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ABSTRACT OF THESIS

VIRUS-INDUCED CHANGES IN NUCLEAR PROTEINS AND MEMBRANES IN

NICOTIANA BENTHAMIANA CELLS

Viruses rely on host proteins to complete their life cycles. This results in alterations to
normal cell physiology to processes which benefit viral processes such as replication and
movement to other cells. This may involve the relocalization of host proteins away from their
original subcellular targets to sites which may benefit the virus, a process that is not as well
understood as it relates to the nucleus. To identify nuclear proteins that may be involved in such
processes, a library of random Nicotiana benthamiana cDNAs were expressed as GFP fusions in
a transgenic marker lines expressing a histone 2B:RFP nuclear marker. Of the 1,087 proteins
screened, 355 were found to be associated with the nucleus. These nuclear proteins were then
expressed in plants infected with sonchus yellow net virus (SYNV), a betanucleorhabdovirus
which forms its replication complex in the nucleus. Of the 355 nuclear-associated proteins, 16
were found to relocalize in response to SYNV infection, and to test if this phenomenon was
virus-specific, these proteins were then expressed in plants infected with tobacco etch virus
(TEV), a potyvirus which replicates in the cytoplasm. Of these 16 proteins, 6 were found to show
both general and virus-specific localization patterns between the two viruses. To gain insight into
the cellular tropism of SYNV, a cell map was generated in order determine the effect of this
virus on membranes in N. benthamiana tissues. Finally, sowthistle yellow vein virus (SYVV),
another betanucleorhabdovirus and classical model virus, was identified in the wild for the first
time in over 30 years. Sequence and phylogenetic analysis confirmed the identity of this virus
with historical laboratory isolates. The availability of SYVV will facilitate future studies that
compare the effect of rhabdovirus infection on host nuclear proteins and membranes.

KEYWORDS: Rhabdovirus, plant viruses, protein localization, relocalization, nuclear proteins,
microscopy
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Chapter 1

Literature review

An overview of nuclear structure

Nucleocytoplasmic transport involves the exchange of macromolecules across the nuclear
envelope and is a critical function of eukaryotic cells. It plays a central role in signaling, gene
expression, and stress response. The nuclear envelope (NE) serves as a barrier between the
nucleoplasm and cytoplasm and is comprised of the inner nuclear membrane (INM) and
outer nuclear membrane (ONM), the latter of which is contiguous with the endoplasmic
reticulum (ER). The INM and ONM are separated by the lumen, or perinuclear space, and
they are fused at numerous channels called nuclear pore complexes (NPCs) (Fichtman et al.,
2010). These NPCs form a channel which allows for either the active or passive transport of
macromolecules between the nucleus and cytoplasm (Cohen et al., 2002; D’ Angelo et al.,

2006).

While size, number, and individual protein components may vary in different organisms,
there are several conserved structural motifs which are as follows: a) eight filaments which
extend from an outer ring on the NPC into the cytoplasm, b) another ring on the nuclear end
of the pore with another eight filaments which extend into the nucleoplasm and form an
enclosed nuclear basket, and C) an octagonal channel linking the two rings which contains a
central pore ring (Beck and Hurt, 2016; Mohammad and Mofrad, 2008; Panté and Aebi,

1993).

NPCs are the largest macromolecular structures found in cells, upwards of 30 times the

size of a ribosome (Tamura and Hara-Nishimura, 2013; Vashu and Forbes, 2001). The
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typical NPC mass in nuclei of vertebrates is approximately 112 MDa with a distribution of
60 NPCs per um 2 in Xenopus laevis oocytes and 50 NPCs per um? in plants, the former of
which is considered to be densely spaced (Boruc et al., 2012; Meier and Brikljacic, 2009).
From a dimensional perspective, the outer diameter of the human NPC is ~1,200 A with an
inner diameter of ~425 A and a height of ~800 A (Lin and Hoelz, 2019). Yeast
(Saccharomyces cerevisiae) NPCs are smaller, with a mass of ~52 MDa and similar
diameters but a shorter height of ~640 A (Kim et al., 2018; Meier et al., 2017). Plant NPCs
have not received the same attention as their vertebrate and yeast counterparts, though some
early work had been done with the likes of sycamore and bean, finding that the plant NPCs
are typically 1159x640 A (Roberts and Northcote, 1970). This was the most recent
microscopic data on the plant NPC for nearly four decades until field emission electron
scanning microscopy was used to further characterize the ultrastructure, finding much

conservation of structure to vertebrate NPCs (Fiserova et al., 2009).

NPCs of all eukaryotes share an eightfold rotational symmetry (Meier et al., 2017). The
dimensional differences can largely be attributed to the individual protein subunits of the
NPCs, called nucleoporins (Nups), and are central to understanding the underlying
mechanisms of how the NPC operates at a functional level. In vertebrates, the NPC is
composed of 500-1000 individual Nup subunits, though only around 30 of these are unique,
so each subunit is usually present in multiple copies (Vasu and Forbes, 2001). Initial
estimates put the repeat numbers in the range of 8-56 copies per pore (Vasu and Forbes,
2001), though more contemporary work has put this at 16 copies for yeast (Rajoo et al.,
2018), whereas in humans these copy numbers can vary between 8, 16, or 32 copies

depending on the structural region of the pore (Ori et al., 2013). Despite poor sequence



homology between Nups of plants, vertebrates, and yeast, the general structure and shape has
led to maps and classes of Nups within the NPC to be created (Albert et al, 2007; Brohawn et

al., 2009; Tamura et al., 2010).

While there are variations in how the different components are commonly labeled, there
are three general subdomains: 1) membrane Nups, 2) scaffold Nups, and 3) barrier Nups
(Onischenko and Weis, 2012). The membrane Nups are sometimes referred to as
transmembrane Nups due to their anchoring of the NPC to the pore membrane and nuclear
envelope (Tamura et al., 2013). In plants, the 210 kDa glycoprotein (Gp210) (Gerace et al.,
1982; Greber et al., 1990) and nuclear division cycle 1 (NDC1) (Wozniak et al., 1994) form
an outer transmembrane ring (Temura et al., 2013). Vertebrate Nups are quite similar to plant

Nups in this regard (Hallberg et al. 1993).

The scaffold subdomain connects the membrane and barrier layers while serving as a
Nup-rich skeletal structure (Onischenko and Weis, 2012; Temura et al., 2013). In addition,
there are three complexes comprising the scaffold, which include the outer rings
(cytoplasmic and nuclear), inner ring, and linker Nups, which are often classified as part of
the inner ring (Hayama et al., 2017; Temura et al., 2013). The inner ring of plant NPCs is
composed of Nup205, Nup188, Nup155, and Nup35 (Temura et al., 2010; 2013). The outer
ring of plant NPCs contains Nup160, Nup133, Nup107, Nup96, Nup85, Nup43, Secl3, and
SEH1 (“Y-complex” in yeast and vertebrates) (Tamura et al., 2010; 2013; Wiermer et al.,
2012; Xu and Meier, 2008). Lastly, the linker Nups include Nup93 and Nup88 in both plants

and vertebrates (Alber et al., 2007; Temura et al., 2013).

The final group to consider are the barrier Nups, which are arguably some of the most

important as they mediate the selective transport of the NPC (Temura et al., 2013). These
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Nups contain phenylalanine-guanine-rich (FG)-repeats and form specific interactions with
karyopherins (Onischenko and Weis, 2012; Weis, 2007). A suggested model for the
selectivity of the FG-Nups in the inner pore form an ‘oily spaghetti’ model, which predicts
that the FG-Nups take a somewhat disordered accumulation that can be pushed aside by
active transport complexes (Macara, 2001; Weis, 2007). There are also three subdomains of
this group, which include the cytoplasmic and nuclear FG-Nups as well as the central FG-
Nups (Temura et al., 2013). The central FG-Nups are fairly conserved across plants and
vertebrates, including Nup98, Nup62, Nup58 (Nup58/45 in vertebrates), Nup54, and Nup35
(Alber et al., 2007; Temura et al., 2013). Nup62 (Nsp1 in yeast) has been identified in
Arabidopsis and is believed to contribute to the auxin signaling pathway after a mutant study
revealed growth defects, which suggests that FG-Nups may play important roles in plant
development (Boeglin et al., 2016; Temura et al., 2013). Table 1.1 provides a summary of

Nups and their locations in plants, yeast, and vertebrates.

Summary of active transport

Active transport of macromolecules into and out of the nucleus is driven by a family of
transport factors known as karyopherins, with importin being the karyopherin responsible for
nuclear uptake and exportin for nuclear export (Conti and Izaurralde et al., 2001; Gorlich et
al., 1994). In the classical import pathway, importin-a binds to a cargo protein containing a
nuclear localization signal (NLS) in the cytoplasm (Freitas and Cunha, 2009; Lange et al.,
2007). NLSs were first identified in the large T antigen of simian virus 40 (SV40), in which
the amino acid sequence was PKKKRKYV (Kalderon et al., 1984). This would be referred to

as a classical NLS (cNLS) in later years (Rihs et al., 1991). Four years after Kalderon et al.



published their work, a bipartite cNLS would be identified and become the second cNLS,
KRPAATKKAGQAKKKK (Dingwall et al., 1988).

After cargo binding, importin-a binds to the importin beta binding (IBB) domain of
importin-f3, resulting in the importin-o/cargo/importin- 3 trimeric complex (Lange et al.,
2007). Importin-f3 then forms a series of interactions with the Nups in the NPC, starting with
Nup358 on the cytoplasmic filaments, Nup153 on the nucleoplasmic side of the NPC, with
Nup62 in the central channel mediating the transfer (Ben-Efraim and Gerace, 2001). Once in
the nucleus, RanGTP binds to importin-f3, which proceeds to induce a conformational change
that releases the cargo from importin-a (Riddick and Macara, 2005). One complex,
composed of importin- and RanGTP, gets exported to the nucleus and disassembled via
hydrolysis of RanGTP to RanGDP (Kabachinski and Schwartz, 2015). By contrast, the now
NLS-free importin-a binds to the exportin cellular apoptosis susceptibility protein (CAS) to
be exported back into the cytoplasm with RanGTP as well (Gorlich and Kutay, 1999). A
kinetic analysis revealed 800 translocations per second of a 100 kDa protein through the NPC
(Ribbeck and Gorlich, 2001). For a summary of nuclear import and export, refer to Figure

I1.1.

Viral infection and the host nucleus

Viruses have evolved a remarkable ability to target host cell proteins and structures. The
hijacking of host cellular machinery serves purposes ranging from replication to inter- and
intracellular movement and are essential to the viral life cycle. This is especially true for
RNA viruses, which typically have smaller genomes than their DNA counterparts, and thus
rely heavily on host factors for facilitating their replication and movement (Hiscox, 2007). It

is therefore important to consider that regardless of where a virus may replicate within the



cell, a number of subcellular loci are often targeted by viral proteins and protein complexes
in order to subvert host factors in a manner that favors viral processes. With positive-
stranded RNA viruses, this often involves forming replication complexes on host cell
membranes, which are commonly derived from organelles, resulting in the subversion host

cell functions for the purpose of their life cycle (Nagy and Pogany, 2011).

Given that the nucleus serves as the center of genetic regulation, cell signaling, and RNA,
it plays a central role many viral processes (Gorski and Misteli, 2005; Guo and Wang, 2014).
This is particularly reviewed in the literature for DNA viruses due to the abundance of them
that replicate in the nucleoplasm (Cohen et al., 2011; Schmid et al., 2014). While RNA
viruses such as retroviruses and those of the family Orthomyxoviridae replicate within the
nucleus, other RNA viruses which replicate in the cytoplasm may still require a sequestration
of nuclear proteins towards regions of cytoplasmic replication, or hijack import machinery in

order to gain traverse the nuclear pore complex and enter the nucleus.

While there are a multitude of nuclear host factors which RNA viruses may use upon
entry in the host cell, the general function and purposes for targeting such factors can be
grouped into several categories. The largest category involves the manipulation of
nucleocytoplasmic transport, either for the import and export of viral proteins or to regulate
host gene expression via blocking of the NPC (Le Sage and Mouland, 2013). Other
categories may include targeting nuclear-associated proteins directly for virus-related
purposes (Meng et al., 2019), or taking advantage of substructures within the nucleus
(Balinsky et al., 2013; Hiscox, 2007). Thus, it is an important feature of the viral infection
cycle that viruses or their individual proteins are able to overcome selective barriers within

the cell, such as the NPC.



There are a number of ways in which viruses may gain entry into the nucleus. Certain
viruses, such as murine leukemia virus (MLV), bind to host chromatin during mitosis when
the nuclear envelope has degraded in order to enter the nucleus and integrate into host
genomes (Aydin and Schelhaas, 2016; Di Nunzio et al., 2013; Flatt and Greber, 2015; Lewis
and Emerman, 1994; Rein, 2013). This is in contrast to lentiviruses, whose genomes must
traverse the selective barrier of the NPC (Flatt and Greber, 2015). This requires interactions
with a series of Nups and other host proteins which are involved in uncoating, moving, and
integrating the viral genome into their respective hosts. This may also entail altering nuclear
pore architecture or sequestering host proteins away from their original locations in a manner

in which may benefit viral entry.

HIV-1 is a well-characterized example of a virus which interacts with a variety of Nups
as part of its nuclear entry process. The HIV core has been found to bind to Nup153 to
facilitate nuclear import of the capsid-nucleocapsid hexamer complex and Nup98, which
likely plays a role in integration (Di Nunzio et al., 2013). This interaction is significant as it
not only illustrates an example of nuclear protein targeting for viral entry, but also the
retroviral requirement for integration into host chromatin (Kane et al., 2018). In more recent
years, it has been demonstrated that the kinesin-1 motor protein, KIF5B, is involved in
relocalization of Nup358 into the cytoplasm. Though the exact function of Nup358 in HIV-1
NPC entry is not known, it is possible that it serves to link the viral capsid to KIF5B as
similar observations have been made in adenoviruses (Dharana et al., 2016; Strunze et al.,
2011). One such explanation for this uncoating that has been suggested is the “tug of war”
model, which postulates that KIF5B pulls the viral capsid in opposite directions along a

microtubule, thus freeing the cargo (Lukic et al., 2014).



