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ABSTRACT The Bcl-2 (B cell lymphoma 2)-related protein Nr-13 plays a major role
in the regulation of cell death in developing avian B cells. With over 65% sequence
similarity to the chicken Nr-13, herpesvirus of turkeys (HVT) vNr-13, encoded by the
HVT079 and HVT096 genes, is the first known alphaherpesvirus-encoded Bcl-2 ho-
molog. HVT-infected cells were reported to be relatively more resistant to serum
starvation, suggested that vNr-13 could be involved in protecting the cells. Here, we
describe CRISPR/Cas9-based editing of exon 1 of the HVT079 and HVT096 genes
from the HVT genome to generate the mutant HVT-ΔvNr-13 to gain insights into its
functional roles. Overall, wild-type HVT and HVT-ΔvNr-13 showed similar growth ki-
netics; however, at early time points, HVT-ΔvNr-13 showed 1.3- to 1.7-fold-lower
growth of cell-associated virus and 3- to 6.2-fold-lower growth of cell-free virus. In
transfected cells, HVT vNr-13 showed a mainly diffuse cytoplasmic distribution with
faint nuclear staining. Further, vNr-13 localized to the mitochondria and endoplasmic
reticulum (ER) and disrupted mitochondrial network morphology in the transfected
cells. In the wild-type HVT-infected cells, vNr-13 expression appeared to be directly
involved in the disruption of the mitochondrial network, as the mitochondrial net-
work morphology was substantially restored in the HVT-ΔvNr-13-infected cells. In-
cuCyte S3 real-time apoptosis monitoring demonstrated that vNr-13 is unequivocally
involved in the apoptosis inhibition, and it is associated with an increase of PFU, es-
pecially under serum-free conditions in the later stages of the viral replication cycle.
Furthermore, HVT blocks apoptosis in infected cells but activates apoptosis in nonin-
fected bystander cells.

IMPORTANCE B cell lymphoma 2 (Bcl-2) family proteins play important roles in reg-
ulating apoptosis during homeostasis, tissue development, and infectious diseases.
Several viruses encode homologs of cellular Bcl-2-proteins (vBcl-2) to inhibit apopto-
sis, which enable them to replicate and persist in the infected cells and to evade/
modulate the immune response of the host. Herpesvirus of turkeys (HVT) is a non-
pathogenic alphaherpesvirus of turkeys and chickens that is widely used as a live
vaccine against Marek’s disease and as recombinant vaccine viral vectors for protect-
ing against multiple avian diseases. Identical copies of the HVT genes HVT079 and
HVT096 encode the Bcl-2 homolog vNr-13. While previous studies have identified
the potential ability of vNr-13 in inhibiting apoptosis induced by serum deprivation,
there have been no detailed investigations on the functions of vNr-13. Using
CRISPR/Cas9-based ablation of the vNr-13 gene, we demonstrated the roles of HVT
vNr-13 in early stages of the viral replication cycle, mitochondrial morphology dis-
ruption, and apoptosis inhibition in later stages of viral replication.
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Herpesvirus of turkeys (HVT), also known as Meleagrid herpesvirus 1 (MeHV1),
belongs to the genus Mardivirus in the subfamily Alphaherpesvirinae of the family

Herpesviridae. Originally isolated from domestic turkeys (1, 2), HVT is successfully used
as a live viral vaccine against Marek’s disease (MD), a rapid-onset lymphomatous and
paralytic disease caused by Marek’s disease virus 1 (MDV-1) in poultry (3). HVT is also
used as a very successful recombinant vaccine vector to protect against multiple avian
diseases.

Apoptosis, or programmed cell death, is a natural tissue homeostasis process that
eliminates damaged, dangerous, and infected cells during pathogen invasion or un-
wanted cells during embryonic development (4). Bcl-2 (B cell lymphoma 2) family
proteins play a principal role in the regulation of cell survival or death decisions and
control mitochondrion-related cell death (4, 5). Currently, more than 20 Bcl-2 family
proteins have been characterized, based on the presence of conserved Bcl-2 homology
(BH) domains (4). Structurally and phylogenetically, the Bcl-2 family proteins are
separated into two major groups. One group in the Bcl-2 family consists of proteins
with a globular �-helical fold structure, i.e., a Bcl-2 fold with up to four BH domains with
prosurvival (Bcl-2, Bcl-w, Bcl-xL, Mcl-1, Bcl-B, and A1) or proapoptotic (Bok, Bax, and Bak)
proteins. Another group in the Bcl-2 family consists of distantly related intrinsically
disordered proteins with only a simple BH3 domain (Bim, Bmf, Bad, Bid, Bik, Noxa, Hrk,
and Puma), which antagonize or activate the Bcl-2 fold proteins of the other group. The
prosurvival Bcl-2 fold proteins (Bcl-2, Bcl-w, Bcl-xL, Mcl-1, Bcl-B, and A1) inhibit the
proapoptotic proteins of the BH3-only group (i.e., Bax, Bok, and Bak). The network of
interactions and interplay between prosurvival and proapoptotic Bcl-2 proteins deter-
mines the fate of cells, and dysregulation of these interactions leads to disease
conditions (4).

Many viruses have exploited the Bcl-2 pathway to modulate the cell environment,
mainly to prevent premature death of the host cell to support virus replication. Several
large DNA viruses, particularly lymphotropic gammaherpesviruses, encode Bcl-2-like
proteins (vBcl-2) to evade apoptosis of cells to support virus replication (6, 7). Sequence
analysis of the HVT genome revealed that two copies of the HVT genes, HVT079 and
HVT096, potentially encoded a close homolog of the Bcl-2 protein Nr-13, the first and
only example of an alphaherpesvirus-encoded Bcl-2 homolog (8–11).

Mitochondria are dynamic organelles that are required for several cellular processes,
such as maintenance of cellular homeostasis, apoptosis regulation, and other signaling
pathways. The dynamics of mitochondrial network pathophysiology have been broadly
studied in many neurodegenerative diseases, such as Parkinson’s disease (PD), Alzhei-
mer’s disease (AD), and Huntington disease (HD) (12). Several viruses and bacteria have
been also reported to change the dynamics and function of mitochondrial networks
(13–16). Specifically, hepatitis B virus-encoded X protein, associated with cell death, and
human cytomegalovirus-encoded UL37x1 protein, associated with apoptosis inhibition,
were reported to play roles in the disruption of mitochondrial networks (13, 17).
Furthermore, alphaherpesviruses have been shown to play important roles in the
mitochondrial distribution and morphology of infected cells (14, 16, 18), although
there are yet no reports on the role of vBcl-2 proteins in modulating the mitochon-
drial network morphology.

While previous experiments using serum starvation or treatment with drugs such as
staurosporine (SP) and thapsigargin (TG) have demonstrated the antiapoptotic prop-
erties of vNr-13 (8), its direct functional role in the replication of HVT or the effects on
mitochondrial network morphology and interaction with the host cell have not yet
been examined. The CRISPR/Cas9-based gene editing approach has been exploited in
many fields of biological and clinical research (19–21). A number of previous studies
have shown that CRISPR/Cas9 technology is an efficient and rapid approach for the
manipulation of viral genomes compared to other recombination-based methods (22),
as it allows direct functional analysis of genes without selection markers. Here, we
report the application of CRISPR/Cas9-based editing to generate the HVT-ΔvNr-13
deletion mutant virus to examine the functions of the vNr-13 homolog. Direct com-
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parison of the infection dynamics of the wild-type and HVT-ΔvNr-13 deletion mutant
viruses was used to gain functional insights into its role in virus replication, mitochon-
drial network morphology, and regulation of apoptosis.

RESULTS
Sequence alignment of HVT vNr-13 and Bcl-2 orthologs. It was previously shown

by Afonso et al. (9) and Aouacheria et al. (8) that the HVT genome sequence carries two
identical vNr-13 open reading frames (ORFs), HVT079 (positions 124354 to 125510) in
the reverse direction and HVT096 (positions 157086 to 158242) in the forward direction,
in the inverted repeat short (IRS) and terminal repeat short (TRS) sequences, respec-
tively (Fig. 1A). Both the HVT079 and HVT096 copies of vNr-13 have two exons and one
intron, and their coding sequences contain 540 nucleotides, encoding 179-amino-acid
proteins (8, 9). Afonso et al. (9) have reported the truncated isoform of vNr-13 from the
N-terminal moiety encoded by the first 84 nucleotides of the introns to a 162-amino-
acid protein, but the translated protein sequences of the introns were not available in

FIG 1 HVT vNr-13 structural analysis and sequence alignments with viral and cellular Bcl-2 orthologs of various mammalian and avian species. (A) Two identical
copies of vNr-13, HVT079 in the reverse direction and HVT096 in the forward direction, are present in inverted repeat sequences (IRS) and terminal repeat
sequences (TRS) of the HVT genome, respectively. HVT vNr-13 has two exons and one intron. Bcl-2 homology domains (BH4, BH3, BH1, and BH2) and a
transmembrane (TM) domain are present in exons in the 5= to 3= direction of the gene. (B) Qualitative analysis of sequence identity and similarity was performed
using the ESPript 3.0 online tool. Helices 1 to 8 (�1 to �8) are shown above the sequence along with helix 9 of the TM domain, based on the vNr-13 predicted
three-dimensional (3D) structural model. Strictly conserved residues are boxed in black on a yellow background. BH domains (BH4, BH3, BH1, and BH2) and
the TM domain are marked above the sequence in the 5= to 3= direction. (C) Maximum-likelihood phylogenetic trees based on amino acid sequences of HVT
vNr-13 in relation to other mammalian and viral orthologs. Bootstrap values of 1,000 replicates were assigned for the analysis. HVT vNr-13 was grouped
separately with other Nr-13 orthologs. (D) Similar 3D homology of vNr-13 with zebrafish Nr-13, Bax, and Mcl-1, represented as a cartoon structural diagram.
The 3D structures of vNr-13 (raspberry red), zebrafish Nr-13 (yellow), Bax (green), and Mcl-1 (magenta/hot pink) have identical orientations with eight �-helices,
labeled �1 to �8. TM, transmembrane domain of vNr-13 and Mcl-1. All views are same as for vNr-13.
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the online database. It could be that vNr-13 ORFs encoding identical 179-amino-acid
proteins are present in the HVT genome, but the success of their identification depends
on the ORF prediction software that was used. Indeed, this was confirmed also by other
reports (8, 23). Furthermore, we have confirmed the full-length sequence of the vNr-13
transcript from chicken embryo fibroblasts (CEFs) infected with HVT FC126 virus stocks.

