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Abstract 

 Poxviruses encode many genes that are orthologs of cellular genes. These 

orthologs serve many functions, but those that are of most interest are ones that 

have evolved further and now serve an immune-evasion function. Such genes were 

likely first acquired by poxviruses through some form of non-homologous 

recombination (NHR). Using an infection-transfection assay, I investigated 

vaccinia virus's (VAC) ability to recombine with (“capture”) a non-homologous 

(NH) substrate that encoded a fluorescent and drug selectable protein. This study 

showed that VAC can capture duplex DNA and cDNA·RNA hybrid molecules, but 

the recombinant frequencies were much lower in the absence of VAC homology. 

VAC recombined most efficiently with DNA duplexes encoding homology to the 

N2L locus. The recombinant frequency (RF) that was measured in these control 

reactions was 670× 10!". Forty-fold fewer recombinants were recovered from 

VAC-infected cells transfected with homologous cDNA·RNA hybrid molecules 

(RF=21 × 10!"). However, when these experiments were repeated using substrates 

lacking any VAC homology, the linear duplex DNA yielded even fewer 

recombinants (RF=1.6× 10!") and cDNA·RNA hybrid substrates yielded hardly 

any recombinants at all (RF=3× 10!#).  

NHR generated a variety of viruses with genome rearrangements ranging 

from insertions with flanking duplications to large-scale indels. Most of the viruses 

that captured the NH substrate generated defective genomes. These viruses suffered 

large deletions of essential sequence and their replication and packaging were 

dependent on a wild-type co-infecting helper virus. In many cases, we also 
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observed partial duplications of the sequences encoding the selectable substrate and 

these would rapidly rearrange through homologous recombination. A review of the 

sequences surrounding the insert junctions suggests that VAC NHR is likely 

catalyzed by a microhomology-independent mechanism. The junctions exhibited 

little to no pre-existing microhomologies, and we did not observe any 

disproportionate increase in sequence identity at the junctions or surrounding 

sequences (~30 nt on either side). In two cases we also found examples of the VAC 

topoisomerase I recognition sequence [(C/T)CCTT] overlapping the site of the 

VAC genome that had been targeted by recombination. These studies show that 

VAC can catalyze NHR through a process that may reflect a form of aberrant 

replication fork repair supplemented by topoisomerase I action.   
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Chapter 1 - Introduction 

1.1 A brief history of poxviruses 

Poxviruses are a family of large double-stranded DNA viruses (130-300 kb) 

that replicate in the cytoplasm of cells (2) This family of viruses is best known for 

the devastating disease of Smallpox. Smallpox is caused by Variola virus (VARV) 

and it is estimated to be responsible for nearly 300 million deaths throughout the 

20th century (3). Historically, VARV is one of the deadliest human viruses and is 

the pathogen around which the concept of vaccinations was developed (3). Initial 

methods used to try and protect people from Smallpox date back before 1000 AD 

in China and India termed variolation (4). This method involved inoculating an 

individual with smallpox using a smallpox scab from an individual with mild 

disease or that was recently variolated (4). It was not until Edwards Jenner’s work 

attempting to immunize a young boy against Smallpox by inoculating him with 

cowpox (3), that lead to the world's first vaccine. This ultimately led to the use of 

Vaccinia virus (VAC) to vaccinate individuals against VARV. VARV is a human-

specific pathogen, which was ultimately eradicated in 1979 through global 

vaccination efforts (5). Today, this virus remains the only human pathogen to be 

globally eradicated. Although VARV has been eradicated, some poxviruses still 

pose a potential risk to human health by zoonotic transmission (6).  

Poxviruses are still extensively studied as there are still many questions 

surrounding these viruses. Most of these studies have been performed using VAC 

as the prototypic poxvirus. For many years, VAC has been investigated as a tool 

for medicine. It is currently being studied for its potential use as an oncolytic virus 

(7-9) and has been explored as a vaccine vector for emerging diseases (10-12). 

VAC has been explored as it is relatively easy to introduce novel genetic sequences 

into the virus genome via homologous recombination (HR). The virus also has good 

clinical safety and efficacy. 
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1.2 Nucleo-cytoplasmic large DNA viruses and poxviruses 

1.2.1 Nucleo-cytoplasmic large DNA viruses (NCLDV) 

As large double-strand DNA (dsDNA) eukaryotic viruses, Poxviruses are 

part of a group of NCLDV which have recently been proposed to form a new Order 

called the Megavirales (13). This order is composed of the Ascoviridae, 

Asfarviridae, Iridoviridae, Marseilleviridae, Mimiviridae, Pithoviridae, 

Phycodnaviridae and Poxviridae. These encompass the largest DNA viruses 

ranging from 100 kb to 2.5 Mb in size (13). The largest of the NCLDVs are 

Pandoraviruses which encode nearly 2,000 genes with most of these being ORFans 

(Taxonomically-restricted genes) (14). The phylogenetic analyses of these viruses 

suggest there are about 40 core genes that are found in most NCLDV genus that 

can be traced back to what may be considered the last common ancestor of these 

viruses (13). Interestingly, only 3 of the core genes are found in all NCLDVs 

[family B DNA polymerases, D5-like primase-helicase and homologs of the 

poxvirus late transcription factor (VLTF3-like)] (13). It worth noting that what is 

considered a core protein is highly debated in the study of NCLVD. Estimates from 

different research groups range from 5 to more than 40 core genes.  

NCLDV have quite dynamic genomes with a pangenome of over 17,000 

genes (13). Interestingly there is little overlap of the pangenomic genes found in 

the different NCLDV families which suggests that the acquisition of these genes is 

lineage-specific rather than from a common ancestor. These viruses are believed to 

have evolved through multiple cycles of gene gain and losses over evolutionary 

time (13). This fluctuation in genome size may best be explained by the genome 

accordion hypothesis (15). This hypothesis suggests that these large virus genomes 

expanded and contracted by horizontal gene transfers from mobile genetic elements 

(15-18) or single-strand DNA invasions of novel DNA sequences at the terminal 

ends of the viral genomes (15, 16). Gene duplication and deletions also contributed 

to the expansion and contraction of these large viral genomes (15). This is evident 

by the presence of many paralogs encoded in some NCLVD families. For example, 

35% of the genes of Mimiviruses have at least one paralog in the virus genome [up 
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to 398 paralogous genes in 86 gene families (19)]. The ability of virus genomes to 

expand and contract genes was recently demonstrated in poxviruses under 

modulated selective pressure (20). These viruses expanded beneficial loci under 

increasing selective pressure and rapidly contracted them under decreasing 

selective pressure. 

1.2.2 Poxviruses 

Poxviruses are believed to have evolved from the family of NCLDVs. The 

family of Poxviridae can be divided into two subfamilies called the 

Chordopoxvirinae and the Entomopoxvirinae which infect vertebrates and insects 

respectively. The investigation of evolutionarily conserved class II cyclobutene 

pyrimidine dimer-photolyases suggests that the origin of poxviruses may date as 

far back as the divergence of eukaryotes into fungi, animals and plants (21). This 

is believed to be the case as the amino acid sequences of these proteins are highly 

conserved when compared to those of animals and plants (>33% conserved) and 

are found in both subfamilies of poxviruses (21, 22). 

The most relevant genus of poxviruses to human health is the 

Orthopoxvirusviridae which have a broad host range of mammals including 

humans (23). These viruses are quite interesting as all the core and pangenomic 

genes of this genus can be traced back to a single species of the group, the Cowpox 

virus. Of the 214 Cowpox virus genes, 174 homologs are found in all 

Orthopoxviruses. Different Orthopoxviruses virus species will encode a different 

subset of the remaining 40 pangenomic Cowpox genes. These determine their 

pathogenesis (23). On a broader scale, There are only 49 genes shared by all 

Poxviruses and around 90 genes shared by all Chordopoxviruses (23). Most of the 

knowledge that we have today about Poxviruses has been derived from research on 

VAC. For my thesis, all experiments will be performed using the Western Reserve 

strain of VAC.  
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1.2.2.1 Genome organization 

Poxviruses genomes range from 130-360 kb in size and encode at least 150 

genes (24). Their genomes are unique as their terminal ends are covalently closed 

by hairpin loops (25, 26). These hairpins are part of the poxvirus Inverted Terminal 

Repeats (ITRs) which are found at both the 5’ and the 3’ ends of the viral genome 

(26). These sequences are identical but inverted relative to each other. The ITRs 

encode the concatemer resolution sites (27, 28) and the origin of replication (29). 

The ITRs range in size depending on the virus but are approximately 10 kb in size 

in VAC (Fig 1.1). The terminal ends of the virus genomes tend to encode less 

evolutionarily conserved poxviruses genes (Fig 1.1, “variable’) (30). These often 

encode host-specific virulence factors or immunomodulatory proteins which affect 

virulence but are non-essential to the viability of the virus. Meanwhile, most 

conserved genes are found in the central region of the virus genome and encode 

proteins that are essential for virus replication, assembly and egress (30). The 

presence of fewer essential genes in terminal ends of the genomes is likely why 

these regions of the genome appear to be evolutionary hotspots.  

1.2.2.2 Evidence of poxvirus genes acquired from their hosts 

Many genes encoded by poxviruses are orthologs of host genes. A curious 

feature of these genes is that many resemble intronless fragments of host genes. 

Perhaps some of the most intriguing genes are those that have been derived from 

host immune response genes. Poxviruses have many virokines and viroreceptor 

involved in the mimicry of cytokine [ex: vIL-10, (31)], and cytokine receptors [ex: 

CrmE, soluble Tumor Necrosis Factor (TNF) receptor (32)] (33). Such genes were 

more than likely acquired from the virus's host and repurposed to benefit the virus. 

Poxvirus proteins that do not trace back to their NCLVD ancestry, are 

sometimes traced back to their hosts due to sequence similarities (34). It is 

reasonable to assume that a gene ortholog (or gene fragment) may have been 

acquired from a host if a novel gene emerges in a taxonomical class of viruses and
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Fig 1.1 Genome diagram of VAC WR. The VAC genome is 195kb in size with 

inverted terminal repeats (ITR, arrowed) at the terminal ends of the genome. The 

size of the ITRs vary between poxviruses, but are ~10kb in size in VAC WR. 

Poxvirus genes are organized in the genome in a way that most genes essential 

to viral replication are found in the central portion of the genome (“conserved’). 

“Variable” regions are found at the terminal ends of the genome and can vary 

between strains of viruses. These variable regions encode genes typically 

involved in host-specific interaction or viral pathogenesis. These regions are 

often considered evolutionary hotspots.  
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that the amino acid sequence of the host and viral protein is significantly conserved. 

An example of such a gene would be the soluble TNF receptor-like protein encoded 

by many Orthopoxviruses (32). This protein resembles the N-terminal domain of 

the mammalian TNF-2 receptor while lacking the C-terminal portion involved in 

anchoring the protein to the membrane and cytoplasmic signalling (35) (Fig 1.2). 

The VAC protein is secreted where it binds TNF-2 and prevents signaling (32). An 

alignment of the VAC CrmE gene to the human TNF receptor is shown in Fig 1.2.  

1.2.2.3 Retrotransposon and poxvirus horizontal gene transfers  

The fact that poxviruses encode many genes that are homologs of host 

genes, raises questions concerning how they might have acquired such genes. 

Currently, the only method by which poxviruses have been shown to acquire novel 

host-encoded genetic sequences is by retrotransposon-mediated horizontal gene 

transfers (17, 18). In fact, the remnants of sequences that are hallmarks of 

retrotransposon-mediated gene transfers can still be seen surrounding genes that 

were naturally acquired by poxviruses. The Cowpox Golgi anti-apoptotic gene 

(vGAAP) is an example of one of these genes. It encodes remnants of a poly-

adenosine (poly-A) tail, and is flanked by target site duplications that are the 

hallmarks of long interspersed nuclear elements-1 (LINE-1) mediate transposition 

(17, 18). Short-interspersed elements (SINES) can also be observed in the 

Taterapox virus genome (36). 

1.3 Poxvirus life cycle 

1.3.1 Virus entry and genome uncoating 

VAC has two infectious forms, mature virions (MV) and the extracellular 

virions (EV). These differ in the number of surrounding lipid bilayers and the way 

they enter susceptible cells. MVs have one lipid bilayer (37) and enter a host cell 

by first binding to heparin sulfate (38-42), chondroitin (42, 43) or laminin (42, 44). 

These events lead to the fusion of the viral membrane with either the plasma 

membrane (45-47) or an endosomal membrane (42, 48, 49). The membrane fusion 

is mediated by the entry fusion complex (EFC) made up of 11 VAC proteins (42, 

50). EVs have two lipid bilayers (37) and currently have no confirmed attachment 



 7 

  

Fig 1.2 VAC CrmE protein sequence alignment. The figure presents an 

alignment of a portion of the VAC CrmE amino acid sequence with a portion of 

the sequence of the human TNF receptor Family 2 (hTNFR2) protein. The 

extracellular, transmembrane (TM) and cytoplasmic domains of the full-length 

hTNFR2 proteins are indicated. The alignment was generated using BLASTP. 

The TNF binding site conserved between both CrmE and hTNF2 is outlined in 

blue. The sequence alignment is 52% conserved and shares a 39% sequence 

identity. The figure was adapted from a figure created by Dr. David Evans.  
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factor on the cell surface. It is believed that their interaction with 

glycosaminoglycans leads to the disruption of the extra external membrane 

allowing for the interaction of the EFC with the cellular membrane (42). 

Membrane fusion leads to the release of the DNA-containing core into the 

cytoplasm where transcription of ~100 early virus genes begins immediately within 

the virus core (51). This is possible because Poxviruses package their RNA 

polymerase, early transcription factors and mRNA modifying enzymes within the 

core (51). As early genes are transcribed, the transcripts are then released into the 

cytoplasm through the core particle pores and translated by the host cell 

translational machinery (52). A key early gene that is transcribed is the D5 

helicase/primase. This enzyme plus the host proteosome uncoat the virus genome 

(53-55). Other early genes, including M2 and C5, have also been shown to be 

involved in DNA uncoating, although it appears that these proteins may have 

redundant roles (56). 

1.3.2 Viral genomic DNA replication 

Upon uncoating of the virus genomic DNA, replication begins in viral 

factories which are associated with the rough endoplasmic reticulum (57). Each of 

these viral factories arise from a single infectious viral particle (58). Replication 

can be detected as early as 2 hours post-infection (59). Poxvirus DNA replication 

is a complex process that requires many proteins transcribed from the early genes. 

Genes required for replication include the E9 DNA polymerase, D5 

helicase/primase, A20 processivity factor, D4 uracil glycosylase, and the I3 single-

stranded DNA-binding protein (59). Other proteins are known to be involved in 

DNA replication however, they may be dispensable like VAC DNA ligase (59). In 

the case of the ligase, it is due to the ability of VAC to recruit the cellular DNA 

ligase I which can compensate for the deletion of the VAC ligase (60). 

The most recent research around the method by which VAC replicates its 

genome supports a leading/lagging strand synthesis model (61). Replication 

initiation is thought to mostly start near the terminal ends of the viral genome near 

what will eventually be converted into concatemer junctions (61). Such a method 
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of viral replication resembles the method used by host cells. Interestingly 

poxviruses encode nearly all the machinery required to replicate their genome. The 

enzyme they lack is an endonuclease that would produce a 3’ hydroxyl that would 

allow for the initiation of viral replication (61). Replication of poxvirus genomes 

leads to the formation of concatemeric genomes with head-to-head and tail-to-tail 

rearrangements (62). The VAC genomes concatemers are processed into their 

monomeric forms, by the A22 Holliday junction resolvase (63, 64). Once cut into 

monomers, the virus genomes can be packaged into viral particles although 

precisely how resolution relates to the timing of packaging is not entirely clear. 

1.3.3 Virus assembly and egress 

Once DNA replication has ceased, transcription and translation of the late 

viral genes required for the packaging begin (65). DNA packaging and egress 

begins with the formation of membrane crescents derived from the ER membrane 

(66). The formation of the crescents is controlled by 9 viral proteins. Six regulatory 

proteins are complexed together in a structure collectively known as the VMAP 

(A6, A11, A30.5, F10, H7, L2) plus 3 structural proteins (D13, A14, A17) (67). 

The VMAPS stabilize naturally occurring ruptures in the endoplasmic reticulum 

membrane by associating with the free ends of the membrane and can coordinate 

the further rupture of the membrane to initiate crescent formation. These ruptures 

of the membrane expose the A17 transmembrane proteins to D13 trimers, which 

act as a scaffolding protein to promote crescent membrane formation (67). These 

crescents accumulate, ultimately forming immature virions (IV) (68, 69). Before 

sealing the crescent membranes into a spherical IV particle, the core proteins and 

viral genomic DNA are packaged into the growing IV (68, 70, 71). These protein-

DNA complexes in IVs are called nucleoids. 

The following steps transform the IV-containing nucleoids into MV. This 

transition begins with the removal of the D13 proteins, proteolytic processing of 

the A17 proteins, condensing of the core and rearrangement of the IV membrane 

into an inner and outer membrane (67). These changes create transcriptionally 

active and infectious virus known as MVs. MVs are a single lipid bilayer enveloped 
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virus particles that are released from cells by cell lysis (65). Infectious virus may 

also be trafficked to the extracellular membrane via microtubules (72) where they 

will gain additional membranes and be released by membrane-membrane fusion. 

These viruses are known as EVs and have two lipid bilayers wrapping the virus 

particle (73). Two intracellular membranes are gained by the MV as the virus 

particles pass through organelles [endosomes (74) or the Golgi Apparatus (75)]. 

The outer-most membrane of these trafficked viruses is ultimately lost during the 

membrane-membrane fusion process, releasing the EV. The second lipid bilayer 

wrapping the EVs have unique proteins that are not found on MVs. A number of 

these proteins play a role in wrapping EV [A27, B5 and F13 (65)] but also serve 

other functions that affect plaquing (76, 77) and actin-tail formation (78). 

1.4 Genetic recombination 

The ability to repair DNA damage is important as it enables an organism to 

protect itself from UV, oxidative compounds, and other causes of DNA damage. 

Many mechanisms have evolved to protect organisms against these different kinds 

of DNA damage and many of these are evolutionarily conserved from prokaryotes 

to high-level eukaryotes (79). Double-strand breaks (DSB) are considered the most 

lethal of all DNA damage as they can lead to mitotic catastrophe in eukaryotic cells 

(80). There are two main repair pathways used to repair these breaks. There is HR, 

a template or homology-dependent pathway (81), and there is illegitimate 

recombination, which is usually subdivided into homology-independent or 

microhomology-dependent [≤20 nucleotides (nt)] pathways (82). Both HR and 

illegitimate recombination can enhance the survival of bacteria and eukaryotes in 

DNA-damaging environments, so it is not a surprise that viruses can also benefit 

from being able to catalyze such reactions.  

