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Abstract

African Swine Fever Virus (ASFV) causes lethal haemorrhagic fever in domestic pigs,
presenting the largest global threat to animal farming on record. Despite its impact, the
mechanisms and regulation of ASFV gene expression were poorly understood. In order
to fill this gap in our knowledge, | have investigated diverse aspects of ASFV
transcription and report in my thesis (i) transcriptome analyses, (ii) the expression,
purification and biochemical analyses of recombinant transcription factors, and (iii)
computational characterisation of ASFV-RNA polymerase (RNAP) subunits and

transcription initiation factors.

We have generated the first genome-wide transcriptomic landscape of ASFV during
infection, using a complement of RNA-based Next Generation Sequencing techniques.
We have mapped the ASFV gene transcription start sites, termination sites, and
quantified transcript abundance during the early and late stages of infection. We have
demonstrated viral gene expression patterns, which are facilitated by newly identified
promoter motifs, and shared across lab-attenuated and pathogenic strains (BA71V and
Georgia 2007/1, respectively). We have also demonstrated ASFV uses a polyT (polyU
in the RNA) terminator motif genome-wide, and delved into how late infection alters

transcription termination patterns.

We identified a conserved early promoter motif in ASFV, similar to that used by the
heterodimeric VACYV early transcription factor (VETF), for which ASFV also encodes
homologs. We therefore, co-expressed and purified the ASFV VETF subunits (D6 and
A7) recombinantly, using a baculovirus-insect cell expression system. We
demonstrated this large (284 kDa) ASFV-D6-A7 complex specifically binds to early but
not late promoter templates, though with some differences to its VACV counterpart,
likely due to the ASFV proteins encoding additional domains. We have therefore
demonstrated that baculovirus-insect cell expression is viable for co-expressing large
ASFV complexes, and developed the ground work to apply this system to express 8-
subunit ASFV-RNAP.



Impact Statement

African swine fever virus (ASFV) causes incurable and often lethal haemorrhagic fever
in domestic pigs, with no effective vaccines or antivirals currently available. Therefore,
the disease of African Swine Fever presents a global animal health emergency with the
potential to devastate national economies and jeopardise global food security (Food
and Agriculture Organization of the UN). There are major outbreaks ongoing in three
continents: in Eastern Europe, Asia, and Sub-Saharan Africa where it has long been
endemic. It is clear that urgent action is needed to advance our knowledge about the
fundamental biology of ASFV, including the mechanisms and temporal control of gene
expression. Prior to our work, it was not even known when the majority of ASFV genes

were expressed, nor if there were viral promoter sequences which controlled this.

What little was known about the ASFV transcription machinery was mainly inferred
from homology between ASFV transcription system proteins, and those from better
studied systems, like eukaryotic RNA polymerase Il (Pol Il) and Vaccinia virus (VACV).
This includes its own viral Pol 1l-like DNA-dependent RNA polymerase and
transcription initiation factors, providing ASFV with immense independence from the
host cell machinery in transcribing viral RNA. This had been demonstrated in vitro, with
the contents of solubilised viral particles being transcriptionally competent, and
producp mlgy 8ddenyl ated transcripts with a
can be both a blessing and a curse, since its provides enormous independence from
the host transcription machinery, but is therefore a key bottleneck which we can
exploit. No matter the pathogenicity nor strain of ASFV, these proteins are essential
and highly conserved i ASFV cannot express its genes and replicate without them. But
in order to target these proteins, we need to understand how they work, what are their
key similarities and differences from the host transcription machinery. Therefore, a
thorough understanding of ASFV-RNAP and transcription factor function, the sequence
context of their promoter motifs, as well as accurate knowledge of which genes are
expressed when, is direly needed for the development of antiviral drugs and vaccines.
Antiviral drugs could prove powerful tools for the treatment of ASFV because they
provide immediate protection during outbreaks, isolate epidemic areas, and allow the
local authorities to mount additional countermeasures. This would provide a preferable
and more effective strategy than the current alternative of simply isolating and culling

the infected animals.
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Chapter 1. Introduction
1.1 An Introduction to African Swine Fever Virus

African Swine Fever Virus (ASFV) is highly pathogenic and causes incurable lethal
haemorrhagic fever in domestic pigs, with no effective vaccines or antivirals currently
available. ASFV originated in Sub-Saharan Africa where it remains endemic, infecting
the native warthog and bush-pig populations, with the aid of Ornithodoros soft-ticks
which act as a disease vector. These more native ASFV hosts show relative
resistance to the disease of African Swine Fever (ASF), and are thought to form its
natural sylvatic cycle, with the current ASF pandemic being a disastrous side effect of
introducing susceptible domestic pigs to the region '3 (Figure 1.1.a). ASFV is not,
however, isolated to the African continent, having previously reached Southern
Europe and the Americas around the 1960s. Recently, ASFV has begun a new wave
of infections across Europe, originating from a 2007 outbreak in Georgia * and is
currently spreading across Eastern Europe due to the infection of European wild
boars which are also susceptible to ASF. Since a 2018 outbreak in China,
subsequent outbreaks have spread across east Asia, having an enormous financial
impact °. ASFV itself is an icosahedral giant virus (Figure 1.1.b), the structure and
content of which have been well investigated using mass spectrometry ¢, and more
recently via Cryogenic Electron Microscopy (Cryo-EM) 78, ASFV particles are
remarkably robust, with its ability to survive in contaminated meat products and on
farming equipment, as well as infecting both wild boar and domestic pigs, making it
an extremely difficult disease to combat with an enormous economic impact for

affected countries °1°.

a

Capsld

Inner membrane

Ornithodoros ticks

Warthogs

Genomic dsDNA
Nucleold

Core shell

Figure 1.1. A background to ASFV (a) A schematic representation of the natural sylvatic
cycle of ASFV in which Ornithodoros soft ticks feed off Sub-Saharan warthog,

17



Chapter 1. Introduction

transferring ASFV, or being infected themselves if the host is already infected. Dotted

red line indicates possible transfer from these native hosts to domestic pigs or

European wild boar. (b) Schematic representation of ASFV particles annotated

according to its structure as investigated via Cryo-EM *,  wi t h 6 dsDNAG6 ref
double-stranded DNA.

Interest in ASFV extends beyond its pathology and into evolution, since it is the sole

characterised member Asfarviridae 12, a family belonging to the Nucleocytoplasmic

Large DNA Viruses (NCLDV) group,al s o known as 36 ddfaavindae vi r uses
also includes the uncharacterised Abalone asfarvirus (NCBI:txid2654827). The

Me g av i ordet vaspdoposed by Colson et al. in 2012 5, suggesting this to

encompass a monophyletic collection of the giant viruses (NCLDVs), though the

accepted term is NCLDV or Nucleocytoviricota (NCBI:txid2732007). These viruses

have double-stranded DNA (dsDNA) genomes and infect a range of eukaryotes 6.

The nucleocytoplasmic component of ONCLDV®O6 cc
predominantly taking place in the host cell cytoplasm, or ending there after beginning

in the cell nucleus *". There were originally seven NCLDV-families described within

the Megavirales order: Ascoviridae, Asfarviridae, Iridoviridae, Marseilleviridae,

Mimiviridae, Phycodnaviridae and Poxviridae 5, while Pandoraviridae ¥ and

Faustovirus *° families were recently proposed. Pithovirus and Mollivirus also appear

to be representatives of their own families 2°. It is thought ASFV has a strict host

range of swine-related species and Ornithodoros ticks. However, the closest viral

species to ASFV so far, has been discovered infecting abalone and placed in the

Asfarviridae family 2.  Wh at 0 s rmliker DA seduénEeg have been found in

North American Waterways 22 and even in human serum and sewage 23, suggesting

the host range of Asfarviridae and ASFV-like viruses is far less specific, and these

viruses are more widespread than previously thought.

1.2 Structure of the ASFV Genome

ASFV has a relatively small genome for NCLDVSs: a linear double-stranded DNA
(dsDNA) genome packaged in viral particles (Figure 1.1.b) of ~1701 194 kbp,
encoding ~150i 190 open reading frames (ORFs). While most ORFs are found within
a central ~125 kbp, which shows minimal variation in size and content, on either side
are two regions which vary greatly in size due to frequent recombination and
deletions 2427, The ends of this linear genome consist of identical terminal inverted
repeats 2”28, The main culprit for these two highly variable regions (VR) towards the

left (LVR) and right (RVR) genome ends, is frequent recombination of multigene
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Chapter 1. Introduction

family (MGF) members. There are five families: MGF 100, 110, 300, 360 and 505
2930 and this variation gives rise to the different pathologies among ASFV strains.
MGF 360 and MGF 505 have both been implicated in virulence since their manual
deletion produces an attenuated version of the highly virulent Georgia 2007 strain
(GRG) %, Likewise, adaptation of GRG to Vero cell infection attenuates the virus,
accumulating mutations in MGF 360, 505 and 100 ®2. Historically, the best-studied
strain is BA71V, which is attenuated, having been adapted for Vero cell tissue culture.
BA71V possesses a genome ~10 kbp shorter than its virulent ancestor BA71, which
encodes 32 MGFs 3,

BA71 and BA71V were the first ASFV strains (isolates) to be genotyped (Genotype 1)
given their key role in characterising ASFV following its first major outbreak in Europe.
Prior to the development of next generation sequencing, Sanger sequencing of
individual genes from different ASFV isolates indicated the gene encoding the major
capsid protein (B646L) showed minimal variation in sequence. This became the
standard fast and inexpensive method for identifying newly discovered isolates from
ASFV outbreaks, and comparing them to the known strains. Most of the current
circulating strains outside of Africa are Genotype Il (the second genotype discovered)
and closely related, deriving from a common ancestor responsible for an original
outbreak in Georgia **. There are a total of 24 ASFV genotypes to date, as advances
in sequencing methods and funding have expanded investigation of isolates in

regions of Africa where it is endogenous and isolates far more genetically diverse *.

1.3 Nucleocytoplasmic Large DNA Virus Evolution

The first NCLDV to be well-studied, and first sparked general interest in giant viruses,
was Acanthamoeba polyphaga Mimivirus (Mimivirus). It was officially discovered in
2003 3%, having originally been mistaken for an intracellular bacterium due to its size
and appearance under a microscope ¥’. Mimivirus was found to possess the largest
viral genome ever discovered at the time, at 1.2 Mbp. A record then soundly beaten

by members of the Pandoraviridae family, which included the largest known NCLDV

(to date): Pandoravirus salinus % withal engt h of ~1 ef2,5Mbpnd

3. For perspective, this dwarfs bacteria like Pelagibacter ubique ata~0.4-0 . 9 & m

length and 1.3 Mbp genome “°4!, and even the 2.3 Mbp genome of unicellular
eukaryote Encephalitozoon intestinalis #?. With such large genomes, most genes

encoded by Pandoraviruses remain uncharacterised in function but have been
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Chapter 1. Introduction

confirmed to be transcribed and translated 8. NCLDVs defy many established ideas
about viruses, due to their large capsid and genome sizes *°, and there are even
members dnfecteddby their own satellite viruses (nicknamed 6 vi r o p 4. ¢tiss 0)
clear the NCLDVs show an array of unusual characteristics for viruses, which

includes being able to replicate with significant independence from the host cell #°.

Approximately 50 core genes are broadly conserved among NCLDV genomes (also
known as NCVOGs) #4647, supporting their possession of a common ancestor, and
forming a monophyletic group. These core genes are involved in capsid assembly,
DNA replication and processing (DNA polymerases, helicases, and primases), and
transcription /16, The conserved genes encoding transcription system proteins (TSP)
including factors for transcription initiation, elongation and termination, as well as
encoding subunits of a DNA-directed RNA polymerase (RNAP). In part, this explains
their relative independence from their host cells, especially from the host-cell
transcription machinery 47'4°, However, there are NCLDVs which have lost
transcription machinery proteins, possibly due to the portion of their life cycle they
spend in the host-cell nucleus 7. Those which have their own TSPs encode a
patchwork of proteins which varies between NCLDV families. For example, the
eukaryotic-like transcription elongation factor TFIIS, is ubiquitous across NCDLVSs in
one form or another, while the catalytic RNAP subunits RPB1 and RPB2 are not:

Chlorellavirus has lost these genes but retains a homolog of TFIIS 470,

There are some remarkable things about NCLDV transcription systems: firstly,
NCLDV-RNAPs appear overall to be homologous to RNAP in the three domains of
cellular life (bacteria, archaea and eukaryotes). Secondly, the NCLDV-RNAP is most
similar to eukaryotic P o | thas archaeal RNAP, and least similar to the simple
bacterial RNAP “851, This, combined with their genome complexity, has raised
guestions on how NCLDVs evolved: some going as far as suggesting they could be a
fourth domain of life *> and NCLDVs could have undergone reductive evolution from a
cellular ancestor °2, or at minimum be considered a fourth microbial phylogenetic tree
branch %13, In contrast to arguments of reductive evolution, it has been proposed the
presence of eukaryotic-like genes in NCLDVs arises from horizontal gene transfer

between themselves and their eukaryotic hosts 464,

One controversial analysis by Guglielmini et al. > even proposed that NCLDV

infection may be responsible for the divergence within eukaryotes of a single
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ancestral RNAP into Pols I, Il, and Ill. It was suggested that RNAP subunits were
acquired by ancestral NCLDVs via horizontal gene transfer, the sequences diverged
within their mutation-prone viral genomes. These genes were then transferred back
into their eukaryotic hosts, generating the diverging Pols we know today. Though it
must be said that this theory is still very much under debate. But regardless of how
these fascinating viruses and their RNAPs may have evolved, it is interesting to find a
minimal version of the eukaryotic transcription system, in such a large group of

distantly related of viruses.

1.4 An Introduction to Archaeo-Eukaryotic Transcription

RNA polymerase is the well-studied enzyme which carries out transcription by
synthesizing RNA from a DNA template and is essential for cellular life. The
structures of RNAPs are highly conserved in all three domains of life, and
transcription by their different RNAPs occurs by similar mechanisms 6. There are
three main classes of RNAP in eukaryotes, Pol |, Pol Il and Poal lll, while plants have
two extra classes i Pol IV and Pol Vi taking part in epigenetic regulation *’. Pol | and
Pol lll can synthesize transfer and ribosomal RNAs (tRNA and rRNA, respectively),

while Pol Il synthesizes messenger RNA (MRNA) %

The eukaryotic Pol Il structure consists of twelve subunits 5% (as seen in Figure 1.2)

and carries out transcription aided by basal transcription factors, including the TATA-

binding protein (TBP) and Transcription Factor 1IB (TFIIB) ®1. The two largest catalytic

RNAP subunits, RPB1 and RPB2, are conserved across the cellular domains of life.

Li kewi se, s 0 mssenibly platiornebfuhich s essedtal for RNAP

biogenesis, is conserved across cellular RNAPs. In eukaryotic Pol Il this consists of

four subunits: RPB3, RPB10, RPB11, and RPB12 %662 (Figure 1.2, right). Another

subunit conserved across cellular RNAPs is 6RPB66in eukaryotes, forming part of the

RNAP clamp 3. The remaining Pol Il subunits are known as @uxiliaryg which includes

RPB5, foomingpart of the ¢&éjawd and interacts with LC
6465 The stalk domain is formed by RPB4 and RPB7, is absent in bacterial RNAP,

and important for multiple transcriptional processes, like increasing processivity

during elongation and is an interaction hub for transcription factors . Lastly, subunits

RPB8 and RPB9 are thought t oewlytransnbeddRNA wi t h tt

and play a role in Transcription Factor IIF interaction, respectively °6:66:67,
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Assembly platform
RPB11

Figure 1.2. Two views of the Saccharomyces cerevisiae (yeast) Pol Il closed-complex
structure, PDB: 6GYK. All twelve eukaryotic Pol Il subunits as well as initiation factors
TBP and TFIIB are shown in different colours and labelled, while Pol Il features like the
assembly platform and stalk are annotated.

Transcription of MRNA by eukaryotic Pol Il has three main stages: transcription
initiation, elongation and termination. Though, as always, it is more complex than this
indicates, with multiple sub-stages which have been captured using various
techniques including x-ray crystallography, cross-linking, Cryo-EM, and fluorescence
resonance energy transfer (FRET), as reviewed by Cheung and Cramer %, Overall,
both eukaryotic Pol Il and archaeal RNAP share an underlying mechanism for
transcription initiation ®° (Figure 1.3). Firstly, the upstream promoter (TATA-box) is
recognised and bound by TBP. TFIIA then stabilises this interaction (only for Pol Il),
before initiation factor TFIIB (TFB in archaea) binds TBP, the B-recognition element
(BRE), and recruits the RNAP. This defines the transcription start site (TSS), and

brings it to the RNAP active site, forming the ternary preinitiation complex (PIC).
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TATA-box

XOPVCC

ﬂ =
L’ BRE

TFBITFIIB
Preinitiation Complex (PIC) :

Figure 1.3. The basal archaeo-eukaryotic mechanism for transcription initiation. This
mechanism involves TBP binding to the TATA-box, TFIIB binding both TBP and the
DNA at the B-recognition element (BRE), before recruitment of the RNA polymerase
which binds TFIIB, and forms the pre-initiation complex (PIC).

As shown in Figure 1.4, following PIC formation in the Pol Il system further general
transcription factors (GTF) are recruited: TFIIF, TFIIE, and lastly TFIIH, the latter of
which melts dsDNA at the TSS, forming the open complex. Transcription begins, with
a phosphodiester bond forming between the first and second nucleotides (initiation
stage), beginning construction of nascent RNA. However, before this can occur Pol Il
must leave the promoter region, which is known as promoter escape, which requires
the RPB1 carboxy-terminal domain (CTD) being phosphorylated 772, During the
transcription elongation, Pol Il transcribes the nascent mRNA - requiring elongation

and cleavage factor, TFIIS 3,

Once the gene is transcribed, the RNAP-containing complex reaches a termination
signal; termination then involves release of the RNAP, nascent RNA, and DNA. The
exact trigger signal for transcription termination among bacterial, archaeal, and
multiple eukaryotic RNA polymerases does vary, however (see 9.4.3). Following
termination some TFs, along with the polymerase, can then be recycled and the
transcription process can begin again 274, The basal factors and simplified cycle of

Pol Il transcription are shown in Figure 1.4.
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TFIB

TFIIF -

Preinitiation Complex
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RNA I
TFIIS
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Figure 1.4. A simplistic overview of the basic stages in Pol Il transcription. Beginning
with TBP and TFIIB binding at the TATA box (red) and BRE (blue) in the DNA,
respectively (top left). Then the following formation of the PIC, open complex, the
elongation stage and subsequently, termination. Schematic made using information
from Hahn, 2004 2,

The complexities of eukaryotic Pol Il transcription go far beyond the basal mechanism
described here (in Figure 1.4), being an elegant dance between the basal
transcription factors described above, chromatinisation and various regulators like the
Mediator, which acts as an interface for further co-activators, and complexes like
SAGA and the spliceosome 776, NCLDVs encode their own transcription system
proteins, including RNAP subunits, with clear-but-varying similarity to those of the Pol
Il system 077, However, they are unlikely to require the same degree of complexity for
viral gene expression. Furthermore, having so many genes dedicated to transcription
regulation is not so easily accommodated by the size of their viral genomes. This is
especially the case in NCLDVs infecting metazoa, like Poxviridae and Asfarviridae
members, which have relatively smaller genomes compared to their amoeba-infecting
cousins, like the Mimiviridae members 13788 Therefore, we would expect a simpler
and streamlined version of the Pol Il system, which to a degree does seem to be the

case.
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1.5 Vaccinia Virus Transcription

1.5.1 Introduction to Viral Gene Expression

Of all NCLDVs, Vaccinia Virus (VACV) is by far the best studied, including various
aspects of its transcription machinery. Previous understanding of temporal gene
expression in VACV suggested it followed the traditional viral gene expression
patterns of early, intermediate and late gene expression, following infection of a cell
(Figure 1.5.a). These stages of viral gene expression were first discovered and widely
studied in bacteriophages 8, and while their mechanisms vary between viruses, there
are some consistent definitions. For example, early genes are those expressed
initially after viral infection and late genes are expressed following viral DNA
synthesis. These genes have distinct promoters and can be transcribed by the
bacterial host RNAP after binding to distinct viral proteins. The transition from one
stage to the next is usually achieved by the first (early) genes encoding a protein
factor which induces expression of later genes. Early genes can be further split into
immediate early and delayed early genes if there is a further protein required for
expression of some early genes, pre-viral DNA synthesis. In essence, this overall
6cascade mechani smdé f or winvalvesla prgtanreguireddgpr essi or
the next stage of expression being expressed in the stage prior. These stages can be
known as: immediate early, early (or delayed early), intermediate (or mid), and late
gene expression. The number of stages and proteins involved vary greatly between

viruses.

In the case of T7 phages, this mechanism includes early expression by the host
RNAP of a viral RNAP, which only recognises the late viral promoters 2. Howe ver , @&
phage encodes two different transcription antitermination factors for early transcripts
(N-protein) and late transcripts (Q protein) 8. Even among viruses with the same
host, the mechanisms by which they express their genes in separate stages vary
substantially,s uc h as T7 a nH coli desquiiecapa/e 8. Due to this
enormous variety in mechanisms and factors responsible for regulating viral gene
expression, it can be difficult to distinguish these stages, requiring bespoke
methodologies using viral protein and DNA synthesis inhibitors, in combination with
viral gene deletion or knock-down to assess effects on gene expression. This is made
more complex in viruses with larger genomes like VACV and other NCLDVs which do

not usually use the host RNAP, and where NGS transcriptomics is needed to asses
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global gene expression, also revealing these stages are not always mutually

exclusive 8486,

1.5.2 An Overview of VACV Gene Expression

While there is evidence for VACV showing early, intermediate and late gene
expression stages, there is, however, no indication VACV has any distinction between
immediate and (delayed) early gene expression, which can be concluded from seeing
no difference between gene expression pre and post-viral protein synthesis, using the
inhibitor cycloheximide 84. This is because all the proteins required for early VACV
gene expression are already present in viral particles, including its own RNAP &7, In
summary, this cascade mechanism of controlling gene expression follows the
principal that early genes are transcribed using VACV early transcription factors
(VETF) present from the beginning in viral particles. The early genes transcribed then
include those encoding VACYV intermediate factors (VITF), which initiate transcription
of intermediate genes, which themselves encode the VACYV late transcription factors
(VLTF). The VLTFs then initiate transcription of the late genes remaining i including
the VETF transcripts T which are translated, then packaged into viral particles. This

cascade is summarised in Figure 1.5.a.

