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ABSTRACT

Phytolacca americana (American pokeweed) expresses pokeweed antiviral protein (PAP),
a ribosome-inactivating protein (RIP) thought to function in defence. Several PAP isoforms are
differentially responsive to jasmonic acid (JA), a phytohormone that mediates resistance against
pathogen infections and herbivory. However, few RIP promoters have been characterized and
little is known about RIP regulation in their native contexts. In this study, I identified the PAP
promoters and discovered long introns in the 5’ untranslated regions (5'UTRs) of PAP genes.
qRT-PCR and reporter assays revealed that both the PAP-I promoter and intron can
independently drive gene expression, leading to the transcription of mRNA variants with distinct
5'UTRs. In addition, a G-BOX promoter element was found to be required for the JA-mediated
upregulation of PAP-I. Differential expression analysis confirmed that several PAP isoforms are
responsive to other stresses, in addition to JA. This foundational work sheds light on the

endogenous regulation of PAP.
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1. INTRODUCTION

1.1  Phytolacca americana and pokeweed antiviral protein
1.1.1 General characteristics

Phytolacca americana, commonly known as American pokeweed, is a flowering plant that
belongs to the order Caryophyllales and the family Phytolaccaceae. Pokeweed has been studied
primarily due to its synthesis of pokeweed antiviral protein (PAP), an N-glycosidase and
ribosome-inactivating protein (RIP) that removes a specific adenine residue from the conserved
a-sarcin/ricin loop of large ribosomal RNAs (rRNAs) through a process called depurination
(Endo et al., 1988). Since damaged ribosomes cannot participate in translation elongation,
depurination of rRNA causes an inhibition of global protein synthesis. PAP’s antiviral activity is
thought to stem from this mechanism of action, as it can limit the synthesis of viral proteins in
infected cells and contain the infection (Gessner and Irvin, 1980). In addition to rRNA, PAP can
also directly depurinate the genome of some plant and animal RNA viruses, interfering with
stages of the viral life cycle (He et al., 2008; Karran and Hudak, 2008; Krivdova and Hudak, 2015;
Mansouri et al., 2009). Transgenic plants expressing PAP exhibit resistance against viruses and
fungi (Lodge et al., 1993; Zoubenko et al., 1997). Beyond pathogen resistance, pokeweed also
shows promise in phytoremediation due to its ability to accumulate high levels of heavy metals
that would otherwise be toxic to most plants (Dou et al., 2009; Peng et al., 2008). Despite these
useful properties, a wealth of genetic information remains unknown in this non-model plant, as

we have only very recently sequenced its genome (Neller et al., 2019).
1.1.2 PAP genes in pokeweed

RIPs are synthesized mainly by plants and are heavily represented in certain taxonomic
lineages, including Phytolaccaceae (Di Maro et al., 2014). In pokeweed, several protein isoforms
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of PAP have been reported. PAP proteins have been isolated from leaves in the spring (PAP-I,
the most well-characterized isoform; Irvin, 1975), in early summer (PAP-II; Barbieri et al., 1982),
and in late summer (PAP-III; Kurinov and Uckun, 2003); from seeds (PAP-S1 and S2; Honjo et
al., 2002); from cell culture (PAP-C; Barbieri et al., 1989); and from roots (PAP-R and PAP-H;
Bolognesi et al., 1990; Park et al., 2002). Through our leaf transcriptome analysis (Neller et al.,
2016), we have also identified a novel PAP mRNA (Novel PAP) and demonstrated the expression
of PAP-a, which had previously only been detected in genomic DNA (Kataoka et al., 1992).
Through our genome annotation, we have confirmed the presence of the following PAP genes in
pokeweed: PAP-I, PAP-II, PAP-S1, PAP-S2, PAP-a, Novel PAP, and PAP-H. We did not find
genomic evidence for PAP-III, PAP-C, or PAP-R, and comparison with other isoforms revealed
that PAP-III has the same amino acid sequence as PAP-II, while PAP-C and PAP-R have the
same sequence as PAP-I. Therefore, small biochemical differences reported between these
isoforms may have resulted from post-translational modifications, experimental variability, or

allelic diversity (Neller et al., 2019).

Due to their cytotoxicity, RIPs usually localize to segregated cellular compartments;
indeed, all PAP isoforms contain an N-terminal signal sequence that promotes secretion to the
apoplast, the space between the plasma membrane and the cell wall (Ready et al., 1986; our
unpublished data). PAP isoforms vary in their ability to depurinate RNA templates (Honjo et al.,
2002; Kurinov and Uckun, 2003; Rajamohan et al., 1999) and show different levels of toxicity
when expressed constitutively in heterologous systems (Dai et al., 2003; Wang et al., 1998),
suggesting that they have different activities in pokeweed. Consistent with a predicted role in
pathogen defence, we showed previously through transcriptome analysis that several PAP genes
are upregulated in the presence of jasmonic acid (JA), a plant signalling hormone that mediates

resistance to insect herbivores, which can act as viral vectors, and necrotrophic pathogens (Neller



et al., 2016). It is well-known that RIPs can be induced by biotic and abiotic stresses; other RIPs
have been found to be responsive to plant hormones (JA, salicyclic acid, abscisic acid) or
associated stresses, including insect feeding, cold, heat, drought, high salinity, pathogen infection,
and wounding (Chuang et al., 2014; Iglesias et al., 2005; Qin et al., 2009, 2010; Reinbothe et al.,
2006; Song et al., 2000). However, little is known about how RIP expression is regulated

endogenously, or where RIPs are situated within stress response pathways.
1.2 RNA polymerase II-mediated transcription in eukaryotes
1.2.1 Overview of transcription initiation

