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Abstract

American pokeweed (Phytolacca americana) is a plant known for both the synthesis of
pokeweed antiviral protein (PAP) and the hyperaccumulation of heavy metals. Progress in
understanding the factors behind viral resistance and hyperaccumulation has been slow due to
lack of genetic tools to study pokeweed proteins in planta. No transgenic pokeweed plants have
been generated and the plant is known to produce phytolaccosides that inhibit Agrobacterium
infection, one of the main tools for genetically engineering plants. Therefore, an infectious clone
of Pokeweed mosaic virus (PkMV) was developed as the precursor of a viral vector that would
allow the study of host protein function. PkMV is a potyvirus of the family Potyviridae and its
9.5 Kb single-stranded RNA genome shares the typical organization of potyviruses, in which a
single polyprotein is cleaved by virally encoded proteases into 10 distinct proteins, with the 11
being derived from a frame-shift product. PkMV was the ideal chassis to build an infectious
clone to study pokeweed as it infects the plant in the wild despite pokeweed producing a potent
antiviral protein. Here, the assembly of the first infectious clone of PkMV is described and its
ability to both infect pokeweed and deliver a foreign protein into the plant is demonstrated.
Instability of the PkMV clone was encountered during its generation, due to cryptic bacterial
promoters within its genome. A combination of sequence independent cloning techniques and
assembly in Agrobacterium proved sufficient to overcome this challenge. Further manipulation
in Agrobacterium was a limiting factor in modifying the PKMV clone, so a method to detect
cryptic promoters throughout the entire viral genome was developed, which when silenced
allowed recovery of an infectious clone that is readily manipulated in E. coli. This method relied
on generation of a random library of PKMV fragments that were integrated into an eGFP or

chloramphenicol reporter construct. Application of the low-throughput method detected



promoter activity by producing eGFP fluorescence. The high-throughput next generation
sequencing variant sequenced colonies that survived high concentrations of chloramphenicol due
to transcription of a chloramphenicol resistance gene. Both methods produced putative promoter
regions (PPRs) containing a cryptic bacterial promoter. The +1 transcription start site (TSS) of
each PPR was determined with template switching oligo (TSO)-5’RACE, which allowed
accurate detection and silencing of the cryptic promoter. Silenced promoters in the PkMV
genome restored stability of the viral clone in E. coli, permitting further manipulation. This work
not only provides a straightforward method to detect and silence cryptic promoters in large viral

genomes, but also begins to elucidate the mechanisms of plasmid toxicity in E. coli.
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Chapter 1

Introduction




1.1 — Phytolacca americana, American pokeweed

Phytolacca americana, commonly referred to as pokeweed, is a perennial plant native to
South America and eastern North America. Pokeweed is a member of the order Caryophyllales
which contains agriculturally relevant species such as sugar beet and quinoa. The plant can reach
heights of 3m in the wild, with leaves 30cm long and 15cm broad (Botta-Dukat et al., 2008). Its
seeds are poisonous to mammals due to presence of phytolaccatoxins (Driver & Francis, 1979),

however they are readily dispersed by birds (Ning et al., 2017).

Pokeweed is primarily known for one of its endogenous proteins, pokeweed antiviral
protein (PAP), which exhibits antiviral activity against plant and animal viruses when expressed
exogenously (Lodge et al., 1993; Rajamohan et al., 1999). PAP has been shown to remove
purines from viral RNA, rendering the RNA ineffective for replication and translation
(Rajamohan et al., 1999). PAP is a Type I Ribosome Inactivating Protein (RIP) that removes a
purine from the large ribosomal RNA, causing inhibition of protein synthesis (Mansouri et al.,
2006). Upon damage to the plant leaf, PAP is released from the apoplast where it is stored, into
the cytoplasm to inactivate viral RNAs and ribosomes to limit the spread of infection. It would

be advantageous to express PAP in crop plants to protect them from viruses.

Another notable trait of pokeweed is that it is a hyperaccumulator of heavy metals such
as cadmium and zinc (McBride & Zhou, 2019). Pokeweed can grow in soil contaminated with
heavy metals, such as mine tailings, and sequesters the metals within its tissues. The plants can
then be harvested and disposed of in a safe manner. This trait combined with the significant
amount of biomass pokeweed can accumulate means pokeweed is particularly suited for

phytoremediation.



1.2 - Potyviruses

Potyviridae is a large family of plant viruses, whose members include potato virus Y and
plum pox virus which cause significant agricultural losses yearly (Reddy et al., 2009).
Potyviruses are spread by a wide variety of aphid, whitefly and mite species, which makes
containment of viral spread difficult (Wylie et al., 2017). Potyvirus particles are filamentous, 800
nm long, and contain a 10 kb, positive-sense RNA genome that is covalently linked to viral
genome-linked protein (VPg) at the 5’ end and is also polyadenylated at its 3* end. About 2000
copies of capsid protein (CP) enclose the viral genome of each particle (Shukla & Ward, 1989).
The genome of a potyvirus encodes a polyprotein that is subsequently cleaved into 10 individual

proteins by virally encoded proteases.

From the most N-terminus, these proteins include P1, HC-Pro, P3, 6K1, CI, 6K2, VPg,
Nla-Pro, NIb and CP. Additionally, an 11% potyviral protein has been described, known as P3N-
PIPO, which is translated through a +2 frame shift (Chung et al., 2008). P1 protease
autocatalytically cleaves itself from the viral genome and is thought to function in genome
replication and host silencing suppression (Pasin et al., 2014; Verchot & Carrington, 1995). Nla-
Pro is the main viral protease and whose primary function is processing the viral polyprotein.
HC-Pro is responsible for aphid transmission by bridging the aphid stylet and CP of the viral
particle (Peng et al., 1998). As well, HC-Pro is a potent post transcriptional gene silencing
(PTGS) suppressor (Kasschau et al., 2003). CI functions as a helicase in tandem with NIb, a viral
RNA dependent RNA polymerase (RdRp) in the viral replication complexes (VRCs) formed by
the virus (Merits et al., 1998). VPg is a multifunctional protein due to its intrinsically disordered
regions and has been implicated in translation initiation and viral movement (Charon et al., 2016;

Michon et al., 2006; Rajamiki & Valkonen, 2002). To add to the complexity, several cleavage



intermediates of the polyprotein such as VPg-Pro/6K2-VPg-Pro are observed in planta and are

mediated by the strength of the proteolytic cleavage sites between them (Wan et al., 1998).

1.3 — Pokeweed mosaic virus

Pokeweed mosaic virus (PkMV) is a potyvirus that infects American pokeweed, Phytolacca
americana. PkKMV was an early plant virus to be described (Allard, 1918) and was shown
through electron microscopy to form pinwheel inclusions in host cells, typical of potyviruses
(Kim & Fulton, 1969). Recently, PkMV isolates from New Jersey, Arkansas, Maryland,
Mississippi, and Pennsylvania have been sequenced. PkMV is 9512-9516 bp long
(Aboughanem-Sabanadzovic et al., 2019), with a genome organization typical of potyviruses
(Figure 1). Phylogenetic analysis showed that PkMV belongs to the potyvirus genus. It is curious
that viruses such as PkMV or cucumber mosaic virus (CMV) can infect pokeweed (Davino et al.,
2012), which produces PAP. PAP has been previously shown to be effective against both plant

and animal viruses when expressed exogenously (Lodge et al., 1993).

VPg5— | P1 HC-Pro P3| Cl 2 [Nia-vPg |Nia-Pro Nib cp | [PovA)¥
Y N NN
MNHY/S  YKVG/G VVFQ/D VEFQ/S VKFE\G VSFQ\S VAFE'S ATTQ\S  VHFQ/S

Figure 1 — PKMYV genome organization. The PkMV-AR RNA genome spans 9516 nucleotides
and shares the common potyvirus genome organization. The viral RNA is translated by host

machinery into a single polyprotein, which is processed by virally encoded proteases.



1.4 — Infectious plant virus vectors

RNA virus vectors are DNA plasmids that contain the cDNA copy of the RNA virus genome
with a promoter and terminator, allowing transcription of the viral genome when introduced into
a host. Once the initial hurdle of generating a viral vector from a particular virus has been
overcome, it is relatively simple to modify the viral genome with modern cloning techniques.
Plants can be inoculated simply with mechanical inoculation or particle bombardment of plasmid
DNA or RNA in vitro transcripts (Gal-On et al., 1995; Kim et al., 2003; Seo et al., 2009).
Insertion of the viral genome into the T-DNA plasmid of Agrobacterium and subsequent
infiltration has also been used to infect plants (Liu & Lomonossoff, 2002). After inoculation, the

virus is naturally suited to systemically infect the entirety of the plant.

Since the very first tobacco mosaic virus (TMV) vector was introduced (Takamatsu et al.,
1987), several viral vector “systems” have been developed to introduce a foreign sequence into a
virus. The chosen system is based on what alterations a viral genome will tolerate and its
intended purpose. As well, viral vectors can be categorized as either intact, containing the full
viral genome, or deconstructed, where part of the genome is removed and must be supplied
exogenously (Liu & Lomonossoff, 2002). Applications of plant viral vectors fall into three broad
categories, either modifying host gene expression, tracking viral infectivity and biology or the
overproduction of useful proteins (Abrahamian et al., 2020). The study of a host gene function
can be accomplished through virus-induced gene silencing (VIGS), wherein a fragment of the
target mRNA inserted into the viral genome mediates small interfering RNA (siRNA)
knockdown of the target gene (Zhang et al., 2017). CRISPR-Cas9 based gene editing has been
adapted to viral vectors, where the Cas9 nuclease and small guide RNA (sgRNA) are delivered

simultaneously into the plant with a tobacco rattle virus based vector to knock down host genes



(Ali et al., 2015). Host gene expression can also be modulated by overexpression of a protein or
transcription factor expressed from the viral genome (Yamagishi et al., 2014). The
overproduction of proteins has also been used for the generation of antibodies and vaccine

antigens (Legocki et al., 2005).

1.5 - Viral vector systems

Intuitively the simplest method of introducing a foreign sequence into a virus is to fuse it
in-frame to a viral protein. As the viral genome is translated, the foreign protein is produced
fused to the viral protein. This method assumes that having a fused protein does not significantly
hamper the viral protein function. A viral vector of the potyvirus plum pox virus (PPV), was
constructed and an epitope of canine parvovirus (CPV) was fused to CP (Ferndndez-Fernandez et
al., 1998). The virus was able to infect and accumulate to wild-type levels, and the viral particles
purified from infected plants were able to induce an immunogenic response to CPV in mice.
Cowpea mosaic virus (CPMV) has also been used for producing viral particles studded with
epitopes of several animal viruses. The placement for optimum immunogenicity was determined
to be within the BB-BC loop of the small subunit protein (Taylor et al., 2000). However, reports
of viral instability and reduced yields spurred research determining that insert length and

isoelectric point (pl) greatly affected the viability of the vector (Porta et al., 2003).

Some plant viruses have stringent size limits of their genomes, with foreign fragments
being truncated through multiple viral passages (Choi et al., 2019). In these cases, the only
option is to replace a non-essential protein with the foreign protein of interest. Cauliflower
mosaic virus (CaMV) of the Caulimovirus genus is a double stranded DNA virus that exists in a
circularized form in its host. It was found early on that a CaMV vector would only tolerate a 250

bp insertion and still be viable (Gronenborn et al., 1981). The only stable CaMV vectors



described are those that replaced the second open reading frame, responsible for aphid
transmission (Futterer et al., 1990). Tobacco rattle virus (TRV), a Tobravirus, proved to be far
more amenable to gene replacement vector construction. TRV has a bi-segmented RNA genome,
with coat protein being the only essential gene on the second RNA segment, while genes
responsible for nematode-facilitated transmission were disposable (Ratcliff et al., 2008). The
vectors were used to demonstrate a popular application of viral vectors, gene silencing through
siRNA-based interference. Green fluorescent protein (GFP) which had been stably transformed
in tobacco was silenced with the TRV vector. The TMV vector by Takamatsu et al. was the first
plant viral vector made (Takamatsu et al., 1987). While the clone was infectious, the replacement
of the coat protein gene proved detrimental to the virus, which produced smaller lesions than
wild-type virus. A side benefit of gene replacement vectors is that biocontainment can be

significantly easier if the transmission genes are removed (Lindbo, 2007b).

The most common viral vectors have the foreign gene expressed alongside the full
complement of viral genes. Potyviral vectors are particularly amenable to the addition of genes.
The potyviral RNA genome codes for a single polyprotein which is cleaved at proteolytic sites.
Artificial proteolytic sites were used effectively for turnip mosaic virus (TuMV) where GFP and
B-glucuronidase (GUS) were inserted between various potyviral genes. Both reporter genes were
initially expressed from the single vector, however 15 days post-inoculation, the GUS gene was
replaced by a shorter sequence. To date, up to three foreign proteins can be inserted into a
potyviral vector with a minimum of instability (Kelloniemi et al., 2008). However, the triple-
insert vector multiplied at half the rate of the double-insert vector, suggesting that there are limits
on genome size, perhaps due to instability of the viral RNA or protein capsid. Researchers found

that the viral particle size increased with insertion of each consecutive coding region.



Filamentous viruses such as potyviruses may be less restricted in their maximum genome size

when compared to their icosahedral brethren.

The aforementioned viral vector designs are known as full or intact vectors, as most or all
of the original viral genes are present and functional. While being conceptually simple to design,
full viral vectors have several disadvantages depending on the application (Abrahamian et al.,
2020). If the vector is designed for mass protein production, there are viral genes that are either
not necessary or could lower yield. As well, there are biocontainment issues inherent to
delivering a fully functional virus. To address this issue, deconstructed vectors have been
developed with a substantial part of the genome missing which must be supplemented in other
ways. The TMV RNA-based overexpression (TRBO) system is based on a TMV vector with the
CP gene removed, cloned into a T-DNA vector. Wild-type TMV is dependent on CP for
systemic movement (Ryabov et al., 1999), therefore a CP deletion mutant of TMV inoculated by
rubbing or particle bombardment would only produce localized infection. Researchers found that
by deleting CP, transforming TRBO into Agrobacterium and vacuum inoculating plants led to
very high levels of protein expression (Lindbo, 2007b). In this situation, the loss of systemic
movement due to CP deletion was compensated by agro-infiltrating all parts of the plant. The
removal of CP, which can make up to 10% of total soluble protein during infection, increased the
yield from 1.5g/kg of protein to leaf tissue to 3-5g/kg. Previous work with the TMV vector
showed that for a viable infection, a viral silencing suppressor was required to be co-expressed
(Lindbo, 2007a). With the CP deletion mutant, the silencing suppressor was not required,
suggesting that the CP sequence was preferentially targeted for RNA silencing. As well, no viral

particles were produced with this vector.



CMV is a Cucumovirus with a tri-segmented RNA genome. Different strains of CMV
have different host ranges, which is determined by RNA3 that encodes CP and movement
protein 3a. Researchers constructed vectors based on the three genomic RNAs. By inoculating
with identical RNAT and RNA2 vectors while varying the RNA3 vector, it was possible to
induce infection in previously immune hosts (Zhang et al., 2006). In this example, the tripartite

nature of CMV was advantageous as it allowed swapping of limiting factors.

As an alternative viral delivery method, plants can be stably transformed with a viral
genome wherein the plants are infected in every cell (Peyret & Lomonossoff, 2015). The
advantages of this method include bypassing the inoculation step, which takes up to 2 weeks for
a virus to systemically infect the plant. This strategy can improve the yield considering viral
infection rarely infects all cells of a plant, with lower leaves sometimes not showing symptoms.
In Plant Activation (INPACT) is one such system, in which the tobacco yellow dwarf virus
(TYDV) is deconstructed into two cassettes which are stably transformed in tobacco (Dugdale et
al., 2013). One cassette contains the foreign protein under a TYDV promoter, whereas the
second cassette contains the TYDYV replicase gene under an ethanol-inducible promoter. Upon
spraying plants with ethanol, the replicase is induced, which transcribes the replicon. The
transcribed replicon is also replicated by the viral replicase. Essentially, it is an inducible, hyper-
expressing protein system. The main disadvantage is achieving the stable transformation itself,
which is technically difficult and labor intensive. While yields approached 10% total soluble
protein, the same yield has been achieved with full viral vectors, albeit with the extra step of

infection.
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1.6 - Usage of viral vectors

Viral vectors are the method of choice when a high yield of protein is required within a
short time frame. This quality could prove extremely useful during epidemics when rapid
development and delivery of vaccines are desired. Epitope presentation is a method where an
immunogenic peptide is displayed on the surface of viral particles, which are then purified using
density centrifugation (Peyret, 2015) or column chromatography (Chen et al., 1990). The caveat
for epitope presentation is that some knowledge is required about the morphology of the viral
particle in advance, and whether the introduction of extra peptides will destabilize capsid
formation. Due to the availability of atomic crystal structures (Lin et al., 1999), CPMYV has been
investigated for epitope presentation within the BB-BC loop of the S subunit protein as
mentioned above. The BE-aB loop (Brennan et al., 1999) of the large (L) subunit protein and the
BC'-BC" loop (Taylor et al., 2000) of the S protein are also viable for epitope presentation.
CPMV-based vaccines successfully protected both minks (Dalsgaard et al., 1997) and dogs
(Langeveld et al., 2001) against calicivirus and parvovirus infections, respectively. Protection
from bacterial pathogens was also successful, with mice protected from Pseudomonas
aeruginosa infection (Brennan et al., 1999). Unlike the icosahedral structure of CPMV, TMV is
a rod-shaped virus, with roughly 2100 CP units arranged in helical symmetry compared to
CPMYV, which has 60 L and S subunits each (Liu et al., 2005). While theoretically a greater
number of subunits would produce a stronger immunogenic response, the packing of CP on
TMYV is much tighter. Many initial attempts at TMV-based presentation systems failed, with no
functional CP produced. Only when researchers inserted a read-through sequence to allow the

production of both foreign and wild-type CP was TMV infection successful (Hamamoto et al.,
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1993). After optimization of epitope location, the maximum length of introduced epitope was 23

amino acids (Bendahmane et al., 1999).

Producing immunogenic whole proteins in planta with viral vectors has also been
investigated. This technique has an advantage over epitope presentation, where the maximum
size of the foreign peptide is limited to ~110 amino acids unless wild-type CP is supplied (Cruz
et al., 1996; Roder et al., 2018). The maximum size of a foreign protein that is not fused to the
CP is much larger. Vectors based on potyviruses are well suited to this application, as their
filamentous morphology is forgiving to accommodating genomes with larger inserts. The VP60
structural protein of Rabbit hemorrhagic disease virus (RHDV) was inserted between proteolytic
sites within PPV (Fernandez-Fernandez et al., 2001). Purified viral extract was used to immunize
rabbits which were challenged with otherwise lethal doses of RHDV. A TMV-based vector was
also used to express Bovine herpesvirus type 1 (BHV-1) glycoprotein D (gDc) by insertion into
the genome under a frameshift promoter (Pérez Filgueira et al., 2003). An oil-based vaccine
derived from plant extract was able to protect cattle to the same level as a commercial vaccine.
The same strategy was employed to insert a codon optimized Tat, an HIV-1 regulatory protein
into TMV, which was used to infect spinach. When fed to mice, the spinach primed the mice for
subsequent HIV-1 immunization (Karasev et al., 2005). Edible vaccines are of interest to the
global community as they eliminate the need for transportation and cold storage of currently
available vaccines. Several regulatory hurdles such as potential allergenicity in humans and

contamination of the food chain must be overcome.

Mass production of expensive proteins and diagnostic enzymes has fewer regulatory
issues and is likely to be adopted sooner than edible vaccines. Vitronectin is a cell attachment

factor for stem cell production. It is normally produced in animals and the cost of a gram ranges
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between 4-5 million dollars. Vitronectin coding region has been successfully inserted into an
ethanol-inducible deconstructed TYDV based vector and expressed to levels approaching 10% of
total soluble protein. The biotech company Farmacule has adopted this strategy and claims high
yield of vitronectin in plants (Rybicki & Martin, 2011). The human tumor specific monoclonal
antibody (mAB) a5 was produced in tobacco by co-inoculating plants with both TMV and potato
virus X (PVX) (Giritch et al., 2006). Each virus carried the sequence of either the light chain or
heavy chain of the antibody. These viruses were chosen because they do not compete and co-
localize, unlike an infection of two TMV vectors, which segregate. Researchers found that the
purified antibodies were both active and accumulated to 0.5g/kg of antibody per kilogram of

plant.