An example of such a recombination process that can be observed in many 

viruses is known as multiplicity reactivation (MR) (83-90). MR is a recombination 

mechanism by which viruses repair genomes that have inactivating damage caused 

by UV or ionizing radiation. The MR repair process requires two or more 
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coinfecting virus with damaged genomes. The viral genomes can recombine to 

produce a viable virus genome through genetic recombination. This was first 

observed with T4 bacteriophage where viable phage could be recovered from cells 

coinfected with UV-inactivated viruses (83). There is an extensive literature 

concerning bacteriophage and their ability to repair DNA damage using HR (91-

93). These classical studies have identified at least two different kinds of 

bacteriophage recombination systems used by phage like T4 and lambda. These are 

initiated using either strand invasion reactions (T4 UvsX) or through single-strand 

annealing reactions (lambda Red recombinases) (94, 95). The SSA mechanism 

bears many similarities to the mechanism used by Poxviruses to catalyze HR 

although the polarities of the reactions are different.  

1.4.1 VAC homologous recombination 

VAC is a well-studied poxvirus known to catalyze HR. The initial interest 

in poxvirus-catalyzed recombination reactions arose from observing recombination 

between different Orthopoxviruses (96, 97) or between strains of VAC (98). These 

studies highlight how poxvirus genetic recombination might contribute to the 

evolution of the virus through inter-genomic and cross-species recombination. 

VAC is hypothesized to originate from a virus that underwent intergenomic 

recombination between several different Orthopoxviruses (99).  

Poxvirus recombination is believed to be catalyzed by a single-strand 

annealing (SSA) process (100-102). A schematic of the SSA mechanism is shown 

in Fig 1.3. These reactions begin with the resection of the DNA strands by a 3’-to-

5’ exonuclease (ii), exposing homologous sequence between DNA fragments 

(blue). The 5’ single-stranded DNA (ssDNA) overhangs can subsequently anneal 

together (iii). In some cases, there are non-homologous sequences at the outermost 

end of the 5’ ssDNA (not shown). These ends are removed by an endonuclease and 

the remaining nicks in the joined DNA molecules are subsequently repaired (iv). 

These single-strand annealing repair reactions are a common HR mechanism used 

by viruses and bacteriophages [Herpes Simplex Virus-1 (HSV-1) (103) T4 and λ   
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Fig 1.3 SSA recombination. (i) DNA molecules sharing homologous 

sequences (green) are processed through strand reseactioning to expose 

homologous sequences. 3’ resectioning (ii) or 5’ resectioning (iv) generating 5’-

ssDNA tails or 3’ssDNA tails respectively. Homologous ssDNA tails can 

subsequently anneal together (iii and v) and nicks in the DNA backbone are 

ligated (vi). 
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(104, 105)]. However, the poxvirus single-strand annealing process differs from 

other described systems in that most other organisms use a 5’-to-3’ exonuclease to 

produce 3’-ssDNA presynaptic ends (Fig 1.3, iv) [e.g., herpes viruses (106), 

bacteriophage, and humans (107)] whereas poxviruses use primarily use a 3’-to-5’ 

exonuclease to produce 5’-ssDNA presynaptic ends (Fig 1.3, ii). 

 VAC catalyzes HR in a very efficient and accurate manner (108). HR is 

probably regulated by the concentration of deoxynucleotide triphosphates (dNTPs) 

in the microenvironment (100, 109, 110). The efficiency of VAC HR depends on 

the length of the homologies and the dsDNA substrates that are targeted for 

recombination. VAC HR can be catalyzed using as little as 12-16 bp of shared 

homology in vivo (101, 102), however, the efficiency of these reactions greatly 

increases when the length of the homologous sequence increased [>50 nt (101)]. 

VAC HR can catalyze HR between linear or circular molecules, or a combination 

of linear and circular molecules although linear DNA molecules appear to be the 

best substrates (101). VAC HR between circular molecules or a combination of 

linear and circular molecules are 15- to 50-fold less efficient, respectively, than 

between two linear substrates. Although VAC recombination is quite efficient, the 

presence of non-homologous DNA sequences flanking the homologous sequence 

decreases the efficiency of recombination (101). The presence of insertion or base 

substitution in homologous sequences also does not inhibit recombination but again 

reduces its efficiency in vivo (102). The presence of 1-2 nt mismatches interrupting 

an otherwise homologous DNA sequence has little effect on recombination 

efficiency (10-20% reduction) while a 1-2 nt insertion reduces recombination by 

nearly 75% (102). 

 1.4.2 Proteins involved in VAC homologous recombination 

Currently, all the proteins known to be involved in VAC homologous 

recombination are encoded by the virus. Four key proteins have been identified to 

date. These proteins include the VAC E9 polymerase, the I3 single-strand DNA 
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binding protein, the G5 Flap endonuclease-1 (FEN-1) like protein and a DNA 

ligase. Details about the function and role of these proteins follows. 

1.4.2.1 E9 polymerase 

VAC’s E9 gene encodes a family B polymerase which is conserved in all 

NCLDVs (111). This enzyme encodes a 5’-to-3’ polymerase and 3’-to-5’ 

proofreading exonuclease activity (112). Before the discovery of the role of the E9 

polymerase (VVpol) in VAC recombination, several experiments had linked 

recombination and replication through the use of temperature-sensitive VAC E9L 

mutants (113) and DNA replication inhibitor-based experiments (114, 115). 

Although these experiments demonstrated a link between replication and 

recombination, they did not tell us what specific role of E9 played in recombination. 

It was not until VVpol could be purified (116) that its direct role in catalyzing 

recombination was demonstrated. 

In vitro experiments, showed that VVpol catalyzes strand transfers between 

DNA molecules (117) and catalyzes the formation of concatemers made up of DNA 

molecules that share homology (100). The polarity of the reaction was established 

by sequencing VVpol-catalyzed recombination junctions. These studies showed 

that linear dsDNA molecules encoding bases substitutions within the hybridization 

region, preferentially retained the base substitutions encoded on 5’-ended strands 

over those found on the 3’-ended in vitro (101). These and other studies showed 

that VVpol-mediated recombination requires a 3’-to-5’ proofreading exonuclease 

activity in vitro.  

The role played by the VVpol 3’-to-5’ exonuclease in recombination in vivo 

was difficult to confirm as the proofreading activity is essential to virus viability 

(109). Its role in recombination was investigated by the Evans lab using cidofovir 

(CDV) a dCMP analog. CDV hinders primer extension during replication when 

incorporated in the second last position of the primer. It also inhibits the catalytic 

function of wild-type VVpol 3’-to-5’ exonuclease (118). However, one can isolate 

CDV-resistant VAC strains where the mutations map to either the exonuclease 

domain (promoting drug excision) or the polymerase domain (promoting enhanced 
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extension). Using these two cidofovir-resistant VAC strains, and DNA substrates 

bearing CDV incorporated into the ends of the linear duplexes, Gammon and Evans 

showed that both mutants could actively replicate a transfected substrate in the 

presence of CDV, however, only the VVpol with a mutation that mapped to the 

exonuclease domain, could catalyze recombination in vivo and in vitro (109). 

Overall, VVpol is required to resection the DNA strands and promote strand 

transfer between DNA molecules. 

1.4.2.2 I3 single-stranded DNA binding protein (SSB) 

SSB proteins are evolutionarily conserved proteins that are found in all 

domains of life (119). As the name indicates, these proteins are involved in non-

sequence-specific binding to single-stranded DNA (ssDNA) with high affinity. 

Single-strand DNA binding proteins prevent the formation of secondary structures 

and protect the DNA from nuclease degradation (119). These functions enable 

organisms to maintain genomic stability. Mutant SSBs in eukaryotic cells are 

associated with the development of cancer as SSBs are required in all DNA repair 

pathways (120). The inability to appropriately repair DNA damage leads to the 

accumulation of mutations leading to genomic instability and cancer (120). SSBs 

also play an important role in DNA repair, replication, and recombination. Both in 

prokaryotes and eukaryotes, SSBs mediate protein-protein interactions and recruit 

different cellular factors and enzymes to the ssDNA that are involved in DNA 

metabolism (119). 

The VAC I3 gene encodes a 34-kDa protein that is evolutionarily conserved 

in Chordopoxviruses. This protein was originally predicted to be a SSB protein 

because it encodes a pattern of charged and aromatic amino acids that are 

characteristically found in SSBs and it was later shown to bind ssDNA in vitro 

(121-123). In vivo studies showed that I3 colocalizes in the viral factories (123, 

124). I3 is essential for virus replication as interfering with the capacity to bind to 

DNA hinders virus replication, and disrupting the gene prevents recovery of viable 

viruses (121, 123, 125, 126). The I3 C-terminal tail plays an important function by 

promoting cooperative binding of other I3 proteins to ssDNA molecules (126). This 

cooperative binding is thought to be important as it may stabilize DNA replication 
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forks in an open conformation and prevent interstrand multimerization of I3 

proteins (126). These characteristics of poxviruses SSBs are similar to what has 

been seen in some bacteriophages and E. coli (126).  

Much like for VAC replication, I3 plays an important role in recombination. 

The SSB enhances VAC recombination and E9’s ability to form DNA concatemers 

via single strand annealing in vitro (100, 109). This enhancement is proposed to be 

due to I3’s capacity to aggregate ssDNA (127) which would increase the likelihood 

that homologous ssDNA molecules are brought close together. The importance of 

I3 in recombination is also observed in vivo as reducing I3 expression reduces both 

viral replication and recombination (109).  

1.4.2.3 G5 flap endonuclease-1 like (FEN-1 like) protein 

The G5 FEN-1 like endonuclease was originally identified using protein 

sequence alignments and structural modelling comparisons to the human FLAP-1 

endonuclease structure (128). FEN-1 nucleases are metalloenzymes that target 

specific DNA structures. This family of enzymes exhibit 5’-flap endonuclease 

activity, 5’-exonuclease activity, and gap endonuclease activity (129). These 

activities are used to remove the RNA primers (Okazaki fragments) that prime 

lagging strand DNA replication and can also cleave the single-stranded nucleotide 

flaps that are displaced by an enzyme such as a polymerase (129). For this type of 

cleavage, FEN-1 recognizes the 5’-end of ssDNA and cleaves ssDNA flaps (130).  

The role of the computationally predicted FEN-1 like nuclease (G5) proved 

to be important for VAC recombination and replication (131). Mutant viruses 

lacking the G5 gene suffer a 3- to 5-fold decrease in homologous recombination 

efficiency and a 7- to 8-fold decrease in the ability to repair DSB. The decrease in 

both processes might be attributed to a G5 FEN-1 like nuclease’s 5’-to-3’ 

exonuclease activity that enables VAC to produce 3’-ssDNA tails that can be used 

for recombination (Fig 1.3, iv). However, the deletion of this gene did not eliminate 

VAC’s ability to catalyze HR. This suggests that G5 may simply enhance the 

efficiency of HR reactions that are primarily catalyzed by the E9 polymerase (131). 

Another role for the FEN-1 like nuclease may be to remove the non-homologous 
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flaps of DNA that are formed during the annealing of complementary 5’-ended 

strands (Fig 1.3, ii). 

1.4.2.4 DNA ligases  

DNA ligases are enzymes that catalyze the joining of a 5’ phosphate to a 3’ 

hydroxyl in DNA. These enzymes are essential for DNA replication, 

recombination, and DNA repair (132). The first study of VAC’s A50R DNA ligase, 

which was discovered in 1990, showed that the viral ligase was not essential to viral 

replication (133). It wasn’t until nearly 20 years later that DNA ligases were found 

to be essential for viral replication (134). The lack of a phenotype in the original 

study of VAC ligase knockouts, can be explained by complementation by cellular 

DNA ligase I which is recruited to the viral factories during virus replication (134). 

Knocking out the viral A50R gene and knocking down DNA ligase I expression 

reduced viral replication. However, knocking down cellular DNA ligase I 

expression in cells infected with wild-type VAC had no effect on virus replication 

(134).  

Although this study showed the importance of DNA ligase in regards to 

viral replication, there are no studies that have investigated whether DNA ligase I 

can complement VAC DNA ligase in the case of HR. It is conceivable that either 

ligase could be employed in vivo as either could theoretically catalyze the final 

ligation step required by a SSA mechanism (Fig 1.3, vi). In that regard it has been 

shown that the nicks in the DNA backbone, in the metastable molecules that have 

been joined together by VAC DNA polymerase, can be repaired by another 

bacteriophage T4 DNA ligase (135). 

1.4.3 Non-homologous recombination (NHR) 

NHR is sometimes also called illegitimate recombination, and it is an 

important process that is encountered in many organisms. NHR enables an 

organism to repair double-stranded breaks when a homologous sequence is not 

available to mediate homology-dependent repair. NHR is commonly divided into 

two major pathways: non-homologous end joining (NHEJ) and microhomology-

mediated end joining (MMEJ). A description of both pathways follows (Sec. 

1.4.3.1 and 1.4.3.2).  
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1.4.3.1 Non-homologous end joining (NHEJ) 

NHEJ is a versatile mechanism that enables an organism to ligate blunt 

ended DNA molecules or DNA molecules with 3’ or 5’ overhangs of various 

lengths (<20nt) (82). I have highlighted the mechanism of eukaryotic NHEJ in Fig 

1.4. NHEJ begins with the binding of the Ku complex to the broken ends of DNA 

molecules [Ku70-K80 (82, 136)]. These proteins bring the broken strands together 

and act as a dock for other proteins to bind and catalyze the joining reactions. If 

blunt ends are present, the DNA is ligated by DNA ligase IV (II). These ends may 

also undergo alternative forms of enzymatic processing, adding untemplated 

nucleotides to the junction before ligation (not shown). If overhangs are present (iii, 

vi), these strands may be degraded by nucleases (iv and ix) or filled in by a DNA 

polymerase (vii). In humans, the Artemis nuclease is the enzyme primarily 

responsible for degrading 5’- or 3’- DNA overhangs through its endo- or 

exonuclease activities. Polymerase µ (pol µ) and polymerase λ (pol λ) are the 

polymerases most commonly used to repair overhangs in NHEJ. Both polymerases 

can synthesize DNA in a template-dependent or template-independent manner 

(136). The activity of these polymerases appears to be skewed with pol λ primarily 

being involved in the template-dependent synthesis and Pol µ promoting template-

independent synthesis (137). The template-independent synthesis is responsible for 

adding the non-templated nucleotides occasionally seen at the DSB site. Once the 

overhangs are repaired, the DNA fragments can be ligated by DNA ligase IV (82, 

136) (v, viii and x). 

NHEJ is a well-studied mechanism found in bacteria and eukaryotes(136). 

This process is important for survival. In humans, mutations in genes involved in 

NHEJ are associated with developmental defects, growth delays, and an increased 

incidence of cancer (138, 139). In addition to playing a role in promoting survival, 

NHR may also contribute some increase in genetic diversity. Although it hasn’t 

been demonstrated in a laboratory setting, bacterial NHEJ has likely contributed to 

horizontal gene transfer events (140) and NHEJ also plays an important role in 

generating immune diversity during V(D)J recombination in vertebrates (141). For 

VAC, recent studies have demonstrated that DSB in the VAC genome can be   
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Fig 1.4 Non-homologous end-joining of a DSB. DSBs that have no overhangs 

(i) are preferentially ligated without additional enzymatic processing (ii, pink). 

If a broken molecule has a 3’ overhang (iii, purple), these molecules are subject 

to exonuclease degradation (iv) before ligation (v, pink). in the case of 5’ 

overhangs (vi, purple), these molecules are preferentially subject to the filling 

in of the overhang by a polymerase (vii, red) before ligation (viii). Alternatively, 

the overhangs are attacked by a nuclease (ix) before ligation (x, pink). In all 

cases, non-templated nucleotides may be added to the broken DNA molecules 

by a polymerase, before the strands are joined by ligation (not shown). 
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mutagenically repaired by DNA ligase IV, one of the enzymes responsible for 

NHEJ repair (142). 

1.4.3.2 Micro-homology mediated end joining (MMEJ) 

MMEJ, also known as alternative end-joining, is a repair pathway primarily 

used when the NHEJ pathway is compromised (143). This pathway involves 

extensive resection of broken DNA molecules so as to expose short stretches of 

sequence sufficient to support recombination [<20 nt but most commonly between 

4-6 nt (82)]. These reactions are similar to single-strand annealing reactions, but 

require less homology and involve different proteins. The eukaryotic proteins 

involved in alternate end-joining are the polymerase θ (pol θ), Poly (ADP-ribose) 

polymerase 1 (PARP1), and MRE11–RAD50–NBS1 (MRN) (82). 

Mechanistically, these reactions begin with the detection of DNA damage by 

PARP1 (Fig 1.5, i), 3’-overhangs, 15-100 nt long, are produced by the MRN 

exonuclease (ii), and these are joined together by Pol θ through the 

microhomologies. Pol θ catalyzes these reactions by first binding and stabilizing 

the homologous sequences (≥2bp) shared between the 3’-ssDNA tails (iii). After 

stabilizing the bound microhomologies, Pol θ fills in the gapped strands (iv). The 

nicks left in the newly formed DNA duplex can be repaired by DNA ligase I or III 

(82) (v). Depending on where the microhomologies are located, 3’-overhangs may 

be present (vi) which require nuclease processing before pol θ can repair the DSB 

(vii). The identity of the nuclease responsible for this activity is currently unknown. 

As previously mentioned, MMEJ is a pathway that is primarily used when 

NHEJ is compromised (143). How this is regulated in humans is not completely 

understood. MMEJ likely acts as a secondary mechanism that enables DNA repair 

in the absence of both HR and NHEJ. Limiting the use of this pathway would be 

advantageous as it can promote deletion of long segments of DNA. This is more 

likely to cause mutations than the small deletion or insertions created by NHEJ. 

Despite the mutagenic properties of the pathway, the fact that it requires 

very little homology (2-25bp) make MMEJ an intriguing candidate for catalyzing 

horizontal gene transfers. It is known that bacteria can acquire antibiotic resistance 

genes from non-homologous exogenous DNA sequences using MMEJ (144). This   
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Fig 1.5 Microhomology mediated end-joining of a DSB. DSB (i) are first 

detected by cellular machinery and the 3’-ends are resected by an exonuclease 

(15-100 nt) (ii). Any exposed microhomologies within the overhangs can anneal 

and the joints are stabilized by host proteins (iii). If microhomologies are located 

at the ends of the 3’-single strand DNA tails (ssDNA), the gapped strands are 

filled in by a polymerase (v) and the nicks are repaired by DNA ligase (v). If If 

3’-overhangs are present (vi), they are degraded by a nuclease (vii) and gapped 

strands are filled in (viii) and nicks are ligated (ix). 
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pathway also bears many resemblances to single-strand annealing reactions except 

insofar that it requires very little homology (≥2bp) to promote recombination 

between DNA molecules. This makes one wonder whether MMEJ-like reactions 

might contribute to horizontal gene transfers in viruses that catalyze single-strand 

annealing reactions [T4 and λ bacteriophages (104, 105)], HSV-1 (103) and VAC 

(100-102)]. 

