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 The viral family Herpesviridae consists of large double stranded DNA viruses 

including eight species that infect humans with varying pathology from benign 

rashes to cancerous cell transformation.  From three subfamilies, alpha-, beta- and 

gammaherpes, the alphaherpes contains the genera iltovirus, mardivirus, 

varicellovirus and simplex, two of which, the human simplex viruses I and 2 (HSV) 

induce life-long infections that have appeared to have coevolved with their hosts 

from the origins of our species.  Unique features of the simplex genus are latency, 

tropism in dorsal root ganglia neurons, extraordinary high GC content ranging from 

65 to 77%, and nucleosome formation of their genomes within the host’s nucleus 

without integration.  Reviewing the basic molecular and genetic characteristics of 

herpes simplex will introduced in Chapter 1, followed by the introduction of a newly 

sequenced, de novo assembled and predicatively annotated herpes simplex virus, 

Leporid Herpes Virus-4 (LHV4).  Isolated from a virulent outbreak in domesticated 

rabbits, LHV4 has the smallest reported simplex virus to date at roughly 125,600 

base pairs and presents similar pathology seen in rabbit models infected with 

HSV.  Comparative genomics revealed a high degree of sequence similarity and 

genome synteny between LHV4 and other simplex viruses.  Four genes were not 

computationally predicted in our annotation and may be absent in the LHV4 



 

 

genome.  The absent proteins correspond to: UL56, ICP34.5, US5 and US12 and 

have postulated roles in membrane trafficking, neurovirulence, apoptotic control 

and MHC I presentation respectively.  The solved genome structure leads to how 

this compacted genome functions with the noted absences to produce a similar 

pathology in rabbits to that of HSV and whether other biological correlates will 

continue to be found in in vitro and in vivo infection.  The inverted repeat regions 

(IR), duplicated and inverted to simplex virus’ two larger blocks of protein-coding 

regions are described in Chapter 3.  The similarities and differences in critical 

genes from the IR that balance latency and replicative viral cycles are compared.  

A two-fold reduction in IR content indicates the ability for a simplex virus to 

maintain infectivity despite this large truncation.  The appendix describes the 

eukaryotic phylogeny of two initiating proteins of the mismatch repair (MMR) 

pathway.  MMR proteins are present in the replicative foci of productive herpes 

virus infection and this analysis may indicate adaptive pressures involved in both 

genomic fidelity and host tropism.  The emerging era of state-of-the-art genome 

sequencing and computational power advances this newly characterized herpes 

virus, along with its model host organism, as excellent candidates for systems 

interaction, and experimental biology. 
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Introduction 

General Biology 

 

 Herpesvirales is an order of double-stranded DNA (dsDNA) viruses that 

includes three families: Herpesviridae, Malacoherpesviridae and Alloherpesiridae. 

The genomes within the order ranges from 124,000 to 296,000 bp and have the 

coding capacity from 80 to 200 genes. The major taxonomic classification has 

historically followed morphology considerations followed by tissue tropism and 

more recently sequence similarity.  The herpes virion has an outer lipid envelope, 

with a intermediate tegument filled with viral and cellular proteins and a 

icosahedral nuclear capsid consisting of 12 pentavalent and 150 hexavalent 

capsomeres enclosing the genome forming a virion 120 - 200 nm in diameter [1, 

2].  A unique feature of herpesvirus infection is lifetime latent infection with periodic 

reactivation.  Viral biological features within Herpesviridae classify mammalian, 

avian and reptilian viruses over three subfamilies: Alphaherpesvirinae, 

Betaherpesvirinae and Gammaherpesvirinae.  A unique biological attribute to 

distinguish a subfamily is the cell tropism of latent (non-productive) infection.  

Typically, alphaherpesviruses become latent in sensory neurons in the peripheral 

nerve system, betaherpesviruses become latent in T cells and other blood-cell 

types, while gammaherpes primarily exhibits latency in B cells.   

Eight herpes viruses are known to infect humans.  Herpes simplex virus 1 

and 2 (HSV1, HSV2), Varicella Zoster Virus (VZV), (chickenpox/shingles) are 

members of Alphaherpesvirnae.   Cytomegalovirus (CMV) is a member of the 

Betaherpesvirinae, while Epstein-Barr Virus (EBV), and Kaposi’s Sarcoma 

associated Herpes Virus (HSHV) are member of Gammaherpesvirinae (Table 

1.1)[3].  Beside the eight human host-specific herpes viruses, over one hundred 

animal viruses are classified as herpesviruses, although many remained 

unassigned (http://www.ncbi.nlm.nih.gov/genomes).   

Herpesviruses are estimated to have diverged from a common ancestor 

~400 million years ago (MYA), with host specific niches and coevolution driving 

alphaherpes phylogeny 200 - 220 MYA [4]. Genera of simplex, and varicella within 

Alphaherpesvirinae, diverged 70 - 80 MYA [5].  HSV1 and HSV2 are estimated to 
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have diverged ~8 MYA [6].  Herpesvirales conserve 44 core genes with the most 

common function having to do with nucleotide metabolism and structure [4].   

  

Within the subfamily of Alphaherpesvirinae there are four genera: Iltovirus, 

Mardivirus, Varicellovirus, and lastly, Simplexvirus.  Two species of Simplexvirus 

are specific to humans, HSV1 and HSV2.  Infection by HSV1 and HSV2 are very 

common worldwide.  Prevalence of HSV2 is estimated to occur in one in six 

individuals in the U.S. while HSV1 infections are estimated to occur at 50 to 80% 

in American adults [7]. Infection of HSV1 typically presents as cold sores on oral-

labia, can spread or directly infect the eye and is the leading cause of ocular 

morbidity in the developing world [8], while HSV2 infection is associated to causing 

genital blisters.  These infections are self-limiting (resolving without therapy), at 

times asymptomatic, and in rare cases with the very young, elderly and 

immunodeficient will cause encephalitis and mortality.  In rare cases of herpes 

simplex infecting a closely related natural host, severe pathology and mortality is 

seen.  The most studied and prototype simplex virus is HSV1 (HSV hereafter) and 

will be the primary focus of review. 

 

Infection of Herpesviruses 

Primary Infection 

 

Primary infection of HSV occurs at mucosal membrane stratified-epithelia 

with direct contact with the virus.  After primary infection the virus at the peripheral 

site will travel in an anterograde fashion from a nerve-ending to sensory neurons 

of dorsal root ganglia where it will establish latent, non-productive infection.  HSV 

transports long distances of axonal cytoplasm utilizing the host microtubule 

network.  Ingress and egress through multiple cell types is highly specialized 

process and is detailed in a 2011 review of alphaherpes and the host cytoskeleton 

[9].  Once HSV enters the neuron nucleus it exists as episome that does not 

integrate into the host genome. 
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Entry  

 

At the cellular level, virions interact with cell surface receptors via viral 

glycoproteins.  All herpesviruses encode several glycoproteins that play important 

roles in virus entry [10].  Five glycoproteins, gB, gC, gD, gH, and gL are known to 

interact and facilitate viral entry [11, 12].  Heparan sulfate proteoglycans (HSPGs), 

3-O HS (3-O-sulfotransferases), nectin-1 (a member of the IgG superfamily), 

nectin-2 or Herpes Virus Envelop Marker (a member of the tumor necrosis factor 

receptor family) [13, 14] are major herpesvirus receptors on the host cell surface  

[15].  The gD protein is unique to HSV [16] and may impart the broad infectivity 

seen in cell culture and animal models while other herpes viruses show a more 

narrow host range [17].  A conformational change of gD is a necessary step in the 

receptor binding of the virus [18].  gB is the most highly conserved entry 

gylcoprotein in the herpes family and has marked structural similarity to the fusion 

glycoprotein of vesicular stomatitis virus [19] and gp64 of baculorvirus [20] despite 

no sequence similarity.  gB binds to the immunoglobulin like type 2 receptor, 

(PILRα), and is required for viral entry [21].    

  

Entry into the host cell is followed by release of viral tegument proteins into 

the cytoplasm.  The virus nucleocapsid moves to the cell’s nuclear membrane and 

is reliant on the host’s dynein microtubulin network.  Interaction of tegument 

proteins, particularly UL48/VP16, occurs with host cell factor 1 (HCF) a stress 

responder, and a transcription factor, POU homeodomain Oct-1.  VP16 binding to 

HCF results in translocation from the cytoplasm to the nucleus and acts as a major 

transactivator of viral genes [22].   

 

The genome is delivered from the capsid into the nucleus through a 

nuclear pore complex, after which the genome circularizes, followed by 

transcription and replication.  Evidence shows that the terminal repeat sequence 

(3’ end of the linearly represented genome) is the first part of the genome to enter 

the eukaryotic host nucleus and is common with dsDNA bacteriophages entry into 

bacterial cells [23].  Within the nucleus, viral VP16/HCF binds with Oct-1 and 
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locates to the TAATCARAT (R is a purine) promoter motif common to the five HSV 

immediate early genes.  This initiates a cascade of viral transcription with host 

RNA polymerase II (RNApol II) and eventual replication, producing a lytic 

infectious cycle.  The viral genome does not integrate into the host genome and 

resides in the nucleus as a viral episome in nuclear domains known as ND10, 

promyelocytic leukemia nuclear bodies (ND10/PML bodies). 

Lytic Cycle 

 

During productive infection, viral genes are expressed in a temporal 

cascade with immediate early (IE) genes being expressed first, followed by early 

(E) and late (L) gene.  A typical replication cycle is between twelve and eighteen 

hours.  These genes are not activated by a constitutive promoter but 

transactivated by tegument proteins (mainly viral protein VP16, which is a strong 

transcription activator) and this differs from that of many other large dsDNA 

viruses.   

  

Initiation of HSV1 replication occurs with the transcription of five IE genes, 

ICP0, ICP4, ICP27 (UL54), ICP47 (US12), ICP22 (US1).  ICP0 is a multifunctional 

gene that has a critical role in degrading host proteins PML and sp100 within the 

ND10 nuclear body.  ICP4 is another multifunctional IE protein that has 

transcriptional activation potential interacting with host RNA polymerase II (RNApol 

II).  ICP27 is a multifunctional polypeptide that inhibits cellular splicing early, and 

later, recruits RNApol II to viral replication centers [24].  ICP22 has multiple 

domains that function to localize the polypeptide to the cell nucleus at foci termed 

VICE that have protein-chaperone function [25].  VICE foci are distinct and not 

related to ND10 nuclear bodies.  Another ICP22 function is to modify RNApol II so 

as to increase viral transcription and protein localization to nuclear foci.  These IE 

phosphoproteins are initiated before any de novo viral proteins are produced and 

permit the orderly cascade of E and L genes in the viral replicative cycle. 
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The viral genome is replicated within a replisome in the host nucleus using 

six viral genes.  UL29 functions as the single strand DNA binding protein, UL5, 

UL48, UL52 form the helicase primase while UL30 and UL42 make up the 

polymerase holoenzyme.  Binding to the origin of replication (oriL and two copies 

of oriS) is facilitated by UL9.  Currently the model of replication is a bidirectional 

theta-type amplification of the circular genome followed by a rolling circle 

replication process [26, 27].  The replication structure is in fact more complex and 

involves non-linear branch forms that form concatemers that are cleaved by 

endonucleases as well as undergoing homologous recombination utilizing HSV’s 

inverted repeats [28].  Replication is integrally linked to host DNA recombination 

and repair mechanisms. 

 

DNA Damage Response during Viral Replication 

 

Cells posses a complex number of pathways in response to DNA damage 

that are critical to maintaining the fidelity of the genome.  Foreign DNA will trigger 

DNA damage response mechanisms in the nucleus of a host cell that is linked to 

histone remodeling and nuclear foci.  During lytic viral replication, discrete 

compartments are formed within the nucleus where DNA repair proteins are 

recruited [29, 30].  The incoming viral dsDNA have ends that resemble double 

strand breaks and trigger a damage/response.  Ligation of the linear viral genome 

by double strand break repair complexes leads to a circularized viral genome [31].  

 

ND10 is understood to be a center for host response to many DNA viruses 

[32, 33].  Components such as Sp100 and hDaxx are recruited to ND10/PML 

bodies during early stages of HSV infection [34, 35].  Additionally, H2AX 

phosphoylation and 53BP1 in the absence of ICP0 colocalize during early 

replication of HSV1.  Other well-known proteins involved in DNA repair found at 

replicating centers within host cell nuclei include MSH2 (mismatch repair pathway), 

BRCA1, Rad50, Nbs1, RPA, BLM, WRN, DNA ligase 1, Rad51 and Ku86 [29, 36-

39]. 
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 PML interacts with proteins involved in DNA damage response, apoptosis, 

cell cycle control, cytokine signaling and post-translational modification signaling.  

Studies showing the degradation of PML by IPC0’s conserved RING zinc-finger 

ubiquitinase domain is necessary for entry into the viral replication cycle [40].  It is 

possible that the PML protein can function as antiviral factor as well as providing 

viral host range in IPC0’s specificity to degrade its matching host’s ND10 proteins 

[41].  This line of thought is supported by studies showing human viruses in the 

subfamilies of alpha-, beta- and gammaherpes all disrupt PML foci in ND10 

nuclear bodies [42-44] 

 

A very recent study also shows the requirement for the mismatch repair 

protein, MLH1, to be necessary for HSV1 replication in permissive cell lines [45].  

MLH1, is typically recruited downstream of MSH2, the canonical initiator and 

detection molecule of DNA mismatch repair.  The need for MSH2 is not critical to 

HSV replication but MSH2 is detected in episomes after viral replication begins.  

While MSH2 and MLH1 are mostly described for repairing single base pair 

mismatches there are also implications for their role in recombination [46].  

Downstream signaling of MLH1 is the PCNA (proliferating cell nuclear antigen) 

replication sliding clamp protein.  Also known is that the crystal structure of the 

UL42/UL30 polymerase holoenzyme resembles that of PCNA [47].  It may be this 

pathway that permits the HSV polymerase to displace a parental strand and 

facilitate recombination.   

 

Histone Remodeling  

 

Nucleosomes are bound to herpes viral DNA only within the nucleus and 

maintained throughout infection [48].  While many viruses are not known to utilize 

nucleosomes, exceptions have been found with herpes viruses, polyomavirus, JC 

virus [49], mouse mammary tumor virus (RNA virus) and recently, the Dengue 

virus [50].  A function of the VP16/HCF/Oct-1 complex is the management of 
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histone occupancy and modification of viral IE promoters by the acidic activation 

domain of VP16 that interacts with cellular ATP-dependent chromatin remodeling 

complexes, BRG1 and hBRM [51-54].  HCF interacts with the histone chaperone 

Asf1b and also is implied to function in chromatin modeling [55].  VP16 interacting 

with CBP and p300 increases activity for histone acetylation transferases (HATs) 

that are known to increase transcription of IE genes [56].   

