi.org/10.3390/v13122522
https://doi.org/10.1007/s12250-020-00340-0


Page 9 of 9Deng et al. BMC Veterinary Research          (2022) 18:228  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 5. Mettenleiter TC. Aujeszky’s disease and the development of the marker/
DIVA vaccination concept. Pathogens. 2020;9(7):563–70. https:// doi. org/ 
10. 3390/ patho gens9 070563.

 6. Wu X, Wu H, Wang H, Luo L, Dai J. A new strategy to develop pseudora-
bies virus-based bivalent vaccine with high immunogenicity of porcine 
circovirus type 2. Vet Microbiol. 2021;255(6): 109022. https:// doi. org/ 10. 
1016/j. vetmic. 2021. 109022.

 7. Zhang T, Liu Y, Chen Y, Wang A, Zhang G. A single dose glycoprotein 
D-based subunit vaccine against pseudorabies virus infection. Vaccine. 
2020;38(39):1–9. https:// doi. org/ 10. 1016/j. vacci ne. 2020. 07. 025.

 8. Nie J, Sun Y, Peng F, Han F, Bai Z. Pseudorabies virus production using 
a serum-free medium in fixed-bed bioreactors with low cell inocu-
lum density. Biotech Lett. 2020;42(1):1–10. https:// doi. org/ 10. 1007/ 
s10529- 020- 02987-x.

 9. Zhou J, Li S, Wang X, Zou M, Gao S. Bartha-k61 vaccine protects growing 
pigs against challenge with an emerging variant pseudorabies virus. Vac-
cine. 2017;35(8):1161–6. https:// doi. org/ 10. 1016/j. vacci ne. 2017. 01. 003.

 10. Hoehn KB, Anna F, Gerton L, Pybus OG. The diversity and molecular evo-
lution of B-cell receptors during infection. Mol Biol Evol. 2016;1(5):1147–
57. https:// doi. org/ 10. 1093/ molbev/ msw015.

 11. Schatz DG, Oettinger MA, Baltimore D. The V(D)J recombination activat-
ing gene, rag-1. Cell. 2008;59(6):1035–48. https:// doi. org/ 10. 1016/ 0092- 
8674(89) 90760-5.

 12. Jiang W, Wang H, Zhou S, Zhu G, Liu P. Establishment of a typing model 
for diffuse large B-cell lymphoma based on B-cell receptor repertoire 
sequencing. BMC Cancer. 2021;21(1):1–10. https:// doi. org/ 10. 1186/ 
s12885- 021- 08015-z.

 13. Collins CM, Scharer CD, Murphy TJ, Boss JM, Speck SH. Murine gamma-
herpesvirus infection is skewed toward Igλ+ B cells expressing a specific 
heavy chain V-segment. PLoS Pathog. 2020;16(4): e1008438. https:// doi. 
org/ 10. 1371/ journ al. ppat. 10084 38.

 14. Xu JL, Davis MM. Diversity in the CDR3 region of VH is sufficient for most 
antibody specificities. Immunity. 2000;13(1):37–45. https:// doi. org/ 10. 
1016/ S1074- 7613(00) 00006-6.

 15. Ma L, Tao X, He X, Wang P, Yao X. Analysis of the heterogeneity of the 
BCR H-CDR3 repertoire in the bone marrow and spleen of 3-, 12-, and 
20-month old mice. Immunity Ageing. 2021;18(1):1–13. https:// doi. org/ 
10. 1186/ s12979- 021- 00231-2.

 16. Jin X, Zhou W, Luo M, Wang P, Xu Z, Ma K, et al. Global characterization 
of B cell receptor repertoire in COVID-19 patients by single-cell V(D)J 
sequencing. Brief Bioinform. 2021;1(6):1–9. https:// doi. org/ 10. 1093/ bib/ 
bbab1 92.

 17. Berkowska MA. Longitudinal dynamics of human B-cell response at the 
single-cell level in response to Tdap vaccination. Vaccines. 2021;9:1–24. 
https:// doi. org/ 10. 3390/ vacci nes91 11352.

 18. Galson JD, Trück J, Clutterbuck EA, Fowler A, Kelly DF. B-cell repertoire 
dynamics after sequential hepatitis B vaccination and evidence for cross-
reactive B-cell activation. Genome Med. 2016;8(1):1–8. https:// doi. org/ 10. 
1186/ s13073- 016- 0337-5.

 19. Ehrhardt SA, Zehner M, Krhling V, Cohen-Dvashi H, Klein F. Polyclonal and 
convergent antibody response to Ebola virus vaccine rVSV-ZEBOV. Nat 
Med. 2019;25(10):1589–600. https:// doi. org/ 10. 1038/ s41591- 019- 0602-4.

 20. Reed LJ, Muench H. A simple method of estimating fifty per cent 
endpoints. Am J Epidemiol. 1938;27:493–7. https:// doi. org/ 10. 1093/ oxfor 
djour nals. aje. a1184 08.