Naturally, viruses which require entry into the nucleus may have many conserved Nup
targets. For example, HSV-1 has also been found to dock at Nup214 and Nup358, though
RNA interference (RNA1) studies have provided more evidence for the latter (Fay and Panté
2015) but has also led some to believe that this may be a sign of a complex interaction
between all three (Le Sage et al., 2013; Pasdeloup et al., 2009). As will be demonstrated
later, these Nups are common targets in viral infection, and therefore may provide
opportunities for the creation of more specific antivirals. This can become especially
important when considering viruses which replicate in the nucleus as an inhibition of

replication would greatly hamper the infection cycle.

Influenza A virus (IAV) is unique from many other RNA viruses in that it replicates its
genome within the nucleus. Because of this, it is heavily dependent on interactions with
nuclear import machinery. The viral nucleocapsids contain a genome composed of eight
single-stranded negative-sense RNAs (Kobilier et al., 2012; Whittaker et al., 1996). Upon
clathrin-mediated endocytosis and pH-dependent release of the viral ribonucleoprotein
(VRNP) from the virion into the cytoplasm where it is imported into the nucleus via the
classical importin- o/p pathway. (Kobilier et al., 2012; Le Sage and Mouland, 2013; Martin

and Helenius, 1991).

While components of the vVRNP have been determined to have NLSs, the NP has been
found to be the minimal driving factor of the nuclear import process (Kobiler et al., 2012;
O’Neill et al., 1995). The NP contains two NLSs, NLS1 and NLS2, with the former being
located at the N terminus spanning residues 1-13 and the latter being located in the middle
and spanning residues 198-216 (Cros et al., 2005; Wang et al., 1997; Wu et al., 2017). NLSI

binds weakly to the minor NLS-binding pocket of importin-o, and this interaction has been



implicated in facilitating the nuclear import of the vVRNP via the importin-a/f3 pathway (Cros
et al., 2005; Nakada et al., 2015; Wang et al., 1997), with Wu et al. (2017) suggesting that
NLS2 could function alongside NLS1 to assist in the binding of importin-o and subsequent
nuclear import. Additionally, Miyake et al. (2019) recently discovered that the nuclear import
factor transportin 1 (TNPO1) binds to the proline-tyrosine nuclear localization signal (PY-
NLS) of the matrix protein (M1) to facilitate its removal from the vRNP, adding a second
importin-f to the nuclear import process. These types of interactions with nuclear import
machinery are vital to host specificity as the NP and PB2 of mammalian and avian influenza
viruses have been found to require interactions with different importin-a isoforms (Gabriel et

al., 2011).

Much of the work done to identify NPC components involved in the transport of the
VRNPs of IAV into the host nucleus have been conducted via RNAi screening. Karlas et al.
(2010) conducted a genome-wide RNA1 screen and determined that Nup98 and Nup205 were
implicated in IAV replication efficiencies. In another study, Nup153 and Nup214 were also
found to have a negative effect on IAV viral replication during RNAI, likely due to their role
in the import of viral RNA (VRNA) into the nucleus (K&nig et al., 2010). In a manner similar
to HIV-1, IAV has also been found to induce the cytoplasmic relocalization of Nup62 from
the NPC core for purposes of VRNA export, and has been demonstrated to be required for
viral replication (Le Sage and Mouland, 2013; Morita et al., 2013; Monette et al, 2011;

Munier et al., 2013).

Relocalization of NPC components are important in viral replication and import/export
pathways of which Hepatitis C virus (HCV) provides an example. Neufeldt et al. (2013)

found an increase in cytoplasmic signals of Nup358, Nup155, Nup53, Nup153, and Nup98



during HCV infection. Specifically, they are translocated to the membranous web, which is
the replication compartment induced by the HCV NS4B protein using the host endoplasmic
reticulum (ER) (Egger et al., 2002; Pawlotsky et al., 2007). This recruitment of Nups to the
membranous web as implications for membrane curvature and transport of nuclear proteins
into and out of the replication compartment, the latter of which is further evidenced by the
presence of NLS and NES sequences on some HCV proteins (Germain et al., 2014; Levin et

al., 2014; Neufeldt et al., 2013).

Vesicular stomatitis virus (VSV) is a well-studied example of a virus which limits
nucleocytoplasmic transport. VSV is a single-stranded RNA virus of the family
Rhabdoviridae. The VSV matrix protein (M) has an important role in both viral structure and
replication. It is responsible for packaging the viral RNA and budding, but also inhibits the
nuclear export of host cell RNAs (Le Sage and Valerie, 2013; Redondo et al., 2015; von
Kobbe et al., 2000). Specifically, the M protein binds to Nup98 to provide an inhibition of
nucleocytoplasmic transport (Ahmed and Lyles, 1998; Ennignga et al., 2002; von Kobbe et
al., 2000). Later work discovered that the M protein actually contains two additional
polypeptides named M2 and M3 encoded from the same ORF, referred to as M1 (Jayakar and
Whitt, 2002), and while M2 and M3 are involved in cytopathic effects (CPE), it is M1 that
participates in the inhibition of host mRNA transport (Jayakar and Whitt, 2002; Kuss et al.,
2013; Redondo et al., 2015). This is accomplished via binding of the M protein to Rael, an
RNA binding protein which forms a complex with Nup98 (Kuss et al., 2013). Further
investigation has demonstrated that residues 173-213 of Nup98 are involved, and that the
complex formation with M protein induces a translocation from the nuclear side of the NPC

to the cytoplasm (Faria et al., 2005). Quan et al. (2014) used biocrytallography to determine
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that two globular domains of the M protein act in a finger and thumb fashion to bind to the -
propellor and B-tongue domains/motifs of Rael and Nup98 proteins, respectively, to
complete the trimeric complex. The authors also used in vitro binding assays to illustrate that
the M protein of VSV displaces nucleic acid proxies from the Rael-Nup98 complex,

implying that it serves as a phosphate backbone mimic (Quan et al., 2014).

While one assumption is that the inhibition of nucleocytoplasmic transport is to provide
less competition for host translational machinery, others have speculated that this activity
may be a form of immune-suppression (Gustin and Sarnow, 2002; Lyles, 2000). Indeed,
Rajani et al. (2012) found that in siRael cells, many genes that are involved in the antiviral
response, such as [L-6, CXCL2, CCL5, CXCLI10, and IFIT1,2, and 3, were upregulated. This
provides evidence that the M protein is also important for suppressing the host antiviral
response. The authors provide the so-called “platform hypothesis,” which asserts that the
Rael-Nup98 complex is serving as a platform for the M protein to interact vital host proteins
instead of simple interference with Rael function, as Rael was found to not be required for
host gene expression (Babu et al., 2003; Sitterlin, 2004) and that siRael cells were less
sensitive to M protein effects due to less available interaction with host targets (Rajani et al.,

2012).

Characterization of these interactions have important clinical implications, especially
given the conserved nature of viral infection. Recently, affinity-purification mass
spectrometry (AP-MS) was used to identify 332 high-confidence interactions between severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and host proteins (Gordon et al.,
2020). In a manner similar to VSV, SARS-CoV-2 ORF6 was found to form an interaction

with the Nup98-Rael complex, which also involves a buried methionine residue that buries

11



into a hydrophobic pocket of Rael (Gordon et al., 2020; Quan et al., 2014). In addition to
ORF6, various nonstructural proteins were also found to interfere with nuclear transport.
NSP9 forms interactions with Nup88, Nup54, Nup62, Nup214, and Nup58, while NSP15
interacts with NUTF2 (Gordon et al., 2020), which is a nuclear transport factor that mediates
the entry of GDP-bound RAN to the nuclear pore complex from the cytosol (Paschal and
Gerace, 1995). It is hopeful that these data may provide potential drug targets for the

inhibition of SARS-CoV-2.

Some viruses utilize proteolytic cleavage towards host proteins. The picornaviruses
Human Rhinovirus (HRV) and poliovirus have both been shown to target Nup153 and
Nup62 for degradation to block host macromolecular import and export (Gustin and Sarnow,
2001, 2002; Park et al., 2008). This is likely a result of cleavage by the viral 2A protease
(Castelld et al., 2011; Le Sage and Mouland, 2013; Park et al., 2008). In addition, Nup98 is
also targeted by poliovirus by 2A-induced cleavage (Park et al., 2008). Later work suggested
that the protease 3C may work in conjunction with 2A in the degradation of Nup153

(Ghildyal et al., 2008; Walker et al., 2013).

Post-translational modification is another strategy for subverting nucelocytoplasmic
transport employed by viruses. Cardioviruses are known to hyperphosphorylate FG-
containing Nups, including Nup62, Nup98, Nup153, and Nup214 through activity of the
Large (L) protein zinc finger (Bardina et al., 2009; Porter et al., 2010; Porter and
Palmenberg, 2009; Ricour et al., 2009). It was further characterized that this is the result of
activation of two mitogen-activated protein kinases (MAPKs), extracellular signal-regulated

receptor kinase (ERK) and p38 MAPK, by the L protein (Porter et al., 2010). Once again, an
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inhibition of immune function is observed due to transcriptional antagonism of the type 1

interferon (IFN) response (Ricour et al., 2009).

Interference of immune function by binding to karyopherins directly also occurs.
Ebolavirus (EBoV) viral protein 24 (VP24) binds to importin-a.5, which inhibits the nuclear
import of signal transducer and activator of transcription 1 (STAT1) (Mateo et al., 2009;
Reid et al., 2006; Xu et al., 2014; Yarbrough et al., 2013). As a result, a major step in the
interferon signaling pathway is antagonized. SARS-CoV-1 similarly targets the STATI
response by using its ORF6 protein to tether import machinery to the rough ER (Frieman et

al., 2007). This is possibly a selective mechanism for viruses to modulate immune inhibition.

One class of proteins commonly targeted by viral proteins are heterogeneous
ribonucleoproteins (hnRNPs). These RNA-binding proteins (RBPs) are involved in the
processing of mRNA precursors into mature mRNAs and also have roles in localization and
stability (Chaudhury et al., 2010; Dreyfuss et al., 1993). These are attractive targets for
viruses due to their ability to serve similar functions when hijacked (Gustin, 2003; Meng et
al., 2019). An example of a common hnRNP used by viruses is hnRNP A1, which has a
multitude of functions including NPC export, splicing, processing, and gene expression

(Jean-Philippe et al., 2013).

Cells acutely infected with Junin virus (JUNV), a single-stranded negative sense RNA
virus in the Arenaviridae family, contain cytoplasmic concentrations of hnRNP A1 (Maeto et
al., 2011). This was also observed in the presence of the nucleoprotein (N) (Maeto et al.,
2011). Thus, it is implied that hnRNP A1 serves a positive role in the early stages of vVRNA
transcription and replication (Kaur and Lal, 2020; Maeto et al., 2011). In SARS-CoV-1-

infected cells, the N protein was also demonstrated to bind to hnRNP A1, though evidence
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suggests that other interacting partners may be recruited in the form of a replication complex
(Jiang et al., 2005). Due to the VSV M-Rael-Nup98 complex, hnRNP A1 has been found to
accumulate in the cytoplasm of VSV-infected cells. While it is unlikely that hnRNP Al is
involved in the replication of VSV, apoptotic signaling was found to be delayed in cells
where cytoplasmic relocalization was inhibited, illustrating that hnRNP A1 serves different
purposes for different viruses (Pettit et al., 2009). HIV-1 uses NPC blocking to accumulate
hnRNP A1l in the cytoplasm for IRES-mediated translation (Le Sage and Mouland, 2013;
Monette et al., 2009). Specifically, Nup62 is found to localize to the nucleoplasmic side of
the NPC in HIV-1 infected cells, likely providing a mechanism in which nuclear import of

hnRNP A1 is halted (Monette et al., 2009).

In dengue virus (DENV)-infected cells, both hnRNP C1/C2 and hnRNP H have been
found to interact with NS1 and have a positive effect on replication (Dechtawewat et al.,
2015; Diwaker et al., 2016). HRV serotype 2 showed more efficient replication than HRV-
16, which corresponded with HRV-2 relocalizing hnRNP-C1/C2 into the cytoplasm sooner

than HRV 16 (Walker et al., 2015).

Sindbis virus (SINV) was found to have hampered growth kinetics in hnRNP mutational
work involving hnRNP K and viral subgenomic RNA (sgRNA), though this work has also
highlighted that the other cytological effects of hnRNPs may also be a complicating factor in
determining the precise mechanism by which they regulate viral replication (Burnham et al.,

2007; LaPonte et al., 2017).

Another nuclear-associated RBP that is relocated to the nucleus following viral infection
is the lupus autoantigen (La) protein. While usage of this protein is often associated with the

RNAs produce by DNA viruses, such as Epstein-Barr virus (EBV) and adenoviruses (Meng
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et al., 2019), poliovirus is able to relocalize La to the cytoplasm (Shiroki et al., 1999). This
occurs after the 3C protease cleaves a 50 aa sequence from the C-terminal of the La protein,
which is found to be able to localize to the nucleus, suggesting its role in nuclear retention
(Shiroki et al., 1999). Once in the cytoplasm, La serves to enhance IRES-mediated
translation through recruitment of the 40S ribosomal subunit (Costa-Mattioli et al., 2004;

Shiroki et al., 1999).

As previously discussed, the immune system may be inhibited by viral manipulation of
nuclear import. Many proteins involved in the host immune response are associated with the
nucleus, and viruses may have more direct interactions with these proteins to stop them from
completing their signaling pathways. One of the first lines of defense for a cell against viral
invasion are interferons (IFNs). Often, this is based around the IkB kinase-nuclear factor- kB
(IKK/NF-xB) pathway, which is involved in a number of cell-signaling cascades including
the inflammatory, growth, stress, and antiviral responses (Deng et al., 2018; Liu et al., 2017;
Luo et al., 2005). The canonical NF-kB pathway starts with the activation of IKK in the
cytoplasm, which phosphorylates the IkBa leading to its degradation and the release of NF-
kB into the nucleus where it activates the transcription of appropriate antiviral gene targets

(Deng et al., 2018; Liu et al., 2017; Sun, 2011).