Furthermore, ICP0 acting independent of viral replication reduces the level 

of histone-3 complexing with viral DNA and increases histone acetylation, allowing 

transcription of viral euchromatin [57].  ICP0 also interacts with 

REST/CoREST/histone deacetylase inhibitors (HDAC1,2), displaces the inhibitor 

HDAC and promotes viral transcription [58].  ICP0 interacts with BMAL1 that is a 

protein-partner of circadian histone acyteltransferase (CLOCK), which integrates 

yet another cell-cycle process into the viral arsenal.  CLOCK colocalizes to ND10 

nuclear bodies and is a component of the transcriptional complex along with TFIID, 

IPC4, ICP27 and ICP22 [59].  Therefore histone modification is a key regulator to 

entry to the viral lytic cycle.  A decrease in histone occupancy by an IE gene ICP0, 

occurs through histone acetylation and allows RNApol II to transcribe E genes. 

Another role for ICP0 is the proteasomal degradation of two ubiquitin 

ligases RNAF8 and RNF168 whose role is maintain the ubiquitin marks on H2A 

and H2Ax histones [60].  IPC0 is responsible for a decrease in ubiquitin marks that 

normally retains DNA repair proteins at the sites of cellular damage.  Ubiquitination 

of H2A and H2AX also are known to cause transcriptional silencing during 

chromosome X inactivation and promoters of Hox genes [61, 62].  The 

disregulation of DNA repair has broader implications on the fidelity of somatic cell 

genomes.   

 

Cell cycle progression integrates signaling from DNA repair, cell death and 

histone modification.  Double strand break repair correlates with removal of 

histone proteins, and once repair is complete histone structures are reestablished 

[63].  Productive HSV viral infection assembles host cell machinery to initiate 

differential transcription of its latent verses lytic genes.  The overlap of cell system 

processes that HSV exploits indicates the breadth of mechanism HSV uses for its 
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parasitic success.   

 

Latency 

 
Following productive infection, the virus in the dorsal ganglia enters a latent 

state, where no complete virion will be produced. The HSV viral genome remains 

quiescent in the neuron, except for the latency associated gene transcript (LAT).  

HSV-1 LAT is a 8.5kb polyadenylated transcript that is spliced, yielding a 2.0kb 

stable intron with a half-life of 25h [64].  This stable intron is further spliced to a 

1.5kb product in a subset of neurons [65].  Only one-third of HSV infected neurons 

express detectable LAT [66, 67].  The LAT promoter is fairly complex, with a 

200bp core region that extends out to cis-elements 650bp upstream, and contains 

a specific neuronal-specific element [68].  Additionally, an enhancer element 

several hundred bp downstream of the start codon is required for long-term 

expression [69, 70].   

 The LAT region is the source of various small RNA species.  One 

microRNA (miRNA) in the promoter region of LAT is responsible for decreased 

levels of ICP4 protein, but not ICP4 mRNA [71].  The LAT promoter region 

spanning to the first 1.5Kb of the LAT ORF encodes one more miRNA and two 

small RNA transcripts that may aide in maintenance of latency [71].  The 

remaining LAT ORF has six miRNA and alternative spliced transcripts that are vital 

to inhibition of productive infection [72].  

Translational Control 

 
All viruses depend on the host cell to translate mRNA into proteins.  The 

key to high rates of viral replication while competing with host transcripts is 

dependent on translational effectors.  The translation initiation factor eIF4F 

contains the 7-methyl GTP cap (m7GTP) found on the 5ʹ′ terminus of mature viral 

mRNA.  This multi-subunit protein recruits a 40S ribosomal subunit to the 5ʹ′ mRNA 

to initiate translation.  Hyperphosphorylation of a cap binding protein, signaled by 

mTOR, is required to activate eIF4F.  In contrast to many other viruses, 
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herpesvirus upregulates this phosphorylation signal [73].  Phosphorylating 4E-BP1 

allows eIF4E to be available to couple with eIF4G.  This occurs early in the lytic 

replicative cycle and this process has been experimentally shown to degrade 4E-

BP1 [74].  The host has a wide variety of mechanisms to inhibit translation during 

times of stress or infection.  One mechanism is kinase signal transduction that 

inactivates eIF2 alpha subunit (eIF2α), a G-protein that serves methionine tRNA to 

the 40S ribosomal subunit [75].  HSV relies on this integral host pathway for its 

own fidelity by promoting viral translation by inhibiting the downstream kinase 

signal. 

  

 A translation regulation role for US11 comes into play as it inhibits 

RNAseL, a cellular ribonuclease that degrades mRNA and rRNA.  RNAseL is 

signaled by interferon sensing dsRNA, which triggers PKR and oligoadenylate 

synthetase (OAS) effector proteins[76].  US11 works to inhibit OAS and preventing 

the activation of RNAseL.  Experimentally, the dsRNA binding domain of US11 is 

required for this effect, which implies a sequestering of dsRNA [76]. 

 

Evolution of Viruses 

 
Viruses are intracelluar parasites that infect hosts spanning all kingdoms of 

life.  Viral evolution is a vivid topic of theoretical work bringing together topics of an 

early RNA world and elements of extant cellular life.  The need of host cells viral 

propagation and a dearth of viral homologs seen in host cells give discovery 

potential to this exciting field of research.  Because viral genes are seen in all 

three domains of life it is assumed that viruses represent an ancient form that 

existed before the last universal common ancestor of ribosome-encoding life.  

While ribosomal genes give some foundation to inferring a vertical, branching tree 

of life, no single informational character reveals a common ancestry to viruses 

[77]. 4132 viral protein groups are entered as of November 2011 at the online 

protein database (pdb.org) and the growing data set of structural evidence to 

establish relatedness is an emerging source of phylogenetic evidence. 
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Phylogeny 

 
Ongoing research from the 1980’s on the related evolution of herpes 

viruses reveals the history and function of protein families as well as the greater 

picture of viral evolution relating to dsDNA viruses.  While the consensus in the 

field describes herpes to be coevolving with their hosts [78, 79], outliers have been 

noted and resolution of herpes found outside mammals and avian species indicate 

the probable role lateral transmission in the evolution of this viral order.  

Coevolution is likely the largest adaptive force with rare events of lateral transfer 

incurring incongruences in phylogeny.  The study of evolution among large dsDNA 

viruses is complicated by duplications and horizontal transfer events.  A 2007 

study of herpes viruses shows the relationship of three sister clades α, β, and γ 

[80].  Depending on the gene(s) used as phylogenic characters, changes in tree 

topology can occur, but in general the outcome is similar between several studies.  

Use of cluster of orthologous genes (COG) agreed with the prevailing phylogeny 

and when reciprocated to open clustering to disparate genome sequences, 

orthologs groups shared among dsDNA viruses began to be defined [81].  Within 

the subfamily Herpesviradae the prevailing deduction is that alphaherpes viruses 

are the most recently evolved viruses overlapping decent with betaherpes, and 

gamaherpes being the most divergent and ancient [82].  The most conserved 

genes are genes coding for capsid, nucleotide metabolism related proteins as well 

as the membrane entry related gylcoproteins, such as gB, which is detailed for 

phylogenic analysis across subfamilies [83].  Structural capsid proteins give 

inference that herpes is descended from the tailed dsDNA viruses such as the T4 

bacteriophage. The vast use of the “jelly-roll” domain used in the viroshpere 

underlies the importance in viral production of icosahedral structures as one 

unifying theme [84].  It is debated on whether phylogenic analysis on structural 

elements provides the most accurate parsimonious inference of evolution.  An 

alternative is to use more variable characters across a broad data set to reveal a 
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robust understanding of common descent and to not use the conserved genetic 

landscape of capsid proteins [85].   

 

With increasing processing power in computer science, larger datasets can 

be used to ask questions of relatedness.  Whole genomes used as character sets 

also agreed with current systematics of the herpes family [86].  Phylogenetic 

inference with modest amounts of lateral transfer results in incongruences where a 

classic bifurcating tree will not be accurate.  Much like the phylogenetic inference 

from bacterial studies, a web of related species may more accurately portray viral 

relationships, especially for resolution at the superfamily level.  Current studies 

attempt to recapituale vertical inheritance with gene capture events.  What is the 

latest and most detailed report of Herpesvirales systematics and phylogeny is a 

2010 article by Davison where the use of gene presence/absence guides tree-

building [1].  Historical and recent findings are outlined below to provide the 

framework of classifying herpesviruses.   

 

 The core DNA processivity genes are well conserved in dsDNA viruses in 

general and abide to the rule of viral replication being self sustained while relying 

on host genes for translation.  The origin of these genes appear to be eukaryotic 

with the hypothesis of the original helicases and DNA polymerases derived from 

bacteriophages were substituted by acquisition of eukaryotic genes [87].  While 

replication proteins are evolutionary conserved, unique viral genes are seen for 

both binding to origins of replication as well as involvement in mechanisms of 

establishing latency.  The entire order of herpesvirales are believed to be ancient 

~300 million years ago (MYA), while the family of herpesviridae accounting for 

mammalian and avian herpes viruses, formed 200 to 230 MYA.  The three alpha 

beta and gamma subfamilies bifurcate at 80 to 130 MYA.  Forty-three proteins are 

assumed to be common to all herpes viruses, while nine can be confidently named 

as fully conserved by amino acid similarity.  All of these conserved proteins are 

enzymes and eight are involved in DNA replication acquired from a host cellular 

genome [88].  No structural or tegument proteins found in herpes are predicted to 

be attained from a cellular genome source and therefore only share common 
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ancient descent with bacteriophage.  The basic sources of herpes virus evolution 

is likely a mix of processes including acquisition of genes from host genomes, 

nucleotide substitution (mutation), rearrangements by duplication, and loss/gain of 

genes by recombination processes. 

 

      A detailed study within 30 genomes in the herpesvirales family reveals 

conserved protein families can be inferred to exist in the herpes last common 

ancestor (HUCA).  A methodology using sequence similarity, motif fragmentation, 

and homology family Markov modeling describes clades that agree with the alpha, 

beta and gammaherpes subfamilies [89].  Additionally, the Herpesvirade family 

reveals unique insights into homology derived from amino acid sequence 

similarity.  In particular, glycoproteins (gL, gD) involved in viral entry show that 

homologous proteins in some cases do not show detectable amino acid similarity.  

This points to another example of herpes viruses being a sentient research model 

to expand the ‘dark matter’ of homologs in the vast phylogenetic space of nature.  

While we wait to pass the bottleneck of crystal structure proteomics, refined 

methods including the use of synteny (gene order) can be a useful phylogenetic 

character set in a parsimonious analysis to find homologs beyond sequence 

similarity.  Viral phylogenetic inference is challenged to rectify confounding factors 

such as horizontal transfer, lineage sorting, and gene loss in an efficient manner 

[90-92].   

 

Genome Architecture 

 
Simplexvirus displays a compact genome, with 79% coding and with 

several overlapping ORFs. Subfamilies of herpesviruses all share the same basic 

genome architecture with the majority of conserved protein coding genes residing 

in the unique long (UL) region.  The UL has ten interposed ORFs and the unique 

short (US) has two [93].  Table 1.1 displays the spread of length and GC content 

across the 8 herpes viruses that infect humans.  The most conserved and largest 

portion is the UL region with 56 genes in HSV-1 and HSV-2, the majority having 
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function related to DNA processivity and structural elements.  The second largest 

block of genes is the US with twelve ORFs and a syntenous block of four 

glycoprotein genes that have function in interacting with host defense as well as 

tropism.  Flanking the UL are two identical but inverted regions, RL.  Within this 

stretch is the multifunctional ICP0 gene (described above) that is critical to 

replication initiation in vivo, as well as another IE gene, ICP34.5, which has an 

important role in neurovirulence.  Flanking the US is its own inverted repeat, RS.  

Within this is the IE gene ICP4 gene that is a transcription activator, essential for 

lytic replication.  The ‘a’ sequence regions lies between the RL and RS as well at 

the 5ʹ′ and 3ʹ′ ends of the linear genome.  These repeat rich areas are critical for 

circularization and packaging of the genome that gives rise to four isomers with the 

UL and US in altered orientations.  Lastly, are the origins of replication (oriL & 

oriS).  The single oriL is positioned mid-UL while oriS lies adjacent to the US in the 

RS region and therefore appears twice.  These replicative initiation centers allow 

regulation of strand duplication as well as being the source for some of HSV’s 

miRNA. 

 

Comparative genomics 

 
Across the alphaherpes subfamily, the two most studied prototype species 

are HSV1 and VZV.  Simplexviruses share a similar genomic architecture of 

distantly related betaherpes, e.g. CMV (Figure 1.1) with inverted repeats flanking 

major coding regions. The varicella genus is similar but has a notably much 

smaller IR region flanking the UL region and a different orientation of its core 

conserved genes, as well as absence of gD and LAT genes.  Experimental studies 

show that replicative infection in vitro can occur when homologous genes are 

complimented between the two viral species [94].  HSV shows permissive infection 

of a broader range both in vitro and in vivo than that of VZV, which has limitations 

of only infecting humans, and limitations to interferon-negative cell lines.  Both 

alphaherpesviruses show epigenetic control of transcription [95, 96].  VZV differs 
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from that of HSV in that six genes are expressed during VZV latency and play 

some role in neural chronic inflammation [97].   

 

 The genome of HSV1 compared to HSV2 have a very high degree of 

similarity with 83% overall sequence identity in reference strains with most 

variation occurring in noncoding regions [6].  Genome comparison of intraspecies 

HSV has historically been done with restriction fragment length analysis and short, 

focused PCR sequence targeting.  In the past several years, broader whole 

genome analysis of HSV1 reference genomes, (strain 17, F and KOS) and clinical 

strains have been facilitated by next generation, high-throughput sequencing.  A 

recent study comparing reference strains 17 and F, to a clinical isolate H129 

reveals conservation in core protein coding genes with notable variation in the IE 

gene, ICP34.5 (a neurovirulent factor), a frameshift in UL13 (protein kinase) and 

differences in non-coding regions [98].  Variation in the latently transcribed but 

non-translated LAT gene is variable, except in a conserved region overlapping the 

antisense IE gene, ICP0.   

A limit to simplex virus analysis at an evolutionary scale is the available 

dataset that is over-represented by primate host-specific viruses.  The introduction 

of a novel de novo assembled Leporid herpes virus-4 (LHV4) in this thesis is a 

contribution to these genera that will aide in the analysis of related genes to 

biological function.  Variation in genome size and GC content are elements 

broadened by this study.  These topics will be brought forward as elements of 

molecular genome evolution and raise questions related to selection of functional 

elements. 

The high GC content seen in simplex viruses leads to questions regarding 

the GC biased selection process.  Association of the HSV’s own UL2/uracil-DNA 

glycosylase with that of UL42/UL30 DNA polymerase holoenzyme, functions to 

maintain a high GC content [99]. One correlation is that viruses with high GC 

content have neuronal tropism.  One hypothesis is this serves as a cloaking 

mechanism in non-dividing cells to form structures that evade detection of 

unstructured dsDNA.  No mechanistic secondary structure is known, but it may be 

possible that the high GC content of the HSV transcripts could form foldbacks and 
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potentially recruit ribosomes [100].  Another hypothesis states that given the high 

amount of retrotransposon activity seen in neuronal tissue, simplexvirus has 

evolved a high GC content to ablate conserved AT-rich sequence motifs used by 

retrotransposons for integration [101]. 

 

Rates of Mutation 

 
Alphaherpesviruses in most part being ascribed to coevolution with their 

host do so at rates 10 to 100x faster than the genomes they infect [102].  The 

mutation rate estimate of 0.003 (0.0018-0.0046) per genome replication is 

consistent with seven DNA microbes with HSV1 strain KOS included [103].  

