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Abstract
Background

UL13 multifunctional tegument protein of duck enteritis virus (DEV) is predicted as protein kinase (CHPK); however, little is known
concerning its subcellular localization signal.

Results

In this study, by transfection with two predicted nuclear signals of DEV UL13 fused to enhanced green �uorescent protein (EGFP),
two bipartite nuclear localization signal (NLS) was identi�ed. We identi�ed the nuclear localization signals (NLSs) that control its
nuclear importing using �uorescence assay and proved that nuclear localization of DEV UL13 is a classical importin α/β-
dependent process. And we constructed the mutant DEV, with the NLSs of UL13 deleted, to explore whether it will affect the
replication of virus particles.

Conclusions

DEV UL13 protein is directed by amino acids 4 to 7 and 90 to 96, and proved that this nuclear import occurs via the classical
importin α/β-dependent process. And Entry nucleus of UL13 protein has no effect on DEV replication in cell culture. Our study
enhances the understanding of DEV pUL13. Taken together, these results would provide signi�cant information for the stud y of
the biological function of UL13 during DEV infection.

Background
DEV, a member of the Alphaherpesvirinae subfamily, can cause serious clinical symptoms and pathological changes, such
asvascular injury, tissue haemorrhage, gastrointestinal mucosal papulosis-like lesions, and degeneration of lymphoid and
parenchymal organs [1–3]. Also, DEV can lead to acute, fever, septicemia and infectious diseases in ducks, geese, swans and
other birds. The morbidity and mortality of infected or unprotected ducks are as high as 100%. The disease often trigger severe
economic losses to the global waterfowl industry [4].

According to the Ninth International Committee on Taxonomy of Viruses (ICTV), Duck enteritis virus (DEV) is classi�ed into the
subfamily Alphaherpesvirinae of the family Herpesviridae [5]. DEV infection, known as duck plague (DP) or duck viral enteritis
(DVE), is among the most widespread and devastating diseases of waterfowl [6]. DEV is a linear double-stranded DNA virus that
contains 78 open reading frames. The UL13 gene of DEV, which is predicted to encode a Ser/Thr protein kinase (CHPKs), was
previously identi�ed by our group [7–8 ]. Amino acid sequence analysis showed that the UL13 protein kinase shows more than
35% similarity with reported CHPK, and the exploration of DEV UL13 will not only offer data about the molecular biological
characteristics of DEV but also supplement our knowledge of the characteristics and functions of the CHPK family.

CHPKs can both autophosphorylate and phosphorylate certain viral and cellular proteins that help the virus to replicate and
spread, with many activities occurring in the nucleus. For example, CHPKs have been reported to participate in the phosphorylation
of nuclear lamina components to facilitate the nuclear egress of progeny capsids [9–14]. In addition to roles in nuclear egress,
CHPKs have been proven to have other effects in the nucleus that may in�uence viral replication and the cell cycle. CHPKs affect
the e�ciency of virus replication by phosphorylating DNA polymerase processivity factors, such as UL44 of HCMV and BMRF1 of
EBV [15, 16], histones [17], and RNA polymerase II [18, 19], to promote viral DNA replication and protein expression. In recent years,
the EBV BGLF4 protein has been demonstrated to inhibit cell cycle G1/S progression and induce chromosomal abnormality [20,
21]. Moreover, HSV-1 UL13 has been found to stimulate the expression of suppressor of cytokine signalling 3 (SOCS-3), a negative
regulator of IFN, to escape the interferon response. It has also been reported that CHPKs of HCMV, EBV, KSHV, and murine
herpesvirus-68 (MHV-68) can subvert the type I IFN response by inhibiting the activity of interferon regulatory factor 3 (IRF-3) [22–
24]. Furthermore, some, but not all, CHPKs in Betaherpesvirinae and Gammaherpesvirinae can phosphorylate antiviral nucleoside
analogue ganciclovir (GCV) [25–29], which is also present in the nucleus.

The characteristics of some genes from DEV had been reported by our team [30–56]. However, the function of DEV UL13 protein
has rarely been reported to date. Certain of characteristics of DEV UL13 protein have been identi�ed in our previous study. This
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report will complement the location characteristic of DEV UL13 and lay the foundation for its functional exploration in the nucleus.