The NSI1 protein of IAV has been shown to prevent the activation of NF-kB by way of
the dsSRNA binding activity of NS1, which ultimately serves as an antagonist to IFN-a/3
synthesis (Gao et al., 2012; Wang et al., 2000). Similar observations have been made in
Middle East respiratory syndrome coronavirus (MERS-CoV), in which the 4b accessory
protein localizes to the nucleus of infected cells and binds to an importin-a isoform to

prevent translocation of NF-«kB to the nucleus (Canton et al., 2018). This escape of host
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immunity by subversion of nuclear-associated immune factors may provide powerful options

for the clinical production of antivirals.

While plants lack the sophisticated immune system that animals have, they still possess
signaling pathways and resistance responses to counteract pathogen infection (Jones and
Dangl, 2006). For example, post-transcriptional gene silencing (PTGS) is a commonly
utilized mechanism against viral infection in plants by targeting RNA for degradation in the
cytoplasm (Vaucheret et al., 2001). Cucumber mosaic cucumovirus (CMV) 2b protein

localizes to the nucleus and thwarts PTGS regulation (Lucy et al., 2000).

Viral functions within the nucleolus

The nucleolus is a vital subcomponent of the nucleus where ribosomal RNA (rRNA) is
synthesized and ribosome biogenesis takes place (Lam et al., 2005). There are three structural
compartments within the nucleolus: the fibrillar centers (FCs), the dense fibrillar component
(DFC), the granular component (GC), along with the perinucleolar region (PNR) (Sirri et al.,
2008; Hiscox et al., 2007). In terms of gaining access to the nucleolus, the criteria are not
quite as well characterized as with nuclear import and export, though there may be some
overlap with NLSs and nucleolar targeting sequences (NoLSs) in addition to passive import

(Dang and Lee, 1989; Martin et al., 2015).

Similar to NLSs and the nucleus NoLSs direct proteins to the nucleolus, though the
function is somewhat different due to the lack of active transport mechanisms into the
nucleolus and the fact that there is not as strong of a consensus with their amino acid
composition as with NLSs (Martin et al., 2015; Scott et al., 2010). Despite this, some general

features are as follows: 1) current projections are that over half of the amino acids are basic,
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often containing arginine and lysine motifs, and 2) some sequences are bipartite and may
overlap with NLSs (Martin et al., 2015; Scott et al., 2010). As an example, the N protein of
porcine reproductive and respiratory syndrome virus (PRRSV) contains two NLSs, and
within the second NLS was found a domain which could direct EGFP into the nucleolus

(Rowland et al., 2003). Still, much work is left to be done in characterizing these sequences.

There are three major proteins in the nucleolus often targeted by viruses: nucleolin, a
phosphoprotein which is involved in processes such as rRNA maturation and DNA/RNA
metabolism (Tajirishi et al., 2011); fibrillarin, which is involved in rRNA processing
(Newton et al., 2003); and B23.1 (nucleophosmin), a ribosomal assembly factor (Hiscox,
2007). Curiously, many of the viruses discussed in the literature regarding interactions with

the nucleolus are plant viruses and viroids (Hiscox, 2007; Kalinina et al, 2018).

Potato mop-top virus (PMTV), a single-stranded positive-sense RNA virus, encodes a
movement protein named triple gene block (TGB1) (Lukhovitskaya et al., 2015). It has been
determined that there are two regions which are responsible for nucleolar targeting, and that
targeting of the nucleolus is required for systemic movement of the virus, though the
specifics of this requirement are unknown (Lukhovitskaya et al., 2015; Wright et al., 2010).
This association with the nucleolus is seen in other plant viruses, including the Nla protein of
potato virus A (PVA) (Rajaméki and Valkonen, 2009), ORF3 of groundnut rosette virus
(GRV) (Kim et al., 2007), p2 of rice stripe tenuivirus (RSV) (Zheng et al., 2015), TGB1 of
barley stripe mosaic virus (BSMV) (Zheng et al., 2018), p23 of citrus tristeza virus (CTV)
(Ruiz-Ruiz et al., 2013), MP of turnip vein clearing virus (TVCV) (Levy et al., 2013), p14 of

beet necrotic yellow vein virus (BNYVYV) (Chiba et al., 2013), and CP of alfalfa mosaic virus
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(AMV) (Harranz et al., 2012). Despite extensive observations, more work is needed in all

cases to understand the exact requirements of this nucleolar localization for viral movement.

Once again, replication enhancement is also important for subcellular targeting.
Nucleolin is often hijacked by viruses. siRNA knockdown of nucleolin was shown to have a
negative effect on both replication and assembly of DENV (Balinsky et al., 2013). In both
poliovirus and HCV, the amino terminal domain of nucleolin was found to stimulate IRES-
mediated translation, though this effect may become inhibitory due to excessive binding

(Izumi et al., 2001).

Similar effects are seen with B23.1. The core protein of Japanese encephalitis virus (JEV)
is found to interact with B23.1 and induce its relocalization to the cytoplasm (Tsuda et al.,
2013), which serves to provide a more complete image as to why the core protein shows
partial localization to the nucleolus in past work (Mori et al., 2005). Given its interactions
with both RNA and DNA viruses alike regarding transport, replication, and assembly, it has

become a candidate for an antiviral drug target (Lobaina and Perera, 2019).

Finally, fibrillarin has been utilized by the PRRSV N protein, which interacts with a
glycine-arginine-rich (GAR) region on fibrillarin in the fibrillar compartment of the
nucleolus, and it is possible that it may be subverting host cell rRNA process or ribosome
biogenesis (Yoo et al., 2003). This work also suggested that B23.1 and nucleolin are
responsible for shuttling N into the nucleolus, meaning that all three of these nucleolar

proteins can be required for efficient PRRSV infection (Yoo et al., 2003).
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Rhabdoviruses

Rhabdoviruses are a family of viruses in the order Mononegavirales and currently have
been found to encompass 30 genera and 191 species (Dietzgen et al., 2017; Walker et al.,
2018). The members of this family have a wide host range including vertebrates,
invertebrates, and plants (Dietzgen et al., 2017; Jackson et al., 2005; Redinbaugh and
Hogenhout, 2005; Walker et al., 2018). The genus Lyssavirus (rabies virus) has mainly
evolved to spread from individual to individual via biting, though the majority of
rhabdoviruses are vectored by arthropods including plant hoppers, mosquitos, leaf hoppers,
and aphids (Dietzgen et al., 2017; Rupprecht et al., 2017; Walker et al., 2018). These viruses
pose significant threats to both public health and agriculture, with viruses such as VSV
(genus Vesiculovirus) serving as an important model in RNA virus biology (Dietzgen et al.,
2017; Payne, 2017; Singh et al., 2017, Wollmann et al., 2013), and in fact was the first

rhabdovirus to be undergo morphological study (Bradish et al., 1956; Chow et al., 1954).

Structurally, rhabdoviruses are bullet-shaped but some which infect mammals and most
of the plant members have a bacilliform morphology (Walker et al., 2018). The enveloped
virions are 100-460 nm in length and 45-100 nm in width (Jackson et al., 2005; Nakai and
Howatson, 1968; Walker et al., 2018). The outer surface of the virion is decorated with
transmembrane glycoprotein (G) spikes of roughly 5 to 10 nm in length and mediates the
binding to host cell receptors (Hummeler et al., 1967; Jackson et al., 2005). The single-
stranded, negative-sense RNA genome (10-16 kb) is coated by the nucleoprotein (N) and
associates with the phosphoprotein (P) and large protein (L), which is the RNA-dependent
RNA polymerase (RdRp) (Dietzgen et al., 2017; Nakai and Howatson, 1968). Together, the

N, P, and L proteins form a helical ribonucleoprotein complex (RNP), or nucleocapsid core,
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which is the minimal replicative (infectious) unit (Healy et al., 2013; Pattnaik et al., 1997).
The N protein encapsidation also serves the purpose of protecting the viral genome from host
cell nucleases (Ivanov et al., 2011). Serving as a link between the G protein and RNP is the
matrix (M) protein, which condenses the nucleocapsid core (30-70 nm wide) (Dietzgen et al.,

2017; Healey et al., 2015; Walker et al., 2018).

Apart from the addition of potential accessory proteins, these five structural proteins are
conserved across all genera of rhabdoviruses along with flanking untranslated leader (/) and
trailer (¢) sequences, as summarized by the following: 3’-/-N-P-M-G-L-#-5" (Ivanov et al.,
2011; Jackson et al., 2005). These sequences may also be overprinted, overlapping, or
contain accessory proteins which aid in pathogenesis or cell-to-cell movement, the latter
pertaining to plant viruses (Dietzgen et al., 2017; Jackson et a 1., 2005; Walker et al., 2011).
This ultimately means that rhabdovirus genomes may encode more than 10 proteins
(Dietzgen et al., 2017). The relative molar concentration of each protein is dictated by the
stop-start mechanism of transcription, whereby the RdRp binds to the 3’ end of the template
and continues to a U7 sequence at the 5° end of each ORF, resulting in the slippage of the
polymerase and generation of a poly(A) tail (Barr et al., 1997; Iverson and Rose, 1981;
Schnell et al., 1996). Following this transcription termination/polyadenylation (TTP)
sequence is an untranscribed intergenic dinucleotide (C/GA), and finally a conserved
transcription initiation (TI) sequence, which is UUG in VSV and many plant rhabdoviruses
(Barr et al., 2002; Jackson et al., 2005; Schnell et al., 1996; Stillman and Whitt, 1997,
Walker et al., 2011). A consequence of this mechanism is molar gradient of protein
expression such that N>P>M>G>L (Abraham and Banerjee, 1976; Dietzgen et al., 2017).

The resulting accumulation of N and P proteins is an important regulatory mechanism which
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causes the polymerase to switch from transcription to replication during infection (Burrell et

al., 2017; Wagner et al., 1987).

The general life cycle of rhabdoviruses is fairly conserved amongst its members and can
be summarized by the following: 1) endocytic entry mediated by binding of G protein to cell
surface receptors ii) uncoating via fusion of viral envelope and endosome iii) release of the
RNP into the cytoplasm iv) replication and transcription of viral genome v) accumulation of
G proteins on host membranes vi) the M protein of assembled virions buds through
membranous regions embedded with G protein to form enveloped virions and are released to
infect neighboring cells (Blondel et al., 2015; Payne, 2017; Walker et al., 2018). Plant-
infecting rhabdoviruses, however, present important exceptions to both this life cycle and

rhabdoviral biology.

Plant-associated rhabdoviruses
Until recently, there were four genera of plant-infecting rhabdoviruses:
Nucleorhabdovirus, Cytorhabdovirus, Varicosavirus, and Dichorhavirus, with the latter two
being 2015 additions to the family Rhabdoviridae (Walker et al., 2018). However, as of the
International Committee on the Taxonomy of Viruses (ICTV) 10" Report

(www.ictv.global/report/rhabdoviridae) the genus Nucleorhabdovirus has been abolished and

its 16 species split into three new genera: Alphanucleorhabdovirus, Betanucleorhabdovirus,
and Gammanucleorhabdovirus. This has been proposed due to the fact that L protein
sequence alignments of new rhabdovirus genomes do not form monophyletic clades during

phylogenetic analysis (ICTV nucleorhabdovirus splitgen proposal online 2019.031 M).
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These genera of plant-infecting rhabdoviruses have several key distinctions from their
vertebrate and invertebrate counterparts. Varicosa- and dichorhaviruses both possess bipartite
genomes with dichorhaviruses containing the L gene on RNA2 and varicosaviruses having
the coat protein (CP, N homolog) and four unknown ORFs on its RNA2 (Dietzgen et al.,
2017; Walker et al., 2018). Varicosaviruses are also unique in that they lack and envelope
and form flexuous rod-shaped virions that are transmitted by the chytrid fungus Olpidium
virulentus (Colariccio et al., 2005; Dietzgen et al., 2017). Alphanucleorhabdoviurses,
betanucleorhabdoviruses, gammanucleorhabdoviruses, and dichorhaviruses are distinct from
other rhabdoviruses due to the formation of replication complexes in the nucleus of host plant
cells with assembled virions budding into the INM (Jackson et al., 2005). Other
considerations when comparing the plant-associated rhabdoviruses to animal-associated
genera are a) the requirement of an accessory movement protein (MP) for cell-to-cell
movement and b) penetration of the cell wall via mechanical damage or insect stylet piercing,
the latter being the most common in nature (Bandyopadhyay et al., 2010; Jackson et al.,
2005; Redinbaugh and Hogenhout, 2005). Common insect vectors include planthoppers,
leafthoppers, aphids, and mites (Jackson et al., 2005; Walker et al., 2018). The MP is located
between the P and M genes and facilitates transport through the plasmodesmata to
neighboring cells (Jackson et al., 2005; Walker et al., 2011; Zhou et al., 2019). Plant
rhabdoviruses may also encode RNA silencing suppressors (RSS) that interact with the host
plant’s RNA silencing machinery, including the P protein of sonchus yellow net virus
(SYNYV), the P6 protein of rice yellow stunt virus (RYSV), and the P protein of lettuce
necrotic yellows virus (LNYV) (Guo et al., 2013; Jackson et al., 2005; Mann et al., 2015;

Martin et al., 2012).
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Sonchus yellow net virus

SYNV is a model virus in the genus Betanucleorhabdovirus and was initially isolated
from Sonchus oleraceous and Bidens pilosa (Christie et al., 1974). The 13,752 nt genome
encodes the five canonical rhabdovirus proteins in addition to the movement protein, sc4,
which has been demonstrated to localize to the cell periphery and maintain specificity to the
SYNYV nucleocapsid (Figure 1.2) (Goodin et al., 2002; Scholthof et al., 1994; Zhou et al.,
2019). The virus is commonly vectored by aphids and completes a life cycle within its insect
host while spreading from the hemolymph, gut, and salivary glands before being transmitted
to plants (Hogenhout et al., 2003). The transmission process is persistent and propagative,

with each insect vector showing differential preferences for monocots versus dicots

(Whitfield et al., 2018).