1.5 Thesis goals 

The overall objective of my thesis is to investigate whether VAC can 

capture novel genes by NHR. Currently, the only mechanism by which poxviruses 

are known to acquire novel genes is through retrotransposon-mediated horizontal 

gene transfer (17, 18). The thesis is based upon the hypothesis that there may be 

other mechanisms, more like NHEJ or MMEJ, that can also promote gene capture 

by replicating poxviruses. The research was proposed to comprise two elements. 

The first part of the study was planned to test what kinds of molecules are 

substrates for VAC non-homologous recombination. Because poxviruses are 

cytoplasmic viruses, and encode intronless genes, we had to consider what kinds of 

nucleic acid substrates a replicating virus might encounter. These molecules 

presumably include mRNA, cDNA·RNA hybrid molecules, and DNA. The 

cDNA·RNA hybrid molecules could perhaps be produced by a reverse-

transcriptase copying an mRNA template. The goal of this first aim was to develop 

a drug selectable gene, encoding a fluorescent marker and composed of one of the 

three types of aforementioned molecules. Using these substrates, the plan was to 

measure the frequency which VAC recombines with these different substrates and 

how that is affected by the presence or absence of VAC homology flanking the 

gene.  

The second part of this thesis was planned to analyze the genome structure 

of the rare recombinants that were formed in these reactions. This necessitates 

purifying the recombinant viruses and sequencing, mapping and classifying any 

novel genomes. During the course of this study, I discovered that these processes 

produce some complex and unstable genomes that proved difficult to map using 

genomics alone. Therefore, much effort was expended using PCR, pulsed-field gel 
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electrophoresis (PFGE), and Southern blots to demonstrate that the computer-

generated assemblies were correct. Finally, we also wanted to gain some 

understanding of what process(es) VAC might be using to assemble these rare 

products of NHR. Therefore, I conducted an investigation of the sequences 

surrounding the captured genes and compared them to the sequence of the starting 

VAC genome and the transfected substrates. This provided insights into whether 

these recombination events were mediated by MMEJ- or NHEJ-like processes.  
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Chapter 2 – Materials and methods 

2.1 Cell lines, culturing, plasmids, oligonucleotides 

2.1.1 Cell lines and general tissue culturing 

BSC-40 cells were obtained from the American Type Culture Collection 

(ATCC) and propagated in Minimal Essential Media (MEM) substituted with 1% 

non-essential amino acids, L-glutamine, sodium pyruvate and 

antibiotic/antimycotic, and 5% FetalGro ® (RMBIO). 

For passaging cells, the cells are initially washed with PBS followed by 

incubation with prewarmed 0.25% Trypsin-EDTA at 37 °C. Once cells have lifted 

off from the plate, the trypsin was deactivated by adding media, and cells were 

passaged. Cells were regularly passaged in 15 cm dishes. One 15 cm dish of cells 

was sufficient to passage in a 1:4 to 1:9 split. When passaged for experiments 

requiring 10 cm dishes, 6-well plates, or 12-well plates, cells were split to achieve 

85-100% confluency on the following day. This required the splitting of one 15 cm 

dish into four 10 cm dishes, six 6-well plates, or six 12-well plates.  

2.1.2 Plasmids and recombination substrates. 

The plasmids used for the generation of homologous recombinant and non-

homologous recombinant viruses were constructed by Peter Norris. The non-

homologous plasmid (pPN_YFP) and homologous plasmid (pPN_YFP+N2H) 

encoded a yellow fluorescent protein fused to guanosine phosphoribosyl transferase 

(YFP/gpt) and regulated by a synthetic early/late poxvirus promoter (145). The 

pPN_YFP+N2H plasmid additionally encoded two sequences (313 bp and 463 bp) 

flanking the YFP/gpt marker that are homologous to the VAC N2L gene. The 

YFP/gpt sequence used for the pPN_YFP plasmids was originally PCR amplified 

from a pDGloxP plasmid (145) and the N2L-flanked YFP/gpt gene was originally 

amplified from a plasmid used to disrupt the VAC N2L gene through homologous 

recombination (146). These DNAs were amplified using Phusion® High-fidelity 

DNA Polymerase (Thermo Fischer) and inserted into pCR4-TOPO vectors using a 

TOPO Cloning Kit (Invitrogen). The plasmids also encoded a T7 promoter 

upstream and MssI site downstream of the YFP/gpt marker and its flanking N2L 

homologies. This permitted transcription and linearization of the plasmid (Fig 1A). 
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The pPN_YFP and pPN_YFP+N2H plasmids were used to generate the six 

substrates used for the recombination studies. Linear DNAs were created by 

digesting the plasmids with MssI (Thermo Fischer). Following digestion, the DNA 

was purified using the QIAquick PCR Purification Kit (Qiagen). These substrates 

were intended to represent the broken DNAs that might be captured by 

recombination reactions. The mRNA substrates were produced by transcribing 

linearized plasmid DNA with a MaxiscriptTM T7 Transcription Kit and 

subsequently poly-adenylating the product using a Poly(A) Tailing Kit 

(Invitrogen). Much like the linear DNA products, the mRNA substrates were 

column purified, but using a RNeasy Mini Kit (Qiagen). To generate cDNA·RNA 

hybrid substrates, the mRNA was reverse transcribed using an oligo (dT12-18) 

primer (Thermo Fischer), SuperScript III or SuperScript IV (Invitrogen), and the 

first-strand synthesis protocol provided with the enzymes. The reverse transcriptase 

was heat-inactivated and the reactions were used without further purification (Fig 

1B). 

2.1.2.1 Verification of selectable substrate production 

Gel electrophoresis was used to characterize the different selectable 

substrates. A one percent formaldehyde-agarose denaturing gels and the controls 

supplied with the kits were used to confirm the success of the transcription and 

polyadenylation reactions. Ordinary agarose gels were used to characterize the 

restriction digests and cDNA·RNA hybrid structures. To confirm the formation of 

cDNA·RNA hybrids, 500 ng of reverse transcribed RNA was treated with 50-100 

U of RNAse A (Thermo Fischer) or 2-4 U of RNAse H (Invitrogen). These products 

were compared to an untreated control. These RNAse treatments were used a 

cDNA·RNA hybrid should be sensitive to RNAse H digestion but not RNAse A. 

Complete linearization of the DNA substrates was verified by agarose gel 

electrophoresis. 

2.1.3 Primers and guide RNAs  

All of the primers and guide RNAs used in these experiments were 

produced by Integrated DNA Technologies (IDT). The synthetic guide RNAs 

(sgRNA) that target sequences to the N2L gene were computationally determined 



 26 
 

 



 27 

 

  
Fig 2.1 Substrates used in this study. (A) Homologous (pPN-

YFP+N2H) and non-homologous (pPN-YFP) plasmid 

templates. Two different plasmids were constructed encoding 

a YFP/gpt selection marker regulated by a VAC early/late 

promoter and a T7 RNA polymerase promoter. One of the two 

plasmids also encoded 463 bp and 313 bp of sequences inserted 

flanking the YFP/gpt gene that are homologous to portions of 

the VAC WR N2L gene (“WR”). (B) Construction of different 

nucleic acid substrates. A duplex DNA substrate was prepared 

by cutting the two plasmids (in A) with MssI. The RNA 

substrate was prepared using T7 RNA polymerase and Tailing 

of the RNA using E. coli Poly(A) Polymerase I. DNA 

templates were removed by Turbo DNase treatment. 

cDNA·RNA hybrid molecules were prepared using the poly-A 

tailed RNA, an oligo dT primer, and reverse transcriptase. 

Figure from G. Vallee et al. (1). 
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using IDT’s custom Alt-R® CRISPR-Cas9 guide RNA design tool. The mCherry 

sgRNA is a guide RNA based on one described by Gowripalan et al. (147) with the 

first base changed from guanosine to adenosine. The synthetic guide RNAs were 

ordered as whole synthetic guides that include the target binding sequence and the 

sgRNA scaffold. The sequence of the scaffold and the target binding sequences 

used can be found in Table 2.1. The sequences of primers used in these experiments 

are also listed in Table 2.1.  

 

Table 2.1: Sequence of oligonucleotides used for these experiments 

sgRNA target binding sequences and scaffold 
Oligonucleotide name Sequence 
N2L-2 sgRNA 5’-UCAAUGGUGUGAUGUUGAUU-3’ 
mCherry sgRNA  5’-AGAUAACAUGGCCAUCAUCA-3’ (3) 
A23R sgRNA 5’-GAAAGAACGCAUUUCCUCAG-3’ (142) 
sgRNA scaffold 
sequence 

5’-Target binding sequence-GUUUUAGAGCUAG 
AAAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUG
AAAAAGUGGCACCGAGUCGGUGCUUUU-3’ 

Biotinylated probe primers 
Oligonucleotide name Sequence 
Probe-1F 5’-GAATTGAGTGAAGGCCGTCA-3’ 
Probe-2R 5’-TTTTGCTGGCCTTTTGCT-3’ 
Non-homologous recombinant virus junction PCR primers 
Oligonucleotide name Sequence 
1F 5’-CATTATCGTGGCGCCTTATATAG-3’ 
2R 5’-ATCTCCGGTCGCTAATGATAG-3’ 
3F 5’-CGACCGGTAGCGCTAGATATA-3’ 
4R 5’-TGTAGAACCAACTGATGCATCTC-3’ 
1’F 5’-GGTCTTGCTTTGTGACTTTGAT-3’ 
4’R 5’-TTGTATCGCATCTCTCGGGTA-3’ 
e1F 5’-TCCAGTTGAATGGATTCGTCC-3’ 
e4R 5’-GGTGGATCCATTCAGAATACAAAC-3’ 
i1F 5’-CAATACCAACCCCAACAACC-3’ 
i4R 5’-GTACGCATTCCTGTAGATCTTG-3’ 
Cas9 recombinant virus primer sequences 
Oligonucleotide name Sequence 
N2L-1Fwd 5’-GAGCTCCAATGTACATACATCGCC-3’ 
N2L-2Rev 5’-ACTAGTGAAGTGGGATCCATAAGATG-3’ 
YFP-3F 5’-TGACGAATACCCAGTTC-3’ 
YFP-4R 5’-GATCCATGCACGTAAAC-3’ 
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2.2 Virus culture 

2.2.1 Large scale virus preparations and titering 

All recombination experiments were performed using VAC strain Western 

Reserve (WR) originally obtained from ATCC. Stocks of WR were prepared by 

infecting twenty 15 cm dishes of BSC-40 cells at a multiplicity of infection (MOI) 

of 0.03. Cells were harvested 48-72 hours after infection [>90% cytopathic effect 

(CPE)] using cell scrapers and centrifuged at 2,000 ×g for 10 minutes in a JA-10 

rotor (Beckman).  

To culture recombinant viruses, 1 mL of plaque-purified virus was used to 

infect a 60 mm dish under MPA selection (25 µg/mL xanthine, 15 µg/mL 

hypoxanthine and 25 µg/mL mycophenolic acid) until >90% CPE was observed 

(48-72 hours). The cells and media were harvested and frozen and thawed three 

times to release the virus. Next, 500 µL of lysate was used to infect 10 cm dishes, 

again under MPA selection, until >90% CPE was achieved (48-72 hours). The cells 

and media were harvested and again frozen and thawed. Finally, 2-3 mL of these 

lysates was used to infect twenty-to-twenty-five 15 cm dishes for 48-72 hours. The 

cells were harvested using cell scrapers and recovered by centrifugation at 2,000 

×g for 10 minutes using a JA-10 rotor (Beckman). 

Pelleted infected cells were resuspended in ice-cold 10 mM Tris pH 9.0 with 

2 mM MgCl2. Virus was released by Dounce homogenizing the cells. The inoculum 

was then centrifuged at 2,000 ×g for 10 min. The supernatant was put aside on ice 

while the pellet was resuspended in 10 mM Tris pH 9.0 with 2 mM MgCl2, Dounce 

homogenized, and centrifuged again. The supernatant was pooled with the 

previously collected supernatant and the pellet was discarded. The pooled 

supernatants (11-12 mL) were incubated at 37 °C with 50 U/mL of Benzonase for 

30 minutes, centrifuged again at 2,000 ×g for 10 minutes to remove residual cell 

debris and overlayed on 19 mL of 10 mM Tris pH 9.0 containing 36% sucrose. The 

sample was centrifuged at 26,500 ×g for 90 minutes in a JS 13.1 swinging bucket 

rotor (Beckman). The pellet was resuspended in 100 µL/15 cm plate of 10 mM Tris 

pH 9.0 to create a final virus stock. Sucrose purified virus was used as the stock for 
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all of the experiments reported in this thesis. All of the recombinant viruses 

underwent further virion purification and DNA extraction (2.4.1). 

 Virus titers were determined using 10-fold serial dilutions of virus in serum-

free media. BSC-40 cells were infected in 6-well plates in duplicate wells, or 12-

well plates in triplicate, at 37 °C for 1 hour. The inoculum was replaced with media 

supplemented with 1% carboxymethyl cellulose (CMC). The cells were incubated 

at 37 °C for 48 hours then fixed and stained with a solution of 30% formaldehyde, 

5% ethanol, and 0.13% crystal violet for at least 1 hour. The solution was removed, 

and plaques counted to determine the titer. Virus titers were calculated using the 

equation below:  

 

𝑇𝑖𝑡𝑒𝑟 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑝𝑙𝑎𝑞𝑢𝑒	𝑓𝑜𝑟𝑚𝑖𝑛𝑔	𝑢𝑛𝑖𝑡	(𝑃𝐹𝑈)	𝑐𝑜𝑢𝑛𝑡
=𝑉𝑜𝑙𝑢𝑚𝑒	𝑝𝑙𝑎𝑡𝑒𝑑	(𝑚𝐿)A × (𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟)

 

 

2.2.2 Producing, isolating, and quantifying recombinant viruses 

2.2.2.1 Producing recombinant viruses  

Most experiments were performed on BSC-40 cells in 6 cm dishes at 90-

100% confluency. The cells were infected with VAC at an MOI of 0.05-to-1. The 

virus inoculum was prepared in serum-free media assuming that a 6 cm dish 

contained 1.4x106 cells. The cells were infected for an hour and the inoculum 

replaced with complete media. Two hours later, the cells were transfected with 1-2 

µg of DNA, RNA, or cDNA·RNA using Lipofectamine 2000 (Thermo Fischer). 

When the cells were transfected with cDNA·RNA hybrid molecules, the quantities 

refer to the amount mRNA that was reverse transcribed. The nucleic acids were 

mixed with the Lipofectamine 2000 at a ratio of 3 µL per 1 µg of nucleic acid in 

500 µL of Opti-MEM and incubated on ice for 20 minutes before transfecting the 

infected cells. Two days later the cells were harvested using cell scrapers, freeze-

and-thawed three times to release the virus, and screened for recombinant viruses. 

For these experiments, I found that an MOI = 0.05 and 2 µg of transfected nucleic 

acid was most efficient.  
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2.2.2.2 Quantification and isolation of recombinant viruses  

 The cell lysates (sec. 2.2.2.1 and 2.2.2.2) were titered as described (sec. 

2.2.1) to determine the total virus yield. To count recombinant viruses, diluted virus 

(typically 10-2 to 10-4) was used to infect 10 or 15 cm dishes of BSC-40 cells for 1 

hour then overlaid with MPA-containing media plus 0.75% Noble agar (Difco). 

From 5 to 30 plates of BSC-40 cells were infected and screened. A fluorescence 

microscope was used to find fluorescent plaques 3-5 days later. The number of 

fluorescent plaques were counted and then used to estimate the recombinant 

frequency (RF) using the equation:  

 

𝑅𝐹 =
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑛𝑡	𝑝𝑙𝑎𝑞𝑢𝑒𝑠

𝑇𝑜𝑡𝑎𝑙	𝑣𝑖𝑟𝑢𝑠  

 
 These numbers are dependent on the transfection efficiency, so we also 

calculated an “RF ratio” by dividing the RF measured in the absence of any 

homology between substrate and virus, and the RF measured in a parallel 

experiment on the same day using DNA substrates bearing N2L homology:  

 

𝑅𝐹	𝑟𝑎𝑡𝑖𝑜 =
𝑅𝐹	(𝑛𝑜	ℎ𝑜𝑚𝑜𝑙𝑜𝑔𝑦)

𝑅𝐹	(𝐷𝑁𝐴	𝑤𝑖𝑡ℎ	𝑁2𝐿	ℎ𝑜𝑚𝑜𝑙𝑜𝑔𝑦) 

 
To purify recombinant viruses, fluorescent plaques were picked from under 

the agar overlay, resuspended in 1 mL of 10 mM Tris·HCl pH 8, freeze/thawed, 

and then replated three more times under agar and with drug selection. Further 

rounds of plaque purification used 6-well plates, instead of 10 cm dishes, plating 

10-fold dilutions of the recombinant virus in duplicate wells (1:2, 1:20 and 1:200). 

Plaques were picked from wells infected with the most diluted virus to avoid 

picking siblings. The recombinant VAC were plaque purified at least three times, 

the viruses were bulked up (sec. 2.2.1) and the DNA was extracted from sucrose 

gradient purified virus (sec. 2.4.1) for sequencing and Southern blotting (sec. 2.4.4). 

2.2.2.3 Producing recombinant viruses in Cas9-transfected cells 

These experiments were performed with the MssI linearized pPN_YFP and 

pPN_YFP+N2H plasmids and cells cultured in 6-well plates. BSC-40 cells were 
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seeded to sub-confluency (<85%) and infected at MOI = 0.05 for 1 hour. Each well 

was assumed to contain 6.3x105 cells. Following infection, the inocula were 

replaced with 2 mL of Opti-MEM and immediately transfected with 2 µg of DNA 

plus complexed Cas9-sgRNA. 