1.5.3 Transcription of Early Vaccinia Genes

Characterisation of early poxviral gene expression was the simplest to elucidate, with
detection of individual transcripts up to 20-100 minutes post-infection . Experiments
as early as the 1970s showed i via DNA-RNA hybridization i that only part (around
half) of the Poxviral genome sequence was transcribed initially in vivo and the rest of
the genome was transcribed later, supporting a selective control over the genes
initially transcribed by its viral RNAP . Later work identified a conserved motif which
facilitated transcription during early infection, by insertion of different possible
promoter-region VACV genome fragments, upstream of a reporter herpes virus
thymidine kinase gene, in recombinant VACV. This showed two AT-rich consensus
sequences for early expression: a promoter of AA[A/TIN[T/A]NJA/GJAAAANAANA at -
27 to -12, and an initiator of [T/A][C/TIN[A/T]T[A/G] at -5 to +1 (the TSS) %01,

Mut ation of nucik®otpirdenotiem trregi ®Hh.05by* Davi sol
elucidated the promoter consensus further by highlighting the necessity for a 16 nt
AT-rich motif located at -14 nt relative to the TSS, using in vitro transcription, in vivo

MRNA primer extension, a n d-gafactosidase assays. The optimal early promoter
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(AAAAATTGAAAAAIC/TITA)was foundt o be a centr al OTGAG fl ank
with the central G being especially well conserved, when comparing other known

VACYV early genes. This early promoter analysis, as summarised in Figure 1.5.b was

later expanded genome-wide, with RNA-seg-based transcriptomics by Yang et al. in

2010 8. Their deep-sequencing analysis of transcripts at 0-4h post infection allowed

for identification of transcript 506 ademds ( anc
early hours of infection. From the 83 gene TSSs identified, they were able to detect a

conserved motif within 50 nt upstream of early TSSs:the6 Upst ream Contr ol E
(UCE). This matif strongly resembled the early promoter previously characterised i a

nice agreement between older biochemical- and newer NGS-based technigues. The

latter also elucidated a further necessity for early promoters to be AT-rich in between

the UCE and TSS %,

a
Immediate - .
Early Synthes
rephcahon

VETF VITFs VLTFs
b
VETF
anah 7 Maa A [
W >
-29 12 +1

Figure 1.5. An overview of VAVC Transcription. (a) The basic stages of the VACV gene
expression cascade of early, intermediate, and late expression, using VACV Early
(VETF), Intermediate (VITF) and Late (VLTF) Transcription Factors, respectively.
Immediate Early and Early canonical viral expression stages are blended together
since there is no clear distinction in VACV . (b) Schematic of a typical early VACV
promoter region and its predicted interaction with the VETF, summarising the results of
biochemical studies 89,

1.5.4 The Vaccinia virus Early Transcription Factor

Not only has there long been knowledge of VACV early promoters, but there is also
reasonable understanding of the proteins and factors necessary to initiate
transcription during early infection. VACV carries with it these factors within viral
particles: VACV-RNAP, Rap94 and the heterodimeric VETF, comprised of a large (A7
or VETF-I) and small (D6 or VETF-s) subunit . All these proteins are necessary to
initiate transcription from early promoters °4 %, with the VETF providing promoter
specificity i binding not only to the upstream control element, but also further

downstream of the TSS 9%, This is an interesting binding arrangement given the
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VACV-RNAP would have to contact the TSS without being blocked by the VETF, and
unlike the Pol Il system, where TBP and TFIIB binding sites of TATA-box and BRE
(respectively) are both located upstream of the TSS %. It has however, been
hypothesised that this atypical mode of VETF DNA-binding might facilitate bending of
the DNA-duplex for initiation akin to TBP. This has been somewhat supported by the
presence of a TBP-like domain (TBPLD) which was discovered within A7, shown via
Cryo-EM 1%, However, this TBPLD binds DNA in a non-canonical manner i utilising
only one of its two TBP-lobe domains 1%, The structure of the VACV-VETF is shown
in Figure 1.6.a, with the domains designated by Grimm et al. 1, annotated and
illustrated in Figure 1.6.b. From here, the TBPLD (magenta) can be seen with its

second TBP-lobe domain interacting with DNA.

VETF-S: D6 VETF-L: A7
1 230 531 637 1 149 358 484 612 710

Er

Figure 1.6. () The VACV VETF D6-A7 structure from Grimm et al. *°° (PDB: 7AMV),
with domains coloured and annotated as shown in (b).

- CRBD| D.4 [

The VETF structure in Figure 1.6 has not only given us the domain organisation of D6

and A7 (shown diagrammatically in Figure 1.7.a), but it has also demonstrated exactly

28



Chapter 1. Introduction

where these different proteins are interacting with the DNA (Figure 1.7.b). As
predicted from the biochemical studies described above, there are non-specific DNA
interactions downstream of the TSS, between the C-lobe of D6 and downstream DNA
(at +16 in light blue in Figure 1.7.b). As well as interactions between the TBP-like
domain and DNA upstream of the TSS, in the major groove around approximately -12
(magenta in Figure 1.7.b). However, the key interaction which enables specific
promoter recognition originates from the critical region binding domain (CRBD, yellow
in Figure 1.7.b), with the central G of the early promoter being located at -20 nt

upstream of the TSS.

a b
D6: CTD A7: CTD o A7: Domain4

D6: C-Lobe ("
‘ 2
N
D6: N-Lobe AT7: TBPLD }‘ TBPLB: ~ -12
Rap94: NTD ARNTR

y\
Figure 1.7. A simple diagram of the VACV VETF. The orientation is flipped 180° on the
x-axis relative to Figure 1.6. (a) D6 and A7 as they are found in the VETF in complex
with DNA. All the domains annotated by Grimm et al. ' are shown in the same colours
as in Figure 1.6, and the +1 (TSS) and initially melted region (IMR) are labelled. (b) A
simplified view of the VETF DNA interactions: the three key places in D6 and A7 which
interact with the DNA are labelled and coloured according to their associated domain.

C Lobe: +16

CRBD: =20
o

L

AT: CRBD

The VETF subunits D6 and A7 were first and best-characterised in VACV, but are
found across distant clades of NCLDVs whose genomes have been sequenced 67,
The sequence and domain conservation of these proteins will be discussed in more
detail in Section 7.4. D6 (or VETF-s) is a helicase, one of three types encapsulated in
VACV particles. Firstly, there is an NTP-dependent ssRNA helicase called nucleoside
triphosphate phosphohydrolase H (NPH-II), which is encoded by the 18 gene 101102,
Secondly, NPH | is a DNA-dependent ATPase encoded by gene D11, associated with
active VACV-RNAP and required for the full transcription cycle from an early promoter
1031105 Finally, the V E T F 6 subuni§ which shows ATP-dependent DNA helicase
activity, and is essential for early gene transcription initiation. The role of helicases in
transcription is by no means novel to viruses, having roles in chromatin remodelling,
initiation, elongation and termination, as well as outside of transcription, including

DNA repair; this is across the domains of life, as reviewed by Brosh and Matson 1,
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The role of TFIIH in Pol Il transcription initiation is also well characterised, functionally

and structurally 1°7110° therefore their importance in viral transcription is unsurprising.

1.5.5 Structural Insights into the VACV RNA Polymerase

The recent joint papers by Grimm et al. and Hillenetal. 1% on t he O6Basis uct ur a
of Poxvirus cémeat WACY asithe bestestndied NCLDV. They have

provided the only structures currently available of an NCLDV RNA polymerase, its

associated factors and their respective domains which could be elucidated via Cryo-

EM. They were able to resolve the structures for all eight of the VACV-RNAP

subunits, which are homologous to components of the Pol Il transcription machinery,

as shown in Table 1.1. Subunits of VACV-RNAP have traditionally been named
according to their mol ec (elg.dhelagestisgpimitat M7 ec eded
kDa i equivalent to Pol Il RPB1 1 is called Rpo147). To avoid confusion i especially

when comparing to archaeal RNAP subunits which have similar names i.e.

Rpo[number] i the VACV subunit names are listed in Table 1.1. But from now on will

be referred to according to the archaeo-eukaryotic numbering, such as VACV-RPB10

(Rpo7) being equivalent to Pol Il RPB10 and archaeal Rpo10, and so on.

RNAP subunit VACV Gene Core VACV-RNAP Subunits
Homolog

RPB1 J6R Rpo147 110

RPB2 A24R Rpo132 111

RPB3 & RPB11 A29R Rpo35 103112

RPB5 J4R Rpo22 110

RPB6 A5SR Rpo19 13

RPB7 D7R Rpo18 14

RPB9 = -

RPB10 G5.5R Rpo7 %

RPB12 = -

- H4L Rap94 103115

TFIIS ** E4L Rpo30 116

Table 1.1. Comparison between RNAP subunits in Pol Il and core VACV-RNAP. * The
Rap94-encoding H4L gene has no identified sequence homologs in eukaryotes. ** E4L-
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encoded Rpo30 is a simplified version of the Pol-Il system factor TFIIS and integrated
as a subunit of VACV-RNAP 103116,

Grimm et al. 1% established a strategy for purifying VACV-RNAP directly from HelLa
cells infected with a recombinant VACV strain (GLV-1h439). GLV-1h439 encoded a
hemagglutinin (HA) / FLAG tag on the C-terminus of Rpo132 (homologous to RPB2 in
Pol II). This enabled anti-FLAG purification of the remaining native VACV-RNAP
subunits and associated factors, while a 10-30% sucrose gradient further separated
purified complexes into two distinctc o mpl ex composi tions, named t
6 compd eV-RNAP (Figure 1.8.a and Figure 1.8.b, respectively). The core
complex consisted of all eight known VACV-RNAP subunits plus RNA polymerase
associated protein (Rap94). This core-RNAP was transcriptionally active but
incapable of initiating from an early promoter 1%, The complete complex included the
core complex, plus further transcription associated factors (annotated in Figure 1.8.b):
both VETF subunits (D6 and A7), NPH-I, and both subunits (D1 and D12) of the viral
capping enzyme (VACV-CE). They identified two additional complete complex
components: a homodimer of the viral core protein (E11L) and a host tRNA®", both of
which were newly identified as VACV-RNAP-associated from these novel structures.
Despite the presence of both D6 and A7, the vast majority of the VETF was not
resolved (only A7 residues 365-458 from the CRBD). This was likely due to the lack
of DNA to stabilise its structure 1°°, though the VETF structure would be later resolved
with promoter DNA by Grimm et al. 1%°. The complete VACV-RNAP complex was both

transcriptionally active, and able to initiate from an early promoter template 1%,
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CE: small ¢ J

subumnit CE: large

Figure 1.8. The structures of core and complete VACV-RNAP complexes. (a) The
annotated structure of core VACV-RNAP made from PDB: 6RIC. (b) The structure of
complete VACV-RNAP made from PDB: 6RFL, with complete-complex specific
features annotated. 0 CEO® i sNuaeasm® Triphgsphate z y me
Phosphohydrolase I. All structural representations made using UCSF Chimera ',

1.5.6 The Core VACV-RNAP versus Pol Il

Grimm et al. 1° demonstrated an array of features which are structurally conserved
between the extremely well-studied Pol Il of Saccharomyces cerevisiae (S. cerevisiae
in Figure 1.9.a) and the VACV-RNAP (Figure 1.9.b). This is especially true within the
enzyme core, mostly made up of the two larger catalytic subunits Rpo147 (VACV-
RPB1, grey in Figure 1.9.b) and Rpo132 (VACV-RPB2, gold in Figure 1.9.b). This
includes conservation of the catalytic triad 7 all three glutamic acid residues which
coordinate a magnesium ion (DxDxD motif). Overall, the active centre, including
regions known to bind nucleic acids and the bridge helix, are well-conserved between
Pol Il and VACV-RNAP. However, the viral RNAP is more condensed than its S.
cerevisiae counterpart, lacking pieces of multiple RNAP domains, including the clamp

core, clamp head, jaw and foot. The similarity of VACV-RNAP to Pol Il is further
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decreased by some Pol Il subunits being entirely absent in the viral enzyme, such as

RPB4, -8, and -12. RPB9 is also missing, but VACV-RNAP does instead contain an

integrated and condensed homolog of TFIIS (Rpo30, orange in Figure 1.9.b). Both

RPB9 and TFIIS proteins are part of the UniProtkB*86 ar chaeal rpoM/ eukar
RPA12/ RPB9/ RPC11 RNA polymerasedo family.

There are further subunits which, though shared between Pol Il and VACV-RNAP,
harbour distinct differences. This is evident in the structure of Rpo35, which is a
fusion between an N-terminal RPB3-like sequence and RPB11-like C-terminus (red
and yellow in Figure 1.9.b, respectively). Though the C-terminus lacks the zinc
binding domain of RPB3, and unsurprisingly RPB12-interacting regions. VACV-
RPB10 (Rpo7) also resembles RPB10 (dark blue in Figure 1.9.b), though forms more
extensive interactions with VACV-RPB3 and -RPB2. The minimal assembly platform
of VACV-RNAP is therefore entirely made up of only 2 subunits, a feature previously
predicted for ASFV-RNAP in our unpublished work (see section 7.2.2 for more detail),
and by Mirzakhanyan and Gershon in 2017 *°.

Further intriguing differences between Pol || and VACV-RNAP are observed in the
VACV homologs for RPB5 and RPB6 (purple and cyan in Figure 1.9.b, respectively),
the latter of which includes virus-specific N and C-terminal regions, with the VACV-
RPB6 N-t e r mi-helx makidg a novel contact with VACV-RPB5. The large catalytic
subunits VACV-RPB1 and -RPB2 also have major changes to their C-termini: VACV-
RPBL1 lacks the long C-terminal domain (CTD) characteristic of Pol Il. In contrast, the
VACV-RPB2 C-terminus extends further than its Pol Il counterpart, passing VACV-
RPB6 and reaching the -RPB1 foot domain.
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RPB3
s . RPBI1

Rpo7
. o BN © pe@he, Rpo35-usion

Figure 1.9. Comparing Pol Il and VACV-RNAP structures. (a) Surface representation
of S. cerivisiae Pol Il from PDB: 6GYKwith subunits RPB1-12 coloured and annotated.
(b) Surface representation of VACV-RNAP from PDB: 6RFL with subunits coloured and
annotated. Rap94 is shown in transparent green as this is a VACV-specific protein.

RPBS is conserved across Pols I, 11, lll, and archaeal RNAPs, with the eukaryotic
homologs containing two domains: anN-t er mi n a l 0j awémithlo mai n and (
6assemblyd domain, whi |l ejavadoncam &%?3 Similarly,imo | ogs | ¢

VACV-RPB5 (Rpo22) the assembly domain is well-conserved, but differs in folding of
its jaw domain, also consistent with changes to part of the jaw domain formed by
VACV-RPB1 1%, VACV-RPBS is additionally missing the DNA-binding TPSA motif of
Pol Il 121, These distinct changes to the jaw are in close proximity to the VACV-
specific subunit of TFIIS-like Rpo30. Grimm et al. 1° demonstrate its N-terminal
domain occupies a similar position to TFIIS. So Rpo30 acts as a minimal, integrated
version of its Pol Il counterpart. Structurally confirming what was originally predicted

from its sequence 1°.
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The final feature of Pol Il which is presentin VACV-RNAP, but oO6with a twis
stalk domain. In Pol |l this is composed of RPB7 and RPB4, this heterodimeric stalk

being conserved across eukaryotic and archaeal RNAPs 60122, VACV-RNAP appears

to perfectly conserve an RPB7-like subunit in structure, albeit with a small C-terminal

extension, in Rpol18 (VACV-RPB7). A remarkable difference here however, is the

complete lack of an RPB4 homolog. Additionally, instead of protruding out as the

heterodimeric stalk does in Pol Il, VACV-RPB7 instead leans towards the VACV-

RNAP core 1%,

All the collective differences described above lend towards a multisubunit RNAP
which resembles more compact version of the eukaryotic Pols I, I, and Ill. However,
a major feature of VACV-RNAP which truly sets it apart from, not only archaeo-
eukaryotic RNAPs, but also those of other NCLDVSs, is the presence of the RNA

polymerase associated protein (Rap94) 193115,

1.5.7 Rap94 and the VACV RNA Polymerase

Rap94 is rather an enigmatic protein, being first identified and characterised by Ahn
and Moss in 1992 * when it was observed that DEAE-cellulose purified VACV-
RNAP contained two different species: one exhibiting non-specific RNAP activity
transcribing RNA from ssDNA, the other being capable of specific transcription from a
dsDNA early VACV promoter in the presence of the VETF. Subsequent separation of
these VACV-RNAP species with heparin chromatography and glycerol gradient
sedimentation, demonstrated the difference between them was a protein predicted to
be ~ 85 kDa. The sequence of this protein corresponded to an ORF encoded by the
gene H4L, which was predicted to encode a full-length protein of ~94 kDa; this RNA

pol ymerase associated protein was therefore

Ahn and Moss *° showed Rap94 was necessary along with the VETF and VACV-
RNAP for early promoter transcription. However, the H4L gene itself is under the
control of a late promoter, since it is not expressed when AraC inhibits viral DNA
replication, preventing post-replicative gene expression. This is in contrast to other
VACV-RNAP genes, but was consistent with Rap94 being packaged in, and therefore
purified from, viral particles ®’. Its presence is also vitally important in proper assembly
of virions containing all the necessary components of the transcription machinery,

including the RNAP, and associated factors like the capping enzyme (VACV-CE) and
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poly(A) polymerase 122, Rap94 therefore, has a pivotal and multi-faceted role in VACV

transcription initiation of early genes, as well as correct viral replication overall.

Despite the clear importance of Rap94, little was initially known about its functional
domain architecture, owing to no significant sequence similarity to any well- and
structurally-characterised proteins. However, the recent structural analyses performed
by Grimm et al.1° and Hillen et al. *** was of high-enough resolution to provide
extensive insight into this viral protein and its interactions with VACV-RNAP at
multiple stages of infection. Grimm et al. demonstrated its structure as part of the core
VACV-RNAP, wrapping around the enzyme (Figure 1.10.a), though only some of its
domains were visible (Figure 1.10.b).

B-cyclin .
a g
L3 & S CTD

90° RED S - B-linker
: g, Domain 2

Figure 1.10. Rap94 Interacting with VACV-RNAP. (a) The annotated structure of Rap94
in core VACV-RNAP made from PDB: 6RIC with the domains designated by Grimm et
al. 1 annotated. (b) The same structure turned 90° on the x-axis for clearer viewing of
Rap94 domains. (¢) The structure of Rap94 in complete VACV-RNAP made from
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PDB:6RFL. Most Rap94 domains were not resolved in the core structure, and only
visible in complete VACV-RNAP in (d), annotated as in (b).

1.5.8 Complete VACV-RNAP and Rap94

Along with other RNAP-associated factorsnecessary to form-the 6con
RNAP (Figure 1.10.c), all the Rap94 functional domains were clearly resolved (Figure
1.10.d). Similar to the work on Rap94 by Ahn and Moss 5, Grimm et al.1®
demonstrated the core VACV-RNAP was capable of non-specific transcription, using
an RNA extension assay with a scaffold simulating the transcription bubble in an
elongation complex. However, only the complete (and not core) VACV-RNAP was
able to carry out transcription initiation, elongation and termination in a transcription
assay from a template containing an early promoter and subsequent terminator
sequence. This suggested that while the core VACV-RNAP was catalytically active,
completion of the full transcription cycle (at least from an early promoter) required
VACV-RNAP, Rap94 and the multiple associated factors that copurified with it: VETF,
NPH-1, VACV-CE, the E11 homodimer and the host tRNAC®". Rap94 yet again plays
an essential role in these interactions, and bringing this large multi-protein complex

together to initiate early transcription &’.

