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Abstract 

During the replication process, the herpesvirus genome forms the head-to-tail linked concatemeric genome, which 
is then cleaved and packaged into the capsid. The cleavage and packing process is carried out by the terminase 
complex, which specifically recognizes and cleaves the concatemeric genome. This process is governed by a cis-
acting sequence in the genome, named the a sequence. The a sequence and genome cleavage have been described 
in some herpesviruses, but it remains unclear in duck plague virus. In this study, we analysed the location, composi-
tion, and conservation of a sequence in the duck plague virus genome. The structure of the DPV genome has an a 
sequence of (DR4)m-(DR2)n-pac1-S termini (32 bp)-L termini (32 bp)-pac2, and the length is 841 bp. Direct repeat 
(DR) sequences are conserved in different DPV strains, but the number of DR copies is inconsistent. Additionally, 
the typical DR1 sequence was not found in the DPV a sequence. The Pac1 and pac2 motifs are relatively conserved 
between DPV and other herpesviruses. Cleavage of the DPV concatemeric genome was detected, and the results 
showed that the DPV genome can form a concatemer and is cleaved into a monomer at a specific site. We also estab-
lished a sensitive method, TaqMan dual qRT‒PCR, to analyse genome cleavage. The ratio of concatemer to total viral 
genome was decreased during the replication process. These results will be critical for understanding the process 
of DPV genome cleavage, and the application of TaqMan dual qRT‒PCR will greatly facilitate more in-depth research.
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Introduction
 Usually, the genome of a herpesvirus consists of a unique 
long (UL) region and a unique short (US) region, which 
are flanked by an internal repeat sequence (IRS) and a 
terminal repeat sequence (TRS), respectively [1, 2]. Upon 
entry into the nucleus, the genome is linked head-to-tail 
to form a cyclized genome, which is used as a template 
for replication to produce concatemeric genomes linked 
in a head-to-tail manner. The specific signal for genome 
cleavage is located in the a sequence of the genome ter-
mini called pac1 and pac2, which contain all the cis-act-
ing sequences needed for genome maturation [3–5]. In 
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HSV-1, the pac1 motif often contains 3–7 bp A- or T-rich 
regions flanked by poly (C) bundles, and the pac2 motif 
consists of 5–10  bp A-rich regions and the GC region 
located at the distal end of pac2. After recognizing the 
cis-acting sequence of the concatemer by the terminase 
complex, the concatemer is pulled to the capsid portal 
composed of the pUL6 complex, which is the channel for 
genome import and exit [6–9]. After unit-length genome 
packaging is completed, pUL17, pUL25, and pUL36 form 
a capsid vertex-specific complex (CVSC) at the capsid 
vertex to seal the portal channel and prevent DNA leak-
age [10–14].

The genome type of HSV-1, a typical herpesvirus, is 
type E, and the arrangement is TRL-UL-IRL-IRS-US-
TRS [15]. The herpes simplex virus 1 (HSV-1) sequence 
is repeated directly at both ends of the genome, UL and 
US, and exists in opposite directions at the UL and US 
junctions, with multiple copies at the UL end and the UL 
and US junction but only one copy at the US end [16–18]. 
The a sequence of HSV-1 contains three direct repeat 
sequences, designated DR1, DR2 and DR4. The structural 
pattern of the HSV-1 a sequence is DR1-pac1-(DR4)
m-(DR2)n-pac2-DR1 with a length of 280 bp. DR1, DR2, 
and DR4 are 20, 12, and 37 bp direct repeat sequences, 
respectively. There are 19–22 copies of DR2 and 2–3 cop-
ies of DR4. DR1 is located on both sides of each sequence, 
and adjacent sequences share the same DR1 [5]. Usually, 
viral genome cleavage occurs in DR1, but the homology 
of DR1 in the a sequence of different herpesviruses is low 
[19].

Duck plague virus (DPV), also known as duck enteri-
tis virus (DEV) or Anatid herpesvirus 1 (AnHV-1), is a 
member of Mardivirus in the Alphaherpesvirinae sub-
family [20–22]. The DPV genome is a linear double-
stranded DNA of approximately 158 to 162 kb. The DPV 
genome belongs to type D, which has only inverted repeat 
sequences (IRS, TRS) on either side of the US, forming 
the UL-IRS-US-TRS arrangement pattern, similar to that 
of the VZV genome [23]. Although the genome arrange-
ment pattern of DPV and its genome organization have 
been reported, the exact structure of the genome termini 
containing cleavage packaging sites has remained largely 
unknown [24, 25]. In this study, we found that there are 
repeat sequences of 40 and 68  bp in length at the end 
of the duck plague virus genome. The copy number of 
repeat sequences varies during genome replication and 
between different duck plague virus strains. According 
to the genome sequence of the DPV CHv strain, the a 
sequence is located at 161 416 ~ 81  bp between US and 
UL in the duck plague genome, with a length of 841 bp, 
and the cleavage site is located between the positions of 
pac1 and pac2 in the a sequence. We also used South-
ern blotting and qRT‒PCR to detect cleavage of the DPV 

genome. It was found that the DPV genome is specifically 
cleaved at the genomic terminal sequence.

