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Abstract

Background
Duck enteritis virus can cause an acute, contagious and lethal disease of many species of waterfowl. An
infectious bacterial arti�cial chromosome clone of duck enteritis virus (DEV) vaccine strain pDEV-EF1 has
been constructed in our previous study. To visually studying DEV, a double-labeled recombinant virus
have been constructed.

Methods
based on pDEV-EF1, a recombinant mutated clone pDEV-UL35(c)CFP-gC(c)mRFP which carries a red
�uorescent protein(mRFP) gene attached to the viral envelope protein gC, combined with a cyan
�uorescent protein (CFP) gene fused to the viral capsid UL35 gene was constructed by two-step Red/ET
recombination and the recombinant virus rDEV-UL35(c)CFP-gC(c)mRFP was rescued from chicken
embryo �broblasts (CEFs) by calcium phosphate precipitation. Then protein expression were detected by
Western blot analysis, and subcellular location of gC and UL35 were observed by confocal microscopy.
Viral morphogenesis were observed by transmission electron microscopy (TEM).

Results
The recombinant virus rDEV-UL35(c)CFP-gC(c)mRFP was rescued from chicken embryo �broblasts
(CEFs) by calcium phosphate precipitation. Western blot analysis showed UL35-CFP and gC-mRFP are
both expressed in fusion forms in rDEV-UL35(c)CFP-gC(c)mRFP-infected CEFs, and subcellular location
study showed gC-mRFP was mainly localized in whole cell at 36 h.p.i. and 48 h.p.i.; and then mostly
migrated to cytoplasm after 60 h.p.i.; UL35-CFP was localized in nucleus in all stages of virus infection.
Transmission electron microscopy indicated that viral particles at different stages of morphogenesis (A
capsids, B capsids, C capsids) were observed in virus-infected cells. However,mature C capsids was less
in rDEV-UL35(c)CFP-gC(c)mRFP-infected cells than rDEV-dEF1GFP and rDEV-gC(c)mRFP-infected
samples.

Conclusions
This study has laid a foundation for visually studying localization, transportation of DEV capsid protein
and envelope glycoprotein, as well as virus assembly, virion movement and virus-cell interaction.

Background
Duck enteritis virus (DEV), also known as duck plaque virus, is the causative agent of duck viral enteritis,
which causes an acute, contagious and lethal disease of many species of waterfowl within the order
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Anseriformes. DEV (also referred to as Anatid herpesvirus 1) is classi�ed into the genus Mardivirus and
the subfamily Alphaherpesvirinae of Herpesviridae according to virus taxonomy reported in 2012 by the
International Committee on Taxonomy of Viruses (ICTV) [1].

Herpesvirus is a large, enveloped virus with four structural components, including a linear double-
stranded DNA, an icosahedral capsid, an amorphous tegument, and a bilayer lipid envelope. In general,
the DEV genome is approximately 158 kb composed of a unique long (UL) region and a unique short (US)
region �anked by an internal repeat sequence (IRS) and a terminal repeat sequence (TRS). It contains 78
open reading frames (ORFs) predicted to encode potential functional proteins. Among them, there are 11
envelope glycoproteins (gB/UL 27, gC/UL 44, gD/US6, gE/US8, gG/US4, gH/UL22, gI/US7, gK/UL 53,
gL/UL1, gM/UL10 and gN/UL49.5) and 7 capsid protein (UL38/VP19C, UL18/VP23, VP26/UL35, UL21,
UL25, UL19/VP5, UL6) [2, 3]. Although the structure and function of these proteins in some human
herpesviruses have been studied to some extent, little is known about DEV protein. The predicted ORF of
the DEV UL44 gene was expected to encode a protein comprising 431 amino acids with a putative
molecular mass of 47.35 kDa[4], but in fact, Hu Y et al. demonstrated that the molecular mass of gC is
55 kDa. We speculate that post-translation modi�cation leads to molecular mass increase of gC.
Research indicates that gC plays a role in the adsorption of DEV to chicken embryo �broblasts cells and
in infectivity, gC plays a role in DEV egress and absence of DEV gC results in increased plaque sizes in
vitro [5, 6]. VP26 is the smallest capsid protein in herpes simplex virus type 1[7], the ORF of DEV UL35
encodes VP26 comprising 117 amino acids, with molecular mass of 12.9 kDa. DEV VP26 was testi�ed to
be a component of extracellular mature DEV virions [8].

In this study, we have constructed a double-�uorescence protein labelled recombinant duck enteritis virus
which carries a red �uorescent protein (mRFP) gene attached to the viral envelope protein gC, combined
with a cyan �uorescent protein (CFP) gene fused to the viral capsid UL35 gene. This study has laid a
foundation for visually studying localization, transportation of DEV capsid protein and envelope
glycoprotein, as well as virus assembly, replication and virus-cell interaction.