The extensive contacts made between Rap94 and the VETF proteins specifically, is
illustrated in the VACV PIC 1% (Figure 1.11.a). This is especially obvious when
observing the functional domains of VETF proteins (Figure 1.11.b), demonstrating the
A7 domains towards its N-terminus (NTD and TBPLD) show substantial contact with
the central region of Rap94. This is particularly interesting, as this contains the TFIIB-
like region of Rap94 interacting with the A7 TBPLD. The Rap94 TFIIB-like region
consists of the B-ribbon, B-reader, B-linker and B-cyclin (Figure 1.10.d), and this
mimics (Figure 1.11.c) their eukaryotic partners TBP and TFIIB in both binding DNA
(Figure 1.11.d) and bringing it together with the RNAP. However, there is a key
change in the mode of DNA binding, since the TBPLD only binds DNA via one TBP
lobe (Figure 1.11.c), rather than the canonical two-lobe saddle-like binding
mechanism of eukaryotic TBP (Figure 1.11.d). Both the TBPLD and B-like Rap94
domains were completely undetectable from sequence homology and were only

discovered via the Cryo-EM structures 100193,

Despite how different their sequences are, as well as the far higher mutation rate and
changeability of viral genomes, VACV has managed to retain its own version of the

basal mechanism of transcription initiation from eukaryotes and archaea, using the
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key transcription factor partners - TBP and TFIIB (TFB in archaea). Wh at 6 s mor e,
VACYV also encodes a divergent TBP-like intermediate transcription factor called A23
124 which, along with factor A8, form VITF-3 1% (discussed further in Section 1.7.4).
Perhaps an even more interesting fact, is that besides Poxviruses, other NCLDVs do
not encode Rap94 homologs, but most do in fact encode canonical pairs of TBP and
TFIIB proteins, including ASFV 1747124126 However, despite the absence of Rap94 in
non-Poxvirus NCLDVs #/, and its clear necessity in early transcription interacting with
both the VETF and RNAP 190103 gther NCLDVs do still encode their own VETF
subunits of D6 and A7. Furthermore, A7 homologs in non-Poxvirus NCLDVs appear
to be much larger on average than VACV-A7 #7 - this will be discussed in more detalil
in Section 7.4 in the context of characterising ASFV-A7. In summary, while VACV and
Poxviruses overall are clearly the best-studied NCLDVSs, in some cases they may be
considered the exception rather than the rule, especially when we investigate the

transcription system of ASFV, which appears to be more Pol ll-like than VACV.

Rap94: TFliB-like

Figure 1.11. Structure of the VACV PIC (PDB:7AMV). (a) Structure of PIC highlighting
key early transcription factors interacting with RNAP (grey): the VETF A7(pink) and D6
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(blue) and Rap94 (green). (b) The same structure as in (a), except with the domains of
D6 and A7 coloured and annotated. (¢) The structure of the A7 TBPLD (magenta) with
the TFIIB-like domains found within Rap94 (green), and their positioning relative to the
upstream promoter region. (d) The homologous proteins to TBPLD and Rap94 from the
Pol Il system i TBP and TFIIB, coloured as in (c), from PDB: 6GYK.

1.6 What we know about the ASFV transcription system

1.6.1 The predicted basal ASFV transcription machinery

While our understanding of the VACYV transcription machinery is now quite extensive,
the same cannot be said for that of ASFV - our knowledge entirely relying on
sequence homology of ASFV genes to their VACV or Pol Il counterparts. The basal
ASFV transcription machinery is reminiscent of the eukaryotic Pol Il system (Figure
1.12) according to predicted homology, though very little experimental work has been
carried out to study the molecular mechanisms of ASFV transcription. ASFV-RNAP
has homologs for most Pol Il subunits (Figure 1.12.a), including those of RBP1, 2, 3,
5, 6, 7, 9 and 10 (Figure 1.12.b), showing a more similar composition to Pol Il than
VACV-RNAP, which lacks RPB9 (Table 1.2) *?’. However, there are significant
differences between ASFV-RNAP and Pol Il, including fused RNAP subunits (such as
RPB3-11) *° and highly divergent subunits containing novel compensatory domains
(e.g. ASFV-RPBY). ASFV also encodes homologs of eukaryotic initiation factors TBP
and TFIIB, as well as the full elongation and transcript cleavage factor TFIIS. In
addition, ASFV-RNAP is assisted by predicted virus-specific transcription initiation,

elongation and termination factors that are conserved with VACV 1261128,

Figure 1.12. Simple diagrammatic comparison between the eukaryotic Pol Il basal
transcription components (a) and their ASFV homologs (b). Based on identified
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homologs summarised by Rodriguez and Salas ¥/, adding ASFV-RPB9 * and ASFV-
TBP 1%,

RNAP subunit ASFV Gene VACV Core VACV-RNAP

Homolog Gene Subunits
Homolog

RPB1 NP1450L 1% J6R Rpo147 110

RPB2 EP1242L 1 A24R Rpol32 11

RPB3/RPB11 H359L %7 A29R Rpo35 103112

fusion

RPB5 D205R 2713 J4R Rpo22 110

RPB6 GIA7L e ASR Rpol9 13

RPB7 D339L ¥ D7R Rpo18 114

RPB9 C105R * = -

RPB10 CP80R %/ G5.5R Rpo7 %

- ¥ - H4L Rap94 103115

TFIIS ** 1243L 128 E4L Rpo30 116

Table 1.2. Comparison between RNAP subunits in the Pol Il, ASFV and VACV systems
I an update to Table 1.1 to include ASFV homologs. * The Rap94-encoding H4L gene
has no identified homologs in eukaryotes nor ASFV. ** E4L-encoded Rpo30 is a
simplified version of the Pol-1l system factor TFIIS and integrated as a subunit of VACV-
RNAP 19118 However, ASFV 1243L is more similar to the independent factor TFIIS %8,
Of particular interest is the possibility that the ASFV-RNAP can gain promoter
specificity in terms of early or late expression dependent on the association with
either eukaryote-like initiation factors TBP and TFIIB (utilising the cognate motifs,
TATA-element and B-recognition element (BRE), respectively %) or virus-specific
factors like the VACV D6-A7-related D1133L (encodes ASFV-D6) and G1340L
(encodes ASFV-A7) heterodimer 1746, Importantly, the global ASFV promoter
architecture and consensus elements specific for early and late gene expression
remained unknown prior to our work (see Chapter 4 and Chapter 5), with the
exceptionofan AT-r i ch sequence 118 t o derldedranscppionr eam of

start site (TSS), and a @ A T Sefuence found at the initiator of some late genes 32,
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1.7 Gene Expression in ASFV

1.7.1 The ASFV Transcriptome i what had been done.

Transcriptomic analysis is a useful method for analysing gene expression across the
genome using methods like RNA-sequencing (RNA-seq) and have been used in a
wide variety of organisms. There is a great deal lacking with regards to NCLDV
transcriptomes, though it is known when a range of their genes are transcribed for
some NCLDVs: the well-characterised VACV, Faustovirus E12, Mimivirus and the
Pandoraviridae family all have some transcriptomic characterisation. However, there

is little information about most NCLDV transcriptomes 18:84:86.134,135

Prior to our own transcriptomic work in 2020 % (detailed in Chapter 4), there was one
transcriptome dataset which assessed ASFV gene expression - in infected pigs. This
had low coverage of the ASFV genome and variable results for viral gene expression,
possibly due to low viral read-depth, or individual samples originating from different
animals **, Following infection of three pigs with ASFV Georgia 2007/1 (GRG) for 7-
10 days, RNA was extracted from their blood post-mortem. Samples therefore
contained viral transcripts from a range of infection stages, meaning differential
expression of ASFV genes was not possible as this would require a synchronised
infection. Their work focused on the pig-host transcriptome during infection, but they
were able to detect a total of 109 ASFV genes and identified the most-expressed
overall, though this varied significantly between the three animals. For example, they
classified the gene MGF 360-15R (A276R) as the most highly expressed, though it
was only detected in one animal. It was not clear from their data whether ASFV is
capable of responding to different hosts specifically with control of its own gene
expression, but it was clear that there was substantial variation in viral gene
expression between hosts. At the time, our understanding of how ASFV modulates
its gene expression throughout infection was poorly understood, but it presents an

essential step in counteracting any adaptive pathogenicity it might present.

1.7.2 Gene Expression Stages in ASFV

An important question in ASFV transcription is how it modulates transcription during
infection, and whether it responds to host stimuli. Viral genes are typically classified
according to their temporal expression patterns (Figure 1.5.a). Some ASFV genes

have been categorised as immediate early genes, since they are expressed initially

following cell infection (<4 h post-infection), or as early genes following viral protein
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synthesis (~41 6 h). Intermediate genes are expressed immediately following viral
DNA replication (~61 8 h), and then late genes at ~10i 20 h 27 (Figure 1.13). DNA
replication, and therefore transition from early, to intermediate and late infection, can
be inhibited with the use of cytosine arabinoside (AraC) as in VACV 8485 which is
often used during infection experiments to extend pre-replicative gene expression.
Two genes have been proposed as intermediately expressed in ASFV by Rodriguez
et al. ¥’ though the authors acknowledged their experiment could not distinguish

these from late mMRNAs.

There is no direct inhibitor to distinguish between intermediate and late viral gene
expression in ASFV, though it has been observed DNA replication occurs at ~6-8
hours post-infection, followed immediately by newly-expressed genes 127138139 |n
VACV however, it is possible to distinguish intermediate and late stages: Yang et al.
149 showed with RNA-seq that different genes were expressed in the presence (both
intermediate and late genes) or absence (only intermediate genes) of VACV late
transcription factors (VLTFs): G8, Al, and A2. Such a method could be applied to
ASFV; however this would require detailed knowledge of which exact transcription
factors ASFV uses for late gene expression, which has not been demonstrated in

vitro or in vivo, although ASFV does encode VLTF homologs 1730127,

Infection ~6-8 h ~18h
Immediate
» 5 o]
S .
I viral DNA replication

® CYTOSINE ARABINOSIDE -

CYCLOHEXIMIDE — protein DNA replication inhibitor

synthesis inhibitor

Figure 1.13. Schematic representing the stages of ASFV gene expression and the
inhibitors used to distinguish them.

1.7.3 ASFV-RNAP Compared to Pol Il

We can combine what we know about the similarities of ASFV-RNAP to Pol I
structures (Figure 1.14.a), as well as the VACV-RNAP structure 1% to predict the
composition of an ASFV-RNAP complex (Figure 1.14.b). This highlights unique and
virus-specific features in the ASFV enzyme differing from Pol Il, such as the stalk
domain composed of ASFV-RPB7 fused to an uncharacterised protein sequence, and
the fusion of ASFV-RPB3 and -11 subunits.
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RPB2
RPBE* — RPB10
RPB12
RPB9 RPB3
RPB5
180°
RPB1 RPB11
RPB6
RPB7
b H359L:

RPB3-like

H359L:
RPB11-like

D339L.: D339L.:
RPB7-like Uncharacterised
N-term C-term

Figure 1.14. (a) Diagrammatic representation of the Pol II, with subunits coloured and
annotated. (b) Diagrammatic model of core ASFV-RNAP, based on Pol Il homologs
listed in Table 1.2, and coloured as in (a). Features which differ from the Pol Il system
are highlighted.

1.7.4 Overview of ASFV Transcription Factor Homologs

While on a gene-by-gene basis, there is data on ASFV gene expression, there was a
clear lack of data on the global and genome-wide scale. Much of our knowledge on
transcription initiation in ASFV was inferenced based on the NCLDV (but not closely
related) family of Poxviruses, and homology between VACV and ASFV genes. For
example, besides the already mentioned TBP and TFIIB, ASFV encodes many
factors thought to be involved in RNA transcription, summarised in Table 1.3.
However, without functional characterisation of the ASFV proteins it remains unclear
how closely it follows the cascade model of VACV gene expression, and which
factors are used when. ASFV encodes its own virus-specific D6 and A7 homologs
which make up the heterodimeric VETF. But ASFV also encodes Pol Il system-like
TBP and TFIIB, while VACV encodes its own divergent TBP-like A23 24 or
repurposes the host TBP to act in conjunction with its own viral intermediate and late
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transcription factors 1. For intermediate transcription, VACV requires TFIIS-like

Rpo30 incorporated into the newly synthesised VACV-RNAP 103142 as well as VITFs
A23 and A8 %143 |n contrast, ASFV does not encode any VACV-like intermediate

factors. For late transcription, VACV can use host TBP with intermediate factors
swapped for G8, Al, and A2 #4145 (VLTF-1, -2, and -3, respectively), the latter being

a akin to eukaryotic proliferating cell nuclear antigen %6, ASFV also encodes VLTF-1
(G8) from gene E301R, VLTF-2 (Al) from B175L, and VLTF-3 (A2) encoded by
B385R 161730 This all suggests ASFV transcription falls somewhere between VACV

and Pol Il, but without genome-wide knowledge of ASFV gene expression, the search

for promoter motifs to match with the predicted ASFV transcription factors remains

difficult.
ASFV gene VACV/host VACV/host Temporal expression
factor gene (VACV)

G1340L Y7 & VETF A7L & D6R Early %49, cVACV-

D1133L 161471149 RNAP complex 193,

NP868R 150 VTFICE D1R & D12L All'i transcript capping
& termination 52,
cVACV-RNAP complex
103

Q706L NPH | D11L All'i termination %2
cVACV-RNAP complex
103

1243L* 128 ASFV- | VITF-1/VACV- E4L (Rpo30) Intermediate 153

TFIIS

RNAP subunit

- VITF-2 Host Intermediate 54

; VITF-3 A8SR, A23R Intermediate 125
(VACV-TBP?*)

B263R 126 TBP ** Host Intermediate / late 4

C315R 17: ASFV- | - *** - -

TFIIB

E301R 1730 VLTF-1 G8R Late 155

B175L © VLTF-2 AlL Late 155

B385R V7 VLTF-3 A2L Late 155
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- VLTF-4 H5R Intermediate / late
transcription elongation
/ termination ¢
- VLTF-X & Host Late 718
hnRNPs (a2 &
RBM3)
- G2 G2R Intermediate / late
transcription elongation
/ termination 1%°
QP509L/A859L Al8 Al18R DNA helicase,
16,27,46,148,149 intermediate and late
transcription
termination factor 160161
B962L ?7 NPH-II 18 RNA-dependent

NTPase, DE-H family

101

Table 1.3. Putative transcription factors of ASFV system based on those required for

initiation in VAVC-t r anscri pti on.

6Host 6 indicates

viral transcription and hnRNAPs stands for heterogeneous nuclear ribonucleoproteins.
r e f ¥ACY-RNAP camiplex requiredol e t e
initiation at early promoters according to Grimm et al. ', We identified Q706L
(Accession: NP_042814.1) as a significant hit from PSI-BLAST 62162 searching with
VACV NPH | protein sequence (Query coverage: 84%, E-value: 4e-16). It was not
previosly known which of D1133L and Q706L encoded the homologs of D6 and D11. *
A23R was recently identified as a highly divergent TBP homolog *?*. ** VACV recruits
host TBP, while ASFV encodes its own viral homolog 1?54, *** ASFV encodes a TFIIB
homolog **, but there is no evidence of its use in the VACV system.

The 6 c VARNAP

compl ex o

Based on the similarity of ASFV factors to their homologs in Table 1.3, we can

extrapolate the possible forms of the preinitiation closed-complex ASFV-RNAP based
on complete VACV-RNAP 100103 or Pol || 164 (Figure 1.15.a). Included in Figure 1.15

are the predicted initiation factors for the different stages of viral expression: early or

pre-DNA replication (Figure 1.15.b) and post-DNA replication (Figure 1.15.c and .d).
ASFV encodes identifiable homologs for VLTFs: G8, Al, and A2 (VLTFs 1, 2, and 3,
respectively). But no homologs for the virus-encoded VITFs have been found in
ASFV: known as E4 (VITF1), and A8 with A23 (VITF3). In A23, VACV encodes a

divergent TBP homolog 24, while also appearing to recruit the host TBP for late

transcription 141. However, these may not be mutually exclusive during infections.

If ASFV follows the patterns of VACV expression, it would use its own Pol Il-like basal

factors TBP and TFIIB to initiate intermediate transcription, and switch to the VLTF-

like factors later, perhaps keeping the use of its own TBP, since it is far closer to the
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host TBP than A23R 2%, However, it must be stated that this mechanism is entirely
inferred from sequence homology of factors, and to date there is no experimental
evidence for which factors ASFV uses post DNA replication. It is also not known if
ASFYV recruits host factors, and there are VACYV factors simply missing any homologs
in ASFV, as seen in Table 1.3. This is why in-depth understanding of the ASFV
transcriptomic landscape is so important i to identify promoters and factors which
may interact with them. Our transcriptomic analyses address this experimentally in
sections 4.4 and 5.5. Additionally, Sections 7.3 and 7.4 include in-depth
computational analysis of ASFV transcription factors, showing what features are
conserved versus their Pol Il or VACV counterparts. Lastly, section 8.3 includes
experimental characterisation of the recombinantly-expressed ASFV-VETF
heterodimer: D6-A7.

a
Q706L:
NPH I
NP868R:
Complete SARPIOG SO Early
ASFV-RNAP ASFV-RNAP PIC
c

\ Late / Post-replicative /

ASFV-RNAP PIC

Figure 1.15. Hypothetical schematic of the complete ASFV-RNAP based on the
complete VACV-RNAP structure '° and components identified in ASFV, as described
in Table 1.3. (b) The early PIC of ASFV-RNAP in complex with the DNA-bound VETF

46



Chapter 1. Introduction

of D6 and A7. (c) A post-replicative PIC with the TBP and TFIIB positioning based on
the closed-complex PIC of Pol Il (PDB:6GYK). (d) A post-replicative PIC with the VLTFs
homologs encoded by ASFV. The positioning of factors was arbitrary since no structure
in ASFV or VACV has ever been resolved.

1.7.5 ASFV Transcripts

Prior to our work, we knew very little about the ASFV transcriptomic map: the
expression stage, the TSS, and some transcription termination sites (TTS), had been
identified for less than a third of genes found in the ASFV-BA71V genome
127,128,133,137.1651185 51 nuclease mapping has been used to investigate sites of both
transcription initiation and termination for 44 and 22 BA71V genes, respectively.
Northern blot and primer extension assays in conjunction with the inhibitors described
above were also used to detect transcripts from these genes during different stages
of infection and show the distribution of their transcript lengths. Using these
techniques under a third of individual ASFV gene transcripts have been detected

during infection (Figure 1.16.a).

Interestingly, most of the ASFV gene transcripts detected have been almost entirely
detected during early, late, or both early and late stages of infection. This is not
necessarily reflective of gene expression but rather the ease of distinguishing these
stages: either due to their time difference or by using AraC to distinguish pre- and
post-replicative gene expression as a proxy for early and late expression,
respectively. But these stages do not appear mutually exclusive, since almost a
guarter investigated show detection at both these time-points, perhaps hinting at
multi-stage expression. But without detailed knowledge of ASFV transcript stability
and whether this differs between stages, it is not possible to make broad conclusions
from this data. Another interesting feature of ASFV transcripts is they appear to show
a greater variation in length (Figure 1.16.b), and range of transcript-lengths (Figure
1.16.c) during late infection. For example, the late gene B318L transcripts vary
greatly, from 1.1 to 9.4 kb in size 1’3, going far beyond the initial ORF: in the case of
B318L this is only 318 residues. This therefore hints at some change between pre-
and post-replicative gene expression which leads to increased transcription read-
through and poor termination efficiency, producing longer transcripts. We have

investigated this further using genome-wide using long-read NGS in Chapter 6.
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1.7.6 Transcription Termination in ASFV

Exceedingly long or varying transcript lengths, indicated in Figure 1.16.b and .c, point
to some failing or changeability in the process of transcription termination. The
mechanisms underlying transcription termination of multi-subunit RNAP are diverse
186.187 Some ASFV terminators have been individually experimentally mapped,
showing a conserved polyT motif associated with termination 169181, This is in contrast
to VACVwhichappear s to utilise a motif ~ 40 nt wupst
polyadenylation signal 8818 This makes ASFV-RNAP more akin to eukaryotic Pol III,
or archaeal RNAPs where a polyU stretch is the sole cis-acting motif - without any
RNA secondary structures characteristic of bacterial intrinsic terminators #’. ASFV
also encodes several (VACV-related) RNA helicases that have been speculated to
facilitate transcription termination, including mRNA release, but the exact mechanism

behind this remains unclear 12719,

a b c
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Olmmediate Early ®Early BEarly + Late BLate E'é;rly La'te Ea'r\y Le;te
Bintermediate + Late BEarly + Intermediate + Late  Infection Stage Transcripts Detected Infection Stage Transcripts Detected

Figure 1.16. Summary of individual gene transcripts. These have been experimentally
investigated in the literature, summarised in detail within Supplementary Table 1 of
Cackett et al. . (a) Expression stages at which the gene transcripts were detected.
(b) The untranslated regions (UTR) for gene transcripts detected during early and late
infection T calculated from the transcript length in bp minus the ORF length in bp. (c)
Difference between the number of transcript variants (with different lengths) per gene
detected during early and late infection.

1.7.7 RNA Modification by ASFV

ASFV transcripts reading through the initial ORF have the potential to transcribe into

and past downstream ORFs, but whether these downstream ORFs are translated has

not been shown. Like VACV, ASFV is thought to carry out cap-dependent translation.

Salas et al. 1t demonstrated ASFV RNAs synthesised by the contents of solubilised

viral particles in vitro had poly(A) tailsof ~33nt( pol yadenyl at gahd at t he
were capped predGMmb o ap PopygeStiugtures. ABFRV shows
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clear independence from its host, encoding its own machinery for adding botha 5 6
cap and 3 0tojpsonRNAS K'): the GAT5L gene is homologous to other
NCLDV poly(A) polymerases ', and NP868R (c ap pi ng e ASFY-GH) shows ¢
guanylyltransferase activity in vitro 1°, ASFV-CE is simpler than the heterodimeric
VACYV capping enzyme (VACV-CE), since it only shows homology to the largest
VACV-CE subunit D1 and not the smaller D12 *°, Interestingly, the structure of the
ASFV-CE C-terminal methyltransferase domain has now been biochemically and
structurally characterised, remarkably resembling that of Encephalitozoon cuniculi 2,
This organism has one of the smallest eukaryotic genomes discovered 1%, second

only to its cousin Encephalitozoon intestinalis #2.