Results

Localization of recombinant UL13 and UL13-△NLSs mutated protein in
transfected DEFs
We have proved that UL13 protein of DEV also can enter into nucleus. PSORT II Prediction revealed amino acids 4 to 7 (Arg-Arg-
Arg-Arg) and 90 to 96 (Pro-Gly-Lthoys-Arg-Lys-Thr-Lys), as basic amino acid patches, as putative NLSs (Figure S1). To examine the
function of these predicted NLSs, we constructed mammalian expression plasmids for UL13-GFP fusion proteins or proteins with
NLS1 or/and NLS2 deleted (Fig. 1A) and transfected them into DEFs. Compared with that the �uorescence of UL13-GFP fusion
proteins located both in nucleus and cytoplasm (Fig. 1B b, g, l), when NLS1 or NLS2 was deleted, the majority of the �uorescence
displayed a cytoplasmic distribution in DEFs (Fig. 1B c, h, m, d, i, n). Furthermore, the UL13-GFP fusion protein, with NLS1 and
NLS2 both deleted, exhibited a completely cytoplasmic distribution (Fig. 1B e, j, o). We also analyse the nuclear
compartmentalization of UL13/UL13-△NLSs. As shown in Fig. 1C, the nuclear/cytoplasmic �uorescence ratio of the UL13-
△NLS1&NLS2 protein was signi�cantly decreased compared to the UL13 protein (P 0.01), and both the UL13-△NLS1 and UL13-
△NLS2 proteins were also signi�cantly decreased (P 0.001). The decrease in the nuclear/cytoplasmic �uorescence ratio was
higher for UL13-△NLS1&NLS2 than for UL13-△NLS1 and UL13-△NLS2. All these results suggested that both NLS1 and NLS2 are
responsible for the nuclear localization of DEV UL13 and work together to enhance this functionality. We also separated the
cytoplasmic and nuclear proteins expressed from pEGFP-N1-UL13 or pEGFP-N1-UL13-△NLS1&△NLS2 plasmids in DEF cells, and
analysed the quantity of UL13 protein distributed in the cytoplasm and nucleus via western blotting (Fig. 1D). Compared with the
distribution of the UL13 protein expressed in the pEGFP-N1-UL13 group, the ratio of UL13 protein in the nucleus in the pEGFP-N1-
UL13-△NLS1 &△NLS2 group was signi�cantly reduced. We used β-actin and Lamin A/C as controls for these cytoplasmic/nuclear
fractions.

Localization of the NLS-GFP fusion protein in transfected DEFs
To further examine whether NLS1 and NLS2 can import heterologous proteins into the nucleus, sequences encoding NLS1 and
NLS2 were fused to GFP to obtain NLS1-GFP, NLS2-GFP, and NLS1&NLS2-GFP recombinant plasmids and transfected into DEFs
(Figure 2A). Fluorescence assays showed a greater proportion of the NLS1-GFP and NLS2-GFP fusion proteins in the nucleus than
in the cytoplasm (Figure 2B b, f, j, c, g, k); in contrast, NLS1&NLS2-GFP showed a predominantly nuclear distribution (Figure 2B d,
h, l), and GFP alone showed a homogeneous distribution (Figure 2B a, e, i). We also analysed differences in the nuclear and
cytoplasmic �uorescence ratios between GFP and NLSs-GFP and found that the nuclear/cytoplasmic �uorescence ratios for
NLS1-GFP, NLS2-GFP and NLS1&NLS2-GFP were signi�cantly increased compared to GFP (P 0.001) (Figure 2C), with that of
NLS1&NLS2-GFP being particularly increased. We also separated the cytoplasmic and nuclear proteins expressed from NLS1-GFP
or NLS2-GFP plasmids in DEF cells, and analysed the quantity of UL13 protein distributed in the cytoplasm and nucleus via
western blotting (Figure 2D). Compared with the distribution of the UL13 protein expressed in the nucleus, the ratio of UL13 protein
in the cytoplasm in the NLS1-GFP or NLS2-GFP group was signi�cantly reduced.

Our results con�rmed that both NLS1 and NLS2 of DEV UL13 act as nuclear localization signals. Each could mediate protein entry
into the nucleus, and their combination increased the function of the nuclear localization signal.