DNA transfections were prepared in 200 µL reactions containing 2 µg of 

DNA and 6 µL of Lipofectamine 2000 (Thermo Scientific). The complexes were 

left to form for least 20 minutes before the transfection step. The Cas9-sgRNA 

complexes were prepared by mixing 2 µg of Cas9 protein (S. pyogenes, New 

England BioLabs, 20 µM) with 2 µg of sgRNA and diluting it to 25 µL with Opti-

MEM. This was incubated at 25 °C for 10 minutes and then mixed with 4 µL of 

Lipofectamine 2000 (Thermo Scientific) plus 221 µL of Opti-MEM. The Cas9-

sgRNA-Lipofectamine mix was allowed to complex for 30 minutes before adding 

it to the cells. 

  The DNA transfection mix (200 µL) and the Cas9-sgRNA transfection mix 

(250 µL) were added dropwise to each well. The cells were left to sit for 4 hours at 

37 °C and the transfection mix replaced with fresh complete MEM. The cells were 

harvested 2 days later. Recombinant viruses were recovered and purified as 

described in Sec. 2.2.2.3. After 3 rounds of plaque picks, the viruses were bulked 

up on BSC-40 cells in the presence of MPA using 6-well plates. The infections 

were allowed to proceed for 3-5 days where ~ 85% CPE was observed. Viral DNA 

was extracted from the infected cells as described in sec. 2.5.2.  

2.2.2.4 Assaying double-strand breaks in Cas9-transfected cells 

 To determine if VAC genomes were being cut in vivo, the approach 

described in sec. 2.2.2.2 was used with some modifications. The cells were infected 

at MOI = 3 (rather than 0.05) and the transfection of the plasmid substrate was 

omitted. Viral DNA was harvested from the infected and transfected cells at 6-, 8-

, 12- and 24-hours post-infection as described (sec. 2.5.2). Ten micrograms of the 

extracted DNA was digested overnight with the HindIII (ThermoFischer) to ensure 

a complete digest and fractionated on a 1% agarose gel. The DNA was transferred 

to a Biodyn B membrane and Southern blotted (2.4.4) using a biotinylated probe 

complementary to the N2L gene. 
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2.3 Bioinformatics  

2.3.1 Virus sequencing 

Sequencing was performed by the Applied Genomics Core at the University 

of Alberta. For Illumina sequencing, the DNA was processed using a Nextera XT 

DNA library kit and sequenced with the Illumina MiSeq. For Nanopore sequencing, 

DNA was processed using the SQK-LSK109 kit and sequenced using a MinION 

Mk1B device equipped with R9 chemistry flow cells (FLO-MINSP6). Base-calling 

of the Nanopore sequencing data was performed using the MinKNOW v1.14.1 and 

v18.03.1 (Oxford Nanopore Technologies Ltd.). Porechop (v0.2.4; 

https://github.com/rrwick/Porechop.git) was then used to demultiplex the reads and 

trim the adaptors. 

2.3.2 CLC genomics assemblies 

CLC Genomics Workbench 12 (Qiagen) was used to assemble some of the 

genomes using a “map-to reference” method and the Illumina reads. Reads were 

mapped to the sequence of both the YFP/gpt encoding selectable marker and the 

VAC genome. The CLC Genomics workflow that was used is shown in Fig 2.2. 

Default settings were used. Alignments were then manually searched for reads that 

encoded both selectable marker and VAC sequences. Hypothetical genomes could 

subsequently be assembled and used as templates for further rounds of map-to-

reference alignments. This was labour intensive and rarely worked due to extensive 

rearrangements of the recombinant VAC genomes and, in some cases, where 

recombinant virus subpopulations were present. This is why we used Nanopore 

methods to sequence many of our other viruses as well as a different bioinformatics 

platform. All of the genomes that could be assembled using the map-to-reference 

method were additionally assembled de novo (sec. 2.3.3). 

2.3.3 De novo genome assembly, read trimming, and contig joining 

We used Unicycler (v0.4.8) (148) for de novo assembly of the majority of 

recombinant genomes. Before attempting the assembly, Illumina sequencing reads 

were trimmed using Trimmomatic (v0.4.8b) (149). Bases at each end of the reads 

were trimmed until a quality score of 28 was achieved. After this process any reads 

shorter than 75 nucleotides were also removed.  
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Fig 2.2 Map-to-reference workflow. This workflow shows how Illumina 

reads from recombinant viruses were processed and mapped to reference 

sequences using CLC Genomics Workbench 12. Default settings were used 

for each step.  
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The assembly of full length virus genomes was performed manually by 

visually inspecting the contigs and paths between them that were suggested by 

Unicycler . Visualization of the assemblies was performed with Bandage (150). The 

relative depth of coverage within the assemblies (i.e., contigs) was also used to 

detect the possible presence of multiple virus populations. Most assemblies were 

built using the “001_best_spades_graph.gfa” files generated by Unicycler. In a few 

cases, the “assembly_graph_with_scaffolds.gfa” found in the “spades_assembly” 

folder had to be used as the Unicycler algorithm removed the contigs encoding the 

selectable marker from the polished assemblies. Such viruses often had lower 

coverage of the selectable marker encoding contig relative to the VAC encoding 

contig. To verify the correctness of the assembly, the Illumina and Nanopore reads 

used for the Unicycler assembly were mapped to assembled genome using CLC 

Genomics Workbench 12 (Qiagen) to check for continuity. 

In all cases, Unicycler could not completely assemble the sequences of the 

VAC inverted terminal repeats. To estimate the length of the recombinant virus 

genomes, the unresolved ITR sequences were assumed to be identical to the 

parental VAC sequences and were added to the recombinant genome assemblies. 

These assumptions were made to estimate the expected band sizes for the PFGE 

(sec. 2.4.2) and Southern blotting (sec. 2.4.4). The amount of coverage of the 

genomes was determined as described in sec. 2.3.2.2. An outline of the entire 

bioinformatics workflow is found in Fig 2.3. 

2.3.3.1 Unicycler dependencies 

Unicycler uses a number of additional programs to compute its genome 

assemblies. The versions of these programs that I used are the following: spades.py 

(v. 3.13.0+) (151), Racon (v1.3.2; https://github.com/lbcb-sci/racon), Pilon (v1.23) 

(152), Bowtie2 (v2.4.1+) (153), Samtools (v1.7+) (154) and Java (v.11.0.2+). 

2.3.4 Sequencing depth of coverage analysis 

The depth of coverage of the recombinant viruses was determined for both 

Illumina and Nanopore sequencing data. For recombinant VAC that contained 

marker or VAC sequence duplications, the genome assemblies hypothesized to 

contain the selectable marker were used to determine the depth of coverage. As for   
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Fig 2.3 Bioinformatics workflow. The figure shows how the sequencing data 

were processed in a stepwise manner to build the de novo assemblies and calculate 

the genome coverage. The individual steps are listed in bold font along with the 

programs used at each step. The commands that were used in each step can be 

found in Table 2.2. Figure was created using BioRender.com. 
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the complementation-dependent recombinant viruses, the wild-type VAC genome 

and the marker-encoding defective genome were analyzed separately. VAC 

coverage was determined using all of the VAC encoding contigs that could easily 

be assembled (excluding unresolvable ITR sequence). For the complementation- 

dependent genomes, the depth of coverage was determined using the contigs unique 

to the recombinant viruses. 

The read alignments for the depth of coverage calculations were performed 

using Bowtie2 (v2.4.1) (153) for Illumina reads and Graphmap (v0.5.2) (155) for 

Nanopore reads. The Nanopore reads were aligned directly to FASTA formatted 

assemblies but the Illumina read mapping required additional steps. The assembled 

viral genomic sequences were indexed using Bowtie2-build. Bowtie2-inspect was 

used to verify successful indexing of genomic sequences. This was confirmed by 

comparing the total length in base pairs of the original reference map to that of the 

indexed reference. Having confirmed successful indexing, paired reads were 

aligned using Bowtie2-aligner. The output of both Graphmap2 and Bowtie2 

alignments comprised SAM formatted output files.  

To calculate the depth of coverages of genome assemblies for both the 

Nanopore and Illumina sequencing data, the SAM formatted alignments were first 

converted into sorted BAM files using Samtools (v1.10). The average depth of 

coverage and standard deviations were subsequently calculated from the sorted 

BAM files using Samtools and a bash script. An outline of all the commands used 

for these processes can be found in Table 2.2. 

2.3.5 Recombination junction analysis 

DNA sequences overlapping the junction between the selectable substrate 

and virus sequence were aligned by hand. About 30nt on either of the junctions 

were aligned and inspected for matching bases between the original VAC sequence 

and pPN_YFP plasmid sequences. Total bases matching between the VAC and 

pPN_YFP sequences were noted. The number of bases expected to match randomly 

between VAC and plasmid sequences was calculated to be 0.24 including a 

correction for GC content. The topoisomerase I site motif that was used to 

investigate the junctions were 5’-YCCTT-3’ and 5’-AAGGR-3’ (156). 
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Table 2.2 Command lines used for the de novo assembly and genome coverage 

calculations 

Step Command 

Trimming of Illumina 
reads 

(Trimmomatic) 

java -jar trimmomatic-0.39.jar PE -phred33 
input_forward.fq.gz input_reverse.fq.gz 

output_forward_paired.fq.gz 
output_forward_unpaired.fq.gz 

output_reverse_paired.fq.gz output_reverse_unpaired.fq.gz 
LEADING:28 TRAILING:28 MINLEN:75 

Indexing and adapter 
trimming of Nanopore 

reads (Porechop) 
porechop -i albacore_dir -b output_dir 

Illumina read de novo 
assembly (Unicycler) 

Unicycler -1 Fwd_Illumina_reads_1.fastq.gz -2 
Rev_Illumina_reads_2.fastq.gz -o output_dir --keep 3 --

no_rotate --pilon_path Path_to_pilon-1.23.jar 

Illumina and Nanopore 
read de novo hybrid 
assembly (Uniycler) 

Unicycler -1 Fwd_Illumina_reads_1.fastq.gz -2 
Fwd_Illumina_reads_2.fastq.gz -l Nanopore_reads.fastq -o 
output_dir --keep 3 --no_rotate --pilon_path Path_to_pilon-

1.23.jar 
Mapping nanopore reads 

to reference and 
outputting a sam file 

(Graphmap) 

graphmap align -r reference.fa -d reads.fasta -o 
output_nanopore.sam 

Indexing reference 
sequence for Illumina 

mapping (bowtie2) 
bowtie2-build reference_input.fasta bt2_base_index_name 

Verifying bowtie index 
(bowtie 2) bowtie2-inspect -s bt2_base_index_name 

Mapping Illumina reads 
to indexed reference 
outputting sam file 

(bowtie 2) 

Bowtie2 -x bt2_base_index_name -1 
Fwd_Illumina_reads_1.fastq.gz -2 

Rev_Illumina_reads_2.fastq.gz -S output_Illumina.sam 

Converting sam files to 
sorted bam files 

(Samtools) 

samtools view -u alignment.sam | samtools sort -o 
output_prefix.bam 

Calculating average 
depth and standard 

deviation from sorted 
bam file 

(Samtools & bash script) 

samtools depth -a sorted_bamfile.bam | awk '{sum+=$3; 
sumsq+=$3*$3} END { print "Average = ",sum/NR; print 

"Stdev = ",sqrt(sumsq/NR - (sum/NR)**2)}' 

 
2.4 DNA extraction, restriction analyses, and Southern blotting  

2.4.1 Gradient purification of virus stocks and virus DNA extraction 

Gradient purifications were performed as described in X. D. Yao and D. H. 

Evans (157) using 24-40% sucrose gradient containing 1 mM Tris pH 9.0. Sucrose 
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cushioned virus (2.2.1) was sonicated 3 times for 30 seconds at 20 kHz, overlaid 

on the preformed gradient, and centrifuged for 50 minutes at 26,000 ×g using an 

SW28 rotor and Ultra-Clear centrifuge tubes (Beckman). The milky band that 

formed between the 32 and 40% sucrose layers was put aside while the pellet at the 

bottom of the tube was resuspended in 1 mM Tris pH 9.0, reapplied to another 

sucrose gradient, and centrifuged again. The two milky bands were combined, 

diluted at least 2-fold in 1 mM Tris pH 9.0, and pelleted at 33,000 ×g using a 

SW40Ti rotor. The virus pellets were resuspended in 10 mM Tris pH 8.0 and the 

DNA extracted as described by G. J. Kotwal and M. R. Abrahams (158). This 

involved lysing the virus using 2 x lysis buffer (50 mM Tris-HCl, pH 9.5, 0.7 M 

NaCl, 10 mM EDTA, 1% SDS) for 10 minutes at room temperature. Proteinase K 

was added to the sample to a final concentration of 0.5 µg/mL and digested 

overnight at 37 °C. Next day, the DNA was extracted twice with 

phenol:chloroform:isoamyl alcohol (25:24:1) followed by a chloroform:isoamyl 

(24:1) alcohol extraction. The DNA was precipitated by adding 2.5 volumes of 95% 

ethanol, and 0.1 volumes of 3 M sodium acetate pH 5.2, and frozen at -80°C for at 

least one hour. The DNA was then pelleted by centrifugation, washed with 70% 

ethanol, dried and resuspended in 10 mM Tris pH 8.0.  

2.4.2 Pulsed-field gel electrophoresis (PFGE) and DNA ladders 

Many of the recombinant viruses were subject to additional analysis to 

confirm the correctness of the assemblies. Virus DNA (500-1000 ng) was cut and 

mapped using restriction enzymes. Complementation-dependent recombinant 

viruses were cut with AscI plus MreI or NotI. All other recombinant viruses were 

cut with HindIII. All the reactions used Fastdigest enzymes and were performed 

using 10x Fast Digest Green Buffer (Thermo Scientific). Wild-type VAC was also 

included on any gel for comparison. The size markers included a lambda phage 

PFG ladder (NEB Labs) and a 2:3 mix of GeneRuler High Range DNA and 

GeneRuler 1Kb plus DNA ladders (Thermo Scientific). The lambda ladders were 

embedded in the wells of the gel using 1% SeaPlaqueTM low melt agarose dissolved 

in 1x Tris-Borate- EDTA buffer (TBE). PFGE was performed using 1% Seakem® 

LE agarose gels (Lonza) in 1x TBE. The gels were cast using the cassette supplied 
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with the CHEF-DRII apparatus. The DNA was separated using 0.5x TBE buffer, 

5.2 V/cm, a linear switch time gradient of 1-to-10 seconds, and a 120° pulse angle. 

A run time of 13 hours was used for complementation-dependent viruses and 13.5 

hours for all other recombinant viruses. The DNA was stained with SYBR gold and 

visualized using a Gel DocTM XR+ system. The DNA was transferred from the 

agarose gels to Biodyn B membranes as described below (Sec. 2.4.4). 

2.4.3 Biotinylated probes 

Two different biotinylated probes were used for the Southern of 

recombinant viruses. The “PCR probe” was produced using the pDGloxP plasmid 

(145) as a template. The probe was amplified using Probe-1F and Probe-2R primers 

(Table 2.1). The PCR reactions (25-50 µL) contained the following reagents: 1x 

Taq buffer with (NH4)2SO4 (Thermofisher), 3 mM MgCl2, 0.25 µM 

dATP/dGTP/dCTP, 0.15 µM dTTP, 0.1 µM Biotin-16-dUTP (Roche), 0.4 µM of 

each of the forward and reverse primer, 0.4 ng/µL pDGloxP and 0.05 U/µL Taq 

polymerase. The reactions employed 30 amplification cycles and an annealing 

temperature of 51 °C.  

The nick-translated probe was prepared using the pPN_YFP plasmid as a 

template and a protocol supplied by Fermentas. The reactions (25-50 µL) contained 

the following reagents: 1x DNA polI buffer, 0.05 mM dATP/dGTP/dCTP, 0.03 

mM dTTP, 0.02 mM Biotin-16-dUTP (Roche), 10 ng/µL pPN_YFP 0.9 U/µL E. 

coli polI, 8x10-5 U/µL DNAse I. The reactions were incubated at 15 °C for 2 hours 

and then 1µL of 0.5 M EDTA was added to halt the reaction.  

The N2L gene probe that was used to detect Cas9-induced double-strand 

breaks of the N2L locus. The probe was prepared using PCR, VAC genomic DNA, 

and N2L-1F and N2L-2R primers (Table 2.1). A PCR-amplified template was 

purified using a PCR purification column (Qiagen) prior to being used to prepare 

the N2L probe. The same PCR reagents and concentrations were used to make this 

probe as for the other PCR-generated probe. The PCR reactions were used 30 

amplification cycles and an annealing temperature of 54°C. 
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Gel electrophoresis was used to monitor probe production. The probes were 

purified using PCR purification columns (Qiagen) and quantified using a 

spectrophotometer.  

2.4.4 Southern blotting 

The DNA was transferred to a Biodyn B membrane using capillary transfer. 

All the gel incubation steps that follow were done with sufficient volume to 

completely submerge the gel and placed on a rocker. The DNA was initially 

depurated by soaking the gel in 0.25 M HCl for 10 minutes. The gels were then 

rinsed twice with 300-500 mL of distilled water then treated twice with a denaturing 

solution (1.5 M NaCl, 0.5 M NaOH, pH 13) for 15 minutes each. The gels were 

washed again twice with 300-500 mL of distilled water and treated with a 

neutralizing solution (1.5 M HCl, 1 M Tris-HCl, pH 7.5) twice for 15 minutes. The 

gel was transferred to the membrane using 10x SSC (1.5 M NaCl, 150 mM sodium 

citrate, pH 7.0) via upward capillary transfer for 18-22 hours. Following the DNA 

transfer, the membrane was washed in 2x SSC (0.3 M NaCl, 30 nM sodium citrate, 

pH 7.0) and cross-linked with a UVP Ultraviolet Crosslinker, CL-1000 series at the 

“maximum” energy (Max: 9999).  

Southern blot membranes were blotted using the North2SouthTM 

Chemiluminescent Hybridization and Detection Kit (Pierce). Hybridization was 

performed as described by the kit. For most blots, just a PCR probe was used for 

hybridization. In some cases, a mixture of the nick-translation and PCR probes were 

used. The blots were imaged using an ImageQuant LAS-4000 Imager and software 

(GE Lifesciences) on the chemiluminescence setting, precision exposure, Epi-

luminescence imaging plate, and exposure times ranging from 0.5 seconds to 2 

minutes.  

2.5 SgRNA targeting verification & recombinant virus PCR 

2.5.1 Cas9 in silico sgRNA testing 

SgRNA-cleavage of VAC DNA was tested in silico before performing in 

vitro experiments. This used the protocol supplied with the Cas9 protein (New 

England BioLabs) and served to test whether the sgRNA-Cas9 complex could cut 

VAC DNA. To perform this experiment, 1 µmol of Cas9 was complexed with 900 
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nmol of sgRNA (Table 2.1) for 10 minutes at 25 °C in NEBuffer 3.1. VAC DNA 

(500 ng) was then added to the mix and the sample was incubated at 37 °C for 15 

minutes. Half of each sample were then separated on a pulse-field gel (Sec. 2.4.2) 

to verify if VAC DNA cleavage occurred.  