VACYV shows a further form of mMRNA modification during post-replicative expression
which are 56 poly(A) | eader KNAPgretmedAAAT ed by
initiator (Inr) sequence *4. While the presence of poly(A) leaders is not mutually

exclusive wit h  a B°ptheg carpenable an alternative path for cap-independent

translation when cap-dependent translation is inhibited, without the use of internal

ribosome entry sites (IRES) %6197 There is no evidence of ASFV employing IRES to

translate downstream ORFs in its long transcripts. Though like VACV, it does appear

that it utilises cap-dependent translation for translation of viral proteins, with

translation initiation factors and ribosomes being recruited to ASFV viral factories

during infection 19,

ASFYV is also capable of modifying the mRNA of its cellular host: ASFV encodes a de-
capping enzyme (from gene D250R), which can de-cap host transcripts, increasing
their degradation, thus interfering with host gene-expression and protein synthesis
199,200 - Another example of ASFV disrupting host gene expression is that during
infection, dephosphorylation i and subsequent degradation i of host Pol Il is induced
201 During infection the level of polyadenylated mRNAs in the cell cytoplasm reduces,
but levels are stable in viral factories, where viral MRNAs are located; all this while
the host translational machinery is recruited there simultaneously '%. ASFV shows
immense control over its host cells during infection, with an array of strategies for
evading the host immune response (as reviewed by Sanchez et al. 1%8), with a clearly

devastating effect.
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Chapter 2. Aims of this PhD Project

Prior to the work described in this thesis, our understanding of global changes in

ASFV gene expression during infection was severely lacking. The little which was

known had been extrapolated from individual genes in the attenuated ASFV BA71V

strain. In some cases, thisi ncl uded the mapping of transcrinp
and ter mi nat i oHowsverttes anh@aiongcoversd)less than a third

of the BA71V strain genome, and were not sufficient to identify any global promoters

and terminators. This lack of information greatly hindered our ability to understand

how ASFV could control its gene expression, and which factors it may use to carry

this out. Therefore, the aim of this research was to use a collection of interdisciplinary

techniques to fill the crucial gaps in our knowledge.

a) Characterise the transcriptomic landscape of the Genotype | ASFV-BA71V

strain with nucleotide resolution (Chapter 4).

Rationale: This strain being lab-attenuated and adapted for tissue culture, has
been historically the best-studied worldwide. We therefore aimed to provide in-

depth annotation of its genome using a combination of NGS techniques:

i. Map the 56 ends an dnstath@tes €TSS genome-r ans cr i

wide.

ii. Investigate which genes are differentially expressed between early and

late infection.
ii. Identify promoter motifs upstream of early- and late-expressed genes.

iv. Map the 306 ends of transcriptsites and tF

(TTS) to identify a conserved transcription terminator motif.

b) Characterise the transcriptomic landscape of the pathogenic ASFV Georgia
2007/1 (GRG) strain and compare to that of BA71V (Chapter 5).

Rationale: Though it is well studied, BA71V and its parental pathogenic BA71 strain
(both Genotype 1), are not closely related to the key pathogenic strains (Genotype
II) currently causing outbreaks across the world. The GRG strain was the first
isolate from these ongoing outbreaks outside Africa to have its whole genome
sequenced. We aimed to analyse how similar gene expression and promoter

usage was between these two more distant strains, and whether the lab-attenuated
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BA71V strain was an appropriate representative for ASFV. We therefore
investigated its transcriptome during infection of non-tissue culture cells (porcine
macrophages) and compared to our results from BA71V infecting tissue culture
cells, using NGS we aimed to:

i. Map the 506 ends and @®mfes across the GR

ii. Identify differentially expressed genes, comparing expression patterns

between the non-pathogenic (BA71V) and pathogenic (GRG) strains.

iii. Expand on the promoter motifs originally identified in BA71V to account

for pervasive transcription.

c) Use long read sequencing to investigate the diversity of full-length
transcripts in the BA71V ASFV strain (Chapter 6).

Rationale: From observations in VACV,and resul ts of our previou
above, we had reason to believe the phenomenon of transcription readthrough was a

common phenomenon in ASFV. This entails the viral RNAP continuing on past the first

ORF encoded within a transcript, ignoring a transcription termination signal, before

continuing into and beyond downstream ORFs. We aimed to complement our previous

306 end mappi imegd sequeanding apprbachn g

i. Quantify the extent of transcription readthrough and relate to the

presence and strength of terminator motifs.

d) Carry out in-depth computational characterisation of the ASFV RNAP
subunits and transcription factors (Chapter 7).

Rationale: The presence of eukaryotic-like or VACV-like RNAP subunits and
transcription factors were known in ASFV. However, the extent and details of
similarities between these homologs was not understood. We used computational
protein modelling and sequence comparison techniques, to improve our understanding

of which functional features are conserved between ASFV, Pol Il and VACV

e) Characterise recombinant ASFV transcription system proteins: the early

transcription factor D6-A7 complex (Chapter 8).

Rationale: The transcription factor D6-A7 complex was predicted to be initiate early
gene transcription, using a promoter identified via our transcriptomics. We aimed to

characterise recombinantly-expressed D6-A7 and this interaction in vitro.

51



Chapter 3. Materials & Methods

Chapter 3. Materials & Methods
3.1 The Transcriptome of ASFV-BA71V

The methods described below are predominantly from our published manuscript
Cackett et al., 2020 *¢, with work carried out by other lab members, collaborators or
NGS service companies highlighted accordingly.

3.1.1 RNA Sample Extraction from Vero Cells infected with BA71V

RNA-extraction was carried out by our collaborators at The Pirbright Institute (R.

Portugal and L. Dixon): Vero cells (Sigma-Aldrich, cat #84113001) were grown in 6-

well plates, plates and were infected in 2 replicate wells for 5 h or 16 h with a

multiplicity of infection of 5 of the ASFV-BA71V strain, collected in Trizol Lysis Reagent
(Thermo Fisher Scientific) separately, after growth medium was removed. Infected

cells were collected at 5 h (samples for RNA-seq: S3-5h and S4-5h, CAGE-seq: S1-5h

and S2-5ha nd 3 éeqRENSA_1 and E-5h_1), and at 16h post-infection (RNA-seq:
S5-16h and S6-16h, CAGE-seq: S3-16h and S4-16h, and -8eG:L-BRONA, L-

16h_ 1) . RNA was extracted according to manuf a
extraction and the subsequent RNA-pellets were resuspended in 50yl RNase-free

water and DNase-treated (Turbo DNAfree kit, Invitrogen). RNA quality was assessed

via Bioanalyzer (Agilent 2100), before ethanol precipitation. For CAGE-s eq and 30
RNA-seq, samples were sent to CAGE-seq (Kabushiki Kaisha DNAFORM, Japan) and
Cambridge Genomic Services (Department of Pathology, University of Cambridge,

Cambridge, UK), respectively.

3.1.2 RNA-seq,CAGE-seq and -sgdlLibRaN/Rreparations and

Sequencing

For classical RNA-seq, samples were resuspended in 100pl RNase-free water, and
polyA-enr i ched wusing the BI OO SCIENTIFIC NEXTTI

to manufacturerés 1 nstr ucvidBoinosa naanldy zgeura.l i NEBE/X Tw
Rapid Directional qRNA-Se g E Ki t was wut i | i-enelhdexedcDpNA oduc e
libraries fromthe polyA-e nr i ched RNA samples, according t

instructions. Per-sample cDNA library concentrations were calculated via Bioanalyzer,
and Qubit Fluorometric Quantitation (Thermo Fisher Scientific). Sample S3-5h, S4-5h,
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S5-16h and S6-16h cDNA libraries were twice separately sequenced on Illlumina
MiSeq generating 75 bp reads and 12 FASTQ files.

Library preparation and CAGE-sequencing of RNA samples S1-5h, S2-5h, S3-16 h and
S4-16 h was carried out by CAGE-seq (Kabushiki Kaisha DNAFORM, Japan). Library
preparation produced single-end indexed cDNA libraries for sequencing: in brief, this
included reverse transcription with random primers, oxidation and biotinylation of the 5 6
MRNA cap, followed by RNase ONE treatment removing RNA not protected in a
cDNA-RNA hybrid. Two rounds of cap-trapping using Streptavidin beads, washing

away uncapped RNA-cDNA hybrids. Next, RNase ONE and RNase H treatment
degraded any remaining RNA, and cDNA strands were subsequently released from the
Streptavidin beads and quality-assessed via Bioanalyzer. Single strand index linker
and 36 l|inker was |igated to released cDNA s
Sequencer Priming site was used for second strand synthesis. Samples were
sequenced using the Illlumina NextSeq 500 platform producing 76 bp reads
(Supplementary Table 1 of Cackett et al. %),

3 0 RsBiAwas carried out with samples E-5h_1, E-5h 2, L-16h_1 and L-16h_2 using

the Lexogen QuantSeq3 6 mFSBIA.ibrary Prep Kit FWD for Illlumina according to
manufacturerés instructions. Li brarybyprepar a
Cambridge Genomic Services (Department of Pathology, University of Cambridge,

Cambridge, UK) on a single NextSeq flowcell producing 150 bp (Cackett et al. 3¢

Supplementary Table 1).

3.1.3 Sequencing Quality Checks and Mapping to ASFV and Vero Genomes

FastQC 292 analysis was carried out on all FASTQ files: for RNA-seq, FASTQ files were

uploaded to the web-platform Galaxy (www.usegalaxy.org/) 2°32%4 and all reads were

trimmed by the first 10 and last 1 nt using FASTQ Trimmer 2°°, After read-trimming,

FASTQ files originating from the same RNA samples were pooled. RNA-seq reads

were mapped to the ASFV-BA71V (NC_001659.2) and Vero (GCF_000409795.2)

genomes using Bowtie2 2% directly after trimming, with alignments output in SAM file

format. FASTQC-analysed CAGE-seq reads showed consistent read quality across the

76 bp reads, exceptforfirstnucl eoti de. This was an indicat

methylguanosine, due to the reverse transcriptase used in library preparation 2°7.
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Therefore, the reads were mapped in their entirety to the ASFV-BA71V (U18466.2) and
Vero (GCF_000409795.2) genomes.

FASTQC-a n al y s e dse@réadsishbived relatively varying and poorer quality after
nucleotide 65. Cutadapt 2°® was utilised to extract only fastq reads with 18 consecutive

Abs at the 36 end foll owed by tdngforsemaspl e i 7
containing the 306 mMRNA e n-ddagenstquenbeswepedhery A t a i
trimmed and FASTQC-analysed reads were mapped via Bowtie2 to ASFV-BA71V

(U18466.2) and Vero (GCF_000409795.2) genomes.

3.1.4 CAGE Analysis, TSS-Mapping

CAGE-seq mapped sample BAM files were converted to BigWig (BW) format with

BEDtools 2°° genomecov, to produceper-st r and BW files of 50 reac
files were input for TSS-prediction in RStudio 21° with Bioconductor ?!! package

CAGEfightR 22, Genomic feature locations were imported as a TxDb object from

U18466.2 genome gene feature file (GFF3), modified to include gene C44L 213,

CAGEfightR was used to quantify the CAGE tag transcripts mapping at base pair

resolution to the ASFV-BA71V genome - at CAGE TSSs (CTSSs). CTSS values were

normalized by tags-per-million for each sample, pooled and only CTSSs supported by
presence in 02 samples were kept. CTSSs were
within 50 bp of one another, filtering out pooled, reads per million mapped reads

(RPM)nor mali zed CTSS counts below 25, and assi
CTSS peak within that cluster. CTSS clusters were assigned to annotated U18466.2

OREFs (if clusters were between 300 bp upstream and 200 bp downstream of an ORF).
Clusters were classified O60tssUpstreambéb if 1o
6proximalé if | ocated within 500 bp of an OR
annotated ORF was within these regions (exceptingp ut at i ve npNG§ lndgenes,

antisense if within these regions but antisense relative to the ORF.

Cluster classification was not successful in all cases; therefore, manual adjustment

was necessary. Integrative Genomics Viewer (IGV) 214 was used to visualise BW files

relative to the BA71V ORFs, and incorrectly classified clusters were corrected. Clusters

with the o6tssUpstreamd classification were s
cluster subset contained either the highest scoring CAGEfightR cluster or the highest

scoring manually-annotated peak, and the highest peak coordinate was defined as the
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primary TSS (pTSS) for an ORF. Further clusters associated with these ORFs were
classi fi-pdi manmdthérdighest peak as a non-primary TSS (npTSS). If
the strongest CTSS location was intra-ORF and corroborated with RNA-seq coverage,
then the ORF was re-defined as starting from the next ATG downstream. For the 28
intergenic CTSSs, IGV was used to visualise if CAGE BW peaks were followed by
RNA-seq coverage downstream, and whether the transcribed region encode a putative

ORF using NCBI Open Reading Frame Finder 13, if so these were annotated as pNGs.

3.1.5 TTS-Mapping

TTSs were mapped in a similar manner to TSSs and CAGEfightR was utilised as

above,t 0 | ocat e BNAwsqtpeakssHoweler, hédmethod differed in some
respects: input Bi gWi g-enfliovemge exdracted faom BAMd t he 3
files using BEDtools genomecov. -fehpeaksiar s wer

the same manner as before, except merging clusters < 25 nt apart, which detected a

total of 567 clusters. BEDtools was used to check whether the highest point of each

cluster (TTS) was within 500 bp or 1000 bp downstream of annotated ORFs and pNGs.

TTSs were then filtered out if 10 nt downstre am of the 36 end had O 5
clusters potentially originated from miss-priming. TTS clusters for pNG3 and pNG4

were initially filtered out but included in final 212 TTSs due to their strong RNA-seq

coverage from TSS to TTS. In cases of multiple TTS clusters per gene, we defined the

highest CAGEfightR-scored cluster within 1000 bp downstream of ORFs as primary

(pTTS), unless no clear RNA-seq coverage was shown, or manually annotated from

the literature in the case of O61R 19,

3.1.6 DESeq2 Differential Expression Analysis of ASFV Genes

A new GFF was produced for investigating differential expression of ASFV genes
across the genome, with changes from the original U18466.2.gff: for all 151 ASFV
ORFs which had identified pTSSs, we defined their transcription unit as beginning from
the pTSS coordinate to ORF end. Since no pTSS was identified for ORFs E66L and
C62L these entries were left as ORFs within the GFF, while the 7 putative pNGs were
defined as their pTSS down to the genome coordinate at which the RNA-seq coverage
ends. In 8 cases where genes had alternative pTSSs for the different time-points the
TUs were defined as the most upstream pTSS down to the ORF end. For analysing

differential expression with the CAGE-seq dataset a GFF was created with BEDtools
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extending from the pTSS coordinate, 25 bp upstream and 75 bp downstream, however,
in cases of alternating pTSSs this TU was defined as 25 bp upstream of the most
upstream pTSS and 75 bp downstream of the most downstream pTSS. HTSeq-count
215 was used to quantify reads mapping to genomic regions described above for both
the RNA- and CAGE-seq sample datasets. The raw read counts were then used to
analyse differential expression across these regions between the time-points using
DESeq2 (default normalisation described by Love et al. 2%%) and those regions showing
changes with an adjusted p-value (padj) of <0.05 were considered significant. Further
analysis of ASFV genes used their characterised or predicted functions as found in the
VOCS tool database (https://4virology.net/) 217218 or ASFVdb 2° entries for the ASFV-
BA71V genome.

3.1.7 Early and Late Promoter Analysis

DESeq2 results were used to categorise ASFV genes into two simple sub-classes:
early; genes downregulated from early to late infection and late; those upregulated
from early to late infection. For those with newly annotated pTSSs (151 including 7
pNGs but excluding 15 alternative pTSSs), sequences 30 bp upstream and 5 bp
downstream were extracted from the ASFV-BA71V genome in FASTA format using
BEDtools. The 36 Early, 55 Late and all 166 pTSSs (including alternative ones) were
analysed using MEME software (http://meme-suite.org) ??° with assistance from M.
Sykora, searching for 5 motifs with a width of 10i 25 nt, other settings at default.
Significant motifs (E-value < 0.05) detected via MEME were submitted to a following
FIMO %2 search (p-value cut-off < 0.0001) of 60 nt upstream of the total 166 pTSS
sequences (including pNGs and alternative pTSSs), and Tomtom software 2?2 search

(UP00029_1, Database: uniprobe_mouse) to find similar known motifs.

3.1.8 Data Availability i The BA71V Transcriptome

Sequencing data from RNA-seq, CAGE-s e ¢ a n d -sé&g&re &hilable on
Sequence Read Archive (SRA), from BioProject: PRINA590857.
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3.2 Comparison between the BA71V and Georgia 2007

Transcriptome

3.2.1 GRG-Infection of Macrophages and RNA-extraction

All infection and RNA extraction experiments were carried out as for BA71V: by R.
Portugal and L. Dixon at the Pirbright Institute. Primary porcine alveolar macrophage
cells were collected from two animals following approval by the local Animal Welfare
and Ethical Review Board at The Pirbright Institute. Cells were seeded in 6-well plates
(2x106 cells/well) with RPMI medium (with GlutaMAX), supplemented with 10% Pig
serum and 100 | U/ ml penicillin, 100 e€g/ ml st
replicate wells for 5 h or 16 h with a multiplicity of infection (MOI) of 5 of the ASFV
Georgia 2007/1 strain, collected in Trizol Lysis Reagent (Thermo Fisher Scientific)
separately, after growth medium was removed. Infected cells were collected at 5 h
(samples G1-5h and G2-5h), and at 16 h (G3-16h and G4-16h). RNA was extracted
according t o imstauotions forcTtizal exd¢ractiols and the subsequent RNA-
pellets were resuspended in 50ul RNase-free water and DNase-treated (Turbo
DNAfree kit, Invitrogen). RNA quality was assessed via Bioanalyzer, before ethanol
precipitation.

3.2.2 CAGE-sequencing and Mapping to GRG and Sus scrofa Genomes

Library preparation and CAGE-sequencing of RNA samples G1-5h, G2-5h, G3-16h
and G4-16h was carried out by CAGE-seq (Kabushiki Kaisha DNAFORM, Japan).
Library preparation was carried as before (Section 3.1.2). Samples were sequenced
using the lllumina NextSeq 500 platform producing 76 bp reads. FastQC 2% analysis
was carried out on all FASTQ files at Kabushiki Kaisha DNAFORM and CAGE-seq
reads showed consistent read quality across their read-length, therefore, we mapped
reads in their entirety to the ASFV-GRG genome (FR682468.1) using Bowtie2 2°°,

3.2.3 Transcription Start Site-mapping Across Viral GRG Genome

CAGE-seq mapped sample BAM files were converted to BW format with BEDtools 2%°
genomecov, to produceper-st r and BW files of 56 read ends.
input for TSS-prediction in RStudio 2*° with Bioconductor 2! package CAGEfightR 2'2,
Genomic feature locations were imported as a TxDb object from FR682468.1 genome

GFF. CAGEfightR was used to quantify the CAGE tag transcripts mapping at base pair
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resolution to the GRG genome - at CAGE TSSs (CTSSs), separately for the 5 h and 16

h replicates. CTSS values were normalized by tags-per-million for each sample, pooled

and only CTSSs supported by presence in both replicates were kept. CTSSs were

assigned to clusters, merging CTSSs within 25 bp of one another, filtering out pooled,
RPM-normalized CTSS counts below 25 for 5 h samples, or 50 for 16 h, and assigned

a 6thickdé value as the highest C-off@16heak wi t
was used to minimise the extra noise of pervasive transcription observed during late

infection 136,

CTSS clusters were assigned to annotated FR682468.1 ORFs using BEDtools
intersect, if its highest pointupstréambfarc k 6 r eg
OREF, 6CDS6 i f within the ORF, ONAOG i f no ann
Multiple TSSs | ocated within 500 bp of ORFs were
subset contained either the highest scoring CAGEfightR cluster or the highest scoring
manually-annotated peak (when manual ORF corrections necessary), and the highest

peak coordinate was defined as the pTSS for an ORF. Further clusters associated with

these ORFs were -ptamarydedwashodénhbair highest
strongest CTSS location was intra-ORF, without any CTSSs located upstream of the

ORF, then the ORF was re-defined as starting from the next ATG downstream. D.

Matelska identified the novel ORFs (nORFs) by taking the orphan TSSs (those with no

full-length annotated ORF downstream), and identified those which had potential for

encoding previously unannotated ORFs. These nORFs were split into either the intra-

ORF (ioTSSs, inside an already annotated ORF), when overlapping in-frame with

annotated ORFs with potential for generating truncation variants, or as entirely novel

i.e. newly annotated in the FR682468.1 genome.

3.2.4 DESeq2 Differential Expression Analysis of GRG Genes

For analysing differential expression with the CAGE-seq dataset, a GFF was created
with BEDtools extending from the pTSS coordinate, 25 bp upstream and 75 bp
downstream, however, in cases of alternating pTSSs this region was defined as 25 bp
upstream of the most upstream pTSS and 75 bp downstream of the most downstream
pTSS. HTSeq-count ?'°* was used to count reads mapping to genomic regions
described above for both the RNA- and CAGE-seq sample datasets. The raw read

counts were then used to analyse differential expression across these regions between
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the time-points using DESeq?2 (default normalisation described by Love et al. ?1¢) and
those regions showing changes with an adjusted p-value (padj) of <0.05 were
considered significant. Further analysis of ASFV genes used their characterised or
predicted functions as found in the VOCS tool database (https://4virology.net/) 217218

entries for the GRG genome.