Using plant viral vectors as a reverse genetics tool to study gene function is generally
accomplished by triggering the plant defense mechanisms based on post-transcriptional gene
silencing (PTGS). By inserting the sequence of a host mRNA into a viral vector and
subsequently infecting the host, the endogenous gene will be silenced in a method that is now
known as virus-induced gene silencing (VIGS). The first report of VIGS was the use of a hybrid
TMYV vector that contained the cDNA of phytoene desaturase, a key enzyme in the carotenoid
synthesis pathway, under a sub-genomic promoter (Kumagai et al., 1995). Infection with the
vector caused an over 50-fold increase in the amount of phytoene produced in the plant.
Surprisingly, even plant viruses that produce potent viral silencing suppressors can be used in
VIGS. Potyviruses encode for helper component-proteinase (HC-Pro) as part of the polyprotein,
which has been shown to bind siRNAs and inhibit PTGS (Shiboleth et al., 2007). However,
Potato virus A, a potyvirus, was able to successfully silence a GFP transgene in tobacco for

several weeks. Interestingly, insert-less mutants of the infectious clone appeared at late stages of
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infection. Apple latent spherical virus (ALSV) is an ideal example of a VIGS vector in that it has
a broad host range and is symptomless in most of its hosts (Igarashi et al., 2009), allowing easier
interpretation of phenotype without viral symptoms. ALSV was used to simultaneously
overexpress Arabidopsis Flowering Locus T protein (AtFT) and silence Terminal Flower 1
(MdTFL1-1) in apple seedlings. While inducing no symptoms, the time to first flowering of the
seedlings was reduced to less than a year (Yamagishi et al., 2014). An ALSV VIGS vector was
also used to protect tobacco against bean yellow mosaic virus (BYMYV), zucchini yellow mosaic
virus (ZYMV) and CMV. This was accomplished by inserting up to 200 bp of CP sequence of

the respective virus into the ALSV vector and infecting the plants (Satoh et al., 2014).

1.7 - Construction of viral vectors

Over 70% of plant viruses have RNA genomes that must first be reverse transcribed into
cDNA before cloning into a suitable plasmid vector. Avian myeloblastosis virus reverse
transcriptase (AMLV-RT) and moloney murine leukemia virus reverse transcriptase (MMLV-
RT) are two reverse transcriptases that have been widely used for this purpose. Reverse
transcription requires a reverse primer specific to the viral RNA to initiate synthesis. If the virus
has not been sequenced previously, then the first step in construction of a viral vector is
sequencing the virus. This is often initiated by a method known as 3° Rapid Amplification of
cDNA Ends (3’ RACE). The viral RNA is first reverse transcribed with a poly-dT primer that
anneals to the polyadenylated viral RNA. After reverse transcription, an adapter oligo is ligated
to the 5° end of the nascent cDNA which serves as a landing pad for an adapter primer used in
subsequent PCR amplification steps. The amplified PCR product is subsequently cloned into a
small bacterial vector and sequenced. The sequenced portion of the viral genome guides design

of additional primers within the viral genome. The process is repeated until the entire genome is
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sequenced. This sequencing by walking from the 3 to 5’ end produces an in-silico genome that

aids further construction (Pasin et al., 2019).

After the viral genome sequence is determined, the appropriate primers can be designed
to amplify sections of the virus for assembly. During the early days of viral vectors, assembly
was accomplished by the cloning of small portions of the viral genome into bacterial vectors
using restriction enzymes (Domier et al., 1989), followed by assembling them sequentially into
plasmids. Since a viral infection consists of both viable and non-viable genomes, sequential
cloning is risky since there is a chance of amplifying sections of non-viable viral genomes.
Population cloning was an improvement as it generated libraries of potentially viable viral
sections which were combined and screened in large numbers (Yu & Wong, 1998). This
technique was limited by the presence or absence of restriction enzyme cut sites within the viral
genome. With the development of sequence-independent cloning techniques like sequence and
ligation independent cloning (SLIC; Jeong et al., 2012), Gibson assembly (Gibson et al., 2009)
and TS5 Exonuclease DNA assembly (TEDA; Xia et al., 2019), viral genomes could be
subdivided into arbitrary sized chunks for assembly (Bordat et al., 2015). These techniques rely
on fragments with 15-60 bp terminal sequence complementarity, which are digested by
exonucleases, producing sticky ends (Figure 2). These sticky ends anneal, the gaps are filled by a
polymerase and the nick sealed by a ligase. This technique allows for assembly of 3+ fragments.
The greater the number of fragments, the lower the transformation efficiency, therefore

construction of a viral clone should be accomplished with as few fragments as possible.
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Figure 2 — Gibson assembly of an infectious viral clone. A) An in silico representation of the

finished viral clone is designed to determine optimal location of overlaps and to select primers.

bp overlaps with the adjacent fragment. T5 exonuclease degrades nucleotides from the 5’ to 3’
direction, which exposes sticky ends where fragments can anneal. The gaps in the dsDNA are

filled by a DNA polymerase and the nicks are sealed with a DNA ligase.
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B) Fragments of the viral genome are amplified from viral cDNA with primers containing 15-60
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Golden Gate assembly is an alternative to overlap-based assembly techniques (Figure 3)
(Engler et al., 2009). Golden Gate relies on the activity of Type IIS restriction enzymes (RE) like
Bsal-HFv2, which cleave DNA distal to their recognition site. This allows PCR amplification of
fragments, which upon cleavage with the RE, have sticky ends that allow ordered assembly into
a vector. Due to the distal cleavage of the RE, the enzyme cleaves its own recognition site out of
the assembly. Ligation between cleaved fragments cannot be cleaved again, and re-ligated
cleavage products are recycled back into the assembly reaction (Engler et al., 2009). Therefore,
the Golden Gate reaction will proceed until all cleaved products are correctly assembled, leading
to a very high assembly efficiency. This assembly technique is superior to overlap based
assemblies due to the much higher transformation efficiency with greater fragment numbers. The
biggest disadvantage to this method is that the viral genome and the destination vector must not
contain the Type IIS restriction site used in assembly. If the sequence of the virus is known, then
several restriction sites can be silently mutated during assembly, alleviating this issue. As well,
vectors which do not have Bsal-HFv2 recognition sites, and that allow agroinfiltration are

available, such as pLX-B2 (Pasin et al., 2017).

The choice of destination vector for viral clone assembly is also important. If infiltration
with Agrobacterium will be the primary method of inoculation, the vector must allow
manipulation of the clone in E. coli while also possessing the required elements that permit

Agrobacterium to express the plasmid in plants.
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Figure 3 — Golden Gate assembly method. DNA fragments to be assembled are amplified with
primers containing a Bsal restriction enzyme recognition site (yellow highlight). Bsal cleaves
distal of its recognition site (blue highlight), leaving sticky ends that can then be ligated with T4
DNA ligase. Ligated products cannot be cleaved again as Bsal has removed its own recognition

site from the end product.
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The most popular of the early binary vectors were the pSoup/pGreen vectors (Hellens et
al., 2000). In this configuration, the pGreen plasmid contained the T-DNA to be inserted, with
elements that allowed manipulation of the plasmid in E. coli. pSoup contained the vir genes
required for integration of the T-DNA into the plant genome during agroinfilitration, as well as
replicase genes to maintain the pGreen plasmid in Agrobacterium. This dual vector system was
eventually combined into the pPZP vector system that contained T-DNA, replicase genes and
origin of replications compatible with Agrobacterium and E. coli in one package (Szakasits et al.,
2007). pPZP was used as a basis for the pCambia series of vectors, which have been the vectors
of choice until the recent release of the pLX-B2 vectors that provide the same functionality with

a smaller vector size (Pasin et al., 2017).

Regardless of the vector system used, the promoter driving the transcription of the viral
genome is most often the CaMV 35S promoter. Additionally, most infectious plant virus clones
are assembled with a 20-60 nt poly-(A) tail into the destination vector. The length of poly-(A)
tail necessary varies between virus types and method of inoculation. Using particle bombardment
of plasmid DNA, a 25nt poly-(A) tail was sufficient for infection of a ZYMYV clone (Kang et al.,
2016). A poly-A tail of 12 A residues was insufficient for infectivity using in vitro transcribed
tobacco vein mottling virus (TVMV) RNA, a 37nt poly-(A) produced an infection while a 96nt
poly-(A) tail was even more infectious (Domier et al., 1989). Likely the length of the poly-(A)
tail in the clone is required for robust replication in the initially infected cells, as in vivo the poly-
(A) tail is reconstituted regardless of its initial length (Tacahashi & Uyeda, 1999). To terminate
transcription of the viral genome, the nopaline synthase (NOS) terminator is most often used.
The assembly of the 35S promoter, the genome of the virus, and the NOS terminator in a suitable

vector should produce an infectious viral clone.
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Verification of infectivity should be conducted after assembly to ensure a functional
infectious vector. Initial visual symptoms appear between 7-14 days post infection, usually
presenting as mottling and chlorotic veins in newly emerging leaves. Viral RNA and protein can
be detected using RT-PCR and western blot, respectively, if an antibody is available to the virus.
Viral particles can be isolated using density centrifugation techniques (Berger & Shiel, 1998) to
prove their presence in infected plants. Infection resulting from rub inoculation and aphid
transmission from infected to healthy plants are also additional pieces of evidence that the newly

created clone is behaving like the wild-type virus.

1.8 - Toxicity of viral sequences

The early challenges of constructing viral clones were the lack of sequence independent
cloning methods as well as the poor fidelity of polymerases used for PCR. Modern high-fidelity
DNA polymerases such as Phusion and Q5 boast 20-100X fidelity when compared to wild-type
Taq polymerase (Ricardo et al., 2020), meaning that the chances of encountering crippling
mutations in a newly constructed infectious clone are very low. As well, a plethora of sequence
independent techniques are now widely available. The last, and perhaps most difficult hurdle to

overcome is that long, viral sequences are often toxic to the organism used during assembly.

Toxicity of viral sequences was observed early in the development of viral vectors.
During the cloning of beet necrotic yellow vein virus (BNYVV) (Ouillet et al., 1989),
researchers were unable to clone RNA2 of the quadripartite plant virus. They had attempted to
clone RNA?2 in two separate parts, neither one of which was toxic on its own. However, upon
combining the cDNA into the full-length RNA2, toxicity was observed. They speculated that one
portion of RNA2 contained the peptide toxic to bacteria, while the other had an adventitious

prokaryotic promoter driving the expression of the toxic peptide. Animal virus clones have also
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been known to induce toxicity when cloned in E. coli. Dengue fever virus, a 10 kb ssRNA
flavivirus, was recognized early on to be difficult to clone due to toxicity (Lai et al., 1991) and

has remained problematic.

To date, the working hypothesis is that toxicity encountered during cloning of large viral
sequences is due to the presence of cryptic bacterial promoters (Li et al., 2011; Miinster et al.,
2018). E. coli is the most common organism for the construction of viral clones and is therefore
of particular interest when investigating cryptic promoters. E. coli RNA polymerase complexes
with several sigma factors to recognize various types of promoters under differing environmental
conditions. Sigma 70 is the most common of the sigma factors and recognizes the consensus
TTGACA-(17 bp spacer)-TATAAT (Djordjevic, 2011). The probability of a perfect Sigma 70
recognition site occurring in a 10 kb viral genome by chance is very low. However, the
recognition site can vary from the consensus and still drive high levels of transcription. When
examining ~300 experimentally validated E. coli promoters, the average number of matches to
the perfect consensus sequence was 7.9/12, with matches over 10 being quite rare (Lisser &
Margalit, 1993). As well, the length of the spacer between the -10 and -35 box varied between
15-19 bp. Based on a training set of 111 E. coli promoters, researchers found that a 250 bp
region could contain between 2 and 35 promoter-like signals. Therefore, the construction of
infectious viral clones will almost inevitably involve contending with the issue of spurious

transcription in E. coli.

Numerous strategies to clone toxic viral sequences have been employed. Many E. coli
strains exist commercially that have been developed for tasks such as protein expression (BL21),
cloning of repetitive DNA (STBL) and copy number reduction for cloning toxic proteins

(ABLE) (Aubry et al., 2015). Empirically testing the strain of E. coli used to generate the
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infectious clone can be helpful in overcoming toxicity. For potyviral infectious clones DH10b
has become a standard strain and is able to produce full-length clones where DH5a fails (Blawid
& Nagata, 2015). Another strategy is to vary the copy number of the viral vector in E. coli by
choosing low-copy backbones. This was employed in the successful generation of a stable

yellow fever virus clone (Bredenbeek et al., 2003).

The most widely adopted method for overcoming toxicity is the insertion of introns into
the viral genome during cloning. The intron is thought to interrupt the translation of toxic
proteins in E. coli, while being spliced out within the plant host, to reconstitute an infectious
virus. This method has been employed with animal viruses (Yamshchikov et al., 2001) and more
commonly with plant viruses (Johansen, 1996; Lopez-Moya & Garcia, 2000). Intron insertion
must be performed empirically to determine a position within the viral genome that stabilizes the
clone (Johansen & Lund, 2008). In the case of lettuce mosaic virus (LMV), intron insertion was
not necessary to retrieve a stable clone and actually slowed the rate of infection (Yang et al.,

1998).

The most direct way to reduce or eliminate toxicity is to find and silently mutate the
offending cryptic promoters. In one instance, an almost perfect Sigma 70 promoter was found in
an isolate of potato virus Y (PVY) (Ali et al., 2011). When mutated, fully infectious and stable
clones were recovered. Unfortunately, finding obvious promoters in a large viral genome is not
trivial. One method employed involved breaking down the dengue virus genome into small 300
bp portions and cloning them upstream of a luciferase promoter (Pu et al., 2011). Using this
technique, researchers found a promoter in one of the 300 bp fragments and silently mutated it,
allowing the 3 kb portion of the dengue fever virus to be cloned. A drawback of this method is

that it does not scale well for long RNA viruses like potyviruses or full-length dengue fever
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virus, which are both approximately 10 kb long. Moreover, cryptic promoters can exist on either

strand of the dsDNA viral clone, doubling the number of search windows.

1.9 — Goals of study

Pokeweed is a plant with significant potential application in medicine, agriculture and
bioremediation. Unfortunately, no transgenic pokeweed plants have been generated with
knockouts of PAP or other key proteins involved in stress response. Viral vectors are an
attractive alternative to the generation of fully transgenic plants since they allow the knock down
and overexpression of specific proteins. The goal of this study is to generate an infectious viral

clone of PkMV to be used as a molecular tool to study pokeweed proteins in planta.

This project is divided into two parts:

1) Construct the first infectious clone of PkMV and demonstrate its infectivity.
2) Stabilize the PKMV clone by developing a high-throughput screening method to detect

cryptic bacterial promoters in viral sequences.
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2.1 - Abstract

The American pokeweed plant (Phytolacca americana) is resistant to several biotic and
abiotic stressors. Investigation of the genes involved in defense would be aided by transient or
stable over/under expression in pokeweed; however, there are no established protocols for
generating transgenic pokeweed plants. Pokeweed is infected by pokeweed mosaic virus
(PkMYV), a potyvirus with recent genome sequence of some isolates. In this work, the complete
coding sequence of the Arkansas isolate was determined and the first infectious clone of PkMV
constructed. Agroinfiltration of the clone into pokeweed leaves produced the typical chlorotic
mottling and systemic movement through the plant, indicative of infection by PkMV. Viral
particles of purified preparations, isolated from plants inoculated with the infectious clone, were
morphologically identical to PkMV, and presence of viral RNA and proteins were verified by
RT-PCR and immunoblot assay. The clone-generated virus particles were successfully
transmitted by aphids to healthy pokeweed plants. Agroinfiltration of the infectious clone
encoding the open reading frame of enhanced green fluorescent protein (eGFP) resulted in
systemic expression of eGFP and supports the introduction of foreign genes or siRNA in
pokeweed. Construction of an infectious clone of PkMV facilitates creation of a viral vector to
manipulate expression of pokeweed genes involved in defense, to better understand how

pokeweed resists pathogens and abiotic stress.
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2.2 — Body

The American pokeweed plant (Phytolacca americana) is a perennial herb native to
eastern North America and has become naturalized, and often invasive, in parts of Europe and
eastern Asia (Bentley et al., 2015). The plant is tolerant of heavy metal contaminated soils, and is
a hyperaccumulator of cadmium and manganese (Dou et al., 2009; Zhao et al., 2011). A
transcriptome-wide study of cadmium-treated plants showed the upregulation of gene products
that chelate and transport heavy metals, characteristic of hyperaccumulators (Chen et al., 2017).
Pokeweed is resistant to infection by some viruses and fungi which is due, in part, to synthesis of
a ribosome-inactivating protein called pokeweed antiviral protein (PAP) (Endo et al., 1988;
Stirpe, 2013). Expression of PAP in heterologous plants such as tobacco limits infection by
potato virus X and the fungal pathogen Rhizoctonia solani (Wang et al., 1998; Zoubenko et al.,

2000)

PAP expression is increased in pokeweed treated with jasmonic acid, a hormone involved
in defense against herbivores and necrotrophic pathogens (Neller et al., 2016). Several other
genes involved in defense are also upregulated, including pathogenesis related protein,
chitinases, proteinases, peroxidases, and terpenoid biosynthesis enzymes. Examining the
contribution of these genes to pokeweed hardiness would be assisted by either over- or under-
expression; however, no established protocols for transformation of pokeweed exist. Therefore,
we turned our attention to cloning a virus that infects this plant, from which a viral vector could

be developed for transient transformation of pokeweed.
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Pokeweed is infected by pokeweed mosaic virus (PkMV), a potyvirus of the family
Potyviridae, genus Potyvirus, species Pokeweed mosaic virus. Recently, the genomes of isolates
from Maryland, New Jersey and Pennsylvania were sequenced (Di, 2016; Xu et al., 2012). Here,
complete coding sequence and construction of an infectious clone of the Arkansas isolate of
PkMYV is presented. Agroinfiltration of the clone into pokeweed leaves showed chlorotic
mottling, typical of infection with PkMV. Electron micrographs illustrated filamentous particles
with dimensional ratios characteristic of potyviruses, indicating that progeny virions were
successfully formed in infected pokeweed leaves. In addition, these clone-generated particles
were aphid-transmitted to healthy pokeweed plants, and introduction of eGFP ¢cDNA to the clone
resulted in systemic expression of the fluorescent protein. Together, these data confirm

generation of the first PkMV infectious clone.

Description of sequencing the PkMV-AR isolate and constructing the clone follow, with
all primers used in this study listed in Supplementary Table 1. The Arkansas isolate of PkMV
was purchased from ATCC (PV-141) and rub-inoculated onto the third true leaves of intact
pokeweed plants. After 14 days, uninoculated emerging leaves showing signs of infection with
wrinkling along the mid-vein and chlorotic mottling throughout, were harvested for virus particle
preparation. Viral particles were collected by sucrose gradient centrifugation, as described in the
general potyvirus purification protocol (Berger & Shiel, 1998). To sequence the Arkansas
isolate, 3> RACE was first performed on viral RNA extracted from purified virus preparations,
following the GeneRacer protocol (Thermo Fisher Cat#: L150201). The RNA was reverse
transcribed with a poly-d(T) adapter primer (primer Al; Supplementary Table 1) and Superscript

III reverse transcriptase (Thermo Fisher Cat#: 18080093). PCR was performed with Q5 DNA
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polymerase (NEB Cat#: M0491S), a 5’ proximal primer specific to the Pennsylvania isolate (A2)
and a primer specific to the adaptor (A3). The PCR product was sequenced and a reverse primer
(A4), 3’ proximal from the initial forward primer and based on Arkansas isolate sequence, was
designed and used for another PCR with a more 5” proximal primer (AS5) based on Pennsylvania
isolate sequence and the original Arkansas isolate cDNA as template. A third round of walking
was performed with a reverse primer (A6), 3’ proximal to the second forward primer (AS5) and
based on Arkansas sequence, and a 5’ primer based on consensus sequence of published PkMV
5’ termini (A7). Several attempts at 5S’RACE of PkMV-AR were unsuccessful, likely due to the
presence of VPg covalently linked to the 5° end of the genomic RNA; therefore, the 5’ consensus
sequence was used as primer in the third PCR. This primer walking strategy was used to produce
three separate overlapping PCR products. Care was taken to avoid designing Arkansas isolate-
specific reverse primers close to the Pennsylvania isolate-based forward primers so that in silico
construction of the viral sequence from the three overlapping PCR products was based on
sequence specific to the Arkansas isolate. Apart from 30 nts of the 5’ terminal consensus
sequence (the A7 primer), all sequence of the genome is specific to the Arkansas isolate. The
resulting sequence of PkMV-AR was used to design primers for subsequent cloning of the viral

genome.

To clone the Arkansas isolate, PkMV-AR RNA was reverse transcribed with primer B1
and Superscript III (Thermo Fisher Cat#: 18080093). PCR was performed with two primer pairs
(B1, B2; B3, B4) designed to amplify the PkMV-AR ¢cDNA in two fragments with a 30 bp
overlapping region. pCambia0305.2, chosen as the destination vector, was amplified by PCR

with primers B5 and B6, designed to remove the GusPlus exon and create 30 bp overlapping
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sequence complementary to the 5° and 3’ fragments of the viral genome. After Dpnl treatment
and low-melt agarose purification, the vector, and the 5’ and 3’ fragments of the viral DNA were
combined with HiFi DNA Assembly Master Mix (NEB Cat#: E2621S). Gibson assembly, a
sequence-independent method, was chosen to clone PkMV-AR and the assembled clone was
electroporated directly into Agrobacterium tumefaciens, strain Agll, as described recently (Tuo
et al., 2017). Plasmid DNA was extracted from transformed Agrobacterium and PCR performed
to detect the 5°- and 3’- fragments of PkMV c¢cDNA, with the same primers used for cloning (B1-

B4). A flowchart of the cloning strategy is illustrated in Figure 4.