2.5.2 Isolating virus DNA from infected cells 

 The media was removed from virus-infected cells, in 6-well plates and 

replaced with 0.5 mL of virion lysis buffer (1.2% SDS, 50 mM Tris·HCl pH 8, 4 

mM EDTA pH 8, 4 mM CaCl2 and 0.2 mg/mL Proteinase K). The cells were 

digested overnight at 37 °C. The released DNA was sheered by pipetting the 

samples up and down multiple times, and transferred to 1.5 mL microfuge tubes. 

Phenol-saturated buffer (0.5 mL) was added to the lysates, vortexed, and then 

centrifuged at maximum speed for 15 minutes in a Beckman, 22R microfuge. About 

300 µL of the aqueous phase was transferred to a new tube and the DNA was 

precipitated by adding 1 mL of ice-cold 95% ethanol and 50 µL of 3 M sodium 

acetate. The samples were incubated at -80 °C for 1 hour and centrifuged again at 

max speed for 30 minutes. The DNA pellet was washed with 500 µL of 70% 

Ethanol, centrifuged at maximum speed for 15 minutes, and the supernatant was 

discarded. The DNA pellets were left to dry and subsequently resuspended in 10 

mM Tris pH 8.  

2.5.3 PCR amplification of recombination VAC junctions 

The PCR reactions containing 0.1 U/µL Taq DNA polymerase (Thermo-

Fisher), 1x Taq buffer, 6 ng/µL of gradient-purified genomic DNA, 30 µM MgCl2, 

200 nM dNTPs, and 0.2 µM each of the forward and reverse primer were used to 

assay the VAC RN3 and RN5 strains. The primers used in these reactions are listed 

in Table 2.1(RN3 strain:1F-2R, 3F-4R, 1F-4R; RN5 strain: 1’F-3F, 2R-4’R, 1’R-

4’R). All reactions used 30 thermal cycles and an annealing temperature of 48 ˚C. 

The VAC RN4 strain was assayed using the following primer pairs: 

e1F+2R, i1F+2R, 3F+e4R, 3F+i4R, e1F+e4R, i1F+i4R (Table 2.1). PCR reactions 

contained 0.02 U/µL Phusion DNA polymerase (Thermo Fischer), 2 ng/µL of 

gradient-purified genomic DNA, 1x GC Phusion buffer, 200 nM dNTPs, and 500 

nM of both the forward and reverse primer. All reactions used 30 thermal cycles. 
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An annealing temperature of 48 ˚C was used for the reaction containing DNA from 

the RN3 or RN5 strain and 60 ˚C for the RN4 strain. All reactions used 30 thermal 

cycles. An annealing temperature of 60 ˚C. 

The recombinant VAC recovered from Cas9-sgRNA transfected cells were 

assayed for N2L recombinants using N2L-1F and N2L-2R primers (Table 2.1). The 

PCR reactions contained 0.02 U/µL Phusion DNA polymerase (Thermo Fischer), 

2 ng/µL of DNA lysate (Sec. 2.5.2), 1x GC Phusion buffer, 200 nM dNTPs, and 

500 nM of both the forward and reverse primer. Any recombinant viruses were 

further characterized by PCR using the same reaction mix listed above and the 

following primer pairs: N2L.1F-YFP.3F, N2L.1F-YFP.4R, N2L.2R-YFP.3F, 

N2L.2R-YFP.4R (Table 2.1). The PCR products were fractionated on 1% agarose 

gels. A GeneRuler 1Kb plus DNA ladder (Thermo Fischer) was used to determine 

the size of the products.  
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Chapter 3 – Recombination substrates and frequency of 

events  

3.1 Introduction 

To investigate the substrates that may be targeted for VAC recombination, 

I needed to consider the virus life cycle. These viruses are cytoplasmic viruses that 

encode intronless genes. This suggests that any gene-bearing sequence, acquired by 

a poxvirus, would likely have been spliced before being recombined into the viral 

genome. As a cytoplasmic virus, VAC could encounter three kinds of intronless 

nucleic acid targets including mRNA, cDNA·RNA hybrid molecules, or duplex 

DNA. Some of these molecules would have to have been reverse transcribed, this 

would require a reverse transcriptase encoded by a retrotransposon or endogenous 

or exogenous retrovirus.  

 Poxviruses are known to catalyze high-frequency homologous 

recombination between DNA substrates (102). Such reactions require as little as 

12-15 bp of homology (101, 102) and in VAC-infected cells they are catalyzed by 

the E9 DNA polymerase (100, 109). Although this method is efficient it seems 

unlikely that it would have evolved to catalyze recombination between cellular and 

virus DNAs. Moreover, the probability that the ends of two duplex DNA molecules 

share homologous sequences >12bp long is statistically improbable. This suggests 

that capturing a fragment of a host gene would be catalyzed by a homology-

independent event. Such events include retrotransposition or NHR reactions.  

Retrotransposition has the potential of being an important mechanism that 

mediates horizontal gene transfer from the host to a virus. Recent studies have 

shown this by detecting rare horizontal gene transfers into VAC which bore 

hallmarks of LINE-1 mediated retrotransposition (17, 18). Other studies have 

shown that, in nature, poxviruses are large enough to transmit infectious 

retroviruses encoded within their genome (159, 160). This could provide a source 

of the reverse transcriptase activity that is needed to convert spliced mRNA into 

DNA substrates. These observations led us to speculate that replicating poxviruses 

are likely exposed to pools of different cellular nucleic acid fragments (RNA, 
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cDNA·RNA, and/or fragments of dsDNA). This then led us to test whether simple-

transfection assays could be used to see what happens to such transfected molecules 

when they are encountered by the VAC replication machinery.  

In this chapter, I discuss how I generated these three different kinds of 

nucleic acid substrates and used them to test whether such molecules are substrates 

for NHR in VAC-infected cells. I also describe how some of the simplest NHR 

VAC genomes could be sequenced and characterized using a “Map-to-Reference” 

method. 

3.2 Results and discussion 

3.2.1 Recombination substrates verification 

Before preparing any of the substrates for use in recombination studies, the 

identity of the plasmids encoding the marker sequences were verified. The presence 

of the YFP/gpt marker in the pPN_YFP+N2H and pPN_YFP plasmids were 

verified via EcoRI and MssI digests (Fig 3.1). The EcoRI digests were expected to 

completely excise the selectable marker sequence (plus any flanking N2L 

homologies) from the PCR4 plasmids and the MssI digests were expected to 

linearize the plasmids. The pPN_YFP+N2H digests produced the expected 

restriction digest patterns. The pPN_YFP+N2H plasmid was cut into 2.1 kb and 3.9 

kb fragments by EcoRI. It was also cut into a 6.1 kb band by MssI. The pPN_YFP 

plasmid digest also produced the expected pattern of fragments. The plasmid was 

linearized into a 5.5 kb band by MssI and yielded 1.5 kb and 3.9 kb bands with the 

EcoRI digest. Besides these restriction enzyme digests, the orientation of the marker 

sequences were further verified through Sanger sequencing. These results were 

consistent with the pilot studies completed by a former project student (Mr. Peter 

Norris), so I proceeded to make the substrates for our recombination experiments 

A schematic showing how the recombination substrates were prepared can 

be found in Fig 2.1B. The plasmids were first linearized with MssI and the 

completeness verified by gel electrophoresis (Fig 3.2A). Next the two linearized 

DNA templates were transcribed with a T7 Maxiscript Kit and poly-adenylated. 

with a Poly(A) Tailing Kit and aliquots were analyzed using a 1% formaldehyde   
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Figure 3.1 Verification of the plasmids used for these 

experiments. The two indicated plasmid constructs were 

digested with EcoRI (E) or MssI (M), or left untreated (U), 

and then size fractionated on 1% agarose gels and strained 

with Sybr Safe. The gel pattern confirmed the presence of 

the YFP/gptmarker that had been TOPO cloned into the 

pCR4 vector and into the plasmids created by Peter Norris 

(pPN_YFP+N2H and pPN_YFP). The samples were run in 

parallel with a 1 kb plus GeneRuler DNA ladder (L). 
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denaturing gels (Fig 3.2B). Both the T7 transcription (T) and poly-adenylation 

reactions (A) were run next to each other to confirm that the reactions were 

successful. The transcription reactions yielded the expected 2.2 kb and 1.6 kb bands 

with the pPN_YFP+N2H and the pPN_YFP templates, respectively. The poly-

adenylation reactions produced “smearing” of the bands as was also expected.  

Finally, the poly(A)-tailed molecules were reverse transcribed with 

Supercript III or IV and using oligo·dT12-18 primers, producing the desired 

cDNA·RNA substrates. To document the production of these molecules, the  

reverse-transcribed products were treated with RNAse A and RNAse H (Fig 3.2C). 

These are a single-stranded RNA-specific nuclease and a cDNA·RNA specific 

RNA nuclease, respectively. When comparing the untreated control (C) to the 

RNAse treated samples we observed that the reverse-transcribed products were 

highly sensitive to RNAse H but not to RNAse A. This pattern supports the 

hypothesis that the desired product was successfully reverse-transcribed. The 

presence of a faint smear in the RNAse H treated lanes is likely due to the 

(expected) presence of ssDNA and possibly some residual ssRNA. The similarity 

in intensity between the control and the RNAse A treated sample further suggests 

that most of the RNA the reverse-transcription reactions were successfully 

converted into cDNA·RNA hybrid molecules. 

3.2.2 Substrates used for recombination and recombination frequencies 

The three different substrates were tested to see which (if any) of these 

molecules could be captured in VAC recombination reactions. These experiments 

were performed by transfecting VAC-infected cells with a nucleic acid substrate 

made up of linearized dsDNA, cDNA·RNA, or single-stranded RNA encoding a 

YFP/gpt cassette and flanked, or not, by VAC sequences homologous to the non-

essential N2L gene (Fig 2.1A). The infected and transfected cells were screened for 

fluorescence under MPA drug selection, to look for recombinant viruses encoding 

the YFP/gpt selectable gene marker. As most recombination events were quite rare, 

large numbers of the progeny virus had to be screened. Any fluorescent VAC 

plaques were subsequently plaque purified, and the genomes were sequenced. To   
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Figure 3.2 Characterization of the recombination substrates. A) Linearization 

of the pPN_YFP+N2H (YFP+N2H) and pPN_YFP (YFP) plasmids by MssI 

restriction digest. Undigested (U) and linearized (MssI) samples were run on a 1% 

agarose gel and stained with SYBR-gold. B) The T7 transcribed (T) and poly-

adenylated transcripts (A) were fractionated using a 1% formaldehyde denaturing 

gel then stained with SYBR-gold. The pPN_YFP+N2H and pPN_YFP plasmids 

were loaded along with a no-template negative control (Neg) and a positive 

control (+) supplied with the poly-A tailing kit. C) Reverse-transcription of the 

poly-adenylated pPN_YFP RNA transcript on a 1% agarose gel. About 500 ng of 

reverse-transcribed pPN_YFP plasmid transcripts (C) were run in parallel with 

samples that had been treated with 50-100U of RNAse A and 2-4U of RNAse H 

for 30 minutes before loading the gel. M1 and M2 are marker sequences used to 

determine the sizes of fragments. 
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avoid picking sibling plaques (duplicate progeny derived from a single initial 

event), I limited the number of plaques that were picked to just 1-4 recombinants 

from each transfection. The lysates were additionally titered to determine the 

frequency of recombinant viruses that were formed relative to the total virus 

population present in the infected and transfected lysates.  

Recombinant viruses were successfully recovered using several different 

substrates. Recombinant viruses were recovered when transfecting VAC-infected 

cells with duplex DNA or cDNA·RNA substrates, whether or not the molecules 

encoded N2L homology. However, recombinants were never recovered from cells 

transfected with either kind of pure RNA substrate. As expected, the DNA bearing 

homology to the N2L gene provided the best substrates with an average 

recombinant frequency (RF) of about 6.7 × 	10!$ over three independent trials 

(Table 3.1). This equates to the generation of about 670 recombinant viruses for 

every million viruses recovered. In comparison, about 30-fold fewer viruses were 

recovered from cells transfected with cDNA·RNA substrates encoding homology 

to N2L, about 21 recombinants for every million viruses recovered (𝑅𝐹 =

21 × 	10!"). The lack of N2L homology did not prevent recovery of recombinant 

virus from cells transfected with duplex DNA substrates. However, the frequency 

at which these viruses were recovered was at least 400-fold lower than the 

homologous DNA substrate yielding on average 1.6 viruses for every million 

viruses recovered (𝑅𝐹 = 1.6 × 	10!"). The cDNA·RNA substrate lacking any 

VAC homology yielded very few recombinant viruses. As a rough estimate these 

reactions are ~40,000 times less efficient than with duplex DNAs bearing N2L 

homology (RF≤ 0.03 × 10!"). To try and compensate for differences in 

transfection efficiency between different experimental replicates, I also calculated 

the ratio of the RF values relative to that of the RF measured for the homologous 

duplex DNA within that particular experimental replicate (Table 3.1). Despite this, 

the accuracy of our calculated RFs is difficult to state with absolute certainty. The 

screening process required screening of large quantities of cell lysates on multiple 

plates, which increased the possibility of missing recombinant plaques. However, 
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we can say with certainty that VAC can recombine substrates lacking homology 

and these substrates may be encoded by DNA or DNA·RNA.  

 

Table 3.1 Vaccinia virus recombination frequencies (1) 

Nucleic acid 

substrate 

Type of 

Nucleic acid 

Recombinant 

frequency 

(´106) 

Ratio (RF/6.7x10-4) 

Homologous 

(463 and 313 bp) 

DNA 670 1 

cDNA・RNA 21 3´10-2 

RNA Not detected − 

Non-homologous DNA 1.6 2´10-3 

cDNA・RNA ≤0.03† 4´10-5 
†All of the experiments were performed 3 times but 2 of the 3 replicates produced no recombinants. 

Plaque counts are assumed to be Poisson distributed, so RF was estimated based on the assumption 

we might have missed 2 plaques in each of the negative replicates.  

 

3.2.3 Assembling the simpler recombinant virus genomes and supporting 

PCR data 

A number of the recombinant viruses were picked and further subjected to 

three rounds of plaque purification under agar and drug selection. The recombinant 

viruses were plated in 10-fold dilutions and plaques picked from the most diluted 

plating. This was done to avoid picking siblings and to purify the recombinant virus 

free from any wild-type parental virus that might have been present. In all, we 

plaque purified 24 recombinant VAC produced using non-homologous substrates. 

Five of these viruses were recombinants that were produced using non-homologous 

cDNA·RNA substrates and 19 with duplex DNA. We also included one virus that 

was produced using a cDNA·RNA substrate encoding N2L homology. The plaque-

purified viruses were expanded in quantity (“bulked up”) and the genomic DNA 

was isolated for next-generation sequencing and further analysis.  

Initial attempts to assemble the recombinant virus genomes were performed 

using a “Map-to-reference method” using Illumina sequencing reads and CLC 
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Genomics Workbench (Qiagen). This was accomplished by mapping sequencing 

reads to the selectable substrate and to the parental VAC genomic sequence. 

Alignments were visually inspected for clusters of reads that did not align to the 

substrate sequence (Fig 3.3A). Unaligned (faded) segments of reads were cross-

referenced between substrate sequence alignments and the YFP/gpt alignments to 

ensure that they coincide (Fig 3.3B). Subsequently, the genomes were reassembled 

based on the alignments and the reads mapped to a new reference sequence to 

ensure that the alignment was correct (Fig 3.3C). 

This method was labour intensive but worked well for viruses that encoded 

simple genome rearrangements and had high coverage of the recombination site. A 

couple of the viruses that were assembled this are shown mapped in Fig 3.4. In one 

case I observed a deletion of the VAC sequence at the site of recombination (Fig 

3.4B and D). The deletion extended from the ITR sequence to the C1L gene (Fig 

3.4). A second virus encoded a perfect 1.9 kb duplication of the VAC sequences 

flanking the substrate sequence (Fig 3.4C and E). The duplicated sequence 

extended from the I1L gene to the I4L gene. This method was also used to confirm 

the structure of a recombinant virus produced using a cDNA·RNA hybrid substrate 

encoding N2L homology. The sequencing data showed that the sequence encoding 

the N2L homology had recombined with the N2L gene via HR and lost the poly-

deoxythymidine (poly-dT) tail used in the preparation of the cDNA·RNA substrate 

(Fig 3.5). 

The map-to-reference method worked for only a handful of the virus 

genomes that I tried to assemble. Problems arose when large deletions, inverted 

translocations, or duplications appeared to be present. Some problems might also 

have been due to there being genetically-unstable subpopulations of viruses. This 

led us to change the approach from using a map-to-reference method to de novo 

assembly. This made it possible to fully automate the genome assembly process, 

and assemble entire virus genomes. This reduced the likelihood that we would miss 

something when visually inspecting mapped reads and stitching together unaligned 

read segments.  
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Fig 3.3 Illumina map to reference alignment and 

recombination junction analysis. A) CLC Genomics Workbench 

sequence alignment showing the Illumina reads located on the left-

side of the right-hand junction sequence. Miscellaneous bases (N) 

were added to the end of the reference sequence to show the reads 

that aligned to the captured (i.e., transfected) DNA. Mapped read 

segments (solid colours) and unmapped read segments 

(translucent colours) are coloured based on the type of read that 

was mapped to the sequence. These include the paired reads 

(blues), forward reads (green) and reverse reads (red). B) Illumina 

reads encoding the VAC DNA sequence found on the right-side of 

the right-hand junction sequence. C) Final alignment of the reads 

to the deduced recombinant virus junction sequence. The 

recombination junction in all three alignments is denoted by a “^”. 

Only a small subset of the aligned reads are shown. 
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Figure 3.4 Example of simple recombinants analyzed using the map-to-

reference method. (A) Schematic map of the parental VAC WR genome. 