In eukaryotes, transcription of all protein-coding genes is governed by the RNA
polymerase IT (RNAPII) holoenzyme. Control of transcription requires a consortium of
transcriptional activators and repressors (collectively known as specific transcription factors) that
bind to their target sequences and modulate the activity of the basal transcriptional machinery,
through both direct and indirect means (reviewed in Soutourina, 2018; Vernimmen and
Bickmore, 2015). A simplified model of eukaryotic transcription initiation is illustrated in Figure
1A. Transcription activation starts with the binding of activators to enhancers and proximal
promoter regions; these transcription factors (TFs) recruit co-activators that modify chromatin
structure and increase accessibility of the region about to be transcribed (Vernimmen et al., 2007;
Vierstra et al., 2014). This in turn facilitates the assembly of the basal transcriptional machinery
at the core promoter, which is the region surrounding the transcription start site (TSS). The basal
transcriptional machinery, or pre-initiation complex (PIC), is comprised of RNAPII and highly-
conserved general transcription factors (TFIID, TFIIA, TFIIB, TFIIF, TFIIE, TFIIH/TFIIK) that
are present in all eukaryotes. Mediator, a large multiprotein complex that interacts with both
specific and general transcription factors, acts as a co-activator by stabilizing the PIC (Esnault et

al., 2008; Eyboulet et al., 2015). Mediator also stimulates the phosphorylation of the RNAPII
3
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Figure 1. RNA polymerase II-mediated transcription in eukaryotes. (A) A simplified model of
transcription initiation in eukaryotes. (1) Transcriptional activators bind to enhancer regions,
which can be located upstream or downstream of core promoters. (2) Activators recruit
chromatin remodelling complexes that increase accessibility of the region about to be
transcribed. (3) Other transcriptional activators and co-activators facilitate the assembly of the
basal transcriptional machinery, or the pre-initiation complex (PIC). The PIC is assembled at the
core promoter. It includes RNA polymerase II (RNAPII) and general transcription factors (in
order of binding: TFIID, TFIIA, TFIIB, TFIIE, TFIIE, TFIIH/TFIIK, which contains a kinase
module known as cyclin-dependent kinase). Mediator of RNA polymerase II transcription
(Mediator), a large, multiprotein complex that interacts with both specific and general
transcription factors, acts as a co-activator by stabilizing the PIC. (4) Cyclin-dependent kinase
(CDK) phosphorylates an RNAPII subunit, which is necessary for RNAPII to escape from the
promoter and begin transcription elongation. Figure replicated from Soutourina (2018). (B) A
schematic diagram of common cis-acting regulatory elements in plant promoters. The core
promoter region comprises of binding sites for general transcription factors, while proximal
promoter elements bind specific transcription factors. Enhancers and silencers, which can be
found thousands of kilobases away from their target genes, also bind specific transcription
factors. Insulators prevent distal enhancers from acting on the promoters of neighbouring genes.



carboxy-terminal domain by a cyclin-dependent kinase (CDK), allowing RNAPII to be released
from the promoter and begin transcription elongation (Kim et al., 1994). A recent study suggests
that transcription in plants is mostly regulated at the initiation step, unlike in animals, where the
rate of mRNA synthesis is further controlled during elongation through RNA polymerase

pausing (Core et al., 2008; Hetzel et al., 2016).
1.2.2 Cis-acting regulatory elements (CREs) in plant promoters

Cis-acting regulatory elements (CREs) are short sequence motifs that bind general and
specific TFs during transcription initiation. The positions of common CREs in plant promoters
are depicted in Figure 1B. The core promoter, which typically extends from -40 to +40 bps
around the TSS, contains binding sites for general TFs: both the TATA box and Initiator (Inr)
element bind subunits of the TFIID complex, the TF that nucleates PIC assembly. Other motifs
may also be present, including the B recognition element (BRE), which binds TFIIB, and the
CAAT box, which binds core binding factors (Kumari and Ware, 2013). Initiation may still occur
in the absence of some of these motifs; for instance, only 29% of Arabidopsis core promoters have
been reported to contain TATA elements (Molina and Grotewold, 2005). The downstream
promoter element (DPE) is also thought to function cooperatively with Inr to bind TFIID,

particularly for TATA-less promoters (Kutach and Kadonaga, 2002).

The proximal promoter is found around 100 to 300 bps upstream of the TSS and contains
multiple binding sites for specific TFs (proximal promoter elements). It is in this region that
precise control of transcription occurs, as different regulatory elements may bind to a diverse
array of plant TFs that are activated only in certain cell and tissue types, developmental stages,
and stimuli (reviewed in Yamasaki et al., 2013). Enhancer and silencer elements are similar to
proximal promoter elements in that they are cis-acting sequences that are bound by specific TFs;

however, they are able to regulate gene expression from a greater distance, and can be located
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many kilobases upstream or downstream of their target genes (reviewed in Soutourina, 2018;
Vernimmen and Bickmore, 2015). While the onset of high-throughput enhancer screening
methods has led to the genome-wide identification of enhancer elements in model mammalian
systems (Korkmaz et al., 2016; Vockley et al., 2016), the mapping of distal regulatory elements
remains challenging, particularly for organisms that do not have well-assembled genomes.
Therefore, classical promoter studies focus on the 1 to 2 Kb region immediately upstream of the
TSS, which encompasses the core and proximal promoter elements, as well as any nearby

upstream enhancers or silencers.

The high sequence conservation of TF binding motifs means that CREs can be predicted
computationally in uncharacterized promoters based on experimentally validated CREs from
other plants (Chow et al., 2016; Higo et al., 1999). Through this approach, the general function of
a particular gene may be elucidated; for example, a plant promoter that contains motifs known to
bind light-responsive TFs may control a gene involved in photosynthesis (Lépez-Ochoa et al.,
2007). Since not all predicted motifs may be functional, in silico CRE prediction is best paired
with wet-lab promoter and TF binding analyses (reviewed in Geertz and Maerkl, 2010;

Hernandez-Garcia and Finer, 2014).

