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Abstract: Herpesviruses are a group of double-strand DNA viruses that infect a wide range of hosts,
including humans and animals. In the past decades, numerous methods have been developed to
manipulate herpesviruses genomes, from the introduction of random mutations to specific genome
editing. The development of genome manipulation methods has largely advanced the study of viral
genes function, contributing not only to the understanding of herpesvirus biology and pathogenesis,
but also the generation of novel vaccines and therapies to control and treat diseases. In this review,
we summarize the major methods of herpesvirus genome manipulation with emphasis in their
application to Marek’s disease virus research.
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1. Introduction

Herpesviridae is a large family of double-strand DNA viruses that infect a wide
range of hosts, including humans and animals. Most herpesvirus infections are asymp-
tomatic, except in very young and immunocompromised individuals. Members of the
Herpesviridae family share a similar virion structure which consists of linear double-strand
DNA, icosahedral capsid, tegument and envelope, and a similar life cycle which con-
sists of both lytic and latent phases. Herpesviruses genome size ranges from ~124 to
259 kilobases (kb) and encode for ~70–200 proteins involved in various aspects of virus
infection [1]. According to the current virus taxonomy released by the International
Committee on Taxonomy of Viruses (ICTV), the Herpesviridae family consists of three sub-
families (Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae) and an unassigned
species Iguanid herpesvirus 2. Eight herpesviruses were identified to infect humans, in-
cluding herpes simplex virus 1 and 2 (HSV-1 and HSV-2, or human herpesvirus 1 and
2, HHV-1 and HHV-2) and varicella-zoster virus (VZV or HHV-3) which are members
of the Alphaherpesvirinae subfamily; human cytomegalovirus (HCMV or HHV-5), human
herpesvirus 6 (including two variants, HHV-6A and HHV-6B), and human herpesvirus
7 (HHV-7) are members of the Betaherpesvirinae subfamily; Epstein–Barr virus (EBV or
HHV-4) and Kaposi’s sarcoma-associated herpesvirus (KSHV or HHV-8) are members of
the Gammaherpesvirinae subfamily [2].

Marek’s disease (MD) is a neoplastic disease of chicken which was first reported
by József Marek in 1907 [3]. The causative agent was later identified as Marek’s disease
virus (MDV, also known as Gallid alphaherpesvirus 2, GaHV-2), which is classified into the
Mardivirus genus and Alphaherpesvirinae subfamily. MDV isolates are further classified into
mild (m), virulent (v), very virulent (vv) and very virulent plus (vv+) pathotypes based
on their virulence. There are two additional closely related but distinct virus species to
MDV, including MDV-2 or GaHV-3 and turkey herpesvirus (HVT, also known as Meleagrid
alphaherpesvirus 1, MeHV-1); however, only MDV infection causes lymphoproliferative
disease in chickens [4,5]. MD is the first naturally occurring tumor disease in any species
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that is prevented by the use of vaccines [6]. Since the early 1970s, HVT was widely used
as vaccine to prevent MD because it is non-oncogenic and closely related to MDV [7–9].
Later, MDV-2 (SB-1 strain), a naturally avirulent virus, and a cell culture attenuated MDV
(CVI988/Rispens strain) were developed, as vaccines, to control more virulent MDV
strains [7,9–12]. However, since these vaccines only prevent disease but not infection
and shedding of MDV, more virulent field strains have emerged [13]; thus, MD is still of
great importance to poultry industry causing USD ~2 billion losses annually [7]. In recent
years, taking advantage of genome manipulation methods, researchers have gained better
knowledge of MDV gene functions and have developed several MD vaccine candidates,
such as meq (MDV EcoRI Q) and vTR (viral telomerase RNA) deletion mutant MDV [14–17].

In the past decades, scientists have developed advanced methods to manipulate
the herpesvirus genome to precisely study the function of viral genes, and which has
helped understand herpesvirus biology and pathogenesis, as well as the development of
novel vaccines and antiviral drugs for prevention of herpesvirus infection. In this review,
we will summarize the basic principles as well as advantages and disadvantages of five
major methods, including temperature sensitive (ts) mutant, marker assisted site-directed
mutagenesis, overlapping cosmid clones, infectious bacterial artificial chromosomes (BAC),
and clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system,
and their applications and contributions to our understanding of herpesvirus biology,
especially MDV.

2. Temperature Sensitive (ts) Mutant

A ts mutant is a type of conditional-lethal mutant that, due to the loss of normal
protein functions induced by mutagens, can only grow at permissive temperatures but not
at nonpermissive temperatures, while wild type virus can grow under both conditions. To
induce mutations, virus infected cells were usually treated with chemical mutagens, such
as 5-bromodeoxyuridine (BrdU) and nitrosoguanidine (NTG), or ultraviolet (UV) light.
In the 1960s, generation of ts mutants or conditional-lethal mutants was widely used to
study genetics and molecular biology of animal viruses [18–20]. In the 1970s, Schaffer et al.
described the isolation of HSV-1 ts mutants and partially characterized the biochemical
properties of those mutants [21–23]. Briefly, to generate ts mutants of a herpesvirus
(Figure 1), the virus infected cells were first treated with chemical mutagens at permissive
temperature to generate the mutant virus stocks, which were then co-seeded with cell
monolayers at the permissive temperature for 2 days. After individual viral plaques
appeared and outlined, infected cells were transferred to the nonpermissive temperature
for another day. The plaques that did not increase in size after 24 h were considered
to be potential ts mutants, were harvested and grown at the permissive temperature
until cytopathic effects appeared (usually 2 days). Ts mutant candidates were titrated at
both permissive and nonpermissive temperatures, and the mutants exhibiting reduced
growth capacity at the nonpermissive temperature were plaque-purified and served as ts
mutants. Using this method, Schaffer et al. isolated 22 ts mutants of HSV-1 and classified
them into 15 complementation groups [23]. Later, a complementation study of HSV-
1 and HSV-2 ts mutants carried out by 10 independent laboratories identified 23 and
20 essential genes for HSV-1 and HSV-2, respectively [24]. Similarly, cytolysis-resistant
and drug-resistant mutants were also introduced to study the function of herpesvirus
genes [25]. These technologies also contributed to the generation and characterization of
mutants from other herpesviruses, such as pseudorabies virus (PRV) [26], VZV [27], and
cytomegalovirus [28,29]. The use of ts mutants in MDV research has been limited because
of the highly cell associated nature of the virus. However, a ts mutant MDV replicated
poorly in vivo and failed to induce a protective immune response [30].
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Figure 1. Schematic of generating temperature sensitive (ts) mutants.

The advantages and disadvantages of this method are outlined in Table 1. While it is
a useful technique to obtain a large number of mutant viruses at once, the mutation rate
is relatively low and plaque isolation and purification are both labor-intensive and time-
consuming procedures. In addition, due to the nature of how mutations are introduced, it
is common for a ts mutant virus to carry multiple mutations, which makes it impossible to
precisely attribute the observed phenotype to any specific gene.

Table 1. Pros and cons of herpesvirus genome manipulation methods.

Temperature
Sensitive (ts)

Mutant

Marker Assisted
Site-Directed
Mutagenesis

Overlapping
Cosmid Clones

BAC Clone
(RecA or Red-Based

Homologous
Recombination)

CRISPR/CAS9
System

Pros

1. Allows to
generate large
number of mutants
at once

1. Allows site
specific
manipulation

1. Allows site
specific
manipulation
2. No selection and
purification steps
are needed

1. Capable of harboring
large DNA fragments
2. Easy to manipulate
using bacteria genetics
3. Can achieve both
random and
site-specific mutations
4. Easy to generate
revertant BAC

1. Easy to handle
and efficient
2. Will not retain BAC
sequences in the
virus genome
3. Allows the
simultaneous
manipulation at
different sites
4. Provides
therapeutic potential
for treatment

Cons

1. Mutation
frequency is low
2. Procedure is
laborious
3. Difficult to
precisely map the
mutation site

1. Low
recombination
efficacy
2. Need plaque for
the purification
3. The inserted
foreign gene may
affect phenotype
of the
recombinant virus

1. Difficult to handle
large DNA
fragments
2. Unwanted
mutations may be
introduced due to
multiple
recombination
events
3. Difficult to
construct
revertant virus

1. The large BAC DNA
may shear during the
manipulation process
(mostly with RecA)
2. Unwanted
recombination events or
random mutations may
occur (mostly with RecA)

1. The need of PAM
sequences may limit
the target sites
2. The possibility of
off-target may cause
unwanted mutations
3. Needs multiple
rounds of
plaque purification

3. Marker Assisted Site-Directed Mutagenesis

To overcome the shortcomings of ts mutants, taking advantage of DNA recombination,
a more specific marker assisted site-directed mutagenesis method was developed for
herpesvirus research. In the 1970s, scientists found that HSV-1 thymidine kinase (TK)
could compensate for cellular TK activity in TK deficient mouse cells [31,32]. Further, the
HSV-1 BamHI digestion fragment containing the TK gene was cloned into E. coli plasmid
pBR322 and the recombinant plasmid was transfected into mammalian cells to express
TK [33]. Given the fact that TK is a dispensable gene for HSV-1 infectivity, and the presence
of an efficient TK activity selection system, the TK gene was selected as the target for
site-directed mutagenesis [34]. The above-mentioned recombinant plasmid (named pX1)
together with HSV-1 DNA were used to generate a TK-deficient HSV-1 mutant in a two-step
procedure [34]. In the first step, the pX1 plasmid was subjected to partial PstI digestion,
followed by ligation to generate pd2 plasmid where part of the TK gene was deleted; in



Microorganisms 2021, 9, 1260 4 of 17

the second step, the pd2 plasmid was cotransfected with nucleocapsids containing wild
type HSV-1 genome into Vero cells to recover TK-deficient HSV-1 mutants [34]. Later,
using TK as a selection marker, a generalized two-step site-directed mutagenesis technique
was developed for HSV-1 genome manipulation [35]. Briefly, using a combination of
DNA recombination strategy and selection media (hypoxanthine-aminopterin-thymidine
(HAT) for selection of TK-proficient virus, and thymidine arabinoside (Ara T) for selection
of TK-deficient virus), the TK gene was inserted as a selection marker into the gene of
interest or in place of the gene of interest, in the first step, and then was deleted, in the
second step (Figure 2). Using this technique, Post et al. deleted portions of HSV-1 infected
cell polypeptide (ICP) 22 and found that ICP22 is dispensable for HSV-1 growth in cell
culture [35].
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Apart from TK, other markers, such as β-galactosidase (LacZ) and fluorescent proteins,
were also used as selection or rescue markers in MDV studies (Table 2). Parcells et al.
constructed a recombinant MDV mutant (named RB1B∆4.5lac) by inserting the lacZ gene
of E. coli into the unique short (US) region of MDV resulting in the deletion of a 4.5 kb DNA
fragment. The RB1B∆4.5lac exhibited decreased in vitro growth, as well as impaired early
cytolytic infection, horizontal transmission, tumor incidence and mortality in chickens,
without affecting the latency or transformation of T lymphocytes [36] (Table 2). Using
soluble-modified green fluorescent protein (smGFP) as selection marker, Parcells et al.
generated a viral interleukin 8 (vIL8) deletion mutant MDV and showed that vIL8 is
important for MDV lytic infection but dispensable for transformation [37].