3.2.5 Quantification of viral genome copies at different time points of infection

The infection and gPCR experiments described below were carried out by R. Portugal
and L. Dixon at the Pirbright Institute to verify the NGS predictions. Porcine lung
macrophages were seeded and infected as described above. Vero cells were similarly
cultured in 6-well plates in DMEM medium supplemented with 10% Fetal calf serum,
100 1| U/ ml penicillin awxhehsemBcOnflen thepywerest r ept o my
infected with MOI 5 of Ba71V. Immediately after infection (after 1h adsorption period,
consi der edb5Hh é&nd 16)h,the supernatant was removed and nucleic acids
were extracted using the Qiamp viral RNA kit (Qiagen) and quantified using a
NanoDrop spectrophotometer (ThermoFisher Scientific). For quantification of viral
genome copy equivalents, 50 ng of each nucleic acid sample was used in gPCR with
primers and probe targeting the viral capsid gene B646L. As previously described %23,
standard curve quantification gPCR was carried out on a Mx3005P system (Agilent
Technologies) using the primers CTGCTCATGGTATCAATCTTATCGA and
GATACCACAAGATC( AG) GCCg@a-cadaxydluongsceanjFAM]B Nj
CCACGGGAGGAATACCAACCCAGTG-3 -kg-carboxytetramethylrhodamine [TAMRA]).

3.2.6 ASFV Promoter Motif Analysis

DESeq2 results were used to categorise ASFV genes into two simple sub-classes:
early; 87 genes downregulated from early to late infection and late; the 78 upregulated
from early to late infection. These characterised gene pTSSs were then pooled with the
NORF pTSSs, and sequences upstream and downstream of the pTSS were extracted
from the GRG genome in FASTA format using BEDtools. Sequences 35 bp upstream
of and including the pTSSs were analysed using MEME software (http://meme-
suite.org) 2%, searching for 5 motifs with a maximum width of 20 nt and 27 nt,
respectively (other settings at default). The input for MEME motif searches included

sequences upstream of 134 early pTSSs (87 genes and 47 nORFs) for early promoter
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searching, while 234 late pTSSs (78 genes and 156 nORFs) were used to search for

late promoters.

Clustering gene expression profiles, as shown in Figure 5.7.a, was carried out using R

package pheatmap (command: pheatmap(assay([data table]), color= magma(15),
cluster _rows=TRUE, show_rownames=TRUE, cl ust
cluster _col s=TRUE, <clustering_distance _col s
kmeans_k = 5)): here kmeans_k =5 sets the number of clusters to 5. Multiple

clustering attempts were carried out to observe the consistency inresultsi 6 dat a t abl €
in the above command consisted of a table of only the raw read counts per gene (as

used for DESeq2 input) and generated Figure 5.7.a. The normalized RPM and log2

fold change in expression values output from DESeq2 were also attempted with the

above settings (the former is shown in Cackett et al. 2022 2?4, Supplementary Figure

1). Furthermore, the same method was used in our previous BA71V analysis alone,

with only two time-points and two replicates from one strain (Cackett et al. 2022 %),

Despite these variations in input, the members of each cluster were consistent,

including biologically relevant clustering of genes such as those encoding the RNAP

subunits, whose expression were expected to remain consistent. Prior to using

kmeans_k =5, heatmaps were also generated with default settings (no cluster number

input i resulted in 4 clusters) and with kmeans_k = 3. The purpose of clustering genes

in this manner, was to better refine the promoter motifs for late genes i.e. those

upregulated from 5 h to 16 h post-infection. Therefore, for each clustering attempt,

MEME was used to find conserved motifs: sequences were extracted in the same

manner as above, but separated according to their cluster. MEME motif searches were

carried out for sequences in each cluster, (command: meme [file].fasta -dna -oc . -

nostatus -time 14400 -nmotifs 4 -minw 5 -mod zoops -allw). Genes being separated

into 3 and 4 clusters only further separated early genes into multiple sub-clusters, all of

which possessed detectable and significant EPMs shown via MEME. Setting the

number of clusters to 5 and assessment of the conserved motifs as above, produced

the motifs shown in Figure 5.10. Notably this was the first number of clusters attempted

which separated the late-expressed genes into two clusters, each with their own

distinct and significant MEME motif. These motifs were conserved across the

sequences from cluster members, therefore 5 clusters were used as the final groupings

for predicting the viral promoter motifs in Figure 5.10.
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3.2.7 Data Availability

Raw sequencing data are available on the Sequence Read Archive (SRA) database
under BioProject: PRINA739166. This also includes CAGE-seq data aligned to the
ASFV-GRG (FR682468.1) genome (see methods above) in BAM format.

3.3 Long Read Sequencing of ASFV-BA71V

3.3.1 Oxford Nanopore MinlON Library Preparation and Sequencing

A total of four RNA samples were sequenced and analysed - the same conditions as
for previous BA71V transcriptomic work (Section 3.1.1): two replicates from 5 h and 16

h post-infection. RNA sequencing libraries were prepared with the Direct RNA

Sequencing Kit (Oxf or d-RWal2)aecordingtoor o6 ONTO,

manufacturerds instructions. I n brief, any

an oligo-dT primer along with an adapter to facilitate reverse transcription (RT) with
SuperScript IV (Thermo Fisher). Magnetic beads (SPRIselect, Beckman Coulter) were
mixed with 1 pl of RNasin Ribonuclease Inhibitor per 100 pl beads. Following RT, the
sample was mixed with this bead-inhibitor mix, and using a magnetic rack the beads
were cleaned with 70% EtOH. After elution from the beads in nuclease-free water, a
sequencing adapter was ligated to the RNA-DNA hybrid, bound to fresh magnetic

S Q
P

beads, and washed with the kitds wash buffer

elution buffer. Samples were prepared for loading onto a MinlON flow cell (FLO-
MI NSP6) according to the manufacturerds
there were no remaining pores in the flow cell (1 flow cell per sample, taking up to

72h), and results were output in FASTS5 format.

3.3.2 Basecalling and Mapping of Nanopore Sequencing Reads

Guppy (v4.4.2, Oxford Nanopore) was used for basecalling i.e converting the FAST5
voltage signal files into FASTQ sequencing data files (parameters: --flowcell FLO-
MIN2106 --kit SQK-RNAOQO2 --trim_strategy none --fast5_out --reverse_sequence on --
calib_detect on -r). Output FASTQ files were then concatenated (command: cat
*_0.fastq) to generate a FASTQ containing both Vero host and ASFV-BA71V reads.
Minimap2 2?° was used to map reads from FASTQ files to either the ASFV-BA71V
(U18466.2) or Vero (GCF_000409795.2 Chlorocebus sabeus 1.1) genomes, after

generating index .mmi files for each genome to improve mapping speed. Mapping
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command: minimap2 -ax splice -uf -d -a [genome file].mmi [sample file].fastq > [sample
file].sam . For visualisation, SAM files were converted to BAM files using Samtools 225,
which was also used to extract lengths of reads mapping to each genome (command:
samtools view -F 4 [sample file].sam | cut -f 10 | perl -ne ‘chomp;print length($_) . "\n™" |

sort -n | unig -c > [sample file].tab).

3.3.3 Genome-wi de Comparison to LRS 5@6s eagndan3dd 3ebn d
RNA-seq

BAM files were sorted and indexed using IGV Tools 24, before BEDTools 2°° was used

to return ONT reads which overlapped our newly-annotated BA71V genome in GFF3

format (from Cackett et al. 2020 ¢ Supplemental file 2), using command: bedtools

intersect -wo -s -a [.gff3 file] -b [.bam file] . Each resulting table was imported into

RStudio ?1° (Version 1.1.456, R version: 3.6.3) in which most subsequent analysis and

data visualisation took place, predominantly using packages dplyr 22" and ggplot2 228,

At this stage, results from replicates were pooled into two groups: ASFV reads

overlapping genes at 5 h and reads overlapping genes at 16 h. For each ONT read

which overlapped an annotated gene on the same strand, these were filtered according

to firstly whether the 50 end ofeqanneated ead wa
TSS. Then reads were filtered accordingtowh er e t he 36 ends ,0f reac
rel ati ve t-seqanioltedddTS:RMNEPTTS( cl assed as O6correc
termination), upstream of the pTTS(6 pr e mat ur ed) and downstream
(6readt Roough®)the reads wlg alhcadnweoplpbed t o t he
assigned to either of these three categories, with their frequencies per gene being

compared between early and late genes (assigned from CAGE-seq), between time-

points overall, or between time-points when the pTTS contained a polyT sequence

motif, and according to the polyT.Altiswas h ( numbe

saved as a data.frame in RStudio for downstream analysis.

3.3.4 Relationship Between polyT Presence and Termination Types at TTSs

Genome-wi de polyT occurrences were idenatifi fied v
across each strand of the ASFV-BA7lVgenome wusing | GV Tool s O6Fi
and polyT locations were exported in BED format. BED files were then sorted

(command: sort -k1,1 -k2,2n [.bed] > [sorted.bed]). Sorted BED file coordinates were

merged with BEDTools, to combine consecutives t r et ches of > 4 To6s i1
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annotation in the BED file for each strand (command: bedtools merge -i [sorted.bed] >
[merge.bed]). BAM alignments were converted to BW format via deepTools 22°, with
one file for each strand (command: bamCoverage --bam [.bam file] T outFileName [.bw
file] --outFileFormat bigwig --binSize 1 --filterRNAstrand [forward / reverse] --
normalizeUsing CPM). Appendix Figure 6.1. gives an example of the script using
deepTools, along with the BED file and BW file input, to generate the 5 h heatmap

shown in Figure 6.6.

3.3.5 Visualisation of aligned ONT reads

Alignments shows in Figure 6.9, Figure 6.7, and Figure 6.14 were all generated with R
in RStudio as described above. Reads aligned to the BA71V genome were separately

pooled for the 5 h and 16 h time-points - an example of each line:

U18466.2 nano_seq [read name] [start] [end] . [strand] . ID=[read name]

Each of these GFF files were imported into RStudio using import.gff3() from package
rtracklayer 2°. Annotations such as TTS or polyT locations were imported in six-column
BED format using import.bed() 2°. Annotations of ORFs or TUs were saved as a table
to facilitate visualisation using the gggenes package 23!, an example of the first line in

these tables is shown below:

molecule | gene start end strand | direction | type split frame

U18466.2 | START |1 1 forward |1 0 30 0

These input files were all used to generate the figures listed above, using the script
described in Appendix Figure 6.2.

3.3.6 Genome-wide Transcription Termination Patterns

The layout of ASFV genes initially summarised in Figure 6.8 were manually annotated
for the 153 ASFV-BA71Vgenes,accor ding to each geneds
neighbouring genes. Genes whose neighbours shared the same strand and therefore

direction were classed as 6éconti guo dssthe,

56 end of its neighbour, and 6édivergingé

directed away from one another on opposing strands. Due to the compact nature of the
BA71V genome and some genes overlapping, these categorisations were not mutually

exclusive. However, for analysis in Section 6.4.2 onwards, genes were defined as only
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either clashing or contiguous (diverging genes could be either), only according to the

direction of the gene downstream.

For reads which mat c hSSsofanhotted gertes)aBED flesonly o t he
containing the | ast nt BEDTool$dopwas dseddoredpandda s e xt
th e 3 06 Iacatioh ofreach read plus and minus 20 nt either side (command:

bedtools slop-s-i[ 3 6 e n d-g[gendme]lab di 35 -r 0 > 20up_20do.bed).

BEDTools getfasta was then used to extract the genomic sequences within these

regions (command: bedtools getfasta -s -name -fi U18466.2.fasta -bed 20up_20do.bed

> 20up_20do.fasta). Fasta files were filtered for duplicate sequences using

sRNAtoolbox 2% to reduce bias from highly expressed genes i with many identical

terminator motifs. The filtered sequences were then searched for enriched motifs using

the MEME Suite 223 (command: meme [file].fasta -dna -mod zoops -nmotifs 5 -minw 5 -

maxw 20 -brief 20000).

3.3.7 Defining TTSs from ONT LRS and Enriched Predicting Motifs

To annotate TTSs de novo using the LRS data, each sample coverage bam file was

first convertedintoaBWf i | e with only coveofearreador t he |
(command: bamCoverage --bam [sample_sorted].bam --outFileName [sample]nt-1.bw
--outFileFormat bigwig --binSize 1 --normalizeUsing None --Offset -1). TTS-prediction

was carried out using these BW files as input, using the CAGEfightR 2!2 package in R

(script used shown in Appendix Figure 6.3.)), as carri ed esaqTTS-or t he
prediction detailed in Section 3.1.5. The 403 TTSs found via CAGEfightR were

manually annotated according to their position relative to the closest ORF, if applicable.
Thereweref our di f ft g rpefirstty, the Fadt Srajority of TTSs were defined as

primary or nonprimary TTSs (pTTS or npTTS), pTTS meaning that the highest number

of reads originating from a parendslocatédatr gened
this specific site. Secondly, if there were further enriched sites used by genes, which

were utilised less than its pTTS, these were defined as npTTSs. The designation of

pTTS or npTTS was done via manual inspection of alignments in IGV, in combination

with calculating the percentage of each gene
a particular TTS (Bhi recldys, wii ft ha fnt €rO Omantt 9ghi ng
36 end was faotu ngdeOrRdrgtsht mi ¢ hwas tdreasR F 6b. e dL aasst | 0y

reads whose 56 ends did not match to an anno
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6i ntergeni cd6. Th e saso anfifmedethatofien TT&Ncoudtbeausddo n s

by multiplegenesidef i ned as reads whose 3besameds wer e

TTS, but whose 56 ends fordiffesentgénéshi n 100 nt

After annotating the LRS TTSs with their originating TSSs, and defining each as pTTS
(111 TTSs), npTTS (178), or intraORF-TTS (87), these TTS sequences were
searched for enriched maotifs. This was carried out as described in Section 3.3.6,
except with the region 10 bp up- and downstream of each TTS, r at her t han
ends. The MEME suite was also similarly, to find 3 motifs for each TTS type
(command: meme [file].fasta -dna -mod zoops -nmotifs 3 -minw 5 -maxw 21 -brief
10000). All motifs were made using the sequence output from MEME, listing all the
sequences contributing to each motif, these sequence were converted to .fasta format
and input into WebLogo 3 2* (www.weblogo.threeplusone.com/create.cgi). According
to the appearance of each TTS motif, they were defined as a polyA, polyT or GC-rich.
These TTS types were compared in RStudio using mainly dplyr 2¥” to the expression of
the main gene user of each TTS i.e. which gene matched its TSS to the highest

of

proportonof 56 read ends, whose 306 e nTtelocatineoh mat ch

each LRS TTS along with details of its matched gene and expression are listed in
(Appendix Table 6.1).

3.4 Computational Analysis of ASFV Transcription System

Proteins

3.4.1 Sequences used for Alignments and Modelling

Computational characterisation of ASFV transcription system protein sequences in
Section 7.2 onwards, used ASFV-BA71V sequences, as the best-annotated ASFV
strain. Most computational characterisation included sequence alignments (multiple
and pairwise), as well as homology (PHYREZ2 %*°) or AlphaFold %423 modelling.

Pairwise alignments were carried out with EMBOSS Needle 2%23°, and multiple

sequence alignments (MSA) w&%eAlignments weeed o0 u't

carried out with default settings. EMBOSS Needle was only used for quick assessment
of sequence identity and similarity. Multiple sequence alignments of ASFV proteins to
other TSPs were previously tested with T-coffee 24! (both M-coffee and PSI-coffee with

default settings) in our lab. However, we found Clust al q
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with varying sequence conservation and required less manual editing to correctly align

sequence motifs visible by eye. All alignments found in Appendix Section 7.3

(Supplementary Figure 7.1 to 7.18) contain information about each protein sequence,

including species and UniProt accession number. Table 3.1 lists the accession number

of TSPs used throughout this analysis, most of which were from the BA71V strain.

Pol Il or Homolog name ASFV gene UniProtKB Modelling
VACV Software
Pol Il RPB1 NP1450L P42486 PHYRE2
Pol Il RPB2 EP1242L P42487 PHYRE2
Pol Il RPB3 H359L Q65184 Both*
Pol Il RPB5 D205R Q65181 PHYRE2
Pol Il RPB6 C147L P42484 PHYRE2
Pol Il RPB7 D339L Q89907 Both*
Pol Il RPB9 C105R Q65157 Both*
Pol Il RPB10 CP80OR P42488 PHYRE2
Pol Il TBP B263R Q65175 Both*
Pol Il TFIIB C315R Q65160 Both*
Pol Il TFIS 1243L P27948 Both*
VACV D6 (VETF-s) G1340L Q89525 Both*
VACV A7 (VETF-I) D1133L Q65177 Both*
VACV G8 (VLTF-1) E301R Q65196 Both*
VACV Al (VITF-2) A175L Q65174 AlphaFold
VACV A2 (VITF-3) B385R Q65170 AlphaFold

Table 3.1. Summary of ASFV-TSPs, their homology in either the eukaryotic Pol Il system
or VACV, and the method of protein modelling used: either homology modelling via
PHYRE2 #* or AlphaFold structure prediction 2”22, Both* refers to cases where both
modelling methods were used, this will be discussed further in the paragraph below.

3.4.2 Homology Modelling

Homology modelling was tested with PHYRE2 (i nintedsive moded and SWISS-

MODEL ?* (default settings) and generated similar results. However, we found the

former gave clearer results on PDB templates used and where they aligned 1

especially useful for downstream analysis of fusion proteins like H359L (RPB3-11

fusion). Table 3.1 lists the software used to generate protein models of ASFV-TSPs,

and the top templates used for homology modelling with PHYREZ2 2% are listed in

Appendix Table 7.1. As a general principle, the more Pol ll-like sequences (as

indicated in Table 7.1, page 136) were usually confidently predicted using PHYREZ2 in

6l ntensi ve

Mo de 6, Wi

t h

mul tiple

structur al

PHYRE2 could predict confident models (>90% confidence), but with limitations in the

final model due to the virus-specific features poorly (or not at all) aligning with available
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templates. For example, PHYREZ2 predicted residues 1-78 of ASFV-RPB7 with ~95%
confidence (25% of total sequence), but the remaining RPB7-like region of 79-151 was
predicted with 72% confidence from a template of Pol Il RPB7 (PDB: 2C35). The final
152-339 residues were low confidence (< 10%), and predicted ab initio due to no
structures with similar sequences being available. Therefore, the model seen in Figure
7.7 and Figure 7.8, as well as used to model the 8-subunit ASFV-RNAP in Figure
7.10.b, utilised the AlphaFold prediction (detailed below).

In the case of ASFV-RPB3 in Figure 7.3, the PHYREZ2 model is shown, since it
demonstrates the structural templates of RPB3 from Pol Il being used to predict
residues 36-262, and structural templates of RPB11 from Pol Il modelling 263-360.
However, the RPB3 and RPB11 dimerisation domains were not modelled binding
together, as they do in Pol Il and VACV-RNAP structures, but this was modelled
correctly using AlphaFold. Therefore, the assembly platform model (ASFV-RPB3-11
and ASFV-RPB10) used to build the full ASFV-RNAP in Figure 7.10.b is the AlphaFold
prediction, which will be explained further below.

3.4.3 AlphaFold Structure Prediction

Structure predictions using AlphaFold #"2*2we r e c¢ ar r iAlphdFold Gdlabdv i a 6
available to use via Google Colab, with a Colab Pro account
(https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/Alp
haFold.ipynb), therefore AlphaFold was not run locally. This Google Colab notebook

uses a somewhat simpler version of AlphaFold v2.1.0. with a smaller proportion of the

Big Fantastic Database (BFD). This Google Colab version of AlphaFold would take the
protein sequence(s) O6aswaisnpsuetl,e cétiesd,p rtohkea rryuonttii
and hardware accelerator was set as O0GPUS6, b
limits with this setup, it was often necessary to split longer protein sequences into

parts, otherwise the run would not complete. The output would be three graphs: a

multiple sequence alignment of unique templates found in the BFD representing the

6 umber of sequences per positiond as well as graphs of 6 ngdicted IDDT per positiond

(a representation of confidence across the sequence), a nallictéd RAlignment Errord .

The model would be downloaded in .pdb format, and viewable within the Colab

notebook with the residues shaded according to IDDT score.
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The details of each AlphaFold model we generated (listed in Table 3.1) are found in
Appendix: Section 7.2, including the details of the protocols and sequences used to
generate them, as well as quality assessment of the final model. The full list of
AlphaFold models: ASFV-RPB3-11 with ASFV-RPB10 (Appendix Section 7.2.1),
ASFV-RPB7 (Appendix Section 7.2.2), ASFV-RPB9 (Appendix Section 7.2.3), ASFV-
TBP with ASFV-TFIIB (Appendix Section 7.2.4), ASFV-TFIIS (Appendix Section 7.2.5),
and ASFV-D6 (Appendix Section 7.2.6). The ASFV-A7 model was generated in two
steps (with two models) detailed in Appendix Section 7.2.7 and Appendix Section
7.2.8. Finally, the VLTF complex of monomeric G8, Al, and A2 is found in Appendix
Section 7.2.9, a complex of A1 and A2 with trimeric G8 was not possible to generate

with our setup due to computational limitations.