The effects of nuclear import inhibitors on the location of DEV UL13
NLS1 and NLS2 of DEV UL13 are predicted to be pat4 and pat7 monopartite prototypical nuclear localization signals, respectively.
It has been reported that ivermectin blocks importin α and β interaction and inhibits the nuclear transport facilitated by the
prototypical NLS-mediated mechanism, with no effect on proteins containing NLSs recognized by alternative nuclear import
pathways or other nuclear import pathways. Therefore, we tested whether the nuclear import of the DEV UL13 protein requires the
interaction of importin α and β by treating DEF cells transfected with pEGFP-N1-UL13 recombinant plasmids with/without
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ivermectin. As shown in Figure 3A, less nuclear UL13 protein was found in DEFs treated with ivermectin than DEFs without
ivermectin treatment at 16h post-transfection (Figure 3A a, g, m, b, h, n). The nuclear distribution of NLS1&NLS2-GFP with
ivermectin treatment was also reduced compared to the no treatment group (Figure 3A c, i, o, d, j, p), whereas there was no change
in the distribution of GFP alone with/without ivermectin treatment (Figure 3A e, k, q, f, l, r). We also analysed differences in the
nuclear and cytoplasmic �uorescence ratio of NLS1&NLS2-GFP and UL13 in DEF cells with or without ivermectin treatment and
found that the ratio of UL13 declined signi�cantly(P<0.001), with the mean ratio of the NLS1&NLS2-GFP group reduced from 0.8
to 0.4 after ivermectin treatment. Statistical analysis showed that the nuclear accumulation of NLS1&NLS2-GFP and UL13 was
signi�cantly impaired by ivermectin (Figure 3B) (P<0.01). These results suggested that the nuclear import of DEV UL13 occurs by
the classical transport process that requires the interaction of importin α and β and is mediated by the NLSs of DEV UL13.

Entry nucleus of UL13 protein has no effect on DEV replication in cell
culture
To examine the effect of entry nucleus of UL13 protein on viral proliferation, we constructed DEV CHv-UL13ΔNLS, which was a
mutant of both NLS1 and NLS2 of DEV UL13 being deleted, and DEV CHv-UL13ΔNLS R (a revertant) (Figure 4A). By RFLP analysis
and sequencing, we determined that the DEV CHv-UL13ΔNLS and DEV CHv-UL13ΔNLS R recombinant viruses were mutated only
at their appropriate target site (Figure 4B).

A plaque assay indicated that the DEV CHv-UL13ΔNLS could grow in DEF, and the difference of plaque size between DEV CHv-
UL13ΔNLS and DEV CHv has no signi�cance (Figure 5A). The growth curve of DEV CHv-UL13ΔNLS exhibited the same trend of
DEV CHv in both the supernatant and cells during the infection period (Figure 5B). The phenotype of DEV CHv-ΔUL13R exhibited
similar

Discussion
All herpesviruses encode serine/threonine kinases, which are involved in viral proliferation and organism immunity [57]. Two types
of conserved herpesvirus serine/threonine kinases have been described in Herpesviridae: one is conserved only in the
Alphaherpesvirus subfamily, exempli�ed by the US3 kinase of HSV; the others are CHPKs, which are conserved across the entire
family. Studies on CHPKs have mainly focused on function and molecular characteristics, especially for human herpesviruses,
whereas studies on CHPKs of animal herpesviruses, such as DEV, are comparatively scarce. In a previous study, our group isolated
DEV, which was grouped into Alphaherpesvirinae, from the intestine of a sick duck and sequenced the genome. This analysis
showed that DEV encodes a UL13 protein showing 35 ~ 40% similarity with reported CHPKs in human herpesviruses, and 40 ~ 50%
similarity with the CHPK of poultry herpesviruses.