Previous studies have reported that the vNr-13 sequence exhibits more than 63.7%
identity with chicken Nr-13 (8–10). However, recently many other Bcl-2 orthologs of
cellular and viral origin have been characterized, and their identity and/or similarity
with vNr-13 is sparse (4, 5). Hence, we have extended our study to evaluate 34 cellular
and viral Bcl-2 orthologs to examine the sequence identity and/or similarity with
vNr-13. Multiple-sequence alignments of 34 cellular and viral Bcl-2 orthologs revealed
that vNr-13 has highest sequence identity/similarity with Nr-13 of chickens (64.40%/
66.66%), quail (62.71%/65.53%), zebrafish (38.81%/43.42%), and frog (30.00%/40.58%)
and lowest homology with viral Bcl-2 sequences of penguin (09.14%/19.42%) and
pigeon (09.14%/20.57%) pox viruses, murine herpesvirus 4 (09.35%/16.95%), and hu-
man adenovirus C (09.71%/16.00%). The ESPript 3.0 server (24) was used to determine
identities and similarities among the orthologs. The vNr-13 amino acid sequence was
reported to have all of the BH domains (BH4, BH3, BH1, and BH2) and the C-terminal
transmembrane domain in the 5=-to-3= direction (8–10, 23). All these BH domains are
highly conserved among the Bcl-2 family proteins. In BH4, LL was conserved in Nr-13
from quail, chicken, and human and in Diva/Boo Bcl-2 from rat and mouse (10, 25). In
BH4, YF was conserved in Nr-13 from quail and chicken and canary pox virus Bcl-2.
In BH3, LR, A, and F were conserved among Nr-13 and Bcl-2 orthologs of most species.
In BH1, NWGR was highly conserved among Nr-13 and Bcl-2 orthologs, except in
human adenoviruses and murine herpesviruses. In BH2, GGW was strongly conserved
among Nr-13 and Bcl-2 orthologs, except in human adenoviruses, murine herpesvi-
ruses, and pox viruses. Between BH1 and BH2, LA and WL were highly conserved amino
acids among Nr-13 orthologs (Fig. 1B). A maximum-likelihood phylogenetic tree was
constructed for the amino acid sequences of 32 cellular and viral Bcl-2 orthologs using
the Le-Gascuel model with gamma distribution and invariant sites (26). The phyloge-
netic analysis of 32 cellular and viral Bcl-2 orthologs demonstrated that the Nr-13
proteins of chicken, quail, frog, zebrafish, and human and Bcl-2 of rat and mouse were
clustered more closely with vNr-13 (Fig. 1C).

HVT vNr-13 adopts a “Bcl-2-like” fold. A three-dimensional (3D) homology model
of vNr-13 was built by using the I-TASSER online tool (https://zhanglab.ccmb.med
.umich.edu/I-TASSER/). For vNr-13, the predicted top model 1 had a confidence score (C
score) of 0.25, an estimated template modeling (TM) score of 0.75 � 0.11, and a root
mean square deviation (RMSD) of 4.6 � 3.0 Å. Eight �-helices were observed in the
predicted vNr-13 model, which form a globular bundle, a topology characteristic of
prosurvival Bcl-2 proteins (Fig. 1D). Based on protein function prediction by COFACTOR
and COACH of the I-TASSER online server (27), the predicted vNr-13 model was the
closest to other Bcl-2 family prosurvival proteins such as Bcl-xL (2yj1C) (C score of 0.51)
and Mcl-1 (4wmrA) (C score of 0.20). The COFACTOR and COACH servers of I-TASSER are
commonly used to predict 3D models of proteins based on protein functions (27).
According to the structural similarity simulation, TM-align of I-TASSER, the predicted
vNr-13 structure was found to have highest similarity with the proapoptotic protein Bax
(1f16A) (highest TM score of 0.779 and RMSD of 2.44) and prosurvival protein Nr-13
(6h1nA) (TM score of 0.754 and RMSD of 1.33) of zebrafish. A superimposition of vNr-13
with Bax (1f16A), NR-13 zebrafish (6h1nA), and Mcl-1 (4wmrA) showed a good overlay
between the structures (Fig. 1D).

Analysis of the in vitro expression of HVT vNr-13. Expression of HVT vNr-13 in
DF-1 cells was examined by immunofluorescence (IF) and Western blot analysis. Figure
2A shows a representative image of IF detection of vNr-13 using the specific F878 EG2
antibody in DF-1 cells transfected with the pcDNA3.1-vNr-13 plasmid. HVT vNr-13-
transfected cells appeared to show diffuse staining throughout the cytoplasm of most
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cells (Fig. 2A) and a relatively faint nuclear staining with apparent labeling of the
nuclear envelope (white arrows). A cyan blue color shows vNr-13 colocalization (yellow
arrows) with the nuclear envelope or membrane of the nuclei with a Manders overlap
coefficient of 0.21 � 0.24 (Fig. 2A and 3D). Furthermore, some of the cells appeared
rounded, with vNr-13 distributed throughout the cytoplasm and faint nuclear staining
with no apparent nuclear envelope labeling. In the past, it was reported that the
localization of Bcl-2 orthologs to the nucleus was strongly dependent on the cell cycle
and that there was strong expression in the mitotic cells (28). A Western blot image
demonstrating the vNr-13 protein as a single band of approximately 19 kDa detected
by the F878 EG2 antibody is shown in Fig. 2B. Moreover, HVT vNr-13 was substantially
distributed both in the cytosolic and nuclear fractions of transfected cells, as confirmed
by Western blotting (Fig. 2C). The purity of subcellular fractions was assayed with
anti-�-tubulin or anti-histone H3 antibodies for the cytosolic and nuclear fractions,
respectively. A trace amount of �-tubulin was detected in nuclear fraction and of
histone H3 in cytosolic fraction, which may be the consequence of incomplete sepa-
ration of cytosolic and nuclear fractions or the presence of soluble �-tubulin in the
nuclear fraction and of soluble histone H3 in cytosolic fraction of the mitotic phases of
cells.

HVT vNr-13 localizes to the mitochondria and ER. Several Bcl-2 family proteins
and Nr-13 orthologs localize to the mitochondria (4, 7, 29). Interestingly, Aouacheria et
al. (8) have shown that HVT vNr-13 partly colocalizes with the mitochondria in trans-
fected CEFs, but there is still little information on vNr-13 distribution in other subcellular
organelles. Thus, the HVT vNr-13 subcellular localization was investigated by bioinfor-
matics prediction and immunofluorescence analyses. The subcellular localization of the
HVT vNr-13 protein was predicted by using the online neural network algorithm
DeepLoc-1.0 server (30). A hierarchical tree with multiple nodes and an attention plot
(alpha) was developed to understand HVT vNr-13 protein subcellular localization and
sorting pathways. The probability score of HVT vNr-13 was higher for mitochondria

FIG 2 In vitro characterization of HVT vNr-13 by confocal microscopy and Western blotting. (A) Representative
confocal image illustrating vNr-13 in DF-1 cells. Immunofluorescence staining was carried out in DF-1 cells
transfected with expression construct pcDNA3.1-vNr-13. Cells were fixed after 48 h and stained with monoclonal
F878 EG2 antibody (green). HVT vNr-13-transfected cells appeared to show diffuse staining throughout the
cytoplasm and a relatively faint nuclear staining with apparent labeling of the nuclear envelope (white arrows). The
cyan blue color shows vNr-13 colocalization with the nuclear envelope or membrane of the nuclei (yellow arrows).
Scale bars, 20 �m. (B) Western blot analysis demonstrates that the F878 EG2 antibody specifically recognizes an
�19-kDa band of HVT vNr-13. (C) Representative Western blot images of cytosolic and nuclear fractions. The purity
of subcellular fractions was assayed with anti-�-tubulin or anti-histone H3 antibodies for the cytosolic or nuclear
fraction, respectively.
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FIG 3 HVT vNr-13 localizes to the mitochondria and endoplasmic reticulum of transfected DF-1 cells. (A)
The probability of subcellular localization of HVT vNr-13 was predicted by the DeepLoc-1.0 online

(Continued on next page)
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(0.81) and endoplasmic reticulum (ER) (0.14) than for other subcellular organelles (see
Fig. S1 in the supplemental material). The hierarchical tree data suggested that the
majority of vNr-13 was localized to the mitochondrial membrane (0.84) and a small
portion to ER membrane (0.10) (Fig. 3A and S1). According to attention plot (alpha), a
specific interspersed region of HVT vNr-13 between amino acids 150 and 179 was
involved in mitochondrial membrane localization (Fig. S1, attention plot). Based on
immunofluorescence assay, the HVT vNr-13 protein was significantly colocalized with
the mitochondria and ER of transfected DF-1 cells, with Manders overlap coefficients
of 0.49 � 0.19 and 0.62 � 0.20, respectively (Fig. 3B to D). In Fig. 3B and C, vNr-13
colocalization with the mitochondrial network (white arrow) and ER (white arrowhead)
is observed as a yellow color. Thus, the bioinformatics prediction of localization was
consistent with the immunofluorescence results.

CRISPR/Cas9-mediated ablation of the vNr-13 gene in HVT FC126. To evaluate
the function of the vNr-13 gene in the HVT genome, we chose to knock out both
HVT079 and HVT096 using CRISPR/Cas9-based gene editing tools described previously
in work from our laboratory (19). First, three unique guide RNA (gRNA) sequences
targeting the 5= (gN1, gN2, and gN3) and 3= (gC1, gC2, and gC3) regions of exon 1 of
vNr-13 were designed (Table 1 and Fig. 4A) and cloned into pX330A-1x2, which
expresses Cas9. To select the most efficient gene editing combination of guide RNAs,
three 5= and three 3= vNr-13 exon 1-targeting gRNA/Cas9 constructs were transfected

FIG 3 Legend (Continued)
algorithm. The hierarchical tree suggests that vNr-13 is localized predominantly to the mitochondrial
membrane (0.84) and in a small portion to the ER membrane (0.10). According to immunofluorescence
staining, HVT vNr-13 localizes with the mitochondrial network and ER of transfected DF-1 cells. (B and C)
The yellow color indicates HVT vNr-13 colocalization with the mitochondrial network (white arrow) and
ER (white arrowhead). The second-row images correspond to a higher magnification of the area within
the white squares in the first-row images. HVT vNr-13 was stained with monoclonal antibody F878 EG2
(green for mitochondria and red for ER), mitochondria were stained with MitoTracker dye (red), the ER
was stained with ER-Tracker dye (green), and nuclei were stained with DAPI (blue). All confocal image
scale bars represent 20 �m. (D) The HVT vNr-13 Manders overlap coefficients with nuclei, mitochondria,
and ER were 0.21 � 0.24, 0.49 � 0.19, and 0.62 � 0.20, respectively. The data are shown as mean �
standard deviation (SD).