Material And Methods
All research was approved by the relevant committees at the Zhejiang Academy of Agricultural Sciences.

Virus strain and cells
The bacterial pDEV-EF1/GS1783 which contains the full-length infectious BAC clone of DEV vaccine
strain and corresponding virus rDEV-EF1 were constructed and stored in our laboratory [9, 10]. Chicken
embryo �broblasts (CEFs) were prepared from 10-day-old speci�c-pathogen-free (SPF) embryonated eggs
(Zhejiang JianLiang Bioengineering Co., Ltd., Hangzhou, China) according to standard procedures and
cultured in DMEM (Gibco-BRL) supplemented with 8% FBS, 100 U of penicillin/mL and 100 µg
streptomycin/mL.
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Construction of transfer vector pT-linker-mRFP-P1 and pT-
linker-CFP-P2
The transfer vector pT-linker-mRFP-P1 was constructed as �ows: primer pair mRFP-F1(gly) and mRFP-R1
(Table 1) was designed to amplify a red �uorescent protein (mRFP) gene pre�xing with �exibility linker
GGGGSGGG from plasmid pLVX-mRFP-C1 (Clontech). The PCR fragment linker-mRFP was cloned into a
pMD19T-simple vector (Takara), and the forward inserted clone pT-linker-mRFP was selected by PCR
ampli�cation with primer pair M13(+) and mRFP-R1. Another primer pair kan_mRFP-for(PstI) and
kan_mRFP-rev(PstI) (Table 1) was designed to amplify P1 fragment (containing Pst I-homologous arm a -
kan-Pst I) from plasmid pEP-kan-S (a gift form Dr. Nikolaus Osterrieder, Freie Universität Berlin, Berlin,
Germany).

And P1 fragment was cloned into the Pst I site present in pT-linker-mRFP to construct the transfer vector
pT-linker-mRFP-P1 which containing linker-mRFP1 (the �rst part of mRFP gene)- Pst I -homologous arm a-
kan-Pst I-mRFP2(the second part of mRFP gene) in sequence, that is, mRFP gene is divided into two parts
by fragment “homologous arm a-kan-Pst I”, and homologous arm a (Hom A) matches exactly the front
end sequence of mRFP2.

The construct strategy of transfer vector pT-linker-CFP-P2 was similar to pT-linker-mRFP-P1. Primer pair
CFP-F1(gly-SacI) and CFP-R1(Table 1) was designed to amplify cyan �uorescent protein (CFP) gene
pre�xing with �exibility linker GGGGSGGG (linker-CFP) from plasmid pCMV-C-CFP(Beyotime
Biotechnology). Primer CFP-F1(gly-SacI) was introduced �exibility linker GGGGSGGG and restriction
enzyme Sac I site. The PCR fragment linker-CFP was cloned into a pMD19T-simple vector (Takara), and
the forward inserted clone pT-linker-CFP was selected by PCR ampli�cation with primer pair M13(+) and
CFP-R1. Another primer pair kan_CFP-for(Sac I) and kan_CFP-rev(Sac I) (Table 1) was designed to amplify
P2 fragment (containing Sac I -homologous arm b-kan- Sac I) from plasmid pEP-kan-S. And P2 fragment
was cloned into the Sac I site present in pT-linker-CFP to construct the transfer vector pT-linker-CFP-P2
which containing linker-CFP1 (the �rst part of CFP gene)-Sac I-homologous arm b-kan-Sac I -CFP2 (the
second part of CFP gene) in sequence. Homologous arm b (Hom B) matches exactly front end sequence
of CFP2.