Upon stylet penetration into the host cell, the virions are uncoated at the ER and the
nucleocapsid core is released into the cytoplasm where it is imported into the nucleus via
interaction with importin-a (Dietzgen et al., 2017). The RdRp-produced viral transcripts are
then exported into the cytoplasm where they are translated, and the newly formed proteins
then localize to the nucleus. The N protein contains a bipartite NLS while the P protein was
demonstrated to contain a karyophilic region (Goodin et al., 2001). Nuclear concentrations of
N and P protein likely regulate the switch between genomic replication and transcription
(Jackson et al., 2005). The M protein proceeds to condense the nucleocapsids and bud into
the G protein lined INM where they accumulate in the inner nuclear envelope (INE) and
form intranuclear spherules filled with mature virions (Figure 1.3) (Goodin et al., 2005;
Jackson et al., 2005). While mature virions do not participate in cell-to-cell movement, the

nucleocapsids associate with the sc4 movement protein, which cause a remodeling of
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microtubules at the plasmodesmata to allow for systemic movement and subsequent infection

of new cells (Jackson et al., 2005).

Future perspectives and concluding remarks

It is clear that viruses have evolved the ability to take advantage of many nuclear proteins
during various stages of their life cycle for purposes such as replication, nuclear entry, or
immune evasion. However, it is relevant to consider this fact in the context of the entire plant
cell. A consortium led by Pascal Braun in 2011 generated a high-quality interactome map for A.
thaliana which included ~6,200 interactions between ~2,700 proteins (Arabidopsis Interactome
Mapping Consortium, 2011). This was further extrapolated to an estimated 75,000 to 299,000
interacting pairs in plants containing 30,000 to 40,000 proteins (Sheth and Thaker, 2014;
Vanderyken et al., 2018). Adding to this, the physiological purpose for nearly 90% of
Arabidopsis gene products is unknown (Braun et al., 2013). Thus, studying viral usage of host
proteins not only provides a better understanding of pathogen-host relationships but also allows a
method of elucidating host protein function through manipulation of complex interaction
networks within the cell. Examining protein relocalizations induced by viruses in organelles such
as the nucleus are therefore a starting point in potentially identifying proteins which important

for both viral and plant function.
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Table 1.1:

Current List of nucleoporins grouped by NPC location and organism

NPC Location Plants Yeast Vertebrates
Nup214 Nupl59 Nup214
CGl1 Nup42 (CG1) Nup42 (CG1)
- - Nup358
. - Nup82 Nup88
feygti‘(’glasmlc Aladin i Aladin
Glel Glel Glel
- - DDX19
Nup62 Nspl Nup62
Rael Gle2 Rael
Nup75 Nup85 Nup75
Nup160 Nupl20 Nup160
Nupl07 Nup84 Nupl07
Nup96 Nupl145C Nup96
Outer ring Nupl33 Nupl33 Nupl33
(Y-complex) Secl3 Secl3 Secl3
Sehl Sehl Sehl
- - Nup37
Nup43 - Nup43
ELYS - ELYS
Ndcl Ndcl Ndcl
- Poml52 -
Pom210 - Pom210
Transmembrane
Nups - Pom34 -
- - Pom121
- Pom33 TMEM33
Cpr5 - -
Nup93 Nic96 Nup93
I . Nup188 Nup188 Nup188
(;lfggr;}ﬁicg ‘ Nup205 Nup192 Nup205
Complex) Nup155 Nup157/170 Nup155
Nup35 Nup53/59 Nup35
Nup88 - -
Nup98 - Nup98
Nup62 Nspl Nup62
FG Nups Nup58 Nup49 Nup58/45
Nup54 Nup57 Nup54
NUA Mlipl/2 Tpr
ESD4 - -
MADI1 - -
Nuclear Basket MAD2 - -
Nup50 Nup2 Nup50
- Nup60 -
Nupl/136 Nupl Nup153
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Yeast and vertebrate Nups compiled from: Knockenhauer and Schwartz, 2016; Lin and Hoelz,
2019.

Plant Nups compiled from: Boruc et al., 2012; Meier et al., 2017; Tamura et al., 2010; Tamura
and Hara-Nishimura, 2013; Tang et al., 2020.
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Figure 1.1: Summary of nuclear import (left) and export (right). NLS-containing cargo proteins

bind with importin-a, which is also bound to importin-f3 and this trimeric complex passes

through the NPC through binding of importin-f with nucleoporins such as Nup358, Nup62, and

Nup153. Once in the nucleoplasm, the association of importin-f§ with RanGTP leads to the

dissociation of the NLS-containing cargo protein and importin-a, the latter of which binds to

CAS and is transported back out the NPC where it can begin a new cycle of import. For export, a

NES-containing cargo protein binds to exportin, which in turn binds to RanGTP. Upon entry into

the cytoplasm, RanGAP induces the hydrolysis of RanGTP into RanGDP, thus releasing the

cargo protein into the cytosol.
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Figure 1.2: Viral structure and genomic organization of SYNV. The negative-sense RNA
genomic RNA, nucleocapsid protein (N), and polymerase protein (L) form the nucleocapsid core
and minimal infectious unit. This core is condensed by the matrix protein (M) and is involved
with budding into the INM. The lipid envelope is derived through this process, as well as the
transmembrane glycoproteins (G) which decorate the outside as they accumulate on the IME.
While the animal-infecting counterparts take a bullet-shaped morphology, plant rhabdoviruses

typically are bacilliform.
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Figure 1.3: Replication cycle of SYNV. Upon insect-mediated entry or mechanical wounding,
uncoating of SYNV virions occurs on the ER (1). The nucleocapsid cores are imported into the
nucleus where the replication complex is formed, where viral mRNAs (vmRNA, depicted as
poly(A) transcripts) are produced by the L protein and exported into the cytoplasm (2) where
they are translated by host ribosomes (3). The newly synthesized viral proteins are then imported
back into the nucleus (4) where viral replication and assembly takes place within viroplasms.
The M protein then condenses then nucleocapsid cores and promote budding into the INM where
they obtain the viral lipid envelope that is embedded with G proteins (5). The movement protein
sc4 together with host factors mediate the cell-to-cell transport of nucleocapsid cores via the

plasmodesmata for the purpose of infecting new cells (6).
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Chapter 2

Virus-Induced Changes in Host Nuclear Protein Localization

Introduction

Upon entry into a host cell, viruses must evade host defense responses and redirect host
cell machinery in order to replicate and establish systemic infections. Viruses target subcellular
foci, such as membranes, microtubules, and organelles, as part of the infection process. Viruses
also disrupt the protein interaction networks in host cells, a significant number of which are yet
to be characterized given that there are upwards of 30,000 proteins in a eukaryotic cell (Brito and
Pinney, 2017; Nagy and Pogany, 2011). Much of this remodeling results in a subversion of
organellular structure and function, as exemplified by citrus leprosis virus (CLV), which traffics
its proteins across a long network of organelles and actin filaments upon manipulating the
cellular structures in favor of its own spread (Leastro et al., 2018). Viruses may also induce
changes in the localization of proteins in ways that are beneficial to it, as is the case with
rotaviruses, which induce the localization of both nuclear and cytoplasmic proteins to sites of
viral replication and assembly (Dhillon et al., 2018). The genomic RNA of both dengue and Zika
viruses has also been found to associate with hundreds of host proteins (Li et al., 2020; Ooi et al.,
2019). Logically, viruses may serve as probes to understand protein interaction networks and

other aspects of cellular biology.

The manner by which viruses utilize of targeting various organelles and rerouting host
proteins is critically understudied in regard to the nucleus. One such example of how viral
proteins target the nucleus is potato virus A (PVA), whose nuclear inclusion protein a (Nla)

which has been implicated to play a role in overcoming the host antiviral response (Rajaméki
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and Valkonen, 2009). Some viruses, like sonchus yellow net virus (SYNV), a plant-associated
rhabdovirus in the genus Betanucleorhabdovirus, establish their replication complexes within the
host nucleus. Mature virions bud through the inner nuclear envelope (INE), producing large,
membranous spherules (Goodin et al., 2005). Therefore, SYNV can serve as a powerful tool to

better understand potential interaction networks between viruses and nuclear proteins.

The goal of this study was to determine how viruses impact the localization of nuclear-
associated proteins, which is significant as these proteins comprise 25% of the host cellular
proteome (Huh et al., 2003). These changes in localization may indicate a role that a host protein
has during the viral infection. This effect was investigated here using a combination of
fluorescently tagged proteins and laser scanning confocal microscopy (LSCM). To accomplish
this, we have screened a Nicotiana benthamiana cDNA library with GFP fusions of random
proteins for nuclear localization using N. benthamiana marker lines expressing RFP to histone
2B (H2B), which serves as a nuclear reference marker (Martin et al., 2009). cDNA constructs
encoding the protein-GFP fusions were delivered into the plants via agroinfiltration. Proteins
found to localize within subnuclear loci were then expressed in SYNV-infected transgenic N.
benthamiana plants expressing RFP on the endoplasmic reticulum (ER) in order to visualize
virus-induced membrane proliferations within nuclei. To demonstrate if this is a virus-specific
phenomenon, the potyvirus TEV was also used in the same manner. It was concluded that the

two viruses could induce both general and virus-specific relocalization of host nuclear proteins.

Materials and Methods

Growth, maintenance, and inoculation of plants
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N. benthamiana plants were maintained in greenhouse conditions as described by Martins
et al. (1998). Transgenic N. benthamiana RFP-H2B and RFP-ER marker lines were generated as
outlined by Chakrabarty et al. (2007). One set of plants was inoculated with SYNV and another
with TEV, following the mechanical inoculation procedure described by Hull (2009), which
provides several options for the chelating agent and abrasive substance to be used on the leaves.
In this study, 0.02 M sodium sulfite was used as the reducing agent and celite as the abrasive.
Four to six SYNV-infected N. benthamiana leaves were ground in this mixture via mortar and
pestle and used to inoculate three-week-old transgenic RFP-ER plants. TEV was inoculated
following the same procedure, however, N. rustica plants were used to maintain the virus as they
were able to withstand infection longer. The SYNV-infected plants were used for imaging
experiments roughly 14 days after inoculation (DAI), which is when symptoms are most
prevalent, whereas the TEV-infected plants showed peak symptoms at roughly six DAI due to

the more aggressive nature of the virus.

Construction of cDNA library and transformation into Agrobacterium

Protein-of-interest: GFP (POI:GFP) fusions were expressed in plant cells using
Agroinfiltration (Chakrabarty et al., 2007). A high-quality N. benthamiana cDNA library was
constructed using the Clonminer II kit (Thermo Fisher) with pDONR222 as the vector with an
average insert size of 1.5 kb. To verify the inserts as bona fide N. benthamiana clones, 40
plasmids were randomly selected and sequenced to confirm no contamination from non-cDNA
sources. The resulting library was then mobilized into the pSITE-2CA vector (Supplementary
Figure 2.1), resulting in the fusion of cDNA-encoded polypeptides with GFP and under

regulation of a 2x35S promoter. These constructs were then transformed into Agrobacterium
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strain LBA4404 following the procedure provided by Goodin et al. (2002). The transformants
were then plated onto LB media containing rifampicin, gentamicin, and spectinomycin, at a
1:1000 dilution. Colonies were left to grow for two days at 27°C. Colonies were agroinfiltrated
into the leaf epidermal cells of N. benthamiana and those found to contain GFP fusions which
localized to the nucleus were stored at -80°C in a 50% glycerol stock solution to be used for
further study. Plasmid isolation for sequencing was performed using a Qiagen Spin Miniprep Kit

according to manufacturer’s instructions.

Protein expression in plant cells and slide preparation

Transformed LBA4404 cells were suspended in MES buffer (10 mM MgCl2, 10 mM
MES, pH 5.6) with acetosyringone added to a final concentration of 150 pm and a bacterial
ODs0o of 0.6-1.0 for two hours prior to infiltration of leaves. A 1-ml syringe was then used to
infiltrate the suspensions into the abaxial side of a leaf (Goodin et al., 2007). These plants were
incubated in growth room for 48 hours under ambient conditions with an 8/16-hrs light/dark
cycle. Triangular sections with roughly 1.5 cm sides were then placed on glass slides with a
droplet of water on top before being covered with a coverslip. Samples were then imaged using

LSCM.

Microscopy

Live cell imaging was conducted using an FV1000 scanning confocal microscope
(Olympus). GFP and RFP were excited at 488 and 543 nm, respectively. GFP laser intensity was
set to 1% power with high voltage (HV) values in a range between 500-700 V to the
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photomultiplier tube (PMT). RFP laser intensity was around 20% with HV values also in a range
of 500-700 V to the PMT, depending on what required to avoid over/under saturation of light.
Images were acquired using the FluoView™ software v1.5 by Olympus. These images were
taken using the 40x objective at a scan speed of 10 ps/pixel with a 512-by-512-pixel resolution.

These were exported into a JPEG format and assembled in PowerPoint.

Results

Nuclear proteins exhibit a variety of localization patterns at subnuclear foci

In order to identify proteins localized to subnuclear loci, LSCM was used to screen the
cDNA library in transgenic RFP-H2B N. benthamiana marker lines. A total of 1,087 proteins
were screened, with 355 of the proteins exhibiting localization patterns associated with the
nucleus. The remaining either did not show any visible expression in cells, or localized

exclusively within the cytoplasm, on membranes, or other subcellular structures.