Table 2. Selected studies of MDV using different genome manipulation methods.

Method MDV Strain Manipulation Main Findings References

Marker assisted
site-directed
mutagenesis

RB-1B (vv)
Deletion of 4.5 kb

sequences in US region of
MDV genome

These genes are involved in virus
replication, horizontal transmission,

tumor formation, but
not transformation

[36]

RB-1B (vv) Deletion of vIL8
vIL8 is important for MDV lytic

infection but dispensable
for transformation

[37]

Overlapping
cosmid clones

Md5 (vv) Deletion of pp38

pp38 is important MDV early cytolytic
infection in lymphocytes but

dispensable for virus growth in vitro,
tumor formation in chickens and virus

horizontal transmission

[38,39]

Md5 (vv) Deletion of vIL8

vIL8 is important for MDV early
cytolytic infection in lymphoid organs,
but dispensable for establishment of

latency and virus
horizontal transmission

[40,41]

Md5 (vv) Deletion of Meq Meq is essential for tumor formation
but dispensable for virus replication [17]

Md5 (vv) Chimeric Meq mutants
Both homo- and heterodimerization of
Meq are important for transformation

of lymphocytes
[42,43]
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Table 2. Cont.

Method MDV Strain Manipulation Main Findings References

Md5 (vv) Deletion of LORF11
LORF11 is important for MDV
replication and pathogenesis

in chickens
[44]

BAC clone

584Ap80C (vv+,
attenuated)

Deletion of 2 kb sequences
in gB

gB is essential for cell-to-cell spread of
MDV in vitro [45]

RB-1B (vv) Deletion of CtBP
interaction domain in Meq

Meq-CtBP interaction is essential for
MDV tumorigenesis [46]

RB-1B (vv) Deletion of vTR vTR is important for MDV induced T
cell lymphoma [16]

RB-1B (vv) Deletion of cluster 1
miRNAs and miR-M4

Cluster 1 miRNAs, especially miR-M4,
are important for MDV induced T cell

lymphomas
[47]

RB-1B (vv) Deletion or mutation
UL13, UL44, UL47 and UL54 are

essential for horizontal transmission
of MDV

[48–53]

584Ap80C (vv+,
attenuated), 686 (vv+)

Deletion of US3 and
mutation of US3 kinase

active site

US3 is involved in de-envelopment of
perinuclear virion, actin stress fiber

breakdown, antiapoptosis, MDV
replication and gene expression

[54–57]

584Ap80C (vv+,
attenuated) Deletion of UL46 to UL49

UL46, UL47 and UL48 genes are
nonessential, but UL49 is essential, for

growth of MDV
[58]

RB-1B (vv), Md5 (vv)
Fusing of fluorescent
protein to UL47, Meq

and VP22

Constructed fluorescent tagged
viruses, which are valuable models to
study MDV biology and pathogenesis

[59–61]

CRISPR/Cas9
system

CVI988 (vaccine strain) Deletion of Meq and pp38
CRISPR/Cas9 system is applicable for
MDV genome manipulation and gene

function study
[62]

MDV transformed
lymphoblastoid

cell line

Deletion of pp38 and
miRNAs

CRISPR/Cas9 system is applicable for
MDV genome manipulation in MDV

lymphoblastoid cell line
[63–65]

The marker assisted site-directed mutagenesis opened the possibility for site specific
manipulation of the herpesvirus genome and promoted the study of individual viral
genes. However, due to the inefficient recombination process, it is common to result in
a mixture of wild type and mutant viruses that needs further plaque purification steps
(Table 1). Especially, for highly cell associated viruses like MDV, multiple rounds of plaque
purification are needed which may result in the introduction of unexpected mutations. In
addition, there is a possibility that the inserted foreign gene, such as lacZ or GFP, may
affect the phenotype of the recombinant virus.

4. Overlapping Cosmid Clones

Cosmids (cos site + plasmid) are hybrid plasmids containing cos sequences of lambda
phage and have been widely used for in vitro gene cloning since they were first reported
in 1978 [66,67]. A cosmid vector usually contains an origin of replication (ori), a selection
marker (e.g., antibiotic resistance gene), a cos site, and multiple cloning sites (MCS) for
the insertion of a foreign DNA fragment of up to ~45 kb. Due to the large genome of
herpesvirus, a series of overlapping cosmid clones (usually 4–5) are needed to cover the
whole viral genome. In 1988, recombinant PRV mutants were successfully generated using
five cosmid clones, containing overlapping DNA fragments of the PRV genome, and after
cotransfection and subsequent recombination into permissive cells [68]. Briefly, the her-
pesvirus genome was digested with different restriction enzymes to generate overlapping
viral DNA fragments which were then cloned into cosmid vectors. The gene of interest was
then modified by deletion, mutation or insertion to generate the modified/recombinant
viral cosmid. To reconstitute the mutant virus, all viral DNA fragments were released from
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the cosmids, through restriction enzyme digestion, and were cotransfected into permissive
cells to produce the recombinant viruses (Figure 3). An advantage of this method is that
it does not require plaque purification, because all reconstituted viruses are recombinant
(contain the gene modification), allowing this technique to be widely used in herpesvirus
research. Since originally introduced, this technique has been utilized to generate a large
number of mutants for HSV-1, EBV, VZV, equine herpesvirus (EHV), MDV and HVT to
study gene function [38,69–74].
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The development of the overlapping cosmid technique significantly promoted re-
search to study MDV gene function (Table 2). In 2002, a recombinant MDV was successfully
generated using overlapping cosmid clones [38]. In this study, five overlapping MDV DNA
fragments were generated from the vv Md5 strain of MDV after digesting with different
restriction enzymes, which were cloned into cosmid vectors generating overlapping cosmid
clones, named SN5, P89, SN16, A6, and B40. The MDV pp38 gene, located in cosmid A6,
was then deleted using a RecA-assisted restriction endonuclease (RARE) cleavage method.
Finally, unmodified cosmids (SN5, P89, SN16, and B40) and mutated cosmid A6 (A6∆pp38)
were digested and the five overlapping viral DNA fragments were purified and cotrans-
fected into cells to produce the recombinant MDV with deletion of pp38 gene (rMd5∆pp38).
This recombinant virus showed that pp38 is important for MDV early cytolytic infection in
lymphocytes, but dispensable for virus growth in cell culture, tumor formation in chick-
ens and horizontal transmission of MDV [38,39]. Using the same technique, Cui et al.
generated a recombinant Md5 virus in which vIL8 was deleted and showed that vIL8 is
important for MDV early cytolytic infection in lymphoid organs, but dispensable for estab-
lishment of latency and virus horizontal transmission [40,41]. In addition, they found this
mildly virulent vIL8 deletion mutant protects against challenge with vv+ MDV in maternal
antibody-positive chickens [41]. Most importantly, using overlapping Md5 cosmid clones,
Lupiani et al. constructed an meq deletion virus in 2004 and found that Meq is essential for
tumor formation but dispensable for virus replication in cell culture, lymphoid organs and
epithelial cells of feather follicles, providing the first conclusive evidence that Meq is critical
for MDV transformation of lymphocytes [17]. Using the same technique, Suchodolski et al.
generated chimeric Md5 viruses by replacing the leucine zipper region of Meq with the
leucine zipper region of yeast GCN4 and chicken c-Fos transcription factors [42,43]. This
study showed that both homo- and heterodimerization properties of Meq are important
for MDV induced transformation of lymphocytes [42,43]. Similarly, deletion of LORF11, an
MDV unique gene, showed that it is important for MDV replication and pathogenesis in
chickens [44].

The advantage of this method over those described earlier is the absence of required
plaque purification step that could result in unintended mutations, which is especially
important for the generation of recombinant highly cell associated viruses (Table 1). In
addition, the overlapping cosmid approach does not rely on selection markers that are
likely to interfere with virus replication. On the other hand, one limitation of this method
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is the handling of large DNA fragments as some cosmids are found to be unstable [75] and
multiple recombination events are needed to reconstitute the full-length viral genome in
cells, both of which may cause unwanted mutations and genome rearrangement in the
resulting recombinant viruses (Table 1). In addition, it is difficult to construct revertant
viruses, due to the nature of the method, a necessary step to rule out the possibility that the
altered phenotype is due to other unwanted mutations. However, with the use of whole
genome sequencing, the need for generation of revertant viruses could be avoided.

5. Infectious Bacterial Artificial Chromosome (BAC) Clones

In the early 1990s, a bacteriophage P1 and E. coli mini-F plasmid dependent cloning
systems, named PAC (P1-derived artificial chromosome) and BAC (bacterial artificial
chromosome), were developed as they are capable of maintaining large foreign DNA
fragments; especially, a BAC can stably harbor up to 300 kb DNA sequences [76–78]. In
addition, a BAC carrying full-length viral genomes can easily produce infectious viral
particles by transfection into permissive cells. Thus, the BAC technique was rapidly
adapted for virological studies. The circular genome of baculovirus was firstly cloned
into a BAC vector and was proved to be an efficient method for expression of foreign
proteins [79]. The first infectious BAC of herpesvirus was reported by Messerle et al., where
the ~230 kb genome of mouse cytomegalovirus (MCMV) was cloned [80]. In addition, they
successfully generated a recombinant virus carrying a mutated immediate-early 1 (IE1)
gene and found that IE1 is important but not essential for MCMV growth in vitro [80]. To
date, a large number of herpesviruses have been cloned into BAC vectors, facilitating every
aspect of herpesvirus research [81,82].