Interestingly, seven genomes studied span four orders of magnitude in genome 

size, grow at different temperatures and include one single stranded DNA 

bacteriophage, M13.  Also reported is the error rate of HSV polymerase that 

misincorporates nucleotides at a rate of 1 in 300, but does not include the altered 

fidelity of including UL2, a Uracil DNA glycosylase proofreading enzyme [104].  

More studies are needed to confirm this rate estimation as a previous report 

estimated a much higher rate of 0.026/genome replication [105], and is suggested 

to be higher due to a mutator phenotype not seen in the 2005 study. 

 

Understanding and sifting biological function from gene networks begin 

with genomic studies.  Comparison of herpes between species and with their 

obligate hosts reveals patterns of conservation and novelty.  These comparisons 

are becoming more fine-tuned in their ability to predictively annotate function with 

increasing high throughput technologies delivering more robust nucleic acid 

sequences. 

 

Discussion and Future Studies 

 
As virologist increase the breadth of herpes viral species that infect a 

variety of hosts, we begin to address questions that were once unapproachable 
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through the advent of high-throughput genome sequencing and comparative 

genomic analysis.  With large datasets of genomic data guiding the correlation of 

form and function several questions arise that bioinformatics can specifically 

address.  These questions also begin to address the complexity of multiple 

network interactions extending to the host-pathogen interface. For example we can 

probe what elements influence host-species tropism.  Extending molecular data 

and comparing the common yet distinct factors that facilitate infection, we can ask 

what factors allow inter-species viral infection.  Building from half a century of 

discovery in molecular biology by a reductionist methodology and the cause and 

effect of molecular interactions large and broad comparisons of genomic data 

allow a larger picture with multiple levels of interaction to be studied.  Combining 

knowledge we can ask, for example, what discrete motifs of viruses produce 

pathology and in what specific context.  Likewise, bioinformatics comparisons may 

help differentiate what domains viruses use to evade host defense.  Increasing 

datasets of interrelations allows the building of a systems framework that can be 

tested in a high-throughput manner.   

 

Knowing that herpesvirus evolution is intimately tied to host evolution, an 

extended supposition is that viruses pose as drivers of speciation.  Given that the 

rates of mutation are estimated to be up to 2-fold higher and effective population 

sizes are large, we can say that virus selection can outpace the host defense while 

minimizing mortality in the niche they carve out so as to improve their own 

success.  Recently a novel hypothesis describes the possible facilitator of the 

extinction of Neanderthals after admixture with modern humans.  The authors 

argue that extinction was due to emergent herpesvirus brought with humans from 

Africa [106].  This hypothesis meets criteria of long-term coevolution [107], chronic 

persistence, social contact facilitating interspecies transfer and the ability for lethal 

infection, among other criteria of viral-host interactions.  Another recent analysis of 

humans cites pathogens as being the major influence in speciation [108].  It is 

these host-pathogen interactions that point to potent influence on processes that 

lay at the edge of standard evolutionary influences such as mutation and genetic 

drift acting on a population. 
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Taking this idea a step further to is through our analysis of evolution and 

relatedness, i.e. phylogenic study.  A proxy for the hypothesis that speciation by an 

ancient herpes virus drove speciation could lay in a phylogenic signal of a host 

protein that is essential for viral propagation.  One candidate is the MLH protein 

that typically is described as a mismatch repair (MMR) gene, (detailed in the 

Appendix) with its upstream protein partner MSH2.  This pathway has also been 

reported to function with recombination process and very recently was reported 

that MLH is found in the ND10 nuclear bodies where HSV resides and is 

necessary for efficient viral replication [45].  A conjecture posited here is that 

vertebrates and select invertebrates are susceptible to herpes virus infection, while 

arthropods are not known to be infected by herpes viruses.  As the phylogentic 

analysis of MMR proteins shows, MSH2 and MLH1 have a curious paraphyletic 

topology placing most arthropods and nematodes outside clades of other animals.  

Could this phylogentic signal indicate a signal of speciation brought forward by 

specificity in herpes infection protein interactions?  Furthermore, could this be a 

selection signal of viral consequence?  A critical player in genome fidelity, the 

MMR pathway and its overlap with simplex virus infection makes this a very 

intriguing question. 

 

 Increasing the breadth of genomic data will in turn produce more robust 

phylogenic inferences.  Turning our attention outside the genomic database of 

deposited simplex viruses that infect primates, we present a novel virus isolated 

from domesticated rabbits.  Detailing the de novo annotated sequence in Chapter 

2, LHV4 will be compared to the some of the genetic characteristics introduced 

above.  With a model-reference host genome of Oryctolagus cuniculus, LHV4 may 

begin to address the broader issues utilizing the coevolved virus in context with its 

host and present interesting new insights on the shared and different aspects of 

herpes simplexvirus infection. 

 Probing next generation RNA sequencing can allow for a comprehensive 

systems biology study of virus-host coevolution.  Future comparison of RNAseq 

data from primary, latency and reactivated lytic infection will provide a wealth of 
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understanding of what genes are actively regulated and what modulations lead to 

lytic replication.  The virulence of viral strains can be compared to the host as well 

as to closely related virus species with information leading to function and possible 

antiviral treatment. 
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Figures and Legends 

 

Common Genome Architectures of Human Herpes Viruses 

 

 

Figure 1.1. Genome Architecture of Human Herpes Viruses and their Relative 
Size 
Relative nucleotide genome size of several herpes viruses that infect human.  All 
genome architectures represent those that are found in the family Herpesvirales.  
UL denotes unique long coding blocks, US denotes unique short coding blocks 
and DR represents direct repeat units.  All herpes viruses have tandem duplicated 
regions at the terminal ends of the linear represented genomes. 
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Cladogram of Human Herpes viruses 

 

 
 

Figure 1.2: Cladogram of the family Herpesvirales 
A cladogram based on several previous studies showing the basic topology of the 
three subfamilies that make up the family Herpesvirales. 
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Table 1.1 Herpes Virus that Infect Humans 
Various herpes viruses that infect humans span all three subfamilies of 
Herpesvirales.  Tissue tropism, size and GC content of the genome overlap but 
cluster to alpha-, beta-, and gammaherpes sumfamlies. 
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Abstract 

 
We present the Leporid herpesvirus-4 (LHV-4) genome providing 

contextual breadth of homologs found in herpes simplexvirus genera.  Highly 

pathogenic for domesticated rabbits, LHV-4 was analyzed using high-throughput 

DNA sequencing technology and primer walking. The assembled DNA sequences 

were further verified by restriction endonuclease digestion and Southern blot 

analyses.  The total length of the LHV-4 genome was estimated to be 125,600bp 

representing the smallest simplex virus genome thus far characterized.  Genes 

encoded in unique regions and repeats have homology and synteny to members 

of the genus Simplexvirus within the Alphaherpesvirinae and our study 

demonstrated that LHV-4 is most closely related to the primate lineage of this 

genera including human herpesviruses 1 and 2 (HHV-1, and HHV-2), 

Cercopithecine herpesvirus 1, 2 and 16 (CeHV-1, -2 and -16), as well as elements 

of the incomplete mammalian genome of Bovine herpesvirus 2 (BHV-2). Similar to 

other simplexvirus genomes, LHV-4 has a G+C content of 65%-70% in the unique 

regions, and 75% in the inverted repeat regions. Orthologs of ICP34.5 and US5 

were not identified in the LHV-4 genome and LHV-4 exhibits a truncated inverted 

repeat region compared to all other simplex viruses.  Diminished neurovirulence 

and capacity of latency are functions are most likely to be altered by the noted 

changes in LHV-4 compared to HHV-1.  

 

Introduction 

 
Herpesviruses are a widely distributed group of large DNA viruses that 

have enveloped spherical to pleomorphic virions of 120-200 nm and isometric 

capsids of 100-110 nm in diameter. The genomes within the entire order 

Herpesvirales consist of a linear, double-stranded DNA ranging from 124-230 kb 

and have guanine + cytosine contents of 32-75 % [3].  They are pathogenic for 

many different types of animals ranging from humans to reptiles and fish.  

Currently there are three subfamilies within the Herpesviridae: Alphaherpesvirinae, 



 

 

26 

Betaherpesvirinae, and Gammaherpesvirinae.  Within the Alphaherpesvirinae 

there are four genera: Simplexvirus, Varicellovirus, Mardivirus, and IItovirus. With 

the exception of Bovine herpesvirus 2 (BHV-2) and two closely related viruses of 

marsupials (wallabies) [3, 109-111], the other Simplexvirus are pathogenic for 

primates including Human herpesviruses 1 and 2 (HHV-1, and HHV-2), 

Cercopithecine herpesvirus 1, 2 and 16 (CeHV-1, -2 and -16), Ateline (spider 

monkey) herpesvirus 1 (AHV-1) and Saimiriine (squirrel monkey) herpes virus 1. 

The genomes of Simplexviruses contain two unique regions called the unique long 

(UL) and unique short (US), which are both flanked by inverted repeat sequences: 

for UL the flanking inverted repeat is called RL, whereas for US the inverted repeat 

is called RS (Fig. 1). Virions contain multiple isomeric forms of the genome (i.e. 4 

isomeric forms) and have genomic sequence similarity greater than 50% to that of 

HHV-2 [112].  

LHV-4 is a recently identified simplexvirus that was associated with a 

disease outbreak in domestic rabbits near Anchorage, Alaska [113].  Acute 

infection causes similar ocular infections produced by HHV-1 in rabbit models and 

is characterized by conjunctivitis, corneal epithelial keratitis and periocular 

swelling, ulcerative dermatitis, progressive weakness, anorexia, respiratory 

distress, and abortion [114].  LHV-4 is highly virulent in newborn and pre-weaned 

rabbits, and caused 28% mortality in the Alaskan outbreak.  Experimental LHV-4 

infection in ten-week-old rabbits resulted in high morbidity with severe eye disease 

and high fever, but no mortality was observed. Following primary infection, LHV-4 

DNA was only detected in the trigeminal ganglia (TG) after 20 days post infection 

in experimentally infected rabbits and mice [113]. These findings suggest that 

LHV-4 is able to establish latent infections in TG, which is one of the unique 

features of alphaherpesvirus infections. To further characterize the genetic 

relationship of LHV-4 to the simplexviruses, the entire genome of LHV-4 was 

sequenced using 454 and Illumina platforms. Our genome assembly revealed that 

LHV-4 is about 125,638bp and has similar overall genomic architecture, including 

inverted repeat region, of other annotated simplexviruses. Although most genes 

from the unique regions have an average of 40-79% sequence similarity to HHV-1 

or HHV-2, the genes in the inverted repeats have a conserved domain with 75-
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82% sequence similarity to those of HHV-1 and HHV-2.  Orthologs of genes 

involved in the inhibition of apoptosis (US5) and neuronal virulence (ICP34.5) were 

not identified in the LHV-4 genome.  

 

Materials and methods 

Cell culture and virus isolation.  

Rabbit kidney (RK) (RK-13B, American Type Culture Collection, Rockville, 

MD) was cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS) (Invitrogen), penicillin (100 U/ml), and 

streptomycin (100 µg/ml) (Sigma-Aldrich, Inc.,) at 37°C with 5% CO2 in a 

humidified incubator. LHV-4 was isolated from frozen skin samples with 

hemorrhagic lesions from an affected rabbit from the 2006 outbreak in Wasilla, 

Alaska [114]. 

Purification of viral DNA.  

LHV-4 was propagated in RK cells maintained in DMEM supplemented 

with 5% calf serum and antibiotics as above. Confluent cell monolayers were 

infected with plaque-purified virus at a MOI of 0.1. Virus was harvested when more 

than 90% of the cells were infected. The infected flasks were subjected to two 

freeze-thaw cycles. The medium harvested from infected RK cells was cleared by 

centrifugation at 9,000 x g for 30 min. The virions were then centrifuged through a 

100% glycerol cushion in a Beckman Model XL-70 ultracentrifuge at 25,000 rpm 

for 1 h in an SW28 rotor. Viral DNA was extracted from either purified virions or 

from purified intracellular nucleocapsids as previously described [115].  

Illumina and 454 sequencing:  

Sample preparation for Illumina sequencing was carried out using standard 

protocols provided by the manufacturer. The viral genome, total 5µg of purified 

viral DNA, was nebulized to produce fragments less than 800bp before 

sequencing. The DNA for 454 sequencing was prepared according to 454 

standard protocols. 
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Primers and PCR amplification.  

Selection of primers for LHV-4 sequence amplification was based on the 

DNA sequences assembled from the 454 sequence data. Numerous PCR primers 

were used to fill assembly gaps and verify portions of the LHV-4 genome 

assembly. PCR amplification with LHV-4 specific primers was performed as 

follows: a 25 µl reaction solution, containing 1X Pfx amplification buffer 

(Invitrogen), 1X PCR Enhancer solution (Invitrogen), 0.5 µM MgSO4, 0.4 µM 

dNTP’s, 0.4 µM primers (Forward and Reverse), 1.0 U of Platinum Pfx DNA 

polymerase (Invitrogen), and 0.01-0.1 µg of viral DNA, was subjected to 94°C for 2 

min, 30 cycles of 94°C for 30 s, 50°C for 45 s, and 72°C for 45 s, followed by a 5 

min elongation reaction at 72°C after the final cycle. 

PCR DNA Sequencing.  

PCR products were sequenced directly following purification with a 

ChargeSwitch PCR Clean-Up kit (Invitrogen). All sequencing was carried out by 

the Center for Gene Research and Biocomputing at Oregon State University using 

an ABI Prism®3730 Genetic Analyzer with a BigDye® Terminator v. 3.1 Cycle 

Sequencing Kit and employing ABI Prism®3730 Data Collection Software v. 3.0 

and ABI Prism® DNA Sequencing Analysis Software v. 5.2.  

De novo assembly.  

De novo assembly of the UL and US region of the LHV4 genome was 

primarily assembled using 454 Newbler de novo assembler (version 2.5).  Long 

contigs nucleotide were searched against Herpesvirale’s genomes at NCBI and 

compared with significant expected values to other simplex viruses.  The 

repetitive, reiterated contigs within the IR region was compared to other fully 

sequenced simplex viruses and used as a guide to assemble larger contigs with 

lower coverage across gapped bridge points using the BLAST platform at NCBI 

[26]. The MIRA program provided algorithmic parameters to work with repetitive 

sequence data [116]. In addition, 454 data was combined with Sanger sequence 

data from PCR reactions as well as short (36mer) and paired-end (100mer with 

500bp expected insert size) reads from the Illumina deep sequencing platform 

(Genome Analyzer IIx and Hi Seq 2000 respectively) to assemble the inverted 
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repeat sequence. Overlapping contigs were bridged using custom computer 

scripts to incorporate raw sequence reads onto the overlaps and imported into the 

Geneious software platform (Biomatters Ltd).  Contigs were also compared to 

longer assemblies using the Cap3 assembly package with agreement [117].  Raw 

sequence reads (k-kmers) statistics are displayed in supplemental figures 2.1 – 

2.4 and were produced using the PrinSeq web application [118].  Coverage data 

and k-mer orientation of MIRA output, .ace files, produced by the sequence 

assemblers was visualized using the graphical interface software Tablet [119].  