A variety of localization patterns associated with the nucleus were observed. These were
broadly organized into six categories: nucleolar (74; 20.9%), nucleoplasm (95; 26.8%),
subnuclear (39; 11.0%), nuclear envelope (10; 2.8%), perinuclear (42; 11.8%), and both nuclear
and cytoplasmic (95; 26.8%). A collection of micrographs taken during this project in their

appropriate localization categories is provided in Figure 2.1 which displays 259 of the nuclear-
associated proteins and which represents the “localisome” for this study. Also of note is that
some images, such as 8-57, only a GFP image is available. Table 2.1 provides a list of every

nuclear-associated protein as categorized by their respective nuclear localization pattern, with the

protein codes listed in bold having available images in Figure 2.1.
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For the purpose of scientific rigor, each protein found to localize to the nucleus was
imaged on at least two separate occasions, with at least 100 cells examined to determine the most
frequent localization pattern. In addition, full cells were imaged to see if there were any GFP
accumulation in the cytoplasm or on cellular membranes. Thus, the classification of proteins
presented in both Table 2.1 and Figure 2.1 is largely informed by these data, though some met
criteria for assignment to multiple groups. For example, some of the proteins in the “Nucleolar”
category also displayed localization throughout the nucleoplasm, such as with 2-45 panel E2i and
4-23 panel H21, but due to the accumulation of GFP in the nucleolus it was placed in this group.
Similarly, in the “Subnuclear” category, protein 3-69 showed strong nucleolar localization, but
punctate aggregations of GFP were found in the nucleoplasm as can be clearly seen by the
exclusions of RFP in panel Yii, so the protein was categorized as subnuclear. Proteins in the
“Nuclear envelope” category were found to have a strong presence in the nuclear envelope,
whereas those defined as “Perinuclear” similarly showed expression in the envelope but also had
GFP accumulation on cellular membranes. Protein 4-55 is a particularly challenging case as it
consistently showed expression in the nucleolus but also in the envelope and on membranes, so it
was placed in the “Perinuclear” category. Also challenging to categorize was protein 3-76 in the
“Nuclear and cytoplasmic” group. Punctate GFP accumulations were consistently observed to
associate with the outer nuclear membrane with rare GFP presence inside of the nucleus. Due to

this association along with the presence in the cytoplasm, it was placed into this category.

A subset of nuclear proteins relocalize within the nucleus in response to virus infection

To determine if any of the nuclear proteins would relocalize during SYNYV infection, the

GFP fusions of nuclear-localized proteins were agroinfiltrated into virus-infected plants at peak
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symptom expression post inoculation. These transgenic N. benthamiana plants expressed RFP to
the ER (Figure 2.2A) in order to visualize the virus-induced membrane spherules (Figure 2.2B).

Each fusion was expressed in six to nine leaves divided amongst two separate plants which were
infected with SYNV in order to ensure consistency in localization pattern, using mock H2B and

ER plants to verify that the proteins maintained the same expression in healthy plants as

previously defined in the previous section.

Of the 355 nuclear localized proteins, 120 were found to express in the SYNV-infected
plants. The majority of these proteins which did have visible expression remained consistent with
the localization seen in healthy plants, however, 16 proteins did show a clear change in

localization, as shown in Figure 2.3. These changes are summarized in Table 2.2.

Some of the observed relocalizations, such as for RC-534, Nb-18, and Nb71, were found
to shift from subcellular loci to what appears to be the nucleolus. By contrast, proteins RC-238,
RC-396, 3-69, and 4-8 relocalized from the nucleolus to elsewhere in the nucleus. Proteins
RC-51, Nb-287, and 2-18 appear to wrap around the membranous spherules induced by the
virus, while protein 3-69 formed punctate aggregations which seemed to also associate with the
spherules. Other observed relocalizations were from the nucleoplasm to the perinuclear space,
such as for proteins 2-25, 2-43, and 2-45, while protein 8-42 showed perinuclear localization in

healthy plants but was more distributed in the nucleoplasm in SYNV-infected plants.

Table 2.3 shows the sequencing results for a small subset of the proteins used in this
project, with underlined protein codes indicating those which show relocalization in virus-
infected plants, and some clear patterns have emerged. Proteins Nb-18, Nb-71, and 2-45 were all
found to be ribosomal subunits, with the former two showing similar localization and

relocalization patterns. Two of the proteins, RC-238 and 3-69, were revealed to be histones, both
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of which showing some level of accumulation in the nucleolus but exhibiting different
relocalization patterns in the presence of SYNV. Protein 2-18, which clearly resides in the
nuclear envelope and accumulates in the SYNV spherules, was uncharacterized. Several other
ribosomal proteins and histones were found during sequencing, though were not found to

relocalize during viral infection.

Virus-specific changes in subnuclear localization

Generalized protein relocalization in response to virus infection

To determine if these relocalizations were virus-specific, proteins which relocalized in
the presence of SYNV were expressed in plants challenged with TEV infection, along with a
random selection of proteins which did not in order to see if any were only affected by TEV.
Table 2.4 provides a summary of the results found in these experiments. It is important to note
that, much like with the SYNV-infected plants, not every protein showed expression in the TEV-

infected plants, potentially due to alterations in steady-state physiology.

Figure 2.4A shows localization patterns which differed from the mock in both SYNV-
and TEV- infected plants. For RC-238, distribution throughout the nucleoplasm was observed,
compared to the nucleolar localization pattern found in the mock plants. Nb-243 localizes within
punctate foci throughout the nucleoplasm in mock plants but is more evenly distributed in the
SYNV-infected plants. In the TEV-infected plants, there is accumulation in both the nucleoplasm
and the viral proliferation in the nuclear envelope. The localization of 2-43 in the mock plants

was throughout the nucleoplasm whereas in SYNV-infected plants the localization was in the
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nuclear envelope. In TEV-infected plants, 2-43 had localized in the membranous proliferation in

a manner similar to Nb-243, though 2-43 did not show localization in the nucleoplasm.

SYNV-specific protein relocalization

Another observation were relocalizations in SYNV infected plants but not TEV infected
plants. Figure 2.4B shows protein Nb-287, which was found to localize as punctate bodies,
particularly near the nuclear envelope. In SYNV-infected plants, localization was limited to the
nuclear envelope, which was found to wrap around the membranous spherules caused by the
virus. With protein 3-69, localization was largely found within the nucleolus in both mock and
TEV-infected plants, but in SYNV-infected plants a combination of localization to the nuclear

envelope and punctate loci was observed.

TEV-specific protein relocalization

The final observation was a relocalization in TEV infected plants, but not in SYNV-
infected plants. This was indeed the rarest as only one of the screened proteins had demonstrated
this phenomenon. Figure 2.4C illustrates the localization patterns of 8-43, which was found to
localize in the nucleoplasm with clear accumulation in the NE, which was consistent with the
localization in SYNV-infected plants. However, in TEV-infected plants the protein lacked any

nucleoplasmic localization and instead relocalized to punctate foci throughout the viroplasm.
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Discussion

In this study, fluorescent tagging of host proteins was used in conjunction with LSCM in
order to identify proteins which localized within the nucleus of transgenic marker line N.
benthamiana. These nuclear host proteins were then expressed in plants infected with SYNV, a
virus which forms its replication complex in the nuclei of host plants, to see if any localization
changes could be observed. The final step was to determine if these induced relocalizations were
virus specific. For this, we used a second and genetically distinct virus, TEV, to see if the
changes were consistent with what was found with SYNV. It was determined that some of these
changes were, in fact, unique to each virus, thus illustrating that two genetically distinct viruses
were able to induce virus-specific relocalizations. Further, TEV forms its viral replication
complex in the cytoplasm of host cells, which also demonstrates that regardless of where a virus

replicates it may require nuclear proteins to complete its life cycle

Examining the proteins identified in Table 2.3 leads to some interesting implications. For
example, nine ribosomal subunit proteins were identified. Three of these, Nb-18, Nb-71, and 2-
45, were found to relocalize during SYNV infection (Figure 2.3). It has been known for some
time that viruses such as vaccinia virus (Kaerlein and Horak, 1976), as well as pseudorabies
virus and herpes simplex virus (Kennedy et al., 1981), phosphorylate ribosomal proteins in the
cytoplasm and nucleus, though the exact function of this has not been elucidated (L1, 2019;
Meyuhas, 2008). More recent work has found that potato leaves (Solanum tuberosum L.)
infected with PVA had a comparatively higher amount of ribosomal proteins in the nuclei of
compared with healthy plants (Rajaméki et al., 2020). Further, there are nearly 80 ribosomal
proteins which are found in the nucleus and these proteins often traffic to the cytoplasm (Lam et

al., 2007; Hiscox, 2007). Thus, these data, along with the data provided in this study, suggest that
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there is much work to be done in further understanding the diverse roles ribosomal proteins play

during viral infection.

Two of the proteins, RC-238 and 3-69, were identified as histones. While the exact
localization patterns in mock plants differed, both seemed to show an association with the
nucleolus. Histones have been demonstrated to be enriched in the nucleolus, and higher
expression levels have been found to also induce nucleolar localization (Sen Gupta et al., 2018),
which could be potential explanations for these observed localization patterns. Both of these
proteins relocalized in response to SYNV (Figure 2.4A), but only RC-238 showed relocalization
in response to both SYNV and TEV (Figure 2.4B). Further investigations should be conducted to
understand both the discrepancy in these localization patterns and the mechanisms by which
RNA viruses would induce, directly or indirectly, the relocalization of histones. Given the role
that histone modifications have in epigenetic regulation (Alaskhar Alhamwe et al., 2018), further
investigation into the mechanisms surrounding these localization changes is warranted, both in
the context of host cell physiology and in viral processes. This is especially pertinent as there has
been an increase in studies which examine the impact of pathogen infection on epigenetics

(Bierne et al., 2012; Fischer, 2020; Nehme et al., 2019; Saha and Tomar, 2018).

What is also apparent is that some of the sequences in Table 2.3 are chloroplastic-like
proteins. These include 1-6, 2-25, 2-43, 2-45, and 2-50. Indeed, 2-43 and 2-50 were relocalized
within the nucleus during viral infection, suggesting that these proteins are serving a functional
role in the nucleus, especially given that 2-50 is a DNA damage repair protein, which have been
shown to be activated during RNA virus infection (Ryan et al., 2016). What must also be
considered is that proteins associated with one organelle may also “cross-talk’ with other

organelles, particularly for stress responses (Bobik and Burch-Smith, 2015; Chan et al., 2010;
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Krupinska et al., 2020) For example, Whirly1 is a DNA binding protein implicated in systemic
acquired resistance and found in both the nucleus and chloroplast (Desveaux et al., 2004; Krause
et al., 2012). These data provide evidence for why studying localization by visualization is

important, as proteins may not always localize where expected based purely where expected.

Two other relocalized proteins, Nb-243 and Nb-287, were found to be
glyoxylate/succinic semialdehyde reductase 1 (GLYR1) and a probable kinase, respectively.
GLYRI1 detoxifies harmful aldehydes during the plant stress response and preferentially reduces
glyoxylate to glycolate in an NADPH-dependent manner (Allan et al., 2009; Brikis et al., 2017;
Simpson et al., 2008; Zarei et al., 2017). The role in photorespiration is intriguing, as viruses are
known to exploit metabolic pathways, such as glycolysis and fermentation, particularly for ATP
generation (Hyodo and Okuno, 2020; Nagy and Lin, 2020; Sanchez and Lagunoff, 2015). Given
that both SYNV and TEV induced its relocalization, especially compared to in mock plants, it is
possibly important for infection. Nb-287 being a kinase has implications in the SYNV life cycle
as both the P and sc4 movement proteins are phosphoproteins and hijacking of kinases is
common in many viruses, particularly those of medical importance (Barik and Banerjee, 1992;
Gupta et al., 2000; Keating and Striker, 2012). It is also worth noting that Nb-287 only showed

relocalization in SYNV-infected plants (Figure 2.4B), further adding to this hypothesis.

Another consideration is the topic of liquid-liquid phase separation (LLPS). LLPS is a
thermodynamically driven process in which membraneless organelles, such as the nucleolus,
form within cells (Feng et al., 2019). These membraneless organelles, or condensates, are
involved in both the sequestration and modification of biomolecules, and thus have gained
interest in recent years for roles they perform in vital cellular processes such as enzymatic

reactions and signaling pathways, many of which are only beginning to be elucidated (Hondele
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et al., 2020). This is particularly true in the context of the nucleolus, in which the structure and
function can be altered based on the non-equilibrium state that dictates interactions between the
nucleolus and the nucleus (Lafontaine et al., 2020). Thus, this developing field of research
presents an exciting avenue for further exploring how the complex biochemical process of LLPS
can affect protein modification and, in a broader sense, subcellular localization. It may also help

inform about the formation of the subnuclear bodies which were quite prevalent in this work.

Taken together, the images presented in this study illustrate both general and virus-
specific relocalizations of host nuclear proteins. The generation of the localisome (Figure 2.1)
illustrates a collection of protein localizations which may be of interest for future work, even if
they did not relocalize during viral infection in this study. For the proteins which did show
relocalization, generation of transgenic marker lines expressing the full-length proteins used in
this work along with the usage of an SYNV minireplicon (Ganesan et al., 2013) would be helpful
for further verification of this phenomena. Additionally, further studies such as gene silencing,
which can be applied to characterize what happens to both host and virus in the absence of these
proteins, could be employed. This would lead to not only a better understanding of the virus-host
interactome, but also the general interactome of the healthy host. Finally, it would be interesting
to use RNA-Seq technology to see the types of genes upregulated during SYNV or TEV
infection to see if there are any correlations with the data presented in this study. Given the
sometimes dramatic relocalizations of nuclear proteins shown, there is a lot to yet be
characterized surrounding the physiological significance of such changes, which provides plenty
of options for further work. In this way, we have demonstrated the relocalization of nuclear

proteins, many of which were classified into distinct groups and have implications in important

43



regulatory roles. This work will be continued in order to explore a mechanistic understanding of

how viruses modify nuclear localized proteins and virus-induced cellular modifications.
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Table 2.1: Localization of every nuclear-associated protein screened. Proteins listed in bold have

images provided in Figure 1.