To generate an infectious herpesvirus BAC, a cassette containing the mini-F factor and
selection marker is inserted into the herpesvirus genome; thus, several methods (Figure 4),
including homologous recombination, cosmid-based approaches and in vitro ligation, were
developed [81,82]. The most widely used method is homologous recombination, which
was used to generate the first MCMV BAC [80]. Briefly, the viral DNA and a transfer vector,
which contains the mini-F factor and a selection marker flanked by sequences homologous
to the insertion site in the viral genome, were cotransfected into mammalian cells for
recombination. After selection, the circular viral DNA harboring BAC sequences were
isolated and electroporated into E. coli. Alternatively, a cosmid-based approach was used to
generate herpesvirus BACs as no selection steps are needed [83–85]. Similar to the insertion
of a foreign gene using overlapping cosmid clones, the BAC sequence is inserted in one
of the cosmid clones, followed by cotransfection to generate a BAC containing the entire
viral genome. This method is convenient if the overlapping cosmid clones were already
available for the virus. Direct in vitro ligation can also be a choice if a single restriction
enzyme cutting site is available in the viral genome. This method was used successfully to
construct a BAC clone for HHV-6A, where the viral DNA was digested with Sfil (cut the
viral genome in a single site) and ligated with BAC sequences [86]. However, this method
has obvious drawbacks, such as the difficulty of finding a suitable restriction site and the
low ligation efficacy of large DNA fragments.

After constructing the infectious BAC clone, manipulation of herpesvirus genome
can be achieved by both random, such as transposon-mediated mutagenesis, and site-
specific manners, such as RecA and Red/RecET-mediated mutagenesis [81,82,87]. In the
random method, transposable elements (Tn) are randomly inserted into the viral BAC
clone to disrupt viral genes, allowing for rapid generation of recombinant BAC libraries
and global genome analysis. A Tn1721-based transposon system was developed to globally
screen essential and nonessential genes of MCMV [88]. Similarly, a Tn5-based transposon
mutagenesis was developed for rapid screening of nonessential genes for MDV replication
in vitro [89]. For the purpose of introducing site-specific mutations, the RecA or Red-
based homologous recombination systems have commonly been used. The RecA-mediated
mutagenesis, also called shuttle mutagenesis, is achieved in a two-step procedure [81].
Briefly, a shuttle vector, harboring RecA, positive and negative selection markers, and
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the desired mutation flanked by sequences homologous (usually 500 bp to 3 kb) to the
target site in the viral BAC, are transformed into a virus BAC-containing E. coli. Expression
of RecA facilitates recombination between the shuttle vector and the virus BAC clone,
followed by positive and negative selections to generate the desired markerless mutant
virus BAC clone. However, this method has several limitations, such as the use of a
negative selection marker that may cause undesired recombination events, and that the
induction of RecA may cause instability of the BAC, often causing the loss of part of the
viral genome.
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Alternatively, the Red-mediated mutagenesis is a better option for site-specific manip-
ulation of the herpesvirus genome, since it requires shorter homologous arms (30–50 bp)
and it is rare to have undesired recombination events [81]. Briefly, a PCR product harboring
a positive selection marker flanked by homologous sequences to the target site in viral
BAC are electroporated into the virus BAC-containing E. coli, where recombination results
in the integration of the positive selection marker into the virus BAC clone. Moreover,
several other techniques, such as the Cre/loxP system, positive and negative selection
markers, two-way selectable markers and self-excisable system, have been combined with
the Red-based method to remove the unwanted BAC sequences [81,82,87,90]. In addition,
using I-SceI endonuclease, the en passant mutagenesis was developed to achieve a marker-
less manipulation allowing all types of mutations (point mutation, deletion and insertion),
using the GS1783 strain of E. coli which harbors chromosomal inducible Red and I-SceI
activities [91]. In this method, a PCR product harboring an 18 bp I-SceI site and a positive
selection marker, flanked by short homologous sequences, is used (Figure 4). After the
above stated Red-mediated recombination, the induction of I-SceI endonuclease cleave
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the I-SceI site resulting in the second step recombination, which completely remove the
positive selection marker and any other foreign sequences [91,92].

The introduction of BAC technology has largely facilitated MDV research (Table 2).
The first MDV BAC clone was generated by Schumacher et al., using the homologous
recombination-based method, where the BAC sequences were inserted to the US2 non-
essential locus of an avirulent, cell culture attenuated MDV strain 584Ap80C [45]. In
addition, they successfully deleted 2 kb sequences from glycoprotein B (gB) and found that
gB is essential for cell-to-cell spread of MDV in vitro [45]. Since then, infectious BAC clones
have been constructed for numerous pathogenic MDV strains (RB-1B, GX0101, 814, Md5,
686), as well as MDV-2 and HVT [85,93–98]. Using infectious MDV BAC clones, several
MDV genes and encoded RNAs have been shown to be important for MDV replication,
tumorigenesis and horizontal transmission. It has been shown that MDV Meq interacts with
C-terminal-binding protein (CtBP) through CtBP-interaction domain, PLDLS motif [46].
Deletion of the CtBP-interaction domain completely eliminated MDV induced tumors
suggesting that interaction between Meq and CtBP is essential for MDV tumorigenesis [46].
MDV encoded vTR was also shown to be important for MDV lymphomagenesis as an MDV
BAC clone with both copies of vTR deleted induced lower tumor incidence in chickens [16].
In addition, MDV encoded microRNA miR-M4, an ortholog of chicken miR-155, was also
shown to be critical for MDV lymphomagenesis as deletion of miR-M4 from an MDV
BAC clone resulted in 90% reduction of tumor incidence [47]. Other than genes involved
in MDV tumorigenesis, several genes, including UL13 (encodes a viral protein kinase),
UL44 (encodes glycoprotein C, gC), UL47 (encodes a tegument protein) and UL54 (encodes
ICP27), have been identified to be essential for horizontal transmission of MDV [48–53].
MDV encodes a US3 serine/threonine protein kinase, which is conserved among members
of the Alphaherpesvirinae subfamily [99]. By deleting the entire US3 gene or mutating its
kinase active site, we and others showed that MDV US3 is involved in de-envelopment
of perinuclear virions, actin stress fiber breakdown, antiapoptosis, MDV replication and
gene expression [54–57]. Even though most genes encoded by UL and US regions of MDV
exhibit similar functions to their homologs in HSV-1, some MDV genes exhibit distinct
functions. It has been reported that VP22 (encoded by UL49) is not required for in vitro
growth of HSV-1, while it is essential for growth of MDV in cell culture [58]. In addition,
this method has been used to construct fluorescent tagged viruses by fusing fluorescent
protein to viral proteins, such as UL47 tegument protein, Meq and VP22, which are valuable
models to study MDV biology and pathogenesis [59–61]. Apart from MDV biology and
pathogenesis studies, the BAC technology has also aided in the development of novel
MD vaccine candidates by deleting or mutating genes associated with tumorigenesis and
pathogenesis [7]. Given the essential role of Meq in MDV tumorigenesis, a Meq deletion
mutant virus is the most promising MD vaccine candidate to date; however, it retains the
ability of parental MDV to cause lymphoid organ atrophy in chickens [15,17,100,101] and
therefore cannot be approved as a vaccine. We recently generated an Meq and vIL8 double
deletion mutant MDV using a 686BAC clone and found that it provided protection against
challenge with vv+ MDV comparable to that of CVI988/Rispens vaccine [102]. Moreover,
the Meq and vIL8 double deletion virus did not cause lymphoid organ atrophy in chickens,
making it an excellent vaccine candidate to control vv+ MDV infection.

Overall, the BAC technique provided an easy and reliable method for herpesvirus
genome manipulation, significantly promoting the study of herpesvirus genes function in
the last two decades. It has many advantages over previous methods, since BAC can stably
carry large foreign DNA sequences, it is easy to manipulate using bacteria genetics, it can
achieve both random and site-specific mutagenesis and it is easy to generate revertant
BAC clones (Table 1). However, some viral DNA are unstable in BACs and BAC DNA
may shear during the manipulation process, screening of recombinant BAC constructs can
be labor-intensive and some unwanted recombination events or random mutations may
occur (Table 1). It has been reported that a recombinant RB-1B, reconstituted from a BAC
clone, was unable to transmit horizontally [103,104]. By comparing genome sequences of
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this recombinant RB-1B with published MDV genome sequences, frameshift mutations
were identified in several MDV genes [103,104]. Subsequently, restoration with wild-type
genes, via en passant mutagenesis, demonstrated that UL13 and gC are critical for efficient
horizontal transmission of MDV [48,50].

6. Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 System

In the past decade, the CRISPR/Cas system has been extensively studied and proved to
be a reliable tool for genome editing and a promising therapy strategy for various diseases.
The CRISPR/Cas, an RNA-guided nuclease system, is a type of adaptive immunity of
archaea and bacteria [105,106]. Currently, six types of CRISPR/Cas have been identified and
are grouped into two classes: class 1 which consists of type I, III, and IV CRISPR systems
that are characterized by multi-subunits of effector complexes; class 2 consists of type II,
V, and VI CRISPR systems that are characterized by a single effector nuclease [107]. The
most widely used type II CRISPR/Cas9 system includes three key components, CRISPR
RNA (crRNA), trans-activating crRNA (tracrRNA) and Cas9 endonuclease, where the
crRNA and tracrRNA are usually fused to a single-guide RNA (sgRNA) in practical
use [108–111]. The sgRNA binds and recruits Cas9 to the target site that locates upstream
of a three-nucleotides long protospacer adjacent motif (PAM) to create a DNA double
stranded break (DSB), which could be repaired by non-homologous end joining (NHEJ)
or homology directed repair (HDR) (Figure 5). Since the CRISPR/Cas9 system has been
proved to be an efficient RNA-guided genome editing method in mammalian cells, it
has also been adopted for large DNA virus research [108,111,112]. The CRISPR/Cas9
system was reported to successfully edit the genome of adenovirus, HSV-1 and EBV by
different research groups in 2014 [113–115], and since then, numerous other herpesviruses
have been shown to be efficiently edited using the CRISPR/Cas9 system [112,116]. Unlike
the complexity of previous methods, scientists just need to design a 20 bp long RNA
fragment complementary to the target site, which will be cloned into an all-in-one plasmid
containing Cas9, sgRNA scaffold and selection marker. To edit the herpesvirus genome,
permissive cells are transfected with the guide RNA (gRNA) and Cas9 expression plasmid,
followed by infection with the virus. If precise editing is desired, a repair template will
need to be cotransfected with the gRNA and Cas9 expression plasmid. After selection
and purification, the modified herpesvirus genome is isolated and mutation confirmed by
sequencing (Figure 5). Apart from its use in genome manipulation, the powerful editing
ability of CRISPR/Cas9 system has been applied to study host–virus interactions, abrogate
virus replication and develop novel therapies for herpesvirus infection, which are not the
focus of this review and have been extensively reviewed elsewhere [112,116–119].
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The CRISPR/Cas9 system has also been shown to be applicable to the manipulation
of the MDV genome and to study MDV gene function (Table 2). In 2018, Zhang et al.
successfully generated pp38 or meq deletion CVI988 mutants using the CRISPR/Cas9
system [62]. MDV is a highly cell associated virus, thus the first-round of plaques normally
contain a mixture of edited and unedited viruses, which can be further separated by another
round of plaque purification. In this study, Zhang et al. showed that transfection of a pair
of gRNAs that target the N- and C-terminal ends of pp38 resulted in 12.5% genome editing
efficiency; however, for meq, the editing efficiency varied from 25% to 75% as different
gRNAs targeting the C-terminus were used [62]. Later, CRISPR/Cas9 system was further
applied to edit pp38 and miRNAs in MDV transformed lymphoblastoid cell line [63–65],
providing an applicable and efficient method to study the MDV tumorigenesis and MDV–
host interactions in vitro. Other than gene function studies, CRISPR/Cas9 technology
mediated genome editing has also been used for the development of HVT vector vaccines.
The first attempt was made by Tang et al., who used the CRISPR/Cas9 system to construct a
recombinant HVT vector vaccine (HVT-VP2) by inserting the VP2 gene of infectious bursal
disease virus (IBDV) into the UL45/46 locus of the HVT genome [120]. In a subsequent
study, they inserted two additional viral antigen expression cassettes, which included
genes of infectious laryngotracheitis virus (ILTV) and avian influenza virus (AIV), into
the HVT-VP2 genome [121]. Theirs and other studies demonstrated that CRISPR/Cas9
is a simple and efficient method for the generation of vector vaccines carrying more than
one foreign viral gene [122,123]. In addition, the nature of the CRISPR/Cas9 system
promises the possibility of editing several target sites simultaneously, which will facilitate
the development of recombinant vaccines that confer protection against multiple diseases.
The CRISPR/Cas9 system has also been shown to be an efficient method to abrogate
MDV or other virus infections. Hagag et al. showed that combination of two or more
gRNAs that target MDV essential genes could completely abrogate MDV replication in
cell culture [124]. In addition, MDV has been developed as a CRISPR/Cas9 delivery
system to disrupt avian leukosis virus (ALV) infection in cell culture and chickens [125].
Recently, transgenic chickens constitutively expressing Cas9 and gRNA targeting ICP4,
were generated, resulting in significant reduction of MDV replication, suggesting a novel
antiviral method to restrict MDV replication [126].

Overall, the CRISPR/Cas system has taken the genome manipulation and other stud-
ies of herpesvirus biology into a new era. It has numerous advantages over previous
herpesvirus genome manipulation methods, such as its ease of use, the absence of need of
intermediate BAC constructs thus absence of BAC sequences in the virus genome, it allows
the simultaneous modification at several sites/genes, it has various and powerful tool kits
that fulfill different purposes, provides promising therapeutic potential for treating her-
pesvirus infection, and more (Table 1). However, the CRISPR/Cas9 system also has some
limitations. The need of PAM sequences may limit the target sites, the off-target potential
may cause unwanted mutations and may need multiple rounds of plaque purification to
isolate the edited virus (Table 1).

7. Conclusions

From ts mutant to CRISPR/Cas9 system, the methods for herpesvirus genome ma-
nipulation have evolved from unspecific and laborious to precise and efficient editing,
greatly facilitating our understanding of the biology and pathogenesis of herpesvirus. The
introduction of overlapping cosmid clones and BAC technology accelerated the precise
analysis of MDV gene function, promoted the study of molecular mechanisms of MDV
oncogenesis and the development of recombinant MD vaccines. With the well-established
genome manipulation system and small animal model (chicken), MDV has served as a very
good model to study viral oncogenesis in its natural host. In recent years, the development
of the CRISPR/Cas9 system has propelled the next stages of MDV research, though its
use in MDV genome manipulation is still in early stages. Moreover, the CRISPR/Cas9
system has broader applications in the study of MDV–host interactions and novel vaccine
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development. Next generation sequencing has also played a central role in MDV genome
manipulation and other studies. In combination with BAC and CRISPR/Cas9 systems, next
generation sequencing will ensure accurate genome editing and comprehensive analysis
of global changes in viral genes and host pathways, which will promote our understand-
ing of the molecular mechanisms of MDV pathogenesis and the development of novel
MDV vaccines.

Author Contributions: Y.L. drafted the manuscript, tables and figures. K.B. performed the literature
searches. S.M.R. and B.L. edited the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This review received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: All figures presented in this review are created in BioRender.com.

Conflicts of Interest: All authors declare that there are no conflict of interest.

References
1. Payne, S. (Ed.) Family Herpesviridae. In Viruses: From Understanding to Investigation; Elsevier: Amsterdam, The Netherlands,

2017; pp. 269–278. [CrossRef]
2. Grinde, B. Herpesviruses: Latency and reactivation—Viral strategies and host response. J. Oral. Microbiol. 2013, 5,

22766. [CrossRef]
3. Marek, J. Multiple Nerventzuendung (Polyneuritis) bei Huehnern. Dtsch. Tierarztl. Wochenschr. 1907, 15, 417–421.
4. Davison, A.J.; Eberle, R.; Ehlers, B.; Hayward, G.S.; McGeoch, D.J.; Minson, A.C.; Pellett, P.E.; Roizman, B.; Studdert, M.J.; Thiry,

E. The order Herpesvirales. Arch. Virol. 2009, 154, 171–177. [CrossRef] [PubMed]
5. Osterrieder, N.; Kamil, J.P.; Schumacher, D.; Tischer, B.K.; Trapp, S. Marek’s disease virus: From miasma to model. Nat. Rev.

Microbiol. 2006, 4, 283–294. [CrossRef] [PubMed]
6. Churchill, A.E.; Payne, L.N.; Chubb, R.C. Immunization against Marek’s disease using a live attenuated virus. Nature 1969, 221,

744–747. [CrossRef] [PubMed]
7. Reddy, S.M.; Izumiya, Y.; Lupiani, B. Marek’s disease vaccines: Current status, and strategies for improvement and development

of vector vaccines. Vet. Microbiol. 2017, 206, 113–120. [CrossRef]
8. Okazaki, W.; Purchase, H.G.; Burmester, B.R. Protection against Marek’s disease by vaccination with a herpesvirus of turkeys.

Avian Dis. 1970, 14, 413–429. [CrossRef] [PubMed]
9. Schat, K.A. History of the First-Generation Marek’s Disease Vaccines: The Science and Little-Known Facts. Avian Dis. 2016, 60,

715–724. [CrossRef]
10. Rispens, B.H.; van Vloten, H.; Mastenbroek, N.; Maas, H.J.; Schat, K.A. Control of Marek’s disease in the Netherlands. I.

Isolation of an avirulent Marek’s disease virus (strain CVI 988) and its use in laboratory vaccination trials. Avian Dis. 1972, 16,
108–125. [CrossRef]

11. Witter, R.L. Protection by attenuated and polyvalent vaccines against highly virulent strains of Marek’s disease virus. Avian
Pathol. 1982, 11, 49–62. [CrossRef]

12. Witter, R.L.; Lee, L.F. Polyvalent Marek’s disease vaccines: Safety, efficacy and protective synergism in chickens with maternal
antibodies. Avian Pathol. 1984, 13, 75–92. [CrossRef]

13. Davison, F.; Nair, V. Use of Marek’s disease vaccines: Could they be driving the virus to increasing virulence? Expert Rev. Vaccines
2005, 4, 77–88. [CrossRef] [PubMed]

14. Kaufer, B.B.; Arndt, S.; Trapp, S.; Osterrieder, N.; Jarosinski, K.W. Herpesvirus telomerase RNA (vTR) with a mutated template
sequence abrogates herpesvirus-induced lymphomagenesis. PLoS Pathog. 2011, 7, e1002333. [CrossRef] [PubMed]

15. Lee, L.F.; Lupiani, B.; Silva, R.F.; Kung, H.J.; Reddy, S.M. Recombinant Marek’s disease virus (MDV) lacking the Meq oncogene
confers protection against challenge with a very virulent plus strain of MDV. Vaccine 2008, 26, 1887–1892. [CrossRef]

16. Trapp, S.; Parcells, M.S.; Kamil, J.P.; Schumacher, D.; Tischer, B.K.; Kumar, P.M.; Nair, V.K.; Osterrieder, N. A virus-encoded
telomerase RNA promotes malignant T cell lymphomagenesis. J. Exp. Med. 2006, 203, 1307–1317. [CrossRef] [PubMed]

17. Lupiani, B.; Lee, L.F.; Cui, X.; Gimeno, I.; Anderson, A.; Morgan, R.W.; Silva, R.F.; Witter, R.L.; Kung, H.J.; Reddy, S.M. Marek’s
disease virus-encoded Meq gene is involved in transformation of lymphocytes but is dispensable for replication. Proc. Natl. Acad.
Sci. USA 2004, 101, 11815–11820. [CrossRef]