Construction of recombinant BAC clones
Mutated clone pDEV-UL35(c)CFP-gC(c)mRFP carrying a red �uorescent protein (mRFP) gene attached to
the viral envelope protein gC combined with a cyan �uorescent protein (CFP) gene fused to the viral
capsid UL35 gene was constructed by three times of two-step Red (en passant) recombination [11, 12].
Firstly, pDEV-dEF1GFP deleting open reading frame (ORF) of green �uorescent protein gene (GFP) (pEF1-
GFP) was constructed, then mRFP gene was inserted to C terminus of DEV gC gene to construct
recombinant clone pDEV-gC(c)mRFP, at last, pDEV-UL35(c)CFP-gC(c)mRFP was obtained by inserting
CFP gene to C terminus of DEV UL35 gene. In details, to construct pDEV-dEF1GFP, ORF of pEF1-GFP was
deleted from pDEV-EF1 by two-step Red (en passant) recombination. Brief, PCR was done with primer pair
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DEV-dEF1-gfp-for and DEV- dEF1-gfp -rev (Table 1) using pEP-kan-S as template. Then, 100 ng of puri�ed
PCR product (1200 bp in length) was electroporated into competent GS1783 bacteria containing pDEV-
EF1 and bacteria of transformation were plated on LB plates containing chloramphenicol (34 µg/mL) and
kanamycin (50 µg/mL) and incubated at 32℃ for 48 h. Double-resistant colonies were selected for the
2nd Red recombination to remove the kanamycin resistance gene. Colonies resistant to chloramphenicol
but sensitive to kanamycin were selected. Following, positive clonies were determined by RFLP
(restriction fragment length polymorphisms) with Xba I and sequencing the PCR products amplifying with
primer pairs dgfp-JD-F and dgfp-JD-R �anking the region of pEF1-GFP deletion. Following, to construct
pDEV-gC(c)mRFP, PCR was done with primer pair mRFP-gC(c)-F1 and mRFP-gC(c)-R1 (Table 1) using pT-
linker-mRFP-P1 as template. And 100 ng of puri�ed PCR product (1856 bp in length) was electroporated
into competent GS1783 bacteria containing pDEV-dEF1GFP to carry out two-step Red (en passant)
recombination as described earlier. Positive clones were determined by RFLP with Bgl II and sequencing
the PCR products amplifying with primer pair gC(c).mRFP-JD-F and gC(c).mRFP-JD-R (Table 1) �anking
the region of linker-mRFP insertion. At last, to construct pDEV-UL35(c)CFP-gC(c)mRFP, PCR was done
with primer pair CFP-UL35 (c)-F1 and CFP-UL35 (c)-R1 (Table 1) using pT-linker-CFP-P2 as template. And
100 ng of puri�ed PCR product (1898 bp in length) was electroporated into competent GS1783 bacteria
containing pDEV-gC(c)mRFP to carry out two-step Red (en passant) recombination in the same way.
Positive clones were determined by RFLP with Bgl II and sequencing the PCR products amplifying with
primer pair CFP-UL35-JD-F and CFP-UL35-JD-R �anking the region of linker-CFP insertion.

Rescue of recombinant viruses
BAC DNAs of pDEV-dEF1GFP, pDEV-gC(c)mRFP and pDEV-UL35(c)CFP-gC(c)mRFP were extract from
bacterial by alkaline lysis method. Next, 4 µg of BAC DNA was transfected into CEFs by calcium
phosphate precipitation according to Chen L [9]. The cells were then cultured with DMEM supplemented
with 8% FBS for 3 ~ 6 days until 70 ~ 80% cytopathogenic effect (CPE) occurred. The virus collected were
separately named rDEV-dEF1GFP, rDEV-gC(c)mRFP and rDEV-UL35(c)CFP-gC(c)mRFP.

Measure sizes of virus plaque
The plaque sizes of rDEV-UL35(c)CFP-gC(c)mRFP, rDEV-gC(c)mRFP, rDEV-dEF1GFP and rDEV-EF1 were
measured as follow. The viruses were serially diluted and plated onto CEFs seeded in a 12-well plate, and
2 h later, the culture medium was replaced with DMEM containing 1.5% methylcellulose (Sigma). After a
2-day-incubation at 37 °C, for every virus, 100 �uorescent plaques were randomly selected and taken
photo under �uorescence microscope (Nikon, Japan), then their sizes were measured using Image J
software (http://rsb.info.nih.gov/ij/). Statistical analyses to compare the differences in the plaque sizes
between the four strains were conducted using one-way ANOVA with SPSS 11.5 software.

Determination of the growth curve
The growth curve of those reconstructed virus were determined and compared with the parent virus rDEV-
EF1. Brie�y, CEFs were infected with approximately 0.02 MOI((multiplicity of infection) of cell-free viruses
of rDEV-EF1, rDEV-dEF1GFP, rDEV-gC(c)mRFP and rDEV-UL35(c)CFP-gC(c)mRFP. The cells and culture
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supernatant were harvested at different time (6, 12, 24, 36, 48, 60, 72, 84, 96, 108 h) after virus infection.
And cells were collected by trypsin digestion following washing twice with phosphate-buffered saline
(PBS, pH7.0) and then suspended with 1 mL DMEM-2% FBS as the equal volume of supernatant. Then
the collected cells and supernatants were stored at -70℃until all samples have been collected. Before
titrated on CEFs, cells were treated by Tissuelyser-24 at 65 Hz for 90 s and centrifuged at 6000 rpm for
5 min, then 100 µL of lysis supernatant and culture supernatant were taken to titer by TCID50 test
according to standard virological method. The growth curves were computed from three independent
experiments.