TABLE 1 Primers used for vNr-13 expression construct cloning, gRNA cloning, and
recombinant virus characterization

Category and primer Sequence (5= ¡ 3=)
vNr-13 expression construct primers

vNr-13-expression construct-F ATTAGGATCCATGGCTGACTCCCTGAAGG
vNr-13-expression construct-R ATTAGAATTCTTAGGATTGGAATTGCCAC

Guide RNAs on 5= vNr-13 exon 1
vNr-13-exon1-gN1-F CACCGGCGTGCCGCCGCTCGCTAA
vNr-13-exon1-gN1-R AAACTTAGCGAGCGGCGGCACGCC
vNr-13-exon1-gN2-F CACCGCCTGCGCGCCGTTAGCGAG
vNr-13-exon1-gN2-R AAACCTCGCTAACGGCGCGCAGGC
vNr-13-exon1-gN3-F CACCGCTGCCGCCGTAGGACTCGG
vNr-13-exon1-gN3-R AAACCCGAGTCCTACGGCGGCAGC

Guide RNAs on 3= vNr-13 exon 1
vNr-13-exon1-gC1-F CACCGCTCGCCCTGCTCTTCGGCC
vNr-13-exon1-gC1-R AAACGGCCGAAGAGCAGGGCGAGC
vNr-13-exon1-gC2-F CACCGTTGCGGGAGCACGGCGGAT
vNr-13-exon1-gC2-R AAACATCCGCCGTGCTCCCGCAAC
vNr-13-exon1-gC3-F CACCGGCGTACCTGGCCGAAGAGC
vNr-13-exon1-gC3-R AAACGCTCTTCGGCCAGGTACGCC

Outside primers
HVT079-outside-F AGCAAGACAGCGTCCGATAC
HVT079-outside-R TTGTGGTGGCGGAACTAATC
HVT096-outside-F GTGGCGGAACTAATCGGGCG
HVT096-outside-R ACTCGAGCAAGACAGCGTCC
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FIG 4 Efficient deletion of HVT vNr-13 by CRISPR/Cas9 technology. (A) Exon 1 of both HVT079 and HVT096 was
targeted by three unique guide RNAs at the 5= (gN1, gN2, and gN3) and 3= (gC1, gC2, and gC3) ends in nine
combinations, and gN3gC2 was found to be the best combination for efficient deletion. (B) Confirmation of
deletion of 312 bp (highlighted in red) in exon 1 of both HVT079 and HVT096 at the gN3 and gC2 target sites by
PCR sequencing. In gN3 and gC2, PAM sequences are highlighted in red and guide RNA sequences in green. (C)
Confirmation of deletion of HVT vNr-13 sequences by immunofluorescence staining with anti-vNr-13 monoclonal
antibody F878 EG2 (red) and anti-HVT polyclonal serum (green) as an infection control. Scale bar, 25 �m.
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into CEFs in all nine possible combinations (gN1gC1, gN1gC2, gN1gC3, gN2gC1,
gN2gC2, gN2gC3, gN3gC1, gN3gC2, and gN3gC3). At 12 h posttransfection, CEFs were
infected with the FC126 strain of HVT. The infected CEFs were harvested at 72 h
postinoculation (hpi). Mutations in the HVT genome were detected only with the
gN3gC2 combination (highlighted in green in Fig. 4B). Plaque purifications of the
mutant viruses were performed until the clones were found to contain only pure
populations of the expected vNr-13 exon 1 deletions in both the HVT079 and HVT096
genes. Precise editing of the locus was confirmed by sequence analysis of the PCR
product amplified using primers outside the target of HVT079 and HVT096 (Fig. 4B).
Furthermore, deletion of vNr-13 in the mutant virus stocks was confirmed by IF staining
with vNr-13-specific F878 EG2 monoclonal antibodies and HVT-specific chicken poly-
clonal serum. In wild-type HVT-infected cells, both F878 EG2-Alexa 568 and HVT-Alexa
488 staining was detected, whereas in HVT-ΔvNr-13-infected cells, only HVT-Alexa 488
was detected. Negative staining with F878 EG2-Alexa 568 demonstrated the lack of
expression and successful deletion of vNr-13 (Fig. 4C).

Deletion of vNr-13 affects early in vitro replication of HVT in cell culture. To
determine if the deletion of both copies of vNr-13 affected the growth kinetics of HVT,
we determined the plaque counts and the average plaque areas of wild-type HVT and
HVT-ΔvNr-13 in CEFs. Plaque assay was performed to determine the number of PFU
formed at 0, 12, 24, 48, 72, 96, and 120 hpi by titration of wild-type HVT and
HVT-ΔvNr-13 at 100, 1,000, and 10,000 PFU per well, which correspond to multiplicities
of infection (MOIs) of 0.00007, 0.0007, and 0.007, respectively. In wells inoculated with
100 PFU, replication of HVT-ΔvNr-13 was significantly (1.6-fold) lower than that of
wild-type HVT at 12 hpi (Fig. 5A). HVT-ΔvNr-13 replication was significantly lower than
that of wild-type HVT at 12, 24 and 48 hpi (by 1.3-, 1.4-, and 1.5-fold, respectively) in
wells inoculated with 1,000 PFU (Fig. 5B). Similarly, in wells inoculated with 10,000 PFU,
HVT-ΔvNr-13 produced significantly (1.7-fold) lower replication at 24 hpi than did
wild-type HVT (Fig. 5C). Furthermore, the highest titers produced with both wild-type
HVT and HVT-ΔvNr-13 were only 5.7 � 105 PFU/ml, even with the highest, 10,000-PFU
inoculation (105 PFU/ml). The overall low titers in the range of 105 PFU/ml are mainly
due to the strictly cell-associated nature of HVT in in vitro cell culture. Thus, the 1.3- to
1.7-fold-lower levels of cell-associated virus in HVT-ΔvNr-13 compared to wild-type HVT
with different PFU cannot be underestimated.

The above results also prompted us to determine the growth kinetics of cell-free
virus in the culture supernatant of the infected cells. Thus, we determined the titers of
the virus in the culture supernatants of cells inoculated with 10,000 PFU of the virus. In
both wild-type- and HVT-ΔvNr-13-infected culture supernatants, virus titers were low,
which was consistent with previous studies (22, 31) (Fig. 5D). Moreover, initiation of the
replication was delayed in cell-free virus, especially with HVT-ΔvNr-13 at 12 and 24 hpi,
and after 48 hpi retarded replication was observed in both wild-type HVT and HVT-
ΔvNr-13 compared with cell-associated virus. Specifically, at 12 hpi viral plaques were
not observed with cell-free HVT-ΔvNr-13, whereas only 6 PFU was observed with
cell-free wild-type HVT. Cell-free virus of HVT-ΔvNr-13 showed significantly reduced
viral titers compared to cell-free virus of wild-type HVT at 24 and 48 hpi (by 6.2- and
3-fold, respectively). Taken together, cell-free viral growth kinetics of wild-type HVT
and HVT-ΔvNr-13 substantially corroborated the above-observed kinetics of the cell-
associated virus at early time points. Determination of the growth kinetics from
supernatants samples inoculated with low PFU (100 and 1,000 PFU) was not considered
because of above observed limited replication from high-PFU-inoculated wells. Fur-
thermore, the average plaque areas were measured with both cell-associated and
cell-free virus-infected plaques of wild-type HVT and HVT-ΔvNr-13 (Fig. 5E). Determi-
nation of average plaque areas demonstrated that there was no significant difference
between wild-type HVT and HVT-ΔvNr-13 plaque areas.

HVT vNr-13 expression leads to disruption of mitochondrial morphology. Many
studies have reported that alphaherpesviruses such as pseudorabies virus (PRV), human
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herpes simplex virus 1 (HSV-1), and HSV-2 play important roles in the mitochondrial
distribution and morphology in infected cells (14, 16, 18, 32). However, no information
is available on the role of HVT vNr-13 in modulating the morphology of the mitochon-
drial networks. We investigated changes in mitochondrial morphology in HVT vNr-13-
transfected cells by confocal microscopy. In mock-transfected cells, the mitochondrial
network was seen evenly distributed throughout the cell and was characterized by the
normal three shapes of the tubular, branched, and punctate mitochondrial network
(Fig. 6A) (16). In HVT vNr-13-transfected cells, the majority of the vNr-13 protein-
colocalized mitochondrial structures were abnormally aggregated around the nuclear
periphery (Fig. 6B), and some were irregularly distributed in the cytoplasm. The
average mitochondrial area in mock-transfected cells was 0.7 � 0.2 �m, whereas
the mitochondrial area was only 0.2 � 0.0 �m in vNr-13-transfected cells. Further-
more, while approximately 90.7% � 2.1% of cells possessed intact mitochondrial
networks in the mock-transfected cells, only 24.5% � 7.4% of vNr-13-transfected
cells retained intact mitochondrial networks (Fig. 6C).