18. Burge, B.W.; Pfefferkorn, E.R. Conditional Lethal Mutants of an Rna Animal Virus. Virology 1964, 24, 126–128. [CrossRef]

http://doi.org/10.1016/B978-0-12-803109-4.00034-9
http://doi.org/10.3402/jom.v5i0.22766
http://doi.org/10.1007/s00705-008-0278-4
http://www.ncbi.nlm.nih.gov/pubmed/19066710
http://doi.org/10.1038/nrmicro1382
http://www.ncbi.nlm.nih.gov/pubmed/16541136
http://doi.org/10.1038/221744a0
http://www.ncbi.nlm.nih.gov/pubmed/4304053
http://doi.org/10.1016/j.vetmic.2016.11.024
http://doi.org/10.2307/1588488
http://www.ncbi.nlm.nih.gov/pubmed/4913403
http://doi.org/10.1637/11429-050216-Hist
http://doi.org/10.2307/1588905
http://doi.org/10.1080/03079458208436081
http://doi.org/10.1080/03079458408418510
http://doi.org/10.1586/14760584.4.1.77
http://www.ncbi.nlm.nih.gov/pubmed/15757475
http://doi.org/10.1371/journal.ppat.1002333
http://www.ncbi.nlm.nih.gov/pubmed/22046133
http://doi.org/10.1016/j.vaccine.2008.01.046
http://doi.org/10.1084/jem.20052240
http://www.ncbi.nlm.nih.gov/pubmed/16651385
http://doi.org/10.1073/pnas.0404508101
http://doi.org/10.1016/0042-6822(64)90161-8


Microorganisms 2021, 9, 1260 13 of 17

19. Burge, B.W.; Pfefferkorn, E.R. Conditional-Lethal Mutants of an Animal Virus: Identification of Two Cistrons. Science 1965, 148,
959–960. [CrossRef]

20. Fenner, F. Conditional lethal mutants of animal viruses. Curr. Top. Microbiol. Immunol. 1969, 48, 1–28. [CrossRef]
21. Schaffer, P.; Vonka, V.; Lewis, R.; Benyesh-Melnick, M. Temperature-sensitive mutants of herpes simplex virus. Virology 1970, 42,

1144–1146. [CrossRef]
22. Schaffer, P.A.; Courtney, R.J.; McCombs, R.M.; Benyesh-Melnick, M. A temperature-sensitive mutant of herpes simplex virus

defective in glycoprotein synthesis. Virology 1971, 46, 356–368. [CrossRef]
23. Schaffer, P.A.; Aron, G.M.; Biswal, N.; Benyesh-Melnick, M. Temperature-sensitive mutants of herpes simplex virus type 1:

Isolation, complementation and partial characterization. Virology 1973, 52, 57–71. [CrossRef]
24. Schaffer, P.A.; Carter, V.C.; Timbury, M.C. Collaborative complementation study of temperature-sensitive mutants of herpes

simplex virus types 1 and 2. J. Virol. 1978, 27, 490–504. [CrossRef]
25. Schaffer, P.A.; Weller, S.K.; Pancake, B.A.; Coen, D.M. Genetics of herpes simplex virus. J. Investig. Dermatol. 1984, 83,

42s–47s. [CrossRef]
26. Feldman, L.; Blankenship, M.L.; Ben-Porat, T. Isolation and characterization of a temperature-sensitive uncoating mutant of

pseudorabies virus. J. Gen. Virol. 1981, 54, 333–342. [CrossRef]
27. Shiraki, K.; Ogino, T.; Yamanishi, K.; Takahashi, M. Isolation of drug resistant mutants of varicella-zoster virus: Cross resistance

of acyclovir resistant mutants with phosphonoacetic acid and bromodeoxyuridine. Biken J. 1983, 26, 17–23. [PubMed]
28. Akel, H.M.; Sweet, C. Isolation and preliminary characterisation of twenty-five temperature-sensitive mutants of mouse cy-

tomegalovirus. FEMS Microbiol. Lett. 1993, 113, 253–260. [CrossRef] [PubMed]
29. D’Aquila, R.T.; Summers, W.C. Isolation and characterization of phosphonoacetic acid-resistant mutants of human cy-

tomegalovirus. J. Virol. 1987, 61, 1291–1295. [CrossRef] [PubMed]
30. Witter, R.L.; Offenbecker, L. Nonprotective and temperature-sensitive variants of Marek’s disease vaccine viruses. J. Natl. Cancer

Inst. 1979, 62, 143–151. [PubMed]
31. Wigler, M.; Silverstein, S.; Lee, L.S.; Pellicer, A.; Cheng, Y.; Axel, R. Transfer of purified herpes virus thymidine kinase gene to

cultured mouse cells. Cell 1977, 11, 223–232. [CrossRef]
32. Pellicer, A.; Wigler, M.; Axel, R.; Silverstein, S. The transfer and stable integration of the HSV thymidine kinase gene into mouse

cells. Cell 1978, 14, 133–141. [CrossRef]
33. Enquist, L.W.; Vande Woude, G.F.; Wagner, M.; Smiley, J.R.; Summers, W.C. Construction and characterization of a recombinant

plasmid encoding the gene for the thymidine kinase of Herpes simplex type 1 virus. Gene 1979, 7, 335–342. [CrossRef]
34. Smiley, J.R. Construction in vitro and rescue of a thymidine kinase-deficient deletion mutation of herpes simplex virus. Nature

1980, 285, 333–335. [CrossRef] [PubMed]
35. Post, L.E.; Roizman, B. A generalized technique for deletion of specific genes in large genomes: Alpha gene 22 of herpes simplex

virus 1 is not essential for growth. Cell 1981, 25, 227–232. [CrossRef]
36. Parcells, M.S.; Anderson, A.S.; Morgan, T.W. Retention of oncogenicity by a Marek’s disease virus mutant lacking six unique

short region genes. J. Virol. 1995, 69, 7888–7898. [CrossRef]
37. Parcells, M.S.; Lin, S.F.; Dienglewicz, R.L.; Majerciak, V.; Robinson, D.R.; Chen, H.C.; Wu, Z.; Dubyak, G.R.; Brunovskis, P.; Hunt,

H.D.; et al. Marek’s disease virus (MDV) encodes an interleukin-8 homolog (vIL-8): Characterization of the vIL-8 protein and a
vIL-8 deletion mutant MDV. J. Virol. 2001, 75, 5159–5173. [CrossRef]

38. Reddy, S.M.; Lupiani, B.; Gimeno, I.M.; Silva, R.F.; Lee, L.F.; Witter, R.L. Rescue of a pathogenic Marek’s disease virus with
overlapping cosmid DNAs: Use of a pp38 mutant to validate the technology for the study of gene function. Proc. Natl. Acad. Sci.
USA 2002, 99, 7054–7059. [CrossRef]

39. Gimeno, I.M.; Witter, R.L.; Hunt, H.D.; Reddy, S.M.; Lee, L.F.; Silva, R.F. The pp38 gene of Marek’s disease virus (MDV) is
necessary for cytolytic infection of B cells and maintenance of the transformed state but not for cytolytic infection of the feather
follicle epithelium and horizontal spread of MDV. J. Virol. 2005, 79, 4545–4549. [CrossRef]

40. Cui, X.; Lee, L.F.; Reed, W.M.; Kung, H.J.; Reddy, S.M. Marek’s disease virus-encoded vIL-8 gene is involved in early cytolytic
infection but dispensable for establishment of latency. J. Virol. 2004, 78, 4753–4760. [CrossRef]

41. Cui, X.; Lee, L.F.; Hunt, H.D.; Reed, W.M.; Lupiani, B.; Reddy, S.M. A Marek’s disease virus vIL-8 deletion mutant has attenuated
virulence and confers protection against challenge with a very virulent plus strain. Avian Dis. 2005, 49, 199–206. [CrossRef]

42. Suchodolski, P.F.; Izumiya, Y.; Lupiani, B.; Ajithdoss, D.K.; Gilad, O.; Lee, L.F.; Kung, H.J.; Reddy, S.M. Homodimerization of
Marek’s disease virus-encoded Meq protein is not sufficient for transformation of lymphocytes in chickens. J. Virol. 2009, 83,
859–869. [CrossRef] [PubMed]

43. Suchodolski, P.F.; Izumiya, Y.; Lupiani, B.; Ajithdoss, D.K.; Lee, L.F.; Kung, H.J.; Reddy, S.M. Both homo and heterodimers of
Marek’s disease virus encoded Meq protein contribute to transformation of lymphocytes in chickens. Virology 2010, 399, 312–321.
[CrossRef] [PubMed]

44. Lee, L.F.; Silva, R.F.; Cui, X.; Zhang, H.; Heidari, M.; Reddy, S.M. Characterization of LORF11, a unique gene common to the three
Marek’s disease virus serotypes. Avian Dis. 2007, 51, 851–857. [CrossRef]

45. Schumacher, D.; Tischer, B.K.; Fuchs, W.; Osterrieder, N. Reconstitution of Marek’s disease virus serotype 1 (MDV-1) from DNA
cloned as a bacterial artificial chromosome and characterization of a glycoprotein B-negative MDV-1 mutant. J. Virol. 2000, 74,
11088–11098. [CrossRef]

http://doi.org/10.1126/science.148.3672.959
http://doi.org/10.1007/978-3-642-46163-7_1
http://doi.org/10.1016/0042-6822(70)90364-8
http://doi.org/10.1016/0042-6822(71)90037-7
http://doi.org/10.1016/0042-6822(73)90398-X
http://doi.org/10.1128/jvi.27.3.490-504.1978
http://doi.org/10.1038/jid.1984.18
http://doi.org/10.1099/0022-1317-54-2-333
http://www.ncbi.nlm.nih.gov/pubmed/6312958
http://doi.org/10.1111/j.1574-6968.1993.tb06523.x
http://www.ncbi.nlm.nih.gov/pubmed/8270190
http://doi.org/10.1128/jvi.61.4.1291-1295.1987
http://www.ncbi.nlm.nih.gov/pubmed/3029427
http://www.ncbi.nlm.nih.gov/pubmed/214607
http://doi.org/10.1016/0092-8674(77)90333-6
http://doi.org/10.1016/0092-8674(78)90308-2
http://doi.org/10.1016/0378-1119(79)90052-0
http://doi.org/10.1038/285333a0
http://www.ncbi.nlm.nih.gov/pubmed/6246453
http://doi.org/10.1016/0092-8674(81)90247-6
http://doi.org/10.1128/jvi.69.12.7888-7898.1995
http://doi.org/10.1128/JVI.75.11.5159-5173.2001
http://doi.org/10.1073/pnas.092152699
http://doi.org/10.1128/JVI.79.7.4545-4549.2005
http://doi.org/10.1128/JVI.78.9.4753-4760.2004
http://doi.org/10.1637/7277-091004
http://doi.org/10.1128/JVI.01630-08
http://www.ncbi.nlm.nih.gov/pubmed/18971275
http://doi.org/10.1016/j.virol.2010.01.006
http://www.ncbi.nlm.nih.gov/pubmed/20137800
http://doi.org/10.1637/7956-022307-REGR.1
http://doi.org/10.1128/JVI.74.23.11088-11098.2000