Materials and methods
Cell culture
Duck embryo fibroblasts (DEFs) were maintained in 
minimal essential medium (MEM, Gibco, Meridian Road 
Rockford, USA) supplemented with 10% foetal bovine 
serum (FBS), 100 U penicillin per mL, and 100 µg strep-
tomycin per mL and cultured in a 37  °C incubator as 
described previously [26].

Plasmid construction
To determine the DPV genomic concatemer termi-
nal junction (CTJ) sequence, plasmids containing the 
CTJ sequence were generated. DEFs were infected with 
the wild-type DPV CHv strain at an MOI of 1 PFU per 
cell, and viral DNA was extracted at 48 h post-infection 
through phenol‒chloroform extraction. The CTJ frag-
ment, 160 863–1445 bp, was obtained by PCR from viral 
DNA using the primers shown in Table 1 and was ligated 
into the BamHI- and EcoRI-restricted pUC118 vector 
(Takara, Beijing, China). Finally, 25 positive clones were 
obtained and sequenced.

Sequence analysis of the DPV genomic terminal junction
To analyse whether there are differences between the 
genome sequences of progeny DPV, 25 CTJ sequences 
and the DPV genomic terminal sequence published in 
NCBI (GenBank No. JQ647509.1) were aligned using 
MUSCLE in MEGA [27]. Tandem repeat region analy-
sis of CHv genome termini was performed by Tandem 
Repeats Finder [28]. The sequences of different DPV 
strains, CHv strains (GenBank No. JQ647509.1), VAC 
strains (GenBank No. EU082088), 2085 strains (GenBank 
No. JF999965), C-KCE strains (GenBank No. KF263690), 
2013 strains (GenBank No. KF487736) and CV strains 
(GenBank No. KU216226), were also compared. Addi-
tionally, a sequence alignment between DPV and other 
herpesviruses, HSV-1 (GenBank No. NC_001806), 
GPCMV (GenBank No. NC_020231), HHV-3 (GenBank 
No. NC_001348), HHV-4 (GenBank No. AP015015), 
HHV-5 (NC_006273) and HHV-7 (NC_001716), was per-
formed to analyse similarity.

Southern blot analysis
DEFs were infected with DPV at an MOI of 10, and the 
cells were harvested at 12  h, 24  h, 36  h, 48  h, and 60  h 
post-infection. Total DNA was isolated and digested with 
BamHI for 8 to 10 h at 37 °C. The digested DNA was sep-
arated by 0.8% agarose gel electrophoresis, and then the 
agarose gel was soaked in 0.4 HCl for 15 min, neutralized 
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with transfer buffer (NaCl 58.44 g/L, NaOH 10 g/L) for 
15 min, and blotted onto a charged nylon membrane for 
10–16 h. To detect cleavage of the DPV genome, a 431 bp 
S-terminus probe was generated by PCR using the prim-
ers pTerS-F and pTerS-R (Table  1) and labelled with 
biotin using a Thermo North2South™ Biotin Random 
Prime Labelling Kit (Thermo Fisher, Code No. 17  075). 
The probe pTerS recognizes the sequences at the IRS 
124 151~124 581 bp and the TRS 161 984~161 414 bp. 
The membrane was exposed to UV light for 5  min and 
hybridized with a labelled probe at 55  °C for 12  h. The 
result was detected according to the instructions of 
Chemiluminescent Nucleic Acid Detection Module Kit 
(Thermo Fisher, Code No. 89 880).

TaqMan dual real‑time PCR
Copies of the genome concatemer and total genome were 
obtained using the qPCR-UL31 and qPCR-CTJ TaqMan 
probes (Table 2). The copies of the UL31 gene represent 
the total number of viral genomes, and the copies of CTJ 
represent the concatemeric genome. The TaqMan dual 
real-time PCR protocol included 0.6 µL qPCR-UL31-F/R 
primers (20 pmol/L), 0.5 µL qUL31 probe (10 pmol/L), 
0.5 µL qPCR-CTJ-F/R primer pair (20 pmol/L), 0.6 µL 
qCTJ probe (10 pmol/L), Premix Ex Taq™ (TaKaRa, Code 
No. RR390Q) 10 µL, viral DNA 2 µL and  H2O 5.8 µL. The 
reaction program was as follows: 95  °C for 20  s and 40 

cycles of 95 °C for 5 s nd 60.6 °C for 20 s. The experiment 
was performed 3 times.