1.3  Promoter studies in plants

1.3.1 General overview

Promoter studies are conducted by placing promoter sequences upstream of reporter
genes, expressing the constructs in cells or in whole plants, and assaying for reporter activity as a
measure of promoter strength (reviewed in Hernandez-Garcia and Finer, 2014). In plants, the
most commonly used reporters are green fluorescent protein (GFP) and related variants (Niedz

et al., 1995), luciferase (Ow et al., 1986), and B-glucuronidase (Jefferson et al., 1987). In



particular, the bacterial-derived B-glucuronidase (GUS) has found widespread usage due to its
versatility; depending on the type of GUS substrate used, GUS can be detected through
histochemical staining, providing a visual indication of reporter expression in intact plant tissue,

or through a fluorometric assay, providing a quantitative measurement of promoter strength.
1.3.2 Agrobacterium-mediated transformation

While foreign genes can be expressed in whole plants through biolistic particle
bombardment (Kikkert et al., 2005) or rub inoculation of viral vectors (Scholthof, 1999; Seo et al.,
2009), the most common and efficient method is through Agrobacterium-mediated
transformation (reviewed in Pacurar et al., 2011). Rhizobium radiobacter (syn. Agrobacterium) is
a gram-negative soil bacterium that causes gall tumours in plants by transferring its own genetic
material into the genome of its host (Chilton et al., 1977). Virulent Agrobacterium strains
contain a tumour-inducing (Ti) plasmid that encodes the virulence (vir) genes required for this
lateral genetic transfer, as well as the genes needed for plant tumour formation, which are
contained in the T-DNA region (Figure 2A). The T-DNA enters plant cells as a single-stranded
DNA sequence (T-strand) and integrates randomly into the host genome by taking advantage of
naturally-occuring double-stranded DNA breaks (Kim et al., 2007). Upon genome integration,
genes encoded by the T-strand direct the synthesis of amino acids and plant growth hormones,

resulting in the tumorous proliferation of cells in infected areas (Garfinkel et al., 1981; Zhu et al.,

2000).

By removing the native genes in the T-DNA region and replacing them with other
sequences, such as reporter genes and plant selectable markers, Agrobacterium can integrate
foreign genes into host plant genomes in an asymptomatic manner. The ability of vir proteins to

act in trans led to the development of binary transformation vectors (Figure 2B), in which the vir
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Figure 2. Agrobacterium-mediated transformation in plants. (A) A simplified model of
Agrobacterium-mediated transformation. (1) Wounded plants release signal molecules that are
recognized by bacterial Vir receptors, leading to the activation of vir genes on the Ti plasmid of
Agrobacterium. (2) VirD1/VirD2 endonucleases process the T-DNA region in a sequence-
specific manner and release a single-stranded (ss) T-strand. (3) VirD2 attaches covalently to the
5" end of the T-strand and the DNA-protein complex is transported into the plant cytoplasm via a
bacterial secretion system (VirB/VirD4). Other Vir proteins involved in the plant transformation
process, such as VirE2, are exported to the host cell using the same route. (4) VirE2 associates
with the VirD2-conjugated T-strand and the entire complex localizes to the nucleus. (5) The T-
strand integrates randomly into the plant genome, leading to the expression of bacterial genes in
the host (6). Genes encoded by the T-strand direct the synthesis of amino acids and plant growth
hormones, resulting in the tumorous proliferation of cells. (B) The binary vector system used in
genetic engineering. Vir genes are placed in a helper Ti plasmid and act in trans, while the
disarmed T-DNA region is located in a second binary vector. Bacterial oncogenes have been
removed and replaced with genes of interest, such as reporter genes and plant selectable markers;
the left and right T-DNA borders allow the region to still be recognized by Vir proteins and
processed as wild-type T-DNA. The binary vector can be propagated in both Agrobacterium and
E. coli, allowing researchers to insert foreign genes with conventional molecular cloning
techniques. The figure was illustrated based on information from Pacurar et al. (2011).
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genes are placed in a helper Ti plasmid, and the disarmed T-DNA region is placed in a second
plasmid (binary vector) that can be propagated in both E. coli and Agrobacterium (reviewed in
Lee and Gelvin, 2008). This strategy allows researchers to insert foreign genes into the T-DNA
region using standard molecular cloning procedures. Foreign genes can be expressed transiently
by agroinfiltrating plant tissue with the desired constructs and measuring gene expression after a
few days, or stably, by regenerating whole plants from agroinfiltrated tissue and screening for
transgenic lines that have successfully integrated the gene of interest (reviewed in Hwang et al.,
2017; Krenek et al., 2015). For plant promoter studies, stable transformation is desirable because
it allows for the tracking of reporter expression across different developmental stages, tissue
types, and stimuli. However, generating stable lines can be time consuming as it is heavily
dependent upon the availability of optimized, species-specific plant regeneration techniques, as

well as plant generation times.
1.4  Plant hormone-mediated regulation of stress responses

In plants, stress response pathways are regulated primarily by plant hormones (also
known as phytohormones), which are signalling molecules produced within cells. Unlike in
animals, in which hormone production is restricted to specialized glands (reviewed in Brown-
Borg, 2007), each plant cell is capable of synthesizing phytohormones (reviewed in Santner et al.,
2009; Verma et al., 2016). Figure 3 summarizes several stress-associated hormone signalling

pathways and their points of crosstalk.
1.4.1 Jasmonic acid (JA)

Jasmonic acid (JA) is a lipid-based phytohormone that plays a major role in defence
against insect herbivores and necrotrophic pathogens (reviewed in Wasternack and Hause,

2013). The JA signalling pathway is divided into two mutually antagonistic branches regulated by
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MYC and AP2/ERF TFs: the MYC branch is associated with the wound response and defence
against insect herbivores, which can act as viral vectors, while the AP2/ERF branch is associated
with resistance to necrotrophic pathogens (Lorenzo et al., 2003, 2004). The AP2/ERF branch
requires activation of both the JA and ethylene (ET) pathways (Zhu et al., 2011), and branch
signalling specificity is further achieved through interactions with different transcriptional

coregulators (reviewed in Pieterse et al., 2011).

The biologically active form required for signalling is a jasmonate-isoleucine conjugate
(+)-7-iso-jasmonoyl-L-isoleucine (JA-Ile) that is recognized by the SCF°"'-JAZ receptor
complex (Fonseca et al., 2009), where coronatine-insensitive 1 (COI1) is an F-box protein that
functions as a ubiquitin ligase (Xu et al., 2002), and jasmonate-ZIM domain (JAZ) is a family of
transcriptional repressors (Thines et al., 2007). In the absence of JA-Ile, JAZ proteins repress
transcription from JA-associated genes through its direct interactions with the transcription
factors MYC and AP2/ERF, which act as master JA signalling activators (Ng et al., 2018).
Activation of the SCF“°"'-JAZ receptor complex through increased levels of JA-Ile directs the
ubiquitination and subsequent degradation of JAZ (Thines et al., 2007), allowing MYC and
AP2/ERF to promote the transcription of their downstream target genes, including the marker

genes VSP2 and PDF1.2 (Lorenzo et al., 2004; Manners et al., 1998).