The issue of contamination in sequence reads was approached in several stages.  

Contigs built from low read coverage and low GC content not indicative of our 

genome (reads below 55% was a general cutoff) were discarded.  The issue of 

rabbit and human DNA did appear occasionally when BLAST search was 

performed.  Errant sequences were filtered by running reads through the software 

program CashX [120].  Briefly, CashX allowed rabbit and human genomes to be 

loaded as a hash searchable database where then sequences reads with up to 2 

mismatches matching the dataset would be filtered out.  Sequences were 

compared before and after using dinucleotide odds ratio and principal component 

analysis that allowed metadata to score the probability of non-viral DNA in the raw 

reads (supplemental figures 2.5 & 2.6).  Sequence read storage, alignment 

software (MIRA & Cap3) analysis, parsing and Bayesian phylogenetics was 

facilitated by the Oregon State University’s, Center for Genome Research and 

Biocomputing server clusters (http://bioinfo.cgrb.oregonstate.edu/index.html).   

Comparative Genomics.  

Unique LHV-4 nucleotide sequences were determined using the Glimmer3 

ORF finder and compared by Smith-Waterman local alignment percentage identity 

to annotated alphaherpes simplex viruses.  Sequences were translated and 

aligned using standard parameters in ClustalW.  Aligned, non-overlapping 

sequence ends were culled.  Next, phylogenetic analysis was performed using 

MacVector 11.1.1 Neighbor Joining; Best Tree; tie breaking = Systematic; 

Absolute (# differences); gaps distributed proportionately.  Bootstrap values were 

determined from 1000 replicates. 
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Southern Hybridization 

Genomic DNA was digested with Hind III, Bam HI, and EcoR I, 

respectively, electrophoresed through either 1.0% or  0.7% agarose gel, and 

transferred to a nylon membrane [115]. The genomic DNA was then UV cross 

linked to the membrane and probed with digoxigenin-labeled PCR products shown 

in Fig. 2.1. To make digoxigenin-labeled PCR products, digoxigenin-labeled 

deoxynucleoside triphosphates (Roche Diagnostics, Indianapolis, Ind.) were added 

to the PCR mixtures using primers listed in Table 1 for each probe. The 

digoxigenin-labeled PCR products were then cleaned with a ChargeSwitch PCR 

Clean-Up kit (Invitrogen) before using.  After incubation with the probe, 

membranes were washed with 0.1% sodium dodecyl sulfate and 10% 20x SSC 

(1X SSC, 0.15 M NaCl plus 0.015 M sodium citrate) before incubation with an anti-

digoxigenin antibody conjugated with alkaline phosphatase. The membrane was 

then developed by incubation with a chemiluminescent peroxidase substrate 

(Roche). The blots were exposed to film, and the molecular masses of the resulting 

bands were determined by using a digoxigenin- labeled DNA Molecular Weight 

Marker VII (Roche). The membrane was stripped with 0.1% SDS and 0.2M NaOH 

before probing with a different probe.  

Accession Number:   

The sequences reposted in this study have been deposited in GenBank 

database under accession number XXXX. 

 

Results and Discussion 

Sequencing of the LHV-4 genome.  

 
The 454 sequences were assembled de novo by Roche’s Newbler 

assembly software (454 Life Technology), while the Illumina sequences were 

assembled by alignment of large blocks of sequence along a draft reference 

genome assembled by MIRA and Geneious software (Biomatters Ltd). Both 
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assemblies produced a UL of 96902 bp and US at 11908 bp. The UL and US 

sequences obtained by 454 and Illumina were 99% identical. Only partial inverted 

repeat sequences were assembled by the 454 sequences. Using primer walking 

and sequencing of numerous PCR DNA amplification products, two repeat 

sequences at 3306 bp and 4613 bp were assembled using MIRA and Geneious 

software.  These sequences have partial sequence similarity and predicted 

homology to RL2 (ICP0) and RS1 (ICP4) of Simplexviruses, respectively.  To 

verify the assembled DNA sequence, the LHV-4 genome was examined by 

restriction endonuclease digestion and Southern blot analyses.  To resolve large 

DNA fragments, the digested DNA was run using either 0 .7 or 1.0% agarose gels 

elecrophoresis (Fig. 2.2). The expected DNA fragments from Hind III, Bam HI, and 

EcoR I digestions within UL were produced as predicted (Fig. 2.2). Based on the 

assembled genome sequence and endonuclease restriction digestion results, the 

LHV-4 genome was estimated to be 124,998bp. 

Determination of the LHV-4 inverted repeat size:  

 
To confirm the size of the inverted repeat flanking the unique region, both 

virion (V) and nucleocapsid (N) DNA were digested by Hind III, Bam HI and EcoRI 

to ensure we included all the possible isomeric forms of the viral genome (Fig. 

2.2). There are 11 Hind III, 13 Bam HI and 14 EcoRI restriction sites within the UL 

(Table 1, Fig. 1). No Hind III, or EcoRI site was predicted in the US and UL 

inverted repeats. If our assembly is correct, two DNA fragments of 26kb and 32kb 

would be produced following EcoRI digestion, which are expected to include the 

US plus the end of UL, UL internal RL (RLi) and both internal and terminal RS 

flanking the US. To confirm our prediction, the digested DNA fragments were 

hybridized by DNA probes selected from RL2 (ICP0) and RS1 (ICP4) (Fig. 1).  

When either the ICP0 or ICP4 probes were used, both 26kb and 32 kb fragments 

were hybridized (Fig. 2.3). Since the genome has 4 isomeric forms, both ends of 

UL can be arranged next to the terminal inverted repeat (RLt) or internal inverted 

repeat (RLi). The distance from the first and last EcoRI sites to the end of UL is 

about 936bp and 6957bp, respectively. The difference from the two Eco RI sites to 
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the end of UL is the same as the difference of the 32kb EcoRI fragment and 26kb 

EcoRI fragment.  Therefore, it suggested that the two large EcoRI fragments 

contain the US and the end of UL, RLi, and RSi and RSt (Fig. 2.3). In addition, 

only the ICP4 probe, but not the ICP0 probe, hybridized to a 21kb BamHI 

fragment, which indicated that there is a BamHI site between RL and RS. This 

result also agrees with the assembled DNA sequence. This suggested that the 21 

kb fragment only contains the US and RSi and RSt, but not RLi. Since the US 

region is about 12 kb, it suggested that the RS is about 4.5 kb, which agrees with 

our DNA sequence assembly. 

To further confirm the hybridization results produced from the ICP0 and 

ICP4 probes, viral DNA digested (Fig. 2A) was again hybridized with probes 

containing fragments of ICP0, ICP4, US1, UL1 or UL56 (Fig. 1). Similar results 

were produced by hybridization of probes ICP0 and ICP4. When the US1 probe 

was used, only the two large EcoR I fragments at 26kb and 32kb were hybridized. 

Again, this suggested that they contain the US and the end of UL, internal RL 

(RLi), internal RS (RSi), as well as terminal RS (RSt). When UL1 probe was used, 

only the predicted 26kb EcoRI fragment and a roughly 4 kb fragments were 

hybridized.  Since the end of UL near the first EcoRI site, at 936bp, can also be 

next to the terminal repeat, therefore, the 4kb fragment is the end of the UL 

(936bp) plus the RLt (3224bp), which also is in agreement with the DNA assembly. 

Probe UL56, which is located between the Bam HI sites at 92646 and 94940 

downstream of the last EcoRI site, only hybridized to the expected 2294bp BamHI 

fragment , the 32 kb EcoR I fragment and a 10 kb DNA fragment.  Since the 

distance from last EcoRI site to the end of UL is about 6957-bp, an additional 

6957-bp is added to the terminal inverted repeat, therefore, a ~10kb fragment was 

hybridized to the UL56 probe.  Again, it suggests that the terminal RL is about 3 kb 

in size.  The results based on EcoRI digestion also agree with that of Hind III 

digestion. There was no HindIII cut site within the RL, and 9 and 16kb fragments 

are predicted to be hybridized by ICP0 probe since the first and last HindIII sites 

near the UL end are ~ 6 kb and 13kb, respectively. With the ICP0 probe, bands of 

approximately 9 kb and 16kb were hybridized when either the beginning of UL or 

the end of UL is next to the terminal RL, ~34kb and 45kb fragments were 
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hybridized when either the beginning of UL or the end of UL is next to the internal 

RL (Fig. 2.3). When the genome was digested by BamHI, DNA fragments between 

4kb to 6kb were only hybridized by the ICP0 probe (Figs. 2.3 & 2.4). Since the first 

and last BamHI sites are 1345bp and 1962bp away from the end of UL, 

respectively, an additional 1345 to 1962 bp DNA was added to the 3.2 kb terminal 

repeat in the BamHI digestion, and resulted in DNA fragments between 4 to 6kb. 

This result also agrees with the genome assembly data. It was also noted that the 

ICP0 probe hybridized to the heterogeneous Bam HI fragments between 4 to 6 kb, 

which suggests that there is variation of the arrangement of the ‘a’ sequences at 

the end of terminal repeats. No study available explains how the end of the viral 

genome is protected from being recognized and repaired as “damaged DNA. It is 

possible that during replication some of the newly synthesized genomes were not 

fully protected and were mistakenly recognized as damaged DNA and resulted in 

terminal sequences of heterogeneous length.  

 

Genome Characteristics 

 
The size of the LHV-4 genome was previously estimated by pulse field gel 

electrophoresis to be about 120 - 130 Kb [113], and our DNA sequence analysis 

and genome assembly resulted in a size within this range. The average genome 

size of known simplexviruses is roughly 150kb.  Most simplexviruses have a UL of 

~118 kb, whereas the LHV-4 UL is ~96 kb.  Most of the UL genes of LHV-4 are 6-

20% shorter than their orthologs in other simplexviruses, except genes of 

tegument proteins (UL7, UL14, UL16, and UL51), major capsid proteins (UL38, 

UL18, and UL19), genes involved in DNA packaging (UL15, UL25, UL29, UL32 

and UL33), and structural protein (UL27, UL49A), and UL54 (ICP27), which are of 

similar size (Table 2.3 and Fig. 2.5). Similar to other simplexviruses, the gene 

encoding the large tegument protein (UL36) is the largest gene of LHV-4, but it is 

significantly smaller (15.7%) than that of CeHV2 and HHV-2 (Table 2.3).  In 

general, the LHV4 has a smaller space between genes comparing to HHV-2, 

except a few genes (Table 2.4b), which may also contribute to the smaller genome 
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size.  LHV-4 genes from UL have 40-79% homology to those of HSV-2 (Table 2.3) 

and 50-85% homology with those of BHV-2 (Table 2.3). The US is slighter shorter 

than that of CeHV-2 and HHV-2. The LHV-4 US has 11 open reading frames 

(ORFs) designated US1 through US12 (Table 2.4, Fig. 2.5) (US5 is not present – 

see below). LHV-4 genes from the US have only 32-63% homology to those of 

HHV-2 (Table 2.4). Genes of US are mostly glycoproteins that are located on the 

surface of the virion envelope.  These proteins play major roles in virus entry and 

immune evasion.  It is likely that these LHV-4 glycoproteins are less conserved 

than other genes in the UL region due to selective pressure by the host immune 

system.  An ortholog of the US5 was not predicted in the LHV-4 genome.  US5 

encodes glycoprotein J (gJ) [121] that can inhibit caspase activation and apoptosis 

induced by granzyme B and Fas, and is important for HHV-1 replication [122].  

LHV-4 ICP0 (RL2) is encoded in the UL inverted repeat (TRL and IRL) and is 

predicted to be 736 aa in size.  ICP0 has a ring domain, which shares 82% 

homology with ICP0 ring domain of primate simplexvirus (Table 2.3).  ICP34.5 is 

required for neuronal virulence for HHV-1 [123, 124] and deletion of ICP34.5 can 

reduce HSV-1 spontaneous reactivation [124].  Surprisingly, an ortholog was not 

identified in the RL, which may have contributed to the shorter RL.  Interestingly, 

LHV-4 does not replicate well in Vero cells, and apoptosis is induced by 48 h post-

infection.  It is possible that the lack of orthologs of US5 and ICP34.5 account for 

the low levels of replication in Vero cells that we have observed (data not shown). 

LHV-4 ICP4 (RS1) is encoded in the US inverted repeat (RS), and predicted to be 

835aa in size. The LHV-4 ICP4 also has a conserved domain homologous to the N 

terminus of ICP4 from HHV-1 and HHV-2, which shares 75% identity with 150 aa 

of HHV-2 ICP4 and 82% identity with 130aa of HHV-1 ICP4 (Table 4).  The entire 

genome encodes genes with homology and synteny to that of other herpes 

simplex viruses (Fig. 5).  The LHV-4 has an “a” sequence predicted to be 350bp, 

and its repeat profile is unique compared to that of other simplexviruses. The 

overall nucleotide composition of the LHV-4 genome is about 67% G+C.   UL56 

gene family has orthologs in Alphaherpesvirinae, Varicellovirus, Iltovirus and 

Mardivuirus [1, 125].  UL56 is not seen in BHV1 and BHV5.  We have no evidence 

to predictively annotate a UL56 ortholog in LHV4. 
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Genome Conservation 

 
The most conserved genes in the LHV-4 genome are the helicase-primase 

subunit (UL5); the DNA packaging terminase subunit 2 (UL15 exon 2); the capsid 

protein (UL18) and major capsid protein (UL19); and the small subunit of 

ribonucleotide reductase (UL40).  The aa sequence identity comparison of these 

genes is above 70% to those of primate simplexviruses (Table 2.5). The UL15 

exon2 of LHV-4 has about 79% and 75.5% identity to that of HHV-2 and CeHV2, 

respectively.  The amino sequence of UL40, ribonucleotide reductase, has about 

75% identity to CeHV-2 and HHV-2, and 83% homology to BHV-2. Using distance 

matrix analysis based on the conserved gene, UL40, LHV-4 is more closely related 

to BHV-2, while human and monkey related herpes viruses show a closer relation 

based on amino acid sequence alignment (Table 2.6).  

 

Comparison of the LHV4 glycoprotein gB with other simplexviruses  

 

Orthologs of gB (UL27) have been identified in all subfamilies of the 

Herpesviridae and it is essential for virus replication. Studies involving HHV-1 gB 

maintains that it plays essential roles in virus attachment, penetration, membrane 

fusion and cell-to-cell spreading [126, 127].  In addition, gB serves as the major 

antigenic determinant in host tropism [128, 129]. Analyses of the amino acid 

sequences of gB orthologs of herpesviruses show that the carboxy-terminal 

hydrophobic region is conserved and a number of residues are invariant within 

LHV-4 gB, which agrees with a previous study [127]. LHV4 encodes a predicted 

ortholog of gB of 878 aa, which has 60% pairwise protein sequence identity or 

more among various simplexvirues.   Whereas it is thought that many viruses 

including members of the Herpesviridae undergo host dependent evolution, the 

relationships of the simplexviruses supports a more complex history (Fig 2.6).  The 

simplexviruses clearly form a distinct lineage with a bootstrap value of 100 

distinguishing it from a representative example of a varicellavirus (Feline HV-1) 
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used to root the tree.  Within the simplexviruses, the Cercopithicine (old world 

monkeys) and human viruses also form a well-supported lineage.  However other 

primate viruses, e.g. the new world Ateline and Saimiriine monkey lineage are 

distinct from the other viruses.  In contrast, Bovine HV-2, Leporid HV-4 and two 

viruses of marsupials (MHV-1, 2) are grouped with the old world human-

cercopithicine lineage with a high degree of confidence.  The placement of the 

marsupial (wallaby) viruses within the human and cercopithicine lineage is 

somewhat ambiguous with a bootstrap value of 74.  Despite that, the phylogenetic 

analyses clearly reflect a complex phylogeny that would require cross-infection 

between disparate species (marsupials, rabbits, cattle, and primates) to result in 

the pattern observed. 