The entire PkMV-Ag01 plasmid DNA was sequenced by Illumina high throughput
sequencing, and the 75 bp, paired-end reads were assembled with Geneious software. The
assembled sequence aligned perfectly with the sequence initially obtained from primer walking.
The nucleotide sequence of PkMV-AR clone was deposited to NCBI (accession# MG189944).
PkMV-AR shares only 85% nucleotide identity and 95% protein identity with the Maryland,
New Jersey, and Pennsylvania isolates, and is more divergent in sequence than the other three
isolates, which share 97% protein identity. PkMV-AR has the genome organization of other
potyviruses (Figure 5; Xu et al., 2012), and based on previously published phylogenetic trees of
potyvirus polyprotein sequences, PkMV-AR is closely related to tobacco etch virus and potato
virus A (Gibbs et al., 2015; Xu et al., 2012). To determine whether the viral clone was
biologically active, Agrobacterium transformed with PkMV-Ag01 was infiltrated into the third

true leaf of intact pokeweed plants.
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Figure 4 - Cloning strategy for PKMV-AR. Viral RNA was extracted from purified virus
preparation of native PkMV-AR and amplified in two fragments, by RT-PCR using virus RNA-
specific primers. 5’ and 3’ fragments were inserted into the pCambia0305.2 vector backbone
between the 35S promoter and NOS terminator using Gibson assembly. The plasmid was
electroporated into Agrobacterium, and colonies were screened for the PkKMYV insert. Colonies

bearing positive clones were sequenced and infiltrated into leaves of pokeweed plants.
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nucleotides and shares the common potyvirus genome organization. The viral RNA is translated

by host machinery into a single polyprotein, which is cleaved by viral encoded proteases. Arrows

indicate amino acid cleavage sites. Shaded boxes represent 5° and 3° UTR, respectively. B1-B4

and C1-C2 indicate location of primers used for cloning and validation of infection, respectively.
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After 14 days, non-infiltrated emerging leaves showed wrinkling and chlorotic mottling
(Figure 6A; PkMV-Ag01 infected). These symptoms were comparable with positive control
plants that were rub-inoculated with purified PkMV-AR virus preparation (PkMV-AR infected).
As negative controls, plants were uninoculated or agroinfiltrated with empty vector; these plants
did not develop symptoms. As a test of infectivity, green peach aphids (Myzus persicae) were
exposed to symptomatic pokeweed plants inoculated with the PkMV-Ag01 clone. Healthy,
uninfected plants were then introduced and the aphids permitted to feed freely on the healthy
plants. Fifteen days later, mosaic mottling of leaves was evident on the previously healthy plants
(PkMV-Ag01 aphid transmitted). To avoid the possibility of contamination among plants of
different treatments, aphid transmission experiments were conducted in a greenhouse, separate
from plants infected with PkMV-AR or PkMV-Ag01, which were maintained in growth
chambers. Transmission of progeny virus by the insect vector shows that the infectious clone of

PkMYV is fully functional and biologically active.

To confirm that mosaic symptoms were caused by potyvirus infection, viral particles
were isolated from non-infiltrated emerging leaves of plants agroinfiltrated with PkMV-AgO1,
again by sucrose gradient centrifugation (Berger & Shiel, 1998). Particles were concentrated by
centrifugation and applied to copper grids, stained with uranyl acetate, and visualized with a FEI
3D Quanta FEG electron microscope. PkMV has filamentous particles, approximately 30 nm in
width by 700 nm in length, bearing the classic morphology of potyviruses (Figure 6B). Viral
RNA was extracted from purified virus preparation and separated on a 1% agarose gel. The
presence of a band at approximately 9.5 Kb correlates well with the expected size of the PkMV

genome at 9516 nucleotides (Figure 6C).
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Figure 6 - Symptoms of infection with PkMV-Ag01 and aphid transmission. A) Leaves of
intact pokeweed plants at the 3-4 leaf stage were infiltrated with transformed Agrobacterium
bearing the viral clone. After 14 days, newly emerging leaves showed characteristic mosaic
symptoms (PkMV-Ag01 infected). Leaves of pokeweed following aphid transmission of the
clone-derived progeny virus also showed chlorotic mottling (PkMV-Ag01 aphid transmitted).
Positive control leaves were rub-inoculated with purified virus preparation (PkMV-AR infected).
Negative control leaves were either uninoculated or agroinfiltrated with an empty plasmid. B)
Purified virus preparation isolated from plants agroinfiltrated with PkMV-AgO1. Following
purification through a sucrose gradient and concentration by centrifugation, particles were
applied to copper grids, stained with uranyl acetate, and viewed at 50,000X with an electron
microscope. C) Viral RNA was extracted from purified virus preparation isolated from plants
agroinfiltrated with PkMV-Ag01, and separated on 1% agarose in denaturing RNA loading dye
with ssSRNA ladder (NEB) to estimate size of RNA.
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To further validate PkMV infection, total RNA was isolated from emerging symptomatic
leaves and reverse transcribed with C2 primer, followed by PCR with C1 primer and the same
reverse primer, to amplify a PkMV-specific region of RNA spanning nucleotides 4676-5175.
Products of the expected size were evident from samples of plants agroinfiltrated with viral
clones (Figure 7A; clones Ag01, 02 and 03) and from plants inoculated directly with purified
virus preparation of native PkKMV-AR. RNA was also isolated from clone-derived purified
progeny virus preparation (PkMV-Ag01 particles) and tested for the PkMV-specific region by
PCR. Negative control samples were either uninoculated or agroinfiltrated with empty vector. In
addition, pokeweed cell lysates were examined by immunoblotting for the presence of PkMV
coat protein using a monoclonal antibody directed against a conserved peptide found in coat
proteins of many potyviruses (1:2000; Agdia cat# CAB 27200; Figure 7B). Non-infiltrated
emerging leaves of plants agroinfiltrated with viral clones also expressed viral coat protein. An
additional, higher molecular weight protein was observed in total cell lysates, suggesting that the
antibody also detected the PkMV polyprotein intermediate or a host protein strongly associated
with viral coat protein. Taken together, these results show that viral clones of PkMV are
infectious and that progeny viral particles are synthesized that can move systemically through
pokeweed.

To test the possibility of developing the PkMV clone into a viral vector to express foreign
genes or siRNA in pokeweed, the open reading frame (ORF) of enhanced green fluorescent
protein (eGFP) was inserted into the PkMV infectious clone. Addition of eGFP between P1 and
HC-Pro was based on previously published work demonstrating this region as a viable insertion

site (Figure 8 A, B; Beauchemin et al. 2005).
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Figure 7 - Validation of PkMV-Ag01 infection. A) Total RNA was isolated from newly
emerging leaves of pokeweed plants 14 days after agroinfiltration with PkMV-Ag01 and used as
template for RT-PCR with PkMV RNA-specific primers (PkMV clones). As positive controls,
RNA was isolated from clone-derived progeny virus preparation (PkMV-Ag01 particles) and
plants infected with native particles (PkMV-AR infected). Negative control leaves were either
uninoculated or agroinfiltrated with an empty plasmid. PCR products were separated through 1%
agarose and visualized with ethidium bromide. B) Total cell lysate from pokeweed leaves (60
ng) was separated through 12% SDS-PAGE, transferred to nitrocellulose and probed with
monoclonal antibodies specific to potyvirus coat protein (1:2000) and B-actin (1:2000; as loading

control). The same experimental and control samples were used as in A.
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With the PkMV-Ag01 clone as template, two PCR fragments were synthesized spanning
the vector backbone and insertion site, using primers for fragment 1 (D1, D2) and fragment 2
(D3, D4). Using pCambia-eGFP as template, a third PCR product was synthesized containing the
ORF of eGFP, with PkMV sequence at the 5’ and 3’ ends introduced with primers D5 and D6
and overlapping the insertion site. PCR products were purified with low melt agarose and
combined with HiFi DNA Assembly Master Mix (NEB). As with PkMV-Ag01, Gibson
assembly was chosen to clone PkMV-eGFP. The assembled clone was electroporated directly
into Agrobacterium tumefaciens, strain Agll (Tuo et al., 2017). Colonies were selected and
insertion of eGFP was confirmed with PCR using the same primers to amplify eGFP (D5, D6).
Agrobacterium bearing PkMV-eGFP was agroinfiltrated into the third true leaf of intact
pokeweed plants, as described for the PkMV-Ag01 clone.

After 14 days, non-infiltrated emerging leaves exposed to 450 nm light and viewed
through a GFP bandpass filter (525AF30RED/EM930) showed fluorescence associated with
eGFP expression (Figure 8C). This fluorescence pattern was specific to PkMV-eGFP and absent
from leaves agroinfiltrated with PkMV-Ag01 or rub-inoculated with native PkMV-AR virus
preparation. Leaf cell lysates probed with a polyclonal antibody specific to GFP (1:5000, Cell
Signaling, cat# 2555) confirmed its presence in PkMV-eGFP agroinfiltrated plants (Figure 8D).
The expression and systemic movement of eGFP supports the potential of PkMV-Ag01 as a viral
vector, to transiently over-or under-express specific genes in pokeweed. Therefore, the infectious
clone of PkMV will facilitate investigation of function of pokeweed genes that mediate stress

response.
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Figure 8 - PkMV-eGFP design and infection. A) Nucleotide and amino acid sequence of eGFP
N- and C-terminal boundaries. Uppercase and lowercase letters denote PkMV and eGFP
sequences, respectively; bold and underline indicate protease recognition sequences; dashed lines
denote the protease cut sites. B) eGFP is excised from the PkMYV polyprotein by P1 and Nla-Pro
proteases. C) Leaves of intact pokeweed plants at the 3-4 leaf stage were either agroinfiltrated
with PkMV-Ag01 or PkMV-eGFP, rub-inoculated with native particles (PkMV-AR infected), or
uninoculated. After 14 days, emerging leaves were observed under white light or blue light (450
nm) with a GFP bandpass filter. D) Total cell lysate from pokeweed leaves (60 pug) was
separated through 12% SDS-PAGE, transferred to nitrocellulose and probed with polyclonal
antibody specific to GFP (1:5000) and monoclonal -actin antibody (1:5000; as loading control).

The same experimental and control samples were used as in C, indicated by numbers 1-5.
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3.1 — Abstract

Infectious plant virus clones are challenging to construct and manipulate due to the
presence of cryptic promoter sequences that induce toxicity in bacteria. Common methods to
overcome toxicity include intron insertion to interrupt toxic open reading frames and the use of
Rhizobium or yeast species that do not recognize the same cryptic promoters. Unfortunately,
intron insertion must be attempted on a trial and error basis within full-length clones and may
change the infection characteristics of the virus. We have developed a facile method that can
detect multiple cryptic bacterial promoters within large virus genomes. These promoters can then
be silenced to obtain infectious clones that can be manipulated in E. coli. Our strategy relies on
the generation of a viral library which is cloned upstream of either an eGFP open reading frame
for low-throughput analysis or chloramphenicol for next generation sequencing. Pokeweed
mosaic virus (PkMV), a 9.5 Kb ssRNA potyvirus, was used as a proof of concept. We found 16
putative promoter regions within 150-250 bp library fragments throughout the PkMV genome.
5’RACE allowed identification of the promoter sequence within each fragment, and subsequent
silencing produced infectious clones. Our results indicate that cryptic promoters are ubiquitous
within large viral genomes and that promoter screening is a desirable first step when constructing
a viral clone. Our method can be applied to large plant and animal viruses as well as any DNA

sequence for which low level of background transcriptional activity is required.
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3.2 - Introduction

The development of infectious plant virus clones has been pivotal in understanding plant-
pathogen interactions as well as harnessing the biotechnological potential of plants. Infectious
viral clones provide a consistent way of infecting plants with genetically altered forms of a virus
to study aspects of virus biology such as viral movement (Cotton et al., 2009) and host response
(Zilian & Maiss, 2011), in addition to applications such as protein overexpression (Tourifio et al.,
2008) and gene silencing (Gammelgard et al., 2007). Infectious clones of plant RNA viruses are
primarily cDNA copies of viral genomes (Pasin et al., 2019) inserted into a plasmid with
requisite promoters and terminators that enable expression and infection within the plant. The
viral clone can be delivered by rub inoculation (Scholthof, 1999), particle bombardment (Tuttle
et al., 2012) or agroinfiltration (Bordat et al., 2015). Comprehensive methods for infectious clone

and viral vector delivery have been reviewed recently (Abrahamian et al., 2020).

The first plant virus clones were constructed with traditional restriction enzyme cloning,
requiring sequential cloning of viral fragments. A significant advancement in generation of plant
virus plasmids was the use of sequencing independent cloning techniques such as Gibson
assembly (Blawid & Nagata, 2015). This method allows the assembly of long viral genomes in a
single cloning reaction. Unfortunately, one significant bottleneck remains in the generation and
manipulation of viral clones, specifically the toxicity often encountered with plasmid generation
in E. coli. Toxicity in E. coli due to the presence of viral sequences has been observed early in
infectious clone development for both plant (Ouillet et al., 1989) and animal (Chambers et al.,
1990) viruses. It is hypothesized that this toxicity is due to the presence of cryptic bacterial

promoters (Fakhfakh et al., 1996), driving transcription and subsequent translation of toxic
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products. The resulting viral clones are recovered with mutations or deletions and are often non-

infectious. However, the exact mechanism of toxicity in E. coli is not well understood.

Several strategies have been used to counter this toxicity, including the use of alternate E.
coli strains (Aubry et al., 2015), low copy number plasmids (Gritsun & Gould, 1998), assembly
in yeast (Tuo et al., 2015) or Agrobacterium (Rhizobium radiobacter) (Tuo et al., 2017), intron
insertion (Johansen, 1996), and silent mutagenesis (Pu et al., 2011). Varying E. coli strains and
plasmid backbones aim to reduce the level of toxicity to permit manipulation of viral clones.
However, the choice of backbone and strain must be determined empirically for new viral clones.
Assembly of clones in Agrobacterium or yeast is useful for the initial generation of an infectious
clone, but is hampered by poor plasmid yield, which slows further manipulation and targeted
mutagenesis of the clone (Sripriya et al., 2011). Intron insertion is the most widely adopted
strategy, however the location of insertion is often determined on a trail and error basis
(Johansen, 1996). Silent mutagenesis is the most direct approach of curing toxic cryptic
promoters and is generally accomplished by subdividing the viral genome into smaller parts,
detecting the presence of promoters with reporter genes and finally silently mutating them (Pu et
al., 2011). This approach, while ultimately the most effective, is extremely labor intensive when
applied to large RNA viruses such as potyviruses. Potyviruses are a large group of plant viruses

whose members cause significant damage to agricultural crops (Nicaise, 2014).

We therefore developed a method that allows for the rapid detection and silencing of
cryptic bacterial promoters within large plant virus genomes. This method may be performed in a
low-throughput manner, by cloning a viral cDNA library upstream of a eGFP open reading
frame, which allows screening of transformed E. coli by eye. A complementary, high-throughput

approach utilizes the same cDNA library cloned upstream of a chloramphenicol resistance open
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reading frame, allowing surviving colonies to be collected en masse for next generation
sequencing. Both approaches effectively construct putative promoter region (PPR) maps of the
viral genome. The location of promoters within PPRs is then determined by identification of
transcription start sites immediately downstream of cryptic promoter sequences. Identified
promoters are then silenced during the generation of the viral clone. This method allows the
construction of infectious viral vectors that can be manipulated without rearrangement in E. coli,
and 1s applicable to plant and animal viruses as well as any DNA sequence shown to be toxic

during cloning.

3.3 - Material and Methods

Viral particle isolation

Viral particles were isolated from leaves of 12-14 leaf pokeweed plants infected with the
pokeweed mosaic virus (PkMV) Arkansas (AR) isolate of the family Potyviridae, genus
Potyvirus 30 dpi. Viral particles were collected by sucrose gradient centrifugation, as described
in the general potyvirus purification protocol (Berger & Shiel, 1998). Following isolation,
purified particles were either processed immediately for RNA isolation or stored in 50% glycerol

at -20°C.

RNA isolation

Viral RNA was extracted with the hot phenol method detailed in the general potyvirus
purification protocol (Berger & Shiel 1998). Viral RNA was resuspended in RNA storage buffer
(22.5 mM DTT, 1 mM Citrate pH 6.3), quantified with a Nanodrop spectrophotometer and stored

at -40°C. Integrity of RNA was checked by visual observation following separation of 0.5 pg of
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RNA in 1X RNA loading dye (47.5% formamide, 0.5 mM EDTA, 0.01% SDS, 0.01%

bromophenol blue. 0.005% xylene cyanol) on a 1.5% agarose gel.

Reverse transcription

Viral RNA (100 ng) was combined with 1 pL of 50 pM random hexamers (NEB Cat#:
S1230S) and 1 pL of 10 mM dNTPs in a total volume of 13 pL.. RNA was denatured at 65°C for
10 minutes and placed immediately on ice. To the sample, 4 pL of 5X Superscript IV buffer, 1
puL 0.1 M DTT, 200 U of Superscript IV reverse transcriptase (Thermo Cat #: 18090010) and 40
U of murine RNase inhibitor (NEB Cat #: M0314S) was added. The sample was incubated at
room temperature for 10 minutes and then 50°C for 1 hour. After cDNA synthesis, the reaction
was stopped by heating to 80°C for 10 minutes. Afterwards, 5 U of RNase H (NEB Cat #:
M0297S) was added and the sample was incubated for an additional 30 minutes at 37°C. cDNA

was stored at -20°C until PCR amplification.

Viral library preparation

To prepare the viral library for promoter screening, the cDNA of the viral RNA was
diluted 1:10 with dH>O (v:v) and used as template for PCR amplification and addition of Golden
Gate adapter sequences. The PCR reaction was performed on 2 uL of diluted cDNA template
with 2 U of Q5 DNA polymerase (NEB Cat#: M0491S) according to manufacturer’s protocols
with 0.5 uM forward adapter primer (Lib-For; Table S1) and reverse adapter primer (Lib-Rev;
Table S1). All primers used in this study are listed in Supplementary Tables 2-5. The following
cycling parameters were used: first 5 cycles of an initial denaturation at 94°C for 90 seconds
followed by a ramp from 20°C to 70°C in 1°C increments with an incubation of 3 seconds at each

temperature. Afterwards, PCR proceeded with 40 cycles of denaturation at 94°C for 20 seconds,
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annealing at 58°C for 20 seconds, and extension at 72°C for 20 seconds. A final extension of 40
seconds at 72°C finished the reaction. Multiple reactions were pooled and PCR products purified
with the Biobasic PCR Products Purification Kit (Cat #: BS363), concentrated with vacuum
centrifugation and separated on a 1% low-melt agarose gel. PCR products between 200-500 bp
were excised and purified with the Biobasic Gel Extraction Kit (Cat#: BS353). Following

quantification with a Nanodrop spectrophotometer, libraries were stored at -20°C.

Positive and scrambled control DNA fragments were constructed by annealing top
(sense) strand primers (Pos-Top, Scr-Top; Table S1) and bottom (antisense) strand primers (Pos-
Bott, Scr-Bott; Table S1) at a final concentration of 10 pM of each primer in 1X annealing buffer
(25 mM MOPS pH 7.9, 5 mM EDTA) to a volume of 20 puL. Annealing was performed in a
thermocycler with the following protocol: 94°C for 90 seconds, ramp from 94°C to 74°C in 1°C
increments and 4 seconds per degree, followed by ramping from 74°C to 54°C at 1°C and 15
seconds per step and finishing with a ramp from 54°C to 34°C in 1°C increments and 30 seconds
per degree. Positive and scrambled control fragments were diluted 1:200 to a working

concentration of 50 fmol/puL.

Two reporter vectors were constructed for insertion of library and control fragments, one
encoding eGFP and the other encoding a chloramphenicol resistance gene. pGG-eGFP was
constructed by inserting a Golden Gate cloning site upstream of the Shine-Delgarno sequence
and eGFP reporter of the template plasmid pJ02B2Gm_AE (Iverson et al., 2015). pGG-Chl was
generated using pGG-eGFP as template by replacing the open reading frame of eGFP for the
chloramphenicol resistance open reading frame using Gibson assembly. Golden Gate cloning
was used to ligate the library and control fragments into the reporter vectors. In 20 puL, 1X T4

DNA Ligase buffer (50 mM Tris-HCI pH 7.5, 10 mM MgClz, 10 mM DTT, 1 mM ATP) was
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combined with 200 U of T4 DNA Ligase (NEB Cat#: M0202S), 10 U of Bsal-HFv2 (NEB Cat #:
R37338S), 50 fmol of vector (either eGFP or antibiotic reporter) and 150 fmol of insert library or
control DNA fragment. The vector contained a Golden Gate site inserted upstream of the eGFP
or chloramphenicol resistance ORF. The ligation was performed in a thermocycler with the
following protocol: 37°C for 3 minutes, 16°C for 6 minutes, 25 cycles of 37°C for 1.5 minutes
and 16°C for 3 minutes, 37°C for 6 minutes followed by heat denaturation at 80°C for 10
minutes. Each ligation (2 uL) was transformed into DH5a cells and plated on either LB agar
with 50 pg/mL kanamycin for eGFP screening, or LB agar with 50 pg/mL kanamycin and 210
pg/mL chloramphenicol for antibiotic screening. eGFP library plates were incubated at 37°C for
24 hours and left to mature at room temperature for 48 hours. Chloramphenicol library plates

were incubated at 37°C for 24 hours.