Western blot analysis of UL35-CFP and gC-mRFP protein
expressed in recombinant virus-infected CEFs
Expression of UL35-CFP and gC-mRFP protein was veri�ed by Western blot analysis using rabbit anti-GFP
polyclonal antibody (Beyotime Biotechnology), rabbit anti-mRFP polyclonal antibody (Abcam) and mouse
anti-gC polyclonal antibody (Preparation in our laboratory) and rabbit anti-UL35 polyclonal antibody
(Preparation by Genscript Co.). In details, the cells infected with 1.0 MOI rDEV-EF1, rDEV-dEF1GFP and
rDEV-gC(c)mRFP, rDEV-UL35(c)CFP-gC(c)mRFP which occurred 80% CPE were collected and treated with
sample buffer, then subjected to 10% SDS-PAGE and electrophoretically transferred to a PVDF membrane
(Millipore). To eliminate possible non-speci�c binding, the membranes were block with 10% skimmed
milk in PBST (0.5% Tween20 in PBS) overnight at 4℃ and incubated with rabbit anti-GFP polyclonal
antibody (1: 500) or rabbit anti-mRFP polyclonal antibody (1:500) or mouse anti-gC polyclonal antibody
(1: 500) or rabbit anti-UL35 polyclonal antibody (1: 250) for 1 h at 37℃. The horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG or HRP- conjugated rabbit anti-mouse IgG (Santacruz) was used as
the secondary antibody. And the protein bands were visualized by SuperSignal® West Pico
Chemiluminescent Substrate (Pierce) and chemiluminescence was observed using the CCD camera-
equipped Chemi Lux detection system by Intas.

Protein Localization observed by confocal microscopy
The viruses were plated onto the slides of CEFs seeded in a 6-well plate, and 24 h, 36h,48 h, 60h 72 h,
96 h after infection, the cells were staining with SYTO® Green-Fluorescent Nucleic Acid Stains (Life
technologies)and visualized by laser scanning confocal microscopy (Leica TCS-SP5) with a 100 × oil
immersion objective.

Transmission Electron Microscopy
CEFs were infected at a MOI of 0.01 and processed for sectioning at 84 hpi. Brie�y, cell pellets were
collected and washed three times with PBS,then were �xed in a solution containing 2.5% glutaraldehyde
plus 1% paraformaldehyde in 0.1 M cacodylic buffer for 2–4 h at 4 ºC, further �xed with 1% buffered
OSO4 (Sigma) for 2 h at RT, washed three times in 0.1 M PBS. Samples were then dehydrated in an
ethanol-water series(25–100% ethanol) and embedded in resin using an Embed 812 kit (SPI, USA), and
polymerized at 60℃ for 48 h. Then ultrathin sections were obtained by sectioning the polymerized
samples at 60 ~ 80 nm with a diamond knife Ultra 45 ° (Diatome) using a Leica UC7 (Leica
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Microsystems,Wetzlar, Germany). Sections were stained with uranium acetate and lead salts. Then cells
were examined with a transmission electron microscope HT7700 (hitachi) at 120 kV.

Results

Construction of recombinant BAC clones
RFLPs were determined to con�rm that BAC mutated clones were indeed generated. DNAs of BAC
mutated clones and intermediate were digestion by Xba I or Bgl II (Fig. 3b) and taken to electrophoresis.
And the results of RFLP patterns indicated that the obtained Xba I or Bgl II pattern almost matched those
of in silico predictions with slight difference which might be attributed to the difference between the
reference sequence and the actual sequence (Fig. 3a). The sizes and sequencing results of PCR product
ampli�ed by identi�cation primers from the recombinant BAC DNAs were also accord with prediction
(Fig. 3c). Those results demonstrate that exogenous genes are inserted in expected place of DEV
genome.

Measure sizes of virus plaque
When the plaque areas of recombinant viruses rDEV-dEF1GFP, rDEV-gC(c)mRFP, rDEV-UL35(c)CFP-
gC(c)mRFP were separately compared to parental virus rDEV-EF1, it was discovered that the plaque areas
were approximately 100%, 113%, 41% increase respectively, than those formed by rDEV-EF1 when
measured on day 2 p.i, but there were no signi�cant differences between the groups (P = 0.201; P = 0.05;
P = 0.435) (Fig. 4).