Microorganisms 2021, 9, 1260 14 of 17

46. Brown, A.C.; Baigent, S.J.; Smith, L.P.; Chattoo, J.P.; Petherbridge, L.J.; Hawes, P.; Allday, M.J.; Nair, V. Interaction of MEQ protein
and C-terminal-binding protein is critical for induction of lymphomas by Marek’s disease virus. Proc. Natl. Acad. Sci. USA 2006,
103, 1687–1692. [CrossRef]

47. Zhao, Y.; Xu, H.; Yao, Y.; Smith, L.P.; Kgosana, L.; Green, J.; Petherbridge, L.; Baigent, S.J.; Nair, V. Critical role of the virus-encoded
microRNA-155 ortholog in the induction of Marek’s disease lymphomas. PLoS Pathog. 2011, 7, e1001305. [CrossRef]

48. Jarosinski, K.W.; Margulis, N.G.; Kamil, J.P.; Spatz, S.J.; Nair, V.K.; Osterrieder, N. Horizontal transmission of Marek’s disease
virus requires US2, the UL13 protein kinase, and gC. J. Virol. 2007, 81, 10575–10587. [CrossRef]

49. Krieter, A.; Ponnuraj, N.; Jarosinski, K.W. Expression of the Conserved Herpesvirus Protein Kinase (CHPK) of Marek’s Disease
Alphaherpesvirus in the Skin Reveals a Mechanistic Importance for CHPK during Interindividual Spread in Chickens. J. Virol.
2020, 94, e01522-19. [CrossRef] [PubMed]

50. Jarosinski, K.W.; Osterrieder, N. Further analysis of Marek’s disease virus horizontal transmission confirms that U(L)44 (gC) and
U(L)13 protein kinase activity are essential, while U(S)2 is nonessential. J. Virol. 2010, 84, 7911–7916. [CrossRef] [PubMed]

51. Jarosinski, K.W.; Osterrieder, N. Marek’s disease virus expresses multiple UL44 (gC) variants through mRNA splicing that are all
required for efficient horizontal transmission. J. Virol. 2012, 86, 7896–7906. [CrossRef] [PubMed]

52. Chuard, A.; Courvoisier-Guyader, K.; Remy, S.; Spatz, S.; Denesvre, C.; Pasdeloup, D. The Tegument Protein pUL47 of Marek’s
Disease Virus Is Necessary for Horizontal Transmission and Is Important for Expression of Glycoprotein gC. J. Virol. 2020, 95,
e01645-20. [CrossRef] [PubMed]

53. Ponnuraj, N.; Tien, Y.T.; Vega-Rodriguez, W.; Krieter, A.; Jarosinski, K.W. The Herpesviridae Conserved Multifunctional Infected-
Cell Protein 27 (ICP27) Is Important but Not Required for Replication and Oncogenicity of Marek’s Disease Alphaherpesvirus. J.
Virol. 2019, 93, e01903-18. [CrossRef] [PubMed]

54. Schumacher, D.; Tischer, B.K.; Trapp, S.; Osterrieder, N. The protein encoded by the US3 orthologue of Marek’s disease virus
is required for efficient de-envelopment of perinuclear virions and involved in actin stress fiber breakdown. J. Virol. 2005, 79,
3987–3997. [CrossRef] [PubMed]

55. Schumacher, D.; McKinney, C.; Kaufer, B.B.; Osterrieder, N. Enzymatically inactive U(S)3 protein kinase of Marek’s disease virus
(MDV) is capable of depolymerizing F-actin but results in accumulation of virions in perinuclear invaginations and reduced virus
growth. Virology 2008, 375, 37–47. [CrossRef]

56. Liao, Y.; Lupiani, B.; Bajwa, K.; Khan, O.A.; Izumiya, Y.; Reddy, S.M. Role of Marek’s Disease Virus (MDV)-Encoded
US3 Serine/Threonine Protein Kinase in Regulating MDV Meq and Cellular CREB Phosphorylation. J. Virol. 2020, 94,
e00892-20. [CrossRef]

57. Liao, Y.; Lupiani, B.; Ai-Mahmood, M.; Reddy, S.M. Marek’s disease virus US3 protein kinase phosphorylates chicken HDAC 1
and 2 and regulates viral replication and pathogenesis. PLoS Pathog. 2021, 17, e1009307. [CrossRef]

58. Dorange, F.; Tischer, B.K.; Vautherot, J.F.; Osterrieder, N. Characterization of Marek’s disease virus serotype 1 (MDV-1) deletion
mutants that lack UL46 to UL49 genes: MDV-1 UL49, encoding VP22, is indispensable for virus growth. J. Virol. 2002, 76,
1959–1970. [CrossRef] [PubMed]

59. Jarosinski, K.W.; Arndt, S.; Kaufer, B.B.; Osterrieder, N. Fluorescently tagged pUL47 of Marek’s disease virus reveals differential
tissue expression of the tegument protein in vivo. J. Virol. 2012, 86, 2428–2436. [CrossRef]

60. Tai, S.S.; Hearn, C.; Umthong, S.; Agafitei, O.; Cheng, H.H.; Dunn, J.R.; Niikura, M. Expression of Marek’s Disease Virus
Oncoprotein Meq During Infection in the Natural Host. Virology 2017, 503, 103–113. [CrossRef]

61. Remy, S.; Blondeau, C.; Le Vern, Y.; Lemesle, M.; Vautherot, J.F.; Denesvre, C. Fluorescent tagging of VP22 in N-terminus reveals
that VP22 favors Marek’s disease virus (MDV) virulence in chickens and allows morphogenesis study in MD tumor cells. Vet.
Res. 2013, 44, 125. [CrossRef]

62. Zhang, Y.; Tang, N.; Sadigh, Y.; Baigent, S.; Shen, Z.; Nair, V.; Yao, Y. Application of CRISPR/Cas9 Gene Editing System on MDV-1
Genome for the Study of Gene Function. Viruses 2018, 10, 279. [CrossRef]

63. Zhang, Y.; Luo, J.; Tang, N.; Teng, M.; Reddy, V.; Moffat, K.; Shen, Z.; Nair, V.; Yao, Y. Targeted Editing of the pp38 Gene in Marek’s
Disease Virus-Transformed Cell Lines Using CRISPR/Cas9 System. Viruses 2019, 11, 391. [CrossRef]

64. Zhang, Y.; Tang, N.; Luo, J.; Teng, M.; Moffat, K.; Shen, Z.; Watson, M.; Nair, V.; Yao, Y. Marek’s Disease Virus-Encoded MicroRNA
155 Ortholog Critical for the Induction of Lymphomas Is Not Essential for the Proliferation of Transformed Cell Lines. J. Virol.
2019, 93, e00713-19. [CrossRef]

65. Luo, J.; Teng, M.; Zai, X.; Tang, N.; Zhang, Y.; Mandviwala, A.; Reddy, V.; Baigent, S.; Yao, Y.; Nair, V. Efficient Mutagenesis of
Marek’s Disease Virus-Encoded microRNAs Using a CRISPR/Cas9-Based Gene Editing System. Viruses 2020, 12, 466. [CrossRef]

66. Collins, J.; Hohn, B. Cosmids: A type of plasmid gene-cloning vector that is packageable in vitro in bacteriophage lambda heads.
Proc. Natl. Acad. Sci. USA 1978, 75, 4242–4246. [CrossRef]

67. Collins, J.; Bruning, H.J. Plasmids useable as gene-cloning vectors in an in vitro packaging by coliphage lambda: “Cosmids”.
Gene 1978, 4, 85–107. [CrossRef]

68. van Zijl, M.; Quint, W.; Briaire, J.; de Rover, T.; Gielkens, A.; Berns, A. Regeneration of herpesviruses from molecularly cloned
subgenomic fragments. J. Virol. 1988, 62, 2191–2195. [CrossRef] [PubMed]

69. Cunningham, C.; Davison, A.J. A cosmid-based system for constructing mutants of herpes simplex virus type 1. Virology 1993,
197, 116–124. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.0507595103
http://doi.org/10.1371/journal.ppat.1001305
http://doi.org/10.1128/JVI.01065-07
http://doi.org/10.1128/JVI.01522-19
http://www.ncbi.nlm.nih.gov/pubmed/31801854
http://doi.org/10.1128/JVI.00433-10
http://www.ncbi.nlm.nih.gov/pubmed/20484497
http://doi.org/10.1128/JVI.00908-12
http://www.ncbi.nlm.nih.gov/pubmed/22593168
http://doi.org/10.1128/JVI.01645-20
http://www.ncbi.nlm.nih.gov/pubmed/32999032
http://doi.org/10.1128/JVI.01903-18
http://www.ncbi.nlm.nih.gov/pubmed/30518650
http://doi.org/10.1128/JVI.79.7.3987-3997.2005
http://www.ncbi.nlm.nih.gov/pubmed/15767401
http://doi.org/10.1016/j.virol.2008.01.026
http://doi.org/10.1128/JVI.00892-20
http://doi.org/10.1371/journal.ppat.1009307
http://doi.org/10.1128/JVI.76.4.1959-1970.2002
http://www.ncbi.nlm.nih.gov/pubmed/11799190
http://doi.org/10.1128/JVI.06719-11
http://doi.org/10.1016/j.virol.2017.01.011
http://doi.org/10.1186/1297-9716-44-125
http://doi.org/10.3390/v10060279
http://doi.org/10.3390/v11050391
http://doi.org/10.1128/JVI.00713-19
http://doi.org/10.3390/v12040466
http://doi.org/10.1073/pnas.75.9.4242
http://doi.org/10.1016/0378-1119(78)90023-9
http://doi.org/10.1128/jvi.62.6.2191-2195.1988
http://www.ncbi.nlm.nih.gov/pubmed/2835520
http://doi.org/10.1006/viro.1993.1572
http://www.ncbi.nlm.nih.gov/pubmed/8212547


Microorganisms 2021, 9, 1260 15 of 17

70. Tomkinson, B.; Robertson, E.; Yalamanchili, R.; Longnecker, R.; Kieff, E. Epstein-Barr virus recombinants from overlapping
cosmid fragments. J. Virol. 1993, 67, 7298–7306. [CrossRef] [PubMed]