3.5 Expression and Purification of Recombinant ASFV-TSPs in

a Baculovirus-Insect Cell Expression System

3.5.1 Gibson Assembly

In order to use baculovirus-insect cell expression to make recombinant ASFV-TSPs,
we used plasmids and protocols (with some adaptations) from the biGBac system by
Weissmann et al. 2*4, which is designed for Gibson assembly cloning 2*°. Throughout
our implementation of this system, all DNA was gel-extracted to ensure purity and
correct fragment size, using the Zymoclean Gel DNA Recovery Kit (Zymo Research),
and eluted in 6-8 pL nuclease-free water to achieve high DNA concentrations. This
would be either following PCR-amplification using Q5 Master Mix (NEB) or digestion
(with Pmel, Swal or Pacl), depending on the step and template vector. Pmel, Swal,
Pacl (for pBIGs) and BamHI (for pLIBs) were also used to assess successful
assembly: assembled vectors were digested and run on an agarose gel to check for
correctly sized fragments. Throughout Gibson assembly cloning, the molar ratio used
with two fragments was 1:6 of vector (at 50 ng) to insert, and 1:3:3 for 3-fragment
assemblies (vector : insert 1 : insert 2). For each assembly, the DNA was added in a
volume of 5 pL (made up with nuclease-free water), plus a final 5 pL of NEBuilder HiFi
DNA Assembly Master Mix (NEB), followed by 1 h at 50 °C before transformation into
chemically compet e mll vedioksSplimers and tlaing siaEe§ios .
were designed and tested prior to implementation using SnapGene® software v. 6.0.2
(from Insightful Science; available at snapgene.com).
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3.5.2 Workflow for cloning of ASFV-RNAP subunits into pLIB vectors

Our approach for expressing the eight-subunit recombinant ASFV-RNAP, consisting of
ASFV-RPB1, -2, -3, -5, -6, -7, -9, and -10 (genes NP1450L, EP1242L, H359L, D205R,
C147L, D339L, C105R, and CP80R) utilised the biGBac system 24, Firstly, the wild-
type ASFV-BA71V genes were synthesised in pUC57 plasmids by Genscript. Each
gene was then successfully amplified and gel-extracted from pUC57, for Gibson
Assembly 2 into PCR-linearised pLIB vectors (see Appendix Table 8.2. for full list of
primers). pLIBs from the biGBac system 2* encode a polyhedrin promoter 2% upstream
and an SV40 poly(A) terminator downstream of the inserted ORF, producing a gene
expression cassette (GEC). ASFV-RPB2 was assembled into a pLIB vector with an N-
terminal TEV cleavable His-ZZ-tag, for downstream purification of ASFV-RNAP. The
sequence of this tag, kindly provided by A. Roberts, can be found in Appendix section
8.1.1. Genes inserted into pLIBs were checked via Sanger sequencing before

downstream steps.

3.5.3 Stepwise Gibson Cloning into pBIG1 Vectors

We used a two-step Gibson assembly method for generating four different pBIG1

plasmids, each containing two ASFV-RNAP subunits. Throughout we will use the

nomenclature of vectors and primers from the biGBac system i please see

Weissmann et al. for detailed protocols 2*4. Here, we will go through the steps for

generating pBIG1la with RPB1 and RPB6 inserted. Please see Table 3.2 for the full list

and sequences of biGBac primers, plus our new primer to enable stepwise pBIG1

assembly. The first step was to PCR amplify the first subunit to be inserted - in this

case RPB1, with primers Casl_F,and Ca s _ ¥(TaRle 3.2), to produce the RPB1 GEC

withanU and ¥ overl ap on ei ¢sqavarlapsfaciitatediGbsom ect i Vv ¢
assembly with Pmel-digested pBIG1la to generate the pBIGla:1 vector. pBIGla:1 was
thenPCR-ampl i fi ed with the Caé@éwy-ddsignedpiimeer and G
Table3.2) t o produce a linearised plasmid with a
(RPB6) was then PCR-amplified with the Casl_F and Cas_|_R primers from pLIB:6, to
generate the RPB6 GEC wiwaththetassembied bithPCRer | ap s .
amplified pBlG1a:1 to generate a final pBIGl1a:6-1 plasmid. This two-step method was

repeated for three more vectors containing 6 subunit GECs: RPB10 and RPB3
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assembled into pBIG1b, RPB9 and RPB2zz into pBIG1c, lastly RPB7 and RPB5 into
pBIG1d. These steps are illustrated diagrammatically in Appendix Section 8.2.

Name Sequence Design

Casl F AACGCTCTATGGTCTAAAGATTTAAATCG Weissmann et al. 24
- ACCTACTCCGGAATATTAATAGATC '

Casl R AAACGTGCAATAGTATCCAGTTTATTTAA Weissmann et al. 24
- ATGGTTATGATAGTTATTGCTCAGCG

AAACTGGATACTATTGCACGTTTAAATCG

Casll_F ACCTACTCCGGAATATTAATAGATC Weissmann et al. ***
cocll R | ABACATCAGGCATCATTAGGTTTATTTAA | \\ .~
- ATGGTTATGATAGTTATTGCTCAGCG
ool | ARACCTAATGATGCCTGATGTTTAAATCG | oo .,
- ACCTACTCCGGAATATTAATAGATC
coclv R | ARACCAAGTCAATGTCAGTGTTTATTTAA | oo~
- ATGGTTATGATAGTTATTGCTCAGCG
oy ¢ | AAACACTGACATTGACTTGGTTTAAATCG | \\ o~ .,
- ACCTACTCCGGAATATTAATAGATC
coc v R | AACCCCGATTGAGATATAGATTTATTTAA | o~ .,
Y ATGGTTATGATAGTTATTGCTCAGCGA

GA_UR AAATCTTTAGACCATAGAGCGTTCAC | IS WOrki stepwise
- — assembly of pBIG1

Table 3.2. Cas primers from the biGBac system 244 for assembling the pBIG1 plasmids,
plus the GA_U R primer we used to adapt it to facilitate stepwise Gibson assembly.

3.5.4 Constructing pBIG2 Vectors

For future co-expression of the 8-subunit ASFV-RNAP, we designed a pBIG2 vector of
pBIG2bc:RPB3-RPB10-RPB9-RPB2zz and pBlG2abcd:RPB6-RPB1-RPB5-RPB7. The
former construct required producing a new vector backbone. This is due to Weissmann
et al. 2** designing the pBIG2 vectors and provided primers only allowing for a specific
order of pBIG1 precursors to assemble into the pBIG2 plasmids. Therefore, we
generated a new pBIGbc vector backbone, by amplifying the provided pBIG2abc
vector, with primers D_amp_F and GA_AtoB_R (see Table 3.3 for details). Poly-gene
expres si on casset tRPB3-RPRPIGC) a ARPB2BzRPB9-DO wer e
Pmel-digested. Gibson assembly was carried out with the vector and the two PGC
fragments at a ratio of 1:3:3. The pBIB2bc:RPB3-RPB10-RPB9-RPB2zz assembly was
assessed by restriction digestion and Sanger sequencing.

In contrast, the method for assembling pBIG2abcd:RPB6-RPB1-RPB5-RPB7, used the
pBl Gbac system v e eitstElowing BheGdigastian.dnedP&E
fragment (A-RPB6-RPB1-B) was Pmel-digested from its pBlG1la directly. However, the

other PGC was PCR-amplified with primers GA_DtoB_F and E_amp_R (see Table 3.3
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for details) to switch the D overlap for a B overlap, producing the PGC B-RPB5-RPB7-

E. These PGC fragments were assembled with Pmel-digested pBlG2abcd vector in a

ratio of 3:3:1 (respectively). The Gibson assembly was carried out, but has not yet

been transformed, screened and sequenced to assess success.

Name Sequence Design
D_amp_F AAACCTAATGATGCCT This work T to PCR amplify pBIG2abc,
GATGTITC replacingthe6 A6 overl a S
AAACCCCGATTGAGA 2 B 69 s e ] geremating a BIngc
GA_AlOB_R | TATAGTTTAATTAACC vector for Gibsog gﬁsembl g(Fi pure 8.1.a)
TAGGCCAGATAAC y (Figure €.%.4).
CTATATCTCAATC Thisworkit o PCR amp | iDfsy
GA DtoB F | SCCCTTTAMCCTAA | 7 kg | ® i it Ih
-8 | reaTeecTeATGTTTT | (R0 T e Pl AT L ge Tt IhED
f or Bb6 h e e q il genetating fragment
TATC 0 B5-7-E @or Gibson assembly wi t ¥6-1-6
£ amp R | AMACTAAGCTATGTGA | © o o e 1 o)y @
—AMP_R | ACCGTTTTTAATTAAC g guress. 1.

Table 3.3. Primers we designed to PCR amplify the pBIG 2 plasmids or inserts to
| i t eandena cldini »f

faci
biGBac system.

i nserts and

3.5.5 Co-expression of ASFV-D6 and ASFV-A7

The ASFV homologs for VACV genes D6 and A7, D1133L (ASFV-D6) and G1340L
(ASFV-D7), respectively 174, were PCR-amplified from the BA71V genome and cloned

into pLIBs by M. Sykora, before the N-terminal zz-tag was added by myself via Gibson

assembly (see Figure 8.5). These two plasmids (pLIB-A7 and pLIB-D6) were

transformed via electroporation into DH10 EMBacY E. coli cells (Geneva Biotech).

Cells were then plated onto gentamycin, tetracycline, kanamycin, IPTG and X-gal agar

plates, before incubation at 37°C for 2-3 days. White (rather than blue) colonies

indicated cells having successfully transposed the PGCs flanked by Tn7 sites into the

Baculovirus genome (bacmid). White colonies were picked for overnight culture and
the bacmid DNA then isolated with the QlAprep Spin Miniprep Kit (QIAGEN) - omitting

spin columns. Sf9 cells (Invitrogen, ThermoFisher Scientific) was co-transfected with

both recombinant bacmids, incubated at 20°C for 3 days and Baculovirus infection

checked via YFP expression. Successfully infected cells were used to inoculate larger

scale cultures (4x 250 ml) for subsequent protein expression. Cultures were

centrifuged to form a cell pellet and snap frozen, before storage at -80 °C. The steps

including generating bacmids, infecting and co-expressing the ASFV-D6-A7 complex,
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before harvesting the cells, were all carried out by A. Roberts. Cell lysis, and

subsequent D6-A7 purification was carried out by myself.

Following each step throughout purification, 50 pl samples were collected and 10 pl 6x
Laemmli SDS Sample Buffer was added (INSIGHT BIOTECHNOLOGY), and frozen for
subsequent SDS-PAGE or western blot analysis. The lysis buffer used for ASFV-D6-
A7 consisted of one EDTA-f r ee pr ot ease i nhi b-rde®moteabec Omp |l et
Inhibitor Cocktail Tablet) dissolved in 15ml6 N2 5 0 6 b tHCIfpld 8.0, 250 mMM s
NaCl, 1 mM MgCl,, 10% glycerol and 1 mM DTT). Each cell pellet was resuspended in
this lysis buffer, before 10 ul of 1 M DNase | was added, and incubation on ice for 1.5 h
with mild vortexing every 30 mins. Cells were lysed with a Dounce homogenizer on ice
(30 plunges). Cell lysate was centrifuged at 50,000 xg for 30 mins at 4 °C. The
resulting supernatant and pellet were separated, the former containing any soluble
protein, and the latter was resuspended in the same volume as the supernatant (~

15ml) for equivalent comparison via SDS-PAGE or western blot.

3.5.6 Immunoprecipitation of ASFV-D6 and ASFV-A7

ASFV-D6 and ASFV-A7 was purified with immunoprecipitation via the N-terminal ZZ-
tag of ASFV-D6. The N250 buffer used for purification was made in 200 ml aliquots
with fresh DTT (to 1 mM), and stored at 4 °C or on ice to ensure sample stability i old
or <1 mM DTT in the N250 buffer lead to sample precipitation. The method described
here was optimised for a single cell pellet from a total of 250 ml harvested Sf9 cells
post-expression. Each initial purification utilised 500 pl of IgG Sepharose 6 Fast Flow
(Cytiva) bead-buffer mix. Beads were equilibrated by mixing the 500 ul of beads with 5
ml of N250 buffer, centrifugation at 1000 rpm for 2 mins, the supernatant discarded,
and these wash steps were repeated twice. The equilibrated beads were resuspended
in the soluble cell lysate, mixed and incubated together for 1.5 h on ice with a rotating
mixer. A gravity column (Poly-Prep Chromatography Column, Bio-Rad) was washed
with 10 ml of N250 buffer, before the bead-sample mix was added to the column, and
the flow-through collected. This flow-through would undergo the same steps as above
again (bead binding and washing), until no more D6 and A7 bands could be observed
via SDS-PAGE. The beads with protein bound were subsequently washed with a total
of 20 ml N250, with regular mixing via stripetting up and down. The beads and bound

protein were then resuspended in 2 ml of N250 and aliquoted into 2 separate 2ml
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Eppendorf tubes. After thorough washing, bead bound samples could then be stably

stored overnight at 4 °C, before elution.

For elution of ASFV-D6-A7 from the Sepharose beads, 10 pl of ~ 1 mg/ml TEV
protease (NEB, Cat no. P8112S) was added to each 1 ml aliquot of bead-bound
protein and incubated at room temperature for 1.5 h, with gentle rocking and
occasional pipetting to mix. This step must not be carried out at 4 °C, as the sample
will precipitate. Samples were then applied to a fresh and washed (as before) gravity
column, and the flow-through collected asthe TEV-c | eav e d 0 e ITheadlumd
was washed with N250 buffer: 4x 1 ml washes, 1x 10 ml wash, and finally the
Sepharose beads were resuspended in 2 ml N250 (equivalent to the eluate volume).
Concentrations of eluted protein was checked via Nanodrop or Qubit, as well as BSA
standard via SDS-PAGE. Following elution, it is important not to store for prolonged
periods at 4 °C while TEV is still present, as this can lead to precipitation. Therefore,
eluted samples were either aliquoted and snap-frozen before storage at -80 °C, or
concentrated for gel filtration.

3.5.7 Size Exclusion Chromatography with ASFV-D6-A7

To prepare eluate for Size Exclusion Chromatography (SEC), it was diluted in N250
with 0% glycerol, to achieve 5% glycerol in the final buffer. The sample was
concentrated to 400 ul with Amicon® Ultra 0.5 mL Centrifugal Filters (Merck), pre-
equilibrated in N250 with 5% glycerol. The protein concentration was then measured
via Qubit, and the sample centrifuged at 17,000 xg for 10 mins at 4 °C. The 400 pl
sample was loaded onto a buffer-equilibrated Superose Increase 300/10 (Cytiva)
column, and proteins eluted across 1 column volume (CV) at room temperature. A Gel
Filtration Standard (#1511901, Bio-Rad) was also run in the same buffer and manner
to assess molecular weight of proteins in the D6-A7 sample. Following SDS-PAGE of
D6-A7 eluate fractions, we found gel filtration typically generated three separate eluate
species (see Figure 8.7 for example), which were pooled separately. Elution fractions
from the species of pure D6-A7, which eluted at the predicted molecular weight of ~
250 kDa, with each band in a 1:1 ratio according to SDS-PAGE, were pooled and

concentrated (as above) to ~50 ul and ©0.3 mg/ml, for Negative Staining or Cryo-EM.
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3.5.8 Mass Spectrometry Analysis of ASFV-D6-A7

To send samples for mass spectrometry analysis, concentrated D6-A7 samples

following SEC were run on SDS-PAGE, and bands were extracted as indicated in

Figure 8.9 (page 179) using a scalpel, cleaned with 70% EtOH before each extraction.

Gel pieces were submerged in ~ 20 pl distilled water and sent to the BSRC Mass
Spectrometry and proteomics Facility at the University of St Andrews (Scotland, UK).

Where S. Shirran and S. Synowsky carried out subsequent analysis, consisting of

trypsin digestion and liquid chromatography with tandem mass spectrometry (LC-MS-

MS). Following this, the MASCOT server 24 was used to match the resulting peptide
sequences to proteins or ORFs from three separate databases: 6 c ont ami nant s
201601296, O6BMS 21120 7 Beptaes tveradatsdRspeeificall) 1 903 04 6
searched against NCBIprot 20200203 database with the specific Taxonomy:

Spodoptera frugiperda (fall armyworm), of 827 sequences. Detailed results from each

of these searches are found in Appendix Section 8.3.

3.5.9 Electrophoretic Mobility Shift Assays with ASFV-D6-A7

Purified D6-A7 was used for electrophoretic mobility shift assays (EMSASs), following
purification (usually pre-gel filtration to save material) and freezing. However, long-term
storage (> 2 months) of the complex at -80 °C could lead to precipitation and loss of A7
in the sample, reducing subsequent EMSA signal. ASFV promoter sequences were
ordered as DNA oligos (ThermoFisher or Merck) as both the template (T) and non-
template (NT) strand (Table 3.4). The fluorescent DNA used for competition EMSAs
was t he Ealyn&l51REe Téble34, except with an At-to 64
A151R), and then annealed to the unlabelled reverse complement sequence. The a2
DNA and RNA sequenceswere Cy3-l abel | ed alutlgft hsesingleftrardadd

Annealing oligos to form dsDNA was carried out by mixing 2.5ul 80 uM NT DNA, 2.5ul
80 uM T DNA and 15 pl of buffer containing 2 pl 0.5 M NacCl (final 50mM), 2 pl 100 mM
Tris pH 8 (final 10 mM). This was made up to 20 pl with 11 pl water before incubation
via heat block for 5 min at 95 °C. The sample was then allowed to cool slowly to room
temperature within the heat block. Once cooled, we added either 60 pl of water for
unlabelled DNA, or TE (Qiagen: 10 mM Tris-Cl, pH 8.0, 1 mM EDTA) for fluorescently-
labelled DNA, to make a final dsDNA concentration of 10 pM.
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For each EMSA reaction, a 1:1 master mix of 3 pl fl-A151R (10 uM stock) was made up
with 3 pl of 5x binding buffer containing 50 mM Tris-HCI pH 8, 50 mM NaCl, 5 mM
MgClz, 5 mM EDTA, 5 mM DTT, 50% Glycerol. The unlabelled dsDNA was added, plus
the purified D6-A7 (or N250 buffer in its absence), and the concentration made up to
18 pl with water. Note: The final addition to each reaction was the protein i mixed via
pipetting, this ensured the binding reactions began simultaneously. The EMSA reaction
was carried out at 37 °C for 1 h, and stopped via running on native-PAGE in Mini-
PROTEANE TGXE P r(BiodRad}dt 10®/efdr 15 min. 0.5 pl of
Bromophenol blue solution (0.1%, with 50% glycerol) was loaded into an empty well to
follow gel running (note: any Bromophenol blue solution within sample wells would
substantially reduce the fluorescent signal). Gels were scanned via Typhoon Scanner
(Cytiva).

Name Non-template strand sequence
Early A151R | TAAGGAAAACAAATTTGAATAAAAAAATAATTGTT*A*TGATGGC
GTTGTTACACAA
A151R+cEPM | TAAGGAAAATAAAATTGAAATATTTTTTAATTGTT*A*TGATGGCG
TTGTTACACAA
cEPM AATAAAATTGAAATATTTTT
Early 173R | ATTTTTTTTTAAAATTTAATACAAAAAAAAGAAGT*A*TAGACTCT
TCTTCTAGTCC
Late A104R [TTCATTTTTTAATAGATTTAATATTTTTATAAAAAATATTT*A*GT
TTTTTATACAAGAATG
Late E138L | GCGCCACAACATTTTTATATATTATTT*A*TAATAGTATCTTAAAT
GGATTCTGAATTTTTTCAACC
a2 DNA CTCTGTTCGAATTACCAACCTTGCGTG
a2 RNA CUCUGUUCGAAUUACCAACCUUGCGUG

Table 3.4. Promoter sequences used for EMSAs with D6-A7. Non-template sequences
are shown for oligos which were annealed to the reverse complement to form dsDNA.
They are named with the gene name, and according to when they are expressed (early
or late), or cEPM if the consensus core promoter was used in place of a true ASFV
promoter sequence. a2 DNA and RNA sequences were random and are not found in the
ASFV or its host genome. In ASFV sequences, the EPM when present has been
underlined, and the TSS according to CAGE-seq has been indicated as *A*.
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Chapter 4. The ASFV-BA71V Transcriptome

4.1 Introduction

4.1.1 Background - Why Transcriptomics was Needed for ASFV

This chapter will summarise the analysis of the BA71V transcriptome from our
publication: Cackett et al. 2020 ¢, and throughout this chapter we will refer to
supplementary tables, which are available with this open access publication. Prior to
our published work in Cackett et al. 2020, the field of ASFV transcriptomics was greatly
lacking. The only work that had been done to analyse global ASFV gene transcript
levels had used classical RNA sequencing by Jaing et al. 134, this is a twofold problem
for detailed transcriptomic landscape of ASFV. Firstly, classical RNA-seq does not
have nucleotider es ol uti on in such a condensed genome
ends of transcripts, and therefore transcription start sites. Secondly, readthrough of
transcription from upstream into downstream genes (as seen in VACV #) muddies the
water when it comes to accurately defining b
due to the nature of the experiment i.e. RNA from separate infected animals, it was not
possible to analyse viral differential gene expression, but just that of the host. To carry
out the first in-depth transcriptomic analysis of ASFV we used a complement of RNA
sequencing-based NGS techniques in order to map the (i) 5' ends (TSSs), (ii)
transcription unit coverage, and (iii) the 3' ends of transcripts (their TTSs), using
CAGE-seq, classical RNA-s e ¢ a n d -sé&gpresjpedtively. We could combine
analysis from both CAGE-seq and classical RNA-seq, to quantify transcript levels at
both an early and late infection timepoint, enabling analysis of differential expression of
ASFV genes. Furthermore, identifying where transcription began across the genome
would allow us to look upstream for conserved promoter motifs which had not been
done before in ASFV. Therefore we could see if there was a conserved promoter motif
upstream of early-expressed genes, which would resemble that of VACV, and so might
bind the VETF which ASFV encoded. Lastly, -seqwercquidBid@ RNA
termination sites across the entire genome and see if the polyT sequence that had
been proposed as a transcription termination motif 137:166.167.1731175.181 "\y a5 in fact an

intrinsic termination motif similar to archaea 187247,
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4.1.2 Experimental Approach

Vero cells were infected with ASFV-BA71V, and viral RNA was extracted at 5 h (early)
and 16 h (late) post-infection. These time points were chosen based on a previous
report of a small subset of genes whose timing of expression were experimentally
characterised using nuclease S1 mapping and primer-extension analysis 127137,
Bowtie2 2°® mapping of the RNA-seq, CAGE-s e ¢ a n d -sé&ydead? ($wmmarised
in Supplementary Table 1, Cackett et al. 1*¢) showed good agreement between
replicates. Figure 4.1.a provides a whole-genome view of mapped reads from all three
Next Generation Sequencing (NGS) approaches, while a selection of individual
examples of TSSs (from CAGE-s e q) and T FsB@ at ¢irRjlé-nuBédiide
resolution are shown in Figure 4.2.b-e. The sequencing depth from RNA-seq was
sufficient to determine significant changes in ASFV gene expression at early and late
infection due the small genome size. As would be expected, most CAGE-seq reads
(i.e. TSSs) were located upstream and proximal to ORF start codons.