Low-throughput eGFP screening and sequenced reads alignment

Bacterial colonies transformed with the viral library or controls on LB kanamycin plates
were screened visually with a 470 nm LED light observed through a 510BP20 filter or through
orange-lensed glasses. Fluorescent colonies were picked and grown in small cultures of LB, 50
pg/mL kanamycin and plasmids isolated with the Biobasic Plasmid DNA Miniprep Kit (Cat #:
BS413). Resulting plasmids were Sanger sequenced with primers Lib-Seq-For and Lib-Seq-Rev
(Table S1) flanking the Golden Gate insertion site. Sanger sequencing results were aligned to the
PkMV genome using the ClustalO algorithm (Sievers et al., 2011). Regions with an
overrepresentation of aligned reads were chosen as putative promoter regions (PPRs) and used as

input for promoter identification.
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High-throughput antibiotic screening and sequenced reads alignment

Bacterial colonies transformed with the viral library or controls on LB
kanamycin/chloramphenicol agar plates were scraped by resuspending all colonies on a plate in 4
mL LB medium. Plasmid DNA was isolated using the Biobasic Plasmid DNA Kit and 2 ng of
isolated plasmid DNA was amplified with forward and reverse primers (NGS-For, NGS-Rev;
Table S1) using the following parameters: 94°C for 90 seconds, 12 cycles of 94°C for 30
seconds, 58°C for 30 seconds, 72°C for 30 seconds, with a final extension of 72°C for 1 minute.
Several PCR reactions were pooled and Cutsmart buffer (NEB Cat#: B7204S) was added to a 1X
concentration along with 20 U of Dpnl (NEB Cat #: R0176S) and incubated overnight at 37°C.
The PCR products were isolated with the Biobasic PCR Cleanup Kit, eluted and quantified with
the Nanodrop spectrophotometer. The samples were then sent for [1lumina next-generation
sequencing. [llumina paired-end sequencing was performed on the isolated PCR products (Bio
Basic Inc) and bioinformatics analysis was performed on a Galaxy server (Giardine et al., 2005).
Adapters were trimmed and reads with a quality score lower than 30 were discarded. Alignment
to the PkMV genome was performed with Bowtie2 (Langmead & Salzberg, 2012) and the output
was visualized with the Integrative Genomics Viewer (IGV, Thorvaldsdottir et al., 2013).

Overrepresented stacks of reads in the alignment were defined as PPRs.

Putative promoter identification and testing

TSO-5’RACE (template switching oligo 5’ rapid amplification of cDNA ends) was used
to experimentally identify the location of promoters within PPRs by obtaining +1 transcription
start sites. PPRs were PCR amplified from the PkMV genome with PkMV specific primers
(Table S2) using the following conditions: initial denaturation at 94°C for 90 seconds, cycling 35

times at 94°C for 45 seconds, 63°C for 30 seconds, 72°C for 60 seconds with a final extension of
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72°C for 120 seconds. PCR fragments were cloned into the eGFP reporter construct using
Golden Gate assembly and plated on LB agar, 50 ug/mL kanamycin. Total RNA extraction was
performed on high eGFP expressing colonies using the RNAsnap protocol (Stead et al., 2012).
Reverse transcription was performed on 100 ng of bacterial total RNA using the Template
Switching RT Enzyme Mix (NEB Cat#: M0466S), a TSO oligo (TSO; Table S2) and an eGFP
specific reverse primer (Lib-SR-RT; Table S2). The cDNA was used as template for PCR using
the manufacturers recommended protocol with adapter specific (TSO-For; Table S2) and eGFP
specific primers (RevA, RevAl; Table S2). Resulting PCR products were cloned into a pUC-19
vector, sequenced and aligned to the PKMV genome. At least 3 colonies were sequenced per PPR
to develop a consensus sequence. The first 50 bp upstream of the consensus +1 transcription start
site was designated as the promoter, synthesized as top (sense) and bottom (antisense) strand
oligos (Table S3) with Golden Gate adapter sites and ligated into the eGFP reporter construct to
test for promoter activity. As positive control, a strong Sigma 70 promoter
(TTGACAGCTAGCTCAGTCCTAGGTATAATGCTAGC ) was introduced 5’ of the eGFP
open reading frame and a corresponding randomly scrambled promoter sequence

(GATCGGATACGTACCTCGAGTTAATGCTACGCTAT) served as a negative control.

To quantify eGFP expression, promoters cloned into the eGFP construct were
transformed into DH5a and plated on LB agar, 50 pg/mL kanamycin. Colonies were
resuspended in 0.8% NaCl, diluted to an ODgoo of 0.2 and 200 pL of cells were placed into black
sided 96 well plates. The level of eGFP fluorescence was quantified using a Synergy H4 Hybrid
Reader with 480 nm excitation and 520 nm emission filters. eGFP fluorescence was normalized
to the ODgoo of each sample and means + S.E. were calculated for triplicate samples with four

technical replicates each. Promoters with high levels of eGFP fluorescence were chosen as
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targets for mutagenesis within the viral genome. Promoters with silent mutations were generated
as described above and the location of mutations were based on the approximate location of the -

10 and -35 box.

Generating cured PKMYV clones

Cured PKMV constructs were generated by PCR using PkMV-eGFP as plasmid template.
The first PCR section spanned from the most 5’ end of the virus to the identified cryptic
promoter (Primers: pLX-PkMV-F1-For and pLX-PkMV-F1-10F/11R-SM-Rev, Table S4) and
the second PCR section spanned from the cryptic promoter to the most 3’ end of the viral
genome (Primers: pLX-PkMV-F2-10F/11R-SM-For and pLX-PkMV-F2-Rev, Table S4). The
PCR program used was as follows: initial denaturation at 94°C for 90 seconds, cycling 35 times
at 94°C for 45 seconds, 63°C for 30 seconds, 72°C for 3 minutes with a final extension of 72°C
for 6 minutes. The resulting PCR products were gel purified as described above and 300 fmol
DNA was cloned into 50 fmol of PCR linearized pLX-B2-RFP vector (Primers: pLX-PkMV-
Vec-For and pLX-PkMV-Vec-Rev, Table S4) (Pasin et al., 2017) with TEDA cloning (Xia et al.,
2019). The assembled products were transformed into DH10B competent cells, plated on LB
agar, 50 pg/mL kanamycin and incubated at 30°C for 2 days. Colonies were selected and
screened by restriction digestion with Pvul-HF. Plasmids of the correct size, approximately 13.5

Kb, were transformed into Agrobacterium (Rhizobium radiobacter) for subsequent agroinfection.

Testing cured PKMYV clones for infectivity

Agroinfection

Agroinfection was performed as described (Tuo et al., 2017). Transformed

Agrobacterium colonies were selected and grown to an ODsoo of 1.0 in YEP medium, washed
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once with agroinfiltration buffer (10 mM MES pH 5.6, 10 mM MgCl, and 100 uM
acetosyringone), resuspended to an ODeoo of 0.5 with the same buffer and incubated in the dark
for 3 hours at room temperature. Agrobacterium cultures were syringe infiltrated into 4-leaf stage

pokeweed plants; symptoms appeared within 4-7 days post infection.

eGFP fluorescence viewing and immunoblotting

eGFP expression was visualized in infected plants by exciting the fluorescent protein
with a 470 nm LED and viewing through a 510/20 bandpass filter attached to a Canon Rebel SL2
camera. Expression of viral coat protein from the PkMV clones was detected by immunoblotting.
Approximately 20 mg of leaf tissue from infected pokeweed was macerated with 200 pL
Extraction buffer (25 mM Tris-HCI, pH 7.5, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 5%
glycerol). Crude lysate was centrifuged at 16,000 x g for 5 minutes to pellet insoluble matter.
Supernatant protein was quantified by Bradford Assay and 60 ug was separated through 12%
SDS-PAGE and transferred to nitrocellulose. Blots were probed for PkMV coat protein with a
monoclonal antibody directed against a conserved peptide of potyviral coat protein (1:2000;
Agdia cat# CAB 27200). Blots were stripped using 8 M guanidine hydrochloride and re-probed
with B-actin-specific monoclonal antibody (1:2000) as indicator of loading amount. Proteins

were visualized by chemiluminescence using a MicroChemi imager (DNR Micro Imaging).

3.4 - Results

We reported previously the construction of an infectious clone of PkMV in
Agrobacterium instead of E. coli because of toxicity we observed during cloning attempts in E.

coli (Klenov & Hudak, 2018). Indication that the PkMV genome (Figure 9A) causes toxicity in
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E. coli was visualized by plasmid DNA extraction from cells transformed with the wild-type
PkMYV vector and PCR amplification of three sections of the viral genome (1, 2 and 3).
Comparison of PCR fragment separation on agarose gel with fragments resulting from RT-PCR
performed with the same primers on viral RNA extracted from particles indicated that PCR
fragment derived from part 2 of the plasmid was reduced in length by approximately 3.5 Kb
(Figure 9B). This difference in size suggests that during cloning, a portion of plasmid DNA
within part 2 of the viral genome was deleted in E. coli. Instability of the clone suggested the

presence of cryptic promoters.
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Figure 9 — Region of toxicity in PKMV. A) The PKMV genome is 9516 bp long and shares the

genome organization typical of potyviruses. The ssSRNA is translated as a single polyprotein that
is cleaved into 10 viral proteins, with an 11% protein, PIPO, derived from a +2 frameshift. B)
Separation of DNA fragments generated by PCR of PkMYV plasmid isolated from E. coli or RT-
PCR of viral RNA isolated from PkMV particles. PCR/RT-PCR was performed in three sections
(1, 2 and 3) corresponding to the indicated regions of the PkMV genome. The brightest band on
the 1 Kb molecular weight ladder (MWL) indicates 3 Kb.
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Low-throughput promoter screening was performed as an initial step to identify these
cryptic promoters within the PkMV genome. Viral RNA was reverse transcribed with random
hexamers and the cDNA was amplified with PCR. PCR products between 200-500 bp were
cloned into an eGFP reporter vector (pGG-eGFP). E. coli transformed with the assembled
plasmids were viewed under blue light (Figure 10A, B). Compared to the negative control, a
sequence-scrambled promoter, many of the PkMV transformants produced fluorescent colonies
indicating promoter activity (Figure 11). The brightest colonies, as judged by eye, were selected
for plasmid isolation and Sanger sequencing. Approximately 40 individual colonies were
sequenced and the reads aligned to the PkMV genome (Figure 12A). Reads segregated into

stacks, defining areas of promoter activity within 200-500 bp regions of the PkMV genome.

As an alternative to the low-throughput screening, the high-throughput method was
performed in a similar manner, except that the viral library was size selected for 150-400 bp
fragments and cloned upstream of an antibiotic resistance marker in vector pGG-Chl. Surviving
colonies were collected en masse for plasmid isolation and the library was amplified for paired-
end Illumina sequencing (Figure 10A, C). Approximately 8 million sequence reads were aligned
to the PkMV genome and output files were visualized with the Integrative Genomics Viewer
(Figure 12B). The high-throughput screening method provided a higher resolution promoter
activity map of the PkMV genome, allowing the definition of 16 stacks of reads, corresponding
to 16 putative promoter regions (PPRs). The high-throughput PPRs were comparable with the
reads obtained from the low-throughput method particularly in regions encoding CI and CP of
the viral genome, with differences observed in the P3 and NIb encoding regions. PPRs 6-12 were
found to be within part 2 of the PkKMV genome suspected of toxicity and were selected for

further characterization.
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Figure 10 - Promoter screen of viral genomes. A) RNA was isolated from viral particles and
reverse transcribed with random hexamers, amplified with adapter primers and gel extracted. The
dsDNA viral library was then cloned using Golden Gate assembly into an eGFP or antibiotic
reporter plasmid. B) For low-throughput promoter screening, the eGFP library was transformed
into E. coli and colonies were observed under 470 nm light through a 510BP20 filter or orange
plastic filter. Colonies with high level of eGFP fluorescence were chosen for plasmid DNA
isolation and Sanger sequencing. C) For high-throughput promoter screening, antibiotic libraries
were plated on LB agar with chloramphenicol. Surviving colonies were scraped and their
plasmid DNA isolated. The plasmid pool was amplified at the Golden Gate insertion site and
[lumina sequenced (NGS). D) Sequencing reads from high- or low-throughput methods were
aligned to the viral genome and regions with an over-representation of reads were designated
putative promoter regions (PPRs). PPRs were selected and silently mutated to stabilize

subsequent viral clones.
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Figure 11 — Low throughput promoter screen of PKMV. The pool of amplified viral cDNAs

was cloned into the eGFP reporter vector and transformed into E. coli. Resulting colonies were
visualized under 470 nm light and colonies with high level eGFP fluorescence were chosen for
insert sequencing and alignment to the PkMV genome. Two populations of viral insert sizes are
shown (250-300 and 300-400 bp). Positive control was a strong Sigma 70 bacterial promotor and

the negative control was the randomly scrambled sequence of the positive control.
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Figure 12 — Alignment of high- and low-throughput sequencing reads to the PkKMV

genome. A) Sanger sequencing reads from colonies expressing a high degree of eGFP

fluorescence were aligned to the PkKMV genome using the ClustalO algorithm. B) NGS reads

were aligned to the PkMV genome with Bowtie2 and visualized with the Integrative Genomics

Viewer. Sequences containing PPRs, numbered 1 to 16, are indicated based on peaks identified

from high-throughput sequencing alignment.
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To determine the transcriptional strength of the putative promoters and the DNA strand
on which they occurred, PPRs 6-12 were amplified in both the forward and reverse orientation
and cloned into the eGFP reporter vector. Resulting fluorescence measurements indicated that
some PPRs showed minimal promoter activity, whereas levels of fluorescence of PPRs 10F and
11R were comparable to the positive control, a strong constitutive E. coli promoter (Figure 13).
There was no sequence similarity among these PPRs apart from the presence of -10 and -35
boxes. As well, promoter activity occurred on either the sense or antisense DNA strand of the

infectious viral clone, a factor not often considered when searching for cryptic promoters.
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Figure 13 — Promoter activity of identified PPRs within broad toxic region in Part 2 of the
PKkMYV genome. PPRs 6-12 were selected and cloned in forward (F) and reverse (R) orientation
into the eGFP reporter vector and transformed into E. coli. Resulting colonies were resuspended
in saline solution and fluorescence quantified with a 96 well plate reader. Fluorescence values,
normalized to ODsoo for each culture, are means +/- S.E. for three replicates per sample. Positive
control (Pos) was a strong Sigma 70 promoter, scrambled control (Scr) was the positive control
sequence randomly scrambled, no insert control (NI) was the eGFP reporter vector with no

insert, and pLK-1 is a small cloning vector with no eGFP ORF.
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The exact location of the cryptic promoters within the PPRs showing a high level of
eGFP fluorescence was determined by identifying the transcription start site downstream of these
promoters. TSO-5’RACE was performed on total RNA isolated from E. coli carrying PPR eGFP
constructs and the first 50 bp upstream of the identified +1 transcription start site was defined as
the promoter (Table 1). These promoter sequences were silently mutated within their -10 and -35
boxes and cloned into the eGFP reporter construct alongside their wild-type counterparts to
measure promoter strength and determine if silencing was effective. In all cases, the levels of
eGFP fluorescence were high for wild-type promoters and substantially reduced following the

introduction of silent mutations.

Figure 14A illustrates the strategy to introduce mutations within the genome to silence
cryptic promoters. A viral clone or reverse-transcribed viral RNA is amplified by PCR using
primers designed to bear silent mutations in the cryptic promoter. Resulting DNA fragments are
assembled with Gibson assembly, transformed into E. coli and screened for infectivity. The
introduction of silent mutations into cryptic promoters found within the PkMV genome enabled
cloning and manipulation of the genome in E. coli without toxicity. However, it was imperative
that the viral clone remained infectious in plants. To determine whether silencing the identified
promoters produced infectious clones, PkMV-eGFP, a wild-type clone with eGFP open-reading
frame inserted between P1 and HC-Pro genes (Klenov & Hudak, 2018) was mutated to silence
promoters 10F and 11R, as an example of the method. Both mutant clones bearing silent
mutations within promoters 10F or 11R were generated entirely in E. coli, producing colonies
with consistent growth and no detectable deletions of the viral genome. When agroinfiltrated into
pokeweed leaves, these clones produced eGFP fluorescence indicative of successful infection in

plants (Figure 14A). As well, cell lysates of leaves agroinfiltrated with mutant PkMV-eGFP
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clones and probed with potyvirus-specific antibody indicated the presence of viral coat protein
(Figure 14B). Taken together, these results illustrate that introduction of silent mutations into
identified cryptic promoters allows for manipulation of the viral clone in E. coli while

maintaining the infectious nature of the clone in plants.

Table 1 — Identified cryptic promoters and their silenced sequences. TSO-5’RACE was
performed on PPRs to identify location of -10 and -35 promoter elements (underlined). Silent
mutations (SM) are indicated in grey highlight. Promoter fragments were cloned into an eGFP
reporter plasmid, transformed into E. coli, and fluorescence was quantified. Values indicate
means + S.E. for three biological replicates and four technical replicates each. Arrows indicate
decrease in fluorescence relative to the wild-type (WT) cryptic promoter. Positive control (Pos)
was a strong Sigma 70 promoter, scrambled control (Scr) was the positive control sequence
randomly scrambled, no insert control (NI) was the eGFP reporter vector with no insert, pLK-1

is a small cloning vector with no eGFP ORF.

eGFP Fluorescence

PPR -35 Box -10 Box (AU)
OR-WT |GGGATCTTGACATTTTCTGGTATTGTTGTACCAATCAAATTCCTGTAATT 1065+ 16
9R-SM [GGGATCTTGACATTTTCTGGGATCGTTGTACCAATCAAATTCCGGTAGTT 1405+ 15
10F-WT [TAGGCAGATTGACTATGGCTCAGGCCACCAAAGTAGCATACACTTTGCAA 3708 =373
10F-SM |TAGGCAGACTAACGATGGCTCAGGCCACCAAAGTCGCTTACACTTTGCAA 1945+ 143
11R-WT|CTGAAGAATTTCAATATTTTCTGCCGTGTGATTCCGTGTATAATGACTTC 3448 + 35

11R-

SM1 |CTGAAGAATTTCAATATTCTCCGCCGTGTGATTCCGTGTGTAATGACTTC 13345
12F-WT [AGTTAGGCTATGAGGTGCACGCTGATGATGATACAATAGAACATTTCTTT 3416 + 225
12F-SM |AGTTAGGCTACGAGGTGCACGCTGATGATGACACCATAGAACATTTCTTT 1540+ 16

Pos TTGACAGCTAGCTCAGTCCTAGGTATAATGCTAGC 2792 £ 226

Scr GATCGGATACGTACCTCGAGTTAATGCTACGCTAT 425+9
NI  [N/A; pGG-eGFP without insert 543 £ 10
pLK-1 |N/A; cloning vector without eGFP ORF 300+ 16
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Figure 14 — Silencing of cryptic promoters stabilizes plant virus clones. Following detection
of a cryptic promoter in a viral genome, silent mutagenesis using Gibson assembly can stabilize
the clone in E. coli. A) A previously isolated viral clone or reverse-transcribed viral RNA can be
used as template for PCR with primers bearing the silent mutations in the cryptic promoter (red
with black vertical line). Fragments are assembled with Gibson assembly, transformed into E.
coli and screened for infectivity. B) PkMV-eGFP clones with mutations silencing promoters 10F
(10F-SM) or 11R (11R-SM) were agroinfiltrated into 4-leaf stage pokeweed plants. Negative
control was an uninfected pokeweed, the positive control was unmodified PkMV-eGFP
originally constructed in Agrobacterium. C) After 14 dpi, fluorescence was observed with a 470
nm LED and 510/20 nm filter attached to a Canon Rebel SL2 camera. B) Total cell lysate from
pokeweed leaves (60 pg) was separated through 12% SDS-PAGE, transferred to nitrocellulose
and probed with monoclonal antibodies specific to potyvirus coat protein (1:2000) and B-actin

(1:2000; as loading control).
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3.5 - Discussion

The process of cloning a large viral genome is challenging due to the presence of
sequences that induce toxicity and instability in E. coli. During our initial cloning of PkMV
(Klenov & Hudak, 2018), we observed typical signs of toxicity when assembling fragments of
wild-type PKMV in E. coli, such as slow-growing colonies and deletion of a portion of the viral
genome. The strategy that produced a complete clone relied on Gibson assembly in
Agrobacterium rather than E. coli, and while effective, the process was hampered by longer

generation time of Agrobacterium compared to E. coli and poor quality plasmid DNA.