71. Cohen, J.I.; Seidel, K.E. Generation of varicella-zoster virus (VZV) and viral mutants from cosmid DNAs: VZV thymidylate
synthetase is not essential for replication in vitro. Proc. Natl. Acad. Sci. USA 1993, 90, 7376–7380. [CrossRef]

72. Nicolson, L.; Rafferty, E.L.; Brawley, A.; Onions, D.E. An improved cosmid vector for the cloning of equine herpesvirus DNA.
Gene 1994, 150, 405–406. [CrossRef]

73. Reilly, J.D.; Silva, R.F. Cosmid library of the turkey herpesvirus genome constructed from nanogram quantities of viral DNA
associated with an excess of cellular DNA. J. Virol. Methods 1993, 41, 323–331. [CrossRef]

74. Lindenmaier, W.; Bauer, H.J. Cosmid cloning and restriction endonuclease mapping of the herpesvirus of turkeys (HVT) genome.
Arch. Virol. 1994, 135, 171–177. [CrossRef] [PubMed]

75. Horsburgh, B.C.; Hubinette, M.M.; Qiang, D.; MacDonald, M.L.; Tufaro, F. Allele replacement: An application that permits rapid
manipulation of herpes simplex virus type 1 genomes. Gene Ther. 1999, 6, 922–930. [CrossRef]

76. Sternberg, N. Bacteriophage P1 cloning system for the isolation, amplification, and recovery of DNA fragments as large as 100
kilobase pairs. Proc. Natl. Acad. Sci. USA 1990, 87, 103–107. [CrossRef]

77. Ioannou, P.A.; Amemiya, C.T.; Garnes, J.; Kroisel, P.M.; Shizuya, H.; Chen, C.; Batzer, M.A.; de Jong, P.J. A new bacteriophage
P1-derived vector for the propagation of large human DNA fragments. Nat. Genet. 1994, 6, 84–89. [CrossRef]

78. Shizuya, H.; Birren, B.; Kim, U.J.; Mancino, V.; Slepak, T.; Tachiiri, Y.; Simon, M. Cloning and stable maintenance of 300-
kilobase-pair fragments of human DNA in Escherichia coli using an F-factor-based vector. Proc. Natl. Acad. Sci. USA 1992, 89,
8794–8797. [CrossRef]

79. Luckow, V.A.; Lee, S.C.; Barry, G.F.; Olins, P.O. Efficient generation of infectious recombinant baculoviruses by site-specific
transposon-mediated insertion of foreign genes into a baculovirus genome propagated in Escherichia coli. J. Virol. 1993, 67,
4566–4579. [CrossRef]

80. Messerle, M.; Crnkovic, I.; Hammerschmidt, W.; Ziegler, H.; Koszinowski, U.H. Cloning and mutagenesis of a herpesvirus
genome as an infectious bacterial artificial chromosome. Proc. Natl. Acad. Sci. USA 1997, 94, 14759–14763. [CrossRef]

81. Tischer, B.K.; Kaufer, B.B. Viral bacterial artificial chromosomes: Generation, mutagenesis, and removal of mini-F sequences. J.
Biomed. Biotechnol. 2012, 2012, 472537. [CrossRef]

82. Warden, C.; Tang, Q.; Zhu, H. Herpesvirus BACs: Past, present, and future. J. Biomed. Biotechnol. 2011, 2011, 124595. [CrossRef]
83. Zhang, Z.; Rowe, J.; Wang, W.; Sommer, M.; Arvin, A.; Moffat, J.; Zhu, H. Genetic analysis of varicella-zoster virus ORF0 to ORF4

by use of a novel luciferase bacterial artificial chromosome system. J. Virol. 2007, 81, 9024–9033. [CrossRef]
84. Tischer, B.K.; Kaufer, B.B.; Sommer, M.; Wussow, F.; Arvin, A.M.; Osterrieder, N. A self-excisable infectious bacterial artificial

chromosome clone of varicella-zoster virus allows analysis of the essential tegument protein encoded by ORF9. J. Virol. 2007, 81,
13200–13208. [CrossRef] [PubMed]

85. Niikura, M.; Kim, T.; Silva, R.F.; Dodgson, J.; Cheng, H.H. Virulent Marek’s disease virus generated from infectious bacterial
artificial chromosome clones with complete DNA sequence and the implication of viral genetic homogeneity in pathogenesis. J.
Gen. Virol. 2011, 92, 598–607. [CrossRef]

86. Borenstein, R.; Frenkel, N. Cloning human herpes virus 6A genome into bacterial artificial chromosomes and study of DNA
replication intermediates. Proc. Natl. Acad. Sci. USA 2009, 106, 19138–19143. [CrossRef]

87. Hall, R.N.; Meers, J.; Fowler, E.; Mahony, T. Back to BAC: The use of infectious clone technologies for viral mutagenesis. Viruses
2012, 4, 211–235. [CrossRef] [PubMed]

88. Brune, W.; Menard, C.; Hobom, U.; Odenbreit, S.; Messerle, M.; Koszinowski, U.H. Rapid identification of essential and
nonessential herpesvirus genes by direct transposon mutagenesis. Nat. Biotechnol. 1999, 17, 360–364. [CrossRef]

89. Chattoo, J.P.; Stevens, M.P.; Nair, V. Rapid identification of non-essential genes for in vitro replication of Marek’s disease virus by
random transposon mutagenesis. J. Virol. Methods 2006, 135, 288–291. [CrossRef] [PubMed]

90. Richards, A.L.; Sollars, P.J.; Smith, G.A. New tools to convert bacterial artificial chromosomes to a self-excising design and their
application to a herpes simplex virus type 1 infectious clone. BMC Biotechnol. 2016, 16, 64. [CrossRef] [PubMed]

91. Tischer, B.K.; Smith, G.A.; Osterrieder, N. En passant mutagenesis: A two step markerless red recombination system. Methods
Mol. Biol. 2010, 634, 421–430. [CrossRef] [PubMed]

92. Tischer, B.K.; von Einem, J.; Kaufer, B.; Osterrieder, N. Two-step red-mediated recombination for versatile high-efficiency
markerless DNA manipulation in Escherichia coli. Biotechniques 2006, 40, 191–197. [CrossRef]

93. Petherbridge, L.; Brown, A.C.; Baigent, S.J.; Howes, K.; Sacco, M.A.; Osterrieder, N.; Nair, V.K. Oncogenicity of virulent Marek’s
disease virus cloned as bacterial artificial chromosomes. J. Virol. 2004, 78, 13376–13380. [CrossRef] [PubMed]

94. Cui, H.; Wang, Y.; Shi, X.; Tong, G.; Lan, D.; He, L.; Qiu, H.; Liu, C.; Wang, M. Construction of Marek’s disease virus serotype 814
strain as an infectious bacterial artificial chromosome. Sheng Wu Gong Cheng Xue Bao 2008, 24, 569–575. [CrossRef]

95. Reddy, S.M.; Sun, A.; Khan, O.A.; Lee, L.F.; Lupiani, B. Cloning of a very virulent plus, 686 strain of Marek’s disease virus as a
bacterial artificial chromosome. Avian Dis. 2013, 57, 469–473. [CrossRef] [PubMed]

96. Petherbridge, L.; Xu, H.; Zhao, Y.; Smith, L.P.; Simpson, J.; Baigent, S.; Nair, V. Cloning of Gallid herpesvirus 3 (Marek’s disease
virus serotype-2) genome as infectious bacterial artificial chromosomes for analysis of viral gene functions. J. Virol. Methods 2009,
158, 11–17. [CrossRef] [PubMed]

http://doi.org/10.1128/jvi.67.12.7298-7306.1993
http://www.ncbi.nlm.nih.gov/pubmed/8230453
http://doi.org/10.1073/pnas.90.15.7376
http://doi.org/10.1016/0378-1119(94)90463-4
http://doi.org/10.1016/0166-0934(93)90021-I
http://doi.org/10.1007/BF01309775
http://www.ncbi.nlm.nih.gov/pubmed/8198443
http://doi.org/10.1038/sj.gt.3300887
http://doi.org/10.1073/pnas.87.1.103
http://doi.org/10.1038/ng0194-84
http://doi.org/10.1073/pnas.89.18.8794
http://doi.org/10.1128/jvi.67.8.4566-4579.1993
http://doi.org/10.1073/pnas.94.26.14759
http://doi.org/10.1155/2012/472537
http://doi.org/10.1155/2011/124595
http://doi.org/10.1128/JVI.02666-06
http://doi.org/10.1128/JVI.01148-07
http://www.ncbi.nlm.nih.gov/pubmed/17913822
http://doi.org/10.1099/vir.0.026864-0
http://doi.org/10.1073/pnas.0908504106
http://doi.org/10.3390/v4020211
http://www.ncbi.nlm.nih.gov/pubmed/22470833
http://doi.org/10.1038/7914
http://doi.org/10.1016/j.jviromet.2006.03.011
http://www.ncbi.nlm.nih.gov/pubmed/16650486
http://doi.org/10.1186/s12896-016-0295-4
http://www.ncbi.nlm.nih.gov/pubmed/27580861
http://doi.org/10.1007/978-1-60761-652-8_30
http://www.ncbi.nlm.nih.gov/pubmed/20677001
http://doi.org/10.2144/000112096
http://doi.org/10.1128/JVI.78.23.13376-13380.2004
http://www.ncbi.nlm.nih.gov/pubmed/15542691
http://doi.org/10.1016/S1872-2075(08)60028-X
http://doi.org/10.1637/10444-110412-ResNote.1
http://www.ncbi.nlm.nih.gov/pubmed/23901763
http://doi.org/10.1016/j.jviromet.2009.01.009
http://www.ncbi.nlm.nih.gov/pubmed/19187788


Microorganisms 2021, 9, 1260 16 of 17

97. Baigent, S.J.; Petherbridge, L.J.; Smith, L.P.; Zhao, Y.; Chesters, P.M.; Nair, V.K. Herpesvirus of turkey reconstituted from bacterial
artificial chromosome clones induces protection against Marek’s disease. J. Gen. Virol. 2006, 87, 769–776. [CrossRef]

98. Sun, A.; Lawrence, P.; Zhao, Y.; Li, Y.; Nair, V.K.; Cui, Z. A BAC clone of MDV strain GX0101 with REV-LTR integration retained
its pathogenicity. Chin. Sci. Bull. 2009, 54, 2641–2647. [CrossRef]