Although LHV-4 has not been found to be associated with any major 

disease outbreak in wild leporids or other animals [113], an additional infection to 

the previously reported outbreak in domestic rabbits in Alaska in 2006 of LHV-4 

infection occurred in a pet rabbit from Ontario, Canada [130].  It is possible that 

LHV-4 normally does not produce disease in leporid populations. However, 

external stressors may reactivate the virus and contribute to clinical diseases.   

The infection caused by LHV-4 infection is similar to HHV-1 ocular infection in 

humans, and may be useful as a natural host model for herpesvirus latency 

reactivation studies and has the potential to be used as an efficient model in 

systems biology studies of herpes simplex infection. 
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Figures and Legends: 
 

 

LHV-4 Restriction Cut Sites and Southern Probe Design 

  
 

Figure 2.1.  LHV-4 Schematic and Southern probe design 
Schematic of the LHV-4 genome, with locations of viral DNA probes used and 
EcoRI restriction digestion sites.  A: Expanded UL with the approximate location of 
EcoR I sites.   (B) LHV-4 genomic structure. RL indicates the viral long repeats as 
terminal RL (RLt) and internal RL (RLi), respectively. RS indicates the viral short 
repeats as terminal RS (RSt) and internal RS (RSi). UL and US indicate the long 
and short unique regions, respectively. (C) Locations of DNA probes (UL1, UL56, 
ICP0, ICP4 and US1) used for Southern blot hybridization. All probes are drawn in 
an approximate scale with respect to their genomic locations shown in panel B.  
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Restriction Digest of LHV4 

  

 

Figure 2.2.  Restriction digest of LHV-4 
Endonuclease restriction analysis of LHV-4 with BamHI, EcoRI and HindIII at two 
different agarose concentrations. A. LHV4 DNA digests run in 1% of agarose at 40 
V for 16h. B. Digested DNA run in 0.7% agarose gel run at 40 V for 24 h. Lanes V: 
virion DNA, N: nuclear capsid DNA, MW1: 1 kb plus DNA ladder (Invitrogen), 
MW2: DNA Molecular Weight Marker VII, DIG-labeled DNA Molecular Weight 
Marker VII ( Roche Applied Science), MW3: Lambda Mix Marker, 19 (Fermentas). 
The marker sizes are indicated in bp.  
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Southern Blot of LHV-4, probing for ICP0 and ICP4 

 

 
 

Figure 2.3.  Southern Blot of repeat region genes, ICP0 and ICP4 
Southern blot analysis of LHV-4 genomic structure. LHV-4 viral DNA was digested 
with Hind III, BamHI and EcoRI. After processing the blot was hybridized with Dig-
labeled ICP0 DNA probe. The membrane was stripped and reprobed using Dig-
labeled ICP4 DNA probe. Digested LHV4 DNA run in 0.7% agarose gel run at 40 V 
for 24 h. Lanes V: virion, N: nuclear capsid DNA, MW2: DIG-labeled DNA 
Molecular Weight Marker VII (Roche Applied Science). 
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Determining Genome Size of LHV-4 by Southern Blot Hybridization 

 

 

 Figure 2.4.  Southern Blot of LHV4 to determine genome size 
Southern blot analysis of LHV-4 genomic structure. LHV-4 viral DNA was digested 
with BamHI and EcoRI. After processing the blots were hybridized with Dig-labeled 
ICP0 DNA probe. The membrane was stripped and reprobed using Dig-labeled 
ICP4, US1, UL1, and UL56 DNA probes. Digested LHV4 DNA was run in 1.0% 
agarose gel at 40 V for 16 h. Lanes V: virion, N: nuclear capsid DNA, MW2: DIG-
labeled DNA Molecular Weight Marker VII (Roche Applied Science). The marker 
sizes are indicated in bp.  
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Genome Map of LHV-4 

 

Figure 2.5.  Genome Map of LHV-4 with Gene Ontology Groups  
Map of the LHV-4 genome and ORFs of the viral coding sequences. UL: unique 
long region. US: unique short region. The LHV-4 genome is depicted as four 
contigs but in reality would have the appropriate IR regions duplicated at the ends 
of the genome.  
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Phylogenetic Tree of glycoprotein B in simplex viruses 

 

 
 

 

Figure 2.6.  Phylogenetic Tree of glycoprotein B in simplex viruses  
A phylogenetic tree of selected simplexvirus gB analyzed by neighbor-joining 
method. LHV-4 was compared to selected simplexviruses including Feline HV-1 
(FeHV-1) AAB24381; AtelineHV-1(AAA43839.1); Saimiriine HV-1, 
AAA43841,CeHV-1, NP_851887 (CAA40256.1); CerHV-16, BAE79590HSV1 
(NP_044629), HSV-2 (ADG45180.1), BoHV-2 (AAA46053.1),), Macropodid HV-
1(MHV-1), AF061754,; MaHV2 , (AAD11960.1).  The scale bar represents the 
genetic distance (nucleotide substitution per site).  This analysis was performed 
using MacVector 11.1.1 Neighbor Joining; Best Tree; tie breaking = Systematic; 
Absolute (# differences); gaps distributed proportionately.  Bootstrap values were 
determined from 1000 reps.  
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Table 2.1  Olgionucleotide primer set used for Dig-probes 
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Table 2.2.  Restriction digestion sites within UL of LHV4 
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Table 2.3.  Comparing of LHV-4 genes predicted from UL region to orthologs 
of CeHV-2 ,HHV-2 and BHV-2  

Gene Functions Coordinates aa 

CpHV-2 

%a/ aab 

HHV-2   

%a/ aab 

BHV-2   

%a/ aab 

UL1 

envelope 

glycoprotein H 487 -> 957 177 53.6/232 54 /204 * 

UL2 

 uracil-DNA 

glycosylase 959 -> 1,822 287 57.4/316 64/255 * 

UL3 

nuclear 

phosphoprotein 

1,942 -> 

2,586 214 55.6/227 62/233 70/213 

UL4 nuclear protein 

3,258 -> 

2,638 197 48.2/204 46/201 62/210 

UL5 

helicase-primase 

helicase subunit 

5,828 -> 

3,276 850 78.3/875 74/881 * 

UL6 

capsid portal 

protein 

5,752 -> 

7,707 651 57.9/678 61/678 * 

UL7 tegument protein 

7,658 -> 

8,566 302 46.4/296 48/296 * 

UL8 

helicase-primase 

subunit 

10,857 -> 

8,656 733 37.6/758 39/752 52/733 

UL9 

DNA replication-

origin replication 

helicase 

13,589 -> 

10,902 834 64.5/879 69/867 * 

UL10 

envelope 

glycoprotein M 

13,410 -> 

14,675 421 45.2/450 51/467 * 

UL11 

myristylated 

tegument protein 

15,146 -> 

14,889 85 45.9/87 42/96 * 

UL12 

alkaline 

exonuclease 

16,828 -> 

15,095 576 53/615 49/620 * 

UL13 

tegument 

serine/threonine 

protein kinase 

18,375 -> 

16,825 516 51.7/514 54/518 * 
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UL14 tegument protein 

18,782 -> 

18,084 232 52.6/214 60/219 * 

UL15 

DNA packaging 

subunit 1 

18,787 -> 

20,070 427 65.5/343 66/343 * 

UL15

exon2 

DNA packaging 

terminase subunit 

2 

22,903 -> 

24,197 425 75.4/392 79/391 * 

UL16 tegument protein 

20,872 -> 

19,829 434 47.7/362 ?/372 * 

UL17 

DNA packaging 

tegument protein 

22,914 -> 

20,890 672 55/703 56/702 * 

UL18 capsid protein 

25,311 -> 

24,286 340 72.4/317 70/318 80/316 

UL19 

major capsid 

protein 

29,481 -> 

25,327 1377 70.9/1377 74/1374 84/1385 

UL20 envelope protien 

30,282 -> 

29,614 222 50.7/225 48/222 64.4/223 

UL21 tegument protein 

30,538 -> 

32,106 512 41.8/526 44/532 56/522 

UL22 

envelope 

glycoprotein H 

34,692 -> 

32,158 841 40.5/863 42/838 57/867 

UL23 thimidine kinase 

35,780 -> 

34,851 309 42.4/378 47/376 56/323 

UL24 nuclear protein 

35,867 -> 

36,628 253 51.8/260 50/281 64/265 

UL25 

DNA packaging 

tegument protein 

36,725 -> 

38,467 580 59.3/577 65/585 72/579 

UL26 

capsid maturation 

protease 

38,539 -> 

40,209 555 61.1/594 52/636 50/562 

UL26.

5 

capsid 

morphogenesis;c

39,199 -> 

40,209 336 43.7/292 38.6/329 49/292 
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apsid scaffold 

protein 

UL27 

envelope 

glycoprotein B 

42,961 -> 

40,325 878 68/885 66.7/901 79/917 

UL28 

DNA packaging 

terminase subunit 

2 

45,268 -> 

43,190 685 60.6/784 64/785 71/664 

UL29 

ICP8 single-

stranded binding 

protein contains 

zinc-finger 

domain 

49,198 -> 

45,338 1283 65.7/1196 74/1196 80/1186 

UL30 DNA polymerase 

49,319 -> 

52,633 1102 68/1226 65/1240 73/1211 

UL31 

nuclear egress 

laminar protein 

53,740 -> 

52,835 300 66.9/304 70/305 * 

UL32 

DNA packaging 

protien 

55,526 -> 

53,733 596 57.6/590 62/598 * 

UL33 

DNA packaging 

protien 

55,357 -> 

55,779 140 54.7/135 59/130 * 

UL34 

nuclear egress 

protein 

55,793 -> 

56,569 258 64.9/266 69/276 * 

UL35 

small capsid 

protein 

56,639 -> 

56,956 105 54/114 56/112 * 

UL36 

large tegument 

protein  

65,476 -> 

57,401 2688 51/3070 50/3122 * 

UL37 tegument protein 

68,877 -> 

65,662 1071 54.5/1271 59/1114 * 

UL38 

 triplex capsid 

protein VP19C 

69,002 -> 

70,528 508 48.8/459 59/466 * 

UL39 ribonucleotide 70,760 -> 878 63.8/975 61/1142 75/784 
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reductase subunit 

1 

73,396 

UL40 

ribonucleotide 

reductase subunit 

2 

73,398 -> 

74,348 316 74.4/325 75/337 83/313 

UL41 

tegument host 

shut off protein 

75,914 -> 

74,460 484 51.9/484 54/492 66/487 

UL42 

DNA polymerase 

processivity factor 

76,227 -> 

77,591 452 44.9/438 59/470 52/449 

UL43 envelope protien 

77,652 -> 

78,857 402 26.1/381 30/414 51/391 

UL44 

envelope 

glycoprotein C 

78,950 -> 

80,191 413 43.3/464 40/480 56/425 

UL45 

Envelope protein 

UL45 

80,281 -> 

80,757 158 42.3/174 43/172 55/166 

UL46 

tegument protein 

VP11/12 

82,773 -> 

80,875 632 45.3/680 49/721 * 

UL47 

tegument protein 

VP13/14 

84,418 -> 

82,808 645 46.9/674 51/696 * 

UL48 

 transactivating 

tegument protein 

VP16 

86,544 -> 

85,009 512 52.6/488 53/490 * 

UL49 

Tegument protein 

VP22 

87333-

>86610 241 38.2/275 42.1/300 * 

UL49

A Glycoprotein N 

87027-

>86610 102 50/78 33.3/87 * 

UL50 

deoxyuridine 

triphosphotase 

87,772 -> 

88,854 360 39.2/367 40/369 * 

UL51 tegument protein 

89,645 -> 

88,926 238 66/228 58/244 * 

UL52 helicase primase 89,670 -> 1005 57/1053 56/1066 * 
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subunit 92,687 

UL53 

envelope 

glycoproteinK 

91,460 -> 

92,689 335 53/335 56/338 * 

UL54 ICP 27 

93,750 -> 

95,351 533 30/510 47/512 * 

UL55 nuclear protein 

95,445 -> 

95,990 181 40.9/191 
47/186 

65/193 

UL56 

membrane 

protein 

96,552 -> 

96,103 150 27.8/226 38.5/235 * 

RL2 ICP0   736  82c/630  82c/809 * 

 
a: percentage of pairwise ID  ; b: the size of amino acid; c: percentage of pairwise 
ID of the ring  domain. 
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Table 2.4a. Comparing of LHV-4 genes predicted from US region to orthologs 
of CeHV-2  and HHV-2 .  
 