Growth properties of the reconstructed viruses
The growth curve of the reconstructed viruses rDEV-dEF1GFP, rDEV-gC(c)mRFP, rDEV-UL35(c)CFP-
gC(c)mRFP were compared with the parental rDEV-EF1 by infecting CEFs with each virus at an MOI of
0.02, harvesting total virus from the infected cells (Fig. 4A) and cell culture supernatants (Fig. 4B) at the
indicated times postinfection, and assaying each sample by standard TCID50 test determination on CEFs.
The growth kinetics results, as shown in Fig. 4, suggested that, overall, the reconstructed viruses rDEV-
dEF1GFP and rDEV-gC(c)mRFP (both harvesting from the infected cells and cell culture supernatants)
had similar growth kinetics to the parental virus rDEV-EF1; However, the viral titers of rDEV-UL35(c)CFP-
gC(c)mRFP were at least 100-fold lower compared to the parental virus.

Western blot analysis of UL35-CFP and gC-mRFP protein
expressed in recombinant virus-infected cells
The gC and mRFP polypeptides are 55 and 27 kDa in size, respectively; therefore, a gC-mRFP fusion
protein would be expected to have a mobility of 82 kDa in SDS-PAGE gels. And UL35 and CFP
polypeptides are 12.9 and 27 kDa in size, respectively; therefore, a UL35-CFP fusion protein would be
expected to have a mobility of 39.9 kDa in SDS-PAGE gels.
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First, we detected gC and mRFP expressed in rDEV-gC(c)mRFP -infected cell samples. The results show
that rDEV-gC(c)mRFP -infected cell sample was occurred two speci�c protein bands with molecular mass
between 75 ~ 90 kDa compared to rDEV-dEF1GFP -infected cell sample (Fig. 6A) detecting with anti-
mRFP antibody; When detecting with anti-gC antibody, rDEV-dEF1GFP -infected cell sample was occurred
two speci�c gC protein bands about 55 kda, while rDEV-gC(c)mRFP -infected cell sample was occurred
speci�c two protein bands between 75 ~ 90 kDa (Fig. 6B). This result indicates that gC and mRFP were
expressed in fusion protein form in rDEV-gC(c)mRFP-infected cell sample, while in natural form in control
rDEV-dEF1GFP-infected cell sample. In this experiment, two gC or gC-mRFP bands were detected, we
deduce that DEV UL44 (gC) also expresses variants in according with Marek’s Disease Virus [13].

Then expression of UL35-CFP and gC-mRFP were detected in rDEV-UL35(c)CFP-gC(c)mRFP infected-CEFs
with rabbit anti-GFP polyclonal antibody (also recognized CFP), rabbit anti-mRFP polyclonal antibody and
anti-UL35 polyclonal antibody. Results showed that rDEV-UL35(c)CFP-gC(c)mRFP -infected cell sample
was occurred speci�c band with molecular mass 39.9 kDa compared to rDEV-dEF1GFP and rDEV-
gC(c)mRFP -infected cell samples detecting with anti-GFP polyclonal antibody (Fig. 7A), and the 39.9 kDa
protein was also recognized by UL35-speci�c antisera (Fig. 7B); when detecting with anti-mRFP
polyclonal antibody, rDEV-gC(c)mRFP and rDEV-UL35(c)CFP-gC(c)mRFP -infected cell samples were
occurred speci�c protein band between 75 ~ 90 kDa compared with rDEV-EF1 and rDEV-dEF1GFP -
infected cell samples (Fig. 7C). These results demonstrate that UL35-CFP and gC-mRFP were both
expressed in fusion form in rDEV-UL35(c)CFP-gC(c)mRFP -infected cells.

Location analysis of mRFP-gC and CFP-UL35 proteins
The virus rDEV-UL35(c)CFP-gC(c)mRFP was plated onto the slides of CEFs seeded in a 6-well plate until
�uorescence occurred, the cells were staining with SYTO® Green-Fluorescent Nucleic Acid Stains (Life
technologies)and visualized by laser scanning confocal microscopy (Leica TCS-SP5). Result show that
no obvious �uorescent could be observed before 24 h.p.i., gC-mRFP was mainly localized in whole cell at
36 h.p.i. and 48 h.p.i.; and then mostly migrated to cytoplasm after 60 h.p.i., but UL35-CFP was localized
in nucleus in all stages of virus infection (Fig. 8).

Subcellular distribution of rDEV-UL35(c)CFP-gC(c)mRFP-infected cells were also analyzed by Western
blot. Subcellular components of rDEV-UL35(c)CFP-gC(c)mRFP-infected cells were extracted by Membrane
and Cytosol Protein Extraction Kit (Beyotime Biotechnology), and gC-RFP was detected by Western blot
analysis as above with anti-mRFP antibody. Result shows that gC-RFP located in both cellular membrane
and cytosol (Fig. 9).