Nuclear Perinuclear (with Nuclear and
Nucleolar Nucleoplasm Subnuclear Envelope membranes) cytoplasmic
RC-17 RC-7 RC-32 RC-51 RC-34 RC-194
RC-28 RC-55 RC-33 RC-71 RC-64 RC-339
RC-70 RC-88 RC-121 RC-132 RC-128 RC-345
RC-75 RC-178 RC-189 Nb-271 RC-332 RC-363
RC-133 RC-303 RC-315 Nb-311 RC-337 RC-391
RC-139 RC-353 RC-379 1-19 RC-675 RC-477
RC-173 RC-394 RC-442 7-4 RC-749 RC-555
RC-193 RC-420 RC-446 7-19 RC-753 RC-733
RC-210 RC-428 RC-534 8-43 RC-766 RC-747
RC-238 RC-447 RC-804 10-57 RC-911 RC-752
RC-244 RC-448 RC-847 Nb-32 RC-758
RC-249 RC-463 RC-869 Nb-240 RC-775
RC-322 RC-496 RC-919 Nb-245 RC-845
RC-396 RC-498 RC-948 Nb-272 RC-890
RC-398 RC-499 Nb-18 Nb-281 Nb-244
RC-539 RC-533 Nb-103 Nb-294 Nb-249
RC-553 RC-536 Nb-121 Nb-295 Nb-251
RC-557 RC-547 Nb-243 Nb-422 Nb-256
RC-698 RC-708 Nb-248 1-25 Nb-264
RC-734 RC-712 Nb-253 2-2 Nb-265
RC-763 RC-756 Nb-285 2-23 Nb-289
RC-834 RC-921 Nb-287 2-30 Nb-297
RC-846 RC-927 1-2 2-56 Nb-302
RC-863 RC-991 2-18 2-70 Nb-308
RC-897 Nb-23 2-33 3-3 1-17
RC-974 Nb-33 2-35 4-55 1-42
Nb-27 Nb-65 3-33 4-58 1-67
Nb-55 Nb-312 3-44 4-61 2-25
Nb-71 Nb-428 3-49 5-9 2-47
Nb-117 1-5 3-54 7-30 2-49
Nb-120 1-6 3-57 8-22 2-53
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Table 2.1 (continued)

Nuclear Perinuclear (with Nuclear and
Nucleolar Nucleoplasm Subnuclear Envelope membranes) cytoplasmic
Nb-198 2-40 3-64 8-36 2-62
Nb-202 2-43 3-69 9-39 2-66
Nb-203 2-44 4-20 9-42 3-28
Nb-212 2-46 4-41 9-49 3-32
Nb-222 2-50 7-10 9-50 3-61
Nb-239 2-54 7-33 9-52 3-76
Nb-266 2-58 8-13 9-59 3-80
Nb-300 2-60 8-54 9-78 4-1
Nb-321 2-73 9-80 4-7
Nb-379 2-75 10-41 4-27
Nb-425 2-76 10-52 4-39
1-3 3-6 4-48
2-34 3-7 4-63
2-38 3-8 4-67
2-41 3-15 5-19
2-42 3-16 5-25
2-45 3-17 7-2
2-55 3-19 7-11
2-61 3-20 7-22
3-24 3-34 7-25
3-25 3-42 7-28
3-26 3-47 7-29
4-8 3-50 7-31
4-19 3-51 7-34
4-23 3-70 7-56
4-36 3-71 8-1
7-1 3-73 8-6
7-32 3-75 8-8
7-42 3-78 8-26
7-43 3-81 8-29
8-20 4-10 8-40
8-27 4-24 8-42
8-44 4-51 8-45
8-58 4-53 8-52
8-63 4-60 8-65
8-66 5-8 8-67
8-79 7-9 8-68
9-1 7-18 8-73
9-64 8-32 8-81
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Table 2.1 (continued)

Nuclear Perinuclear (with Nuclear and
Nucleolar Nucleoplasm Subnuclear Envelope membranes) cytoplasmic
9-67 8-35 9-2
9-72 8-46 9-6
10-19 8-57 9-8
10-21 8-64 9-14
8-75 9-20
8-78 9-31
9-21 9-32
9-23 9-47
9-24 9-61
9-30 9-66
9-33 9-69
9-35 9-73
9-48 9-77
9-55 9-81
9-63 9-82
9-71 9-83
10-25 10-6
10-34 10-45
10-35 10-54
10-43 10-55
10-58 10-68
10-81 10-73
10-82 10-74
10-87 10-75
10-88 10-80
74 95 39 10 42 95
20.85% 26.76% 10.99% 2.82% 11.83% 26.76%
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Table 2.2: Summary of the proteins which were relocalized in SYNV-infected plants.

Protein

Pattern in Mock-H2B

Pattern in SYNV-ER

RC-51

RC-238
RC-356

RC-534
Mb-18
Nb-71

MNb-243

MNb-287

2-18

2-25
2-43

2-45
2-50
3-89

4-8

2-42

Envelope and Membranes

Mucleolus
Mucleolar

Subnuclear {not nuclealus)
Subnuclear (not nuclealus)
Subnuclear (not nuclealus)
Subnuclear (not nuclealus)
Subnuclear (not nuclealus)
Subnuclear (not nucleolus)

Muclear and cytoplasmic
Muclear and cytoplasmic

Mucleoplasm
Mucleolar
Mucleolar

Mucleolar

Perinuclear (with membranes)

Envelope around spherules

Subnuclear [not nucleclus)
Subnuclear [not nucleclus)

Mucleolus
Mucleclus
Mucleolus
Muclear
Perinuclear (with membranes)
MNuclear envelope

Perinuclear (with membranes)
Perinuclear (with membranes)

Perinuclear (with membranes)
Muclear
Perinuclear (with membranes)

Subnuclear {not nucleclus)

Nucleaplasmic
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Table 2.3: Sequencing results obtained during study using the BLAST algorithm. Underline

protein codes indicate proteins which had relocalized during viral infection.

Protein Code Identity

RC-33 Histone H4

RC-51 Proteinase inhibitor precursor (Pl

RC-70 Agquapaorin TIP2-1
RC-238 Micotiana sylvestris histone H2B.3
RC-332 Micotiana attenuata uncharacterized
RC-379 605 ribosomal protein L27a-3
RC-804 Micotiana sylvestris protein pxrl
RC-834 605 ribosomal protein L15

Mb-18 405 ribosomal protein 523

Mb-32 Trypsin proteinase inhibitor precursor (P1)

Nh-71 605 ribosomal protein L35-like, transc. V. X2
Mb-121 Tabacum zinc finger CCH domain-containing protein 37-like
Mb-243 Glyoxylate/succinic semialdehyde reductase 1
Mb-287 Probable inactive receptar kinase
Mb-312 HMG1/2-like protein

1-2 405 ribosomal protein 525

1-3 505 ribosomal protein L6, chloroplastic

1-5 Sm-like protein LSM7, mRNA

1-6 Triase phosphate/phosphate translocator, chloroplastic-like

2-18 Uncharacterized protein, transc. V. X3

2-25 Micotiana undulata chloroplast clone pCK2-5, complete sequence

2-34 Auxin-binding protein ABP19a-like

2-35 Serine/arginine repetitive matrix protein 2 transc, V. %4

2-40 TIFY 6B-like, transc, V. X2

2-43 chlorophyll a-b binding protein 21, chloroplastic-like

2-45 505 ribosomal protein L11, chloroplastic

2-50 DMNA-damage-repair/toleration protein DRT111, chloroplastic-like

2-55 Probable 605 ribosomal protein

3-49 HGW2, transc, V', X2

3-54 Transcription factor AS1-like

3-64 445 ribosomal protein 511-like

3-69 Histone 2b

4-20 Fructose-bisphosphate aldolase

4-36 EIN3-binding F-box protein 1-like

8-43 Replication factor C subunit 1-like
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Table 2.4: Summary of the proteins which were relocalized in N. benthamiana plants infected

with SYNV and those infected with TEV.

Protein Mock-H2B Localization in SYNV-ER Localization in TEV-ER
RC-238 Nucleoloar Nucleoplasmic Nucleoplasmic
Nb-243 Subnuclear loci Nucleoplasmic Nucleoplasm and NE

2-34 Nucleoplasmic Perinuclear and membranes Nuclear envelope
Nbh-287 Subnuclear loci Nuclear envelope Subnuclear loci

3-69 Nucleolar Subnuclear loci Nucleolar

8-43 Nucloplasm and NE Nucleoplasm and NE Punctate loci in nuclear envelope
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Figure 2.1: Localisome showing the collection of micrographs taken during duration of nuclear
screening. Patterns illustrate various loci in which nuclear-destined proteins typically localize,
including the nucleolus, nucleoplasm, subnuclear loci, nuclear envelope, perinuclear region

(including membranes), and the nucleus including cytoplasmic accumulation. Scale bar= 5 pm.
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Mock RFP-ER SYNV RFP-ER

Figure 2.2: N. benthamiana marker line expressing RFP to the ER to visualize the nuclear
envelope (left). SYNV viral accumulations in the nuclear envelope induce intranuclear

membranous spherules. Scale bar= 5 pm
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Figure 2.3: Micrographs showing protein relocalizations in response to SYNV-infection in N.

benthamiana. Scale bar=5 um
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Figure 2.4: Image matrix showing virus-induced changes in nuclear localization. A) Protein
localization patterns which changes in response to both SYNV and TEV infection. B) Proteins
exhibiting relocalization in response to SYNV infection but not TEV. C) Proteins relocalize in

response to TEV infection by not SYNV. Scale bar=5 pm.
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Supplementary Figure 2.1: Map of the binary pSITE-2CA vector. This vector allows for C-
terminal fusions of polypeptides to GFP. The backbone is from a commercially available vector

and the att sites are where cDNAs are cloned. Average insert size in this library was 1.5 kb.

(Reference: Chakrabarty et al., 2007).
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Chapter 3!

A cell map of SYNV in Nicotiana benthamaia

Introduction

An important consideration in plant virology is understanding the diversity of host factors
present in the plant host cell which may promote or inhibit viral processes. The eukaryotic cell
contains intracellular components such as membranes, filaments, organelles, and
macromolecules which all may be targeted and manipulated during the virus life cycle (Hull,
2014; Schmid et al., 2014). The host cell is not left defenseless as it may employ several
strategies as part of an antiviral response, including RNA silencing, hormonal regulation, protein
degradation and translational repression, (Calil and Fontes, 2016; Kambham et al., 2017; Wu et
al., 2019). Thus, viral infection involves the complex interplay between viral and host factors,
and this is the focal point of much of the work occurring in plant virus research, particularly as
computational biology progresses and such large scale analyses become more feasible (Ala-

Poikela et al., 2019; Cook and Jensen, 2018; Osterbaan and Fuchs, 2019).

What must also be considered is the fact that viruses are not limited to just one cell type.
In plants, viruses move their genomes from cell-to-cell through plasmodesmata into adjacent
cells where they can initiate new replication cycles. In its simplest form, this involves viral
movement proteins (MP) which form a transport complex that modifies the plasmodesmata to

facilitate the passage of the complex through the channel (Hipper et al., 2013; Schoelz et al.,

IThis project was completed in collaboration with Alex Stewart and Taylor Trapp. Micrographs and data interpretation by Caleb

Mathias. Additional data by Stewart and Trapp not shown.
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2011; Taliansky et al., 2008; Ueki and Citovsky, 2007). In addition to the cell-to-cell movement,
viruses also move systemically through their hosts via the vasculature in order to infect the entire
plant. This involves translocation from mesophyll cells, bundles sheath, vascular parenchyma,
companion cells, and sieve elements where it enters the phloem and spreads to the rest of the
plant in a manner similar to photoassimilate distribution (Carrington et al., 1996; Hipper et al.,
2013; Navarro et al., 2019; Ueki and Citovsky, 2007). This means that viruses colonize a variety
of different cells, tissues, and organs for the duration of infection, which adds a level of
complexity in terms of unraveling how viruses manipulate host factors throughout the entire
plant. This is especially true when considering differential gene expression (DGE), which not
only occurs naturally in different tissue types throughout healthy hosts (Artlip et al., 2019;
Birnbaum et al., 2003; Hui et al., 2018; Slotte et al., 2007) but is often changed during the course
of pathogen infection (Bouazizi et al., 2020; Kumar and Kirti, 2011; Whitham et al., 2006;
Zhang et al., 2019). It is therefore beneficial to study viral infection in all parts of the plant in the
context of both virology and plant physiology using a wide range of both integrative omics

approaches and microscopy.

Expression maps seek to combine large quantities of both expression and visualization
data for purposes such as elucidating genetic function, protein localization, and variations in
gene expression (Regev et al., 2017; Rhee et al., 2019). One of the premier examples of
expression mapping is the Human Protein Atlas (HPA) (www.proteinatlas.org), which is an
open-access database that is the result of a consortium started in 2003 with the goal of mapping
and characterizing the complete human proteome throughout single-cells, tissues, and organs
(Uhlén et al., 2015). Additional datasets included gene expression data in the blood (Unlén et al.,

2019), brain (Sjostedt et al., 2020), metabolic networks (Unlén et al., 2019), and the proteome of
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major cancer types (Unlén et al., 2017). Initial work included antibody-based imaging of
subcellular protein localization, systems biology, and immunohistochemistry (Uhlén et al.,
2005), but was further expanded to include RNA-seq data from the Genotype-Tissue Expression
(GTEx) consortium (Keen and Moore, 2015), and Cap Analysis of Gene Expression (CAGE)
data from the Functional Annotation Of the Mammalian Genome (FANTOM) consortium (Lizio
et al., 2019). This database has been instrumental in providing researchers with high quality
confocal images and expression data for aiding in their work, including research regarding
diagnosis of Alzheimer’s disease (Khoonsari et al., 2019) molecular characterization of different
cancer types (Benfeitas et al., 2017; Lee et al., 2018; Morin et al., 2018), and is currently being

used for transcriptome profiling of SARS-CoV-2 (Hikmet et al., 2020).