Gene Function Coordiantes aa 

CeHV2 

%/aa 

HSV-2 

%/aa 

US1 ICP22  33 - 1032 338 40/431 43/413 

US2 virion protein 1064 - 1741 231 48/276 43/291 

US3 

protein kinase; 

phosphorylates 1852 - 3410 524 57/454 61/481 

US4 envelope glycoprotein G 3473 - 5494 671 36/606 33/699 

US5  glycoprotein J not predicted       

US6 glycoprotein D 6730 - 7777 346 60/395 63/393 

US7 virion glycoporotein I 7856 - 8932 359 32.7/399 35/372 

US8 

envelope glycoprotein E 

## type 1 membrane 

protein; contains a signal 

peptide; complexed with 

envelope glycoprotein E 9,104 -10,672 505 35/540 38/545 

US8.5 membrane protein 

10,626-

10,916 
96 

48.9/102 54.5/146 

US9 

type 2 membrane protein; 

tegument-associated; 

localizes envelope proteins 

10703 - 

10934 80 

32.4/91 

39/89 

US10 virion protein 11064- 12113 287 41/276 34/302 

US11 translational regulation 1155 - 11952 349 42.3/115 38/151 

US12 

inhibits antigen 

presentation # TAP 

transporter inhibitor ICP47 

not predicted 133 59.2/78 42.1/86 

RS1 transcription activator,ICP4 12141- 16166 835 75c/1167 82c/1318 

 
a: percentage of pairwise ID  ; b: the size of amino acid; c: percentage of pairwise 
ID of the conserved domain. 
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 Table 2.4b. Intergenic gene space of HHV2 and LHV4 
 

Unique	  Long	   HHV2	   Unique	  Long	   LHV4	  

intergenic	  genes	   bp	   integenic	  genes	   bp	  

UL7	  to	  UL8	   229	   UL7	  to	  UL8	   90	  

UL10	  to	  UL11	   175	   UL10	  to	  UL11	   214	  

UL14	  to	  UL15	   81	   UL14	  to	  UL15	   5	  

UL15	  to	  UL18	   220	   UL15	  to	  UL18	   88	  

UL18	  to	  UL19	   204	   UL18	  to	  UL19	   16	  

UL20	  to	  UL21	   649	   UL20	  to	  UL21	   276	  

UL21	  to	  UL22	   202	   UL21	  to	  UL22	   52	  

UL22	  to	  UL23	   274	   UL22	  to	  UL23	   159	  

UL26	  to	  UL27	   368	   UL26	  to	  UL27	   116	  

UL28	  to	  UL29	   327	   UL28	  to	  UL29	   70	  

UL29	  to	  UL30	  	   818	   UL29	  to	  UL30	  	   33	  

UL	  36	  to	  UL37	   272	   UL	  36	  to	  UL37	   186	  

UL37	  to	  UL38	   483	   UL37	  to	  UL38	   25	  

UL38	  to	  UL39	   441	   UL38	  to	  UL39	   232	  

UL40	  to	  UL41	   170	   UL40	  to	  UL41	   112	  

UL41	  to	  UL42	   494	   UL41	  to	  UL42	   313	  

UL42	  to	  UL43	   178	   UL42	  to	  UL43	   61	  

UL43	  to	  UL44	   285	   UL43	  to	  UL44	   93	  

UL45	  to	  UL46	   362	   UL45	  to	  UL46	   118	  

UL47	  to	  UL48	   429	   UL47	  to	  UL48	   591	  

UL	  48	  to	  UL49	   447	   UL	  48	  to	  UL49	   86	  

UL50	  to	  UL51	   138	   UL50	  to	  UL51	   72	  

UL51	  to	  UL52	   68	   UL51	  to	  UL52	   25	  

UL53	  to	  UL54	   275	   UL53	  to	  UL54	   N/A	  

UL54	  to	  UL55	   204	   UL54	  to	  UL55	   1064	  
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Unique	  Short	   HHV2	   Unique	  Short	   LHV4	  

US1	  to	  US2	   120	   US1	  to	  US2	   32	  

US2	  to	  US3	   286	   US2	  to	  US3	   111	  

US4	  to	  US5	   232	   US4	  to	  US5	   unknown	  

US7	  to	  US8	   251	   US7	  to	  US8	   213	  

US9	  to	  US10	   405	   US9	  to	  US10	   134	  
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Table 2.5: Conserved genes of LHV-4 comparing to CeHV-2, HHV2, and BHV2 
 

Gene Function aa 

CeHV-2 

%a/aab 

HHV-2 

%a/aab 

BHV-2 

%a/aab 

UL5 

helicase-primase 

helicase subunit 850 78.3/875 74/881   

UL15exon2 

DNA packaging 

terminase subunit 2 425 75.4/392 79/391   

UL18 capsid protein 340 72.4/317 70/318 80/316 

UL19 major capsid protein 1377 70.9/1377 74/1374 84/1385 

UL40 

ribonucleotide 

reductase subunit 2 316 74.4/325 75/337 83/313 

 
a: percentage of pair ID ; b: the size of amino acid 
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Table 2.6:  Distance matrix analysis of UL40 for LHV-4 and other 
representative simplexviruses  
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Supplemental Figures of Sequencing Data 
 

 

 

 

Figure 2.7.  454 Sequence Statistics 
454 raw read statistics from the sequencing LHV-4 virion on the Roche 454 
platform.  Read length distribution displays a mean length of 358 base pairs. 
 

 

 

  

454 Sequencing of LHV-4 Virus, Basic Statistics
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Figure 2.8.  454 Quality Scores by Position 
Quality Scores from 454 raw sequences reads.  Initial draft contigs assembled 
using arbitrary cutoff, while final assembly incorporated quality scoring by the 
assembly programs. 
  

454 Sequencing of LHV-4 Virus, Quality Scores
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Figure 2.9.  Average Quality Score per Sequence 
454 sequence reads quality scores distribution.  Reads with low scores were 
filtered out of initial drafts at arbitrary scores through several contig draft iterations. 
  

454 Sequencing of LHV-4 Virus, Avergage Quality Scores per Sequence Read
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Figure 2.10.  454 Quality Scores per Base Position 
SF4: Quality score distribuition in relation to base position along 454 reads.  
Typically reads over 400bp were omitted from the first assembly drafts. 
 

  

454 Sequencing of LHV-4 Virus, Base Position Quality Scores
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Figure 2.11.  GC% Statistics and Distribution of all 454 Sequence Reads 
GC content distribution of 454 sequence reads.  A single-source uncontaminated 
genome sequence output would expect a normal distribution.  Notice the possible 
trimodal overlay of genome populations in relation to the GC% spread.  This 
prompted investigation into filtering techniques as well as the need to make a 
GC% cut off to omit spurious contaminants reads. 

  

454 Sequencing of LHV-4 Virus, Distribution of GC% & Statistics
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Figure 2.12.  Number and statistics of Illumina long-paired-end reads, with 
histogram and statistics of GC content.   
This graph shows an expected distribution curve, but not around the expected 
elevated GC content of our organism (65.72). 

 

  

Illumina k-mer Statistics of LHV-4 Virus & Distribution of GC%
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Figure 2.13.  Dinucleotide odds ratio from 454 and Illumina raw reads.   
This graph gives the indication of human contamination in the case of our viral 
genome.  Graph A represents 454 read and B, Illumina pair-end data.  GC and TA 
dinucleotides underrepresented (in red) in relation to all others give cause to filter 
and treat sequence reads with caution. 

 

 

 

 

  

Dinucleotide Odss Ratios of Raw Reads from 454 and Illumina Data

A

B
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Figure 2.14.  Principal component analysis and odds ratio of final reads   
After CG content and CashX filtering (see methods) was performed, dinucleotide 
and principal component analysis reveals sequence signature indicative of a viral 
genome. 
 

  

Odds Ratios and Principal Component Analysis of FinalLHV4 Contig Reads 
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Rabbit Herpes simplex virus, LHV4, displays Truncated Inverted Repeat 
Regions corresponding to Latency and Lytic Activation. 

 

Bobby Babra and Ling Jin 
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Abstract 

 
Herpes simplex virus exhibits a balance between latent and lytic infection 

through self-regulation and host signaling.  The key viral regulators to these routes 

of infection, LAT and ICP0, are determined from within the same region of the 

genome encoded by transcripts oriented in opposite direction from one another.  

The untranslated LAT gene shows silencing function on the viruses’ immediate 

early (IE) genes involved in initiating replication and viral production, ICP0.  The 

newly annotated leporid herpes virus-4 (LHV4) is the smallest and lowest GC% 

simplex virus described to date.  Besides having a modest reduction in conserved 

protein coding regions, LHV4 has an inverted repeat (IR) region 50% that of 

human simplex virus (HSV).  Despite this, LHV4 shows conservation of key 

domains of the multifunctional IE gene, ICP0 as well as the previously reported 

pathology similar to HSV1 infection in the rabbit model.  Similarly, the IE gene, 

ICP4 in the IR region flanking the unique small (US) region, repeat short (RS), 

shows a 51% reduction compared to HSV.  While conservation does exist, the 

question of how LHV4 can be successful despite nucleotide loss in this area may 

be helpful in elucidating the lytic activation potential in herpes simplex viruses.  We 

performed sequence and motif comparison of LHV4 with that of closely related 

simplex viruses outlining areas of truncation that may relate to important cellular 

function.  The ‘a’ sequence at the RL/RS border and elucidation of microRNA 

(miRNA) sequence from this interesting region of the LHV4 simplex genome 

remain to be fully annotated. 

Introduction 

 
Herpes simplex infection has the characteristic of forming a lifelong 

infection with its host.  This is possible in large part by transcriptional silencing of 

its repertoire of protein coding genes.  Before viral transcripts are made by the 

host’s RNA polymerase II (RNA pol II), and de novo proteins are synthesized, five 

IE genes are activated that trigger the controlled cascading promotion of early (E) 
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and late (L) protein coding viral genes.  All five of these IE genes reside in, or 

adjacent to the IR regions.  The characterization here will be of two of these IE 

genes, ICP0 and ICP4 as well as the LAT gene that functions during silent 

infection by coding for a discrete subset of non-coding RNA. 

The non-coding LAT transcript has primary length of 8.3 Kb in HSV1, with a 

stable intron of 2Kb being formed from nucleotide 661 to 2617 of the full length 

ORF.  The observed transcripts from this ORF also reveal several species with 

alternative LAT (AL) running antisense to the primary LAT, and miRNAs as being 

processed from the upstream of LAT (UOL) region [131].  Functions described by 

LAT non-coding RNA are facultative heterochromatin assembly on IE promoters, 

inhibition of ganzyme B, caspase-3 apoptotic activation, and host immune evasion 

in neurons [132].  HSV1 LAT ORF is antisense and overlaps that of the IE 

transcriptional activator ICP0 [133].  The conservation of the LAT transcript varies 

even within a single host species as HSV1 and HSV2 primarly share sequence 

similarity only where LAT overlaps with ICP0.  It is this sequence variation that is 

considered to be a determinant in reactivation potential [134].  With several unique 

transcripts and microRNA production eminating from this region, LAT remains and 

intriguing area of research in herpes virology and underpins the subtle balance 

between external stimuli and latent/lytic balance. 

 ICP0 serves as the primary transactivator of IE genes and the replicative 

cycle of herpes simplex viruses.  The multifunctional ICP0 gene is a critial IE 

simplex gene that among other uses, serves to modify chromatin assemblies, 

disrupt proteins from the nuclear bodies that serves as sites of viral 

latency/replicatoin (ND10), and is an initiator of DNA repair and p53 mediaed cell 

cycle pathways [45, 135].[34].  Activation of IPC0 is dependent on LAT expression 

as well as external reactivation stress signals. 

 ICP4 is located in the RS region of the simplex genome and is the only RS 

resident and therefore its ORF makes up the majority of this IR region.  As an IE 

gene, ICP4 has transcriptional activation potential through a complex 

phosphorylation scheme that posits it as a multimeric structure that binds to DNA 

and activates transcription of early and late genes in viral replication with its 

interaction with RNA polymerase II.  Interestingly, ICP4 can negatively inhibit its 
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own transcription as well as ICP0 and LAT.  Experimental studies also show that 

ICP4 is vital for replication of virus in sympathetic nerve tissue and therefore is 

believed to be a key element to viral pathology [136].   

 LAT, ICP0 and ICP4 all are active in the nucleus and all affect activation of 

each other.  Comparison of Leporid Herpes Virus (LHV4) to that of closely related 

simpolex viruses are outlined to demonstrate the most conserved regions within 

these important players that permit emergence of latent or lytic infection. 

 

Material and Methods 

Sequencing 

Whole genome de novo sequencing of LHV4 was performed using virions 

isolated from a virulent outbreak previously reported [114].  Isolation of virus 

particle was fragmented and run on the Roche 454 pyrosequencing platform as 

well as the Illumina short and paired-end read platform.  Total sequences were 

assembled into contigs in iterative drafts and referenced to similar simplex viruses 

(see chapter two methods for greater detail).  Repeat regions suffered from low 

coverage likely due to high GC content, and break points due to isomeric potential 

of the genome.  PCR sequencing across contig gaps was performed as well as 

custom shell scripts to aide in software assembly of these regions.  Briefly, contig 

terminal ends that did not resolve to an adjacent contig were broken down into 30-

mer fragments using the EMBOSS unix shell command “Splitter” [137].  Both 

forward and reverse complement k-mers were then searched against the database 

of sequence reads using the simple unix grep command.  In the event that 

sequences might have discrepancies in repeat areas, the same terminal segment 

was formatted to be a searchable BLAST database and all sequence reads were 

then used as an input search to contig ends.  Software used to assemble contigs 

as well as match reads to a final backbone sequence (resolving nucleotide 

discrepancies) was performed using MIRA, Velvet and Cap3. 

Comparative Genomics 

LHV4 sequences were compared to other annotated simplex viruses using 

NCBI’s BLAST as well as EMBOSS scripts [26].  The EMBOSS suite of software 
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was used to calculate the percentage pairwise amino acid similarity using the 

Smith-Waterman local alignment program as well as dotplot comparison for 

repeating sequence visualization.  GC content along sequence length as well as 

ORF prediction was visualized and annotated using the Geneious software 

package (http://www.geneious.com). 

Results 

 
Using the smallest simplex virus annotated to date, LHV4, (Figure 3.1) we 

compared the IR regions to that of primate simplex viruses.  Outlined in Table 3.1 

the IR region of LHV4 codes for over 8 Kb (if including the ‘a’ sequence predicted 

to be 400bp, not shown) compared to ~17 Kb for primate simplex viruses.  Both 

the RL harboring LAT and ICP0 and RS containing IPC4 are truncated in 

comparison to primate simplex viruses.  Because synteny is preserved completely 

in the UL and US protein coding regions LHV4 may have the orientation of the LAT 

gene to that of HSV.  LAT, which in HSV1 is 8.5Kb in length, is reduced to no 

bigger than 4.5 Kb in LHV4.  The greatest difference when comparing LHV4 to 

other annotated simplex viruses lays in the region adjacent the UL and the LAT 

ORF.  While primate simplex viruses code 3.5 Kb (HSV) to 5 Kb (CeHV16), LHV4 

has a mere 710bp between UL55 and the C-terminus of ICP0 (Table 3.2) 

 The IR region is rich in repetitive, GC-rich sequence elements.  To 

visualize this, sequences from this region were plotted against themselves using a 

dotplot graph.  We noticed the conservation of repeat blocks demarcating LAT, 

ICP0, ‘a’ sequence, ICP4 and oriS (3’ of internal RS).  Figure 3.2 shows the 

CeHV16 IRL region with LAT, ICP0 and the ‘a’ sequence.  Introns and the 

ND10/self-multimerization domain within ICP0 were visualized by repeat elements 

found on CeHV16.    Comparing this to LHV4 in Figure 3.3, we can see similar 

features that corroborate ORF prediction as well as the potential that LHV4’s ICP0 

has only one intron.  Although sequence conservation is absent at terminal ends of 

ICP0 and ICP4, a basal repeat motifs are conserved across all species studies.  

This analysis helped serve as a guide to confirm start and stop codon of ORFs in 

this region. 
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ICP0 retained critical conserved motifs for zinc-finger RING domain, USP7 

host binding and self-multimerization and ND10 binding.  In variable regions, ICP0 

showed truncation at both the nucleotide (introns) and protein level.  Intron 1 of 

LHV4’s ICP0 is absent while intron 2 is truncated compared to primate simplex 

viruses.  The total predicted IPC0 ORF in LHV4 is 589 aa, compared to 775 aa in 

HSV1.  The pairwise sequence similarity is 50% (111/220 residues) at the RING 

finger domain and 50% (105/210aa) at the N-terminal conserved domain of HSV1.  

We predict the first short intron found in HSV1 to be absent in LHV4 as the start 

site aligns in frame to HSV ICP0 and continues without splice prediction into exon 

2 of HSV1. HSV1 and HSV2 encode two miRNAs from this intron region, miR-H7 

and mi-H8.  Furthermore, miR-H7 being intron-derived and it does not lie anti-

sense to the ICP0 gene leads to the rationale that this miRNA has host gene 

target(s).  Therefore is plausible to say LHV4 will not have the same regulatory 

capacity over its rabbit host. 