Disrupted mitochondrial morphology is substantially reduced in HVT-�vNr-13
infection. Having demonstrated that vNr-13 expression leads to the disruption of
mitochondrial networks, we wanted to examine the effect of infection with wild-type
HVT or vNr-13 deletion mutant viruses on the morphology of the mitochondrial
networks. In the uninfected CEFs, an evenly spread tubular, branched, and punctate
mitochondrial network was observed (Fig. 7A). Mitochondrial network dynamics were

FIG 5 In vitro growth kinetics of wild-type HVT and HVT-ΔvNr-13 on chicken embryo fibroblasts (CEFs). In each experiment, CEF monolayers seeded at 1.3 � 106

were inoculated with wild-type HVT and HVT-ΔvNr-13, and viral titers were determined at 0, 12, 24, 48, 72, 96 and 120 h postinoculation (hpi). Growth curves
were determined with 100, 1,000, and 10,000 PFU per well, which correspond to multiplicities of infection of 0.00007, 0.0007, and 0.007, respectively. Growth
kinetics (means � SD) were evaluated with three biologically independent experiments. (A) Replication of HVT-ΔvNr-13 was significantly lower than that of
wild-type HVT at 12 hpi in cells inoculated with 100 PFU. (B) In cells inoculated with 1,000 PFU, HVT-ΔvNr-13 replication was significantly lower than that of
wild-type HVT at 12, 24, and 48 hpi. (C) HVT-ΔvNr-13 showed significantly lower replication than wild-type HVT at 24 hpi in cells inoculated 10,000 PFU. (D) Viral
titers were determined in supernatant (cell-free virus) of the samples inoculated with 10,000 PFU to understand the cell-free viral kinetics of wild-type HVT and
HVT-ΔvNr-13. Cell-free HVT-ΔvNr-13 showed significantly reduced viral titers compared to those of cell-free wild-type HVT at 12, 24, and 48 hpi. The green dotted
line represents the mean values of the wild-type HVT, and the red line represents the mean values of HVT-ΔvNr-13. An asterisk indicates a significant difference
of viral titers between wild-type HVT and HVT-ΔvNr-13 (P � 0.05). (F) The average plaque areas were determined for both cell-associated and cell-free wild-type
HVT and HVT-ΔvNr-13. The plaque areas of cell-associated wild-type HVT and HVT-ΔvNr-13 were significantly higher than those of the cell free virus. Groups
with different letters are significantly different from each other (P � 0.05).
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FIG 6 HVT vNr-13 disrupts the mitochondrial network morphology in transfected DF-1 cells. (A) In the
cytoplasm of untransfected cells, clearly dispersed staining of tubular, branched, and punctate structures
was observed. Scale bar, 25 �m. The right panel shows a higher-magnification image with clear tubular,
branched, and punctate structures labeled (scale bar, 10 �m). (B) After HVT vNr-13 transfection, changes in
mitochondrial morphology were observed by confocal microscopy. A yellow color indicates HVT vNr-13
colocalization with the disrupted mitochondrial network (arrowhead) in vNr-13-transfected DF-1 cells. The
second-row images correspond to a higher magnification of the area within the white squares in the
first-row images. Clear tubular, branched, and punctate mitochondrial structures were observed in non-
transfected cells (arrows). HVT vNr-13 was stained with monoclonal antibody F878 EG2 (green), and
mitochondria were stained with MitoTracker dye (red). Scale bar, 25 �m. (C) The average mitochondrial area
and intact mitochondrial networks in a cell were determined as described in Materials and Methods. The
average mitochondrial area and intact mitochondrial networks were significantly lower in HVT vNr-13-
transfected cells than in nontransfected cells. Data are shown as means from three biologically independent
experiments � standard deviation (SD). An asterisk indicates a significant difference (P � 0.05).
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FIG 7 The mitochondrial network morphology is disrupted during wild-type HVT infection in CEFs. (A) Clearly
dispersed tubular, branched, and punctate mitochondrial structures were observed in mock-infected CEFs. (B)

(Continued on next page)
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severely disrupted following wild-type HVT infection, which appeared to colocalize with
mitochondria and substantially aggregate near the nucleus (Fig. 7B), while HVT-ΔvNr-13
infection caused much-reduced disruption of the mitochondrial network and the
colocalized mitochondrial structures were irregularly distributed in the cytoplasm in
comparison with wild-type HVT infection (Fig. 7C). The average mitochondrial area of
mock-infected cells was 0.9 � 0.1 �m, while it was only 0.4 � 0.0 �m wild-type-HVT
infected cells. In HVT-ΔvNr-13-infected cells, the average mitochondrial area was
0.7 � 0.0 �m, which was significantly higher than that for wild-type HVT. In addition,
approximately 87.0% � 1.9% of mock-infected cells possessed intact mitochondrial
networks, whereas only 18.2% � 4.8% of wild-type-HVT infected cells retained intact
mitochondrial networks (Fig. 7D). In contrast, 67.9% � 7.7% of HVT-ΔvNr-13-infected
cells possessed intact mitochondrial networks, which was significantly higher than the
value for wild-type-HVT-infected cells and significantly lower than that for mock-
infected cells. These data indicated that vNr-13 protein was involved in the disrup-
tion of mitochondrial network morphology in wild-type-HVT-infected cells, which
was substantially restored in HVT-ΔvNr-13-infected cells.

HVT vNr-13 inhibits apoptosis compared to the strong apoptosis inducer
apoptin. Following on the previous report demonstrating the inhibition of apoptosis
by vNr-13 in CEFs (8), we examined the kinetics of vNr-13-induced apoptosis in DF-1
cells, particularly in comparison with apoptin, a strong inducer of apoptosis, and Meq,
an inhibitor of apoptosis (33). Fluorescent images from the IncuCyte S3 live-cell
imaging system were collected with 5,000 and 10,000 transiently transfected cells at
every 2 h for 84 h (Fig. 8). Kinetics of apoptosis quantitated from the fluorescent images
showed that apoptosis was significantly lower in the vNr-13-transfected cells than in
the apoptin-transfected cells, between 28 and 84 h with 5,000 transiently transfected
cells and between 36 and 84 h with 10,000 transiently transfected cells. In the
Meq-transfected cells, the level of apoptosis was significantly lower than that in the
apoptin-transfected cells between 10 and 84 h with 5,000 cells and between 34 and 84
h with 10,000 cells. The apoptosis kinetics of transfection control cells were significantly
lower than those of vNr-13-, apoptin-, and Meq-transfected cells, between 0 and 40 h
with 5,000 cells and between 0 and 30 h with 10,000 cells. In control cells, the apoptosis
kinetics were significantly lower than with vNr-13-, apoptin-, and Meq-transfected cells,
between 0 and 50 h with 5,000 cells and between 0 and 46 h with 10,000 cells. The
apoptosis kinetics of vNr-13- and Meq-transfected cells were significantly lower than
those of transfection control cells between 74 and 84 h and of control cells between 60
and 84 h with 5,000 cells, while with 10,000 cells, the apoptosis kinetics of vNr-13-
transfected cells were significantly lower than those of transfection control cells be-
tween 54 and 82 h and of control cells at 62, 82, and 84 h. Furthermore, with 10,000
cells, the Meq-transfected cells apoptosis kinetics were significantly lower than those of
the transfection control between 50 and 84 h and of the control between 56 and 84 h.
Our data also showed that Meq was a strong inhibitor of apoptosis, as has been

FIG 7 Legend (Continued)
After wild-type HVT infection, the mitochondrial morphology was severely disrupted and aggregated near the
nucleus (white arrows). A yellow color indicates vNr-13 colocalization with the mitochondrial network. The
second-row images correspond to a higher magnification of the area within the white squares in the first-row
images to show severe disruption of mitochondrial network morphology (white arrows). (C) HVT-ΔvNr-13
infection caused lower mitochondrial network disruption than wild-type HVT infection (arrowhead). The
second-row images correspond to a higher magnification of the area within the white squares in the first-row
images to show the better intact mitochondrial network morphology than with wild-type HVT (arrow-
head). A clearly dispersed intact mitochondrial structure was observed in noninfected cells from both
wild-type HVT and HVT-ΔvNr-13 conditions (yellow arrow). Chicken polyclonal anti-HVT antibodies were
used to label HVT antigens (green), and mitochondria were stained with MitoTracker dye (red). All
confocal image scale bars represents 25 �m. (D) The average mitochondrial area and intact mitochondrial
networks in a cell were determined as described in Materials and Methods. The average mitochondrial
area and intact mitochondrial networks were significantly lower in the wild-type-HVT-infected cells than
in the HVT-ΔvNr-13-infected and mock-infected cells. Data are shown as means from three biologically
independent experiments � standard deviation (SD). Bars with different letters are significantly different
from each other (P � 0.05).
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FIG 8 HVT vNr-13 inhibits apoptosis compared to the strong apoptosis inducer apoptin. Apoptotic cell
kinetics of HVT vNr-13-transfected cells were compared with those of apoptin- and Meq-transfected cells
as inducer and inhibitor controls of apoptosis, respectively. Apoptosis kinetics were determined by
noninvasive high-throughput IncuCyte S3 real-time monitoring. Fluorescent images from the IncuCyte S3
live-cell imaging system were collected with 5,000 and 10,000 transiently transfected cells at 2-h intervals
for 84 h. HVT vNr-13-transfected cell apoptosis was significantly lower than that of apoptin-transfected
cells between 28 and 84 h with 5,000 transiently transfected cells and between 36 and 84 h with 10,000
transiently transfected cells. In the Meq-transfected cells, the level of apoptosis was significantly lower
than that in the apoptin-transfected cells between 10 and 84 h with 5,000 cells and between 34 and 84
h with 10,000 cells. The apoptosis kinetics of vNr-13- and Meq-transfected cells were significantly lower
than those of transfection control cells between 74 and 84 h and of control cells between 60 and 84 h
with 5,000 cells, while with 10,000 cells, the apoptosis kinetics of vNr-13-transfected cells were signifi-
cantly lower than those of transfection control cells between 54 and 82 h and of control cells at 62, 82,
and 84 h. In addition, with 10,000 cells, the Meq-transfected cell apoptosis kinetics were significantly
lower than those of transfection control cells between 50 and 84 h and of control cells between 56 and
84 h. §, #, and ¥ indicate apoptosis kinetics of apoptin-transfected, transfection control, and control cells,
respectively, that were significantly higher than those of vNr-13- and Meq-transfected cells (P � 0.05). Growth
curves of transfected cells are shown as means from three biologically independent experiments � standard
deviation (SD). Transfection and caspase 3/7-positive controls were used.
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demonstrated previously (33), in comparison to vNr-13. Thus, our study has demon-
strated that IncuCyte S3-based real-time monitoring is a very valuable method to
examine the vNr-13 apoptosis kinetics with apoptin- and Meq-transfected cells as an
inducer and an inhibitor of apoptosis, respectively.