Results
Analysis of the DR sequence of DPV genome termini
Herpesviruses usually consist of a DR sequence and a pac 
sequence. Therefore, we first analysed the characteristics 
of the DR sequence of the DPV genome termini. Accord-
ing to the DPV genome published in NCBI, acting as a 
parent strain, primers were designed to amplify the con-
catemeric terminal junction sequence and perform DR 
sequence analysis.

Twenty-five positive clones, named CTJ 1 ~ CTJ 25, 
were obtained and aligned to the parental CTJ sequences 
(160 863  bp~1445  bp) (Figure  1A). Sequence align-
ment indicated that most of the 26 CTJ fragments are 
conserved, with a similarity of 92.94%. The distribu-
tion of DR sequences in the 26 CTJ sequences was ana-
lysed using The Tandem Repeats Finder program. Two 
types of tandem repeat sequences, short and long repeat 
sequences, were identified, and the repeat units contain 
40 and 68 bp, respectively (Figures 1B and C). However, 
the length of the CTJ sequences was found to be diver-
gent between different CTJ clones because the number 
of copies of the DR sequence varies greatly (Table  3). 
The copy number of the repeat short sequences, identi-
fied as DR2, fluctuates widely from 0 to 9. Fourteen of the 
26 CTJ sequences have 7 copies of DR2, accounting for 
the highest proportion of 53.85%. The details of different 
copy types are shown in Table 3, and it is worth noting 
that one of the CTJ clones does not contain DR2. Unlike 
DR2, DR4, the long repeat sequence, has only three 
types of copy numbers, 2, 1, and 0 copies. Two copies 
of DR4 occupy 92.30%. Interestingly, the CTJ sequence, 
which lacks DR2, also does not contain DR4. According 

Table 1 Primers used in this study 

Primers Primer sequence (5′–3′) Function

pUC118-CTJ1-F/R F:TAT GAC CAT GAT TAC GAA TTC GCC CAA TTT CCC CAG TGT TAT CCT 
GTG 
R:CAG GTC GAC TCT AGA GGA TCC TCT GAG GGA GGG AAG AAG AGT 

To amplify the CTJ sequence for analysis of the progeny genome 
DR motif

pUC118-CTJs-F/R F:ATG ACC ATG ATT ACG AAT TCT GGT GTA TTG CCA ATC CTT TGC CGA 
R:AGG TCG ACT CTA GAG GAT CCG GGC GTG AAA TAC AAA CTT GAG 
TTT 

To construct the standard pUC118-CTJ for TaqMan dual quanti-
fication PCR

pUC118-UL31 s-F/R F:TAT GAC CAT GAT TAC GAA TTC ATT CAA TTT CGC TCG TCTCA 
R:CAG GTC GAC TCT AGA GGA TCC CTT GTA CCC AGG GAT GCCAC 

To construct the standard pUC118-UL31 for TaqMan dual quan-
tification PCR

pTerS-F/R F:CAA TCC AGA TGC ATA GTC CGC GTG 
R:GAG ACG GGA CTC CGA AGG TAGT 

To amplify S-terminus probe for southern blot

Qpcr-CTJ-F/R F:GGT GGA GTT GGC ATG TTG 
R:CTT CCA TAG CAG TGC ATT GA

To amplify CTJ sequence for TaqMan dual quantification PCR

Qpcr-UL31-F/R F:CCA TGA GAG CCA GAT CTT C
R:CTC CCG TAC TAT GGC TAA C

To amplify UL31 gene for TaqMan dual quantification PCR

Table 2 Probes used in this study 

Probes Probes sequence (5′–3′) 5′‑tag 3′‑tag

QCTJ-P CAA GCC ACG CCC CTT TTG GC VIC MGB

QUL31-P CGT ACC GTA CTG GCG ACC GT FAM MGB
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to the results, the number of DR sequences in the prog-
eny genome varies during replication, and the change 
in the number of copies does not affect viral genome 
replication.

To analyse the variation in DR sequences among differ-
ent duck plague virus strains, CHv, VAC, 2085, C-KCE, 
2013 and CV strains were chosen, and the genome 
terminal sequences of the six strains were compared 
(Table 4). The results showed that repeat units of termi-
nal sequences in 6 strains are highly conserved. There 

are also two types of direct repeat units, 40 and 68  bp 
repeat units, in the genome termini of 6 different duck 
plague virus strains. There are three types of copy num-
bers in the DR2 sequences, 1, 6 and 8 copies. The CHv, 
VAC, 2013 and CV strains contain eight copies of the 
DR2 sequence, and the 2085 and CKCE strains have 1 
and 6 copies of the DR2 sequence, respectively. The CTJ 
sequences in the 6 DPV strains all contain two copies of 
DR4. According to the above results, the direct repeat 
sequences among different DPV strains or progeny DPV 

Figure 1 The position of the DR sequence in the DPV genome. A pUC118-CTJ is a plasmid carrying the DPV genome concatemeric terminal 
junction fragment, which is 2758 bp in length. The length of the monomeric DPV genome is 162 715 bp, and the cleavage site is located 
between the two adjacent genomes. B The position of DR sequences in the DPV genome. Each green square represents a DR repeat sequence unit, 
and the brown square between the two green squares represents a nonrepeating sequence between DR4 repeat units. C The sequence of DR4 
and DR2 repeat units.
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genomes are highly uniform. Interestingly, DPV tends 
to produce genomes with more DR sequences in a par-
ticular range. We could not find the DR1 sequence in the 
DPV genome termini.