99. Deruelle, M.J.; Favoreel, H.W. Keep it in the subfamily: The conserved alphaherpesvirus US3 protein kinase. J. Gen. Virol. 2011,
92, 18–30. [CrossRef]

100. Lee, L.F.; Heidari, M.; Zhang, H.; Lupiani, B.; Reddy, S.M.; Fadly, A. Cell culture attenuation eliminates rMd5DeltaMeq-induced
bursal and thymic atrophy and renders the mutant virus as an effective and safe vaccine against Marek’s disease. Vaccine 2012, 30,
5151–5158. [CrossRef]

101. Dunn, J.R.; Silva, R.F. Ability of MEQ-deleted MDV vaccine candidates to adversely affect lymphoid organs and chicken weight
gain. Avian Dis. 2012, 56, 494–500. [CrossRef]

102. Liao, Y.; Reddy, S.M.; Khan, O.A.; Sun, A.; Lupiani, B. A Novel Effective and Safe Vaccine for Prevention of Marek’s Disease
Caused by Infection with a Very Virulent Plus (vv+) Marek’s Disease Virus. Vaccines 2021, 9, 159. [CrossRef]

103. Blondeau, C.; Chbab, N.; Beaumont, C.; Courvoisier, K.; Osterrieder, N.; Vautherot, J.F.; Denesvre, C. A full UL13 open reading
frame in Marek’s disease virus (MDV) is dispensable for tumor formation and feather follicle tropism and cannot restore
horizontal virus transmission of rRB-1B in vivo. Vet. Res. 2007, 38, 419–433. [CrossRef]

104. Spatz, S.J.; Zhao, Y.; Petherbridge, L.; Smith, L.P.; Baigent, S.J.; Nair, V. Comparative sequence analysis of a highly oncogenic but
horizontal spread-defective clone of Marek’s disease virus. Virus Genes 2007, 35, 753–766. [CrossRef]

105. Deveau, H.; Garneau, J.E.; Moineau, S. CRISPR/Cas system and its role in phage-bacteria interactions. Annu. Rev. Microbiol. 2010,
64, 475–493. [CrossRef] [PubMed]

106. Moon, S.B.; Kim, D.Y.; Ko, J.H.; Kim, Y.S. Recent advances in the CRISPR genome editing tool set. Exp. Mol. Med. 2019, 51, 1–11.
[CrossRef] [PubMed]

107. Koonin, E.V.; Makarova, K.S.; Zhang, F. Diversity, classification and evolution of CRISPR-Cas systems. Curr. Opin. Microbiol. 2017,
37, 67–78. [CrossRef] [PubMed]

108. Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 2012, 337, 816–821. [CrossRef]

109. Cho, S.W.; Kim, S.; Kim, J.M.; Kim, J.S. Targeted genome engineering in human cells with the Cas9 RNA-guided endonuclease.
Nat. Biotechnol. 2013, 31, 230–232. [CrossRef]

110. Cong, L.; Ran, F.A.; Cox, D.; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X.; Jiang, W.; Marraffini, L.A.; et al. Multiplex genome
engineering using CRISPR/Cas systems. Science 2013, 339, 819–823. [CrossRef]

111. Ran, F.A.; Hsu, P.D.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using the CRISPR-Cas9 system. Nat.
Protoc. 2013, 8, 2281–2308. [CrossRef] [PubMed]

112. Ebrahimi, S.; Teimoori, A.; Khanbabaei, H.; Tabasi, M. Harnessing CRISPR/Cas 9 System for manipulation of DNA virus genome.
Rev. Med. Virol. 2019, 29, e2009. [CrossRef]

113. Bi, Y.; Sun, L.; Gao, D.; Ding, C.; Li, Z.; Li, Y.; Cun, W.; Li, Q. High-efficiency targeted editing of large viral genomes by
RNA-guided nucleases. PLoS Pathog. 2014, 10, e1004090. [CrossRef]

114. Suenaga, T.; Kohyama, M.; Hirayasu, K.; Arase, H. Engineering large viral DNA genomes using the CRISPR-Cas9 system.
Microbiol. Immunol. 2014, 58, 513–522. [CrossRef] [PubMed]

115. Wang, J.; Quake, S.R. RNA-guided endonuclease provides a therapeutic strategy to cure latent herpesviridae infection. Proc. Natl.
Acad. Sci. USA 2014, 111, 13157–13162. [CrossRef] [PubMed]

116. Chen, Y.C.; Sheng, J.; Trang, P.; Liu, F. Potential Application of the CRISPR/Cas9 System against Herpesvirus Infections. Viruses
2018, 10, 291. [CrossRef] [PubMed]

117. White, M.K.; Hu, W.; Khalili, K. The CRISPR/Cas9 genome editing methodology as a weapon against human viruses. Discov.
Med. 2015, 19, 255–262.

118. Van Diemen, F.R.; Lebbink, R.J. CRISPR/Cas9, a powerful tool to target human herpesviruses. Cell Microbiol. 2017, 19,
e12694. [CrossRef]

119. Wang, D.; Wang, X.W.; Peng, X.C.; Xiang, Y.; Song, S.B.; Wang, Y.Y.; Chen, L.; Xin, V.W.; Lyu, Y.N.; Ji, J.; et al. CRISPR/Cas9
genome editing technology significantly accelerated herpes simplex virus research. Cancer Gene Ther. 2018, 25, 93–105. [CrossRef]

120. Tang, N.; Zhang, Y.; Pedrera, M.; Chang, P.; Baigent, S.; Moffat, K.; Shen, Z.; Nair, V.; Yao, Y. A simple and rapid approach to
develop recombinant avian herpesvirus vectored vaccines using CRISPR/Cas9 system. Vaccine 2018, 36, 716–722. [CrossRef]

121. Tang, N.; Zhang, Y.; Sadigh, Y.; Moffat, K.; Shen, Z.; Nair, V.; Yao, Y. Generation of A Triple Insert Live Avian Herpesvirus Vectored
Vaccine Using CRISPR/Cas9-Based Gene Editing. Vaccines 2020, 8, 97. [CrossRef]

122. Chang, P.; Ameen, F.; Sealy, J.E.; Sadeyen, J.R.; Bhat, S.; Li, Y.; Iqbal, M. Application of HDR-CRISPR/Cas9 and Erythrocyte
Binding for Rapid Generation of Recombinant Turkey Herpesvirus-Vectored Avian Influenza Virus Vaccines. Vaccines 2019, 7,
192. [CrossRef]

123. Vilela, J.; Rohaim, M.A.; Munir, M. Application of CRISPR/Cas9 in Understanding Avian Viruses and Developing Poultry
Vaccines. Front. Cell Infect. Microbiol. 2020, 10, 581504. [CrossRef]

124. Hagag, I.T.; Wight, D.J.; Bartsch, D.; Sid, H.; Jordan, I.; Bertzbach, L.D.; Schusser, B.; Kaufer, B.B. Abrogation of Marek’s disease
virus replication using CRISPR/Cas9. Sci. Rep. 2020, 10, 10919. [CrossRef] [PubMed]

http://doi.org/10.1099/vir.0.81498-0
http://doi.org/10.1007/s11434-009-0364-3
http://doi.org/10.1099/vir.0.025593-0
http://doi.org/10.1016/j.vaccine.2012.05.043
http://doi.org/10.1637/10062-011812-Reg.1
http://doi.org/10.3390/vaccines9020159
http://doi.org/10.1051/vetres:2007009
http://doi.org/10.1007/s11262-007-0157-1
http://doi.org/10.1146/annurev.micro.112408.134123
http://www.ncbi.nlm.nih.gov/pubmed/20528693
http://doi.org/10.1038/s12276-019-0339-7
http://www.ncbi.nlm.nih.gov/pubmed/31685795
http://doi.org/10.1016/j.mib.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28605718
http://doi.org/10.1126/science.1225829
http://doi.org/10.1038/nbt.2507
http://doi.org/10.1126/science.1231143
http://doi.org/10.1038/nprot.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24157548
http://doi.org/10.1002/rmv.2009
http://doi.org/10.1371/journal.ppat.1004090
http://doi.org/10.1111/1348-0421.12180
http://www.ncbi.nlm.nih.gov/pubmed/25040500
http://doi.org/10.1073/pnas.1410785111
http://www.ncbi.nlm.nih.gov/pubmed/25157128
http://doi.org/10.3390/v10060291
http://www.ncbi.nlm.nih.gov/pubmed/29844277
http://doi.org/10.1111/cmi.12694
http://doi.org/10.1038/s41417-018-0016-3
http://doi.org/10.1016/j.vaccine.2017.12.025
http://doi.org/10.3390/vaccines8010097
http://doi.org/10.3390/vaccines7040192
http://doi.org/10.3389/fcimb.2020.581504
http://doi.org/10.1038/s41598-020-67951-1
http://www.ncbi.nlm.nih.gov/pubmed/32616820


Microorganisms 2021, 9, 1260 17 of 17

125. Liu, Y.; Xu, Z.; Zhang, Y.; Yu, M.; Wang, S.; Gao, Y.; Liu, C.; Zhang, Y.; Gao, L.; Qi, X.; et al. Marek’s disease virus as a
CRISPR/Cas9 delivery system to defend against avian leukosis virus infection in chickens. Vet. Microbiol. 2020, 242, 108589.
[CrossRef] [PubMed]

126. Challagulla, A.; Jenkins, K.A.; O’Neil, T.E.; Shi, S.; Morris, K.R.; Wise, T.G.; Paradkar, P.N.; Tizard, M.L.; Doran, T.J.; Schat, K.A. In
Vivo Inhibition of Marek’s Disease Virus in Transgenic Chickens Expressing Cas9 and gRNA against ICP4. Microorganisms 2021,
9, 164. [CrossRef] [PubMed]

http://doi.org/10.1016/j.vetmic.2020.108589
http://www.ncbi.nlm.nih.gov/pubmed/32122593
http://doi.org/10.3390/microorganisms9010164
http://www.ncbi.nlm.nih.gov/pubmed/33450980

	Introduction 
	Temperature Sensitive (ts) Mutant 
	Marker Assisted Site-Directed Mutagenesis 
	Overlapping Cosmid Clones 
	Infectious Bacterial Artificial Chromosome (BAC) Clones 
	Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 System 
	Conclusions 
	References