HVT vNr-13 inhibition of apoptosis varies with virus titer and serum depriva-
tion. As the Bcl-2 homologs are known for apoptosis inhibition, we compared the levels
and kinetics of apoptosis between wild-type HVT and HVT-ΔvNr-13 in serum and
serum-free medium using the caspase 3/7 apoptosis assay reagent. The IncuCyte S3
live-cell imaging system was used for monitoring of apoptosis on CEFs infected with
wild-type HVT and HVT-ΔvNr-13 at 10, 50, and 100 PFU per well, which corresponds to
MOIs of 0.0002, 0.001, and 0.02, respectively (Fig. 9). Quantitation of apoptosis was
carried out for 50 h from the fluorescent images collected at every 1 h for wells
inoculated with 10 PFU and every 2 h for wells inoculated with 50 and 100 PFU. In wells
inoculated with 10 PFU, the levels of apoptosis were significantly higher between 2 and
16 hpi in the HVT-ΔvNr-13-infected cells than in the cells infected with the wild-type
HVT in the presence of serum. However, under serum-free conditions, no difference in
the apoptosis kinetics was observed between 2 and 16 hpi in the wild-type-HVT- and
HVT-ΔvNr-13-infected cells. However, from 25 hpi with serum and 28 hpi with
serum-free medium, the levels of apoptosis were significantly higher in the wild-
type-HVT-infected cells than in HVT-ΔvNr-13-infected cells at 10 PFU (Fig. 9A). In
wells inoculated with 50 PFU, the apoptosis was significantly higher in the HVT-
ΔvNr-13-infected cells than in the cells infected with the wild-type HVT between 44
and 50 hpi in the presence of serum and between 14 and 50 hpi under serum
deprivation conditions (Fig. 9B), while in wells inoculated with 100 PFU, the
apoptosis was significantly higher between 26 and 50 hpi in the HVT-ΔvNr-13-
infected cells than in the cells infected with the wild-type HVT under conditions of
both serum presence and deprivation (Fig. 9C). To simplify the explanation of the
apoptosis kinetics results from the IncuCyte S3 data, we will here refer to 10 PFU as
low PFU and to 50 and 100 PFU as high PFU.

Taking the results together, with low-PFU infection in the presence of serum, the
apoptosis kinetics of HVT-ΔvNr-13 were higher than those of the wild type at early time
points, but no difference was observed under serum-free conditions. However, the
apoptosis kinetics of wild-type HVT were higher than those of HVT-ΔvNr-13 at later
time points for low-PFU infection both in the presence of serum and under
serum-free conditions. With high PFU, the apoptosis kinetics of HVT-ΔvNr-13 were
higher than those of wild-type HVT at later time points under both serum and
serum-free conditions, but no difference was observed at early time points, except
for 50 PFU under serum-free conditions. Therefore, vNr-13-based clear inhibition of
apoptosis was associated with higher-PFU infection under both serum and serum-
free conditions, especially at later time points. Apoptosis kinetics were evaluated in
nine biological independent experiments (mean � standard deviation [SD] is
reported).

Noninfected bystander cells undergo apoptosis. Inoculation of wild-type HVT
and HVT-ΔvNr-13 virus at 10 PFU per well, which corresponds to an MOI of 0.00007, on
CEFs resulted in the infection of large numbers of cells. Based on the quantitation of
virus-infected cells, wild-type HVT-infected cells showed marginal increases in infection
at 6, 12, and 24 hpi, but these levels were significantly higher than those for HVT-
ΔvNr-13 at 48 hpi (Fig. 10A). We also quantified the levels of apoptosis by terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay in
CEFs infected by the two viruses. While TUNEL-positive cells were detected in cells
infected by both viruses, the numbers were significantly higher in the HVT-ΔvNr-13-
infected cells than in wild-type-HVT-infected cells, especially at 12 hpi (Fig. 10B).
Interestingly, the TUNEL-positive cells appeared to be mainly noninfected cells present
in the vicinity of infected cells, many of which were TUNEL negative (Fig. 10C and D),
suggesting that HVT can induce apoptosis in adjacent noninfected cells. A represen-
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tative confocal image illustrating TUNEL-positive cells in the vicinity of HVT-infected
cells but not in the HVT-infected cells is shown in Fig. 10D. At 48 hpi, TUNEL-positive
and infected TUNEL-positive cells were lower for HVT-ΔvNr-13 than for the wild-type
HVT.

FIG 9 HVT vNr-13 inhibition of apoptosis varies with virus titer and serum deprivation. The apoptotic cell kinetics
for wild-type HVT and HVT-ΔvNr-13 were monitored with serum or under serum-free conditions with the
high-throughput IncuCyte S3 real-time system. CEFs (4.5 � 104 cells per well) in a 96-well plate were inoculated
with wild-type HVT and HVT-ΔvNr-13 at 10, 50, and 100 PFU per well, which correspond to MOIs of 0.0002, 0.001,
and 0.02, respectively, and then caspase 3/7 reagent was added to the cells. Real-time IncuCyte fluorescent images
were captured every 1 h for wells inoculated with 10 PFU and every 2 h for wells inoculated with 50 and 100 PFU
for 50 h. (A) Quantitation of green fluorescent images as an apoptosis indicator showed that apoptosis was
significantly higher between 2 and 16 hpi in the HVT-ΔvNr-13-infected cells than in the cells infected with wild-type
HVT at 10 PFU with serum, and no difference was observed under serum-free conditions. Further, after 25 hpi with
serum and 28 hpi without serum, the apoptotic cells were significantly higher in the wild-type-HVT-infected cells
than in the HVT-ΔvNr-13-infected cells when 10 PFU was used. (B) In wells inoculated with 50 PFU, the apoptosis
was significantly higher in the HVT-ΔvNr-13 infected cells than in the wild-type-HVT-infected cells between 44 and
50 hpi with serum and between 14 and 50 hpi under serum-free conditions. (C) In wells inoculated with 100 PFU,
the apoptosis was significantly higher between 26 and 50 hpi in the HVT-ΔvNr-13 infected cells than in the cells
infected with the wild-type HVT both with serum and under serum-free conditions. Mean values for the wild-type
HVT, HVT-ΔvNr-13, caspase 3/7 control, and negative control are represented as green, red, black, and blue lines,
respectively. Apoptotic cell kinetics of infected cells are shown as means from nine biological independent
experiments � standard deviation (SD). An asterisk indicates a significant difference (P � 0.05).
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DISCUSSION

Many viruses encode vBcl-2 proteins to evade or modulate the apoptosis mecha-
nisms of the host (6, 7, 34–36). In gammaherpesviruses, vBcl-2 proteins play an
important role in the inhibition of apoptosis and dissemination of virus (6, 7, 34, 35).
Although the HVT genome organization shows extensive similarity with that of the
MDV genome, HVT is the only avian alphaherpesvirus which encodes a Bcl-2 homolog,
vNr-13, expressed from two identical copies from the genes HVT079 and HVT096 (9, 23).
Several MDV and infectious laryngotracheitis virus (ILTV) proteins were shown to have
antiapoptotic properties, but none of them have Bcl-2 homology (33, 37, 38). Multiple-
sequence alignments revealed that vNr-13 shared the highest sequence identity of
64.4% with chicken Nr-13, compared to only 30% with the frog homolog (10, 11).
Similarly, Nrh, a human homolog of Nr-13 protein, and Boo/Diva Bcl-2 proteins of
mouse and rat also shared relatively low identity (30% and 26%, respectively) with
vNr-13 (10). Moreover, the organization of the HVT vNr-13 exon/intron structure and the
four BH domains was highly conserved with Nr-13 proteins, strongly supporting the
notion that it is a true Nr-13 ortholog (8, 10, 11). Indeed, Aouacheria et al. (8, 10) have
reported earlier that Nr-13 orthologs have same organization and are aligned together.
Similar to the case for other Nr-13 orthologs, vNr-13 is functionally classified under the
typical Bcl-2 group of prosurvival family proteins (5, 10), with a conserved NWGR motif
in the BH1 domain and a GGW motif in the BH2 domain, further providing a clear

FIG 10 Replication kinetics and viability of wild-type-HVT- and HVT-ΔvNr-13-infected cells determined by TUNEL assay. (A) Monolayers of CEFs were inoculated
with wild-type HVT and HVT-ΔvNr-13 at 10 PFU per well, which corresponds to an MOI of 0.00007. After virus inoculation, large number of cells were infected.
Wild-type-HVT-infected cells were significantly higher than HVT-ΔvNr-13-infected cells at 48 hpi. (B) TUNEL-positive cells were observed for both wild-type HVT
and HVT-ΔvNr-13. TUNEL-positive cells with HVT-ΔvNr-13 were significantly higher at 12 hpi than those with wild-type HVT. (C) At 48 hpi, TUNEL-positive and
infected TUNEL-positive cells were lower for HVT-ΔvNr-13 than for wild-type HVT. An asterisk indicates a significant difference (P � 0.05). (D) A representative
confocal image illustrating TUNEL-positive cells (apoptotic; green) in the vicinity of HVT-infected cells (red) but not in the HVT-infected cells. HVT-infected cells
were in general not apoptotic. Scale bar, 25 �m.
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indication that vNr-13 may have originated from host gene. Indeed, Bcl-2 family
proteins are known to be prototypical members that are highly conserved in evolution
from flies and nematodes to humans, and viruses should have copied the Bcl-2 region
for their advantage (39).

In 3D structural protein models, the C score estimates the quality of predicted
models, and a score of between �5 and 2 defines the range of confidence for the
predicted model (40). The C score of 0.25 for vNr-13 signifies that it is a higher-value
model with a high confidence. The template modeling (TM) score and root mean
square deviation (RMSD) give information on structural similarity with other structures
and correlation with the C score. The predicted structure of HVT vNr-13 was observed
to be similar to those of conserved Bcl-2-like fold proteins, with eight �-helices and a
TM domain (41). Moreover, vNr-13 was closer structurally to Nr-13 of zebrafish (6h1nA)
and Bax (1f16A) and functionally to Bcl-xL (2yj1C) and Mcl-1 (4wmrA) (5, 42–44). Nr-13
of zebrafish, Bcl-xL, and Mcl-1 are prosurvival proteins, and Bax is proapoptotic protein.
Among Nr-13 orthologs, only Nr-13 of the zebrafish structure has been solved to date,
and it has been reported to bind Bad and Noxa proapoptotic proteins at the BH3 motif,
which is a unique and promiscuous apoptosis inhibition mechanism, unlike that of
other Bcl-2 prosurvival proteins (5). HVT vNr-13 may inhibit apoptosis through a
mechanism similar to that for the Nr-13 of zebrafish.