We have developed a superior method for detecting and curing cryptic bacterial
promoters within large viral genomes. Both the low-throughput and high-throughput options
reduce the window for promoter search from 9.5 Kb to regions as small as 150 bp. By
identifying transcription start sites within PPRs, locations of putative promoters are further
narrowed to within 50 bp, from which promoter elements can be identified and silenced
effectively. Moreover, when the silencing mutations are integrated into a viral genome, the

resulting clone can be manipulated in E. coli and retain infectivity in plants.

Intron insertion is the most widely reported method of producing infectious potyviral
clones. Though often effective, one drawback is that intron insertion has the potential to slow the
onset of viral symptoms following inoculation of the host plant (Yang et al., 1998). As well,
intron insertion increases the size of the viral genome, which limits the size of fragments that can
be inserted in a virus vector for over-expression within a plant (Kelloniemi et al., 2008). PkMV
has 58 AG/G splice acceptor/donor sequences as potential intron insertion sites in the sense DNA
strand and 27 in the antisense DNA strand of the 3.5 Kb central toxic region alone. Since

infectious viral clones exist as dSDNA, a cryptic promoter can occur on either the sense or
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antisense strand of DNA. It is not known whether toxicity in E. coli occurs specifically from the
transcription and translation of viral proteins, or an abundance of short peptides translated from
any of the open reading frames in the viral genome. As well, instability of a plasmid may be due
to the formation of double-stranded RNA intermediates with regulatory roles. Therefore, the
presence of cryptic promoters should be considered in both strands of a viral clone. Only
attempting intron insertion in the sense strand risks significant time and effort loss if no

infectious clones are recovered due to persistent instability in E. coli.

Curing the toxic promoters directly by silent mutation is therefore the preferred method
for obtaining stable infectious clones. However, due to the large genome size, direct silent
mutation of a potyvirus genome has only been reported for potato virus Y, in which the authors
silenced an almost perfect Sigma 70 promoter sequence within the virus genome (Ali et al.,
2011). An improved strategy for finding cryptic promoters was developed by Pu et al., 2011 who
cloned individual 200 bp portions of a 3 Kb region of dengue fever virus to detect cryptic
promoters. This method requires a previously cloned region of the virus in question and would
not be tenable for the full-length dengue fever genome, or a potyviral genome, which are
approximately 10 Kb in length. Instead of a luciferase-based reporter, our method employs eGFP
and needs no additional reagents besides a 470 nm LED for viewing, observable by eye or with a

plate reader if available.

The low-throughput eGFP-based method resulted in a quarter of sequence reads aligning
to the broad toxic region centered around the CI cistron, which reduced the promotor region
causing toxicity to 1.2 Kb. Interestingly, the majority of reads aligned elsewhere in the PkMV
genome, primarily in the CP coding region. This region has not been previously reported to be

toxic to bacteria, suggesting that not all cryptic bacterial promoters induce toxicity. The
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identification of promoter regions was accomplished by sequencing approximately 40 bacterial
colonies. More colonies can be screened and sequenced to generate a higher resolution map of
the viral genome. Our method is also scalable depending on the resources available. The
chloramphenicol reporter allowed us to utilize [llumina sequencing of surviving colonies bearing
fragments of the PkMV genome. Sequencing reads generated from the high-throughput and low-
throughput methods generally overlapped within the CI and CP coding regions of the PkMV
genome indicating that either screen will identify active promoters. The higher resolution
afforded by millions of aligned sequence reads revealed new regions of promoter activity within
the P1, HC-Pro and P3 coding regions of the PkMV genome, suggesting that cryptic promoters
are quite common within DNA sequences. The Illumina sequencing discovered 16 putative
promoter regions (PPRs) between 150-250 bp in the PKMV genome, significantly reducing the
search window for promoters from the 9.5 Kb viral genome. Interestingly, PPRs 6-11 fall within
the CI coding region, which is a popular choice for intron insertion to stabilize potyviral clones

(Gao et al., 2012; Olsen & Johansen, 2001).

The eGFP reporter plasmid was used to easily determine if an active promoter remained
in the increasingly small promoter region. During this refinement phase, the strand orientation of
the promoter may be determined by inserting it in the forward and reverse orientation into the
reporter. As expected, the identified PPRs were active either in the forward or reverse direction,
which is typical of Sigma 70 promoters that are active in one direction only. Interestingly, PPR
6, which had a well-defined peak from the high-throughput screen, showed very low promoter
activity. This could be caused by certain regions of the PkMV RNA being more accessible

during reverse transcription than others, resulting in a biased number of reads.



62

PPRs obtained in this way were small enough to identify 50 bp of the promoter sequence
upstream of the transcription start site. It was convenient then to synthesize the promoters as
oligos and test them individually for activity, with and without silent mutations. Interestingly,
PPR 12R, which promoted eGFP expression when cloned as a larger 3.9 Kb region, resulted in
minimal fluorescence when the promoter was isolated from that region following TSO-5’RACE.
Therefore, the level of promoter activity in a DNA sequence may be additive from several
weaker promoters or regulatory elements which enhance the main promoter. The synthesis of
putative promoters as oligos proved to be a rapid way of testing the strength of the promoter and
the effectiveness of silencing prior to investing effort in generating the full-length infectious
clone. It is interesting that either mutation of 10F or 11R promoter stabilized the viral clone and
questions the hypothesis that toxicity in E. coli is due to the accumulation of toxic proteins, as
the silencing of one promoter would not prevent the production of a toxic protein from another.
Additionally, no ORFs greater than 10 amino acids were found near the cured promoters.
Instead, it is possible that strong promoters like 10F and 11R produce large amounts of transcript

RNA that can form double-stranded intermediates, triggering an RNAi-like response in the cell.

This method is not only applicable to potyviruses, but to large mammalian viruses such
as flaviviruses, whose members include West Nile and zika virus. The genomes of flaviviruses
are sSRNA and exceed 10 Kb, making them very difficult to clone. Other notable examples
include members of the Coronaviridae, which can have genomes up to 30 Kb (Sah et al., 2020).
The ability to rapidly screen a newly emerging virus for toxic, cryptic promoter activity will
accelerate the generation of infectious clones and thus potential therapeutics. The screening
method described here is also useful for identifying cryptic promoters in non-viral DNA

sequences such as plasmids that require low levels of background transcription. For example,
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cryptic promoters may artificially inflate expression levels measured by reporter constructs and
hamper the study of weak promoters. In addition, expression plasmids encoding proteins highly
toxic to E. coli, such as phage T4 endoribonuclease RegB (Saida et al., 2006), can be improved

by silencing cryptic promoters in the plasmid backbone.

Altogether, we have shown a screening method for identifying cryptic promotors that is
flexible depending on the available resources. Low-throughput screening can be achieved with
simple molecular biology tools and low-cost blue light illumination. With access to Illumina
sequencing and bioinformatics analysis, a high-resolution map of promoter activity can be
established with minimal labor. Both screens can filter an entire potyviral genome to a small
number of PPRs. These regions can then be subjected to TSO-5’RACE to determine the
approximate transcription start site, and therefore sequence of the promotor contained upstream.
Promoters can then be silently mutated to speed the development of a stable, infectious viral

clone.
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4.1 - Generation of the first PKMYV infectious clone

We have reported the construction of the first infectious clone of PkMV, which
represents a new molecular tool to study the pokeweed plant and the virus itself. The impetus for
the research was that no reverse genetics tools were available to study pokeweed, which is
known for its synthesis of a potent antiviral protein as well as a heavy metal hyperaccumulator.
To our knowledge, no transgenic pokeweed plants have been generated, with pokeweed callus
and cell culture being the furthest that researchers have gone down this path (Kobayashi et al.,
1995). As well, Phytolaccaceae species are known to be resistant to agroinfiltration (Kanzaki et

al., 1999), cutting off a potential avenue for manipulation of the plant.

Cloning of PkMV was challenging from the beginning. The strain chosen to be our wild-
type was the Arkansas (AR) strain, originally deposited by Dr. R.J. Sheppard to ATCC in 1970.
The nucleotide sequence of this strain was unknown, so 3° RACE and sequencing by primer
walking was performed until the 5’ end of PKMV was reached. This proved effective in
generating the initial sequence that was used for the first attempts at cloning PkMV (N. Yu et al.,

2020).

The methods used to clone PkMV were a progressive escalation from classic protocols to
modern cloning techniques. We had begun by cloning equally sized portions of PkMV into
cloning vectors before assembly with restriction enzymes. This sequential assembly with
restriction sites was one of the first methods developed for cloning viruses (Domier et al., 1989).
Then, 4-fragment Gibson assembly was attempted along with the more obscure technique of
homologous recombination in yeast (Sun et al., 2017). While Gibson assembly uses a mixture of
exonuclease, ligase and polymerase to assemble overlapping DNA fragments (Gibson et al.,

2009), assembly with yeast is performed by transforming overlapping fragments and relying on
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homologous recombination to piece them together. All plasmids isolated from E. coli and yeast
were non-infectious either due to point mutations, frame shifts, or large deletions within the viral
polyprotein. Presence of mutations in the viral clones were assayed with either commercial
sequencing by primer walking or through NGS sequencing of the viral plasmids. Clones with the
insertion of the IV2 intron, derived from the potato ST-LS1 gene (Johansen, 1996) into the CI
coding region were similarly not infectious. This was surprising as intron insertion is one of the
best described ways of curing potyviruses (Gonzalez et al., 2002; Johansen, 1996; Lopez-Moya
& Garcia, 2000). Potentially, the lack of infectivity could have been an artifact of individually
cloning portions of PKMV into plasmids before assembly, allowing additional chances for
mutations to accumulate. At this point, it was clear that unlike the researchers who cloned LMV
without needing to stabilize their clone (Yang et al., 1998), we were encountering the classic

symptoms of plasmid toxicity in E. coli.

The major breakthrough came with a paper that described bypassing the manipulation of
a viral clone in E. coli and instead performing the assembly in Agrobacterium directly (Tuo et
al., 2017). This time, we also avoided the sub-cloning of PkMV genome fragments into cloning
vectors. All fragments of PkMV were amplified with RT-PCR from viral RNA and used directly
for assembly. This strategy allowed us to generate our first infectious clone, PkMV-Ag01, which
was shown to be infectious through the production of viral particles, protein and was aphid

transmissible (Klenov & Hudak, 2018).

While obtaining the first infectious clone was extremely encouraging, the goal of cloning
PkMYV was to produce a tool capable of delivering foreign proteins into pokeweed. Typically,
potyviruses can be engineered to carry foreign proteins within their polyproteins, which are

cleaved and released by virally-encoded proteases during infection. The polyprotein cleavage
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sites were determined after comparing their protein sequences to previously published cleavage
sites of potyviruses (Adams et al., 2005). It was determined that the cleavage site between P1
and HC-Pro of the polyprotein was optimal for insertion of a foreign protein sequence to
generate PkMV-eGFP. This is a popular insertion site for foreign proteins in potyviruses
(Beauchemin et al., 2005). Insertion between the NIb and CP coding regions did not prove to be
infectious. Fluorescence was photographed throughout the plant using a custom-built setup. For
exciting eGFP, a royal blue LED diode (450nm) was filtered through a 470 nm short-pass filter.
The emitted light was passed through a 510/20 nm bandpass filter, which effectively removed

the excitation wavelengths as well as the red autofluorescence typical of plant chlorophylls.

These experiments with PkMV-eGFP showed that our viral clone was infectious and
capable of delivering a foreign protein into pokeweed. At this point, we began work to clone
other proteins of interest into PkMV, as well as convert the clone into a VIGs vector to knock
down pokeweed genes. Unfortunately, the difficulties of manipulating an increasing number of

clones in Agrobacterium began to accumulate.

When compared with E. coli, A. tumefaciens has a generation time 3-fold longer (Wessel
et al., 2006). Therefore, fewer transformations can be performed in a given period. To confirm
that a PkMV clone is full length, colony PCR performed directly on Agrobacterium colonies is
often unpredictable. For more reliable screening, a small culture must be grown and the plasmid
DNA extracted from the culture. The plasmids that replicate within Agrobacterium are at a very
low copy number, so the yield of plasmid is very low. As well, the plasmid is poor quality, as
standard miniprep methods are optimized for E. coli. While Agrobacterium had served its
purpose for generating an infectious clone, the issue of toxicity in E. coli had to be dealt with

directly.
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4.2 - Developing a method to detect and cure cryptic promoters in PKMV

Toxicity of viral sequences in E. coli has been observed from the very early days of
infectious clone generation. While several indirect methods of stabilizing clones, such as
alternate plasmids, bacterial strains and intron insertion were options (Pasin et al., 2019), we
wanted to find and silence the cryptic promoters directly. The most successful example of this to
date has been the curing of a cryptic promoter in dengue fever virus, in which 300 bp portions of
a 3000 bp genome chunk were assayed for promoter activity (Pu et al., 2011). While effective for
smaller portions of a virus, this method was inefficient for potyviruses which are 9.5-10 kb long.
The method we have developed allows a researcher to start directly from viral RNA or from a

previously isolated clone, determine the location of cryptic bacterial promoters and silence them.

Toxicity in E. coli during cloning is thought to be due to the transcription and translation
of viral sequences (Guo et al., 2007; Li et al., 2011; Pluchino et al., 2015). In E. coli,
transcription is initiated by binding of the initiation factor to the bacterial promoter, allowing
RNA polymerase to bind. There are seven distinct sigma factors in E. coli, each of which
recognizes a subset of promoters under specific conditions. The Sigma 70 factor is the most
abundant initiation factor that binds promoters during the growth of the bacteria. Therefore, if
there was a cryptic promoter somewhere in the PkMV genome, it would likely be recognized by
the Sigma 70 factor, whose consensus is TTGACA(-35) and TATAAT(-10). Originally we
thought it would be possible to use in silico prediction software, such as PromoterHunter (Klucar
et al., 2009), to find Sigma 70 binding sites. Although these algorithms are adequate for
predicting potential promoters in small 250 bp regions, the number of potential binding sites in
PkMYV was intractable. If we could filter down the PkMV genome to a few transcriptionally

active regions, then perhaps the in silico prediction would be more helpful.



69

To reduce the search window for cryptic promoters, we constructed a reporter plasmid
carrying a Golden Gate insertion site upstream of an eGFP ORF (Figure 15). This construct
would allow me to quickly insert a DNA library of any size upstream of eGFP. If the inserted
fragment had a promoter that was recognized by the bacteria, then some amount of eGFP would
be produced. By selecting colonies that produced eGFP fluorescence, we could enrich for DNA

containing promoters.

Before the assay was performed, the fragment library of PKMV had to be generated. A
significant amount of optimization was required to determine the best primers to use for random
cDNA library generation both at the RT step and subsequent PCR optimization. Methods for
amplification of random libraries have been described previously (Froussard, 1992; Zou et al.,
2003) that employ random primer at either the RT or PCR step. The goal of both methods was to
amplify cDNA or DNA libraries from low starting amount of materials, and provided optimal
PCR cycling parameters and primer concentrations for that purpose. In the end, the optimal
library prep method involved reverse transcription of the viral RNA with a poly-d(T)23-VN
primer, followed by amplification with random hexamers bearing Golden Gate adapter
sequences. Quality of library generation was judged on an agarose gel, ideally a random
sampling of the entire PkMV genome by PCR would produce a smear versus defined bands. The
number of PCR cycles was also kept intentionally low, between 8-12, to reduce PCR bias (Aird
et al., 2011) This bias manifests itself as depletion of PCR products with high GC content as the

number of cycles increase.
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Figure 15 — Overview of Golden Gate assembly based eGFP reporter assay. Golden Gate
technique enables a one pot assembly of DNA without prior linearization of the vector backbone.
A) Circular eGFP library construct, PCR amplified insert containing PkMV library sequence
(blue highlight), Bsal restriction enzyme and T4 DNA ligase are combined in a single tube and
cycled between 16°C and 37°C. B) During the endonuclease cycle at 37°C, the reporter vector
and insert are digested with Bsal, whose recognition site (green highlight) is distal of its cleavage
site (pink highlight). Efficient cleavage requires a landing pad of at least 3 nt (yellow) 5’ of the
recognition site. After reducing the temperature to 16°C, three ligations will occur, two re-
ligations of the cleaved vector and insert, and one between the vector and the desired insert. C)
The desired ligation product between the vector and insert is a dead-end reaction as the
restriction enzyme site is abolished. D) Vector or inserts that have re-ligated are recycled into the

reaction and digested, as the Bsal restriction sites are retained.
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Golden Gate assembly was chosen for cloning of the viral fragment library into the
reporter constructs. For this application, Golden Gate assembly was ideal because of the scar-less
insertion of the PkMV fragments into the reporter construct, as well as the lack of exonuclease in
the enzyme mix. Gibson assembly type methods include an exonuclease to digest the ends of
overlapping DNA to create sticky ends. For fragments <300 bp, the exonuclease can chew back

the entire insert, creating a ssSDNA fragment incapable of participating in the cloning reaction.

After cloning the PkMV fragment library into the eGFP reporter construct, the PkMV
plasmid library was transformed into E. coli. While it only took a day for colonies to appear,
observable amounts of eGFP accumulated over 2-3 days, which is typical for fluorescent reporter
assays with bacterial colonies (Feilmeier et al., 2000). Several different library sizes were cloned
into the reporter, from 150-250 bp fragments up to 650-750 bp. As fragment size increased, there
was a concurrent increase in the frequency of fluorescent colonies, reaching a peak with insert
sizes of 300-400 bp. Larger fragments than this actually produced less fluorescent colonies.
Essentially, larger fragments are more likely to contain a promoter-like sequence, but fragments
can get long enough to be too far from the eGFP ORF to be an effective promoter. This coincides
with most E. coli promoters being within 250 bp of the ORF in the bacteria (Huerta & Collado-
Vides, 2003). Picking individual colonies and sequencing the insert reveals PkMV sequences
that induce transcription of eGFP, and thus contain a cryptic promoter. Upon aligning the
sequence reads back to the PkMV genome, this low-throughput method can start defining
putative promoter regions. Ideally, the inserts sequenced would be as short as possible to provide
a small search window. However, this means that more bacteria need to be plated to get the same
amount of colonies as on a large insert size plate. Sequencing 40 colonies yielded four putative

promoter regions (PPRs) between 200-500 bp in size. This was a significantly reduced search
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window from the 9.5 kb of the PkMV genome, and comparable to the search windows manually
chosen when curing 3 kb of the dengue fever virus (Pu et al., 2011). These PPRs were used as
input for the PromoterHunter software yet again, and 12 putative promoters were identified, only
three of which were true promoters. This was still a fairly poor prediction rate that required the

validation of many putative promoters.

To reduce the search window for putative promoters further and to reduce the manual
labor of picking colonies and sequencing, a NGS approach was applied. First, a reporter
construct with the chloramphenicol resistance ORF downstream of the PKMV library insertion
site was constructed. Any cryptic promoter inserted will drive expression of the chloramphenicol
ORF and allow survival of bacteria carrying this plasmid on chloramphenicol. A similar
approach was applied when researchers were evolving bacterial promoters from random
sequences, wherein they cloned random 19 bp sequences into the -35 position upstream of a
tetracycline ORF to find active promoters (Horwitz & Loeb, 1986). This technique allowed the
researchers to find active promoters that were significantly diverged in sequence and spacing
from the consensus Sigma 70 binding site. They also found promoters diverged from the Sigma
70 consensus with stronger promoter activity, mirroring a few of the strong promoters we found

in this work.

It took an unusually high level of chloramphenicol (>200 pg/mL) to begin to see a
difference between negative control plates carrying a scrambled promoter insert and plates with
colonies carrying fragments of the PkMV genome. As we later discovered, this was partially
explained by a cryptic promoter in the reporter plasmid itself, driving a very small amount of
chloramphenicol expression but enough to increase the background of surviving colonies.

Several plates with high levels of chloramphenicol were scraped, representing several thousand
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individual colonies, and plasmids were isolated en masse. The sequencing company required
linear, dsDNA for sequencing, so the plasmid pool was amplified with low cycle PCR using
primers flanking the fragment insertion site. dSDNA was sequenced using 150 bp paired-end
reads and the sequences were aligned to the PkMV genome with the aligner Bowtie2 through the
North American Galaxy server (Giardine et al., 2005; Langmead et al., 2009). The output binary
alignment map (BAM) file was visualized with the Integrative Genomics Viewer
(Thorvaldsdottir et al., 2013). Viewing the alignment showed that PkMV had 16 PPRs
distributed throughout its genome. To our knowledge, this was the first high resolution promoter
map of a large RNA virus. As well, each individual PPR was only 150-300 bp, about half the
size of the PPRs obtained with the low-throughput method. Not only did the high throughput
method largely agree with the low throughput, there was an over-representation of reads in the
middle of the PkMV genome, which we have shown to be preferentially mutated during cloning.
As well, this region contains the CI coding sequence, which has been hypothesized to be the
source of toxicity in potyviruses (Ali et al., 2011; Jakab et al., 1997). The mechanism behind this
toxicity is not understood at this time. Hypothetically the same cylindrical inclusions that are

tolerated in larger plant cells could potentially disrupt the E. coli plasma membrane.