Characteristics of the pac1 and pac2 sequences
Pac1 and pac2 sequences, which guide cleavage and 
packaging of the herpesvirus genome, have been shown 
in other herpesviruses [29–31]. The sequences and loca-
tions of pac1 and pac2 are conserved in herpesviruses. 
According to the sequence alignment of genome ter-
mini between DPV and other herpesviruses, putative 
pac1 and pac2 sequences were identified in DPV CHv 
strain genome termini. The pac1 motif is located at the 
S-terminal 162 118–162 143  bp and contains 26 base 
pairs, and the sequence of pac1 is CCC CCC GCC AAA 
AAA GCC CCG CCC CC (Figure  2A). The pac2 motif is 
located at the L-terminal 33–81 bp and includes 49 base 
pairs. The sequence of pac2 is AAA AAA ATT TTT GCC 
TGA CGT GCC TTC AAT GCA CTG CTA TGG AAG GGC 
G (Figure 2B). The pac1 motif is composed of three char-
acteristic regions, including an A/T-rich region located 
in the middle of pac1 and two C-rich regions located on 
both sides of the A/T-rich region (Figure 2A). The pac2 
motif also consists of three regions: the A-rich region, 
disordered Nn region and CG motif region (Figure  2B). 
Except for the Nn region, the rest of pac1 and pac2 are 
conserved in different herpesvirus and DPV strains.

The complete sequence of the duck Plague virus genome
According to the DR motifs and the pac motif, we 
obtained the complete structure of a sequence of DPV, 
(DR4)m-(DR2)n-pac1-S termini (32  bp)-L termini 
(32 bp)-pac2 (Figure 3A). The full-length sequence of the 
DPV CHV strain is 841 bp and located at 161 416 ~ 81 bp. 
Based on alignment of a sequence between DPV and 
other herpesvirus genome sequences, a significant dif-
ference between DPV and HSV-1 was found. There are 

complete sequences in the HSV-1 monomeric genome, 
and each end of the genome has at least one sequence. 
However, there is no complete sequence structure in the 
DPV monomeric genome, and it only has the complete 
sequence at the junction of the concatemeric genome 
(Figure  3B). In the DPV genome, there are six motifs 
in a sequence: DR4 motif, DR2 motif, pac1 motif, 32 
nucleotides of S termini, 32 nucleotides of L termini 
and pac2 motif (Figure 3A). (DR4)m-(DR2)n-pac1-S ter-
mini (32 bp) located in the termini of TRS and L termini 
(32 bp)-pac2 at the UL end can be spliced to form a com-
plete sequence structure in the concatemeric genome. 
In the CHv genome, (DR4)m-(DR2)n-pac1-S termini 
(32 bp) is located at 161 416–162 175 bp, and there are 
inverted repeats in the genome from 123 350 to 124 
149 bp that have one more copy than the terminal DR2 
repeat. L termini (32 bp)- pac2 is located at 1–81 bp at 
the L end of the viral genome, and L termini (32 bp) have 
another reverse copy sequence at 123 318–123 349 bp of 
the genome and are connected with S termini (32 bp) in 
the genome. However, there is only one copy of the pac2 
motif in the DPV genome, located at 33–81  bp at the 
L-terminus of the genome (Figure 3B). To further analyse 
conservation of the DPV a sequence in different strains, 
sequences of 6 DPV strains (CHv, 2013, CV, VAC, 2085, 
CKCE) were aligned using MEGA7.0.14. The a sequences 
among the strains are highly conserved, with similarity 
over 96.4% (Figure 3C).

Specific cleavage of the DPV concatemeric genome
To determine whether DPV genomes form concate-
mers and are cleaved into monomeric genomes, the 
pTerS probe was designed to recognize concatemeric 
and monomeric genomes. The pTerS probe can iden-
tify the US termini of the concatemer and monomer 
and the inverted US termini inside the genome. After 
BamHI digestion of the total DPV genomes, three 
bands in each infected sample from 24 hpi to 60 hpi 
were detected. The US termini of monomers, named 
S, are approximately 5.3  kb. The band over 21.5  kb, 
S-L, is the spliced sequence of the S and L termini of 

Table 3 The number of DR motifs at DPV genome termini 

DR motif Copy number Number Proportion (%)