Coloured and lettered segments represent the large VAC HindIII fragments 

for reference purposes. The right and left end of the virus genome encode 

inverted terminal repeats (“ITR”, arrowed). (B and D) The non-homologous 

recombinant RN5 exhibited a 15 kb deletion next to where the transfected 

substrate (“YFP”) had integrated. The deletion spans a segment of the left 

ITR and extended into the C1L gene. (C and E) The non-homologous 

recombinant RN4 encoded a 1.9 kb duplication flanking the inserted marker 

sequences. The duplicated sequence extends from I1L to the I4L.  
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Fig 3.5 Illumina read alignments showing the site of integration of a 

cDNA·RNA hybrid substrate bearing N2L homology A) Virus-derived 

Illumina sequencing reads aligned to the original cDNA·RNA substrate. The 

sequences are coloured based on the type of reads that are mapped to the 

reference sequence. These include paired reads (blues), forward reads (green) 

and reverse reads (red). Note that none of the virus-derived reads aligned to 

the poly-dT tail on the left end of the hybrid substrate. B) Mapping the 

Illumina sequencing reads to the integration site and the recombination 

junctions. The virus encoded a clean insertion of the YFP/gpt marker 

accompanied by a deletion of the N2L gene. 
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3.2.3.1 Supporting PCR data 

To support the map-to-reference assemblies, I used PCR to amplify the 

sequences overlapping the recombinant junctions in both the RN4 and RN5 

recombinant viruses. Three pairs of primers were designed to interrogate the 

location and the orientation of the inserts in each virus. Two reactions served to 

amplify each of the two flanking junctions while a third PCR reaction was used to 

amplify the entire insert using VAC-specific primers. 

 I easily amplified the recombination junctions in the RN5 virus. The three 

different combinations of primers amplified the expected 2.4, 3.8, and 7.4 kb DNA 

fragments using primers (1’+3), (2+4’), and (1’+4’), respectively (Fig 3.6A).  

The RN4 virus proved more difficult to document in this manner. In my 

first attempt I easily amplified the left (2.1 kb) and right (2 kb) junctions using 

primers (e1+2) and (3+e4), respectively (Fig 3.7C). However, the (e1+e4) primer 

pair yielded a 2 kb band instead of the 5.3 kb amplicon that I had expected (Fig 

3.7C). This amplicon corresponded to one that would be expected if we had been 

using the parental VAC DNA (Fig 3.6B). This result was likely due to homologous 

recombination between the duplicated VAC sequence in a subset of viruses in the 

virus stock. These types of long tandem duplication have long been known to be 

unstable (161, 162). I purchased some new primers (i1 and i4) that were designed 

to hybridize within the VAC duplication (Fig 3.7A). These primers were designed 

in a way that would allow for amplification of a PCR product from a genome 

encoding the marker sequence and not from the subpopulation that had lost the 

marker through homologous recombination. Using these primers, I was able to 

amplify both the individual recombination junction (0.39 kb and 1.4 kb) and a 3 kb 

amplicon that encompassed both junctions (Fig 3.7C). 

3.3 Conclusion 

Overall, I was able to produce the homologous and non-homologous DNA, 

RNA and cDNA・RNA substrates that I required for my study of poxvirus non-

homologous recombination (Fig 3.2). I demonstrated that VAC is capable of 

capturing a novel genetic sequence that shares no homology with the virus genome. 

The substrates that could be recombined into VAC’s genome included DNA and  
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Fig 3.6 PCR amplification of recombination junctions in the RN5 virus. A) 

Hypothesized structure of the RN5 virus. RN5 bears a 15kb deletion next to the 

insertion site. The primers used for PCR are shown in purple text. B) PCR 

amplification of the two recombination junctions (1’F+3F and 2R+’4R) and the 

entire insert (1’F+4’R). The virus stock was grown under drug selection and 

purified before extracting the virus DNA.  
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Fig 3.7 PCR verification of a recombinant strain RN4 encoding a 1.9 kb 

VAC duplication flanking the YFP/gpt insert. A) Map showing the 

sequences surrounding the insert in virus RN4. The PCR primers are labelled 

in purple. B) The virus that would be produced through homologous 

recombination between the two 1.9 kb flanking duplications. The PCR primers 

are also shown mapped onto this model. C) PCR amplification of the 

recombination junctions using genomic DNA extracted from a purified stock 

of the RN4 virus grown under drug selection. Primers (e1F+2R) and (3F+e4R) 

amplified the left and right junctions but (e1F+e4R) yielded only a 2 kb 

amplicon derived from virus that reverted to wild-type VAC through 

homologous recombination of the unstable tandem duplication. Two new 

primers that targeted regions within the duplicated VAC sequence were then 

used to amplify the individual junctions (i1F+2R, 3F+i4R) and 3 kb segments 

encompassing both junctions (i1F+i4R) and small segments of the duplicated 

VAC sequence (right panel).  
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cDNA・RNA. Additionally, I calculated the frequency at which I could recover 

recombinant virus in the presence of the homologous and non-homologous 

substrates (Table 3.1). The frequency at which I recovered recombinant VACs, was 

quite low, but may still be sufficient to be biologically relevant. In a natural 

poxvirus infection viremia has been recorded as high as 1010 genomes·ml-1 (163) . 

Lastly, I assembled a few recombinant genomes using a map-to-reference method 

which I supported with PCR data (Fig 3.6 and 3.7). The map-to-reference method 

worked for some genomes but proved unsuccessful for many of the genomes that 

were initially recovered. Because of this, I transitioned to using a de novo assembly 

method which I successfully used to assemble most of the virus genomes that were 

recovered (Chapter 4). 
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Chapter 4 – Mapping the VAC genomes that are products of non-

homologous recombination 

4.1 Introduction 

As described on Chapter 3, I managed to recover and purify 14 different 

recombinant VAC that had been produced by transfecting non-homologous 

substrates into virus-infected cells. Ten additional recombinant viruses recovered 

by Mr. Peter Norris during the pilot studies were also included in this study (24 

viruses total). Initial attempts to assemble maps of the genomes of these viruses 

using “map-to-reference” methods met with limited success (Chapter 3). In this 

Chapter I show how one can use a de novo assembly strategy using Illumina and 

some Nanopore sequencing data to build maps of most of the remaining viruses. In 

some cases, both sequencing technologies were used as Illumina sequencing 

generates very accurate short reads, while Nanopore sequencing produces long but 

less accurate reads. These long reads can provide a scaffold or framework that 

addresses the problems encountered when trying to assemble genome maps 

composed of duplicated and/or inverted elements.  

Once I had determined the structures of most of these new recombinant 

virus genomes, we realized that they exhibited some shared features that could be 

used to categorize the different types of recombination events. As a consequence, 

the data in Chapter 4 are organized in a way that reflects these different classes of 

events. As was also noted previously, NHEJ and MMEJ can be differentiated 

depending upon whether or not short patches of homology (2-20 bp) are found 

between the recombining DNA molecules (82). In this chapter, I also examine the 

VAC and transfected DNA sequences that abut the recombination junctions in a 

search for evidence of these homologies. Collectively, by characterizing and 

categorizing the different classes of recombinant viruses, and documenting the 

junction sequences, these studies provide insights into the molecular reactions that 

drive these gene capture events.  
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4.2 Results and discussion 

4.2.1 Characterization of the recombinant viruses  

We recovered 24 recombinant viruses that had captured a YFP/gpt 

selectable marker through NHR. Five of these recombinants were produced using 

cDNA·RNA hybrid molecules and the remainder with duplex DNA substrates. The 

sequences of 21 of these viruses (including those that were assembled using a map-

to-reference method) were successfully assembled, de novo, using Unicycler (148). 

This is a hybrid assembly pipeline that can be used to assemble small bacterial and 

viral genomes using Illumina sequence data, or a combination of Illumina and 

Nanopore sequencing data. The contigs and the hypothesized paths between them 

were stitched together using Bandage (150), a program that helps to visualize the 

connectivity between de novo assemblies of contigs. This made it much easier to 

assemble recombinant virus genomes without needing to performed multiple 

rounds of reference mapping and visual inspection of long genomic sequences. 

Once assembled, I grouped the viruses according to the kind(s) of rearrangement 

that were observed.  

As will be demonstrated, many of the recombinant viruses I recovered 

encoded complex rearrangements, and many were genetically unstable. One 

consequence is that it proved impossible to build genome maps, or even discern 

with certainty where the YFP/gpt marker had been inserted, in three of the 

recombinant genomes. Of the 21 remaining recombinant viruses, I classified each 

of these viruses as belonging to one of five rearrangement categories (Table 4.1). 

Fig 4.1 shows an example of each of the five different kinds of recombinant viruses. 

For these assemblies, and in my subsequent analyses, we combined all of the data 

acquired using duplex DNA or cDNA·RNA hybrid substrates to generate the  

 

Table 4.1 Classification of NHR events (1) 

Substrate 
Deletion at 
the insert 

site 

Mirror 
inserts in 
the ITRs 

Deletion with 
translocation 
duplication 

Duplication 
flanking the 

insert 

Complementation 
dependent 

DNA 2 1 5 0 8 
cDNA·RNA 1 0 0 2 2 
Total 3/21 (14%) 1/21 (5%) 5/21 (24%) 2/21 (10%) 10/21 (48%) 
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Fig. 4.1. Recombinant VAC genomes. (A) Schematic map of the 195 kb 

wildtype VAC WR genome. The lettering shows the larger HindIII fragments 

for reference purposes. The left and right ends are encoded by the C and B 

fragments and consist of two inverted terminal repeats (ITRs, arrowed). (B) 

Example showing a simple insertion of transfected sequences (“YFP”) along 

with deletion of adjacent VAC sequences (G8, Table 4.2). (C) Mirror image 

insertions and deletions (indels) within the ITRs (5, Table 4.2). (D) Deletion of 

non-essential sequences and their replacement by a large, inverted duplication 

(G5, Table 4.2). Generally unstable. (E) Insertion associated with the duplication 

of flanking sequences, also unstable in the absence of selection (RN3, Table 4.2) 

. (F) Defective genomes, some quite small, propagation depends upon 

complementation by wildtype virus (R6 (“F1”), RN7 (“F2”), Table 4.2). Figure 

from G. Vallee et al. (1). 
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recombinants. The reason for doing this was that we recovered relatively few 

examples of each class of recombinant virus, and I did not observe any obvious 

differences between the kinds of viruses that were produced using duplex DNA 

versus cDNA·RNA hybrids. I have also included a table which describes all of the 

assembled recombinant viruses (Table 4.2). 

Table 4.3 shows the depth of coverage of all the genomic assemblies. The 

depth of coverage was calculated differently for the simple recombinant viruses 

versus the group we classified as “complementation-dependent” viruses. This was 

because the ten preparations of viruses called complementation-dependent viruses 

each consisted of two types of viruses, a helper virus and a defective helper-

dependent virus. In these cases, I calculated the coverage separately for both the 

mutant YFP-encoding virus and the helper VAC virus by calculating the coverage 

using contigs that were unique to each of the two viruses. Overall, I achieved fairly 

high coverage for all of the virus genomes with the lowest depth of coverage being 

95 Illumina reads·bp-1. Only 12 of the recombinant viruses needed to be 

additionally Nanopore sequenced, with the lowest Nanopore coverage being 11 

reads·bp-1. Although the read coverage from the Nanopore sequencing was low in 

some cases, this did not matter much as the Nanopore reads were always used to 

construct genome assemblies in conjunction with Illumina sequences. Overall, the 

average coverage of our recombinant viruses was good and well exceeded the 

typical recommendations for investigating indels (164), genotype calling (165), or 

copy number variations (166, 167). The generally accepted recommendations for 

read coverage for these applications ranges from 8-to-60 reads·bp-1. 

Long Nanopore sequencing reads proved very helpful as these sequences 

helped join together the Illumina-based contigs that otherwise appeared to be 

disconnected. Fig 4.2 shows an example where we revisited and reviewed the 

region around the YFP-insertion site and recombination junctions in a virus that 

was described in the previous Chapter. The RN4 virus encoded a YFP-bearing 

insert flanked by two unstable 1.9 kb duplications. This virus originally presented 

a bit of a challenge to assemble, but structure around the junctions could be easily 

established by mapping the long Nanopore reads across the long duplications (Fig   
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Table 4.3 Depth of coverage of the recombinant viruses 
Coverage 

(reads·bp-1) 

Recombinant Viruses Complementation-dependent viruses 

Complementation-

dependent viruses 

Complementing viruses 

(wt VAC)  

Illumina Nanopore* Illumina Nanopore** Illumina Nanopore** 

Average 1600 192 485 93 2035 316 

Minimum 670 55 95 11 944 75 

Maximum 2645 363 901 382 3249 1380 

*Only 5 of the recombinant viruses were Nanopore sequenced 

**Only 7 of the complementation-dependent viruses were Nanopore sequenced 

 

4.2). These long reads generally proved very useful in helping to establish the 

structures of other unstable genome assemblies. More specifically, the translucent 

segments seen in Fig. 4.2 that mapped to sequences contributed by the Nanopore 

method, corresponded to places where a subset of the sequences reads had come 

from viruses that had lost the YFP/gpt marker through homologous recombination 

between the duplicated VAC sequences. It is not so easy to detect such unstable 

regions using Illumina read alignments (Fig 4.2). 

4.2.2 Assembly of genome maps 

 These NHR reactions generated several different kinds of recombination 

products (Fig 4.1) with many viruses exhibiting large-scale rearrangements and, in 

some cases, specimens composing mixtures of viruses. Because our computer-

generated assemblies pointed to the existence of so many complex genome 

rearrangements, we wanted to test the accuracy of these assemblies using PCR, or 

PFGE plus Southern blotting. In this section I will provide details that illustrate the 

correctness of the recombinant virus genome assemblies shown in Figure 4.1. 

 Of the 21 recombinant viruses that we assembled, three of them acquired 

deletions of VAC sequence at the YFP/gpt insertion site (Table 4.2). These 

deletions ranged from 1.2 kb to 15 kb in size. Two of the viruses encode deletions  

near the terminal ends of the virus genome, but outside the ITR, while the third 

encoded a deletion of non-essential sequences. Clear deletions of viral sequences  
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Fig 4.2 Genome assembly using Nanopore and Illumina sequencing 

technologies. The example shows a large duplication that was created through 

the insertion of non-homologous sequences into the I1L-I4L locus. These 

viruses are unstable, even under selection, and so the long forward (red) and 

reverse (green) Nanopore reads reflect the presence of a mix of mutant (solid 

colour) and revertant (translucent) genomes. The assembly algorithm mapped 

most of the shorter Illumina reads to unique places in the sequence assembly 

(blue) but was forced to arbitrarily allocated the duplicated elements (yellow) 

to map positions on either side of the unique insertion sequence. Figure from 

G. Vallee et al. (1). 
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could be observed when viewing the Illumina read alignments to the parental VAC 

genomic sequence (Fig. 4.3). The example virus that I have illustrated bore a 3 kb 

deletion of sequence that extended from the B8R to B13R genes (Fig 4.1B, Fig 

4.3B and Fig 4.4B). This virus captured a 7.8 kb DNA element that encoded the 

YFP/gpt marker. The integrated substrate was predicted to encode a partial 

duplication of the marker and two HindIII sites (Fig 4.4B). This recombination 

event disrupts the HindIII B fragment and is visible when comparing the restriction 

fragment pattern of the recombinant virus with wild-type VAC. The combination 

of the deletion plus inserted marker sequence, within what would have been the 31 

kb B fragment, generates three smaller HindIII restriction fragments (22.1, 8.4 and 

5.5 kb). The three fragments encoding the inserted marker sequence were detected 

by Southern blotting using a probe that spanned the entire vector (Fig 4.4B). When 

comparing the intensities of the blotted bands the smaller 5.5kb band is 

underrepresented relative to the two larger bands (Fig 4.4A, “o”). This 

underrepresentation is due to the instability of the partial tandem duplication of 

vector sequences, much like what we observed for a virus that encoded a VAC 

sequence duplication that flanked the marker (Fig 4.2). This conclusion was 

additionally supported by Unicycler analysis of the read depths of contigs 

containing YFP/gpt marker sequences (Fig 4.5). If every virus in the virus stock 

encoded a partially duplicated insert (Fig 4.5B), we would expect the unique 

portion of the sequence insert to have about half the read depth of the duplicated 

sequences within the insert. The Illumina read depth of the contig encoding the 

duplicated marker sequence (n=1,809) was 5 times greater than the contig encoding 

the unique marker sequence (n=367). This suggests that our plaque-purified stock 

contained some viruses that encoded the tandem duplication (Fig 4.5CI) and others 

that did not (Fig 4.5CII). The persistence of the recombinant virus encoding the 

unstable duplication of marker sequences is likely due to the location of the 

YFP/gpt gene within the captured sequence. The loss of the duplication creates a 

virus that encodes only a fragment of the YFP/gpt gene (Fig 4.4C, 4.5). When 

viruses are grown and purified under drug selection, only those viruses that have 

retained the selection marker can still grow in the presence of drug. If the drug   
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Fig 4.3 Illumina read alignment of recombinant virus sequence bearing 

VAC sequence deletions at the site of NHR. Recombinant VAC reads were 

mapped to wild-type VAC genomic DNA sequence using CLC genomics. A) 

recombinant virus RN5 bearing a 15kb deletion at the site of recombination B) 

Recombinant virus G8 (Fig 4.1B) bearing a 3 kb deletion at the site of 

recombination. C) Recombinant virus R5 bearing a 1.2 kb deletion at the site of 

recombination. Mapped read segments (solid colours) and unmapped read 

segments (translucent colours) are coloured based on the type of read that is 

mapped to the sequence. Mapped reads include the Paired reads (blues), Forward 

reads (green) and reverse reads (red).  
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Fig 4.4 Southern blot analysis of a recombinant virus genome with a 

deletion at the site of the insertion (Fig 4.1 B). The recombinant virus was 

plaque purified, grown up under drug selection, purified and the DNA extracted 

for sequencing, restriction mapping and Southern blotting A) HindIII PFGE 

restriction map (left) and Southern blot (right) of a recombinant virus genome 

(G8, Table 4.2) bearing a 3 kb deletion at the site of insertion (NHR). The parent 

VAC strain (WR) is included for comparison. A lambda phage ladder (M1) and 

a mix of GeneRuler standards (M2) were used as size markers. Southern blots 

were conducted using a probe spanning the entire plasmid vector/marker. B) 

Map of the recombination site illustrating the location near the right end, a 3kb 

deletion of VAC sequence, and the partial duplication of the marker-encoding 

insert. Only a subset of VAC genes are shown in the panels to orient the reader 

C) The two types of viruses present in these stocks. One of the recombinant 

viruses (CI) encodes an unstable duplication that is lost through homologous 

recombination (CII). This causes the loss of the 5.5 kb fragment (“o”) on the 

SYBR-gold-stained gel (Panel A, left). Figure adapted from G. Vallee et al. (1). 
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Fig. 4.5 Unicycler map showing how the sequencing data detects the 

presence of an unstable tandem duplication. (A) Unicycler analysis identified 

two different assembly paths (arrowed grey lines). Path #1 incorporated a unique 

sequence element (in yellow) while Path #2 did not (in blue). Moreover, reads 

derived from the unique sequences (in yellow) are 5-fold less abundant than 

reads derived from the surrounding sequences. These results can be explained if 

this genome encoded the YFP/gpt selectable marker embedded within 

duplicated sequence elements. Recombination between the duplicated DNAs in 

the virus described by Path #1 (B) deletes the intervening sequences and 

produces the virus described by Path #2 (C). Figure adapted from G. Vallee et 

al. (1). 
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selection is removed, the viruses encoding the duplicated insert would be rapidly 

lost. 