The functions of CHPKs in the nucleus have been well characterized, especially for members of Betaherpesvirinae and
Gammaherpesvirinae. In contrast, there are relatively few reports for members of Alphaherpesvirinae to date. Maybe it is
associated with another type of herpesvirus protein kinases, which is conserved only in the alphaherpesvirus subfamily,
exempli�ed by the US3 kinase of HSV. It has been reported that UL13 protein participate in the phosphorylation of nuclear lamina
components to facilitate the nuclear egress of progeny capsids in cells infected with HSV-2 [13]. However, nuclear egress
regulation needs both UL13 and US3 to participate in HSV-1 [14]. In pseudorabies virus (PRV) and Marek’s disease virus (MDV),
which also belong to alphaherpesvirus subfamily, the capsid nuclear export is a conserved role for US3 kinase [58]. HSV-1 UL13
was found to participate in inducing the expression of a negative regulator of IFN, suppressor of cytokine signalling 3 (SOCS-3), to
evade the interferon response [24]. In VZV-infected cell, the US3 ortholog participated in interfering with induction of the IFN
signalling pathway following exposure to IFN [59]. And both US3 ortholog and UL13 of VZV can phosphorylate a nuclear
transcription regulatory protein, IE62, to promote virion incorporation [60–62]. In HSV-1 / HSV-2 infected cells, UL13 protein is
involved in the nucleocapsid out of nucleus. In this chapter, the author proved that the protein of DEV UL13 can enter into the
nucleus in the cells infected and transfected by the virus, determined the signal region of UL13 entering into the nucleus through
various ways, and preliminarily discussed the mechanism of UL13 entering into the nucleus.
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The cell biological characteristics of the successfully constructed and rescued DEV CHV BAC UL13 - Δ NLS infectious clone were
analysed. Compared with the parent virus, it was found that there was no signi�cant difference in the formation size of plaque or
the growth and replication ability of UL13 - Δ NLS recombinant virus and the parent virus. The results showed that UL13 protein
had little effect on virus replication. Among the members of β - herpesvirus subfamily and γ - herpesvirus subfamily, UL13
homologues have been reported to affect virus replication, for example, HCMV UL97 protein kinase affects virus replication by
phosphorylating virus DNA polymerase extension factor UL44 [63]. EBV BGLF4 affects virus growth and replication by
phosphorylating virus DNA elongation factor BMRF1 [64]. It has been reported that HSV-1 UL13 can promote the expression of a
series of viral genes, including ICP22 and some late genes [65], but there is no further report about the effect of UL13 protein on
viral replication in the members of α- herpesvirus subfamily. This may be related to the existence of another conserved protein
kinase, US3 protein kinase, in the subfamily of alpha herpesvirus. It is reported that US3 protein kinase has an important effect on
the growth and replication of virus [66]. We also tested the kinase activity of UL13 - Δ NLS protein in vivo, and found that the DEV
UL13 protein without nuclear localization signal can still phosphorylate US3 protein, indicating that the loss of nuclear localization
signal has no signi�cant effect on the activity of UL13 protein kinase, but the biological function of DEV UL13 protein in the
nucleus needs further study.

Conclusions
In our study, we identi�ed that the nuclear import of DEV UL13 protein is directed by amino acids 4 to 7 and 90 to 96, and proved
that this nuclear import occurs via the classical importin α/β - dependent process. We also constructed a mutant virus with NLSs
of UL13 deleted, and preliminarily explored characteristics of this mutant virus for further function study.

Methods

Cells and virus
The previously reported DEV CHv strain (Gen Bank No.JQ647509) was maintained in our lab[67–68] and slightly changes. Brie�y,
duck embryo �broblasts (DEFs) were propagated in Minimal Essential Medium (MEM, Gibco-BRL, Grand Island, NY, USA) provided
by our lab supplemented with 10% (v/v) foetal bovine serum (FBS, Gibco-BRL, Grand Island, NY, USA) and incubated at 37 °C with
5% CO2.

Analysis of sequence motifs within UL13
Putative nuclear localization signals (NLSs) within the UL13 coding sequence were identi�ed using PSORT II Prediction
(http://psort.nibb.ac.jp/form2.html) [69]. Sequence analysis using PSORT II predicted that UL13 has two potential NLS in its
arginine-rich regions, namely, RRRR at aa 4 to 7 and PGKRKTK at aa 90 to 96 (Fig. 1).

Construction of recombinant plasmids
The experimental operation was carried out as described previously [70–72]. Brie�y, the full-length UL13 sequence was PCR
ampli�ed from DEV chromosomal DNA using the primers F-UL13F and F-UL13R. UL13-△NLS1 was PCR ampli�ed from DEV
chromosomal DNA using the primers △NLS1F and F-UL13R. UL13-△NLS2 was ampli�ed by overlapping PCR from DEV
chromosomal DNA using the primers F-UL13F, △NLS2R, △NLS2F, and F-UL13R. UL13-△NLS1&△NLS2 was PCR ampli�ed from
pEGFP-N1::UL13-△NLS2 DNA using the primers △NLS1F and F-UL13R (Tables 1). The PCR fragments were puri�ed and digested
with EcoRI and HindIII and ligated into the pEGFP-N1 plasmid digested with the corresponding restriction endonucleases. The
ligation mixtures were introduced into CaCl2-competent E. coli DH5α cells, and transformants were selected on LB plates
containing 50 µg/ml Kan. Clones were screened by PCR with the corresponding primers. The validity of the sequences was
determined by sequencing. The GFP, NLS1-GFP, NLS2-GFP and NLS1&NLS2-GFP genes were ampli�ed by PCR from pEGFP-N1
DNA using the primers GFPF and GFPR; NLS1F and GFPR; NLS2F and GFPR; and NLS1&NLS2F and GFPR, respectively (Table 1).
These PCR fragments were puri�ed and digested with EcoRI and HindIII. Then, the puri�ed fragments were ligated into the
pcDNA3.1(+) plasmid digested with the corresponding restriction endonucleases. Ligation mixtures were introduced into the
CaCl2-competent E. coli DH5α strain, and transformants were selected on LB plates containing Amp at 100 µg/ml. Clones were
screened by PCR with the corresponding primers. Sequencing was used for con�rmation.
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Table 1
Oligonucleotide primers used in this work