DR2 (40 bp) NA 1/26 3.85

5 1/26 3.85

6 1/26 3.85

7 14/26 53.85

8 7/26 26.92

9 2/26 7.69

DR4 (68 bp) NA 1/26 3.85

1 1/26 3.85

2 24/26 92.30

Table 4 The number of DR motifs in different duck plague 
strains 

DR motif Copy 
number

Number of DPV strain/
Total number of DPV 
strain

Proportion (%)

40 bp TR 1 1/6 16.67

6 1/6 16.67

8 4/6 66.67

68 bp TR 2 6/6 100.00
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adjacent genomes. The third band, IS, is approximately 
7.6  kb and located in the inverted internal S-terminal 
sequence (Figures 4A, B). This result is consistent with 
our speculation that the DPV genome can form con-
catemers and is cleaved into monomers. The S segment 
represents the monomeric genome, and its amount 
increased with infection time. This result suggests that 
the mature genome of DPV increases in the later stages 
of infection. Similarly, the IS sequence represents the 
total DPV genome, containing the monomeric and con-
catemeric genomes, and continuously increased after 
24 hpi. However, the amount of S-L segment displayed 
a slight rise during infection, which was obviously dif-
ferent from S and IS. It is speculated that formation and 
cleavage of concatemeric genomes are dynamic during 
viral replication, leading to a lack of accumulation of 
the concatemeric genome. Due to its circular morphol-
ogy, the DPV BAC plasmid as a control showed only 
two bands (S-L and IS). Moreover, the bands of the S 
and S-L segments were specific during the process of 
genome cleavage. This result suggests that cleavage 
of the DPV concatemeric genome occurs at a specific 
site. In addition, there were no bands larger or smaller 
near the S or S-L, and it is also believed that the DR 
sequence in the sequence of the DPV genome mainly 
exist in one dominant copy type, even though different 
copy types were observed.

Cleavage of the genome concatemer analysed using 
TaqMan dual qRT PCR
The TaqMan probe dual fluorescence quantitative real-
time PCR was used to further investigate formation of 
the DPV genome concatemer and the dynamic pro-
cess of cleavage. DNA was obtained in the same man-
ner as the Southern blot assay. The total amount of 
DPV genome generated during replication was quanti-
fied using the probe of the UL31 gene. The amount of 
concatemeric genome was detected by the probe of the 
junction of adjacent genomes (Figure  5A). The change 
in cleavage was analysed by the ratio of the number of 
concatemers to the total number of genomes, and the 
results clarified the cleavage of concatemers.

The viral genome could be detected earlier because 
the qRT‒PCR method is more sensitive than South-
ern blotting. As shown in Figure 5B, the copy number 
of concatemeric genomes and the total copy number of 
the viral genomes both peaked at 36 hpi. After 36 hpi, 
the copy number of the concatemeric genome and the 
total copies of the viral genome decreased. It was pos-
sible that the infected cells detached from the cell cul-
ture plate during the later stage of infection. However, 
although the trends in the amount of concatemeric 
genome and total viral genome are consistent, the ratio 
between them decreased with the infection time. The 
highest ratio was at the beginning of infection, but the 
proportion of concatemers was still low, less than 5%, 

Figure 2 Sequence analysis of the DPV pac element with its homologues. A The pac1 motif at the S-terminus contained three characteristic 
regions, including an A/T-rich region in the middle of pac1 and two C-rich regions on both sides of the A/T-rich region. B The pac2 motif is located 
at the L-terminus and consists of three regions: the A-rich region, disordered Nn region and CG motif region.



Page 7 of 11Yang et al. Veterinary Research            (2024) 55:2  

Figure 3 Structure and conservation analysis of the a sequence of the DPV genome. A The a sequence composition of the DPV genome. 
The scissor indicates the junction site of the S-termini and L-termini. Repeated long sequences (DR4), repeated short sequences (DR2) and pac 
sequences are marked. “m” represents the number of DR4, and “n” represents the number of DR2. B The position of the a sequence in the DPV 
genome. The a sequence is located at 161 416 ~ 81 bp between the US and UL of the adjacent DPV genomes, with a length of 841 bp. C Identity 
and divergence analysis of sequences in different DPV strains.
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and gradually decreased from 4.54% at 12 hpi to 1.10% 
at 36 hpi (Figure 5C). It is suggested that many concate-
mers were cleaved into monomers from 12 hpi and that 
the cleavage rate gradually increased compared with 
the genome replication rate, indicating that the cleav-
age event of the genome improved during the replica-
tion process.