While the promoter prediction software had successful predicted active promoters, a
more accurate and direct approach was to perform 5’RACE on the PPRs. Traditional 5S’RACE
normally involves ligation of adapters either to RNA or cDNA and is quite laborious for large
amounts of samples. Template switching oligo (TSO)-5’RACE allows the addition of an adapter
during the reverse transcription step due to the template switching properties of the reverse
transcriptase. This technique allowed me to extract total RNA from E. coli colonies carrying a

PPR upstream of an eGFP ORF, perform TSO-5’RACE with an eGFP specific reverse primer
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and obtain the +1 transcription start site (+1 TSS) of the promoter contained within. Even though
prokaryotic mRNAs are uncapped, the reverse transcriptase used in the TSO-5’RACE protocol
will still add several untemplated C’s to the nascent cDNA strand, allowing the adapter oligo to

anneal.

This technique permitted us to identify the +1 TSS of each PPR to within a few
nucleotides. The ambiguity came from the observation that the reverse transcriptase did not
always add three C’s to the cDNA, the number ranged from two to four (Wulf et al., 2019). As
well, the typical -35 and -10 boxes used to denote the binding site of the Sigma 70 factor were
not always the same distance from the transcription start site. Therefore, the predictive power of
this method can narrow down a 9.5 Kb RNA genome to promoter regions of just 50 bp. At this
resolution, the -35 and -10 boxes can usually be detected by eye or with PromoterHunter (Klucar
et al., 2009). Throughout this method, the eGFP reporter plasmid was extremely useful for
testing the promoter activity of any DNA fragment. The reporter was used to test the large PPRs
for activity, in both forward and reverse orientation, as well as the isolated 50 bp promoter
regions and their silenced counterparts. Any 50 bp putative promoter region to be tested was
simply synthesized as overlapping primers and inserted into the reporter construct in a one-pot
reaction. The 50 bp promoters isolated with the TSO-5’RACE were all examined for the
presence of a -35 and -10 box and mutated to abolish any resemblance to the Sigma 70
consensus binding site while retaining the original amino acid sequence of PkMV. It must be
noted that additional caution should be observed for viruses that heavily utilize secondary
structure, frame-shift proteins and sub-genomic RNAs for their replication. In those cases, a
change in nucleotide sequence may have a significant impact on the biology of the virus. At the

moment, PKMV is only known to produce the frame-shift protein P3N-PIPO, which arises from a
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polymerase slippage site in the P3 coding region (Atsumi et al., 2016). Fortuitously, none of the
detected PPRs were directly overlapping with the slippage site or coding region of P3N-PIPO in

PkMV.

We chose to focus on PPRs 6-12 since they fell directly into the CI coding region, which
is known to be a problematic region to clone for potyviruses. We discovered that promoters
within regions 10F, 11R and 12F were highly active, producing levels of eGFP comparable and
greater than the positive control, a consensus Sigma 70 binding site. After silencing the -35 and -
10 boxes of these promoters within in the PkMV genome, the stability of the clone and the
infectivity was tested. Surprisingly, infectious clones were recovered for all three silenced
promoters. This result challenges the notion that toxicity in E. coli from large viral sequences is
due to translation of toxic peptides. If that were the case, we would expect only a single cryptic
promoter to be responsible for the observed toxicity. We analyzed all three reading frames
downstream of the +1 TSS for promoters 10F, 11R and 12F (Figure 16). Promoters 10F and 12F
did not have a peptide ORF in close proximity to the +1 TSS. Promoter 11R had two potential
ORFs, one 6 AA long, the other 54 AA, 12-16bp downstream of the TSS with no Shine-
Delgarno (SD) sequence. It is possible that a peptide can be translated in a SD independent
manner, and ATG is not always the start codon during translation (Hecht et al., 2017; Skorski et
al., 2006). However, the chances of having three unique promoters that all transcribe RNA
capable of SD independent translation upstream of a peptide toxic to E. coli are low. Moreover,
while promoters 10F and 12F appear on the top strand and could cause the transcription and
translation of a truncated PkMV protein, 11R is found on the bottom strand. This means that any

peptide produced from 11R would not share the amino acid sequence of any PkMV protein.
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Figure 16 — ORF analysis of cryptic promoters. All three open reading frames downstream of
the +1 TSS (Pink square) of promoters 10F, 11R, and 12F were analyzed for coding potential of
toxic peptides. ORFs beginning with an ATG and ending with a stop codon (red blocks) are
highlighted in beige.
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Instead, we propose that the observed plasmid instability is due to accumulation of
transcribed RNAs that form double-stranded intermediates that are processed and induce
mutations in plasmid DNA through a mechanism mediated by clustered regularly interspaced
short palindromic repeats (CRISPR) (Figure 16). Some components of small RNA processing
are shared between eukaryotes and prokaryotes, including an enzyme analogous to human dicer,
RNase III (Jin et al., 2019). This enzyme recognizes dsRNA and cleaves it into 11-22 bp
fragments. Spurious transcription from cryptic promoters at multiple locations on both strands of
viral DNA would provide a source of dsSRNA, so the processing of plasmid-derived dsRNA is
plausible. As well, the CRISPR prokaryotic immunity system was originally discovered in E.
coli (Touchon et al., 2011). This system works in three stages, the adaptive stage during which
protospacers are acquired from foreign dsDNA and integrated into the CRISPR transcriptional
cassette, the transcription and processing of the pre-CRISPR-RNA from the protospacers, and
finally targeting of the Cas protein to the dSDNA for cleavage (Koonin & Makarova, 2013).
While much work has focused on the acquisition of protospacers from dsDNA breaks (Amitai &
Sorek, 2016), it is possible that the plasmid-derived RNAs are being integrated as protospacers
by a reverse transcriptase-Cas fusion protein (Silas et al., 2016). These spacers would be
transcribed and processed into guide RNAs that would bring the Cas proteins to the viral

plasmid, causing cleavage and the observed instability.
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Figure 17 — Model for plasmid instability in E. coli mediated by CRISPR. Large viral clones
contain numerous cryptic promoters on both strands of the dsSDNA plasmid. RNA is transcribed
from cryptic promoters on both DNA strands, forming dsRNA intermediates that are processed
by RNase III, a prokaryotic dicer analog. The small fragments of RNA are reverse transcribed by
a reverse transcriptase-Cas fusion protein and integrated into the spacer/repeat region of the Cas
array. After transcription and processing of the spacer/repeat region, the guide RNA with Cas

protein cleaves the viral clone, inducing instability.
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While infectious clones were obtained from all three silenced promoters, the growth
patterns of the E. coli colonies were different among them. From our observations, every
transformation of a PkMV clone into E. coli produced agar plates with both large and small
colonies. The larger colonies contained non-infectious plasmids, while the smaller colonies
harboured the full-length infectious clones. Interestingly, PkMV with silenced promoters 10F
and 11R had a greater number of small colonies than 12F. This suggests that while a single
promoter may not dictate whether a plasmid is toxic or not, some promoters may contribute more
to the toxicity than others. So, there is a threshold of transcriptional activity within a plasmid
above which toxicity can be observed. Plasmids below that threshold can be obtained and
manipulated without a high risk of plasmid mutation, while recovering plasmids with

increasingly more promoter activity will be challenging.

In summary, we have developed a method to detect and cure cryptic bacterial promoters
in large viral genomes. We have taken the PkMV genome in its entirety and discovered a handful
of active promoters which when silenced allowed recovery of fully infectious clones. This work

also proposes a new mechanism for plasmid toxicity in E. coli.
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4.3 - Future directions

There are two exciting fronts on which this work can continue: the further development
of the PkKMV clone as a tool to study pokeweed and the elucidation of the mechanisms that cause

plasmid induced toxicity in E. coli.

Now that the PkMV infectious clone is stably manipulated in E. coli, work has restarted
to introduce VIGS functionality into the clone. VIGS silencing in plants is not typically done
using potyviruses, with the concern being that the HC-Pro silencing suppressor contained within
the viral genome may interfere with effective silencing in the plant. However, VIGS with a
potyvirus has been shown once before; researchers used it to silence endogenous GFP in
transgenic tobacco (Gammelgard et al., 2007). Phytoene desaturase (PDS) will be the first gene
to be silenced, as it is the classic control for VIGS vectors due to the easily detected white,
bleached phenotype in the leaves of infected plants. Knocking down levels of PAP will also be
attempted again. Preliminary efforts were made to knock down PAP with PkMV VIGS before
the curing of the toxic promoters. PAP levels were knocked down somewhat, however the

difficulty in generating the VIGS clones prevented further optimization of the VIGS sequence.

Due to the effectiveness and ease of use of Golden Gate cloning during the promoter
screening method, a Golden Gate site will be introduced into PkMV into the previously proven
insertion site. This will allow rapid cloning of different VIGS targets without PCR linearization

of the large vector.

Answering the question of the exact nature of toxicity of large viral sequences is another
long-term goal. First, evidence is needed that there is RNA transcript accumulation aligning back

to the plasmid, which will be obtained with RNA-seq experiments. As well, the small RNAs
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present within E. coli will be sequenced, to see if processing into small RNA species is
occurring. Creating mutant E. coli strains with knocked-out genes involved in small RNA
biogenesis would also help tease apart the molecular mechanisms involved in plasmid toxicity.
As well, ChIP-seq could be performed with antibodies specific to E. coli Cas proteins, to
determine if the mutations observed in plasmids with a high level of promoter activity are due to
Cas-induced cleavage. Another interesting experiment would be to sequence the spacer/repeat
array of the E. coli Cas proteins to determine if parts of the PkMV genome are being integrated

as protospacers.

We would also like to perform protein mass-spectrometry experiments to confirm or
reject the hypothesis that plasmid toxicity in E. coli is due to overproduction of viral peptides.
Essentially, we would align mass-spec results back to the PkMV polyprotein to determine
whether any such peptides exist. There may be a time sensitive factor to these experiments, as
the cleavage and mutation of a toxic plasmid may occur shortly after bacterial transformation, so

a time course for any of these assays would be important.
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Ribosome-inactivating proteins (RIPs) are a class of plant defense proteins with
N-glycosidase activity (EC 3.2.2.22). Pokeweed antiviral protein (PAP) is a
Type | RIP isolated from the pokeweed plant, Phytolacca americana, thought to
confer broad-spectrum virus resistance in this plant. Through a combination
of standard molecular techniques and RNA sequencing analysis, we report
here that a small RNA binds and cleaves the open reading frame of PAP
mRNA. Additionally, sSRNA targeting of PAP is dependent on jasmonic acid
(JA), a plant hormone important for defense against pathogen infection and
herbivory. Levels of small RNA increased with JA treatment, as did levels of
PAP mRNA and protein, suggesting that the small RNA functions to moderate
the expression of PAP in response to this hormone. The association between
JA and PAP expression, mediated by SRNA299, situates PAP within a signaling
pathway initiated by biotic stress. The consensus sequence of sSRNA299 was
obtained through bioinformatic analysis of pokeweed small RNA sequencing.

To our knowledge, this is the first account of a SRNA targeting a RIP gene.

Introduction

Plants have evolved numerous mechanisms to inhibit
pathogen infection. Ribosome-inactivating proteins
(RIPs) are a class of plant defense proteins with
N-glycosidase activity. Specifically, RIPs catalyze the
removal of purines from nucleic acid targets. Their
first identified role was depurination of the conserved
sarcin/ricin loop of large ribosomal RNA and a resultant
inhibition of protein synthesis in vitro (Gessner and Irvin
1980, Endo etal. 1988). More recently, depurination
of RNA-based viruses has been shown (Rajamohan
et al. 1999, Karran and Hudak 2008, Kaur et al. 2011).
Pokeweed antiviral protein (PAP), a Type | RIP isolated
from the pokeweed plant Phytolacca americana (Irvin
1975) inhibits plant viruses including potato virus X and
Y, tobacco mosaic virus and brome mosaic virus (Lodge
etal. 1993, Karran and Hudak 2008). Transgenic plants
expressing PAP exhibit virus resistance; however, these
plants also display phenotypes indicative of toxicity,

correlated with the level of PAP synthesis (Lodge et al.
1993). Unregulated toxicity of PAP is not observed in the
native plant, pokeweed, suggesting the absence of impor-
tant regulatory mechanisms in heterologous systems.
Little is known about the regulation of PAP expression
in pokeweed, with the exception of preliminary tem-
poral and spatial characterization (Honjo et al. 2002,
Irvin etal. 1980, Kataoka etal. 1992). RIP induction
by pathogen stress-related compounds, mechanical
wounding, plant viruses and fungal pathogens has
been reported (Dunaeva etal. 1999, Song etal.
2000, Qin etal. 2005, Iglesias etal. 2008). Tempo-
ral regulation of some RIPs has also been shown
(Parente etal. 2008, Kawade and Masuda 2009,
Loss-Morais etal. 2013). Although there has been
some insight into transcriptional regulation of RIPs,
their post-transcriptional regulation is not well charac-
terized. Generally, positive correlation exists between
transcript and protein levels (Kawade et al. 2008); how-
ever, discrepancies have been observed in some species

Abbreviations — EMSA, electrophoretic mobility shift assay; JA, jasmonic acid; LMW, low molecular weight; miRNA, micro
RNA; nt, nucleotide; PAP, pokeweed antiviral protein; RACE, rapid extension of cDNA ends; RIP, ribosome-inactivating protein;

SiRNA, small interfering RNA; sRNA, small RNA.
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(Iglesias et al. 2008,Vepachedu et al. 2003). Therefore,
post-transcriptional regulation may be important for
maintaining normal RIP expression patterns.

Small RNA (sRNA)-mediated regulation is a form of
post-transcriptional control that has not been described
for RIPs. sRNAs in plants are 20-24 nucleotide (nt),
non-coding RNAs involved in fine-tuning gene expres-
sion. Depending on their biogenesis, sSRNAs are either
classified as microRNAs (miRNAs) or small interfering
RNAs (siRNAs). Both types of SRNA participate in gene
targeting mediated by the ARGONAUTE-containing
RNA-Induced Silencing Complex (reviewed in Bologna
and Voinnet 2014). In plants, sSRNAs are induced in
response to various biotic stresses, including pathogen
infection, herbivory and related plant stress hormones
(reviewed in Khraiwesh et al. 2012).

Based on the abundance of sRNAs involved in stress
responses, and the fact that PAP is an antiviral RIP, we
hypothesized that control of PAP expression involved
sRNA-mediated gene regulation. Here, we identify a
sRNA that causes cleavage of PAP mRNA, within its open
reading frame. We also show that jasmonic acid (JA), a
plant hormone important during herbivory and pathogen
stress, differentially affects the expression of PAP mRNA
and the sRNA. To our knowledge, this is the first report
of a sSRNA targeting a RIP message and provides novel
insight into the post-transcriptional control of these plant
defense enzymes.

Materials and methods

Pokeweed growth conditions and treatment
with JA

Pokeweed seeds were immersed in 37% sulfuric acid
for 5min, rinsed in water and imbibed in water for
4 days at room temperature. Seeds were germinated
in soil (Promix BX) and raised in a growth chamber
(AC60, Biochambers, MB, CA) under fluorescent and
incandescent lights at 180 pmolm=2s~'. Plants were
fertilized once every 2 weeks with N:P:K 20:20:20.
Plants at the 4-leaf stage were sprayed with 5 ml of 5 mM
JA dissolved in 0.5% ethanol (to improve the solubility
of JA). Negative control plants were sprayed with 0.5%
ethanol alone. Plants were returned to the chamber
and leaf tissue was harvested 24 h after treatment. All
analyses for this study were conducted on pokeweed
plants at the 4-leaf stage of growth.

Isolation of total and low molecular weight RNA

Total RNA was extracted from pokeweed to probe for the
sRNA, and cabbage served as the negative control. Leaf
tissue (7 g) was ground to a powder with liquid nitrogen.

242

TRIzol reagent (Molecular Research Center, Inc., Cincin-
nati, OH, USA) and chloroform were added, samples
were vortexed and incubated at room temperature for
10 min. Particulate matter was pelleted by centrifugation
at 16000 g for 15 min at 4°C. Isopropanol was added to
supernatants and the RNA was precipitated at —20°C.
Samples were centrifuged at 16 000 g for 20 min at 4°C,
RNA pellets were resuspended in water and extracted
in acidic phenol:chloroform:isoamyl alcohol (25:24:1).
RNA was precipitated in ethanol and finally resuspended
in water and stored at —80°C.

LMW RNA was extracted from pokeweed and cab-
bage to serve as an enriched pool of sSRNA. Following iso-
propanol precipitation of total RNA, the RNA was diluted
to 1 pgpl=" in water and incubated in 5% PEG8000 and
0.5M NacCl for 30min at —20°C. Samples were cen-
trifuged at 16 000 g for 25 min at 4°C to pellet the high
molecular weight RNA. Supernatants were incubated in
isopropanol at —20°C and LMW RNA was pelleted by
centrifugation at 16 000 g for 25 min at 4°C, washed in
75% ethanol and resuspended in water.

Northern blotting

Total pokeweed (PW) and cabbage (CB) RNA (38 ug)
was separated through 1.5% agarose gel in 7% for-
mamide, transferred to nylon membrane by capillary
action and cross-linked to the membrane with UV light
(120 mJ cm=2 for 12 s). The RNA was probed by incuba-
tion with an @**P-CTP labeled riboprobe (1 x 10° cpm)
specific for a 245 nt portion of the PAP mRNA (Acces-
sion # AR009535.1). The internally labeled minus-strand
RNA probe was synthesized by in vitro transcription with
T7 polymerase from a polymerase chain reaction (PCR)
template generated from a portion of the PAP mRNA
spanning nt 680-925. The PAP-specific primers were
PAP680for: 5’ gggagtaaaatcaagaagtcagg 3’ and PAP T7
925rev: 5’ taatacgactcactataggaaatcttaccccatgtctcttg 3'.
An in vitro transcript of full-length PAP mRNA was used
as a positive control.

Primer extension

A PAP-specific reverse primer (5’ gaagatcattcggaaaagtgg
3’) complementary to nt 340-361 of PAP mRNA was
5" end-labeled with y33P-ATP. Radiolabeled primer
(5% 10° cpm) was denatured with total PW or CB RNA
(30 pg) and annealed at room temperature for 15 min.
The primer was extended by reverse transcription
with 100 units of Superscript Il (Life Technologies,
Burlington, ON, CA) and incubation at 48°C for 90 min.
Reactions were terminated by the addition of formamide
buffer and denatured cDNA products were separated
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by 7 M urea/6% acrylamide gel. To identify the cDNA
3’ ends, a dideoxynucleotide sequencing ladder of the
PAP cDNA was generated with the same primer used for
primer extension of total RNA.

5’ rapid extension of cDNA ends

Total RNA from pokeweed (36 ug) was used as tem-
plate to generate PAP cDNA using a PAP-specific
reverse primer. Briefly, total RNA was denatured with
PAP reverse primer complementary to nt 607-632 (5’
ctaacacgagaattggcatttgggc 3’) and allowed to anneal
at room temperature for 15min. Reverse transcription
was carried out at 48°C for 90 min using 100 units of
Superscript Ill (Life Technologies, Burlington, ON, CA).
The RNA was subsequently digested with 1.25 U of
RNase H (New England Biolabs, Whitby, ON, CA) for
30min at 37°C, and the cDNA was collected through
Biobasic EZ-10 columns. cDNA samples (8.5 pl) were
ligated with 10 units of T4 RNA Ligase 1 (New Eng-
land Biolabs, Whitby, ON, CA) to 2.5 nmol of adapter
primer (5" PO,- ccatggcaataccggtaaggtcctcactc 3') in 1X
RACE Buffer (20% PEG8000, 50 mM Tris—HCI pH 8.0,
10mM MgCl,, 10ngul=" BSA, 2 mM hexamine cobalt
chloride, 20 pM ATP) at 22°C for 4 h. After purification
through an EZ-10 column, 5 pl of ligation product was
amplified with two rounds of PCR with adapter-specific
(AP1: 5’ gagtgaggaccttaccgg 3’, AP2: 5’ ccttaccggtattgc-
catgg 3’) and PAP-specific primers (PAP532-512R:
5" caaagggatcagaataaccc 3’, PAP432-411BgllIR: 5’
agatcttggatttgtatttgtattggg 3’). The final PCR product was
isolated from low-melt agarose and sequenced.

Electrophoretic mobility shift assay

LMW RNA was probed with an «**P-CTP radiolabeled
sense RNA transcript of the PAP sequence from nt
286-309. Complementary cDNA primers (PAP T7 286-
302 for: 5’ taatacgactcactatagggctgtgaatacaatc 3’; PAP
309-293 rev: 5’ tgtagatgattgtattc 3’) were annealed,
with the forward primer also containing a T7 poly-
merase-binding site. Subsequent PCR produced suf-
ficient DNA template for in vitro transcription of
the riboprobe. LMW RNA (10pg) of pokeweed and
1.2x10° cpm of riboprobe were denatured at 95°C for
5 min in RNA-binding buffer (5 mM HEPES-KOH pH 7.8,
100 mM KCI, 6 mM MgCl,, 3.8% glycerol). LMW RNA
from cabbage (10 pug) was also incubated with riboprobe
as a negative control. Samples were incubated at room
temperature for 30 min and separated through a 15%
non-denaturing acrylamide gel. Gels were dried under
vacuum and bands were visualized with a phosphorim-
ager. As a positive control for band shift, the riboprobe
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was incubated with a complementary anti-sense RNA,
generated by in vitro transcription of a PCR product
with T7 polymerase-binding site at the 3’ end of the
template (PAP 286-302 for: 5’ ggctgtgaatacaatc 3’; PAP
T7 309-293 rev: 5' taatacgactcactatagggtgtagatgattg
tattc 3').