Oligonucleotide primer Sequencea (5’-3’)

T-UL13F GGATCCCTGGTGGCTACGGAGAG

T-UL13R AAGCTTCCAAGGGCGTATATGTC

F-UL13F cccAAGCTTATGGCTGGACGAAGACG

F-UL13R ccgGAATTCTGTTATAAATCCACAATAGAG

△NLS1F cccAAGCTTATGGCTGGAAGCCCTATTAGCGAAATG

△NLS2R CATCTACTATCCTTTCTCTCTTTACTG

△NLS2F GAAAGGATAGTAGATGGAGCCTGG

GFPF cccAAGCTTATGGTGAGCAAGGGCG

GFPR ccgGAATTCTGATTATGATCTAGAGTCG

NLS1F cccAAGCTTATGGCTGGACGAAGACGACGAAGCCCTATGGTGAGCAAGGGCG

NLS2F cccAAGCTTATGAAGGATCCTGGCAAACGTAAGACAAAGAGTAGAATGGTGAG CAAGGGCG

NLS1&NLS2F cccAAGCTTATGGCTGGACGAAGACGACGAATGAAGGATCCTGGCAAAC

aThe sequences of restriction endonuclease sites are in italics, and lowercase letters denote protective bases.

Immuno�uorescence assay
The experimental operation was carried out as described previously and slightly change[73–77]. Brie�y, Slide-cultured DEF cells
were �xed with 4% paraformaldehyde at 16 h post-transfection, permeabilized with 0.1% Triton X-100 and blocked with bovine
serum albumin (BSA) for 1 h. The cells were incubated with the rabbit anti-UL13 antiserum (1:200 dilution) for 1 h at 37℃ and
then with a goat anti-rabbit antibody conjugated to �uorescein isothiocyanate (FITC, 1:200 dilution, Zhongshan, Beijing, China) for
30 min. The nuclei were stained with DAPI. The cells were observed using a Nikon ECLIPSE 80i microscope.

Extraction and analysis of cytoplasmic/nuclear proteins
The experimental operation was carried out as described previously [78]. Brie�y, con�uent monolayers of DEF cells were
transfected with pEGFP-N1-UL13 or pEGFP-N1-UL13-△NLS1&△NLS2 plasmids (2.5 µg/well) in 6-well plates for 16 h and
harvested after washing twice with PBS. The cells were pelleted by centrifugation at 3,000 rpm for 5 min and resuspended in 20 µl
cytosol extraction buffer (10 µl 1 M HEPES (pH 7.5); 6 µl 100% Triton X-100; 50 µl 3 M NaCl; 2 µl 0.5 M EDTA; 50 µl 200 µg/ml
protease inhibitor; 882 µl ddH20) and incubated for 5 min on ice. The suspension was separated into nuclear and cytoplasmic
fractions by 4,000 rpm for 5 min. The nuclear fraction was resuspended in 15 µl nuclear extraction buffer (20 µl 1 M HEPES (pH
7.5); 250 µl 100% glycerol; 140 µl 3 M NaCl; 12 µl 100 mM MgCl2; 4 µl 0.5 M EDTA; 5 µl 1 M DTT; 50 µl 200 µg/ml protease
inhibitor; 527.1 µl ddH20) and incubated for 30 min on ice, meanwhile, strongly mixed by vertexing six times for 30 s. The
supernatant was collected by centrifugation for 30 min at 14,000 rpm at 4℃. The obtained cytoplasmic/nuclear proteins were
subjected to western blotting according to the protocol described above. The anti-UL13 antibody, rabbit anti-β-actin antibody
(APGBIOLtd, Shanghai, China) and rabbit anti-Lamin A/C antibody (Signalway Antibody, Maryland, USA) were used as primary
antibody, separately. Protein bands were visualized by using ECL Western blotting detection reagents (Bio-Rad, California, USA)
according to the manufacturer’s instructions.