Discussion
The a sequence is essential for herpesvirus genome 
maturation and mainly consists of DR1, DR2, DR4, 
pac1 and pac2 motifs [31–33]. However, there are usu-
ally different copy numbers in the genome with different 
repeat sequences in the same or different herpesvirus 
genomes. The DPV genome forms concatemers, and the 

L-terminus and S-terminus are covalently linked to form 
a unique and complete sequence. The arrangement of 
the DPV a sequence is (DR4)m-(DR2)n-pac1-S termini 
(32 bp)-L termini (32 bp)-pac2. In the DPV progeny viral 
genome, the copy numbers of DR2 and DR4 are variable, 
but the progeny genome with more copies of DR2 or DR4 
is dominant. DPV has an a sequence different from that 
of other herpesviruses. The a sequence of the HSV-1 
genome is arranged as DR1-pac1-(DR4)m-(DR2)n-pac2-
DR1 [34, 35]. However, we could not find the DR1-like 
motif on either side of the a sequence or near pac1 and 
pac2 in the DPV genome. It is speculated that the DR1 
sequence may not exist or only exists between the pac1 
and pac2 motifs in the DPV a sequence. In HSV-1, there 
are multiple copies of sequences that are located in the 

Figure 4 Southern blot detection of DPV genome cleavage. A Schematic diagram of Southern blotting. B The result of Southern blotting.
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TRL and TRS at the end of the genome as well as in the 
internal IRL and IRS [36–38], but there is only a com-
plete copy of a sequence in the DPV junction adjacent 
genome. Although the DPV a sequence is different from 
that of HSV-1, it does not affect replication and cleavage 
of the DPV genome.

Southern blotting was first used to detect cleavage of 
the DPV genome. The results showed that unique TS, S-L 
and IS segments were produced after BamHI digestion 

but that they differed from those of HSV-1 and KSHV. 
After restriction enzyme digestion, segments of various 
sizes were produced at TRL and IRL-IRS of the HSV-1 
genome due to the multiple copies of the a sequence [39, 
40]. In KSHV, genome cleavage of KSHV occurs in the 
GC-rich terminal repeat (TR) sequence, generating TR 
sequences with fragments of different sizes and produc-
ing a ladder-like cleavage pattern; this indicates that the 
KSHV genome is variable with respect to the size of the 

Figure 5 TaqMan dual qRT‒PCR analysis of the dynamics of DPV genome cleavage. A Schematic diagram of TaqMan dual qRT‒PCR. B Copies 
of total genomes and concatemers at different infection times. C The ratio of the copy number of concatemers to the total genome.



Page 10 of 11Yang et al. Veterinary Research            (2024) 55:2 

TR fragment at the end of the monomeric genome pro-
duced during the cleavage and packaging process. This 
phenomenon differs significantly from DPV [41–43]. 
TaqMan dual fluorescence quantitative real-time PCR 
was also used to detect the dynamic cleavage process 
of DPV due to its higher sensitivity. Compared with the 
DPV total genome, it is evident that the copies of con-
catemers are always at a low level, which is consistent 
with the result of Southern blotting. This indicates that 
the concatemers are continuously cleaved into mono-
mers during replication. Application of this method may 
be more simple and sensitive to detect cleavage of the 
viral genome, which will greatly facilitate detection of 
viral genome cleavage.

DPV is a member of the herpesvirus family, but the 
mechanism of viral genome cleavage and packaging is 
still unclear. In this study, we analysed the composition 
and sequence characteristics of the DPV genome, which 
can provide an essential theoretical basis for further 
analysis of genome cleavage and packaging processes. It 
not only proves the specificity of DPV genome cleavage 
using classical Southern blotting but also establishes a 
more sensitive TaqMan duel qRT PCR, which can make 
detection of the viral genome cleavage process more con-
venient. By using this method, we can further explore the 
function of each motif in the a sequence.

Acknowledgements
We thank Sichuan Agricultural University for providing the experimental 
platform and other members of the group for their help.

Authors’ contributions
QY conceived of and designed the experiments and drafted the manuscript. 
YF analysed the genome sequence and drafted the manuscript. YZ carried out 
the experiments and the analysis. AC supervised the research and modified 
the manuscript. MW, RJ, DZ, SC, ML, XZ, YW, SZ, BT, XO, SM, JH, QG, DS, ZW, YH, 
LZ and YY helped with the experiments and analysis. All the authors have read 
and approved the final manuscript.

Funding
This work was supported by the Sichuan Science and Technology Planning 
Project (2020YJ0395), the Sichuan Province Science and Technology Innova-
tion Seeding Project (2021061), scholarships from the China Scholarship 
Council (202106915019), the Sichuan Veterinary Medicine, Drug Innovation 
Group of the China Agricultural Research System (SCCXTD-2020-18) and the 
earmarked fund for the China Agriculture Research System (CARS-42-17).

 Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author upon reasonable request.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 29 July 2023   Accepted: 25 October 2023

References
 1. Yang K, Dang X, Baines JD (2017) A domain of herpes simplex virus 

pU(L)33 required to release monomeric viral genomes from cleaved 
concatemeric DNA. J Virol 91:e00854

 2. Roizman B (1979) The structure and isomerization of herpes simplex virus 
genomes. Cell 16:481–494

 3. Deiss LP, Chou J, Frenkel N (1986) Functional domains within the a 
sequence involved in the cleavage-packaging of herpes simplex virus 
DNA. J Virol 59:605–618

 4. Deiss LP, Frenkel N (1986) Herpes simplex virus amplicon: cleavage of 
concatemeric DNA is linked to packaging and involves amplification of 
the terminally reiterated a sequence. J Virol 57:933–941

 5. Mocarski ES, Roizman B (1982) Structure and role of the herpes simplex 
virus DNA termini in inversion, circularization and generation of virion 
DNA. Cell 31:89–97

 6. Chang JT, Schmid MF, Rixon FJ, Chiu W (2007) Electron cryotomography 
reveals the portal in the herpesvirus capsid. J Virol 81:2065–2068

 7. Higgs MR, Preston VG, Stow ND (2008) The UL15 protein of herpes sim-
plex virus type 1 is necessary for the localization of the UL28 and UL33 
proteins to viral DNA replication centres. J Gen Virol 89:1709–1715

 8. Jacobson JG, Yang K, Baines JD, Homa FL (2006) Linker insertion muta-
tions in the herpes simplex virus type 1 UL28 gene: effects on UL28 
interaction with UL15 and UL33 and identification of a second-site 
mutation in the UL15 gene that suppresses a lethal UL28 mutation. J Virol 
80:12312–12323

 9. Trus BL, Cheng N, Newcomb WW, Homa FL, Brown JC, Steven AC (2004) 
Structure and polymorphism of the UL6 portal protein of herpes simplex 
virus type 1. J Virol 78:12668–12671

 10. Homa FL, Brown JC (1997) Capsid assembly and DNA packaging in 
herpes simplex virus. Rev Med Virol 7:107–122

 11. Wu H, Sampson L, Parr R, Casjens S (2002) The DNA site utilized by 
bacteriophage P22 for initiation of DNA packaging. Mol Microbiol 
45:1631–1646

 12. Tong L, Stow ND (2010) Analysis of herpes simplex virus type 1 DNA 
packaging signal mutations in the context of the viral genome. J Virol 
84:321–329

 13. Brown JC, Newcomb WW (2011) Herpesvirus capsid assembly: insights 
from structural analysis. Curr Opin Virol 1:142–149

 14. Newcomb WW, Thomsen DR, Homa FL, Brown JC (2003) Assembly of 
the herpes simplex virus capsid: identification of soluble scaffold-portal 
complexes and their role in formation of portal-containing capsids. J Virol 
77:9862–9871

 15. Davison AJ, Scott JE (1986) The complete DNA sequence of varicella-
zoster virus. J Gen Virol 67:1759–1816

 16. Davison AJ, Wilkie NM (1981) Nucleotide sequences of the joint between 
the L and S segments of herpes simplex virus types 1 and 2. J Gen Virol 
55:315–331

 17. Wagner MJ, Summers WC (1978) Structure of the joint region and the 
termini of the DNA of herpes simplex virus type 1. J Virol 27:374–387

 18. Kishi M, Bradley G, Jessip J, Tanaka A, Nonoyama M (1991) Inverted repeat 
regions of Marek’s Disease virus DNA possess a structure similar to that 
of the a sequence of herpes simplex virus DNA and contain host cell 
telomere sequences. J Virol 65:2791–2797

 19. Spaete RR, Mocarski ES (1985) The alpha sequence of the cytomegalovi-
rus genome functions as a cleavage/packaging signal for herpes simplex 
virus defective genomes. J Virol 54:817–824

 20. McGeoch DJ, Dolan A, Ralph AC (2000) Toward a comprehensive phylog-
eny for mammalian and avian herpesviruses. J Virol 74:10401–10406

 21. McGeoch DJ, Gatherer D (2005) Integrating reptilian herpesviruses into 
the family herpesviridae. J Virol 79:725–731

 22. Zhao Y, Wang JW (2010) Characterization of duck enteritis virus US6, US7 
and US8 gene. Intervirology 53:141–145

 23. Hodge PD, Stow ND (2001) Effects of mutations within the herpes 
simplex virus type 1 DNA encapsidation signal on packaging efficiency. J 
Virol 75:8977–8986

 24. Guo Y, Cheng A, Wang M, Zhou Y (2009) Purification of anatid herpesvirus 
1 particles by tangential-flow ultrafiltration and sucrose gradient ultra-
centrifugation. J Virol Methods 161:1–6

 25. Weir JP (1998) Genomic organization and evolution of the human her-
pesviruses. Virus Genes 16:85–93



Page 11 of 11Yang et al. Veterinary Research            (2024) 55:2  

•
 
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: 