1.4.2 Salicylic acid (SA)

Salicylic acid (SA) is a phenolic phytohormone that is important for defence against
microbial biotrophic pathogens. It is also required for systemic acquired resistance (SAR), a
broad-spectrum defence response analogous to the innate immune system in animals. Despite
their shared role in pathogen defence, JA and SA signalling responses generally act
antagonistically, and this mutual antagonism can occur at multiple points in the two pathways
(Kazan and Manners, 2013; Spoel et al., 2003; Yuan et al., 2007; Zander et al., 2010). Since
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activating stress-associated pathways can be costly, this JA-SA crosstalk is thought to equip the

plant with a more fine-tuned immune response (reviewed in Pieterse et al., 2011).

SA is perceived through receptors belonging to the NPR (non-expressor of pathogenesis-
related genes) family, and it was only recently elucidated that NPR1 and NPR3/NPR4 play
opposite roles in the transcriptional regulation of SA-associated genes (Ding et al., 2018). At low
levels of SA, NPRI1 exists in the cytoplasm as an oligomer linked through intermolecular
disulphide bonds. When SA levels increase in response to pathogen infection, redox changes in
the cytoplasm lead to the monomerization and subsequent nuclear translocation of NPR1
(Cheng et al., 2009; Tada et al., 2008). In the nucleus, NPR1 can act as a transcriptional
coactivator and allow TGA TFs to activate transcription of their target genes, including the SA
marker gene PRI (Rochon et al., 2006; Zhang et al., 2002). In contrast, NPR3/NPR4 are
transcriptional co-repressors that bind TGA TFs in the absence of SA. The presence of SA

abolishes this interaction and allows NPR1 to bind to TGA TFs (Ding et al., 2018).
1.4.3 Abscisic acid (ABA)

Abscisic acid (ABA) mediates responses to abiotic stresses such as drought, cold, heat,
and high salinity mainly by regulating stomatal aperture, allowing plants to control their level of
water retention in a dynamic environment (reviewed in Daszkowska-Golec and Szarejko, 2013).
ABA and SA response mechanisms act antagonistically at multiple steps, suggesting that plants
balance ABA-mediated abiotic stress tolerance and SA-mediated biotic stress resistance through
ABA-SA crosstalk (Yasuda et al., 2008). When produced in combination with JA, ABA acts
synergistically with JA to activate the MYC branch of the JA response pathway, while
antagonizing the AP2/ERF branch (Abe et al., 2003). This results in increased resistance to

herbivory at the expense of reduced resistance to necrotrophic pathogens (Anderson et al., 2004;
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Fernandez-Calvo et al., 2011). Conversely, JA signalling can induce genes that encode ABA

receptors (Lackman et al., 2011).

ABA is perceived by receptor proteins in the PYR/PYL/RCAR (Pyrabactin
Resistance/Pyrabactin resistance-Like/Regulatory Components of ABA Receptor) family, which
are found in both the nuclear and plasma membranes (Rodriguez et al., 2014). In the absence of
ABA, protein phosphatases type 2C (PP2C) inhibit SNF1-related protein kinases (SnRK2s)
through dephosphorylation, preventing them from activating downstream TFs (Umezawa et al.,
2009). In the presence of ABA, PYR/PYL/RCARs bind to and inhibit PP2Cs, allowing the
accumulation of active SnRK2s. This enables SnRK2 to phosphorylate ABA-Responsive Element-
Binding Factor (ABF) transcriptional activators, thereby promoting the transcription of ABA-

associated genes (Furihata et al., 2006).
1.5  Role of leader introns in gene regulation

Introns are a common feature of eukaryotic genes and are found ubiquitously in both
coding sequences (CDSs) and untranslated regions (UTRs), although they are more prevalent in
CDSs (Hong et al., 2006). Unlike in mammals, where introns frequently span several kilobases
(Keane and Seoighe, 2016), introns in flowering plants are generally no more than several
hundred nucleotides long. For instance, Arabidopsis has a mean intron length of 168 bps (Kaul et
al., 2000), while maize (Zea mays) has a mean intron length of 516 bps (Schnable et al., 2009).
Introns in the 5’UTR, also known as leader introns, exhibit properties that distinguish them from
introns in other regions. In Arabidopsis, leader introns tend to be longer and have a different
nucleotide composition compared to CDS or 3’'UTR introns (Chung et al., 2006). Moreover,
numerous leader introns have been shown to enhance gene expression in plants and other
eukaryotes (reviewed in Gallegos and Rose, 2015; Laxa, 2017). In some instances, leader introns

are required for high-level expression; for example, Jeong et al. (2006) found that on its own, the
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promoter of the Arabidopsis profilin gene PRF2 could only drive vascular expression, and the
PRF2 leader intron was needed for constitutive expression. Similarly, the leader intron of the
Arabidopsis metal transporter gene AtMHX enhanced reporter expression 272-fold when paired

with its weak native promoter (Akua et al., 2010).