All previously fully sequenced simplex viruses are predicted to have a well-

conserved CTCF-motif that is described as a histone-binding region and insulator 

of transcription [138].  LHV4 did present these repeating motifs near the oriS but 

had a different motif flanking the IR regions of CTCCG, although not present at the 

same frequency as reported in previous work.  Both LAT and ICP0 have 

nucleosome regulatory capacity and the conserved RING domain as well as the 

DNA repair/p53 pathway, USP7 binding domain are preserved in LHV4.  We can 

therefore predict histone modifications to be conserved in LHV4 as a qualifier for 

successful latency and lytic activation. 

 ICP4 also showed conservation of motifs responsible for transcription 

activation, DNA binding and nuclear localization.  The sequence similarity of LHV4 

to HSV1 was 64.1% (366/571 aa).  Preservation of conserved domains includes 

functions in transcriptional activation, DNA binding, and dimerization [139]. 
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Discussion 

 
Herpesviruses encode regulatory factors within and flanking the IR region 

of the genome.  The reduction of genomic sequence between the UL and RL 

compared to primate simplexes points to the regulatory function of this area.  The 

potential for reactivation of LHV4 will be interesting to study in animal models.  

With nearly a 50% reduction in the region surrounding the LAT ORF in HSV1 it will 

be interesting to catalog the RNA species LHV4 produces.  If all other genes show 

perfect synteny with other simplex viruses, we would expect the LAT gene to also 

correspond to the RL region that is almost one-third the size of HSV1’s RL region.   

 Also related to the reduced size of the IR regions is the speculation of 

recombinant events.  While four isomers of the HSV genome exist in roughly 

eqimolar concentrations, the same is not true for the varicella zoster virus that has 

terminal inverted repeats flanking the UL region of ~89bp and a isomer population 

of inverted UL of 5% of the total   

 The discrepancy in comparing the intergenic region and a weak case for 

predicting UL56 (absent in BoHV2) provide evidence of a deletion of the 3’ UL and 

adjacent RL region.  This raises the supposition that selection favored a reduction 

in LHV4 genome size, and/or primate simplex viruses incorporated elements of 

their host to make them more successful. 

While LHV4 shows a reduction of GC content compared to other simplex 

viruses in the UL and US regions, the high GC content of the IR is preserved.  

Since LAT, ICP0 and ICP4 all function in concert with host activities including 

degradation of proteins and evasion of host defense.  This presents itself as 

reason to believe the conservation is ancient, slow to change, selected for in the 

host environment and necessary for viral success. 
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Figures and Legends 

 

Herpesviradae: Plot of Genome Size by GC Content 

 
 

Figure 3.1. Fully Sequenced Herpesviradae: GC content by Genome Size 
Plotting all Herpesvirales fully sequenced and deposited at NCBI.  Upper right key 
displays genus in alphaherpes subfamily.  Subfamilies demarcated by symbol 
shape and labeled in lower right key.  Groups of subfamilies and genus become 
evident.  LHV4 displays the lowest GC content and size of all simplex viruses 
displayed. 
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Self-dotplot of a representative inverted repeat region of a primate simplex virus, 

Cercopithecine Herpes Virus 16. 

 

Figure 3.2. Self-dotplot of CeHV16  
boundary elements can easily be visualized by shading of repetitive nucleotides. 

 

  

Stable LAT intron

‘a’ sequence

ICP0 intron 1

ICP0 intron 2

ICP0 ND10 domain

CeHV16 IR region (internal)

LAT promoter
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Self-dotplot of LHV4 inverted repeat region, RL, outlining repetitive regions 

 

Figure 3.3. Self-dotplot of LHV4 IRL region containing LAT and ICP0 
A smaller IRL region has LAT and ICP0 predictively positioned over the majority of 
the IR region.  Basic ORF boundries can be visualized by repetitive elements 
highlighted by dark shading on the dotplot.  ICP0 apprears to not contain 2 introns 
(until confirmed, intron is marked intron 2) 
  

Stable LAT intron

ICP0 intron 2

ICP0 ND10 domain

LAT promoter

LHV4 IR region (internal)
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Table 3.1  Comparison of representative simplex viruses inverted repeat 

regions to that of LHV4. 

HSV2’s 2.3Kb LAT represent the stable intron transcript.  LHV4’s repeat region is 
estimated to be nearly 10Kb smaller than the primate simplex viruses listed. 
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Table 3.2.  Intergenic space between UL region and ICP0 in four simplex 
viruses 
 

 

         
 
 

Length GC
bp %

HSV1 UL56<-IPC0 3496 69.1
CeHV16 UL56<-IPC0 5025 78.7
ChHV2 UL56<-IPC0 4334 81
LHV-4 UL55<-IPC0 710 62.3

virus Intergenic 
region
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Abstract 

 

 Mismatch Repair (MMR) is a very well conserved DNA repair system 

improving fidelity of replication two to three orders of magnitude over DNA 

polymerase.  The mismatch recognition protein, MutS Homolog (MSH), has 

expanded to seven homologs in some eukaryotes.  Variation of DNA repair is 

intriguing as it is directly related to genome integrity in both evolutionary events 

and disease.  Phylogenetic analysis of the eukaryotic MSH proteins involved in 

nuclear repair revealed a consistent topology of taxa relating to MSH3 and MSH6 

and MSH7; major animal, plant and fungi formed monophyletic 

clades.  Alternatively, animal MSH2 orthologs were phylogenetically paraphyletic.  

MSH3 is distinctly absent in most arthropods and nematodes we surveyed while 

still present in plants and fungi.  This suggests two hypothetical scenarios where 

one, ancient MSH2 duplication and loss occurred in an common animal ancestor 

followed by lineage sorting or two, MSH3 loss in a common animal ancestor 

permitted a unique evolution of MSH2 in different taxa of animals driven by altered 

protein-proteins interaction (PPI) constraints.  Following suit, the next protein in the 

MMR pathway that interacts with MSH, MLH, shows the same phylogenetic 

pattern.  MLH1 dimerizes with MLH3, PMS1, or PMS2 permitting the repair 

pathway to nick DNA and repair the DNA mismatch.  In this case, most arthropods 

and nematodes do not posses MLH3 or PMS2.  MLH1 also displayed a 

paraphyletic clade distribution among animals.  Hypotheses drawn from 

phylogenenetic inference include gene duplication followed by a loss of one 

paralog and subsequently a unique phylogentic signal driven by divergent PPIs.  

This report provides key insights into the evolution of eukaryotic MMR systems 

and new questions on how PPIs might affect natural variation in mutation 

processes and cell signaling among species, particularly within the animal 

kingdom.   
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Introduction 

 

Mutation of DNA provides the basal element of change in evolution.  Many 

processes such as fidelity of replication, DNA repair as well as exposure to 

endogenous and exogenous mutagens affect the rate and pattern of mutation 

accumulation in the genome. Though often treated as static evolutionary force, 

mutational variation can influence adaptive evolutionary strategies and impact 

genome architecture [139].  Across shorter timespans, mutation accumulation is a 

causative agent in aging and diverse genetic diseases [140].  Understanding 

natural variation within the factors that contribute to genomic stability is essential to 

understanding the causes of mutational variation. 

Diverse DNA repair pathways play central roles in maintaining genome 

stability; one of the most important and well-studied repair pathways is the highly 

conserved MMR pathway.  The majority of our knowledge on the MMR pathway 

has come from work in the model systems of Escherichia coli and Saccharomyces 

cerevisiae [141, 142].  In E. coli, MutS protein homodimers recognize base pair 

mismatches and then recruits downstream MMR proteins [143].  Once a mismatch 

is detected by the MutS homodimer, MutL and MutH homodimers associate with 

the MutS homodimer.  In complex, MutH endonuclease activity cuts the DNA 

strand of the erroneous base (in Dam+ bacteria this is determined by strand 

methylation status).  A general exonuclease then digests the faulty strand, 

followed by DNA polymerase III-mediated synthesis of a new complimentary 

strand, with DNA ligase completing the process.  Duplication of the MutS gene 

with lineage sorting has previous been reported in bacteria [144].  Phylogenomic 

analyses of prokaryotic MutS homologs, benefiting from early rapid progress in the 

sequencing of numerous diverse prokaryotic genomes, revealed the occurrence of 

numerous gene duplication and deletion events throughout eubacterial and non-

hyperthermophilic archaeal (DW Grogan Curr Issues Mol. Biol. 2004 6:137-144) 

phylogeny. 

In eukaryotes, the MutS homolog (MSH) genes have undergone numerous 

duplication events with associated functional diversification.  The MSH gene 

products were initially characterized in S. cerevisiae where MSH1 was found to be 
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function in mitochondrial MMR as a homodimer, MSH2, MSH3 and MSH6 were 

discovered to function in nuclear MMR as two heterodimeric complexes 

(Msh2::Msh6 is termed MutSα and Msh2::Msh3, MutSβ) and Msh4 and Msh5 were 

found to heterodimerize and function in meiotic recombination.  In S. cerevisiae 

nuclear MMR, MutSα heterodimers recognize base-base mismatches and very 

small (1-2 bp) single-strand DNA loop-outs.  By contrast, yeast MutSβ 

heterodimers recognizes small and large single-strand loop-outs, with increasing 

affinity for increasingly larger loop-outs.  Thus, the two nuclear MMR surveillance 

heterodimers in yeast have partially overlapping damage recognition spectra.  With 

the exception of MSH1, humans were found to encode orthologs of all the other 

yeast MSH genes and human nuclear MMR error recognition mechanisms were 

found to be essentially identical to that previously characterized in yeast.  Although 

this early finding of strong conservation in MMR mechanisms in two disparate 

species led to the initial characterization of MMR as being a largely static pathway 

in eukaryotes, more recent findings suggest that MMR mechanisms may be more 

variable among eukaryotes.  In the model plant Arabidopsis thaliana, an additional 

homolog, MSH7, was identified and found to encode a third heterodimeric partner 

for MSH2.  The genomes of the model invertebrate animals Caenorhabditis 

elegans and Drosophila melanogaster lack MSH3 orthologs and MMR surveillance 

is presumably carried out with a single MutSα heterodimer in these species.  The 

extent, origins and impact of among-species variation in eukaryotic MMR 

mechanisms, however, has yet to be thoroughly analyzed. 

Here we provide an in-depth evolutionary analysis of MMR genes in 

eukaryotic genomes.  We combined the power offered by recent advances in 

eukaryotic genome sequence resources with an iterative BLAST searching method 

and Bayesian phylogenetic methods to produce novel insights into MSH gene 

evolutionary trajectories.  We identified a number of unexpected, though high-

confidence, groupings of MSH genes that shed light on interspecies natural 

variation in MMR surveillance mechanisms and its potential impact on natural 

mutational variation. 
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Results and Conclusions 

Relationship among eukaryotic MSH genes 

 

Inferring deep branch phylogeny can roughly approximate diversification of 

MSH proteins from the putative endosymbiont transfer event early in evolution.  To 

first determine the overall relatedness of MSH proteins we carried out a clustering 

scheme by comparing expected values (e-vals) obtained by an all-versus-all 

BLAST search.  The distribution of e-vals for each MSH protein is graphed in 

Figure A.1.  The distribution of MSH2, MSH6 and MSH1 e-val was binomial yet the 

pairwise similarity was closely related.  The bimodal e-val distribution of MSH1, 

MSH2 and MSH6 indicated the likelihood of two distinct populations of orthologs 

with divergent expected relatedness.  On the other hand the percent sequence 

similarity compared all verses all showed a normal distribution among the MMR 

homologs.  Next, using a Markov clustering algorithm to discern distinct groups in 

an all-verses-all cluster graph with MSH proteins presented as nodes and their 

interconnectedness (e-val) scored as edges (lines).  MSH proteins did not form 

distinct clusters (Figure A.2.) likely due to their high degree of sequence similarity 

and indicated an overall homologous relationship and deep conservation of this 

superfamily of proteins.  Although distinct clusters were not formed, MSH2 colored 

in black circles (nodes) group together along with orange nodes representing 

MSH6.  Next we modeled the relationship among MSH proteins using a Bayesian 

posterior probability phylogenic method.   

 

Evolution of the MSH superfamily  

 

To investigate the evolutionary history of MSH genes in eukaryotic 

genomes, we identified and collected 249 MSH protein sequences from 62 

eukaryotic genome sequences using an iterative BLAST searching approach.  We 

only considered data deriving from genome projects where euchromatic or total 

chromosome sequences were covered ≥6X (Supplementary table 1) to minimize 
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the likelihood of false negatives.  All MSH protein sequences were subject to 

multiple alignment using ClustalW and a total of 618 aligned amino acid sites, 

representing the mismatch, connector, core, clamp, lever, ATPase and helix-turn-

helix MSH protein domains, were used for subsequent phylogenetic analysis.  We 

applied a Bayesian phylogenetic approach to investigating the evolutionary 

relationships of the MSH protein sequences.  Briefly, MSH protein sequences from 

model eukaryotic species provided a seed set of protein sequences that were 

searched against our eukaryotic species set with iterative searches followed by 

sequence alignment and Bayesian phylogenetic analysis.  Figure A.3. provides a 

summary of the analysis where the inferred relationships of major eukaryotic MSH 

families are shown.  Our Bayesian analysis yielded results that are in some 

regards congruent with a recent smaller scale analysis of eukaryotic MSH family 

relationships that applied neighbor joining (NJ) and maximum likelihood (MP) 

phylogenetic methods [7].  For instance, both the previous and the current 

analyses position the monophyletic fungal MSH1 family as the most basal MSH 

family lineage and offer strong support of monophyly for all the major paralagous 

MSH family groups.  Monophyly of a (MSH3+MSH6) was strongly supported in 

both analyses as well.  Our findings differed from the previous analysis, however, 

in a few key ways.  First, our analysis placed the MSH2 family outside of a large 

monophyletic group that contained the MSH3, MSH4, MSH5 and MSH6 families 

whereas the previous study placed MSH2 in a monophyletic group with MSH4 and 

MSH5; MSH3 and MSH6 were grouped in a separate monophyletic clade.  The 

support for these opposing arrangements, however, was relatively weak in both 

cases:  0.77 posterior probability support for the [MSH3+MSH4+MSH5+MSH6] 

group in our study, and 59(NJ)/62(ML) bootstrap support was reported for the 

[MSH2+MSH4+MSH5] grouping in the previous analysis.  Our results grouped the 

MSH4 and MSH5 families in a well-supported monophyletic clade whereas these 

two families were included in an unresolved trichotomy (involving MSH2 as well) in 

the previous study.  Our analysis also placed the group of plant MSH1 genes in a 

strongly supported monophyletic group with the MSH5 family whereas the 

previous analysis was unable to determine the evolutionary origins of the plant 

MSH1 family.  The topological arrangements of sequences within each of the 
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major MSH families will be discussed below, subsequent to consideration of the 

presence and absence of various MSH family members in the eukaryotic genomes 

analyzed. 