CAGE-seq 5h

H‘HLL'H lllll‘||i 1 I‘ J|l . WJ. , \| - | 1.]! I“L.
CAGE-seq 16h

| Jrli N “J ‘|= m o | , ] \LJ R | I\\u . "

rt LA I I A LA I U e VA

RNA-seq 5h .

T 16000

— 16000

RNA-seq 16h .

ﬂu A ol I L

3'RNA-seq 5h -
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3'RNA-seq 16h L
T 16000
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" strand
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Figure 4.1. The ASFV transcriptome including transcription start sites and termination
sites. (a) Whole genome view of normalized coverage reads per million mapped reads
(RPM) of RNA-s e g, 5 6 e@A Gk d -sé&ydead?.NlAe coverage was capped at
16000 RPM to facilitate visualisation. 153 BA71V annotated ORFs are represented as
arrows and coloured according to strand.
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4.2 T h e Emd@f ASFV Transcripts

4.2.1 Mapping of ASFV Primary Transcription Start Sites

Following mapping of CAGE-seq reads to the ASFV-BA71V genome, we located

regions with an enrichment of reads correspo
thereby the TSS. We detected 779 clusters of CAGE-s eq signal s, definin
TSSs (pTSSs i.e. strongest TSS signal) based on peak height, proximity to the ORF

initiation codon, and coverage from our complementing RNA-seq data. We identified

pTSSs fulfilling these criteria upstream of 151 BA71V ORFs, and no pTSS was

detected for E66L and C62L. However, not all the ~780 clusters were located within

500 bp upstream of ASFV ORFs, but within, or in the antisense orientation relative to

ORF coding sequences (Figure 4.3.a); these can still be highly expressed (Figure

4.3.b).

The increased background of TSSs without annotated ORFs downstream was more
noticeable during late infection (Figure 4.1. a, 06-32d\16 B6. )This could be in part,
due to genome mis-annotations, or possibly caused by mRNA de-capping and
degradation followed by re-capping which can occur in eukaryotes, though there is no
evidence the ASFV capping enzyme can carry this out. However, the most-likely culprit
is pervasive transcription 93194248249 _ 3 phenomenon previously observed in VACV %4,
This has also been observed in humans %Y, being attributed to an open chromatin
structure in cellular organisms 2, In the case of mis-annotations, we reannotated
eleven ORFs based on a clear ORF-internal TSS supported by RNA-seq coverage
(Table 4.1, and the example of gene 1177L in Figure 4.3.c). Some genes also showed

alternative TSS usage between early and late infection (gene B169L in Figure 4.3.c).
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Figure 4.3. Transcriptome mapping aids the reannotation of the ASFV-BA71V genome.
(a) Summary bar graph of CAGEfightR TSS clusters and their locations relative to the
153 annotated BA71V ORFs. (b) Types of CAGEfightR clusters detected and the
distribution of their respective CAGEfightR scores. (c) and (d), respectively show two
examples of ORFs requiring re-annotation following pTSS identification downstream of
annotated start codon, encoding shorter ORFs from the pTSS (1177L) or during one
expression stage (B169L).

4.2.2 Re-annotating the ASFV-BA71V Genome

Several ASFV genes have a pTSS upstream of the annotated start codon and an
alternative TSS residing within the ORF, including J64R (Figure 4.2.d) and B169L
(Figure 4.3.d). These TSSs would therefore be capable of encoding in-frame truncation
variants of the original ORFs depending on infection stage. This alternative TSS
phenomenon was shown in previous analysis of the gene 1243L **7, which has distinct
TSSs for different stages of infection. 1243L encodes a homolog of the Pol Il transcript
cleavage factor TFIIS, which is highly conserved between archaea, eukaryotes, and
among NCLDV members (albeit with limited domain conservation) *°. TFIIS has dual
functions: it stabilises transcription initiation complexes, and reactivates stalled
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elongation complexes by transcript cleavage 2°22%3, The late TSS is located
downstream of the 1243L start codon, and the utilisation of the next Methionine codon
(Figure 4.4.a) would result in a TFIIS variant lacking 52 N-terminal domain amino acid
residues (Figure 4.4.b), implying the TFIIS variants expressed during early and late
infection may have a different functionality. We identified seven further genes with
alternative pTSSs during early and late infection (Table 4.2). In most cases, the re-
annotated (single pTSS downstream of start codon, Table 4.1) or alternative pTSSs
(multiple pTSSs, some downstream of start codon, Table 4.2) did not substantially alter
the ORF protein products, except for re-annotated 1177L and alternative pTSSs of
B169L (Figure 4.3.b and .c, respectively), which are two putative transmembrane
proteins 827, Alternative TSS utilisation with the potential to increase the complexity of
the viral proteome has also been described in VACV by Yang et al. 1%

Our CAGE-analysis also identified TSS signals unlikely to serve as primary TSS for
annotated genes, due to not being located immediately upstream of an ORF (Figure
4.3.a). These could provide a rich hunting ground for small non-coding (Snc)RNAs.
One TSS cluster associated with an sncRNA gene (at 71,302 on the BA71V genome)
was previously reported by Dunn et al. ?* as ASFVsRNA2, encoded in the antisense
orientation relative to ASFV-RPB6-encoding gene, and which we also observed via
CAGE-seq. Further investigation of antisense sncRNAs in the BA71V transcriptome
may uncover further examples of riboregulation, i.e. a more complex method of

modulating its own or host gene expression beyond the protein level.
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Figure 4.4. Analysis of alternative pTSS usage in 1243L. (a) Close up of TSSs (CAGE-
seq alignments) on the minus strand at the start of the 1243L ORF. Symbols indicate the
TSS sites for early (¢), intermediate (, )and late (s ) gene expression according to
Rodriguez et al. **’, while E, | and L indicate their respective pTSS positions concluded
from our data. The first 21 AA residues of the annotated 1243L ORF are shown, in yellow
is the re-annotated ORF which could be encoded in transcripts initiating from both our
annotated Early pTSS. (b) ClustalW multiple sequence alignment coloured by
percentage identity between sequences, illustrated with Jalview #*°, of TFIIS homologs
from ASFV (1243L, UniProt: P27948), A. thaliana (Q9ZVH8), D. melanogaster (P20232),
human (P23193), mouse (P10711) and S. cerevisiae (P07273). S. cerevisiae TFIIS
domain locations according to Kettenberger et al. %*® are shown below the alignment and
acidic (DE) catalytic residues are indicated with/ . ASFV-TFIIS start codons encoded
from alternative transcription start sites are labelled as in (b).
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ORF Strand pTSS OREF Start ORF Comment
Coordinate | Coordinate | Length
K93L - 2131 2122 83 Alternative ATG codon 30 nt
downstream. Another strong
TSS was detected at 2037-
which could encode a 36 AA
ORF.
F165R + 42354 42359 136 Alternative ATG 63 nt
downstream.
C84L - 64618 64492 | 38|76 38 AA ORF was in-frame
64616 with original C84L start
codon. 76 AA ORF encoded
from first ATG after pTSS.
G1211R + 96370 96377 1207 Alternative ATG 12 nt
downstream.
CP204L - 108573 108567 196 Alternative ATG 24 nt
downstream.
CP312R + 110491 110501 307 Alternative ATG 15 nt
downstream.
1177L - L: 157857 157849 66 Strongest pTSS only
detected in late time-point.
DP93R + 167971 167980 83 Alternative ATG 30 nt
downstream.
EP402R + 56862 57104 | 115 | Encodes 115 AA in-frame
56991 148 with original EP402R start
codon. 148 AA alternative
ORF encoded from first ATG
after pTSS.
B169L - E: 80983 | L: 81018 | 169 | 78 | Late pTSS can produce full-
81025 80745 length B169L and early
pTSS: 78 AA.
1243L - E: 155122 E/l: 155119 243 | Closest ATG downstreamof
I: 155124 L: 154969 191 late pTSS encodes a shorter
L: 155115 191 AA ORF.

Table 4.1. Summary of ASFV genes where pTSS locations guided the re-annotation
of ORFs. For B169L and 1243L, the letters E, | and L refer to alternative pTSSs from
early, intermediate and late infection, respectively reported by Rodriguez et al. **’.

Gene Early pTSS Late pTSS Function
X69R 11315 11280 Uncharacterised
J154R 14174 14150 MGF 300-2R
EP1242L 53125 53135 ASFV-RPB2
C315R 70137 70131 ASFV-TFIIB
CP80OR 110208 110191 ASFV-RPB10
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Gene Early pTSS Late pTSS Function
D345L 129357 129257 Lambda-like exonuclease 3°
E120R 150949 150911 Structural protein 257

Table 4.2. Alternative pTSS usage by ASFV genes during early and late infection.
4.2.3 Novel Genes Supported by Sequencing Data

28 TSSs in our CAGE-seq data set were not associated with annotated ORFs and
seven of these could generate transcripts that encode short ORFs, which we have
called putative novel genes (pNGs). These encode polypeptides of 251 56 AA length
that were missed in the initial BA71V ORF prediction, sinceonl y ORFs O 60
annotated ?’. Five pNG ORFs showed similarity to short ORF-encoding genes from
other ASFV strains, while pNG5 showed no clear similarity (Table 4.3). The
conservation with virulent strains (Georgia 2007/1 and Belgium 2018/1) identified in the
current European outbreak suggests that BA71V has more genes in common with its
virulent cousins than initially thought. Interestingly, pNG6 was homologous to KP93L,
which is already encoded by BA71V - but barely expressed according to our data -
while pNG6 was highly expressed at 5 h. Figure 4.5 illustrates the features of pNG1
and pNG3, with distinct TSS and TTS, and robust RNA-seq read coverage across the
entire gene. Five of the seven pNGs showed a clear drop of reads following a 5i 8
nucleotide thymidylate (polyT) sequence i a proposed transcription termination signal
in ASFV 127.181,

Gene | Strand TSS* TTS* Putative Homology PolyT
protein TTS len
length (AA) (nt)
pNG1 + 13053 13435 25 13 residues: 92% identity 6

to ASFV-G-ACD-00350
(AZP54308.1), E-value:
0.11
pNG2 - 30091 29827 50 50 residues: 100% 8
identity with ASFV26544
00600 (AKM05534.1)
pNG3 + 12664 12896 44 38 residues: 59% identity 6
to ASFV-G-ACD-00290
(AZP54130.1), E-value:
0.13
pNG4 + 10583 10835 44 42 residues: 65% identity 6
with ASFV-G-ACD-
00290 (AZP54130.1), E-
value: 1e-09.
pNG5 + 29817 30080 31 No significant similarity. None
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Gene | Strand TSS* TTS** Putative Homology PolyT
protein TTS len
length (AA) (nt)
pNG6 + 167005 | 167336 56 56 residues: 40% identity 5
to pKP93L (AlY22188.1),
E-value: 6e-07
pNG7 + 10484 10616 32 32 residues: 87% identity 3
to 31 AA ASFV Belgium
2018/1 hypothetical
protein (VFV47940.1), E-
value: 8e-10.

Table 4.3. Details of seven novel ASFV candidate genes. NCBI ORFfinder and BLAST
were used to predict the putative encoded ORFs and subsequently analysed for putative

homologous sequences %328, *: defined as pTSS from CAGE-seq. **: def i nec
RNA-seq, underlined transcription ends defined from only RNA-seq. pNG5 is in the
antisense orientation relative to pNG2, andthe RNA-36 end of PpNG6 is fu

to RNA-seq and may overlap with DP42R. pNG7 is overlapping pNG4 on the same
strand.

CAGE-seq 5h 166000
I |
CAGE-seq 16h 166000
RNA-seq 5h 76400
)
T
1 =
RNA-seq 16h 16400

3' RNA-seq 5h I 7140000
.”. I
3' RNA-seq 16h 7140000
I A
pNG3 pNG1 -
L ] L |
; TU TU N
12600 13500

Figure 4.5. Examples of two putative novel genes (pNG3, left and pNGL1 right) annotated
with the normalized RNA-seq and CAGE-seq read coverage (RPM) and their genome
neighbourhood.
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4.3 ASFV Gene Expression Profiles

4.3.1 Highly expressed ASFV genes during Early and Late Infection

In order to gain insights into expression of individual genes, we quantified mRNA levels
obtained by CAGE-seq as reads per million mapped reads (RPM) and compared the
most relatively abundant mRNAs at early and late time points (Figure 4.6.a and .b
respectively). We also re-defined ASFV gene transcription units (TUs) as regions
spanning from pTSS to stop codon, and quantified TU expression from RNA-seq data
(Figure 4.6.c and .d respectively), which closely reflected CAGE-seq analysis. The
highly expressed genes matched those identified in the viral proteome of infected
tissue cultures determined by mass spectrometry (dark-pink in Figure 4.6) 2°°. Six
genes in the 20 most highly expressed genes were common during early and late
infection (CP312R, A151R, K205R, Y118L, pNG1, 173R). While their relative
expression decreases from early to late infection (see below), their consistently high
levels suggest a multistage expression pattern and that they are likely important
throughout infection, making them interesting candidates as potential drug or vaccine
targets. However, four (of six) have an unknown function (Figure 4.6) and await

functional investigation.

4.3.2 Differential Expression of Individual Early and Late ASFV Genes

We characterised differential expression of ASFV genes between early and late
infection by comparing separate DESeq2 analyses of CAGE-seq and RNA-seq
datasets (Figure 4.7.b). Based on RNA-seq data, 103 ASFV TUs showed significant
differential expression (adjusted p-value < 0.05), with 47 genes down- and 56 genes
up-regulated during the progression from early to late infection. Henceforth, we
focused on the CAGE-seq dataset because the reads are associated with the nascent
transcription start sites and thus cannot arise from transcription readthrough from
upstream genes (unlike mRNA quantification using RNA-seq), which would complicate
the analyses. RNA-seq also had the disadvantage of a lower sequencing depth and
thus lower apparent sensitivity compared to CAGE-seq. Indeed, the CAGE-seq
identified 149 genes as significantly differentially expressed with 65 downregulated
genes and 84 upregulated genes. Naturally this is not a binary classification: genes
that are upregulated during late infection do not have zero reads during early infection
and vice versa.
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Figure 4.6. Early and late gene expression of ASFV-BA71V. RPM values for 20 most

highly expressed ASFV TUs according to CAGE-seq at 5 h (a) and 16 h (b) post-
infection. Genes highlighted in maroon indicate those encoding proteins which were also

found in the 20 most-abundantly expressed ASFV proteins during infection of either

WSL-HP, HEK293 or Vero cells according to proteome analysis done by Kel3ler et al.

29 Gene functions are shown after their name with TR and PSP referring to predicted

transmembrane region and putative signal peptide, respectively. 20 most-expressed
genes during early (c) and late (d) infection according to RNA-seq data over gene TU,

defined from TSS to ORF stop codon.

Interestingly, the relative expression levels of early genes at 5 h appeared significantly

higher than late genes at 16 h (Figure 4.7.b). This is due to normalisation of the reads

and the increase of steady state levels of all transcripts during late infection, which can

be seen from the sequence alignment rates (Supplementary Table 1, Cackett et al. 13¢).

While the total number of reads mapping to early genes during early infection is lower

than the total reads mapping to late genes during late infection, the total number of
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reads mapping to all ASFV genes is higher during late infection (Figure 4.7.a). The per-
gene RPM values and differential expression analyses are normalised for ASFV-
mapped sequencing depth, which therefore reduces this background and emphasises
highly expressed genes during early infection. Overall, we did observe a greater and
cleaner contrast in expression of the genes during early infection compared to late. In
summary, it appears ASFV maintains a tighter control of gene expression during early
infection compared to late, in as much as early genes are highly expressed and late
genes show low or no expression, while during late infection the total mMRNA levels
increase, which results in a greater change of absolute late mMRNA levels but lower
relative levels of late mMRNAs.
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Figure 4.7. BA71V differential gene expression. (a) Boxplot mean RPM values for the
early and late genes at early and late infection, respectively. Outliers are labelled with
their gene names and Wilcoxon rank sum test showed the mean RPM of early genes
during early infection was significantly greater than that of late genes during late infection
(p-value: 1.865e-06). (b) Scatter plot comparing log2fold changes of the 101 significantly
differentially expressed genes in common between RNA-seq and CAGE-seq. Labels
were coloured according to their significant upregulation or downregulation from RNA-
seq.

In order to stringently analyse differential expression in ASFV we identified the genes
which showed the same pattern of differential expression according to separate
DESeq2 analyses of the CAGE-seq and RNA-seq datasets (Figure 4.7.b). This
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minimises any potential biases from each of these complementing techniques. 101

genes showed significant differential expression according to both independent

techniques, and the changes in expression were significantly correlated between these

genes (Spearmané6és rank c orOnlgdsmallinonberafoef fi ci e
genes, ten out of 101, showed a discrepancy between the two methods (DP63R,

1329L, NP419L, B66L, A224L, E248R, O174L, D345L, C315R and NP1450L), leaving

91 genes confidently classified as early (36) and late (55) genes. Supplementary Table

6 (Cackett et al. **¢) provides details of these 91 genes, their functions, and whether

previously detected in viral particles ©.

The 91 genes with correlated differential expression were assigned with functional

categories based on their annotation in the VOCS database 2'” complemented with

ASFVdb 219 (Figure 4.8). Around one fifth of early and late genes were classified as
6uncharacterisedd without any f uncthiawi6 | pr e
h post infection is characterised by a significant up-regulation of genes important for

viral morphology and structure, but also the overall diversity of differentially expressed

genes changed. A significant difference was seen in the multigene family members;

they constitute nearly a half of the early genes, but only one (MGF 505-2R) among late
genes. ORFs annotated as having a 6transmemb
peptided (PSP) were also overrepp<dd®m;theyed i n
remain poorly characterised beyond a domain prediction and 9 proteins (out of 12) of

these ORFs could be detected in BA71V virions by mass spectrometry 6.

36 Early Genes 55 Late Genes

Figure 4.8. Pie chart of gene functional categories downregulated from 5 h to 16 h (36
early genes) and upregulated from 5 h to 16 h (55 late genes). Fisher test carried out on
gene counts for functional groups between early and late infection, for this all MGF
members were pooled into the OMGFsd function

Functional Groups (Fisher Test p-value)
- Genome Organisation (1)

- Immune Evasion (0.5615)

D MGFs (2.2576-05)

l:, NA Metabolism/DNA Replication/Repair (0.1529)
D Other/Enzyme (0.3608)

I:' Structural/Viral Morphology (0.02381)

|:| TRIPSP (0.001375)

. Transcription/RNA mofification (1)

. Uncharacterised (0.7862)
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Our results demonstrate that the majority of ASFV genes show some degree of
differential expression from early to late infection. The BA71V genome map in Figure
4.9 illustrates this genome wide, with ORFs coloured according to their differential
expression and TSSs are shown as arrows. The RNA sequencing methods used here
quantify the steady-state RNA levels; without information of ASFV mRNA synthesis or
degradation rates, it is not possible to distinguish between early mRNAs retained until
late infection and early genes being transcribed at later stages. Nascent ASFV mRNA
synthesis rates and half-lives could be determined using techniques including TT-seq
260 or by using transcription inhibitors including actinomycin D though this may
generate off-target effects 172,
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Differential Expression from 5h to16h: !I Early ﬂ Late D Ambivalent from combined RNA-seq and CAGE-seq datasets

Figure 4.9. Annotated genome of ASFV-BA71V indicating TSSs, and early or late genes.
The map includes 153 previously annotated, and novel genes identified in this study,
with their differential expression pattern from early to late infection using DESeq2 ¢
analysis. Early genes (upregulated, highlighted in dark blue) and late genes
(upregulated, dark red) were differentially expressed according to both RNA-seq and
CAGE-seq approaches. The pale blue and pale red markings indicate a negative (early,
downregulated) or positive (late, upregulated) log2 fold change in expression according
to both CAGE-seq and RNA-seq, but is only statistically significant (adjusted p-value <
0.05) from CAGE-seq. This was due to its higher sequencing depth and unlike RNA-seq,
it is not affected by transcription readthrough. Colour coding in white suggests
ambivalency of early and late expression patterns, i.e. not statistically significant
according to either of the methods, or only according to RNA-seq. These also include
ten genes with reversed differential expression between CAGE-seq and RNA-seq
results. The map was visualised with the R package gggenes .
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4.4 DNA Motifs Required for Transcription Initiation

4.4.1 Architecture of ASFV Initiator Elements

The genome-wide TSS map combined with information about their differential temporal
utilisation allowed us to analyse the sequence context of TSSs and thereby
characterise the consensus motifs and promoter architecture of our clearly defined 36
early and 55 late genes. Alignment of regions immediately surrounding pTSSs in the
BA71V genome revealed several interesting ASFV promoter signatures: the Initiator
(Inr) element overlapping the TSS is a feature that distinguishes early and late gene
(Figure 4.10.a and b). The early gene Inr is a TA(+1)NA tetranucleotide motif, where N
has no nucleotide preference and +1 indicates the TSS (Figure 4.10.c). The late gene
Inr shows a strong preference for the sequence TA(+1)TA (Figure 4.10.d), not to be
confused with the TBP-binding TATA box. Our late Inr consensus motif is in good

agreement with those of 20 previously characterised late gene TSSs 27133,

1 45 +10

—
A—A
IZI’#_II!'\_I-'J\‘ L S ==
-5 +1 +5 +10

AA AT AT TT

T ™ T
-1 +1+2 +3 +4 +5 +6 123d5573910111213141515171319

-5 -4 -3 -2 -‘1 +1 +2 +3 +4 +5 +6

Figure 4.10. Initiator and promoter sequence signatures of ASFV genes. WebLogo 3
234,261
+10. WebLogo 3 consensus motif with error-bars, of the 36 early (c) and 55 late (d) gene
sequences surrounding their respective pTSSs (5 nt up- and downstream), i.e. initiator
(Inr) motif. () EPM located upstream of all 36 of our classified early genes according to
MEME motif search (E-value: 8.2e-021). FIMO with a threshold of p-value < 1.0 E-4 then
identified at least one iteration of this motif upstream of 81 ASFV genes.
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4.4.2 The Early and Late Promoter Motifs

To search for additional promoter elements that likely interact with transcription
initiation factors, we extended our search to include sequences up to 40 bp upstream
of the TSS, though some sequence enrichment was already observed in Figure 4.10.a
and b. Analysis with MEME and FIMO software 22123 jdentified and located a
significant 19-nt motif (Figure 4.10.e, annotated with brackets in Figure 4.10.a). This
motif was located ~10 bp upstream of pTSSs for 36 (out of 36) early gene promoter
sequences (Figure 4.11.a), which we have called the Early Promoter Motif (EPM). Our
EPM is related to the VACV early gene promot
UCE) 892 as well as the yeast Virus-Like Element (VLE) promoters 22, Importantly, the
limited distance distribution between the EPM and TSS (Figure 4.11.a) is indicative of
constraints defined by distinct protein-DNA interactions, e.g. by transcription initiation
factors binding upstream of the TSS and ASFV-RNAP engaging with promoter DNA
and TSS. However, the EPM is not limited to the 36 early genes, since a FIMO
software 22! motif search identified the EPM within 60 bp upstream of a much larger
subset of 81 TSS/TUs including pNGs and alternative pTSSs, four of which were the
early alternative pTSS for 1243L, B169L, J154L and CP80R. Expression profiles of all
genes with an EPM upstream according to FIMO, showed mostly a negative log2 fold
change between 5 h and 16 h (Figure 4.11.b). Since MGF members were
overrepresented as early genes, we searched directly for the EPM among the FIMO
hits. 23 of the 29 MGF members with mapped pTSSs were associated with the EPM
element including a consistent early expression (Figure 4.11.c) and spacing relative to
their TSS (Figure 4.11.d), which suggests that MGF genes are under the control of

their own consistently-located early promoters.