Our study has shown that vNr-13 diffusely distributed throughout the cytoplasm of
most cells and shows a relatively faint nuclear staining with apparent labeling of the
nuclear envelope. Further, vNr-13 was localized in mitochondria and the ER. Indeed, a
unique feature of Bcl-2 homologs is to localize within the outer mitochondrial mem-
brane, interact each other, and homo- or heterodimerize with cellular partners to
regulate apoptosis (4). For example, human Nrh localizes to the mitochondria and
nuclear envelope, and NRZ localizes to the mitochondria to antagonize proapoptotic
proteins Bcl-Xs and Bax (10, 29). We do not know whether vNr-13 functions through
such a pathway, and further studies are required to examine whether vNr-13 is localized
to the outer or inner membrane of the mitochondria and what interaction partners are
involved in the mitochondrial network dynamics and/or pathways of apoptosis inhibi-
tion. However, in chickens there are limitations regarding the availability of specific
reagents, such as antibodies against cellular binding partners and organelles, and
further studies would require development of the necessary reagents.

Based on the previous studies showing that vNr-13 protein can inhibit apoptosis
induced by serum deprivation as well as reduce cell proliferation (8), we hypothesized
that vNr-13 has important functional roles in the context of HVT replication kinetics in
avian cells. In order to test this hypothesis, we used a vNr-13 deletion mutant of HVT to
examine its role in the replication cycle, mitochondrial network morphology, and
apoptosis kinetics in comparison to the wild-type HVT. Thus, the CRISPR/Cas9 editing
method was followed with nine combinations of gRNAs to delete exon 1 of the vNr-13
gene. The clear ablation of 312 bp of exon 1 of the vNr-13 gene was observed only with
the gN3gC2 gRNA combination. The exact reason why gN3gC2 combination worked
was elusive, but it is known that there are several factors play a role in the efficient and
precise deletion of a gene by CRISPR/Cas9 approach (45, 46). First, CRISPR/Cas9 system
efficacy varies mainly with the gRNA specificity and efficiency at the target site,
efficiency of plasmid DNA delivery, cell types, and PFU of virus (45). Second, effective
gRNA designs depend on high-quality genome sequence, effectiveness metrics, and
gene annotations (46). In addition, judicious selection of gRNAs with minimal off-target
effects is crucial to achieve precise and efficient deletion (45, 46). Therefore, these
parameters may have been perfectly optimized for the gN3gC2 combination in this
study to delete 312 bp of exon 1 of the vNr-13 gene. Furthermore, after many passages,
the deletion remained stable. In the past 5 years, CRISPR/Cas9-based high-throughput
gene editing strategies have been emerging at a fast pace to improve efficiency,
specificity, and versatility. Recently, large DNA fragments, introns, and long noncoding
RNA deletions have been successfully achieved to investigate gene functions and
regulatory roles (47, 48). Therefore, more studies should be performed on the regula-
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tory role of introns between exons 1 and 2 and/or association of the of vNr-13 gene
with exons 1 and 2.

Based on the in vitro growth kinetics, vNr-13 deletion caused no drastic impairment
of HVT replication, although a consistent 1.3- to 1.7-fold-lower viral yield at early time
points was particularly notable for cell-associated HVT-ΔvNr-13. Moreover, a 3- to
6.2-fold decrease in the cell-free HVT-ΔvNr-13 growth at early time points suggested
that deletion of vNr-13 might have affected the initial events in HVT replication. The
highly cell-associated nature of HVT is one of the major limitations in understanding the
initial cell entry and early replication events. Although cell-free virus stocks can be used
to overcome some of the experimental difficulties for such studies, the titers of cell-free
wild-type HVT and HVT-ΔvNr-13 were extremely low, producing significantly smaller
plaques and retarded replication after 48 hpi compared to the cell-associated viruses.
Moreover, it has previously been demonstrated that high-titer stocks of cell-free HVT
generated by continuous cell culture passages were replication defective in vivo (31).
Thus, the contribution of cell-free HVT to overall viral growth and kinetics of apoptosis
after 48 hpi might be negligible.

Using both an vNr-13-expressing plasmid and wild-type and deletion mutant HVTs,
we demonstrated for the first time that the reduction in area of mitochondria and
disturbance in the mitochondrial network morphology were directly associated with
vNr-13 expression. Our studies clearly showed that the HVT-associated changes in
mitochondrial network morphology are at least one of the major effects of vNr-13 on
the pathophysiological changes observed in the HVT-infected cells. Indeed, the impor-
tance of the disruption of mitochondrial morphology and motility for efficient virus
growth and spread mediated through viral glycoprotein B has been shown for other
pathogenic herpesviruses, such as pseudorabies virus (14).

The mitochondrial network morphology and dynamics are regulated by the process
of mitochondrial fission and fusion in the cells. The single mitochondrion undergoes
several fission and fusion events in its physiological life cycle, and these are mediated
by several respective machinery proteins. The activation of the fission machinery and,
eventually, associated neutralization of the fusion machinery control the mitochondrial
shape and/or apoptosis (49). The Bcl-2 family proteins are reported to be involved in
the maintenance of mitochondrial networks by mechanisms governing fission/fusion
events, but there is sparse information on their functions (50). The human cytomega-
lovirus UL37x1 gene product, viral mitochondrion-localized inhibitor of apoptosis
(vMIA), has been shown to regulate mitochondrial fission/fusion dynamics by binding
and inhibiting proapoptotic Bcl-2 family members Bax and Bak (17, 51). It is not known
whether vNr-13-associated disruption of the mitochondrial morphology is initiated due
to an increased rate of fission or decreased rate of fusion, and further studies are
needed to explore the molecular events and interactions of vNr-13.

Although speculative, a hypothesis can be formed to explain the inhibition of
apoptosis at early time points in the replication cycle with low-PFU infection in
serum-containing medium and at late time points with high-PFU infection under both
serum and serum-free conditions. With low-PFU infection in the presence of serum, the
restricted viral replication might have favored the increase of noninfected apoptotic
cells at earlier time points in HVT-ΔvNr-13 than in wild-type HVT, but serum deprivation
completely restored the increased number of apoptotic cells. Although this observation
of no difference in the apoptosis kinetics between wild-type and mutant HVT during
serum deprivation was surprising, it might be due to a compensatory effect of another
antiapoptotic cellular factor(s). In addition, with high-PFU infection, this unknown
compensatory cellular mechanism might still be efficient in regulation of events at early
time points, where no difference in the kinetics of apoptotic cells between HVT-ΔvNr-13
and wild-type HVT was observed, whereas at later time points under high-PFU infec-
tion, the increased viral replication may have caused the shutoff of the cellular
antiapoptotic mechanism, which may have eventually led to a substantial increase of
apoptotic cells, particularly under serum-free conditions. Moreover, at later time points
with high-PFU infection, wild-type HVT seemed to protect cells from apoptosis com-
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pared to the infections with HVT-ΔvNr-13, especially under serum-deprived conditions.
Thus, the reduction in the number of apoptotic cells in wild-type HVT compared to
HVT-ΔvNr-13 infections both with serum and under serum-free conditions (particularly
at later time points in high-PFU infection) demonstrated that vNr-13 expression is part
of the HVT strategy to maintain cell viability for longer periods to help sustain virus
production. Indeed, in infections with many other viruses, such as Epstein-Barr virus
(EBV), Kaposi sarcoma-associated herpesvirus (KSHV), murine cytomegalovirus (MCMV),
human cytomegalovirus (HCMV), myxomavirus, vaccinia virus, and adenoviruses, it was
shown that deletion of vBcl-2 homologs triggered apoptosis (52–57). In human immu-
nodeficiency virus (HIV) infection, it was also observed that inhibition of apoptosis was
associated with increased viral production and sustained cell viability (36). Furthermore,
in the past, several studies have shown that vBcl-2 proteins of gammaherpesviruses
such as KSHV, EBV, and murine gamma herpesvirus 68 (MHV-68) have additional roles
in viral lytic replication and/or reactivation, latency and persistent infection, virulence,
and virion assembly (7, 53, 58, 59). In KSHV, the viral lytic replication was reported not
to be associated with the antiapoptotic and antiautophagic functions (7, 58, 59). As HVT
is nonpathogenic and nononcogenic, there are no in vitro models or latently infected
cell lines available to examine the other potential roles of vNr-13 in latency or
reactivation. However, future in vivo studies in experimentally vaccinated chickens with
intact and vNr-13-deletion mutants of HVT can help in examining its potential roles in
latency and reactivation.

As a successful in ovo vaccine against Marek’s disease and a live recombinant viral
vector against multiple avian pathogens (60, 61), replication of HVT in the late-stage
embryonic tissues is critical for inducing protection (62). Does vNr-13 play a role in
supporting virus replication and inhibiting apoptosis in the late stages of developing
embryonic tissues? This is an important question that needs to be addressed to gain
insights into the immune responses to vaccines as well as the development of the avian
immune system itself. Both the chicken Nr-13 and zebrafish NRZ were shown to be
expressed at high levels in developmental stages of embryonic bursa and somitogen-
esis, respectively, where they had functional roles in the inhibition of apoptosis during
crucial developmental stages (11, 29). Based on this, we would speculate that HVT
vNr-13 also may contribute to the virus replication, vaccine responses, and even
embryonic development. Furthermore, the chicken Nr-13 expressed at high levels in
the embryonic bursa may function synergistically with HVT vNr-13 to support active
replication through apoptosis inhibition. Thus, this may be the answer to why HVT has
this vNr-13 homolog that is absent in other closely related avian alphaviruses.

The effect of HVT on cell viability further indicated that only a few HVT-infected cells
were TUNEL positive (apoptotic). This is similar to the infections with other alphaher-
pesviruses, such as ILTV, HSV-1, HSV-2, and swine herpesvirus 1, which also demon-
strated low levels of apoptosis (63–66). Furthermore, most of the TUNEL-positive cells
appeared to be noninfected bystander cells present in the vicinity of HVT-infected cells.
This picture is probably somewhat similar to that for the apoptotic local leukocytes that
respond to productive infection, as observed in HSV-2 and HSV-1 infections in vivo (63,
65). Further investigation into the replication kinetics of HVT after in ovo or posthatch
vaccination will be needed to know whether such bystander apoptotic cells have a role
in HVT latency and/or reactivation.