A similar virus with deletions of VAC sequences was generated (Strain 5, 

Table 4.2) but differed in that the 3.5 kb deletion of VAC sequences and 5.5 kb 

inserts were mirrored in the two ITRs (Fig 4.1C). Such mirrored deletions are a 

phenomenon that was first described by G. McFadden and S. Dales (168). In this 

case the mirrored insertion of the marker likely required two steps. First, NHR 

inserted the YFP/gpt marker into one of the ITRs, perhaps the left ITR. Second, 

homologous recombination with the right ITR of another “sibling” virus generates 

the final virus (Fig 4.6). My PFGE restriction maps and Southern blot demonstrated 

the presence of the selectable substrates in both ITRs (Fig 4.7). The inserted 

sequence encodes a HindIII site which, when cut, generates two novel 6 kb 

restriction fragments encompassing the hairpin ends of the B and C HindIII 

fragments. The exact size of this fragment could not be predicted from the 

sequencing data as the marker was embedded in the 70 bp telomeric repeats. The 

presence of this indel also had a noticeable effect on the size of the HindIII B and 

C fragments of the recombinant virus relative to the wild-type. These bands 

exhibited the altered sizes predicted from our genome assembly (26.5 and 17.5 kb, 

respectively). These maps were further supported by Southern blotting the 

restriction digest using a probe that spanned the entire selectable marker. Besides 

the 6 kb fragment the probe also detected the 17.5 kb and 26.5 kb fragments also 

expected to encode portions of the digested marker (Fig 4.7C).  

The third class of viruses were those that had suffered deletions along with 

inversions, translocations, and duplication of VAC sequence (Fig 4.1D and Fig 

4.8). These viruses were the second most common kind recovered and often 

encoded odd junctions within novel genomes that were often quite large. These 

viruses generally encoded deletions of up to 40 kb of the original sequence (Table 

4.2), which were replaced by an inverted and duplicated copy of virus sequences 

located on the other end of the genome and next to the selectable marker. These 

inverted duplications varied from 15-to-109 kb in length and always extended from  
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Fig 4.6 Proposed origins of mirror gene insertions in the ITRs. The lettering 

shows the larger HindIII fragments for reference purposes. The left and right ends 

encoded by the C and B fragments consist of two inverted terminal repeats (ITRs, 

arrowed). (I) The first NHR step where the YFP/gpt marker is inserted into one of 

the ITR sequences. (II) A second homologous recombination step, between sibling 

virus genomes, inserts the selectable marker into the second ITR. (III) The resulting 

recombinant virus encodes a duplicated and inverted (mirrored) insertion of the 

marker sequence in both ITRs. Which of the ITR (left or right) that were targeted 

by the initial NHR event cannot be determined.  
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Fig 4.7 Southern blot analysis of a recombinant virus with mirror insertions 

in the ITRs (Fig 4.1C). Strain 5 (Table 4.2) was grown under drug selection, 

purified and virus DNA extracted for sequencing, restriction mapping and 

Southern blotting A) Maps of the left and right ITRs. The virus encodes a 3.5 kb 

deletion from each ITR next to the sites of insertion of the 5.5 kb YFP/gpt 

markers. Only a subset of VAC genes are shown to orient the reader. B) PFGE 

showing the HindIII restriction fragments (left) and Southern blot (right) of 

DNA extracted from a recombinant virus (5) and the parent VAC WR strain. A 

lambda phage ladder (M1) and a mix of GeneRuler standards (M2) were used as 

size markers. The Southern blots used a probe spanning the entire transfected 

plasmid substrate. Figure adapted from G. Vallee et al. (1). 
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a central part of the genome to an original ITR and telomeric end. The virus I have 

illustrated (G5, Table 4.2) bears a 12.6 kb deletion extending from the left ITR near 

the C9L gene. The selectable marker is inserted to the left of C9L. The deleted 

sequences located to the left of the marker were replaced by a 40kb inverted 

duplication of sequences normally found on the right end of the genome extending 

from A48R to the right ITR (Fig 4.8A). This generated a large 230 kb viral genome 

with some of the viruses encoding an unstable partial tandem duplication of the 

YFP/gpt sequence. Unicycler analysis detected only 1/6th the number of reads 

derived from the predicted single-copy central portion of the insert compared to the 

duplicated portions on either side (n=299 and n=1710, respectively). This is much 

like what is shown in Fig 4.5 for virus isolate (G5, Table 4.2). This suggests that 

despite being plaque purified, this stock still contained a mix of viruses, some 

encoded the tandem duplication and some did not (Fig 4.8B). As with virus the 

virus shown in Fig 4.5, the persistence of the virus encoding the tandem duplication 

is due to the fact that recombination deletes the YFP/gpt gene that is under 

selection. This computational genome model was confirmed by PFGE and 

Southern blotting. The HindIII restriction map of the recombinant virus did not 

differ much from wild-type VAC. The only difference between the two is the 

appearance of a faint ~13 kb fragment (Fig 4.8C, “o”). I detected both the 13 kb 

fragments and a ~21 kb fragment by Southern blotting. The 21 kb fragment derives 

from a virus that has lost the duplication through homologous recombination, which 

also deletes a HindIII site located in the central portion of the partly-duplicated 

insert (Fig. 4.8CII). The ~13 kb fragment derives from the rarer portion of viruses 

that had still retained the partial duplication of the inserted sequences. These viruses 

encode a HindIII site (Fig 4.8CI) which is expected to produce two unresolvable 

12.7 kb and 13.3 kb HindIII restriction fragments. The weaker intensity is 

consistent with the Unicycler analysis where I saw reduced depth of coverage of 

different portions of the inserted sequences. 

The fourth kind of virus that was recovered from these experiments encoded 

selectable markers that were flanked by duplicated VAC sequence. Just two of these  
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Fig 4.8 Southern blot of virus isolate (G5, Table 4.2) showing a deletion and 

inverted translocation/duplication at the site of recombination (Fig 4.1D). A) 

Map showing the left end of the genome. The virus lost 12.6 kb from the left end 

of the genome which was replaced with a 40 kb inverted duplication derived from 

the right end of the genome (Fig 4.1D). Only a subset of VAC genes are shown in 

the lower panels to orient the reader. B) PFGE showing the HindIII restriction 

fragments (left) and Southern blot (right) of DNA extracted from a recombinant 

virus (G5) and the parent VAC strain. A lambda phage ladder (M1) and a mix of 

GeneRuler standards (M2) were used as size markers. The Southern blots used a 

probe encompassing the entire plasmid vector/marker. C) Map showing the two 

recombinant viruses found in these virus stocks. The marker was partially 

duplicated (CI) and subject to homologous recombination (CII). Cutting the 

HindIII site seen in CI yields two ~13 kb pieces of DNA detectible in a Southern 

blot (“*”), its loss through recombination generates a 20 kb fragment (“o”). Figure 

adapted from G. Vallee et al. (1). 
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viruses were recovered. One was previously described in Chapter 3 (Fig 3.4 C, 

(RN4, Table 4.2)) and the second (RN3, Table 4.2), encoding a much larger VAC 

duplication, is shown in Fig 4.1E. The sequencing data suggested that the YFP/gpt 

marker was flanked by two 30.5 kb duplications encompassing a region from the 

H3L gene to the A10L gene (Fig 4.1E and Fig 4.9A). This large 30.5 kb virus was 

exceedingly unstable. The Illumina coverage of the contigs encompassing the 

inserted YFP/gpt element was ~40-fold lower than the average contig encoding 

non-duplicated VAC genomic sequence. We tried to confirm the correctness of the 

assembly by PFGE and Southern blotting. However, the HindIII digest resembled 

that wild-type VAC and our Southern blots generated only exceedingly faint 11 and 

200 kb signals (Fig 4.7B). As an alternative approach I designed some PCR primers 

(shown in Fig 4.9A) and used to PCR amplify the different junction sequences 

expected to be found in this virus stock (Fig 4.9C). The region encompassing the 

entirety of the duplicated VAC sequence (62 kb) was too large to amplify, but these 

primers were able detect all of the other predicted sequence junctions (Fig. 4.9C). 

4.2.3 Complementation-dependent viruses 

These were the most abundant viruses that we recovered in these 

experiments and perhaps the most interesting. Despite three or more rounds of 

plaque purification under agar and drug selection, we were never able to separate 

the YFP/gpt-bearing recombinants from what looked like wild-type parental 

viruses. Upon close inspection of the sequencing data and the viral stocks, we 

determined that these stocks each contained at least two genomes: a wild-type VAC 

and a smaller complementation-dependent virus. These smaller viruses all encoded 

a YFP/gpt marker as well as large deletions of viral sequences from regions of the 

genome encoding essential genes (30). The deletions ranged from 22-to-175 kb and 

5 of the 10 viruses also encoded inverted duplications of the VAC sequences (Table 

4.2). Despite the large deletions, these complementation-dependent viruses all 

encoded complete ITR sequences, including the 200 bp terminal elements that 

support mini-chromosome replication in VAC-infected cells (169). Fig 4.1F 

illustrates one of the larger and the smallest of these viruses. The smallest 

complementation-dependent virus (RN7) that I recovered was 49.7 kb in size and 
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Fig 4.9 Southern blot of virus isolate (RN3, Table 4.2) showing a large 30.5 

kb VAC duplication flanking the inserted marker (Fig 4.1E). A) Predicted 

genomic sequence assembly with 30.5 kb VAC duplication flanking the  g/gpt 

encoding insert. Only a subset of VAC genes are shown to orient the reader. B) 

PFGE Restriction analysis (left) and Southern blotting (right) of the purified viral 

genomic DNA. The Southern blot used a biotinylated probe that spanned the entire 

marker sequence. A lambda phage ladder (M1) and a mix of GeneRuler standards 

(M2) were used as size markers. These viruses are unstable and duplicated 

sequences are rapidly lost from the virus stock through homologous 

recombination. C) PCR detection of the recombination junctions. Three PCR 

reactions were used to detect the two unique junctions found. flanking the single-

copy insert (primers 1+2 and 3+4) and the 3.4 kb product encompassing both 

junctions (Primer 1+4). The primer locations are shown in panel A. Figure adapted 

from G. Vallee et al. (1). 
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encoded two incomplete, duplications of the marker sequence that are inverted 

relative to one another (Fig 4.10C). These are flanked by inverted and duplicated 

VAC sequences extending from the B18R gene to the end of the original right ITR. 

The DNA extracted from this virus stock contained several virus genomes that were 

visible by PFGE (Fig 4.10A, RN7 “U”). This stock contained a full-length VAC 

genome plus two smaller genomes approximately 45 and 50 kb in length. It was not 

entirely clear how one might rearrange one to form the other from the genome 

maps. However, upon further examination of the assemblies, we discovered four 

55 bp repeats orientated in a way that would permit deleting a 5.9 kb segment from 

the 49.7 kb genome. This deletion would remove one of the YFP/gpt encoding loci 

through homologous recombination (Fig 4.10C “55  bp repeat”, green arrows). The 

two 55 bp repeats inserted between the marker and VAC sequence appear to have 

been copied at these locations from its original locus in the ß-lactamase gene, 

although what process would do that is unclear. The second virus stock that I 

investigated appeared to contain a 139.5 kb subgenome (Fig 4.10, R6) with the 

YFP/gpt element inserted between the D5R gene and the A50R gene. This causes 

a deletion of 38.3 kb of essential VAC sequences (Fig 4.10D). When these viruses 

were Southern blotted, the YFP/gpt probe hybridized to only the smaller virus 

genomes that were predicted to encode the YFP/gpt inserts (Fig 4.10B). To our 

knowledge, this is the first description of something resembling “defective” 

particles in stocks of VAC. Nor are any naturally-occurring poxviruses known to 

employ a 50 kb genome. Our finding raises some interesting questions in terms of 

the encapsidation and transmission of these genomes: Are these severely truncated 

genomes being encapsidated alone, or are multiple copies packaged into a single 

capsid, or with the wild-type complementing VAC genome?  

4.2.4 Junction sequences analyses 

 For the viruses that were recovered and successfully assembled in this 

study, gene capture was associated with the acquisition of some or all of the 

transfected nucleic acid marker sequence. To determine if this process was 

dependent in any way on homology, we compared the sequences of the transfected 

plasmid DNA and the parental virus in a region surrounded the recombination  
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Fig 4.10 Characterization of the VAC R6 and RN7 complementation-

dependent strains (Fig 4.1F). (A.) PFGE showing the parental (WR) and two 

recombinant (R6, RN7) viruses. Stained with SYBR-gold. Recombinant 

viruses were left uncut (U) or digested with NotI (N) or AscI (A). (B.) Southern 

blot of the gel in A. A PCR amplified biotinylated probe encoding the YFP/gpt 

locus was used to probe the membrane. (C.) Map of the RN7. The orientation 

and location of the 55 bp repeats are illustrated in the expanded map of the 

virus. (D.) Map of the R6. A lambda phage PFGE ladder (M1) and a mix of 

GeneRuler Standards (M2) were used as size markers. M3 and M4 are High 

Range and 1 kb Plus GeneRuler markers, respectively. These were used to 

produce the M2 ladder. Figure from G. Vallee et al. (1). 
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junctions. Representative sequence alignments are shown in Fig 4.11 with all 

sequence alignments present in Table 1 of the annexe. For these alignments, we 

aligned ~30nt on either side of the original VAC and plasmid sequences that were 

targeted for recombination. Looking at the 42 recombination junctions (from the 21 

recombinant viruses), most of these joints had little to no sequence similarity at the 

joint. Sixteen of 42 joints shared no homology (Fig 4.11A) and another 16/42 

shared only one base at the joint (Fig 4.11E). The 10 remaining joints shared 

between 2-5 bases of homology at the joint (Fig 4.11B and E). For two junctions, 

we also observed the presence of non-templated sequences at the joint. The lack of 

homology directly overlapping the joints and the presence of non-templated 

nucleotides in rare cases are characteristic features of mammalian NHEJ (82, 136). 

When examining all of the sequences surrounding these recombination events, we 

did not observe any disproportionate excess of aligned bases than we’d expect to 

see at random. The ratio of aligned bases to the number of expected base matches 

to a randomly distributed nucleotide sequence was 0.89 ± 0.30. Few gene capture 

events involved the original ends of the transfected substrates (Fig 4.11C), most 

mapped at other sites in the plasmid substrate. For the viruses that were produced 

using transfected cDNA·RNA substrates, we were concerned that there might have 

been some residual contaminating dsDNA in our hybrid substrate. However, in two 

cases, I did observe remnants of a poly-A tail at the junction (Fig 4.11D). I 

additionally did not observe the presence of any sequences that are located 

upstream of the T7 promoter in the recombinant viruses that captured cDNA·RNA 

molecules. Only sequences downstream of the T7 promoter should be present as a 

T7 transcription kit was used to produce the RNA that was used make the 

cDNA·RNA duplexes (Fig 2.1B). In two junctions, we also detected examples of 

the VAC topoisomerase I pentameric recognition and cleavage motif [5’-

(C/T)CCTT-3’] (156) that directly overlapped the recombination junction (Fig 

4.11D and F, underlined). What is most interesting about these motifs is that VACs 

topoisomerase has been shown to catalyze NHR when expressing in E. coli (170) 

and can catalyze single-strand breaks and rejoining in vitro (171). Lastly, we 

searched the alignments for short (5-6nt) and closely spaced (≤10nt) inverted 
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repeats (Fig 4.11, underlined) as these have been associated with VAC gene 

duplication (172). We did not detect any more of these sequences than are generally 

distributed in the VAC genome (~70% of 60 nt sequences are expected to encode 

at least one repeat). Overall, our review of the sequence features associated with 

the recombination junctions suggests that these NHR events do not require pre-

existing homology. This can be best described as a form of NHEJ.  

4.3 Conclusion 

 In these experiments, I successfully assembled the genome of 21 

recombinant viruses using Unicycler (Table 4.2). This includes the strains of virus 

that were also assembled using the map-to-reference method in Chapter 3 (Fig 3.4). 

I characterized the recombinant viruses into 5 categories (Table 4.1) for which I 

highlighted examples of each in Fig 4.1. The genomic assemblies of many of the 

viruses that were recovered suggested the presence of unstable duplication and most 

of the viruses we recovered appeared to be complementation-dependent due to the 

presence of large deletions of essential virus sequence (22-to-175 kb). For this 

reason, I supported the genomic assemblies from Fig 4.1 using PFGE, Southern 

blotting and in one case, PCR (Fig 4.4 and Fig 4.7-4.10). Lastly, I investigated all 

the recombination junction of the assembled recombinant viruses (Fig 4.11 and 

Annexe, Table 1). This investigation yielded that the joining of the substrate and 

VAC sequences were homology independent. These joining reactions could be best 

described as a form of NHEJ that may be supplemented by a topoisomerase-

mediated aberrant strand end-joining reaction.   
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TGTCCTATCGTAGGCGATAGAACCGCTAAAAAGCCTATCGAATTTCTACAAAAGAATCTG
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGCCTATCGAATTTCTACAAAAGAATCTG
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
      *    *    * * **     *****    *   **     * **** **

ATCTTGTACGTATATTGCATGGAATCATAGATGGCCTTTTCAGTTGAACTGGTAGCCTGT
AGTCGTAGAATTCCTGGGAAGGGCGAATTCATGGCCTTTTCAGTTGAACTGGTAGCCTGT
AGTCGTAGAATTCCTGGGAAGGGCGAATTCGTTT
*         *   * * * **    **   *

AATATAATACTTAAAAATGGATGTTGTGTCGTTAGATAAACCGTTTATGTATTTTGAGGA
AGTCGTAGAATTCCTGGGAAGGGCGAATTCGTTAGATAAACCGTTTATGTATTTTGAGGA
AGTCGTAGAATTCCTGGGAAGGGCGAATTCGTTTAAACCTGCAGGACTAGTCCCTTTAGT
* *   * * **          *     *****  *     *     *      *   *

AGATACCGTAGTATATTGAGAGTGTATCCTTGATTATGTTTTATGAATAGATAAAGTAGA
GCATCCGCGGAAGATCTGCCGGTCTCCCTATGATTATGTTTTATGAATAGATAAAGTAGA
GCATCCGCGGAAGATCTGCCGGTCTCCCTATAGTGAGTCGTAGAATTCCTGGGAAGGGCG
  ** *          **   ** *  *  *  * *    *            *** 

TGGAAGCTACGTTTATCGATGTTCACATTCCCAAGTTTAAGGTAACAGGCTCGTATAATC
CTTTTCTGGATTCATCGACTGTGGCCGGCTCCAAGTTTAAGGTAACAGGCTCGTATAATC
CTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGC
           *       ***   *        **    *    *   *  *    * *

A.