Of course, expression mapping is not just limited to mammals. Since the sequenced
genome of Arabidopsis thaliana was completed in 2000, complete sequences of plant genomes
have grown rapidly, and in 2005 a transcriptome map of 4. thaliana developmental stages was
generated by Schmid et al. using the Affymetrix ATH1 array platform. Since then, over 40
transcriptome maps have been constructed for 32 plants (reviewed in Klepikova and Penin,
2019), including economically important crops such as rice (Nobuta et al., 2007; Zhang et al.,
2010), wheat (Ramirez-Gonzalez et al., 2018; Schreiber et al., 2009), corn (Sekhon et al., 2011;
Stelpflug et al., 2016; Walley et al., 2016), sorghum (Shakoor et al., 2014), and soybean (Libault
et al., 2010; Severin et al., 2010). Initially, these maps were based on microarray analysis, though
since 2015 RNA-seq-based atlases have become the most prevalent method (Klepikova and
Penin, 2019). The data from these studies are often compiled in either new or preexisting
databases. Some of these encompass data from multiple organisms, such as the EBI Expression

Atlas (ebi.ac.uk/gxa) and GTEx (gtexportal.org) , but there are several plant-specific databases,
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such as the eFP browser (bar.utoronto.ca/eplant/), TomExpress (tomexpress.toulouse.inra.fr),
TraVA (travadb.org), Melonet-DB (gene.melonet-db.jp), TobEA (solgenomics.net), and
ROSA4seq (iant.toulouse.inra.fr). These databases compile expression data from different parts of
the plant and under different environmental conditions and thus fulfill a similar need as the HPA
in terms of providing researchers with genomic, transcriptomic, proteomic, and metabolomic
data in a convenient location. However, unlike the HPA many of these plant databases lack the
breadth of high-quality confocal imaging data provided by the HPA. Further, many plant viruses
have not had their localization visualized via microscopy throughout different plant tissues.
Therefore, a there is a need for cell mapping not only in healthy plants, but those undergoing
viral infection which may be used to complement such databases, particularly regarding the
alteration of expression levels which pathogens may cause. It is for this reason that a cell map of
the plant-adapted rhabdovirus sonchus yellow net virus (SYNYV), a betanucleorhabdovirus which
replicates in the nuclei of plants, using laser scanning confocal microscopy (LSCM). To date, no
such map exists for SYNV, so this will not only allow for better insight into viral infection in
different parts of the plant but also for use in future omics studies which investigate the
subcellular alterations created during the virus lifecycle. To accomplish this, we performed live-
cell imaging of both healthy (mock) and SYNV-infected Nicotiana benthamiana 16¢’ plants,
which express green fluorescent protein (GFP) to the endomembrane system, which leads to the
staining of the endoplasmic reticulum (ER) and nuclear membranes (Goodin et al., 2005). This is
a useful reference marker for SYNV as the viral accumulation induces the formation of

membranous intranuclear spherules.
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Materials and Methods

Laser Scanning Confocal Microscopy

Live cell imaging was conducted using an FV1000 scanning confocal microscope
(Olympus). GFP was excited at 488 nm. GFP laser intensity was set to 1% power with high
voltage (HV) values in a range between 500-700 V to the photomultiplier tube (PMT). Images
were acquired using the FluoView™ software v1.5 by Olympus. These images were taken using
the 40x objective at a scan speed of 10 ps/pixel with a 512-by-512-pixel resolution. These were

exported into a JPEG format and assembled in PowerPoint.

Growth, maintenance, and inoculation of plants

N. benthamiana plants were maintained in greenhouse conditions as described by Martins
et al. (1998). Transgenic N. benthamiana 16¢ marker lines were generated as outlined by Ruiz et
al., (1998). Plants were inoculated with SYNV following the mechanical inoculation procedure
described by Hull (2009), which provides several options for the chelating agent and abrasive
substance to be used on the leaves. In this study, 0.02 M sodium sulfite was used as the reducing
agent and celite as the abrasive. Several SYNV-infected N. benthamiana leaves were ground in
this mixture via mortar and pestle and used to inoculate a tray of transgenic 16¢ plants containing
an average of 4-6 leaves. Plants were imaged 2-4 weeks after inoculation to allow for symptoms
to fully develop and for all major plant parts to have developed. Plant tissues samples were wet

mounted onto slides for imaging.
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Results

SYNV remodels host nuclear architecture

In this study, a sampling of major plant tissues where chosen due to ease of access and
visibility of cells with viral infection. As can be seen in Figure 3.1A, C, M, N, and P, nuclei in
mock 16¢ N. benthamiana plants are characterized as having the nuclear envelope (NE) tagged
with GFP as the outer nuclear membrane (ONM) is contiguous with the ER, which is part of the
endomembrane system tagged in 16¢ plants (Goodin et al 2005). The nuclei of plants infected
with SYNV exhibit intranuclear spherules induced by viral nucleocapsid budding into and
accumulating in the inner nuclear membrane (INM). This is illustrated clearly in Figure 3.1B, D,
and Q. This pattern remains fairly consistent in the nuclei of cells in other SYNV-infected
tissues. Intriguingly, in some of the cells found in the middle of the flower petals (Figure 3.1R),

the membranous spherules were slightly smaller than those found in the nuclei of other cells.

SYNV accumulation at the cellular level

Some images were taken to encompass many cells in order to observe if any patterns
existed with the spread of the virus. In the leaf primordia, those in plants infected with SYNV
show nuclear viral accumulations in the lower right of the developing leaf where the more
mature cells are located (Figure 3.1F) when compared to the mock (Figure 3.1E). Roots of mock
plants are shown in Figure 3.1M and N, with the former being the developing root cap. In roots
of virus infected plants (Figure 3.10), nuclei with SYNV symptoms were most common in more
developed tissues around the vasculature, as can be seen by the circular accumulations of GFP

near the center of the image. Foci closer to the root cap did not have any viral symptoms present,
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presumably due to this region being of rapid differentiation. Viral accumulation was also
observed in the nuclei of the narrow cells in the style (Figure 3.1G and H). Viral accumulation

was not observed in the ovary or other reproductive organs.

SYNV induces alterations in the endomembrane system throughout the cell

Finally, the endomembrane system was imaged in both mock (Figure 3.11 and J) and
infected hosts (Figure 3.1K and L). Though the change was not dramatic, there are differences in
the appearance of mock and SYNV-infected cell membranes. For example, in the mock plants
the strands appear much more ordered than in the virus-infected plant. The reticulate pattern has
been replaced by uneven coagulations of ER. Further investigations will be needed to fully

determine the extent of the effects of SYNV on membranous networks in the cell.

Discussion

The purpose of this study was to obtain a cellular map of SYNV infection in N.
benthamiana, which serves as a valuable model host for plant-virus interaction studies (Bally et
al., 2018). While not every tissue type is present, leaves, roots, leaf primordia, flower petals, ER,
and style were imaged. Despite the smaller sample size, the images presented show
representatives from both shoot and root, as well as developing tissue. The later example was
particularly interesting as the viral movement followed the expected pattern of being absent from
the rapidly dividing cells of the meristem but showing slight presence along the more mature
cells near what is likely the growing procambial tissue (Figure 3.1 F, lower right of panel).

Further, the likely alteration in ER patterns between mock (Figure 3.1 I, J) and SYNV-infected
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(Figure 3.1 K, L) cells warrants more investigation. It would also be intriguing to study more of
the reproductive organs as SYNV is known to be horizontally transmitted by insect vectors, so

further study could elucidate why there is a lack of vertical transmission.

Studying viral infection from a whole-plant perspective is valuable as it not only allows
for tracking the extent of viral systemic spread but also can be used to better characterize the
physiological effects of such infection by observing the perturbations in subcellular architecture.
Further, in the era of next-generation sequencing (NGS), quantifications of expression levels in
plant tissues can make unveil the extent to which viruses in different parts of the plant are
altering regulatory networks within cells. For example, viruses like cucumber mosaic virus
(CMYV), tomato spotted wilt virus (TSWV) and potato virus X (PVX) were found to regulate the
expression of 33 differentially expressed genes in chrysanthemums (Choi et al., 2015). The rise
of expression mapping over the past two decades has provided a rationale for the complementary
relationship between visual phenotypic data and more detailed transcriptomic, proteomic, and
metabolomic profiles for the construction of wide-ranging datasets (Caicedo et al., 2017; Pesti et

al., 2019).

Further work with regards to cellular mapping of SYNV would involve several factors.
First, a wider sampling of tissue types is necessary to further characterize the extent of viral
spread. In the same manner, studying spread at different stages of growth would also prove
valuable as it would illustrate the relationship between plant development and viral spread.
Finally, more extensive imagine techniques such as 3D reconstruction of cells using LSCM “z-
stacking” would reveal details that may be hidden, particularly with respect to the cytoskeleton
as views of this can be limited by 2D imaging. Using fluorescent markers at different subcellular

loci would also aid in this venture. Finally, silencing of prospective host factors important for
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replication and/or spread would also be useful to have a collection of visualization data in

addition to expression data to better identify potential targets for antivirals.
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Figure 3.1: Series of micrographs comparing healthy vs SYNV-infected tissues in the 16¢
transgenic marker line of Nicotiana benthamiana. A+B Leaf epidermis. C+D Pistil. E+F Leaf

primordia. G+H Style. I-L Leaf endomembrane. M-O Root P-R Flower petal.

Scale bars are as follows: Panels A-D, P-R= 10 um. Panels E-H, O= 50 um. Panels I-N= 25 um.
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Chapter 4!

Lost and found: Rediscovery and genomic characterization of sowthistle yellow vein
virus after a 30+ year hiatus
The rhabdovirus sowthistle yellow vein virus (SYVV) was used in a series of elegant

experiments to establish a fundamental paradigm of plant virus — vector interactions, in which a
plant virus was demonstrated to be propagative in an insect vector. SYVV was first described by
Duffus (1963) with a post-acquisition latent period in the aphid vector (Hyperomyzus lactucae
L.) considerably longer than that of plant viruses known at that time to be retained persistently
by the vector. Additional evidence for the propagative nature of SYVV in the aphid was
provided by Richardson and Sylvester (1968), who described bacilliform virus particles in the
perinuclear space of both sowthistle (Sonchus oleaceous L.) and H. lactucae, and demonstrated
that aphids injected with SYVV from plant extracts transmit the virus to sowthistle. Propagation
of SYVV in H. lactucae was confirmed by demonstration of transovarial passage at low level
(Sylvester, 1969), dosage dependency of latent period following injection inoculation of SYVV
to aphids (Sylvester et al., 1970), electron microscopic observation of SYVV particles in
multiple organ systems of the insect (Sylvester and Richardson, 1970), infection of a primary cell
culture of ovarian and embryonic tissue of H. lactucae (Peters and Black, 1970), deleterious
effects of SYVV on fitness of H. lactucae (Sylvester, 1973), and efficient transmission of SYVV
during serial passage from aphid to aphid via injection (Sylvester and Richardson, 1969, 1971).

Subsequent research on SYVV was limited to characterization of virion structural components,

"This chapter was originally published as: Stenger, D.C., Burbank, L.P., Wang, R., Stewart, A.A.,
Mathias, C., and Goodin, M.M. (2020). Lost and found: Rediscovery and genomic characterization of
sowthistle yellow vein virus after a 30+ year hiatus. Virus Research 284, 197987. Caleb Mathias
contributed to the data analysis: see supplemental data.

78


https://www.sciencedirect.com/science/article/pii/S0168170220302306?via%3Dihub#bib0025
https://www.sciencedirect.com/science/article/pii/S0168170220302306?via%3Dihub#bib0075
https://www.sciencedirect.com/science/article/pii/S0168170220302306?via%3Dihub#bib0095
https://www.sciencedirect.com/science/article/pii/S0168170220302306?via%3Dihub#bib0125
https://www.sciencedirect.com/science/article/pii/S0168170220302306?via%3Dihub#bib0110
https://www.sciencedirect.com/science/article/pii/S0168170220302306?via%3Dihub#bib0060
https://www.sciencedirect.com/science/article/pii/S0168170220302306?via%3Dihub#bib0100
https://www.sciencedirect.com/science/article/pii/S0168170220302306?via%3Dihub#bib0105
https://www.sciencedirect.com/science/article/pii/S0168170220302306?via%3Dihub#bib0115

including proteins (Peters and Kitajima, 1970; Schultz and Harrap, 1976; Ziemiecki and Peters,

1976) and RNA (Stenger et al., 1988).

During the past 30+ years, there has been a paucity of research on SYVV. As molecular
cloning techniques became widely applied to plant virology, beginning in the 1980’s, researchers
studying plant rhabdoviruses focused on more tractable systems, such as sonchus yellow net
virus (SYNV), that were mechanically transmissible to Nicotiana species (Heaton et al., 1989;
Jackson and Li, 2016). More recent advancements in Next Generation Sequence technology
made it possible to obtain genome sequences of recalcitrant plant rhabdoviruses (Menzel et al.,
2018; Ramalho et al., 2014; Willie and Stewart, 2017; Zhou et al., 2020). Indeed, the Ninth
Report of the International Committee on the Taxonomy of Viruses (ICTV) lists nine member
species in the genus Nucleorhabdovirus (Dietzgen et al., 2012) for which genome sequences
were available, with the notable exception of SYVV. The present status of taxonomy for the
family Rhabdoviridae is presented in the full ICTV Online (10th) Report

(www.ictv.global/report/rhabdoviridae) as summarized by Walker et al. (2018).

As the American pioneers of plant rhabdovirus research (Edward S. Sylvester, Jean
Richardson and James E. Duffus) retired, their isolates of SYVV were no longer maintained and
are, presumably, lost to history. Concurrently, SYVV disappeared from the environment, at least
in coastal California. Once commonly observed infecting the cosmopolitan weed sowthistle,
displacement of the vector H. lactucae by an invasive non-vector (Uroleucon sonchi (L.)) aphid
colonizing sowthistle is anecdotally considered to be responsible for a decline in incidence of

SYVV in California (Sylvester and Richardson, 1992).

In November of 2018, sowthistle plants displaying classic symptoms of SYVV infection

(Figure 4.1) and colonized by H. lactucae and U. sonchi were fortuitously observed in an organic
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citrus grove in Kern County, CA while conducting field research on the glassy-winged
sharpshooter vector of Xylella fastidiosa (Stenger et al., 2019). This serendipitous encounter
initiated the research described here, in which genomic sequence of SYVV was determined, first
from an archived library of SYVV c¢DNA clones constructed for the Berkeley lab isolate in 1986

(Stenger et al., 1988), and then from infected plant material collected in 2018.