Since studies have only been conducted on individual genes, the overall frequency of
regulatory leader introns in eukaryotes is unknown. Large-scale studies on regulatory leader
introns are further complicated by the fact that introns can influence gene expression through
several distinct mechanisms, and so there are presently no clear, conserved sequence motifs that
will lead to their mass identification. Leader introns may function simply as classical downstream
enhancers by harbouring CREs (Kim et al., 2006), or act as alternative promoters, leading to the
transcription of mRNAs that differ only in their 5UTRs (Morello et al., 2002; Qi et al., 2007). A
third mechanism known as intron-mediated enhancement (IME) has also been proposed. The
precise mechanism for IME remains unclear, although models at different levels of regulation
have been suggested. Leader introns may enhance transcription by creating a local, favourable
zone for transcription initiation that is depleted of nucleosomes (Gallegos and Rose, 2015).
Additionally, splicing markers in leader introns may promote transcription reinitiation, affect

mRNA processing and stability, and increase translation efficiency (reviewed in Shaul, 2017).
1.6  Research objectives

It is well-established that RIPs can be induced by stresses (reviewed in Zhu et al., 2018),
and several PAP isoforms have been shown to be responsive to JA (Neller et al., 2016). However,
little is known about the endogenous regulation of RIP expression and few RIP promoters have
been characterized. Previous attempts to isolate the PAP-I promoter in our lab had been
unsuccessful, and the 5’UTRs of PAP genes had not been clearly delineated. Therefore, the goal

of this study was to identify and functionally characterize PAP gene promoters using both in
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silico methods and reporter gene assays. Emphasis was placed on PAP-I, the most well-studied
and highly expressed isoform; more specifically, I aimed to identify cis-acting regulatory
elements within the PAP-I promoter that are responsible for the JA-mediated upregulation of the
PAP-I transcript. To complement promoter analyses, pokeweed plants were subjected to four
stress treatments (JA, SA, mechanical wounding, and PEG, which simulates drought) and the
expression profiles of PAP transcripts present in the leaf were determined through RNA-seq and
qRT-PCR. This study also led to the discovery of a novel, conserved feature in PAP genes: a long
leader intron. The PAP-I leader intron’s potential role in influencing gene expression and the
mechanism by which it acts was explored in parallel. This foundational work sheds light into the
distinct roles of the PAP isoforms in the plant and provides novel insight into the endogenous

regulation of ribosome-inactivating proteins.
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2. MATERIALS AND METHODS

2.1 Plant cultivation

Seeds — Nicotiana tabacum seeds (cv. ‘Samsun’) were provided by the Canadian Tobacco
Research Foundation (Delhi, ON). Phytolacca americana seeds originated in New Jersey, USA,

and plants have been grown and maintained at York University, Toronto, ON, Canada since

2004.

Sowing — Tobacco seeds were sown in trays containing rich soil mixture (1 part garden
soil: 1 part Pro-Mix all-purpose soil mix: 0.5 part cattle manure: 0.5 part sand) and seedlings
were transplanted to individual 2.5-inch square pots 1.5 weeks after germination. Plants were
covered with clear plastic domes until the two-leaf stage. To promote germination, pokeweed
seeds were gently swirled in absolute sulphuric acid for 4 minutes and rinsed under running tap
water for 15 minutes. Seeds were kept submerged in tap water for 2-4 days until > 95% of seed
coats were lightly cracked. Seeds were sown in individual 2.5-inch square pots containing rich
soil mixture. Trays containing pots were covered with clear plastic domes and placed on heated

electric mats until cotyledons had emerged fully.

Growth conditions — All tobacco and pokeweed plants were kept in growth chambers at
24°C under 14 hours of light (9:30 AM to 11:30 PM) and 10 hours of darkness. Chamber lighting
was comprised of 75% fluorescent and 25% incandescent bulbs (180 pE/m?/s) and fan speed was
set to 65%. Plants were watered approximately every 3 days and fertilized weekly with a 2-1-6

liquid fertilizer (Advanced Nutrients).
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2.2  Isolation of pokeweed genomic DNA

Genomic DNA (gDNA) was isolated from pokeweed leaves using a CT AB-based
extraction method. Leaf tissue (2 g) was homogenized in a prewarmed mortar (60°C) with a
pestle and 20 mL of prewarmed (60°C) CTAB buffer (1.4 M NaCl, 100 mM Tris-HCI, pH 8.0, 20
mM EDTA, 2% CTAB, 0.2% B-mercaptoethanol, 2% PVP). The slurry was transferred into a 50
mL conical polypropylene tube and incubated at 60°C for 1.5 hours. DNA was extracted twice
with equal volume of chloroform:isoamyl alcohol (24:1) and centrifuged at 3275 x gin a
Beckman-Coulter Allegra X-12 swinging bucket centrifuge. The upper aqueous phase was
transferred into a new 50 mL tube each time. DNA was precipitated by adding 0.7 volume cold
isopropanol to the upper aqueous phase and centrifuging at 3275 x g for 30 minutes. Following
centrifugation, the supernatant was discarded and the resulting pellet was washed twice in 70%
ethanol. The DNA pellet was then resuspended in 500 uL dH,O and treated with 10 uL of 10
mg/mL RNAse A for 1 hour at 37°C. DNA was extracted twice with equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1, pH 8.0) and precipitated with the addition of 2.5
volumes 100% ethanol and 0.10 volume of 3 M NaOAc. DNA was pelleted by centrifuging at 14
000 x g for 20 minutes. The pellet was washed twice with 200 uL of 75% ethanol and resuspended
in 200-500 pL of dH,O, depending on pellet size. DNA concentration was measured using a
spectrophotometer (A;s nm) and gDNA quality was evaluated by separating 2 pg of sample on a

0.7% agarose gel at 110 V for 30 minutes.
2.3 Polymerase chain reaction (PCR)

PCR was used for cloning and validation of computational PAP gene models. Depending
on the experiment, the template was either genomic DNA (250 ng), plasmid DNA (5-15 ng), or
complementary DNA (cDNA) directly from a reverse transcription reaction (0.5-1 puL). Each
reaction had the following components: DNA template, 5 uL of 5X Q5 Reaction Buffer, 0.5 puL of
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10 mM dNTPs, 1.25 pL of 10 uM forward primer, 1.25 pL of 10 uM reverse primer, 0.5 unit of Q5
High-Fidelity DNA Polymerase (New England Biolabs #M0491S), 5 puL of 5X Q5 GC Enhancer
Buffer (for templates with high-GC content and/or secondary structure) and dH,O to a final
volume of 25 pL. PCR amplification was initiated by denaturation at 95°C for 90 seconds and was
followed by 35 cycles alternating between denaturation (95°C; 30 seconds), annealing (61-70°C
on an Eppendorf gradient thermocycler; 30 seconds), and extension (72°C; 45 s per Kb of DNA).
A final extension was carried out at 72 °C (5 minutes for PCR products < 4 Kb; 10 minutes for
longer PCR products). To check for correct amplification, PCR products (8 uL) were separated

on an agarose gel (1-2.0%, depending on insert size) at 110 V for 30 minutes.
24  Generation of PAP promoter-reporter gene constructs