Transmission electron microscopy
To further investigate the effect of inserting exogenous protein sequence on virion morphogenesis. Virion
morphogenesis was observed by thin-section transmission electron microscopy (TEM) in rDEV-dEF1GFP,
rDEV-gC(c)mRFP, rDEV-UL35(c)CFP-gC(c)mRFP-infected cells. Result showed that viral particles at
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different stages of morphogenesis (A capsids, B capsids, C capsids) were observed in virus-infected cells.
However,mature C capsids was less in rDEV-UL35(c)CFP-gC(c)mRFP-infected cells than rDEV-dEF1GFP
and rDEV-gC(c)mRFP-infected samples.

Discussion
Little is understood about the viral gene products of duck enteritis virus. In this study, subcellular
localization of DEV gC and UL35 protein has been illuminated. The amino acid sequence analysis
revealed that DEV-gC contains a transmembrane domain [4] and therefore should be located
predominantly in cellular membranes of infected cells.

In this study, two gC protein bands were detected, and gC were localization in both cellular membrane and
cytoplasm. This could be explained by two points: variant gC proteins realeased from the cell by protease
cleavage; Alternatively, it was possible that alternative mRNA splice variants that lack the transmembrane
domain could be expressed. Several herpesviruses, such as HSV-1 and MDV, expresses UL44 variants
through mRNA splicing [13, 14]. We speculate that the formation way of DEV gC isomers is similar to MDV
gC.

In our study, mRFP have also been inserted to N terminus of gB, gD and gC, as well as C terminus of gB
and gD, but it is either failed to rescue recombinant virus, or failed to obtain mRFP-envelop fusion protein.
Thus, it is rather important for choosing of exogenous gene insertion site. In the process of cultivation,
the recombinant virus with red �uorescence could almost infect all cells demonstrating that mRFP is
highly expressed. Alphaherpesvirus is a kind of viral live vector with obvious advantage, which has large
genome, many non-essential genes, large capacity of inserting exogenous genes, stable heredity, low
interference from maternal antibodies and long survival time in vivo. Several gene-deleted or recombinant
PRV or MDV vaccines have been successfully applied in prevention and control of virus infection, and
DEV is also tried to be developed as viral live vector [15–23], thus, as reference, the C terminus of gC is a
preference site for exogenous gene insertion when developing bivalent vaccines.

With �orescence protein as a marker, the life cycle of virus can be monitored in living infected cells. Desai
P(1998) et al have �rst reported that a GFP could be incorporation into the herpes simplex virus type 1
capsid UL35 (VP26)[24], but expressing GFP fused to N terminus of pUL35 capsid component of
pseudorabies virus(PRV) impairs virus replication in cell culture and neuroinvasion in mice [25]. In this
study, we tried to express CFP fused to C terminus of UL35 of DEV which connected CFP and UL35
protein by a �exible linker GGGGSGGG. Plaque size measure demonstrates that fusion of CFP with UL35
resulted in 36.7% decrease of rDEV-UL35(c)CFP-gC(c)mRFP virus-plaque area, when compared with that
of rDEV-gC(c)mRFP-dEF1GFP. While simultaneous addition of a 27 kDa mRFP-tag to the C terminus of
the 55 kDa gC protein and a 27 kDa CFP-tag to the C terminus of 12 kDa UL35 protein does not
completely damage virion assembly. However, according to TEM, mature C capsids was less in rDEV-
UL35(c)CFP-gC(c)mRFP-infected cells than rDEV-dEF1GFP and rDEV-gC(c)mRFP-infected one, maybe the
capability of UL35 binding to virus DNA were reduced by adding CFP-tag to the C terminus of UL35.
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In this study, there is less effect on virus titer when single �uorescent protein was inserted into C terminus
of gC or UL35, but when mRFP and CFP were simultaneously inserted into C terminus of gC and UL35,
virus titer was decreased sharply. We postulated that fusion expression with the two exogenous labeled
proteins forms steric hindrance that obstructs assembly of viral capsid and envelope protein.

Conclusions
In conclusion, we have constructed a strain recombinant duck enteritis virus expressed mRFP and CFP
which are seprately fused with viral envelop protein gC and capsid protein UL35. This study facilitated the
ability to visuallize virus entry, cell to cell spread and capsid translocation on the cellular cytoskeleton.
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Table
Table 1 Primers used in this study