Using the same approach, we searched for promoter sequence motifs associated with
late genes. MEME identified a conserved motif upstream of only 17 (out 55) late genes,
which we called Late Promoter Motif (LPM, Figure 4.12.a). The spacing (41 12 bp)
between the LPM and TSS shows a much greater diversity compared to the EPM
(Figure 4.12.b), though genes with the LPM were consistently upregulated (Figure
4.12.c). A Tomtom 222 search identified the LPM motif as a match for 28 distinct motifs
including the canonical TATA-box (Figure 4.12.d). However, this was not a significant
hit (E-value: 5.16), and these motifs do not bear a clear resemblance to each other

apart from their AT-rich nature.
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FIMO search (threshold p-value < 1.0E-4) identified the LPM upstream of 53 ASFV

genes (excluding those with alternative pTSSs). Motif distances from pTSSs are
represented as a bar chart. (c) Expression profiles as in Figure 4.11.b, of genes with only

an LPM from the FIMO search of 60 bp upstream of pTSSs. (d) The eukaryotic TATA-

box motif which was one of 28 hits in a Tomtom search of the LPM (p-value: 2.85e-03,

E-value: 5.16e+00). (e) 56 UTR Il engths in nt of the 9
late (mean: 25, median: 9) classified ASFV genes, starting from the most upstream pTSS

(in the case of alternating pTSSs) until the first ATG start codon nt, represented as a
notched boxplot. 9 genes with 56 UTRO6s abov
QP509L (92 nt long), pNG2 (105 nt), 1267L (110 nt), B318L (118 nt), C44L (131 nt),

DP141L (165 nt), pNG1 (223 nt), EP402R (242 nt) and A118R (332 nt). (f) Percentage

AT content of early (mean: 69. 0, medi an: 70.
UTRs, omitting those of O length.

4.4.3 ASFV Promoters and Initiation Factors compared to their Pol Il or VACV

Counterparts

Eukaryatic Pol Il core promoters are characterised by a plethora of motifs, including
TATA boxes, BRE elements, and Initiator (Inr). The former two interact with initiation
factors TBP and TFIIB, while the latter interacts with Pol 1l 132, Eukaryotic Pol Il and
archaeal RNAP critically rely on initiation factors TBP and TFIIB for transcription
initiation on all MRNA genes, though bacterial RNAP obtains specificity for subsets of
gene promoters by associating with distinct sigma factors 263, ASFV-RNAP is related to
eukaryotic and archaeal RNA polymerases, while detailed phylogenetic analyses
reveal that the RPB1 subunit is most closely related to the Pol | homolog 1455262,

Transcription initiation of early and late genes appears to be directed by at least two
distinct sets of general initiation factors and their cognate DNA recognition motifs, as
our TSS mapping demonstrates. The first feature of all ASFV promoters is the Inr
element, a tetranucleotide motif overlapping the TSS with an A-residue serving as
initiating nucleotides similar to most RNAP systems, since it interacts with highly
conserved RPB1 and RPB2 homologs. The EPM and LPM are located upstream of the
TSS, and both are AT-rich, though distinct in sequence (Figure 4.10.e and Figure
4.12.a). The distance distribution of EPM is narrow (located 97 10 bp upstream of the
TSS) while that of the LPM and TSS shows more variation and proximity (47 6 bp) to
the TSS. The high sequence and distance conservation of the EPM, especially
exempliiedf or early expressed MGFs, emphasises tF
transcription during early infection. Considering the close relationship between ASFV
and VACV, we posit that the EPM is recognised by heterodimeric ASFV-D6-A7

initiation factor (VACV D6/A7) 9 consistent with the late expression of these genes
93



Chapter 4. Results

(Figure 4.9.c, also ref 147). Presence of D1133L/G1340L gene-products along with
RNAP in viral particles © provides a system primed to initiate ASFV transcription of

early genes immediately upon infection.

ASFV-TBP (B263R) is an early gene and ASFV-TFIIB (C315R) did not show significant
differential expression. We propose the LPM could be utilised by ASFV-TBP and -
TFIIB homologs, neither of which were detected in virions ®. However, the tight spacing
between the LPM and TSS is incompatible with the overall topology of a classical
eukaryotic and archaeal TATA-TBP-TFIIB-Pol Il preinitiation complex (PIC), where the
BRE/TATA promoter elements are located ~ 24 bp upstream of the TSS 2. However,
while the LPM (Figure 4.12.a) is AT-rich like the TATA-box (Figure 4.12.d), they are not
significantly similar in DNA sequence according to a Tomtom search against eukaryotic
promoters. Considering low sequence conservation between cellular and ASFV-TBP
126 and unusual spacing of LPM and Inr, the structure of ASFV LPM PIC is may differ
from canonical Pol Il PICs. Additionally, factors including ASFV B175L (Al), B385R
(A2) and E301R (G8) may contribute to a late or intermediate PIC, as was proposed for
VACV 141,264,265.

Which factors interact to enable transcription initiation i and how i remains to be

understood, but it is clear the process differs between early and late gene expression.

Differences can additionally be observed between early and late genes with regard to

the I ength of 56 UTRs i.e. the distance bet w
start codon. The 506 UTRs of | ate genes are s
content compared to early genes (p-value < 0.05, Figure 4.12.e and .f, respectively).

Si n c ETR$0@n be key interaction points for post-transcriptional control of gene

expression, this may be a reason why, but there is no known mechanism in ASFV

which would facilitate this.

45 306 Ends of ASFVcordnaeagrit-geqg806ARNA

4.5.1 Transcription termination of ASFV-RNAP

After investigating the start of transcripti
turned to its termination.Pr evi ous mapping of mMRNA 306 ends
genes has revealed a conserved sequence mot.i

(polyT) in the template, which is consistent with polyU RNA3 &6 end fviar mat i on
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transcription termination like Pol 11l 181266 To investigate the genome-wide sequence
context of ASFV transcr i pt isagsequercingto obtain i on, w
the sequences immediately preceding ASFV mRNA poly(A) tails, generating a

compl ete map of mRNA 3 Bigued.tl). Usimga kimilar@@pm®acts e e n i
as pTSS mapping, we detected 657 termination site clusters, 212 TTSs within 1000 bp
downstream of 1 to 3 ORFs. Because multiple ORFs had more than one cluster within

that region, we defined 114 primary TTSs (pTTS) as the TTS with the highest

CAGEfightR-score in closest proximity to a stop codon; we classified the 98 remaining

peaks as non-primary TTSs (npTTS).

We identified a highly conserved polyT signal within 10 bp upstream of 126 TTSs (83

pTTSs, 43 npTTSs) that was char ackFkigarei sed by
413. a), with the ultimate resi duéiguted.t3b).ed on
The mechanisms underlying transcription termination of multisubunit RNAP are diverse

186187 We showed half of mRNA 306 ends have 7U r
VACV which utilises a moti f 188 Dherefare, upstrean
ASFV-RNAP is akin to archaeal RNAPs and Pol lll, where a polyU stretch is the sole

cis-acting motif without any RNA secondary structures characteristic of bacterial

intrinsic terminators 87, The remaining 86 TTSs were not associated with any

recognisable sequence motif besides a single T residue 1 bp upstream of the TTS.

These are still likely to represent bona fide termination sites, since classical RNA-seq

reads were decreasing towards these termination sites.

Our results demonstrate the total number of consecutive Ts of the polyT motif can vary,

with polyT tracts of CAGE-early genes being longer than those of late genes (Figure

4.13.c). Finally, we observed differences between CAGE-early and CAGE-late gene

termination, in as much as polyT terminators were overrepresented in CAGE-early and
underrepresented in CAGE-late genes (Figure4.14. a) . The 36 UTRs (i . e
stop codon to pTTS) of CAGE-late genes were significantly longer compared to CAGE-

early genes (Figure 4.14.b), in good agreement with previous studies, which showed

ASFV transcripts tended to be longer during late infection, as discussed in Section

1.7.5. Furthermore, the ASFV genome is compact, and scrutiny of RNA-seq reads

reveal transcription readthrough from upstream ORFs into downstream ORFs is likely.
However, one cl ear caveat of 4fsdgivtEch,@ue#l ysi s w

the risk of miss-priming from intra-transcript polyA sequences, required heavy filtering
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of the reads. This may have missed TTSs - supported by our identification of just over
two thirds of BA71V gene pTTSs. Therefore, we investigated transcription termination
in ASFV using an alternative NGS method: long read sequencing with Oxford
Nanopore Technologies (ONT), which will be described further in Chapter 6.
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Figure 4.13. ASFV transcription termination. (a) WebLogo 3 motif of 10 nt upstream and

10 downstream of all pTTS and npTTSs withapolyT (O4 consecuti vE6 Ts ba
TTSs). (b) Distance frompolyT36 t er mi nal T to the TTS. (c)
lengths among 126 polyT TTSs (median: 7), split into expression stages according to
CAGE-seq differential expression analysis (NC: not-classified), showing late gene

polyTs are shorter in length (Wilcoxon rank sum test, p-value: 0.0216).
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Figure 4.14. (a) Distribution of gene expression types among the 83 polyT pTTSs and
31 non-polyT pTTSs. Dotted lines labels indicate Fisher test p-values of gene types
between the two pTTS-types, classified from CAGE-seq. (b) 55 Early and 53 late gene
36 UTR | engt haentdplTsfWilsoxon ank sumdest, p-value: 0.003).
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Chapter 5. Comparison between the BA71V and

Georgia 2007 Transcriptome

5.1 Introduction

5.1.1 Why investigate the Georgia 2007 Strain?

In the lab-attenuated ASFV BA71 strain, we carried out a detailed and comprehensive
ASFV whole genome expression analysis using complimentary next-generation
sequencing (NGS) results and computational approaches to characterise the ASFV
transcriptome following BA71V infection of Vero cells at 5 h and 16 h %, as detailed in
Chapter 4. In Chapter 5 we now delve into analysis from our most recent publication
Cackett et al. 2022 224, which delves into the ASFV Georgia 2007/1 strain (GRG)
transcriptome, and how it compares to that of BA71V. Throughout this chapter we will
refer to supplementary tables which are available with our open access publication
Cackett et al. 2022 224,

Most of our knowledge about the molecular biology of ASFV, including gene
expression, has been derived from cell culture-adapted, attenuated virus strains, such
as BA71V infecting Vero tissue culture cells 12713 These model systems provide
convenient models to study the replication cycle, but have deletions of many genes
that are not essential for replication, but have important roles in virulence within its
natural porcine hosts. 23033 To date 24 ASFV genotypes have been identified in Africa
28302671272 \hile the strains spreading across Asia and Europe belong to the Type Il
genotype. Most of these are highly virulent in domestic pigs and wild boar i including
the GRG strain 34, and the Chinese ASFV isolates including Heilongjiang, 2018
(Pig/HLJ/18) 273, Though a number of less virulent isolates have been identified in wild
boar in the Baltic States and domestic pigs in China 2’427, |t is crucial to understand
the similarities and commonalities between ASFV strains, in order to understand the
molecular determinants for ASFV pathogenicity. Information about the gene content
and genome organisation can be gained from comparing virus genome sequences.
However, only functional genomics such as transcriptome or proteome analyses can
provide information about the differences in gene expression programmes, as well as

the host responses to infection.
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5.1.2 Key Differences between the GRG and BA71V Genomes

On the genome level, most differences between virulent (e.g. GRG) and attenuated
(e.g. lab-attenuated BA71V) ASFV strains reside towards the genome termini, where
genes are prone to deletion, duplication, insertion, and fusion 2278, Most of the GRG-
specific genes are expressed early during infection, and many belong to Multi-Gene
Families. The functions of many MGF members remain poorly understood, though
variation among MGFs is linked to virulence 2’° and deleting members of MGF 360 and
505 families has been shown to reduce virulence 2%, Deletion of MGF 505-7R or
MGF 110-9L also partially attenuated the virus in pigs 22283, In contrast deletion of
MGF 110-1L and MGF 100-1R did not reduce virus virulence 2. Members of MGF 110
are highly expressed both on the mRNA and protein level in infections with the BA71V
isolate or OURT88/3 13625° suggesting MGF 110 holds importance during infection.
Overall, the functions of MGF 360 and 505 members are better characterised than
other MGFs, playing a role in evading the host type | interferon (IFN) response 27:280.2841
287 In summary, comparing the expression of ASFV genes, especially MGFs, between
the virulent GRG isolate and the lab adapted BA71V strain, is fundamental in

identification of virulence factors and better MGF characterisation.

5.2 Genome-wide Transcription Start Site-Mapping

From our previous work on the ASFV-BA71V strain *¢ we noted the increase in

genome-wide transcription from early to late infection, akin to pervasive transcription

observed in VACV %4, Therefore, when mapping TSSs across the GRG genome we

separately analysed CAGE-seq data from the 5 h and 16 h time-points, detecting 229

and 786 506 transcript einCasket(eSal p0p2*éancdRigurar y T a
5.1), at these times respectively. While most TSSs were within 500 bp of ORF start

codons i a likely location for a TSS T many ORFs had additional TSSs located within

ORFs. The remaining few TSSs were defined as inter-ORF. The strongest and closest

TSSs upstream of ORFs were annotated as t hei
we detected pTSSs upstream of 177 out of 189 annotated GRG ORFs. From manual

annotation described below, we added further genes with homologs in other ASFV

strains that had not been annotated in the Georgia 2007 genome, but for which we

identified pTSSs upstream of these novel ORFs (NORFs).
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Figure 5.1. (a) 189 GRG annotated ORFs are represented as arrows and coloured

according to strand. CAGE-seq peaks across the GRG genome at 5 h (b) and 16 h (c),
normali zed coverage reads per mill i onrsegnapp e (
reads. The coverage was capped at 20000 RPM for visualisation, though multiple peaks

exceeded this. DeepTools %?°, was used to convert bam files to bigwig format and

imported into Rstudio for visual representation via packages ggplot, ggbio, rtracklayer,

and gggenes was used to generate the ORF map at the top.

5.3 Gene Expression Profiles of ASFV Genes Using CAGE-seq

5.3.1 Expression of GRG genes during Early and Late Infection

Annotation of GRG gene pTSSs facilitated quantification of transcripts mapping to the

gene 508 e ndsseqdfThisidentiied GeBes which were up- or downregulated

between 5 h and 16 h post-infection: DESeq2 2!® analysis showed 165 of 177 detected

genes showed significant differential expression (adjusted p-value or padj < 0.05,

Supplementary Table 1.c, Cackett et al. 2022 22%). Figure 5.2 shows the 87

downregul ated (r epr iableend78yregulatedr(d lyadt ey ngeesn e s
red), also emphasizing that the majority of MGFs are early genes, in agreement with

our previous work in BA71V in Chapter 4 %,
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Figure 5.2. Summary of GRG gene expression (a) Expression profiles for 164 genes for
which we annotated pTSSs from CAGE-seq and which showed significant differential
expression. Log2 fold change and basemean expression values were from DESeq2
analysis of raw counts (see methods). Genes are coloured according to their log2 fold
change in expression as red (positive: upregulated from 5 h to 16 h) or blue (negative:
downregulated). MGFs are emphasised with a black outline to highlight their
overrepresentation in the group of downregulated genes.

5.3.2 Expression Profiles of Genes only Expressed in ASFV-GRG

We detected transcripts from 43 gene TSSs in GRG which were not detected during
our previous analysis of the BA71V strain, this includes cases in which a gene is
encoded in the BA71V genome 27 but we could not detect expression from CAGE-seq.
The majority (41 genes) of these 43 showed significant differential expression; those
which did not were DP79L, I18L, and MGF 100-1R (Figure 5.3.a). Many of these GRG-
exclusive genes are MGFs, or from short ORFs newly-annotated in GRG 2% . Again,
most MGFs were downregulated from early to late infection, consistent with expression
of the majority of MGFs, as seen for the shared genes in Figure 5.2.
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Figure 5.3. (b) Expression profiles for 41 genes (excluding nORFs) only detected as
being expressed in GRG and not BA71V, format as in (a). (b) Relative expression (RPM)
of the 20 highest-expressed genes at 5 h, error bars represent standard deviation
between replicates. (c) Relative expression (RPM) of the 20 highest-expressed genes at
16 h, error bars are the standard deviation between replicates.

5.3.3 Relative Transcript Levels During Early and Late Infection

Quantification of transcript levels additionally revealed the highest-expressed genes at
5 h and 16 h (Figure 5.3.b and c, respectively). These groups have a surprising overlap
of 10 genes in common (MGF 110-3L, A151R, MGF 110-7L, MGF 110-5L-6L, 73R,
285L, CP312R, ASFV_G_ACD_00600, MGF 110-4L, CP204L). Another notable
feature of the data in Figure 5.3.b and .c is the relative expression values for genes at
5 h appear to be far higher than those at 16 h. While this might seem counterintuitive,
this is consistent with our observations in the BA71V strain %%, and due to the increase
in global transcription at late times. When this was accounted for by normalizing for
total reads mapped to the genome (which is higher overall at 16 h), transcript levels

from highly expressed genes at 5 h were emphasised versus those at 16 h.
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Chapter 5. Results

5.3.4 GRG and BA71V Share Strong Similarity between Conserved Gene

Expression

Next, we carried out a direct comparison of mMRNA levels from 132 conserved genes
between the virulent GRG and attenuated BA71V 3 strain, making use of our
previously published CAGE-seq data. The relative transcript levels (RPM) of the genes
conserved between the two strains showed a significant correlation at 5 h (Figure
5.4.a) and 16 h (Figure 5.4.b). This is supported by the heatmap in Supplementary
Figure 1 (Cackett et al. 2022 224): the RPM for each gene, across both time-points and
replicates, shows a strong congruence between the two strains. Of the 132 conserved
genes, 125 showed significant differential expression in both strains (Figure 5.5). 119
of these 125 showed the same down- or up-regulated patterns of significant differential
expression from 5 h to 16 h (Figure 5.5 with early genes in blue, late genes in red). The
exceptions are D205R, CP80R, C315R, NP419L, F165R, and DP148R (MGF 360-
18R), encoding RNA polymerase subunits ASFV-RPB5 and ASFV-RPB10 27, ASFV-
TFIIB 2?7, DNA ligase 288, a putative signal peptide-containing protein, and a virulence
factor 28, respectively. The ASFV-TFIIB homolog (C315R) is classified as an early
gene in GRG (but was not in BA71V), in line with the predominantly early-expressed
TBP (B263R), its predicted interaction partner. It is worth noting however, that D205R,
CP80R, and C315R are close to the threshold of significance, with transcripts being
detected at both 5 h and 16 h (Cackett et al. 2022 224, Supplementary Table 1e).

Figure 5.4. Comparison of gene expression profiles for genes shared between GRG and
BA71V. Scatter plots of mean RPM across replicates for shared genes at 5 h (a) and 16
h (b), coloured according to whether genes show significant downregulation (blue), or
upregulation (red) according to DESeq2 analysis in GRG. In both plots, genes with RPM
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