A schematic diagram for generating promoter-reporter gene constructs is illustrated in
Figure 4. Primers used for cloning are listed in Table 2 (Appendix B). The 1262-bp region
upstream of the PAP-I transcription start site (TSS) was considered the PAP-I promoter. This 1.3
Kb PAP-I promoter, along with the 5’UTR amd 1.6 Kb PAP-I intron, were PCR amplified from
gDNA with the primers PAP-I-prom-SLIC-FOR and PAP-I-prom-SLIC-REV, gel purified (see
2.5), and cloned by one-step SLIC (see 2.6) into the pUC-based vector pHSG299. The pHSG299
plasmid containing the PAP-I promoter and intron then served as the PCR template for all
downstream PCRs of PAP-I promoter fragments. The promoter was serially truncated from the
5’end in approximately 250 bp increments to give rise to several truncation fragments: 1124 bp,
711 bp, 584 bp, 432 bp, 296 bp, and 102 bp. Promoter-intron fragments were generated through
PCR as described in 2.3 by pairing the same reverse primer with different forward primers

spanning the promoter.
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To produce intronless versions of promoter constructs, a reverse primer (5-UTR-no-int-
REV) was designed to connect the two portions of the PAP-I 5’UTR that were originally
interrupted by the intron. This reverse primer was paired with different forward primers used
above. PCR products were gel purified as described in 2.5 and used as templates for a second
round of PCR, this time with forward and reverse primers that contained additional sequences
for cloning. Other PAP promoter-reporter constructs were generated in the same manner as the
intronless PAP-I promoter-reporter constructs. Each promoter fragment was then cloned into a
reporter vector (pCambia 0305.2 GFP-GUS) using either one-step SLIC (see 2.6) or Gibson
assembly (see 2.7). These methods were chosen over traditional restriction enzyme cloning
because they are sequence independent, and PCR fragments could be inserted to the vectors
without the addition of restriction enzyme sites. Therefore, the PAP-I promoter and 5UTR
sequences were inserted into the reporter vector exactly as they exist in pokeweed. Since SLIC
and Gibson assembly required the same input PCR fragments, the two methods were used
simultaneously and putative constructs were taken from reactions that yielded the highest
cloning efficiency. Linear vectors were also made through PCR as described in 2.3 (Primer pair:

pCambia-prom-FOR and pCambia-prom-REV).

To produce translocated intron-promoter constructs, linear 1262 and 102 PAP-I
promoter vectors were generated through PCR (Primer pairs: P1-transl-FOR and pCambia-
prom-REV; P7-transl-FOR and pCambia-prom-REV) and the PAP-I intron was inserted
upstream of each fragment using Gibson assembly. Minus catalase intron constructs were made
by excluding the intron through PCR (Primer pairs: pCambia-1-no-cat-FOR and pCambia-1-no-
cat-REV; pCambia-2-no-cat-FOR and pCambia-2-no-cat-REV) and reassembling the two
fragments through Gibson assembly. T/GBOXATPIN2 was deleted in the 1262/-GBOX construct

by excluding the element through PCR and reassembling the two fragments through Gibson
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assembly (Primer pairs: pCambia-GBOX-mut-1-FOR and pCambia-GBOX-mut-1-REV; Primer

pairs: pCambia-GBOX-mut-2-FOR and pCambia-GBOX-mut-2-REV).

All plasmids were sent to Bio Basic for sequence confirmation using the custom primers

listed in Table 3 (Appendix B).

2.5  Low-melt agarose gel extraction

Gel-purified DNA was used to generate all constructs. First, DNA fragments were
separated at 70 V for 45 minutes on a low-melt agarose gel (0.7-2.0% depending on fragment
size) precast with ethidium bromide. After electrophoresis, the gel was placed ona UV
illuminator and the band of the correct size was excised. DN A was extracted from the gel slice
with the EZ-10 Spin Column DNA Gel Extraction Kit (Bio Basic #BS353) following the
manufacturer’s protocol. DNA concentration was measured using a spectrophotometer (A2

nm).
2.6  One-step sequence- and ligation-independent cloning (SLIC)

One-step SLIC was performed according to Jeong et al. (2012) with minor modifications.
In a 0.2 mL microtube, gel-purified insert and vector fragments were combined at a 1:4 insert to
vector molar ratio (vector molar amount = 16-40 fmol, depending on availability) with 1 uL of
10X NEBuffer 2.1 (500 mM NaCl, 100 mM Tris-HCI, pH 7.9, 100 mM MgCl,, 10 mg/ml BSA),
1.5 units of T4 DNA polymerase (New England Biolabs #M0203S) and dH-O to a final volume of
10 pL. The reaction was incubated at room temperature for 2.5 minutes and stopped by
incubating on ice for 10 minutes. SLIC reaction products (5 pL) were transformed into

chemically competent DH5a E. coli cells as described in 2.8.
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Figure 4. Generation of PAP-I promoter-reporter gene constructs. (1) PAP-I promoter-intron
fragments were generated through PCR by pairing the same reverse primer (red arrow) with
different forward primers (black and grey arrows) spanning the promoter. To produce intronless
versions of promoter constructs, a reverse primer connecting the two portions of the 5UTR
(fused pink and red arrow) was paired with the same forward primers described above. (2) PCR
fragments were cloned into a GFP-GUS reporter gene vector using one-step SLIC or Gibson
assembly, which are sequence-independent cloning strategies. (3) To produce translocated
intron-promoter constructs, the PAP-I intron was cloned upstream of the PAP-I promoter using
Gibson assembly.



2.7  Gibson assembly

In a 0.2 mL microtube, gel-purified insert and vector fragments were combined at a 1:3
insert to vector molar ratio (vector molar amount = 16-40 fmol, depending on availability) with 6
uL of 2X Gibson Master Mix (New England Biolabs #E2611, or a homemade mix with similar
components; see Appendix B) and dH-O to a final volume of 12 pL. The reaction was incubated
at 50°C for 45 minutes, followed by enzyme heat inactivation at 70°C for 10 minutes. Gibson

reaction products (2-5 pL) were transformed into chemically competent DH5a E. coli cells as

described in 2.8.