Primer               Sequence                                  Sequence introduced
DEV-dEF1-gfp-for   5- agtaaaacctctacaaatgtggtatggctgattatgatcagttaagcccggttaacgt

gccggcacAGGATGACGACGATAAGTAGGG -3   
DEV-dEF1-gfp-rev   5-aaaatacctggttacccaggccgtgccggcacgttaaccgggcttaactgatcataatca

gccataCAACCAATTAACCAATTCTGATTAG-3
dgfp-JD-F            5-ccgcctactatcaaaccc-3
dgfp-JD-R            5-atcagcgtgagactacga-3
mRFP-F1(gly)         5-ggcggaggcggatctggcggaggcATGGCCTCCTCCGAGGACGT-3 (linker GGGGSGGG introduced) 
mRFP-R1            5- ggcgccggtggagtggcggcc-3
kan_mRFP-for(PstI)     5- aaCTGCAGgacggcgagttcatctacaaggtgaagctgcgcggcaccaacttcccctc

aggatgacgacgataagtaggg-3(Pst I sites introduced
kan_mRFP-rev(PstI)     5-aaCTGCAGcaaccaattaaccaattctgattag-3 (Pst I sites introduced
CFP-F1(gly-SacI)  5-GgAggCggTggGtcCggAggTggTAtggtgagcaagggcgaggagctCttc-3(linkerGGGGSGGG and Sac I sites introduced
CFP-R1           5- cttgtacagctcgtccatgcc-3
kan_CFP-for(Sac I)  5- aagagctCttcaccggggtggtgcccatcctggtcgagctggacggcgacgtaaacgg

AGGATGACGACGATAAGTAGGG-3 (Sac I sites introduced
kan_CFP-rev(Sac I)   5-aagagctccaaccaattaaccaattctgattag-3  (Sac I sites introduced
mRFP-gC(c)-F1       5-gtcgtttatttatcaaaagctttattaaacattttatattaaaccagtattca

GGCGCCGGTGGAGTggcggcc-3
mRFP-gC(c)-R1     5-taattatggccgtttgtttctattattcgcgagataaagcagacaatattatt

ggcggaggcggatctggcggaggc-3
gC(c).mRFP-JD-F   5-tgctgataggacttgcaatcgc-3
gC(c).mRFP-JD-R   5-cgaacactgactgcaacagtacg-3
CFP-UL35 (c)-F1  5-atactcaataaaagcttttatgaatctttattgaatcatactcatttatttta

CTTGTACAGCTCGTCCATGCC -3
CFP-UL35 (c)-R1   5-tcaagcgcaccttttctccacgcatcatacgcgacgcgccagacgatcagcga

ggAggCggTggGtcCggAggTggT-3
CFP-UL35-JD-F    5- gttcgcacatcaataatagc-3
CFP-UL35-JD-R    5-cttactaccatacgcagagc-3

a restriction enzyme sites added to primers are in underlined, and sequences in italics indicate additional bases that are not present in the original

DEV genome.
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Figures

Figure 1

Construction of transfer vectors. In this procedure, mRFP gene is divided into two parts by P1 insertion in
Pst I site. Homologous arm a (Hom A) matches exactly the front end sequence of mRFP2. In the same
way, CFP gene is divided into two parts by P2 insertion in Sac I site. Homologous arm b (Hom B) matches
exactly the front end sequence of CFP2.
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Figure 2

Construction of BAC clones. The �ow shown in the dotted box (A and B) is complete in our previous
study. A: A mini-F vector (pHA2) as a BAC that allows the maintenance of large circular DNA in E. coli was
introduced into the intergenic region between UL15B and UL18 of a DEV vaccine strain by homologous
recombination; B. pCMV promoter which control expression of GFP in pDEV-vac was substituted by pEF1
gene by two-step Red (en passant) recombination; C. Construction of BAC clone of pDEV-dEF1GFP: the
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pEF1-GFP expression cassette was deleted from pDEV-EF1 genome by two-step Red/ET recombinant. D.
Construction of BAC clone of pDEV-gC(c)mRFP by two-step Red/ET recombinant: the fragment
containing linker-mRFP1-Pst I-Hom A-kan- Pst I-mRFP2 was inserted exactly to the C terminus of gC gene
of DEV in 1st homologous recombinant, then the sequence of hom A-kan-Pst I will be removed by 2nd
homologous recombinant, thus intact gC-mRFP gene will be obtained. E. Construction of BAC clone of
pDEV-UL35(c)CFP-gC(c)mRFP by two-step Red/ET recombinant: the fragment containing linker-CFP1-Sac
I-Hom B-kan- Sac I -CFP2 was inserted exactly to the C terminus of UL35 gene of DEV in 1st homologous
recombinant, then the sequence of Hom B-kan- Sac I will be removed by 2nd homologous recombinant,
thus intact UL35-CFP gene will be obtained. UL44 and UL35 gene is reverse complement in DEV genome.