 26. Li Y, Wu Y, Wang M, Ma Y, Jia R, Chen S, Zhu D, Liu M, Yang Q, Zhao X, 
Zhang S, Huang J, Ou X, Mao S, Zhang L, Liu Y, Yu Y, Pan L, Tian B, Rehman 
MU, Chen X, Cheng A (2019) Duplicate US1 genes of duck enteritis virus 
encode a non-essential immediate early protein localized to the nucleus. 
Front Cell Infect Microbiol 9:463

 27. Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X: Molecular 
Evolutionary Genetics Analysis across computing platforms. Mol Biol Evol 
35:1547–1549

 28. Benson G (1999) Tandem repeats finder: a program to analyze DNA 
sequences. Nucleic Acids Res 27:573–580

 29. Chou J, Roizman B (1989) Characterization of DNA sequence-common 
and sequence-specific proteins binding to cis-acting sites for cleavage 
of the terminal a sequence of the herpes simplex virus 1 genome. J Virol 
63:1059–1068

 30. McVoy MA, Nixon DE, Adler SP, Mocarski ES (1998) Sequences within the 
herpesvirus-conserved pac1 and pac2 motifs are required for cleavage 
and packaging of the murine cytomegalovirus genome. J Virol 72:48–56

 31. Wang JB, Nixon DE, McVoy MA (2008) Definition of the minimal cis-acting 
sequences necessary for genome maturation of the herpesvirus murine 
cytomegalovirus. J Virol 82:2394–2404

 32. Wang JB, McVoy MA (2011) A 128-base-pair sequence containing the 
pac1 and a presumed cryptic pac2 sequence includes cis elements suf-
ficient to mediate efficient genome maturation of human cytomegalovi-
rus. J Virol 85:4432–4439

 33. McVoy MA, Nixon DE, Hur JK, Adler SP (2000) The ends on herpesvirus 
DNA replicative concatemers contain pac2 cis cleavage/packaging ele-
ments and their formation is controlled by terminal cis sequences. J Virol 
74:1587–1592

 34. Umene K (1994) Excision of DNA fragments corresponding to the unit-
length a sequence of herpes simplex virus type 1 and terminus variation 
predominate on one side of the excised fragment. J Virol 68:4377–4383

 35. Mocarski ES, Roizman B (1981) Site-specific inversion sequence of the 
herpes simplex virus genome: domain and structural features. Proc Natl 
Acad Sci U S A 78:7047–7051

 36. Umene K, Oohashi S, Yoshida M, Fukumaki Y (2008) Diversity of the a 
sequence of herpes simplex virus type 1 developed during evolution. J 
Gen Virol 89:841–852

 37. Dutch RE, Bianchi V, Lehman IR (1995) Herpes simplex virus type 1 DNA 
replication is specifically required for high-frequency homologous 
recombination between repeated sequences. J Virol 69:3084–3089

 38. Sarisky RT, Weber PC (1994) Requirement for double-strand breaks but 
not for specific DNA sequences in herpes simplex virus type 1 genome 
isomerization events. J Virol 68:34–47

 39. Skare J, Summers WP, Summers WC (1975) Structure and function of 
herpesvirus genomes. I. comparison of five HSV-1 and two HSV-2 strains 
by cleavage their DNA with eco R I restriction endonuclease. J Virol 
15:726–732

 40. Severini A, Morgan AR, Tovell DR, Tyrrell DL (1994) Study of the structure 
of replicative intermediates of HSV-1 DNA by pulsed-field gel electropho-
resis. Virology 200:428–435

 41. Gardner MR, Glaunsinger BA (2018) Kaposi’s sarcoma-associated herpes-
virus ORF68 is a DNA binding protein required for viral genome cleavage 
and packaging. J Virol 92:e00840

 42. Hartenian E, Mendez AS, Didychuk AL, Khosla S, Glaunsinger BA (2023) 
DNA processing by the Kaposi’s sarcoma-associated herpesvirus alkaline 
exonuclease SOX contributes to viral gene expression and infectious 
virion production. Nucleic Acids Res 51:182–197

 43. Iwaisako Y, Watanabe T, Futo M, Okabe R, Sekine Y, Suzuki Y, Nakano 
T, Fujimuro M (2022) The contribution of Kaposi’s sarcoma-associated 
herpesvirus ORF7 and its zinc-finger motif to viral genome cleavage and 
capsid formation. J Virol 96:e0068422

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


	Characteristics of the a sequence of the duck Plague virus genome and specific cleavage of the viral genome based on the a sequence
	Abstract 
	Introduction
	Materials and methods
	Cell culture
	Plasmid construction
	Sequence analysis of the DPV genomic terminal junction
	Southern blot analysis
	TaqMan dual real-time PCR

	Results
	Analysis of the DR sequence of DPV genome termini
	Characteristics of the pac1 and pac2 sequences
	The complete sequence of the duck Plague virus genome
	Specific cleavage of the DPV concatemeric genome
	Cleavage of the genome concatemer analysed using TaqMan dual qRT PCR

	Discussion
	Acknowledgements
	References