2.8 E. coli plasmid transformation

Plasmid DNA (50-100 ng purified plasmid, or 2-5 uL from the SLIC/Gibson reaction)
was added to 120 pL of thawed, chemically competent DH5a E. coli cells and the mixture was
incubated on ice for 30 minutes. Cells were heat shocked at 42°C for 30 seconds and placed again
on ice for 2 minutes. Next, cells were mixed with 900 pL of Super Optimal Broth (SOB) and
incubated at 37°C for 1 hour with shaking at 250 rpm. Following incubation, cells were pelleted
by centrifuging at 14 000 x g for 60 seconds. The top 800 uL supernatant was discarded and cells
were resuspended in the remaining medium. Resuspended bacteria were plated on selective LB

agar plates and incubated overnight at 37°C.
29  Colony PCR

Colony PCR was used to screen individual colonies for the correct insert size following E.
coli transformation. First, single E. coli colonies were picked from a freshly grown selective LB
plate and resuspended in separate 0.2 mL microtubes containing 40 puL of dH,O. Depending on
the number of colonies on each plate, 8-20 unique colonies were screened per construct. To

maintain unique colonies, 2 puL of resuspended cells were streaked on a new selective LB agar
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plate and incubated overnight at 37°C. The remaining 38 uL of cells were incubated at 95°C for
10 minutes to promote lysis. Lysates were snap cooled on ice for 2 minutes and centrifuged at 14
000 x g for 5 minutes to pellet cell debris. Each colony PCR had the following components: 5 uL
of cleared cell supernatant, 5 uL of 5X Phusion HF Buffer (New England Biolabs #B0518S), 0.5
uL of 10 mM dNTPs, 1.25 uL of 10 uM forward primer, 1.25 uL of 10 uM reverse primer, 0.25 pL
of home-purified Phusion DNA polymerase, and dH,O to a final volume of 25 uL. PCR
amplification was initiated by denaturation at 95°C for 90 seconds and was followed by 35 cycles
alternating between denaturation (95°C; 30 seconds), annealing (64°C on an Eppendorf gradient
thermocycler; 30 seconds), and extension (72°C; 45 s per Kb of DNA). A final extension was
carried out at 72 °C for 5 minutes. Approximate insert sizes were determined by separating PCR
products (8 uL) on an agarose gel (1-2.0%, depending on insert size) precast with ethidium

bromide at 110 V for 30 minutes.

2.10 Small-scale plasmid isolation (Miniprep)

Minipreps were conducted when small amounts of plasmid DNA were required. E. coli
cells carrying the plasmid of interest were grown in 5 mL of Super Broth with the appropriate
selective antibiotic. Cultures were incubated overnight at 37°C with shaking at 250 rpm. The
following day, cells were pelleted by centrifuging at 3275 x g for 10 minutes. Plasmid DNA was
obtained with the EZ-10 Spin Column Plasmid DNA Miniprep Kit (Bio Basic #BS413) following
the manufacturer’s protocol. DNA concentration was measured using a spectrophotometer (A2
nm) and plasmid quality was evaluated by separating 0.5 pg of sample on an agarose gel at 110 V

for 30 minutes.
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2.11 Large scale plasmid isolation (Maxiprep)

E. coli cells carrying the plasmid of interest were grown in 5 mL of Super Broth with the
appropriate selective antibiotic. Cultures were incubated overnight at 37°C with shaking at 250
rpm. The following day, 1 mL of culture was transferred to 200 mL of selective LB medium and
incubated with shaking at 300 rpm for an additional 12-18 hours. Cultures were then transferred
into multiple 50 mL conical polypropylene tubes and centrifuged at 3275 x g for 10 minutes to
pellet cells. Plasmid DNA was obtained with the QIAGEN Plasmid Maxi Kit following the
manufacturer’s protocol (QIAGEN #12162). DNA concentration was measured using a
spectrophotometer (A nm) and plasmid quality was evaluated by separating 0.5 pg of sample

on an agarose gel at 110 V for 30 minutes.
2.12 Agrobacterium-mediated transient expression in tobacco leaves

Agrobacterium transformation — Plasmid DNA (100-150 ng) was added to 20-40 uL of
thawed Rhizobium radiobacter (syn. Agrobacterium) AGL1 electrocompetent cells and the
mixture was transferred into 2 mm cuvettes (BioRad #1652082). Cells were electroporated (2.5
kV, 25 uF capacitance, and 400 Q) resistance) and allowed to recover in 2 mL of non-selective
YEP medium for 2 hours at 28°C with shaking at 250 rpm. After recovery, 120 uL of cells were
plated on YEP agar plates containing 50 pg/mL carbenicillin and 50 pg/mL kanamycin (YEP

Carb/Kan) and incubated at 28°C for 3 days.

Agroinfiltration in tobacco leaves — Constructs were expressed in tobacco as pokeweed is
at least partially resistant to agroinfiltration (our unpublished data; Kanzaki et al., 2005).
Agrobacterium cultures harbouring promoter::GFP-GUS constructs were used to agroinfiltrate
four-leaf Nicotiana tabacum leaves as previously described (Zhao et al.,, 2017). Freshly

transformed (< 1.5 weeks) Agrobacterium AGL1 cells were grown overnight (28°C, 250 rpm) in 5
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mL of YEP Carb/Kan liquid medium. Agrobacterium cells that had previously been transformed
with a helper component protease (HcPro) plasmid were grown overnight under the same
conditions. The following day, 100 uL of culture was transferred to 25 mL of YEP Carb/Kan
medium and incubated with shaking at 300 rpm for an additional 12-14 hours, until late log
phase (ODeoo = 0.7 — 1.2). Cells were pelleted by centrifugation at 3275 x g for 10 minutes and
washed with 15 mL of agroinfiltration solution (10 mM MES-KOH, pH 5.6, 10 mM MgCl,, 200
uM acetosyringone). After washing, cells were resuspended in agroinfiltration solution to a final
ODgoo of 0.5 and incubated at room temperature for 3 hours. Prior to agroinfiltration, cultures
transformed with the promoter:GFP-GUS constructs were each mixed in a 2:1 ratio with the
HcPro culture. Agrobacterium cells were injected into the abaxial surface of leaves using a
needleless 5 mL syringe. For the JA experiment, leaves were sprayed with either 0 mM JA (0.5%
ethanol) or 5 mM JA 24 hours after agroinfiltration. For all experiments, direct comparisons

were only made between the same batches of agroinfiltrated plants.
2.13 Histochemical GUS staining