Surprisingly, after 48 hpi, the viral titers in both HVT-ΔvNr-13- and wild-type-HVT-
infected cells remained at similar levels, even though apoptotic cells were significantly
higher in HVT-ΔvNr-13-infected cells than in wild-type-HVT-infected cells with high-PFU
infection and vice versa with low-PFU infection (Fig. 9). Reasons for the continued
production of viruses at comparable levels after 48 hpi despite the differences in the
numbers of apoptotic cell populations are not fully clear. Although further, higher-PFU
infection experiments might help in understanding the differences in growth kinetics
between wild-type and mutant viruses, such experiments are difficult to perform due
to the highly cell-associated nature of HVT. Furthermore, it is possible that there could
be other antiapoptotic late viral genes that may be activated to inhibit apoptosis and
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increase virus replication after 48 hpi. It is known that herpesviruses such as MDV-1,
HSV, and varicella zoster virus encode non-Bcl-2 oncoproteins with antiapoptotic
properties (67). We have recently shown that Meq, a non-Bcl-2 oncoprotein of MDV,
inhibits apoptosis and interacts with the chicken infectious anemia virus-encoded
apoptotic protein apoptin (33, 68). Finally, the apoptotic regulation of vNr-13 appears
to be biphasic, first at early time points in low-PFU infections and then at later time
points in high-PFU infections, and it will be interesting to examine the roles of other
viral/cellular factors involved in modulating apoptotic pathways, particularly at later
time points of HVT infection.

The currently available apoptosis quantification techniques have limitations with
reproducibility (69). In the past, some of studies have shown contrary results with the
apoptotic cell regulation of Bcl-2 genes, such as Diva/Boo (25, 70). Thus, the IncuCyte
S3-based investigation used in this study, as a label-free real-time monitoring of
apoptotic cell kinetics, has the advantages of being fast, noninvasive, sensitive, and
reproducible (8, 71–76). In fact, this method has been used for studies of real-time
monitoring of cancer cell apoptosis, cell-to-cell interactions, drug design for evaluating
apoptosis inducers and inhibitors, and viral replication kinetics (71, 73). With the
high-throughput screening of more treatment groups and the increased sample size
per group giving increased statistical power for the data (72, 74), the IncuCyte S3-based
analysis of the kinetics of apoptosis used in this study strongly demonstrated the
inhibitory role of v-Nr-13 in apoptosis, especially with higher-PFU infections at later time
points of HVT replication.

Development of antagonists as therapeutics to vBcl-2 proteins of EBV, KSHV, and
other beta- and gammaherpesviruses is valuable to prevent viral infections. Up until
now, most studies on therapeutics to vBcl-2 proteins have been based on in vitro
experiments or animal models of different species. Currently, a more-physiological
setting is required to elucidate the thermodynamics of vBcl-2 proteins and to under-
stand their molecular mechanism in detail (41). As a naturally occurring nonpathogenic
vaccine strain, HVT can be used as a very good model virus in cell cultures as well as
embryonic avian tissues for better understanding of the molecular mechanisms and
pathways of the Bcl-2 family of apoptotic modulators.

In conclusion, our results demonstrate that vNr-13 is a both structurally and func-
tionally highly conserved, prosurvival Bcl-2 family protein. CRISPR/Cas9-based construc-
tion of HVT-ΔvNr-13 indicated that the gene is not essential. However, the observations
that (i) HVT-ΔvNr-13 showed a lower viral yield at early time points than wild-type HVT,
(ii) mitochondrial morphology was disrupted during HVT wild-type infection and
substantially restored during HVT-ΔvNr-13 infection, and (iii) the HVT vNr-13 homolog
functions by inhibiting apoptosis, especially at later stages of virus replication, strongly
suggested that it has an important role in sustaining virus replication by maintaining
cells viable for long duration.

MATERIALS AND METHODS
Bioinformatics analysis of vNr-13 gene. The sequences of several mammalian and viral orthologs

of Bcl-2 were retrieved from the NCBI database, and multiple-sequence alignments were performed
using MEGA 6. 06. A phylogenetic tree was constructed using the maximum-likelihood method with
substitution models and bootstrap values of the 1,000 replicates of the original data. The amino acid
sequences of vNr-13 were submitted to the Iterative Threading ASSEmbly Refinement (I-TASSER)
database online server (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) to identify the predictive 3D
structural models (40). The multiple aligned sequences were submitted to ESPript 3.0 (http://espript.ibcp
.fr/ESPript/ESPript/index.php) analysis, using the I-TASSER database server-generated vNr-13 protein
structure (PDB) as the template to predict secondary structures (24). The subcellular localization of the
HVT vNr-13 protein was predicted using the available online algorithm DeepLoc-1.0 server (http://www
.cbs.dtu.dk/services/DeepLoc/) (30).

Cells, virus, and antibodies. Primary chicken embryo fibroblasts (CEFs) were collected from 10-day-
old embryonated specific-pathogen-free (SPF) eggs. CEFs were grown in M199 medium (Thermo Fisher
Scientific) supplemented with 5% fetal calf serum (FCS) (Sigma), 1000 U/ml penicillin and 1 mg/ml
streptomycin (Thermo Fisher Scientific), and 10% tryptose phosphate broth (Sigma). DF-1 cells, a
continuous cell lines of EV-0 chicken embryo fibroblasts (77), were used in immunofluorescence (IF) and
Western blot assays for analysis of the expression construct vNr-13. DF-1 cells were grown in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM) with GlutaMAX, supplemented with 10% fetal calf
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serum, 1000 U/ml penicillin, and 1 mg/ml streptomycin. The HVT FC126 strain (obtained from the Avian
Disease and Oncology Laboratory [ADOL], East Lansing, MI, USA) was used to knock out both the HVT079
and HVT096 ORFs. The HVT FC126 strain was passaged on CEFs, and the third passage was used for the
experiment. Mouse monoclonal anti-vNr-13 F878 EG2 (19) was used to label vNr-13, and chicken
polyclonal anti-HVT antibodies were used to label HVT antigens (19). Alexa Fluor 488/568 goat anti-
mouse IgG and Alexa Flour 488 goat anti-chicken IgG were the secondary antibodies used. Mouse
monoclonal anti-�-tubulin was used to label tubulin protein as a cytosolic fraction control. Rabbit
polyclonal anti-histone H3 was used to label histone H3 as a nuclear fraction control.

Plasmids. An expression construct of vNr-13 was generated using the pcDNA3.1(�) vector. For this,
the full-length vNr-13 was amplified by reverse transcription-PCR. Briefly, total RNA extracted from
HVT-infected CEFs using the RNeasy minikit (Qiagen, Crawley, UK) was reverse transcribed using the
Superscript III (Invitrogen) kit according to the manufacturer’s instructions. After denaturation of the
reverse transcriptase at 70°C for 15 min, 5 �l of the reaction mixture was used in a 50-�l PCR mixture
containing 10 mM deoxynucleoside triphosphate (dNTP), 10 �M each primer (Table 1), and 0.625 U of Taq
DNA polymerase (Invitrogen). Insertion of vNr-13 in the correct orientation in the recombinant pcDNA3.1-
v-Nr-13 construct was confirmed by sequence analysis. Plasmids pcDNA 3.1-flag-tagged-apoptin (encod-
ing an inducer of apoptosis encoded by chicken infectious anemia virus) and pcDNA3.1-Meq (encoding
an oncogenic protein encoded by Marek’s disease virus) were used as controls to monitor the apoptosis
and have been described previously (33). Plasmid pX330A-1x2 was used for cloning of guide RNAs
(gRNAs) for CRISPR/Cas9-based gene editing (see below).

Analysis of expression of vNr-13. DF-1 cells were plated in 24-well culture plates (1 � 105) for
immunofluorescence staining and in 6-well culture plates (1 � 106) for Western blot analysis. For
immunofluorescence (IF) staining, cells were plated onto glass coverslips. Cells were transfected (90 to
95% confluent at the time of transfection) with the pcDNA3.1-vNr-13 construct using Lipofectamine 2000
reagent (Invitrogen, Karlsruhe, Germany). Mitochondria were stained (1 h, 37°C) with 200 nM MitoTracker
Red CMXRos (Thermo Fisher). The endoplasmic reticulum (ER) was stained (30 min, 37°C) with 1 �M
ER-Tracker Green (Bodipy FL Glibenclamide) (Thermo Fisher). Glibenclamide (glyburide) binds to the
sulfonyl urea receptors of ATP-sensitive K� channels, which are prominent on the ER. Transfected DF-1
cells then were fixed in 4% paraformaldehyde for 20 min at room temperature (RT) and permeabilized
with 0.1% Triton X-100 (5 min, RT). After blocking in 5% bovine serum albumin (BSA) in phosphate-
buffered saline (PBS) for 30 min, the cells were incubated (1 h, 37°C) with a 1:50 dilution of anti-vNr-13
F878 EG2 monoclonal antibody (19). After washing 3 times in PBS, cells were incubated (1 h, 37°C) with
Alexa 488/568-conjugated goat anti-mouse antibody (1:200 in 5% BSA). After further washing in PBS,
cells were stained (10 min, RT) with 4=,6=-diamidino-2-phenylindole (DAPI) (1:10,000) and viewed by using
a Leica TCS SP2 (Wetzlar, Germany) microscope. A previously established Manders overlap coefficient
method with a Coste significant level of 0.95 or above was followed to determine the colocalization using
ImageJ 1.51j8 software (78).

For Western blot analysis, DF-1 cells transfected with pcDNA3.1-vNr-13 were rinsed 48 h after
transfection with ice-cold PBS and lysed in radioimmunoprecipitation assay (RIPA) buffer. Lysates were
boiled with TruPAGE lithium dodecyl sulfate (LDS) sample buffer (Sigma) for 10 min at 95°C. The samples
were separated on a 4 to 12% TruPAGE precast gel, and the resolved proteins were transferred onto
polyvinylidene difluoride (PVDF) membranes. Immunoblots were blocked with 5% skimmed milk and
then incubated (1 h, 37°C) with anti-vNr-13 F878 EG2 (1:20 dilution in 5% skimmed milk), after which
blots were washed three times in Tris-buffered saline with 0.1% Tween 20 (TBST) and incubated (1 h,
37°C) with secondary antibody IRDye 680RD goat anti-mouse IgG (1:200 in 5% skimmed milk). Finally,
after washing, blots were visualized using Odyssey Clx (Li-Cor).