Target construct for small RNA

The PAP cDNA with 2X FLAG sequence at the 5’
end was cloned downstream of the CaMV 35S pro-
moter placed in the pBluescript vector. Primers were
designed to introduce scrambled sequence at the puta-
tive SRNA299 target site within the PAP mRNA at nt
288-308. PCR using the PAP construct as template with
primers Ncol2XFlagPAP216for (5’ gatgatccatggatggac
tacaaagaccatgacggtgattataaagatcatgacatcgaagggaagatga
agtcgatgcttgtggtg 3’) and Scram288-305PAP263-287rev
(5" tcgtcggtgcggacaataccaagttgaagttggtgcaagaatg  3')
generated the 5’ fragment of PAP, while PCR with
primers BglllstopPAPrev (5’ gatgatagatcttcaagttgtctgacag
ctcccac 3’) and Scram291-308PAP309-33 Tfor (5’ tgtccg
caccgacgagcaaatgttggaagtaccaccattag  3')  generated
the 3’ fragment of PAP. Subsequent overlapping PCR
using these two products as template, and primers
Ncol2XFlagPAP216for and BgllistopPAPrev, generated
the full-length PAP construct with a scrambled sSRNA299
target site. The scrambled sequence altered the amino
acid sequence within this 21 nt section but did not
introduce rare codons or stop codons that would cause
ribosomes to stall and trigger mRNA decay. The wild-type
PAP cDNA was amplified with the same PAP-specific 5’
and 3’ primers as used for the overlapping PCR.

Isolation and transfection of pokeweed protoplasts

Protoplasts were isolated essentially as described (Koch
et al. 1996) with minor modifications. Pokeweed leaves
(3 g) were sliced into thin (2 mm) strips and incubated
with enzyme solution (0.4 M mannitol, 20mM MES
pH 5.7, 1% cellulose RS-10, 0.15% macerozyme, 0.2%
BSA) for 3 h. The mixture was filtered through cheese-
cloth and centrifuged in an IEC clinical centrifuge at
speed 2 for 5 min. Pellets were resuspended in 0.55 M
mannitol and overlayed onto 20% sucrose cushions.
Following centrifugation in an IEC clinical centrifuge
at speed 2 for 5min, protoplasts were collected from
the interface. Protoplasts were washed in W5 solu-
tion (154 mM NaCl, 125mM CaCl,, 5mM KCI, 2 mM
MES pH5.7), incubated on ice for 30min and cen-
trifuged again at the same speed. Protoplast pellets
were resuspended in MMg solution (400 mM mannitol,
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15 mM MgCl,, 4mM MES pH5.7) and counted with a
hemocytometer.

Protoplast transfection was performed at room tem-
perature. Wild-type and scrambled FLAG-tagged PAP
constructs (30 pg) were mixed with 100 pl of protoplasts
(5% 10* cells ml=") and 110 pl PEG/Ca solution (200 mM
mannitol, 100 mM CacCl,, 40% PEG4000, 50 mM PIPES
pH 7.0) and incubated for 20 min. Samples were diluted
with 0.44 ml of W5 solution followed by centrifugation
in an IEC clinical centrifuge at speed 3 for 1 min. Pellets
were resuspended in 100 ul of W5 solution and 1 ml of
incubation medium (0.275 M mannitol, 1X Aoki salts,
10% sucrose, 1pgml~! gentamycin). Protoplasts were
incubated under low light (25 pmol m=2s7") at room
temperature for 20 h. After the incubation, samples were
centrifuged at 1000 g for 10 min to recover the proto-
plasts for total RNA isolation.

Reverse transcription-quantitative PCR

To quantify levels of PAP mRNA following JA treatment
of plants, total PW RNA (8 pg) was reverse transcribed
with a PAP-specific primer (PAP925Rev; 5’ gaaatcttac-
cccatgtctettge 3') and 100 units of Superscript Ill (Life
Technologies, Burlington, ON, CA) at 48°C for 90 min.
The cDNA product (14.5 pl) was used as template for
quantitative PCR using SYBR Green PCR Master Mix
(Clontech, Mountain View, CA, USA) with PAP-specific
forward (PAP680For; 5 gggagtaaaatcagaagtcagg 3')
and reverse (PAP925Rev; 5’ gaaatcttaccccatgtctcttge
3’) primers, in 20 pl total sample volume. To quantify
levels of FLAG-tagged wild-type PAP or FLAG-tagged
PAP scrambled mRNAs, total RNA from pokeweed
protoplasts (20 pg) was reverse transcribed as above with
a PAP-specific primer (PAP370-338rev; 5’ gcttcattac
gaagatcattcagaaaagtggcg 3’). Quantitative PCR was per-
formed as above with cDNA (14.5 pl), a FLAG-specific
forward primer (2X FLAG; 5’ gactacaaagaccatgacggtgat
tataaagatcatgac 3’) and the same primer used for cDNA
synthesis. In both cases, the 28S rRNA was used as an
internal control, with forward (5’ aacgtgagctgggtttagac
cgtcg 3’) and reverse (5’ tcagtagggtaaaactaacc 3') primers
specific to 28S rRNA. To quantify levels of sRNA299
following JA treatment, we followed the method of
stem-loop PCR essentially as described (Varkonyi-Gasic
et al. 2007). LMW RNA (5 pg) was reverse transcribed
as above with a sRNA299-specific hairpin primer
(s299HP: 5’ gttggctctggtgcagtgtgagaggtatgcgcaccagage
caacacgtttgggc 3’). Quantitative PCR was performed
as above with ¢cDNA (14.5ul), a sRNA299-specific
forward primer (sRNA299For: 5’ gcggcggtgtagat-
gattgtatt 3’) and a hairpin-specific universal primer
(UniversalRev: 5’ acctctcacactgcac  3’). miR156
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was used as an internal control as this miRNA has
been validated as a suitable reference for biotic
stress studies in other plants (Kulcheski etal. 2010).
LMW RNA (5pug) was reverse transcribed with
a miR156-specific hairpin primer (miR156HP: 5’
gttggctctggtgcagtgtgagaggtatgegcaccagagcecaacacgt-
gtgctc 3’) followed by quantitative PCR (gPCR) using
miR156-specific forward primer (miR156For: 5’ gcggcg
gtgacagaagagag 3’) and the hairpin-specific universal
primer used above.

Cellular lysate preparation and immunoblot

Three leaf discs per sample (1 cm diameter each) were
taken from pokeweed plants and homogenized in
Buffer A (25 mM Tris—HCI, pH 7.5, T mM EGTA, T mM
DTT, 1TmM PMSF, 5% glycerol). Samples were clar-
ified by centrifugation at 16 000g for 5min at 4°C.
Supernatant protein was quantified using the Brad-
ford Assay, and 5 pg protein per sample was separated
through 12% SDS-PAGE. Proteins were transferred to
nitrocellulose and probed with a polyclonal antibody
specific for PAP (1:5000). Blots were also probed with
a polyclonal antibody for L3, a ribosomal protein, as a
loading control (1:5000). PAP and L3 were visualized
by chemiluminescence.

Small RNA sequencing

Total RNA from leaves of pokeweed plants treated with or
without JA was sent to the Genomics Core Facility (Sun-
nybrook Hospital, Toronto, CA) for processing. In total,
three pokeweed sRNA libraries were constructed from
one (—JA) or two (+JA) plants using the strand-specific
SOLID Total RNA-Seq Kit (Life Technologies, Burlington,
ON, CA). Briefly, preparation of the sRNA libraries was
as follows: acrylamide gel purification of the 15-30nt
size fraction of RNA; simultaneous ligation of directional
5p and 3p primers; cDNA synthesis and acrylamide gel
purification; PCR amplification (15 cycles) and column
purification. Sequencing of the sRNA libraries was per-
formed on a SOLiD 5500 XL machine. For each sRNA
library, two technical replicates were sequenced.

Bioinformatics analysis of the small RNA libraries

All' low quality reads (containing a fastqcssanger
value below 10) and those outside of the 18-28nt
size range were removed. Adapter sequences were
trimmed with Clip v.1.0.1 from the FASTX-Toolkit (http://
hannonlab.cshl.edu/fastx_toolkit/). sRNA  sequences
derived from rRNA, tRNA, snRNA and snoRNA
were identified with Bowtie v.1.1.0 (Langmead et al.
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2009) and removed, using the Beta vulgaris genome
(RefBeet-1.1) as a reference. B. vulgaris was chosen
because it is the closest related species to pokeweed
with a sequenced genome available (Dohm etal.
2014). Remaining reads in each library were grouped
if they had the same sequence and termed ‘unique
sequences’. To identify potential regulatory sRNAs,
libraries were aligned to the reverse complement
strand of PAP mRNA (Accession # AR009535.1) with
Bowtie v.1.1.0. Up to three mismatches were allowed
in alignments. The Integrated Genomics Viewer v.2.3
(http://www.broadinstitute.org/igv/) was used to visu-
alize and count aligned reads. A multiple sequence
alignment was generated with Clustal Omega v.1.2.1
(http://www.ebi.ac.uk/Tools/msa/clustalo/) for sSRNA299
reads in the —JA and +JA libraries.

Statistical analysis

Significance testing was performed for all quantitative
reverse-transcription PCR (RT-PCR) results. A one-tailed,
unpaired Student’s t-test was conducted using GraphPad
Prism v.5.01.

Results

PAP mRNA is cleaved 298 nucleotides 3’ of the
transcription start site

To investigate whether PAP mRNA may be targeted for
cleavage by a sRNA, total RNA from pokeweed plants
(PW) was probed for PAP mRNA by northern blot. Total
cabbage (CB) RNA was used as a negative control,
based on a literature search indicating no known RIP
in this plant. We detected full-length PAP mRNA, based
on comparison with an in vitro transcript of PAP, plus
a lower molecular mass band, suggesting cleavage of
PAP mRNA (Fig. 1A). To identify the site of cleavage, a
gene-specific primer for PAP was extended by reverse
transcriptase on total RNA from the same samples. A
band indicating termination of extension was observed
in pokeweed RNA but not in cabbage RNA (Fig. 1B).
Sequencing of a PAP cDNA with the same reverse primer
indicated that the cDNA terminated at nt A299, rela-
tive to the 5’ transcription start site of PAP mRNA. 5’
rapid extension of cDNA ends analysis was also con-
ducted on total PW RNA. A PCR product indicative
of full-length PAP mRNA was observed, along with a
smaller PCR product, supporting truncation of the PAP
mRNA (Fig. 1C). Sequencing of the smaller product con-
firmed that PAP mRNA was cleaved between nt C298
and A299. This cleavage occurred within the open read-
ing frame of the PAP mRNA (Fig. 1D) and indicates the
mRNA may be targeted by a small RNA.
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Fig. 1. PAP mRNA is cleaved 298 nucleotides 3’ of the transcription
start site. (A) Total PW and CB RNA (38pg) was separated through
1.5% agarose gel in 7% formamide, transferred to nylon membrane and
probed with a PAP-specific minus-strand riboprobe. An in vitro transcript
of full-length PAP mRNA (0.5 pg) was also separated as a positive control
and a relative size marker. Prior to transfer, the gel was stained with ethid-
jum bromide to visualize the 25S rRNA, as an indication of amount of
total RNA loaded. (B) Pokeweed total RNA (PW) was template for primer
extension using PAP-specific radiolabeled reverse primer complementary
to region 340-361 nt. CB RNA was analyzed as a negative control, and
No RNA (NR) indicates radiolabeled reverse primer without extension
template. cDNA products were separated through 7 M urea/6% acry-
lamide gel and visualized with a phosphorimager. Dideoxynucleotide
sequencing of a PAP cDNA with the same primer was used to identify
the reverse transcriptase stall site. (C) 5 RACE analysis of total PW RNA.
PCR products were separated on 1% agarose gel and stained with ethid-
ium bromide. Sequencing results of the cleaved PCR product indicate
PAP mRNA cleavage between €298 and A299 (arrow) of full-length PAP
mRNA. Both gels are representative of four independent experiments.
(D) Diagram of full-length PAP mRNA with nucleotide number (1379 nt),
indicating site of cleavage (star; 298-299nt) and location of reverse
primers used for primer extension (PE; 340-361 nt), reverse transcriptase
(RT; 607-632 nt) and PCR (532-512 nt) for 5’ RACE analyses.
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Fig. 2. sRNA299 targets PAP mRNA in vivo. (A) LMW RNA (10 pg) of PW
and cabbage (CB) were incubated with a radiolabeled riboprobe of the
PAP sequence from nt 286-309 downstream of the transcription start
site. Following incubation, samples were separated on a non-denaturing,
15% acrylamide gel and visualized with a phosphorimager. As a positive
control for band shift, the riboprobe was incubated with its comple-
mentary non-radiolabeled sequence (probe +complement). The gel is
representative of three independent experiments. (B) Pokeweed proto-
plasts were transfected with either FLAG-tagged wild-type PAP cDNA
or FLAG-tagged PAP cDNA with scrambled sRNA299 target sequence.
Quantitative RT-PCR measurements of scrambled FLAG-PAP mRNA are
indicated relative to wild-type FLAG-PAP mRNA. 28S rRNA was used as
an internal control. Mock represents cells transfected with vector lacking
insert. Values are means + SE for five independent experiments.

A small RNA binds to PAP mRNA in vivo

To test whether a sRNA from pokeweed bound to the
observed cleavage site of PAP mRNA, we performed an
RNA electrophoretic mobility shift assay. A (+)-strand,
radiolabeled in vitro transcript of the 23 nt region of PAP
mRNA potentially targeted by the sSRNA was synthesized,
based on the assumption that cleavage of PAP mRNA
at A299 would result from the binding of a reverse
complementary sRNA extending approximately 11 nt in
the 5’ and 3’ direction from A299. This was reasoned, as
plant miRNA-target interactions tend to cause cleavage
between positions 10 and 11 of the alignment (German
et al. 2008). The 23 nt transcript was used as a probe
and incubated with the low molecular weight RNA pool
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isolated from pokeweed. A resulting shift in migration of
the probe was detected (Fig. 2A). This band (indicated
by arrow) migrated slightly slower than the migration of
the positive control, which was an unlabeled 23 nt in
vitro transcript complementary to the probe. Therefore, a
sRNA from pokeweed binds to the PAP mRNA sequence
and may be longer than 23 nt. We designated this SRNA
‘'sRNA299’, referring to its induced cleavage between nt
298/299 of the PAP mRNA sequence. Incubation of the
probe with LMW RNA from cabbage served as a negative
control and did not produce a shift in probe migration,
indicating some specificity of the probe for a SRNA from
pokeweed.

To determine whether SRNA299 reduced levels of PAP
mRNA in vivo, constructs of FLAG-tagged PAP, to distin-
guish them from endogenous PAP, were transfected into
pokeweed protoplasts. The constructs contained either
the wild-type target sequence for sSRNA299, or scrambled
target sequence. Quantitative RT-PCR demonstrated that
FLAG-PAP mRNA levels bearing the scrambled target
sequence had a significant, 22-fold increase compared
with FLAG-PAP mRNA levels with wild-type sequence
(P<0.01, Student’s t-test; Fig. 2B). Taken together, these
results show that a sRNA binds a specific sequence
within the open reading frame of PAP mRNA in vivo,
resulting in reduced levels of full-length PAP mRNA.

JA increases the level of PAP mRNA and sRNA299

To investigate the possible physiological role of the
sRNA, we treated pokeweed leaves with JA and mea-
sured the levels of PAP mRNA and sRNA299. Given that
JA signals a defense response to herbivory and pathogen
attack, we hypothesized that it would increase the levels
of PAP mRNA and resulting protein. This was indeed the
case, as application of 5mM JA increased PAP mRNA
sevenfold and protein levels beyond control plants with-
out the hormone treatment (Fig. 3A, B). The increase
in PAP mRNA with JA, relative to water, was signifi-
cant (P<0.05, Student’s t-test). We initially compared
the effect of water and 0.5% ethanol on the level of PAP
mRNA because JA was prepared in 0.5% ethanol. How-
ever, there was no obvious difference between water and
0.5% ethanol on PAP mRNAs levels; therefore, subse-
quent analyses were performed on plants treated with JA
in 0.5% ethanol (+JA) and compared with 0.5% ethanol
alone (—JA). We quantified the level of SRNA299 under
the same conditions and observed a significant, 3.4-fold
increase with JA (P <0.01, Student’s t-test; Fig. 4A). Treat-
ment of pokeweed plants with JA also increased the
amount of PAP mRNA cleavage at the A299 target site,
relative to untreated plants (Fig. 4B). These results suggest
that PAP levels increase during JA stress, which agrees
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Fig. 3. JA treatment increases levels of PAP mRNA and protein. Poke-
weed plants were treated with 5mM JA 24 h prior to RNA or protein
extraction. (A) Quantitative RT-PCR measurements of PAP mRNA from
pokeweed total RNA are indicated. 285 rRNA was used as an inter-
nal control. Values are relative to the water-treated sample and are
means + SE for three independent experiments. (B) Total PW protein
(5 ng) was separated by 12% SDS-PAGE, transferred to nitrocellulose and
probed with a polyclonal antibody specific to PAP (1:5000). The blot was
also probed with a polyclonal antibody specific for L3, a large ribosomal
subunit protein, as a loading control (1:5000). PAP standard (std) is puri-
fied PAP from pokeweed. The blot is representative of three independent
experiments.

with the hypothesized role of PAP as a defense protein.
Moreover, the increase in the SRNA suggests that it offsets
a JA-induced transcriptional increase in PAP mRNA.

Pokeweed shows a typical distribution of small
RNA sequences

To characterize the sRNA content of pokeweed, we
performed sRNA sequencing of plants treated with
or without JA. The sRNA libraries illustrated a typical
angiosperm-specific size distribution, with 23-24nt
RNAs being most abundant, followed by 20—22 nt RNAs
(Fig. S1, Supporting Information). The distributions of
unique sequences and total reads were similar. Aver-
aging the results across unique sequences, reads and
treatments, the percentages of 20nt, 21 nt, 22 nt, 23 nt
and 24 nt sRNAs were 2.29, 5.50, 5.30, 20.91 and
60.65, respectively. Because of the limited biological
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Fig. 4. JA treatment increases levels of SRNA299 and PAP mRNA cleav-
age. Pokeweed plants were treated with 5mM JA 24 h prior to RNA
extraction. (A) Quantitative RT-PCR measurements of sRNA299 from
pokeweed low molecular weight RNA are indicated. Measurements
used miR156 as an internal control. Values are relative to —JA and are
means + SE for three independent experiments. (B) Pokeweed total RNA
(PW) was template for primer extension using PAP-specific radiolabeled
reverse primer complementary to region 340-361 nt. CB RNA was ana-
lyzed as a negative control, and No RNA (NR) indicates radiolabeled
reverse primer without extension template. cDNA products were sep-
arated through 7 M urea/6% acrylamide gel and visualized with a phos-
phorimager. Dideoxynucleotide sequencing of a PAP cDNA with the same
primer was used to identify the reverse transcriptase stall site. The gel is
representative of four independent experiments.

variability represented by our RNA-Seq samples, we
did not investigate the effect of JA, if any, on the sSRNA
distribution in pokeweed.

RNA-Seq confirms the existence of a small RNA
targeting PAP mRNA

Sequencing of the small RNA pool from pokeweed
revealed several small RNAs that aligned to the PAP
mRNA, in both the plus- and minus-sense orientation.
Based on the observed cleavage at ~300 nt of pokeweed
mRNA, we expected to detect small RNAs aligning to
this particular region. To identify sRNA299 in poke-
weed, libraries were aligned to the reverse complement
sequence of PAP mRNA. Between the —JA and +JA
libraries, eight reads aligned to the previously character-
ized PAP mRNA target site. As determined by multiple
sequence alignment, the reads ranged in length from 18
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Fig. 5. RNA-Seq confirms the existence of sRNA299 in pokeweed.
The +JA and —JA libraries were aligned to the PAP mRNA sequence
to identify sRNAs that could regulate the transcript. (A) The multiple
sequence alignment for sSRNA299 reads present in the +JA and —JA
libraries. (B) An illustration of sRNA299 binding to PAP mRNA via
complementary base-pairing. Letters in red indicate nucleotides that are
not complementary to PAP mRNA but were conserved in some sSRNA299
reads.

to 22 nt and were highly conserved (Fig. 5A). The resul-
tant sSRNA299 consensus sequence showed high com-
plementarity to the PAP mRNA target site (Fig. 5B). Of the
eight reads, three were completely complementary to
PAP mRNA and five deviated by only 1-3 nt. These dif-
ferences could arise from sequencing errors or from dif-
ferent small RNA precursors. Taken together, these results
confirm the presence of sSRNA299 and its ability to target
the PAP mRNA through complementary base-pairing.