Figure 3

A and B. Analysis of recombinant BAC clones by Xba I or Bgl II digestion. 1. pDEV-EF1/XbaI 2. pDEV-
kan.dEF1GFP/XbaI 3. pDEV-dEF1GFP/XbaI 4. pDEV-dEF1GFP/BglII; 5. pDEV-kan.gC(c)mRFP /BglII; 6.
pDEV-gC(c)mRFP /BglII 7. pDEV-kan.UL35(c)CFP-gC(c)mRFP /BglII; 8. pDEV-UL35(c)CFP-gC(c)mRFP
/BglII C. PCR identi�cation of recombinant BAC clones 1. pDEV-EF1(2579 bp, dgfp-JD-F/R); 2. pDEV-
kan.dEF1GFP(1682 bp, dgfp-JD-F/R); 3. pDEV-dEF1GFP(643 bp, dgfp-JD-F/R); 4. pDEV-dEF1GFP(1870
bp, gC(c).mRFP-JD-F/R); 5. pDEV-kan.gC(c)mRFP (3999 bp, gC(c).mRFP-JD-F/R); 6. pDEV-
gC(c)mRFP(2569 bp gC(c).mRFP-JD-F/R); 7. pDEV-gC(c)mRFP (293 bp, CFP-UL35-JD-F/R); 8. pDEV-
kan.UL35(c)CFP-gC(c)mRFP (2085 bp, CFP-UL35-JD-F/R); 9. pDEV-UL35(c)CFP-gC(c)mRFP (1084 bp,
CFP-UL35-JD-F/R)
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Figure 4

Plaque area measurement of rDEV-EF1, rDEV-dEF1GFP, rDEV-gC(c)mRFP, rDEV-UL35(c)CFP-gC(c)mRFP
on CEFs The means and standard deviations of sizes of 100 plaques of each virus were measured with
Image J software. The mean of the plaque area of rDEV-EF1 was set at 100%. Standard deviations are
shown with the error bars.
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Figure 5

The growth curve of rDEV-EF1, rDEV-dEF1GFP, rDEV-gC(c)mRFP, rDEV-UL35(c)CFP-gC(c)mRFP on
infected -CEFs(A) or supernatants of infected cells (B) Replication of parent and recombinant DEV in
CEFs. CEFs monolayers in 12-well culture plates were infected at an MOI of 0.02 of the indicated viruses
and incubated at 37°C with 5% CO2. Cells were harvested at times as indicated on the horizontal axis,
and viruses collected from infected cells (intracellular infectivity) (A) or supernatants of infected cells
(extracellular infectivity) (B) were titrated on CEFs. Shown are means of three individual and independent
experiments, respectively. Standard deviations are given as error bars above symbols.

Figure 6
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Detection of gC and mRFP protein expressed in rDEV-gC(c)mRFP -infected CEFs by Western blot analysis
(A. anti-mRFP antibody; B. anti-gC antibody). M. ECL marker; 1. rDEV-dEF1GFP; 2. 3. rDEV-gC(c)mRFP

Figure 7

Detection of gC-mRFP and UL35-CFP protein expressed in rDEV-UL35(c)CFP-gC(c)mRFP -infected CEFs
by Western blot analysis. (A. anti-GFP polyclonal antibody; B. anti-UL35 polyclonal antibody; C. anti-mRFP
polyclonal antibody) 1. rDEV-EF1; 2. rDEV-dEF1GFP; 3. rDEV-gC(c)mRFP; 4. rDEV-UL35(c)CFP-gC(c)mRFP;
M. ECL marker
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Figure 8

rDEV-UL35(c)CFP-gC(c)mRFP virus-infected cells was stained with SYTO and obsevation by confocal
microscopy Location of gC-mRFP and UL35-CFP in rDEV-UL35(c)CFP-gC(c)mRFP virus-infected cells by
confocal microscopy. A. gC-mRFP; B. UL35-CFP; C. SYTO; D. Merge
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Figure 9

Analysis subcellular location of gC-RFP by Western blot 1-3 cytoplasmic fraction: 1. rDEV-dEF1GFP; 2.
rDEV-gC(c)mRFP; 3. rDEV-UL35(c)CFP-gC(c)mRFP; 4-6 membrane fraction: 4. rDEV-dEF1GFP; 5. rDEV-
gC(c)mRFP; 6. rDEV-UL35(c)CFP-gC(c)mRFP; M. ECL marker

Figure 10
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Electron micrograph of virions in CEFs infected with rDEV-dEF1GFP (a), rDEV-gC(c)mRFP(b) or rDEV-
UL35(c)CFP-gC(c)mRFP(c). Scale bar represents 200 nm. A capsids (indicated with circular arrow); B
capsids (indicated with the diamond arrow); C capsids (indicated with the black arrow)