The cytosolic and nuclear fractions were separated using a protocol based on an isolation kit
(ab113474; Abcam). The purity of subcellular fractions was assayed with anti-�-tubulin or anti-histone H3
antibodies for the cytosolic or nuclear fractions, respectively. Western blots were analyzed as described
above. Briefly, �-tubulin expression was examined using monoclonal mouse anti-�-tubulin as the
primary antibody and IRDye 680RD goat anti-mouse IgG as the secondary antibody. Histone H3 was
checked with rabbit polyclonal anti-histone H3 as the primary antibody and IRDye 800CW donkey
anti-rabbit IgG as the secondary antibody.

gRNAs for gene editing. The guide RNA (gRNA) sequences were selected by identifying the 20-bp
sequence directly upstream of any 5=-NGG sequence of exon 1 of both vNr-13 ORFs HVT079 and HVT096,
using the CRISPR guide RNA design online server (http://crispr.mit.edu/about). The gRNAs with highest
predicted efficiency and lowest possible off-target cleavage sites were selected. Three gRNAs targeting
in the 5= and 3= regions of exon 1 of the vNr-13 gene were designed and cloned into the CRISPR/Cas9
vector pX330A-1x2 by introducing synthesized oligo-DNA primers corresponding to the target sequence
into the BbsI restriction sites. The oligo-DNA primers are listed in Table 1.

Generation of HVT-�vNr-13 deletion mutant virus. CEFs (1.3 � 106) were plated in six-well culture
plates and were 90 to 95% confluent at the time of transfection. At 12 h posttransfection, CEFs were
infected with HVT at 100 PFU per well. The HVT inoculation dose is most accurately expressed as PFU
because of the strict cell-associated phenotype of the virus, necessitating infection by inoculation of
infected cells. Although the expression of MOI is not accurate because of the cell-associated nature of the
virus and the difficulty to achieve synchronous infectivity, infection with 100 PFU of HVT corresponded
to an MOI of approximately 0.00007. The infected CEFs were passaged 72 h later, and individual plaques
were picked for further analysis.

Characterization of HVT-�vNr-13. CEFs were seeded in six-well culture plates and inoculated with
wild-type HVT and purified mutant HVT-ΔvNr-13. The infected cells were harvested at 72 h after infection
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and cells lysed in 1� squishing buffer (10 mM Tris-HCl [pH 8.2], 25 mM NaCl, 1 mM EDTA, and 200 �g/ml
proteinase K) at 65°C for 30 min. Proteinase K digestion was stopped by heating at 95°C for 2 min. the
HVT079 and HVT096 vNr-13 regions flanked with the 5= and 3= untranslated regions were amplified by
PCR. The sequence-specific primers for the outside targets of the HVT079 and HVT096 vNr-13 regions are
listed in Table 1. The PCR products were purified, sequenced, and analyzed. In addition, IF staining was
performed to confirm vNr-13 deletion as described above. Briefly, wild-type HVT and mutant clones
grown on CEF monolayers were examined for the expression of vNr-13 using F878 EG2 as the primary
antibody and Alexa 568-goat anti-mouse as the secondary antibody. HVT replication was detected using
chicken polyclonal anti-HVT serum as the primary antibody and Alexa 488-goat anti-chicken as the
secondary antibody.

In vitro growth kinetics of wild-type HVT and HVT-�vNr-13. The growth rates of wild-type HVT
and HVT-ΔvNr-13 were evaluated in vitro by determination of plaque counts and the average plaque
areas on the confluent CEFs in six-well culture plates. Briefly, CEFs (1.3 � 106) were plated in six-well
culture plates, and wild-type HVT and HVT-ΔvNr-13 virus at 100, 1,000 and 10,000 PFU per well, which
correspond to MOIs of 0.00007, 0.0007, and 0.007, respectively, were inoculated in duplicates on
confluent CEF monolayers. Infected CEFs from triplicate wells were trypsinized at 0, 12, 24, 48, 72, 96, and
120 h postinoculation (hpi) and titrated on fresh CEFs in 10-fold serial dilutions in six-well culture plates.
Cultures were grown for 4 days before infected monolayers were washed, fixed, and enumerated by
immunological staining using polyclonal HVT serum as described previously (79). Viral titers were log
transformed prior to analysis.

The abilities of wild-type HVT and HVT-ΔvNr-13 to produce cell-free virus from infected CEFs were
also compared using protocols described previously (22). Briefly, supernatants were collected from cells
inoculated with the wild-type HVT and HVT-ΔvNr-13 viruses at 10,000 PFU/well (corresponding to an MOI
of 0.007). Supernatants were centrifuged at 5,000 rpm for 10 min to remove any cells, and titers were
determined at 0, 12, 24, 48, 72, 96, and 120 hpi.

Measurement of virus plaque areas. Plaque size measurements were performed on the immuno-
logically stained wild-type HVT- and HVT-ΔvNr-13-infected CEF monolayers as described above. The average
plaque area was measured as described previously (80). Digital images of over 60 individual plaques were
captured using the EVOS digital microscope (Thermo Fisher Scientific, USA). The average plaque areas were
measured using ImageJ 1.51j8 software by manually drawing the outline of each plaque. Plaque size
measurements were performed in three biologically independent experiments.

Analysis of mitochondrial morphology disturbance. MitoTracker Red is extensively used to study
the mitochondrial network morphology (14, 15, 17, 18). Thus, in this study MitoTracker Red was used to
elucidate the mitochondrial network morphology by confocal microscopy. Disturbance to the mitochon-
drial network morphology was judged by the area of MitoTracker and distribution of intact mitochondrial
network shapes. The average mitochondrial (MitoTracker) area was measured using ImageJ 1.51j8
software by manually drawing the outline of each Mito Tracker. When the outline was drawn, the intact
tubular, branched, and punctate shapes were included for calculation. In the disturbed mitochondrial
networks, the small and scattered punctate mitochondria at a distance were excluded for the calculation.
The nuclear area was also excluded for the calculation. For elucidation of the intact mitochondrial
network, the clear dispersed tubular and branched structures of more than 60% of Mito Tracker were
considered intact mitochondria, whereas those of less than 60% were considered disturbed mitochon-
dria. The mitochondrial morphology disturbance of vNr-13 and/or HVT-positive cells was determined in
randomly selected fields of 100 cells. This measurement of mitochondrial morphology disturbance was
performed in three independent experiments.

Kinetics of apoptotic cells determined by high-throughput IncuCyte S3 real-time screening.
Inhibition of apoptosis in CEFs by the vNr-13 protein has been previously demonstrated (8). In our study,
the main aim was to determine the kinetics of apoptosis following vNr-13 expression, and we used the
label-free high-throughput IncuCyte S3 (Sartorius AG, Gottingen, Germany) for real-time monitoring of
apoptosis. Thus, to monitor the apoptosis kinetics of vNr-13, expression constructs of apoptin and Meq
were used as apoptosis inducer and inhibitor controls, respectively (33). IncuCyte S3 is a fully automated
phase-contrast microscope with an imaging system, designed to fit inside a cell culture incubator (71).
First, DF-1 cells were transfected with vNr-13, apoptin, and Meq plasmids using the Lipofectamine 2000
reagent. The cell viability measurement in the transfected wells has a limitation due to a high percentage
of apoptosis association with transfection reagents, such as Lipofectamine 2000 and Lipofectin (81, 82).
Thus, to avoid experimental bias, the transfected cells were passaged after 48 h, and 5,000 and 10,000
transiently transfected cells were seeded in a 96-well plate (Corning) to avoid any transfection reagent-
associated effects and to monitor the apoptotic cell kinetics up to 84 h. After overnight incubation,
caspase 3/7 reagent (1:1,000) was added to the cells (Sartorius). Images were captured every 2 h for 84
h from four separate regions per well using a 10� objective. The green object count per well was
quantified at each time point for vNr-13, apoptin, Meq, transfection control, and control cells.

The apoptotic cell kinetics of wild-type HVT and HVT-ΔvNr-13 were determined with serum and under
serum-free conditions using the caspase 3/7 apoptosis assay, and the experiment was monitored with
the IncuCyte S3 as described above. Briefly, CEFs (4.5 � 104) were plated in a 96-well culture plate (Nunc)
and inoculated with 10, 50, and 100 PFU per well, which correspond to MOIs of 0.0002, 0.001, and 0.02,
respectively, of wild-type HVT and HVT-ΔvNr-13. After virus inoculation, caspase 3/7 reagent (1:1,000;
Sartorius) was added to the cells. Images were captured every 1 h for wells inoculated with 10 PFU and
every 2 h for wells inoculated with 50 and 100 PFU for 50 h from four separate regions per well using
a 10� objective. The green object count per well was quantified at each time point for wild-type HVT,
HVT-ΔvNr-13, caspase 3/7 positive-control, and negative-control cells.
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Determination of cell viability by TUNEL assay. The In Situ Cell Death Detection kit (fluorescein),
based on terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) (Roche
Diagnostics GmbH, Mannheim, Germany), was used to detect apoptotic cells in CEFs infected with
wild-type HVT and HVT-ΔvNr-13. The test was performed according to the manufacturer’s guidelines.
Briefly, CEFs (1.3 � 105) were plated in 24-well culture plates onto glass coverslips, and wild-type HVT and
HVT-ΔvNr-13 were inoculated in triplicates on confluent CEFs at 10 PFU per well, which corresponds to
an MOI of 0.00007. The IF test (see above) was performed using chicken polyclonal anti-HVT antibodies
and Alexa Fluor 568 goat anti-chicken IgG. The percentage of TUNEL-positive cells was determined by
manual counting ten randomly selected fields of 100 cells using a fluorescence microscope. Viability
analysis was performed in three biologically independent experiments.

Statistical Analysis. IncuCyte S3 data were analyzed by one-way analysis of variance (ANOVA) with
Tukey post hoc comparisons using GraphPad Prism version 7.01 (GraphPad Software, Inc., San Diego, CA).
Growth kinetics of viral strains were evaluated by the Mann-Whitney U test. Mitochondrial morphology
and TUNEL assay were evaluated by Student’s t test. Results were considered significantly different when
the P value was �0.05. The results are shown as mean � standard deviation (SD).
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