Analysis of pharmaceutical inhibition of nucleus/cytoplasm transport
The experimental operation was carried out as described previously [79–80]. Brie�y, DEFs were cultured in MEM supplemented
with 10% (v/v) FBS at 37 °C with 5% CO2. Lipofectamine 2000 was used according to the manufacturer’s instructions to transfect
the pEGFP-N1-UL13 or pcDNA3.1(+)-NLS1&NLS2-GFP recombinant plasmid (2.5 µg per well) into DEFs in 6-well cell culture plates.
Where appropriate, cells were treated with ivermectin at a �nal concentration of 25 µM for 1 h before imaging [81–83]. Cells were
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imaged live at 16 h after transfection using a Nikon ECLIPSE 80i microscope. To determine the nuclear/cytoplasmic �uorescence
ratio, digitized images were analysed using the Image-Pro Plus software. Statistical analysis was performed using the GraphPad
Prism 6.0 software.

Construction of Recombinant Viruses DEV CHv-UL13ΔNLS
To create the DEV CHv-UL13ΔNLS virus, with both NLS1 and NLS2 of UL13 deleted, we need to create the UL13 and UL14 gene-
deleted recombinant mutant, DEV CHv-ΔUL13&UL14 virus �rst according to the overlapping of UL13 gene and UL14 gene regions.
The target segment (UL13 left arm-FRT-Kan-FRT-UL14 right arm) was PCR-ampli�ed using the ΔUL13&UL14 F F/R primers
(Table 2). Then, the infectious clone DEV CHv-ΔUL13&UL14-G was generated by employing a recombinating system based on the
genetic manipulation of the DEV CHv-G infectious clone[34–37]. Brie�y, the pKD46 plasmid, which encodes the recombination
genes exo, beta, and gam under the tight control of a ParaB promoter, was �rst introduced into E. coli DH10B containing the DEV
CHv-G plasmid by electrophoretic transfer. In this system, the UL13&UL14 coding sequence was replaced by the target segments
ampli�ed from the pKD4 plasmid. Next, the pCP20 plasmid was transferred into the above cells, which contain DEV CHv-
ΔUL13&UL14-G and kanamycin-resistant gene cassette. Removal of the kanamycin-resistant cassette was accomplished by
incubation at 30◦C for 8 h then at 42◦C overnight. Then we generated the DEV CHv-UL13ΔNLS-G and the revertant, DEV CHv-
UL13ΔNLS R-G based on the same method used above but with two different target segments. Target segment of DEV CHv-
UL13ΔNLS-G, UL13ΔNLS-UL14-FRT-Kan-FRT-UL14 right arm, which was fusion PCR-ampli�ed using the UL13-ΔNLS F1X/UL13-
ΔNLS R1, UL13-ΔNLS F2/ΔUL13(K179M) R and FRT-Kan F/ R primers (Table 2) with the pEGFP-N1:: UL13-△NLS1&△NLS2
plasmids, the CHv genome and the pKD4 plasmid as template, respectively; target segment of DEV CHv-UL13ΔNLS R-G, UL13-
UL14-FRT-Kan-FRT-UL14 right arm, using the UL13-ΔNLS F1/ΔUL13(K179M) R and FRT-Kan F/ R primers (Table 2) with the CHv
genome and the pKD4 plasmid as template, respectively. The DEV CHv-UL13ΔNLS-G and DEV CHv-UL13ΔNLS R-G infectious
clones, were identi�ed by sequencing and RFLP analysis. Finally, the DEV CHv-UL13ΔNLS and DEV CHv-UL13ΔNLS R recombinant
viruses were rescued; freshly prepared DEV CHv-UL13ΔNLS -G and DEV CHv-UL13ΔNLS R-G plasmids were transfected into DEFs
for one to 10 d, and the cells were examined by �uorescence microscopy until green�uorescence protein seemed su�ciently
expressed, at which point, they were harvested after freeze-thawing 3 times. After amplifying the DEV CHv-UL13ΔNLS and DEV
CHv-UL13ΔNLS R viruses, viral PCR identi�cation and sequencing of the target region were performed (Table 1).