Discussion

We show here that PAP mRNA is targeted by a sRNA,
which results in cleavage of the message within its open
reading frame. Therefore, the SRNA negatively regulates
PAP mRNA. Interestingly, JA treatment increases the lev-
els of both PAP mRNA and the sRNA. In most docu-
mented cases, the level of sSRNA is inversely related to
the level of its target RNA; however, recent publications
of genome-wide analyses demonstrate that several plant
sRNA-target pairs have positively correlated expression
patterns (He et al. 2013, Peng et al. 2014). Indeed, an
equal number of negatively and positively correlated
miRNA-target mRNA pairs have been described during
tomato fruit development (Lopez-Gomollon et al. 2012).
Positive correlations suggest mechanisms of action that
are not limited to classic temporal regulation where neg-
ative correlation is evident. For example, miR395 and its
target mMRNA SULTR2;1 are both induced by low sulfur
levels but each is transcribed in a separate neighbor-
ing cell type (Kawashima et al. 2009). Therefore, there
is an exclusion between the small RNA and its target
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mRNA, and miR395 may function as a secondary means
of preventing SULTR2:1 expression in specific cell types.
Other scenarios describe how the mRNA is transcribed
equally in two domains; yet, the small RNA is tran-
scribed in only one, with the purpose of excluding the
expression of the target in one domain only (Kidner and
Martienssen 2004; Levine et al. 2007). Another type of
regulation occurs when the small RNA diminishes or
modulates the expression of the mRNA target and the
degree of target reduction depends on the level of miRNA
(Nikovics et al. 2006). Such a mechanism could play
an important role in controlling the toxicity of PAP. We
suggest that the increase in SRNA may be a means to
limit the over-expression of PAP during induction. For
example, transgenic plants expressing PAP from a consti-
tutive 355-CaMV promoter displayed symptoms of toxic-
ity, including stunted growth, mottled leaves and sterility
(Lodge et al. 1993). Authors reported correct localization
of PAP, indicating deregulated PAP expression likely con-
tributed to the observed toxicity.

sRNAs represent only one level of regulation of gene
expression, which is also controlled by transcription fac-
tors/promoter sequences and mRNA stability. The contri-
bution of each may mask the negative effect of a small
RNA on target mRNA levels. RIP induction by hormones
associated with biotic stress has been reported previ-
ously. For example, RIPs induced by plant hormones
include JIP60, a JA-induced Type Il RIP from barley
(Dunaeva et al. 1999), beetin, a salicylic acid and hydro-
gen peroxide-induced Type | RIP from sugar beet (Iglesias
et al. 2008) and soRIP2, a salicylic acid-induced Type
| RIP from spinach (Kawade and Masuda 2009). Some
RIPs are induced directly by stimuli upstream of the hor-
mone signal, providing insight into their functional tar-
gets. For example, RIP2, a Type Il RIP from maize with
insecticidal activity, was induced 100-fold at the RNA
level, with a concomitant increase in protein, upon cater-
pillar feeding but not mechanical wounding (Chuang
et al. 2014). Other RIPs have shown pathogen-inducible
expression patterns, including beetin and curcin, which
are virus and fungus inducible, respectively (Girbés et al.
1996, Qin etal. 2010). Although the PAP gene pro-
moter remains unknown, it is probable that JA treatment
induces transcriptional activation of the PAP gene. Our
finding that PAP expression is enhanced by JA agrees
with previous reports which place RIPs within a sig-
naling cascade mediated by biotic stress. While the
antiviral activity of PAP is well established, the induc-
tion of PAP by JA suggests that PAP could play a more
broad-spectrum role against herbivores and necrotrophic
pathogens, well-known elicitors of JA signaling. The tar-
geting of PAP by a small RNA that is also induced by JA
may serve to fine-tune PAP levels during stress.
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Our finding that PAP mRNA is targeted by a sSRNA
may explain some discrepancies reported previously
between RIP transcript and protein levels. For example,
in sugar beet, beetin transcripts were found at similar lev-
els throughout plant development but the protein was
only synthesized in adult plants (Iglesias et al. 2008).
Upon treatment with mediators of systemic acquired
resistance, beetin expression increased at the RNA and
protein levels but only in adult plants. Authors suggested
that variations in transcript stability, polyadenylation or
protein factor recognition could account for develop-
mental regulation of this Type | RIP. In this study, we
found 5’ truncated PAP transcripts in pokeweed because
of sSRNA-associated cleavage. A developmentally regu-
lated sRNA that targets beetin may also contribute to its
observed expression pattern in sugar beet.

Although the abundance of sSRNA299 in our RNA-Seq
libraries was low, averaging less than 1 read per million
(data not shown), it is possible that this SRNA shows
a developmental or spatial expression pattern that is
important for PAP regulation in pokeweed. A recent
report found that the vast majority of miRNAs in plants
are of low abundance and are species-specific (Montes
etal. 2014). In contrast, highly abundant miRNA fam-
ilies tend to be well conserved among plants (Montes
et al. 2014). RIPs have been found in less than 20% of
angiosperm taxonomic orders, indicating that they are
poorly conserved (Di Maro etal. 2014). We searched
current plant sSRNA databases (plant miRNA database:
http://bioinformatics.cau.edu.cn/PMRD/ and tasiRNA
database: http://bioinfo.jit.edu.cn/tasiRNADatabase/) for
sequences aligning to sSRNA299 and did not find any,
suggesting that SRNA299 may be unique to pokeweed.
Taken together, the low abundance and apparent lack
of conservation of sRNA299 reported here does not
undermine its functional importance in pokeweed.

Future work will focus on identifying the origin of
sRNA299. Presently, our analysis selected for SRNA299
sequences with high complementarity to PAP mRNA
and their presence suggests processing from a siRNA
pathway. Our electrophoretic mobility shift assay results
indicate that the sSRNA299 probe annealed to a sSRNA
larger than 23 nt, although this could be attributed to the
use of a non-denaturing gel, or the binding of a third
component within the cellular lysate. To our knowledge,
this is the first report of a SRNA targeting a RIP mRNA;
the expression of other plant RIPs may be controlled
in a similar manner. Additionally, this work suggests an
endogenous mechanism to modulate the expression of
a RIP, possibly limiting its associated toxicity. This may
have important implications in transgenic plant systems
and agricultural selection programs.
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Fig. S1. Pokeweed shows a typical small RNA size dis-
tribution. RNA-Seq was performed from low molecular
weight RNA extracted 24 h after treatment of pokeweed
plants with or without 5 mM JA. (A) Size distribution of
unique sequences. (B) Size distribution of reads. Val-
ues are means =+ SE for two technical replicates from one
plant (=JA) or two technical replicates from two plants
(+HA).
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Supplementary Table 1 — Primers used for sequencing and cloning of PkMV-AR

Primer s s
Name Sequence (5’ to 3°) Purpose
Al GCTGTCAACGATACGCTACGTAACGGCATGACAGTG-d(T)24 RT f";ls(i‘/}‘\lfn“ng
A2 TGTGCCTGAGGAGACTTTCAAAATCACG PCR for Seq3
A3 GCTGTCAACGATACGCTACGTAACG PCR for Seq3
A4 GCGAACAGTGAACACTTACCCTTG PCR for Seq2
AS CTCTCGAGTCCTGTCTGC PCR for Seq2
A6 GCCATCTCTTCCACCAGTGATGATT PCR for Seql
A7 AAAATAAAACAAAACATCACAACATAACAC PCR for Seql
BI d(T)21-CCTCTTTTACCTCTGTACATGTGTTCCACGAGGTAAAACC R for coning, PCR
B2 GTAGATTTTGGGATTAAAGTGCAACCCACACTAGATTGCGACAACCGCATGATATCGTACC | PCR for PKMV-3’
B3 AAAATAAAACAAAACATCACAACATAACACAAAACAATCTATCAACTCTCAAGCTCTCAG | PCR for PKMV-5°
B4 GGTACGATATCATGCGGTTGTCGCAATCTAGTGTGGGTTGCACTTTAATCCCAAAATCTAC | PCR for PKMV-5’
BS CACATTTCCCCGAAAAGTGCCACCTGAACG PCR for PKMV-Vec
B6 CCTGATGCGGTATTTTCTCCTTACGCATCTGTGC PCR for PKMV-Vec
cl ACGTGGAGACAACATTCTTGTGTACGTTGC PCR é‘;lre}; }(‘MV'
c2 GTTTAACCGTGCACTGCGATAGAAGACTC PCR é‘gel;l{‘MV'
DI TCAGTTGCTGAGACGTTCTGGAGGGGTTTTAATAG PCR for PKMV-
eGFP Fragment 1
D2 GATAGCACATAACTTGTAGAGGTGCTATAATG PCR for PKMV-
eGFP Fragment 1
D3 CATTATAGCACCTCTACAAGTTATGTGCTATC PCR for PKMV-
eGFP Fragment 2
D4 ATAATGATTCATTGTGCGACGGACTCCATCTGTTACAC PCR for PKMV-
eGFP Fragment 2
D5 GTCGCACAATGAATCATTATTCAATGGTGAGCAAGGGCGAGGAGCTGTTCACCG PCR for eGFP insert
D6 CCAGAACGTCTCAGCAACTGACTGGAAATGCACTTCAATCTTGTACAGCTCGTCCATG | PCR for eGFP insert
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Supplementary Table 2 — Primers used for generation of viral libraries, scrambled/positive
controls and NGS preparation.

Primer Sequence 5' to 3' Purpose
Name
Lib-For | ATCGAGGTCTCAATGGNNNNNN Generation of dsDNA viral
library for insertion into
reporter plasmid
Lib-Rev | TGAGCGGTCTCTAGGTNNNNNN Generation of dsDNA viral
library for insertion into
reporter plasmid
Scr-Top | ATGGGATCGGATACGTACCTCGAGTTAATGCTA | Scrambled positive control for
CGCTAT fluorescence measurements
Scr-Bott | AGGTATAGCGTAGCATTAACTCGAGGTACGTAT | Scrambled positive control for
CCGATC fluorescence measurements
Pos-Top | ATGGTTGACAGCTAGCTCAGTCCTAGGTATAATG | Positive control for
CTAGC fluorescence measurements,
strong Sigma70 promoter
Pos-Bott | AGGTGCTAGCATTATACCTAGGACTGAGCTAGC | Positive control for
TGTCAA fluorescence measurements,
strong Sigma70 promoter
Lib-Seq- | GATCAGCTCGAGTGCCACCTG Sanger sequencing of eGFP
For library
Lib-Seq- | TTGTGCCCATTAACATCACCA Sanger sequencing of eGFP
Rev library
NGS-For | TAGAGACTAGTGGAAGACATGGAG Amplification of
chloramphenicol library prior
to NGS
NGS- TTAAGTGAACTTGGGCCCAGTA Amplification of
Rev chloramphenicol library prior
to NGS
Poly- ITTTTTTTTTTTTTTTTTTTTTTTVN Reverse transcription of viral
d(T)23- RNA for library generation

VN
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Supplementary Table 3 — Primers used to amplify PkMV PPRs for fluorescence measurement
and to obtain +1TSS with TSO-5’RACE.

Primer Sequence 5' to 3' Purpose
Name
PPROF-F | ATCGAGGTCTCAATGGTTCATTTGAAGAGTTCG | PkMYV specifc putative
TGA promoter region 6F primer
PPR6F-R | TGAGCGGTCTCTAGGTGTGGAGCCAATTTTCAT | PkMV specifc putative
GGT promoter region 6F primer
PPR6R-F | TGAGCGGTCTCTAGGTTTCATTTGAAGAGTTCG | PkMYV specifc putative
TGA promoter region 6R primer
PPR6R-R | ATCGAGGTCTCAATGGGTGGAGCCAATTTTCAT | PkMV specifc putative
GGT promoter region 6R primer
PPR7F-F | ATCGAGGTCTCAATGGTGTAGTCGTAGATTTTG | PkMYV specifc putative
GGA promoter region 7F primer
PPR7F-R | TGAGCGGTCTCTAGGTAAGAAAGCAGCCTCTGT | PkMV specifc putative
TGC promoter region 7F primer
PPR7R-F | TGAGCGGTCTCTAGGTTGTAGTCGTAGATTTTG | PkMYV specifc putative
GGA promoter region 7R primer
PPR7R-R | ATCGAGGTCTCAATGGAAGAAAGCAGCCTCTG | PkMV specifc putative
TTGC promoter region 7R primer
PPR8F-F | ATCGAGGTCTCAATGGACAAGCACGAACAATG | PkMV specifc putative
GTGC promoter region 8F primer
PPR8F-R | TGAGCGGTCTCTAGGTGTTTATTGAGGATTGTT | PkMV specifc putative
TCG promoter region 8F primer
PPR8R-F | TGAGCGGTCTCTAGGTACAAGCACGAACAATG | PkMV specifc putative
GTGC promoter region 8R primer
PPR8R-R | ATCGAGGTCTCAATGGGTTTATTGAGGATTGTT | PkMV specifc putative
TCG promoter region 8R primer
PPRIF-F | ATCGAGGTCTCAATGGAGCAAACAGCTGTCTG | PkMV specifc putative
GTTG promoter region 9F primer
PPRIF-R | TGAGCGGTCTCTAGGTAAAGAAAGGGATCTTG | PkMV specifc putative
ACAT promoter region 9F primer
PPRIR-F | TGAGCGGTCTCTAGGTAGCAAACAGCTGTCTGG | PkMYV specifc putative
TTG promoter region 9R primer
PPRIR-R | ATCGAGGTCTCAATGGAAAGAAAGGGATCTTG | PkMV specifc putative
ACAT promoter region 9R primer
PPR10F-F | ATCGAGGTCTCAATGGGCCAGACAAGATGCAT | PkMV specifc putative
GAGG promoter region 10F primer
PPR10F-R | TGAGCGGTCTCTAGGTGTACGCGGTATGGCGTG | PkMV specifc putative
GAT promoter region 10F primer
PPR10R-F | TGAGCGGTCTCTAGGTGCCAGACAAGATGCAT | PkMV specifc putative
GAGG promoter region 10R primer
PPR10R- | ATCGAGGTCTCAATGGGTACGCGGTATGGCGTG | PkMYV specifc putative
R GAT promoter region 10R primer
PPR11F-F | ATCGAGGTCTCAATGGTCTCTGTCATCCATAAT | PkMV specifc putative

GAC

promoter region 11F primer
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PPR11F-R | TGAGCGGTCTCTAGGTCCATTGCGCTGGGATCA | PkMYV specifc putative
TGC promoter region 11F primer
PPR11R-F | TGAGCGGTCTCTAGGTTCTCTGTCATCCATAAT | PkMYV specifc putative
GAC promoter region 11R primer
PPR11R- | ATCGAGGTCTCAATGGCCATTGCGCTGGGATCA | PkMV specifc putative
R TGC promoter region 11R primer
PPR12F-F | ATCGAGGTCTCAATGGACAAGAACCAGCGTCT | PkMV specifc putative
CAGA promoter region 12F primer
PPR12F-R | TGAGCGGTCTCTAGGTCCAGTCAACGGATCCAC | PkMV specifc putative
AAA promoter region 12F primer
PPR12R-F | TGAGCGGTCTCTAGGTACAAGAACCAGCGTCTC | PkMV specifc putative
AGA promoter region 12R primer
PPR12R- | ATCGAGGTCTCAATGGCCAGTCAACGGATCCAC | PkMV specifc putative
R AAA promoter region 12R primer
TSO TACTTCCAATCCAATGRGRGR Template switching oligo,
DNA/RNA hybrid
TSO-For | TACTTCCAATCCAATGGG TSO specific forward primer
Lib-5R- CGTGTCTTGTAGTTCCCGTCA RT primer for TSO-5'RACE of
RT eGFP
Lib-5R- TCTCGCAAAGCATTGAACACC eGFP specific reverse primer
Revl for PCR amplification
Lib-5R- TTATCCACTTCCAATTCTCGCAAAGCATTGAAC | eGFP specific reverse primer
RevAl ACC with adapter for cloning into
sequencing vector
Lib-5R- TAACCTTCGGGCATGGCACTCT Nested eGFP specific reverse
Rev2 primer for PCR amplification
Lib-5R- TTATCCACTTCCAATTAACCTTCGGGCATGGCA | Nested eGFP specific reverse
RevA2 CTCT primer with adapter for
cloning into sequencing vector
pLK-For ATTGGAAGTGGATAAGCATG Linearizing sequencing vector

pLK-Rev

ATTGGATTGGAAGTACTATAGTGA

Linearizing sequencing vector
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Supplementary Table 4 — Cryptic promoters as top and bottom strand oligos for fluorescence

measurements

Primer Sequence 5' to 3' Purpose

Name

9R-Top | ATGGGGGATCTTGACATTTTCTGGTATTGTTGTACCA | 9R promoter top strand
ATCAAATTCCTGTAATT

9R-Bott | AGGTAATTACAGGAATTTGATTGGTACAACAATACC | 9R promoter bottom strand
AGAAAATGTCAAGATCCC

9R-SM- | ATGGGGGATCTTGACATTTTCTGGGATCGTTGTACC | 9R promoter with silent

Top AATCAAATTCCGGTAGTT mutations, top strand

9R-SM- | AGGTAACTACCGGAATTTGATTGGTACAACGATCCC | 9R promoter with silent

Bott AGAAAATGTCAAGATCCC mutations, bottom strand

10F-Top | ATGGTAGGCAGATTGACTATGGCTCAGGCCACCAA 10F promoter top strand
AGTAGCATACACTTTGCAA

10-Bott | AGGTTTGCAAAGTGTATGCTACTTTGGTGGCCTGAG | 10F promoter bottom
CCATAGTCAATCTGCCTA strand

10F- ATGGTAGGCAGACTAACGATGGCTCAGGCCACCAA | 10F promoter with silent

SM-Top | AGTCGCTTACACTTTGCAA mutations, top strand

10F- AGGTTTGCAAAGTGTAAGCGACTTTGGTGGCCTGAG | 10F promoter with silent

SM-Bott | CCATCGTTAGTCTGCCTA mutations, bottom strand

11R-Top | ATGGCTGAAGAATTTCAATATTTTCTGCCGTGTGATT | 11R promoter top strand
CCGTGTATAATGACTTC

11R- AGGTGAAGTCATTATACACGGAATCACACGGCAGA | 11R promoter bottom

Bott AAATATTGAAATTCTTCAG strand

11R- ATGGCTGAAGAATTTCAATATTCTCCGCCGTGTGAT | 11R promoter with silent

SM-Top | TCCGTGTGTAATGACTTC mutations, top strand

11R- AGGTGAAGTCATTACACACGGAATCACACGGCGGA | 11R promoter with silent

SM-Bott | GAATATTGAAATTCTTCAG mutations, bottom strand

12F-Top | ATGGAGTTAGGCTATGAGGTGCACGCTGATGATGAT | 12F promoter top strand
ACAATAGAACATTTCTTT

12F-Bott | AGGTAAAGAAATGTTCTATTGTATCATCATCAGCGT | 12F promoter bottom
GCACCTCATAGCCTAACT strand

12F- ATGGAGTTAGGCTACGAGGTGCACGCTGATGATGAC | 12F promoter with silent

SM-Top | ACCATAGAACATTTCTTT mutations, top strand

12F- AGGTAAAGAAATGTTCTATGGTGTCATCATCAGCGT | 12F promoter with silent

SM-Bott | GCACCTCGTAGCCTAACT mutations, bottom strand
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Supplementary Table 5 — Cloning PkMV into pLX-B2 backbone with silent mutations

Primer Sequence 5' to 3' Purpose

Name

pLX- AAAATAAAACAAAACATCACAACATAACAC PkMYV specific

PkMV-F1- primer to amplify

For first fragment

pLX- CTTTGGTGGCCTGAGCCATCGTTAGTCTG PkMYV specific

PkMV-F1- primer to amplify

10F-SM- first fragment with

Rev silent mutation in
10F

pLX- CTCCGCCGTGTGATTCCGTGTGTAA PkMYV specific

PKkMV-F1- primer to amplify

11R-SM- first fragment with

Rev silent mutation in
11R

pLX- GCTCAGGCCACCAAAGTCGCTTACACT PkMYV specific

PKkMV-F2- primer to amplify

10F-SM-For second fragment
with silent mutation
in 10F

pLX- TACACACGGAATCACACGGCGGAGA PkMYV specific

PkMV-F2- primer to amplify

11R-SM- second fragment

For with silent mutation
in 11R

pLX- TTTTTCCTCTTTTACCTCTGTACATGTGTT PkMYV specific

PKkMV-F2- primer to amplify

Rev second fragment

pLX- AGAGGTAAAAGAGGAAAAAAAAAAAAAAAAAAAAAA | Linearizing pLX-

PkMV-Vec- | AAAAAAAAGCAGATCGTTCAAA B2-RFP vector with

For overlaps for second
fragment

pLX- GTGATGTTTTGTTTTATTTTCCTCTCCAAATGAAATGAA | Linearizing pLX-

PkMV-Vec- | CTTCCT B2-RFP vector with

Rev overlaps for first

fragment
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