Genomic RNA extracted from purified virions of the SYVV Berkeley isolate was used as
template to construct a library of cDNA clones in 1986 (Stenger et al., 1988). The library
consisted of 84 clones (after screening for insert size >450 bp) with inserts up to 1.1 kbp. At the
time, each clone was grown separately, with plasmid DNA extracted and stored frozen. Select
clones were used as probes in Northern blots of healthy and infected plant and aphid tissues
(Stenger et al., 1988) but were not sequenced. The library of cDNA clones remained in frozen
storage under the care of Andrew O. Jackson. In 2019, the SYVV cDNA library was returned to
D. C. Stenger, who authenticated the library based upon nucleotide sequence of the multiple
cloning site of the specific plasmid cloning vector (pUC9) employed in 1986 and presence of
homopolymeric G/C tails flanking the inserts, which were added to cDNA and plasmid vector to
facilitate insertion. Integrity of the cloned cDNA library was assessed by electrophoresis of
native plasmids in 1% agarose. This analysis indicated that the plasmids were intact after >30
years in storage and varied in size between 3.1 and 3.8 kbp, as expected for the combined size of

the plasmid vector and inserts, as estimated in 1986.

Each recombinant plasmid from the 1986 library was used to transform Escherichia coli
strain JM 109 (Life Technologies); plasmids were purified from transformants and used as
template in Sanger sequencing reactions primed with universal M 13 forward and reverse primers

annealing to plasmid vector sequences flanking cDNA insertions. Sequences were determined
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using an Applied Biosystems 3130 Genetic Analyzer. Sequence reads were trimmed to remove
plasmid vector sequences and homopolymeric tails, and compiled into contigs using Sequencher
version 5.4.6 (Gene Codes, Ann Arbor, MI). BLAST X searches were conducted, in which
translated coding sequences were used as queries of the non-redundant protein database. Results
of the BLAST X search indicated that each of the five contigs derived from the 1986 cDNA
library shared homology with known plant rhabdoviruses. Figure 4.2 shows the genomic location
of the 1986 cDNA contigs relative to the six open reading frames (ORFs) conserved among
nucleorhabdoviruses. Based on sequences determined from the 1986 cDNA library, primers were
designed to amplify a series of 16 overlapping RT-PCR products spanning most of the SYVV
genome, excluding termini. Template for these RT-PCR reactions was a total nucleic acid
sample (designated HWY 65) extracted from symptomatic sowthistle leaves collected on Nov. 1,
2018 from an organic citrus orchard located west of Highway 65 in Kern County, CA,
approximately 9 miles east of McFarland, CA. For RT-PCR, first-strand cDNA synthesis and
polymerase chain reactions were carried out using Superscript reverse transcriptase IV (Thermo-
Fisher Scientific) and Phusion high fidelity DNA polymerase (Thermo-Fisher Scientific),
respectively. RT-PCR products were cloned into pGEMT-easy (Promega, Madison, WI) and
purified from transformed Escherichia coli strain JM109. Inserts from three to five clones of
each RT-PCR product were sequenced as described above and compiled into a single contig of

13,335 nts representing >97 % of the SYVV genome.

Oxford Nanopore sequencing was used to obtain terminal sequences, thereby completing
the genomic sequence of SYVV RNA from the HWY 65 sample. For Nanopore sequencing,
infected plant material was ground in liquid nitrogen and total RNA extracted using a

CTAB/phenol-chloroform extraction protocol (Hilario and Mackay, 2007). Ribosomal RNA was
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removed using a RiboMinus Plant Kit (Thermo Fisher); remaining RNA was purified and
concentrated using AMPure XP beads (Beckman Coulter). Poly-A tails were added using E. coli
Poly-A polymerase (New England Biolabs) following manufacturer’s protocol and the
sequencing library was made with 500 ng of poly-A RNA using a direct RNA sequencing kit
(SQK-RNAO002; Oxford Nanopore). The RNA library was sequenced on a MinION sequencing
device until a total of 829,833 reads were obtained. Sequence reads were base-called using
Oxford Nanopore software (Guppy version 3.3.0). The 13,335 nt contig previously assembled
from Sanger sequenced cloned RT-PCR products was used as a reference for assembly of viral
sequence reads with minimap2 (Li, 2018). Mapped reads were sorted with Samtools (L1 et al.,
2009) and all reads aligning to ends of the reference were pulled out and converted to FASTA
format using seqtk (https://github.com/lh3/seqtk). Because of low sequence coverage at the
termini, a second round of Nanopore sequencing was conducted on the same RNA sample using
a cDNA-PCR Sequencing kit (SQK-DCS109; Oxford Nanopore) for library prep and primers
designed based on end sequences obtained from direct RNA sequencing. cDNA sequence reads

were base-called, sorted, and assembled as described above.

The resulting Nanopore sequence data extended the 2018 HWY 65 contig to 13,719 nts
(Figure 4.2B) containing the complete sequence for all six ORFs (nucleoprotein [N],
phosphoprotein [P], movement protein [MP,] matrix protein [M], glycoprotein [G], and large [L;
RNA dependent RNA polymerase]) conserved among nucleorhabdoviruses and flanked by
untranslated Leader (166 nt) and Trailer (148 nt) sequences. The complete nucleotide sequence
of SYVV- HWY65 was deposited in GenBank as accession MT185675. Alignment of the
HWY65 contig with contigs obtained from the 1986 cDNA library revealed 98.5 % nucleotide

sequence identity over all regions for which sequence was available for both (~86 % of the
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genome). This indicates that the 2018 HWY 65 sequence represents the same virus as the

Berkeley lab isolate used as template to construct the 1986 cDNA library.

A BLAST N search was conducted using the complete nucleotide sequence of SYVV-
HWYG65 as query. Subjects returned with the most significant E values were four
nucleorhabdoviruses. Alignment of complete nucleotide sequences indicated SYVV-HWY 65
was most closely related to zhuye pepper nucleorhabdovirus (ZPNRV; accession MH323437.1;
56.5 % identity), datura yellow vein virus (DY VV; accession KM823531.1; 56.0 % identity),
black currant-associated rhabdovirus (BCaRV; accession MF543022.1; 55.6 % identity), and
SYNV (accession L32603.1; 53.0 % identity). Proteins encoded by SYVV were aligned with
proteins encoded by representative nucleorhabdoviruses and compared (Table 4.1). Five of six
SYVV proteins shared highest amino acid percent identity with the recently described ZPNRV.
The SYVV P protein was most closely related to DYVV. The next closest relatives were BCaRV

and SYNV.

Most rhabdoviruses package a single, negative-sense RNA serving as template for a
series of polyadenylated mRNA transcripts corresponding to each ORF and an untranslated
Leader RNA (Dietzgen et al., 2012). Located between each SYVV OREF is a conserved iteron
sequence (Figure 4.2C), containing (in positive-sense) a transcript termination/polyadenylation
signal (AUAUAAGAAAAA), a non-transcribed dinucleotide (CC), and a transcript initiation
motif (AAC). The SYVV intergenic iteron shares 100 % identity with the corresponding iterons
of SYNV and BCaRV. The intergenic iterons of DYVV and ZPNRYV also were similar to that of
SYVYV but contained single nucleotide polymorphisms in one (ZPNRV) or two (DYVV) copies
of the iteron. Rhabdovirus genomes typically include regions of complementarity of the

untranslated Leader and Trailer, at or near the termini, potentially capable of forming a
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panhandle structure (Wetzel et al., 1994). For the SYVV 2018 HWY 65 sequence, four
nucleotides of each end are complementary (Figure 4.2D). A caveat to this analysis is that
complementary terminal sequences of SYVV genomic RNA could potentially include additional
U(n) and A(n) residues at the 5’ and 3’ ends, respectively, that could not be distinguished from

the poly-A tails added during sample preparation for Next Generation Sequencing.

A phylogenetic analysis was conducted using an alignment of L protein sequences
downloaded from NCBI. A Maximum Likelihood tree (1000 bootstrap iterations) was generated
(Figure 4.3) using the relevant suite of programs available via the Phylogeny.fr website
(http://www.phylogeny.fr/) for sequence alignment (MUSCLE), curation (Gblocks), phylogeny
(PhyML), and tree rendering (TreeDyn), respectively (Dereeper et al., 2008). SYVYV shared an
exclusive node (representing a most recent common ancestor) with several member (SYNV and
DYVYV) and tentative (ZPNRV, BCaRV, and alfalfa-associated nucleorhabdovirus) species of
the genus Nucleorhabdovirus. However, the genus Nucleorhabdovirus is paraphyletic, with the
clade containing all member and tentative species of the genus also including bipartite
rhabdoviruses (coffee ringspot virus, orchid fleck virus and citrus leprosis nuclear virus). As
these three bipartite thabdoviruses are placed in the recently established genus Dichorhavirus
(Dietzgen et al., 2014, 2018), Nucleorhabdovirus constitutes a paraphyletic lineage that does not
have a basal node exclusive of other taxa (Fig. 4.3). To address this issue, the ICTV has
proposed that the genus Nucleorhabdovirus be abolished with species reassigned to three new
proposed genera: Alphanucleorhabdovirus, Betanucleorhabdovirus and
Gammanucleorhabdovirus. After this revised taxonomy is adopted, SYVV will be assigned to
the genus Betanucleorhabdovirus and given the formal species name Sowthistle yellow vein

betanucleorhabdovirus (Figure 4.3). Retention of SYV'V as a species is warranted based upon the
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proposed revision to the family Rhabdoviridae (ICTV nucleorhabdovirus splitgen proposal
online 2019.031 M) in which the threshold for species demarcation within the genus

Betanucleorhabdovirus is less than 75 % nucleotide sequence identity of complete genomes.

Rediscovery and genomic characterization of SYVV described here fills a knowledge gap
with respect to an historically important plant rhabdovirus. This work also demonstrates that
cDNA clones constructed decades ago remain viable if stored properly and may be useful if
provenance and chain of custody are documented. As the cohort of scientists who served as the
vanguard of the modern molecular era reach the ends of their careers, no doubt numerous
collections of viruses and derived clones will be lost. We suggest, to the scientific community at
large, that the new and old generations communicate and do a bit of ‘freezer mining’ to revive

and analyze archived materials before it is too late.
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Table 4.1: Percent amino acid identity of sowthistle yellow vein virus encoded proteins (N, P,

MP, M, G, and L) relative to most closely related nucleorhabdoviruses.

Virus

sonchus yellow net virus

datura yellow vein virus

black currant-associated rhabdovirus

zhuye pepper nucleorhabdovirus

GenBank Accession

L32603.1

KM323531.1

MFE543022.1

MH323437.1

86

N

508

56.0

471

38.7

P

257

325

272

304

MP

231

359

30.0

383

262

31.7

30.7

41.9

39.6

47.6

41.0

50.2

429

49.1
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Supplementary Table 4.1: Predicted isoelectric points and molecular weights of each SYVV

protein.

Protein pl MW (kD)
N 7.12 52.5
P 5.33 43.5
MP 8.54 36.4
6.91 31.6
G 6.22 70.7
7.81 241.8
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Supplementary Table 4.2: WoLF PSORT prediction of subcellular localization of each

SYVYV protein.
Protein

,§ N P MP M G L
ﬁ Chloroplast (4) Cytosol (7) Cytosol (6) Nucleus (7) Plastid (6.5) Nucleus (8)
§ Nucleus (4) Chloroplast (3) Nucleus (4) Cytosol (5) Golgi_Plastid (5) Cytosol (2)
;u Cytosol (4) Nucleus (3) Peroxisome (2) Chloroplast (1) Golgi (2.5) Chloroplast (1)
= Plastid (1) Mitochondria (1) Extracellular (2) Plastid (1)
g Vacuole (2) ER (1)
n

K-nearest neighbor (kNN) used is 14
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Figure 4.1. Sowthistle (Sonchus oleraceus L.) plant, growing as a weed in an organic citrus
orchard located in Kern County, CA (photographed Nov. 1, 2018), displaying yellow vein

symptoms typical of sowthistle yellow vein virus infection.
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Figure 4.2. The sowthistle yellow vein virus (SYVV) genome. Presented is (A) the genetic map
of SYVV showing position of open reading frames encoding proteins (M, P, MP, M, G, and L; in
positive sense) with peptide amino acid (aa) lengths denoted parenthetically above or below,
position of intergenic iterons denoted by black triangles, and position of untranslated Leader
(Ldr) and Trailer (TlIr) regions indicated at the termini; (B) genomic position of sequence contigs
(rectangles) derived from the 1986 cDNA library of the historic Berkeley lab isolate and the
2018 HWY65 field sample of SYVV, with lines denoting position of amplicons sequenced for
the 2018 HWY 65 contig; (C) nucleotide sequence (in positive-sense) of intergenic iterons of
SYVV and closest relatives sonchus yellow net virus (SYNV), black currant-associated
rhabdovirus (BCaRV), datura yellow vein virus (DY VV), and zhuye pepper nucleorhabdovirus
(ZPNRYV), with bold/underline denoting the untranscribed dinucleotide spacer and lower case

denoting single nucleotide polymorphic sites present in one (ZPNRV) or two (DY VV) iteron
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copies; and (D) base pairing of the panhandle structure of SYVV genomic RNA characteristic of

rhabdovirus terminal sequences (presented in negative-sense).
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Figure 4.3. Phylogenetic placement of sowthistle yellow vein virus (SYVV) inferred from
Maximum Likelihood analysis of RNA-dependent RNA polymerase (L) protein sequences. Taxa
compared include representative of plant rhabdoviruses; protein accession numbers
corresponding to entries in the NCBI non-redundant protein database are indicated for each
taxon following virus name. The SYVV L protein sequence was derived from the complete
genome sequence of the 2018 HWY 65 sample (GenBank accession MT185675). The vertebrate-
infecting rhabdovirus vesicular stomatitis Indiana virus was used as the outgroup taxon to root
the tree. Bootstrap values (based on 1000 iterations) are shown to the left of each node; scalebar
at bottom left denotes a genetic distance (an estimation of substitution rate per site) of 0.5.
Nomenclature for genera are labelled at right and correspond to revised taxonomy of the family
Rhabdoviridae under consideration by International Committee on the Taxonomy of Viruses.

Note that taxa currently in the genus Nucleorhabdovirus are expected to be reassigned to three
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new genera: Alphanucleorhabdovirus, Betanucleorhabdovirus, and Gammanucleorhabdovirus. In

this revised taxonomy, SYVV is classified in the genus Betanucleorhabdovirus.
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Supplementary Figure 4.1: Algorithmic analysis of predicted nuclear export signals (NES) in

each SYVV protein.
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