Table 2
Primers used for Red recombination to construct the CHv-BAC-UL13-Δ NLS

Oligonucleotide
primer

Sequence (5’-3’)

pKD46 F AAAGCCGCAGAGCAGAAGGTGG

pKD46 R GGTAAACGGGCATTTCAGTTCAAGG

ΔUL13&UL14 F ATATGATTTGTTTTTTCCTACTCTATTGAATAGTGCGCACTCTCGCTAACGTGTAGGCTGGAGCTGCTTC

ΔUL13&UL14 R ACGTTTGCAGTGATGTACTGGCGATGAGCTACCATCTATATCCCCACTCATGGTAGCATATGAATATCCTCCTTAG

UL13-ΔNLS F1 CTTCACATAATACGCCACTGATC

UL13-ΔNLS
F1X

GGCGAAAGGCTGCAATACG

UL13-ΔNLS R1 CCGATAGGATTCATTTCGCTAATAGGGCTTCCAGCCATTCGTTACCAGATAGTC

UL13-ΔNLS F2 GACTATCTGGTAACGAATGGCTGGAAGCCCTATTAGCGAAATG AATCCTATCGG

ΔUL13(K179M)
R

TTAGTTATAAATCCACAATAGAG

FRT-Kan F AGAAGCGCCGCTCCTCTATTGTGGATTTATAACTAAGTGTAGGCTGGAGCTGCTTC

FRT-Kan R ACGTTTGCAGTGATGTACTGGCGATGAGCTACCATCTATATCCCCACTCATGGTAGCATATGAATATCCTCCTTAG

Plaque Assay
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The experimental operation was carried out as described previously [84–85]. Brie�y, DEFs were incubated with DEV CHv, DEV CHv-
UL13ΔNLS, or DEV CHv-UL13ΔNLS R at 37◦C for 2 hours. The plates were then overlaid with an equal-parts mixture of 2 × MEM
and 0.5% methylcellulose (9004-67-5, J & K SCIENTIFIC LTD., Beijing, China) after discarding unabsorbed particles. After
incubation at 37◦C for 6 d, the cells were �xed with 4% paraformaldehyde and stained with 0.05% crystal violet (C3886, Haoran
Bio, Beijing, China). Plaque areas were then measured with ImagePro Plus software, with 50 plaques chosen at random for each
virus.

Growth Curve Assay
The experimental operation was carried out as described previously and slightly changes [86]. Brie�y, duck embryo �broblasts
cells were infected with DEV CHv, DEV CHv-UL13ΔNLS, or DEV CHv-UL13ΔNLS R at 200 TCID50. The cells were maintained in
MEM supplemented with 2% FBS, and samples of the cells and supernatants were separately harvested at 6, 12, 24, 48, 72, and
96 h for the growth curve assay after being freeze-thawed 3 times. The growth curve was recorded via
measuringtheTCID50,whichwascalculatedwiththeReedMuench method, of the samples at different time points and triplicate
experiments were performed.

List Of Abbreviations
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DEV Duck enteritis virus

CHPK Conserved herpesvirus protein kinase

NLS Nuclear localization signals

HSV Herpes simplex virus

HCMV Human cytomegalovirus
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DEF Duck embryo �broblasts

PRV Pseudorabies virus

MDV Marek’s disease virus

SOCS-3 Suppressor of cytokine signalling 3
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Figure 1

Localization of the UL13 and UL13-△NLS proteins in transfected DEFs. (A) Sketch map of the construction of UL13 with NLS
deletion related recombinant plasmids. (B) Veri�cation of UL13/UL13-△NLS fusion protein localization via IFA. Plasmids of
pEGFP-N1- UL13/UL13-△NLS were transfected into DEF cells. At 16h post-transfection, the cells were �xed, permeabilized and
incubated with rabbit anti-UL13 antiserum. Nuclei were stained with DAPI (blue). The expression and distribution of GFP protein
(green) was monitored by �uorescence microscopy. Images were recorded in separate channels using a ×40 objective and merged
in SPOT software. (C) The nuclear/cytoplasmic �uorescence ratio analysis. The ratio of nuclear and cytoplasmic distribution of
�uorescence in the recombinant plasmid transfection group was calculated by Image Pro Plus. The number of cells was 50 in
each group. The difference of the ratio of nuclear and cytoplasmic �uorescence in the pEGFP-UL13-ΔNLS1, pGFP-UL13-ΔNLS2
and pGFP-UL13-ΔNLS1 & ΔNLS2 recombinant plasmid transfection group was analyzed by graphpad prism 6.0 software. * P <
0.05 ** P < 0.01.(D) The nuclear/cytoplasmic distribution of UL13 protein after the deletion of NLS1 and NLS2 through western
blot.
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Figure 2