B.

C.

D.

F. CTTTTCATCCAGTTGAATGGATTCGTCCTTAACCAACTGATTAATGAGATCTTCTATTTT
ATTTATATTCCAAAAAAAAAAAATAAATAACATCAACTGATTAATGAGATCTTCTATTTT
ATTTATATTCCAAAAAAAAAAAATAAAATTTCAATTTTTGGCGCGCCATAACTTCGTATA
 ***  ** *     **   *                *              *   * * 

E.

Key: Original VAC integration site
         Transfected substrate
         Non-templated sequences

0.00.20.40.60.81.0
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Fig 4.11 Representative sequence alignments at the recombination 

junctions. Parental VAC sequences are shown in blue (top line) and the 

transfected, non-homologous marker sequence is shown in black (bottom 

line). The origins of any ambiguous bases at the joints are in red while non-

templated bases are shown in green. Bases that align between the parental 

VAC and transfected marker sequence were denoted with asterisks. Most 

junctions had little (E) to no homology (A and C) at the junction site. Few of 

the sequence alignments had up to 5 aligned nucleotides at the recombination 

junction (B and D). The junction aligned to various sites of the marker 

sequence with a mapping near the end of the substrate (C). Other junctions 

mapped next to the VAC type I topoisomerase recognition site 5’-YCCTT-

3’ (E and F) In a couple of recombinant viruses that recombined with the 

cDNA·RNA hybrid substrates, recombination occurred at poly-dT-primed, 

poly rA-tail (D). Two recombination junctions from recovered viruses 

encoded non-templated nucleotides. In the VAC sequence, closely spaced 

inverted repeats were also detected near the junctions (arrows) in many of the 

alignment. Figure from G. Vallee et al. (1). 
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Chapter 5 – Conclusions and future directions 

5.1 Investigating VAC’s ability to catalyze non-homologous 

recombination 

 Many genes encoded by poxviruses are orthologs of cellular genes. How 

poxviruses have acquired these novel genes over time is not certain, what is for 

certain is that such genes were captured by some form of non-homologous 

recombination in the broadest sense of the term. In this study, I aimed to determine 

if VAC could mediate the capture of a novel gene through NHR. I wanted to test 

the intronless substrates that these viruses may encounter in the cytoplasm and the 

frequency at which we can recover these recombinant viruses. I also aimed to 

determine what these recombinant viruses look like and examine the recombination 

junctions to determine if these recombination events are dependent on 

microhomologies. 

5.1.1 Substrates targeted for VAC recombination 

Recombinant VAC was recovered from cells transfected with both 

homologous and non-homologous duplex DNA and cDNA·RNA substrates. 

Overall, the transfected DNA substrates were more efficient than were cDNA·RNA 

hybrid molecules and the frequency at which recombinant viruses were recovered 

using non-homologous substrates was strikingly lower (≤400-fold) than the 

recombinant viruses produced using homologous substrates (Table 3.1). The fact 

that cDNA·RNA hybrid molecules are less suitable substrates for these reactions 

may be attributed to a requirement for converting the cDNA·RNA heteroduplex to 

a DNA duplex before the recombination event. However, we can’t fully rule out 

the targeting of the RNA strand for recombination. VAC ligase can ligate RNA-

containing duplexes to DNA with low efficiency (173). Despite the lower 

recombination efficiency of the cDNA·RNA substrates, these would better mimic 

the reverse transcribed products that a poxvirus might encounter in the cytoplasm. 

The frequency of recombinant viruses recovered using non-homologous transfected 

substrates (as few as ~3 recombinants for every 108 PFU), may still be enough to 

be biologically relevant in a natural infection. The viremia in some poxvirus 

infections has been reported to be as high as 1010 genomes·ml-1 (163).  



 89 

In the context of the recombination frequencies I’ve measured, the ratios 

(Table 3.1) between the different substrates are likely more relevant than the 

absolute recombination frequencies themselves. Our experiments used a “stacked 

deck” approach by transfecting cells with an abundant quantity of the marker 

sequence that is transcriptionally regulated by a poxvirus promoter. In a natural 

setting, the presence of a reverse transcribed gene fragment, or the presence of a 

dsDNA gene fragments in the cytosol would be quite rare. Such fragments would 

also need to be recombined downstream of a poxvirus promoter to be expressed by 

a virus that has captured the novel gene fragment. These are only a few of the 

factors that would make these events exceedingly rare in nature. Despite these 

shortcomings, these results give us an idea of the substrates and the relative 

efficiency with which they can be recombined into the viral genome.  

5.1.2 The role of homology and sequence motifs in VAC NHR  

A close examination of all the recombination junctions (Fig 4.11), yielded 

several interesting conclusions. The joining reactions could be best described as 

reflecting a form of NHEJ as the junctions resemble those of eukaryotic NHEJ 

reactions (82, 136) and not MMEJ (82). We also observed the presence of the VAC 

topoisomerase pentameric motifs (156) overlapping a few of the recombination 

junction (Fig 4.11E and F, underlined), which suggests that this viral protein may 

contribute some recombinant products through an aberrant strand end-joining 

reaction (170). No short duplications characteristic of LINE-1 mediated horizontal 

gene transfers were observed at the junctions (17, 18), although our experiments 

were not designed to detect these kinds of events. We also did not observe any 

overrepresentation of short inverted repeats near the junction site which have been 

associated with VAC gene duplications (172) (Fig 4.11, arrows).  

Although topoisomerase is likely contributing to some of the illegitimate 

recombination events, other enzymes are catalyzing most of these events. The viral 

proteins that could be contributing to these processes include the VAC E9 

polymerase or A50R ATP-dependent DNA ligase. Cellular DNA repair enzymes 

may also be involved in such processes. DNA ligase IV is a good candidate as it 

can catalyze mutagenic repairs of DSB in the VAC genome (142). This enzyme is 



 90 

also well-known to catalyze NHEJ reactions (174) and end-processing choices 

(175) in eukaryotic cells. Cellular DNA ligase I is another candidate as it gets 

recruited to the viral factories (175). However, this enzyme does not appear to be 

involved in catalyzing NHEJ, but rather supports microhomology mediated repair 

(175).  

5.1.2.1 A potential mechanisms underlying VAC NHR  

The simplest way to explain the origins of VAC NHEJ-like recombination 

events would be a process reflecting some form of aberrant replication fork repair. 

This involves breaking the replication fork followed by its miss repair. I outline the 

mechanism in Figure 5.1 and show how a tandem VAC duplication might be 

formed flanking the captured marker (Fig 3.4C and Fig 4.1D). In most cases, when 

a replication fork (i) is broken, it is quickly repaired through the gapping of the 

leading strand and the annealing of the lagging strand to the newly exposed 

homology (not shown). Such a mechanism is referred to as homology-driven repair 

and it is genetically silent, that is no mutations are generated. However, if we have 

a non-homologous DNA molecule present (ii, red), it may be accidentally used to 

prime repair of any broken replication fork (iv and v), and subsequently used to 

prime (viii) and rebuild the broken structures (ix). Depending upon which broken 

replication intermediate were targeted in the “anneal/prime step”, such a process 

would account for most of the recombination events we’ve seen and could also 

account for accordion-like tandem gene duplications (20, 172). Although our 

illustration shows priming as the necessary step for the joining of non-homologous 

molecules, random ligations between molecules could accomplish the same 

function (142). Random ligation of two broken molecules would better explain the 

lack of homology at the recombination junctions, as priming would require some 

degree of homology between the two molecules for it to happen. 

5.1.3 Recovered recombinant viruses  

Chordopoxviruses all share a highly-conserved gene order (176, 177) with 

the many variations between these viruses arising more from the simple gain or loss 

of genes that have a host-specific effect. Consequently, many of the highly 

rearranged genomes that I recovered are most likely evolutionary dead-ends. This   
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Fig 5.1 The Aberrant replication fork repair mechanism. The 

mechanism underlying most of the creation of most of the 

recombinant VAC can be best explained by this process. In most 

cases, a broken replication fork (i) can be easily be repaired by the 

gapping of the leading strand and annealing of the lagging strand to 

the exposed homology. However, if an unrelated DNA fragment is 

present (ii), this intermediated may be gapped (iii), then anneal and 

prime the end of the broken molecule for repair (iv-v). This molecule 

would then be used to repair the replication fork (viii) creating an 

insert flanked by tandem duplication (ix). The size of the duplication 

is dependent on the location that the 3’ end of the non-homologous 

substrates anneals in the gapped molecule (vii). Such broken 

molecules (v) may also target other sites of the fork leading to deletion 

or more complex rearrangements. These may also create virus genome 

rearrangement without incorporating the insert (ii) (not shown). 

Figure from G. Vallee et al. (1). 
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would certainly be true for the complementation-dependent recombinant viruses 

that were recovered (Fig 4.1F). Maintaining these sub-genomic viruses require 

constant selective pressure and a “helper” or complementing virus. These small 

poxviruses still pose some interesting questions regarding virus packaging, but are 

more laboratory curiosities than being biologically relevant. 

Poxvirus ITRs appear to be evolutionary hotspots for recombination 

competent viruses. Most of the replication-competent viruses that were recovered 

had indels near or within the ITRs. The virus with mirror insertions in the ITRs (Fig 

4.1C) is an example of a virus with the indel in the ITRs. Fig 4.1B and Fig 3.4B are 

examples of viruses with indels extending outside of the ITRs. Viruses encoding 

deletions near the ITR sequences are replication competent because many of the 

genes encoded in or near the ITRs are non-essential and sometimes poorly 

conserved Chordopoxvirus genes (30). The deletions observed in the viruses with 

deletions and translocation/duplications were found in similar locations as in the 

aforementioned viruses. These viruses differed in that they encoded inverted 

duplications of the virus sequences found the opposite end of the genome. This gain 

compensated for the loss of one of the ITRs (Fig 4.1D). These translocations 

conserved the prototypic poxvirus genome arrangement and ensured the virus 

genome retained covalently closed hairpins at both ends of the genome. The ITRs 

are essential to viral replication (29, 178).  

In two of the recombinant viruses, we observed a large tandem duplication 

of essential VAC sequences flanking the integrated substrate (Fig 3.4C and Fig 

4.1E). Such tandem duplications are beneficial in that they ensure at least one copy 

of an essential gene remains fully functional (Fig 3.4E). Tandem duplication may 

also act as a reservoir for genetic diversity under selective pressure (20, 179) and 

were also frequently observed next to sites of LINE-1 mediated horizontal gene 

transfer (17, 18). The presence of such transient duplications next to a gene insert 

would increase the likelihood of the insert stably integrating itself into the virus 

genome if it confers a fitness advantage.  
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5.2 Future directions 

5.2.1 Investigating the role of double-strand breaks  

Based on the results of our studies, we hypothesized that VAC NHR is 

catalyzed by a NHEJ process which may be a form of aberrant fork repair. If this is 

true then a DSB may act as a precursor intermediate that’s used for recombination. 

As a preliminary test of this hypothesis, I designed a pilot study based on using 

CRISPR/Cas9 technology. To do this, I adapted a protocol from A. Gowripalan et 

al. (147) to see if putting a DSB in the VAC genome would promote NHR at the 

DSB site. As a “readout” we expected to see if a DSB would increase the number 

of VAC that had undergone NHR much like the previous study observed for VAC 

homologous recombination (180).  

I began by testing the N2L sgRNA (guide RNA) that I had designed, to 

confirm that it would target a DSB into the VAC genome and that our methods 

cause cutting of the VAC genome in BSC-40 cells (Fig 5.2). VAC DNA was treated 

with Cas9+N2L sgRNA and PFGE showed that this produced a DSB at the 

expected site in the VAC genome (Fig 5.2A). The treatment generated two 

fragments of about 24 and ~170kb and the cut site is located at a position near nt 

22,500. I also extracted DNA from cells infected with VAC, cut it with HindIII, 

and performed a Southern blot of the fragments encompassing the N2L locus. This 

detected 0.45 and 1.1kb fragments that matched the fragments produced when 

purified VAC DNA was cut with both N2L-sgRNA and HindIII (Fig 5.2B). These 

bands were most prominent at 6 hr post-infection, and while Cas9 technology 

doesn’t appear to cut 100% of the target fragments, it is clear that the method works 

and targets the sequence of interest.  

I next conducted some infection and transfection experiments incorporating 

the N2L sgRNA and either the pPN_YFP+N2H or pPN_YFP plasmids. After 48 hr 

the total PFU, the number of recombinant viruses, and the recombinant frequencies 

were calculated (Table 5.1). When comparing the total PFU and number of 

recombinants recovered, I observed a 3-fold decrease in the number of plaques 

recovered from VAC-infected cells transfected with the homologous plasmid plus 

N2L-sgRNA relative to cells transfected with the homologous plasmid and the 



 95 

 

 
Fig 5.2 Cleavage of VAC N2L by CRISPR/Cas9. A) Purified VAC DNA was 

treated with Cas9 complexed with either a non-targeting guide RNA (neg), a 

positive control RNA targeting the A53R locus (pos) or an RNA targeting the 

N2L locus (N2L). The DNA fragments were separated by PFGE and stained 

with Sybr Safe dye. Markers included a lambda phage ladder (M1), a mix of the 

High Range and 1Kb plus GeneRuler ladders (M2), and uncut VAC DNA (WR). 

B) Southern blot analysis. VAC-infected cells were transfected with Cas9 

complexed to a non-targeting sgRNA (neg) or a sgRNA complementary to the 

N2L locus. DNA was isolated at the indicated time points, cut with HindIII and 

size fractionated on a 1% agarose gel. The Southern blot used a biotinylated 

PCR probe spanning the VAC N2L locus. As a marker, VAC genomic DNA 

was cut with the indicated Cas9·RNA complexes and HindIII.  
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Table 5.1 Effect of DSB’s on HR and NHR in VAC-infected cells 

Transfected 

plasmid 

sgRNA 

treatment 

total PFU 

(× 10!") 

Total 

recombinant 

Recombination 

frequency 

(× 10") 

Ratio 

(RF/145) 

Homologous 

(463 and 313 

bp) 

Neg 

Control 
53 9667 145 1.00 

N2L 16 221533 13850 101 

Non-

homologous 

Neg 

Control 
40 81 1.7 9 × 10!% 

N2L 3.7 7† 1.8 9 × 10!% 

†All of the experiments were performed 3 times but 1 of the 3 replicates produced no recombinants. 

Plaque counts are assumed to be Poisson distributed, so the RF was estimated based on the 

assumption we might have missed 2 plaques in negative replicates.  

 

control (negative) sgRNA. Despite the decrease in overall titer, I saw a 100-fold 

increase in the frequency of recombinant viruses that were recovered from the cells 

transfected with the homologous plasmid and the N2L-sgRNA. This was expected  

based on earlier literature (147, 180). However, when cells were transfected with 

the non-homologous plasmid, we saw a 10-fold decrease in titer when the cells were 

co-transfected with the N2L targeted sgRNA relative to the control sgRNA. Most 

importantly, we saw no difference in proportion of recombinants recovered from 

cells transfected with the negative control sgRNA versus the N2L sgRNA treated 

samples.  

 In addition to calculating the frequency, all of the recombinant viruses that 

were produced using non-homologous plasmid and the N2L sgRNA were 

recovered and plaque purified under MPA drug selection. Six recombinants were 

plaque purified and the PCR was used to amplify regions flanking the N2L locus 

(Fig 5.3). Five of the six recombinants still seemed to have retained the wild-type 

N2L locus, judging by the detection of a 1.25 kb PCR product (Fig 5.3). Presumably 

these had incorporated the transfected marker elsewhere in the genome. However,  
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Fig 5.3 PCR amplification of the N2L locus of recombinant 

VAC strains 1-6. Fluorescent recombinant VAC plaques were 

plaque purified under drug selection. The virus DNA was 

extracted and the N2L locus was PCR amplified using Phusion 

polymerase and primers located in the flanking N1L and M1L 

genes. The markers included a GeneRuler 1 Kb plus ladder (M) 

and an N2L PCR amplicon derived from VAC strain WR.  



 98 

strain 6 produced a PCR product that was ~9 kb in size. To investigate the structure 

of this product further, I used PCR and additional primers that bound within the 

YFP/gpt ORF (Fig 5.4A). These PCR reactions suggested the insert encoded at least 

1 full-length copy and 2 partial copies of the YFP/gpt marker (Fig 5.4B). Further 

digestion of the different PCR products with NotI, BlgII, or XhoI (Fig 5.4B) led to 

the development of the map shown the Fig 5.4C. Although further studies are 

needed to confirm the correctness of the draft map of this particular virus, it is clear 

that a DSB can be a target of non-homologous recombination reactions. However, 

more recombinants will have to be collected and mapped to enable a comparison 

with the viruses described elsewhere in this thesis.  

5.2.2 Further investigation of the complementation-dependent viruses 

 A second area of research that deserves further in investigation relates to 

the properties of the viruses I recovered from cells transfected with non-

homologous substrates, that could only be maintained in the presence of a 

complementing virus. These viruses actually comprised the majority of viruses 

recovered in this study (Table 4.1) The recovery of such viruses introduces 

interesting questions about the packaging of viral genomes. Some were quite small, 

and one might ask if there is a lower limit to the size of a genome that poxviruses 

can package into a viral particle? It is conceivable that multiple small genomes 

could be packaged in a single viral particle, so as to collectively contribute enough 

DNA to fill a capsid. Such studies could perhaps be investigated with flow 

virometry (181, 182). A DNA dye could be used to examine if there is less DNA 

being encapsidated into some of the virus particles relative to wild-type VAC. It 

would also prove interesting to serial passage these viruses under drug selection, to 

see if recombination between the complementing viral genomes will eventually 

produce a virus encoding the YFP/gpt marker that is no longer complementation 

dependent. For such events to occur it would, of course, require genetic mixing and 

recombination between co-infecting poxviruses (162, 183).  
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Fig 5.4 Proposed map of a NH recombinant VAC formed in association with 

a DSB. A) Map of the VAC N2L locus (N2L) and the transfected substrate 

(Marker). The location of the N2L sgRNA binding site and protospacer-adjacent 

motif (PAM) site are shown in blue and the PCR primer binding sites #1-4 in 

purple. B. PCR amplification of the recombinant N2L locus and restriction 

digests of those products. C) Deduced map of the region surrounding the site of 

integration. 
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