 

Conservation of MSH genes in eukaryotic genomes 

After defining the major MSH gene families using our phylogenomic 

approach, we next considered their patterns of conservation within and between 

large monophyletic groups of eukaryotic organisms. (Figure A.4).  Beginning with 

MSH2, all eukaryotes in our study (55/55) exhibit this protein.  Additionally, all 55 

eukaryotes tabled also code for MSH6.  Plants have acquired a unique MSH 

protein, MSH7(p), which pairs with MSH2.  All (5/5) of the land plants in our study 

contain MSH7(p).   Interestingly, only 43 of the 55 species listed in table one have 

MSH3.  MSH3 is conspicuously absent from, 7 of 9 arthropods, all Insecta species, 

as well as the total of three nematode species.  The two arthropods that have 

MSH3 are the crustacean, Daphnia pulex, a water flea, and the tick, Ixodes 

scapularis.  Of the three species of Lophotrochozoa, one of the two Annelida, 

Helobodella robusta, a leech, does not have an annotated MSH3 gene.  The 

remaining species that does not have MSH3 is the basal chordate, Ciona 

intestinalis.  The MutSβ divergence from all other eukaryotes that we see is mostly 

contained within Protostomia and Nematoda, with the addition of C. intestinalis. 

The presence or absence of MSH2 dimer partners will be seen later to have an 

influence on the phylogenetic distribution in animals. 

Next, the genes, MSH4, MSH5 involved in chromosomal segregation and 

MSH1(p) implicated in mitochondrial segreation (CITE), are phylogenetically 

grouped together.  No group clearly retains or lacks MSH4 or MSH5 with apparent 

loss events in each of the major groups of eukaryotes (Figure A.5). 
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Phylogeny: MSH1 divergence 

 

The first major basal clade, Fungal MSH1[145], (0.92 supporting value [sv]) 

is further expanded by a node (1.0 sv) separating MSH2 from all remaining MSH 

proteins.  Fungal MSH1 branch first from our bacterial species and are presumed 

to be most homologous to the ancestral α-protobacterial transferred protein [146].  

While both plant and fungal MSH1 (absent in all animal taxa) are both determined 

to operate in mitochondrial DNA repair [147], the two clades are clearly diverged 

on opposite ends of the entire MSH family tree.  The seven Viridiplantae taxa and 

twelve fungal species all possessing MSH1 (figure 3) indicate a protein coding loss 

event at the onset of animal evolution. 

 

Phylogeny: Nuclear MMR: MSH2 & partners MSH3, or MSH6, MSH7 

 

MSH2 is the fundamental protein in nuclear MMR (see introduction).  

Within the clades branching away from MSH2, MSH3 is grouped with MSH6 (both 

heterodimer partners of MSH2) with a 1.0 node sv.  Interestingly MSH3 is absent 

in all nematodes and arthropods save one, Daphnia pulex, a basal invertebrate 

crustacean.  Two of three Annelida species, Capitella sp I and Lottia gigantica and 

one of two Choanoflagellida species surveyed have also retained MSH3 within our 

invertebrate class according to current protein annotation.   MSH7, unique to 

plants [148], branches apart from animal and plant MSH6 as does a unique fungal 

MSH6 clade with a node sv of 0.97.  All putative MSH2 heterodimer partners group 

together with a common basal branch point (sv 1.0).   

Phylogeny: MSH4 and MSH5 

 

MSH4 and MSH5 radiate with statistical node support of 0.77 along with 

plant MSH1 grouping adjacent to MSH5.  As previously reported, MSH4, MSH5 

and MSH1 are implicated in roles of recombinant processes [149] [150, 151].  All 
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Bayesian supporting node value scores are 0.99 or better except for the nodes 

separating fungal MSH1 from all others, scoring 0.92.  Evidence of diversification 

of dimer partners here is interesting as plant MSH1 is more closely related to the 

MMR homologs MSH4 and MSH5 and not fungal MSH1. 

 

Phylogeny: MSH2 is paraphyletic in animals 

 

A Bayesian inferred phylogenetic tree was compiled from 68 taxa and 573 

characters representing 53 eukaryotic species’ MSH2 proteins (Figure A.5).  

MSH2 shows unique topology compared to other MSHs as well as divergence 

from a general species tree model of monophyletic grouped kingdoms.  Chordates 

are nested next to the fungal and plant clades while interestingly, arthropods and 

nematodes are reported paraphyletic to other animals with 1.00 Bayesian node 

support (corroborated by Neighbor-Joining trees displayed in [146]).  One 

explanation is there was a gene duplication of MSH2 early in animal evolution with 

a one copy retained for the split animal clade in vertebrates and the other kept in 

all nematodes and most arthropods.  This conclusion would be supported if two 

copies were found in a future genomic protein annotation.  Another possibility is 

that convergent evolution of two separate MSH2 proteins has formed with MSH6 

as the consensus heterodimer partner driving homologous form and function.  The 

former supposition is more plausible and is supported by the loss of MSH3 in most 

invertebrate species that are paraphyletic to chordates.  A correlation between one 

heterodimer partner and unexpected phylogenetic topology may indicate a subtle 

biochemical differences in MSH2 among metazoan bilateria as well as a possible 

duplication and loss event with lineage sorting among animals. 

 

MSH2 domain conservation 

 

We examined specific domains in the MSH2 amino acid sequence to 

determine if evolutionary forces were concentrated to specific domains containing 



 

 

96 

protein-protein interacting regions.  No deviation from our whole protein phylogeny 

was conclusively seen when focusing on specific domains (data not shown).  With 

a decreased character set to compare, supporting node scores were small and 

therefore inconclusive.  The ATPase domain (the most conserved domain) showed 

the general topology of our overall MSH2 tree with arthropods and nematodes 

paraphyletic from chordates, which were grouped closer to fungi and plants.  This 

implies that a whole gene duplication event was the probable cause for deviation 

within the animal clade and not an event of domain differentiation to accommodate 

catalytic or protein-protein interacting differences. 

 

Presence and Absence of MSH across taxa 

 

Examining the presence or absence of eukaryotic MSH proteins (figure 

A.4.) allowed us to find emergent patterns that may have to do with function and 

specificity of this mechanism of repair.  Figure A.4. is an approximate outline of a 

general species tree drawn from the consensus of recent eukaryotic phylogenetic 

trees [152-154].  The relationships drawn are to illustrate the range of MSH 

diversification and highlight gain and loss of homologous proteins.  As stated 

earlier the absolute absence of MSH1 in animals points to a common loss event of 

this homolog early in animal evolution.   

Phylogeny: MLH1 is paraphyletic in animals 

 

Eukaryotic MLH heterodimers are coupled to the MSH complex during 

MMR.  Just as we saw in MSH orthologs a distinct subset of MLH homologs are 

absent in arthropods and nematodes.  Figure A.6. shows most insects and 

nematodes to be absent in MLH3 and PMS1.  This leaves only PMS2 as the only 

dimer partner for MLH1 in arthropods and nematodes.  Analysis of protein 

relatedness by clustering showed a similar pattern to that of MSH in that difuse 

bundles were seen in one cluster pattern (data not shown).  Phylogenic analysis 

we saw MLH1 to be paraphyletic, just MSH2, where arthropods and nematodes 
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were not in the same clade as other animals surveyed.  The posterior probabilities 

were not as strong as in the MSH survey with node scores of 50% demarcating the 

bifurcation of insect and nematodes from that of plant, fungi and vertebrate MLH1.   

 

Discussion 

 

Of all the fragile biomolecules suspect to chemical damage, the genetic 

material harbors the foundational decay that can spread to daughter cells or new 

generations.  Of the many DNA repair pathways, MMR possesses responsive 

factors to repetitive elements and INDLs as well as recombination, signaling in cell 

cycle and apoptosis.  Critical to genome maintenance by evidence of extensive 

conservation, the subtle changes in protein composition and function are 

elementary units to a better understanding of the rates of mutation over time. 

 MSH1 may have diverged due to the mitochondrial and chloroplast repair 

pathways overlapping, allowing for subfunctional divergence from fungal MSH1 

that is inferred to be basally situated in evolutionary distance in the MSH family of 

proteins.  Also, the mitochondrial repair in animals may have moved to a nuclear 

coded MSH gene or possibly co-opted by another repair pathway such as base 

excision repair [155].  Furthermore, the lack of a dedicated germ cell lineage in 

plants and fungi may represent the molecular constraint in a MSH1 protein due to 

exogenous damage in somatic tissue that becomes germ-line stem cells.  The rise 

of germ cells derived from somatic cells are also speculated to be the adaptive 

force behind the birth of MSH7 in plant species [156].  An overall trend of MSH3 

absence begs the question of how these animals tolerate INDL events if their 

MMR pathways are similar to MMR studies of S. cerevisiae and humans.   

 The variability of MMR recognition proteins among eukaryotes also extends 

to the dynamics of mismatched DNA repair within species and even within tissue 

types.  The elements that provide the most scrutiny to DNA replication fidelity will 

be at a cost to time and energy.  As organisms (or cells) compete for survival the 

cost/benefit is always at play.  Gene duplications allow subfunctionalization and 

new functions to arise [157].  Basal, ancestral organisms that duplicate genes and 
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undergo speciation then may retain both copies or lose one or both.  These 

scenarios allow for modification of biological processes and further differentiate 

genomes.  When applied specifically to our focus in DNA mismatch recognition 

and repair, variation in heterodimer pairs also play a part in novel specificity and 

roles in DNA metabolism regulation.  Cataloging the gain and/or loss of MMR 

homologs provides correlations to related evolutionary linked proteins.   

 Just as the mutation rate is not overtly selected to move to zero per 

generation, the flexibility of recognition of mispaired DNA also shows variation.  

What selective forces would favor the loss of cellular components that would 

improve the fidelity of DNA replication?  As our observations indicate, most 

arthropods analyzed have lost MSH3 and their protein-protein interaction with 

MSH2.  Questions to determine would be, do the remaining MSH2::MSH6 duplex 

sufficiently ameliorate all loop out structures and base mismatches or is there a 

less efficient repair capacity, say, in microsatellite expansion.  Does MSH2 

transduce distinct cellular signaling that parallels our reported clade topology?  

And, is it possible that loss of MSH3 in some animals permit mutational tolerance, 

allowing for populations sizes to adjust mutational load relative to overall genome 

architecture?  These results may provide a framework for biochemical studies 

linking similar mechanics. 

 

Material and Methods 

Sequence Collection 

MSH orthologs from model species detailed in National Center for 

Biotechnology Information’s (NCBI) Cluster of Orthologous Database (COG) 

(http://www.ncbi.nlm.nih.gov/COG/) [158] served as a seed set to begin a BLASTp 

search for orthologs in available eukaryotic species.  Queries were searched 

against NCBI (http://www.ncbi.nlm.nih.gov/mapview/), Joint Genome Institute (JGI) 

(http://genome.jgi-psf.org/), Flybase(http://flybase.org/blast/) and Wormbase 

(http://www.wormbase.org/) databases using a custom Perl script to parse top hit 

unique orthologs and create a sequence list.  Annotated proteins were compared 

and parsimonious relationships inferred by sequence similarity.  Protein 
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sequences were used to avoid (nucleotide sequences) comparisons that would 

contain saturation of non-synonymous substitutions over such a large evolutionary 

period.  Reiterative BLAST searches detailed best hits and orthologs within 

species as well as determining presence or absence of homologs in our final data 

set. 

   

Protein Sequence Alignment 

Sequences were aligned using MEGA’s (v.4.0) ClustalW with the default 

settings of gap penalties [159].  The PAM scoring matrix algorithm was used to 

align homolog sequences represented by our amino acid data set for pairwise and 

multisequence alignment.  Next, the sequences were culled of terminal ends and 

large areas of consensus gaps while, to our best ability, preserving domains within 

amino acid sequences as determined by the crystal structure of E. coli’s MutS 

(PDB ID 1E3M).  

  

Markov Clustering 

Protein sequence was iteratively searched in an all-verse-all manner to 

produce e-value scores.  Log transformed values where then loaded into the 

Markov clustering program (MCL) [160].  Clusers were visualized using the web 

based software BioLayout3D (http://www.biolayout.org) 

 

Phylogenomic Treebuilding 

A nexus file was then exported to Mr. Bayes (v. 3.1.2 in parallel) where all 

Bayesian analysis was performed with minimum of 3*106 Markov-Chain Monte-

Carlo (MCMC) strings to allow saturation of maximum likelihood space [161].  All 

trees generated were inspected for maximum likelihood saturation/plateau and 

convergence of parallel runs.  All Bayesian statistics were performed on the 

Oregon State University’s, Center for Genome Research and Biocomputing server 

clusters (http://bioinfo.cgrb.oregonstate.edu/index.html).  When summarizing 

results, a burn-in of 10% of the MCMC was set to rid the final result of any initial 

input bias.  Consensus trees were viewed with Treeview, or Fig Tree 
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(http://tree.bio.ed.ac.uk/software/figtree/).  Trees are have been collapsed by major 

protein family or taxonomic clade with supporting node values reported.   
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Figure A.1. BLAST e-value distribution of eukaryotic MSH proteins 
BLAST e-values and percent similarity of specific MSH orthologs.  MSH1, MSH2 
and MSH6 show a bimodal distribution of e-values and suggest the possibility of 
separate populations. 
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Markov cluster graph of eukaryotic MSH proteins 

 
 

Figure A.2.  Markov clustering of eukaryotic MSH proteins 
Clustering of eukaryotic MSH proteins based on their all-versus-all blast scores.  
Nodes (dots) are MSH proteins.  Colors represent ortholog groups.  Strong colors 
are nuclear mismatch repair partners: Orange=MSH2, Black=MSH6, Blue=MSH3, 
Yellow=MSH7.  Pastel colors are mitochondrial or recombinant MSH pathway 
proteins, MSH1, MSH4 and MSH5.  Outliers are due to partial sequences. 
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Phylogenetic relationship of eukaryotic MSH proteins 

                                

Figure A.3. Phylogeny of MutS homologs in metazoans. 
A 249 taxa, 618 amino acid character Bayesian tree representing the relation 
among major Mut S Homolog families in Eukaryotes.  Deep node scores show 
confident probability of bifurcations.      
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Presence/absence of MSH and MLH eukaryotic proteins 

 
 

Figure A.4. Presence/Absence of MSH genes in eukaryotes.   
Solid circles indicate protein presence and blue boxes represent undiscovered 
homologs.  Gold boxes represent possible paralogs, but more likely multiple 
annotation entries for the same protein.   
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Eukaryotic MSH2 phylogeny 

 
 

Figure A.5.  Eukayotic phylogeny of MSH2 
A 68 taxa, 785 amino acid character Bayesian tree outlining the relationship of 
eukaryotic MSH2 genes.  Major node scores separating arthropods, nematodes, 
chordates, plants and fungi all have very high supporting node value probabilities 
(1.0).  All animals are shades of red, with the arthropods’ clade largely collapsed 
and represented in pink. 
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Circle cladogram of eukaryotic MLH proteins 

 
 

Figure A.6.  Eukaryotic phylogeny of MLH proteins 
Circle caladogram of MLH orthologs with collapsed nodes.  Blue=animals, 
green=plants and red=fungi.  At the top half of the circle we see the paraphyletic 
distribution of animals with nematodes and arthropods bifurcated from vertebrates 
as well as plants and fungi. 
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