Construction of NLSs-GFP recombinant plasmids and localization analysis of the fusion proteins. (A) Sketch map of the
construction of UL13 with NLS fusion protein recombinant plasmids. (B) Localization of the NLS-GFP fusion proteins in
transfected DEFs. NLS-GFP recombinants were transfected into DEF cells, which were then �xed at 16h post-transfection. Images
of the GFP reporter (green) and nuclei stained with DAPI (blue) were recorded in separate channels using a ×40 objective and
merged in SPOT software. (C) Comparison of the nuclear and cytoplasmic �uorescence ratios between GFP and NLS-GFP fusion
proteins. Mean nuclear and cytoplasmic �uorescence ratios were quanti�ed using Image-Pro Plus software; analysis of the
differences in the nuclear and cytoplasmic �uorescence ratios between GFP and the NLS1-GFP/NLS2-GFP/ NLS1&NLS2-GFP
proteins was performed using ANOVA with GraphPad Prism 6.0 software. N=50 for each group. (D) The nuclear/cytoplasmic
distribution of UL13 NLS1 and NLS2 through western blot.
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Figure 3

The effects of nuclear import inhibitors on the location of DEV UL13 protein assay. (A) Location of UL13-GFP/ NLS1&NLS2-GFP
protein with or without ivermectin treatment. At 16h post-transfection, 25 µM ivermectin was added 1 h before �xation. Images of
the GFP reporter (green) and nuclei stained with DAPI (blue) were recorded in separate channels using a ×40 objective and merged
in SPOT software. (B) Comparison of the nuclear and cytoplasmic �uorescence ratios between proteins with or without ivermectin
treatment. Mean nuclear and cytoplasmic �uorescence ratios were quanti�ed using Image-Pro Plus software; analysis of the
differences in the nuclear and cytoplasmic �uorescence ratios of UL13-GFP/ NLS1&NLS2-GFP protein with or without ivermectin
treatment was performed using ANOVA with GraphPad Prism 6.0 software. N=50 for each group.
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Figure 4

Construction and identi�cation of DEV CHv-ΔUL13 and DEV CHv-ΔUL13R recombinant viruses. (A) Schematic representation of
the DEV genome in the UL13 region and part of the sequence for DEV CHv-UL13ΔNLS and the repaired DEV CHv-UL13ΔNLS R. (B)
RFLP analysis. Lane 1 and lane 3, DEV CHv -G plasmids were digested with SalI restriction endonuclease; Lane 2, DEV CHv-
UL13ΔNLS-G plasmids were digested with SalI restriction endonuclease; Lane 4, DEV CHv-UL13ΔNLS R-G plasmids were digested
with SalI restriction endonuclease. Digestion of the deletion and revertant products caused the size of the 5,714 bp fragment of the
parental virus (Lane 1 and lane 3) to change to 5,765 bp and 5,798 bp (Lane 2 and Lane 4), respectively. No extraneous alterations
were evident in either clone. M, 1 kb plus DNA ladder. ∗: Different band.
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Figure 5

Analysis of the characteristics of the UL13-deletion mutant virus in cell culture. (A) Plaque assay. The upper �gures represent the
phenotypes of the plaques formed by DEV CHv, DEV CHv-UL13ΔNLS, and DEV CHv-UL13ΔNLS R virus infection; the lower �gure
shows the analysis of the mean areas of the viral plaques formed by the various viruses during infection. The digital images were
analyzed using Image-Pro Plus software and the statistical analyses were performed using GraphPad Prism 6.0 software. (B)
Growth curve. DEF were infected with DEV CHv, DEV CHv-UL13ΔNLS, and DEV CHv-UL13ΔNLS R at a titer of 200 TCID50 and
harvested at 6, 12, 24, 48, 72, and 96h post infection. The curves were generated based on the titers of the different harvests, by
testing for the TCID50 using Excel. And the signi�cant difference analyses between DEV CHv and DEV CHv -ΔUL13 were
performed using GraphPad Prism 6.0 software.
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