 21. Greiff V, Menzel U, Haessler U, Cook SC, Friedensohn S, Khan TA, et al. 
Quantitative assessment of the robustness of next-generation sequenc-
ing of antibody variable gene repertoires from immunized mice. BMC 
Immunol. 2014;15(1):40–54. https:// doi. org/ 10. 1186/ s12865- 014- 0040-5.

 22. Masella AP, Bartram AK, Truszkowski JM, Brown DG, Neufeld JD. PAN-
DAseq: paired-end assembler for illumina sequences. BMC Bioinformatics. 
2012;13(1):1–7. https:// doi. org/ 10. 1186/ 1471- 2105- 13- 31.

 23. He B, Liu S, Wang Y, Xu M, Cai W, Liu J, et al. Rapid isolation and immune 
profiling of SARS-CoV-2 specific memory B cell in convalescent COVID-
19 patients via LIBRA-seq. Signal Transduct Target Ther. 2021;6(6):1–12. 
https:// doi. org/ 10. 1038/ s41392- 021- 00610-7.

 24. Reddy ST, Ge X, Miklos AE, Hughes RA, Kang SH, Hoi KH, et al. Monoclonal 
antibodies isolated without screening by analyzing the variable-gene 
repertoire of plasma cells. Nat Biotechnol. 2010;28(9):965–9. https:// doi. 
org/ 10. 1038/ nbt. 1673.

 25. Sun H, Yang H, Zhai K, Tong ZH. Signatures of B cell receptor repertoire 
following pneumocystis infection. Front Microbiol. 2021;12:958–63. 
https:// doi. org/ 10. 3389/ fmicb. 2021. 636250.

 26. Mroczek ES, Ippolito GC, Rogosch T, Hoi KH, Hwangpo TA, Brand MG, et al. 
Differences in the composition of the human antibody repertoire by b 
cell subsets in the blood. Front Immunol. 2014;5:96–9. https:// doi. org/ 10. 
3389/ fimmu. 2014. 00096.

 27. Yin Y, Xu Z, Liu X, Li P, Yang F, Zhao J, et al. A live gI/gE-deleted pseu-
dorabies virus (PRV) protects weaned piglets against lethal variant 
PRV challenge. Virus Genes. 2017;53:565–72. https:// doi. org/ 10. 1007/ 
s11262- 017- 1454-y.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3390/pathogens9070563
https://doi.org/10.3390/pathogens9070563
https://doi.org/10.1016/j.vetmic.2021.109022
https://doi.org/10.1016/j.vetmic.2021.109022
https://doi.org/10.1016/j.vaccine.2020.07.025
https://doi.org/10.1007/s10529-020-02987-x
https://doi.org/10.1007/s10529-020-02987-x
https://doi.org/10.1016/j.vaccine.2017.01.003
https://doi.org/10.1093/molbev/msw015
https://doi.org/10.1016/0092-8674(89)90760-5
https://doi.org/10.1016/0092-8674(89)90760-5
https://doi.org/10.1186/s12885-021-08015-z
https://doi.org/10.1186/s12885-021-08015-z
https://doi.org/10.1371/journal.ppat.1008438
https://doi.org/10.1371/journal.ppat.1008438
https://doi.org/10.1016/S1074-7613(00)00006-6
https://doi.org/10.1016/S1074-7613(00)00006-6
https://doi.org/10.1186/s12979-021-00231-2
https://doi.org/10.1186/s12979-021-00231-2
https://doi.org/10.1093/bib/bbab192
https://doi.org/10.1093/bib/bbab192
https://doi.org/10.3390/vaccines9111352
https://doi.org/10.1186/s13073-016-0337-5
https://doi.org/10.1186/s13073-016-0337-5
https://doi.org/10.1038/s41591-019-0602-4
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1186/s12865-014-0040-5
https://doi.org/10.1186/1471-2105-13-31
https://doi.org/10.1038/s41392-021-00610-7
https://doi.org/10.1038/nbt.1673
https://doi.org/10.1038/nbt.1673
https://doi.org/10.3389/fmicb.2021.636250
https://doi.org/10.3389/fimmu.2014.00096
https://doi.org/10.3389/fimmu.2014.00096
https://doi.org/10.1007/s11262-017-1454-y
https://doi.org/10.1007/s11262-017-1454-y

	Characterization of B cell receptor H-CDR3 repertoire of spleen in PRV-infected mice
	Abstract 
	Introduction
	Materials and methods
	Viruses, mice and infections
	Sample collection and RNA extraction
	cDNA library construction
	BCR repertoire sequencing
	Data analysis

	Results
	High-throughput sequencing and quality control
	Usage of IGHV, IGHD, and IGHJ genes
	Combined usage of IGHV and IGHJ genes
	IGH CDR3 nucleotide and amino acid composition

	Discussion
	Acknowledgements
	References