GUS histochemical assays were performed according to Jefferson et al. (1987) with some
modifications. Leaf discs (0.5 cm diameter) from inoculated plants (minimum of three plants per
construct) were harvested 72 hours post agroinfiltration, vacuum-infiltrated with 5-bromo-4-
chloro-3-indolyl-b-D-glucuronic acid, cyclohexylammonium salt (X-Gluc) solution (1.2 mM X-
Gluc, 100 mM sodium phosphate buffer, pH 7.0, 10 mM EDTA, 2 mM potassium ferricyanide, 2
mM potassium ferrocyanide, 0.1% Triton X-100), and incubated overnight at 37°C. After GUS
staining, leaf discs were cleared of chlorophyll by washing in increasing concentrations of ethanol

(50%-100%) for 48 hours.
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2.14 GUS protein extraction and fluorometric GUS assay

GUS protein extraction — Leaf discs (1 cm diameter; 2 discs per sample) from inoculated
plants (minimum of three plants per construct) were harvested into 2 mL screw cap tubes
(Sarstedt #72.693) 72 hours post agroinfiltration, flash frozen in liquid nitrogen, and stored in
liquid nitrogen until processing. To homogenize tissue, approximately 200 mg of 1.0 mm glass
beads (BioSpec #11079110) and 300 pL of cold GUS extraction buffer (50 mM phosphate bulffer,
pH 7.0, 10 mM DTT, 10 mM EDTA, 0.1% SDS, 0.1% Triton X-100, 10 mM B-mercaptoethanol)
were added to frozen leaf discs and the mixture was placed into a BioSpec 3110BX Mini-
BeadBeater for 1 minute at setting 48. Tubes were placed on ice for 1 minute to cool before the
pulse was repeated. Following tissue homogenization, samples were centrifuged for 15 minutes
(14 000 x g, 4°C) and supernatants were transferred into new 1.5 mL microtubes. The
centrifugation step was repeated once more to fully clear extracts. Aliquots were taken for protein
quantification and the 4-methylumbelliferyl-3-D-glucuronide hydrate (4-MUG) fluorometric

GUS assay.

Protein concentrations were determined using a BCA Reducing Agent Compatible
Protein Assay Kit (G-Biosciences #786-573) following the microplate version of the
manufacturer’s protocol. To ensure buffer compatibility with the BCA reagent, samples were
diluted by half with dH-O to a final volume of 25 pL. Diluted protein samples were incubated
with 25 pL of working RACA solution at 37°C for 15 minutes, followed by 200 uL of working
BCA solution at 37°C for 30 minutes. Ass; nm was measured at room temperature using a
Synergy H4 Hybrid microplate reader and compared to a previously determined BSA standard

curve.
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Fluorometric GUS assay — GUS fluorometric assays were performed in black, clear bottom
96-well plates according to Coté and Rutledge (2003), with some modifications. In a black 1.5 mL
microtube, 10 pL of cleared plant extract was mixed with 720 pL of 0.1 mM 4-MUG substrate
and incubated at 37°C. Beginning at 0 minutes, 10-pL aliquots were taken from each reaction
every 15 minutes for a total of 60 minutes and pipetted into wells containing 180 uL of stop
buffer (0.2 M Na,CO:s). Three technical replicates per time point were taken for each sample.
Fluorescence values were measured at room temperature using a Synergy H4 Hybrid microplate
reader (excitation at 365 nm; emission at 455 nm) and compared to a previously determined 4-
MU standard curve. GUS activity was calculated from the linear slope of the fluorescence

readings and normalized to the total protein concentration.
2.15 Isolation of total tobacco RNA from agroinfiltrated leaves

Leaf discs (1 cm diameter; 2 discs per sample) from inoculated plants (minimum of four
plants per construct) were harvested into 2 mL screw cap tubes (Sarstedt #72.693) 72 hours post
agroinfiltration, flash frozen in liquid nitrogen, and stored in liquid nitrogen until processing.
Frozen tissue was homogenized in a 2 mL screw cap tube with a pestle and total RNA was
extracted with the Monarch Total RNA Miniprep Kit (New England Biolabs #T2010) according
to the manufacturer’s protocol, except that samples were eluted with 50 uL of dH,O instead of
100 pL. In-column DN Ase treatment was performed according to the manufacturer’s
instructions. RNA concentration was measured using a spectrophotometer (A, nm) and RNA
quality was evaluated by separating approximately 400 ng of sample on a 2% agarose gel at 110 V

for 30 minutes.
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2.16 Reverse transcription (RT) of cDNA from total tobacco RNA

Total tobacco RNA (250 ng) from agroinfiltrated leaves was combined with 1 uL of 10
uM gene-specific reverse primer to a final volume of 10 uL and denatured at 65°C for 10 minutes.
Following denaturation, RNA samples were snap cooled on ice for 2 minutes and mixed with
MashUp reverse transcriptase (Klenov, unpublished) master mix, which had the following
components: 0.5 uL of purified MashUp reverse transcriptase, 20 units of murine RNAse
inhibitor (New England Biolabs #M0314), 4 uL of 5X First Strand Buffer, 1 uL of 0.1 M DTT, 1
uL of 10 mM dNTPs, and dH.O to a final volume of 10 uL. Samples (20 uL) were incubated at
50°C for 60 minutes, followed by heat inactivation of the RT enzyme at 70°C for 10 minutes.

cDNAs were stored at -40°C until further quantification.
2.17 Quantitative RT-PCR (qRT-PCR) of GFP-GUS transcripts from agroinfiltrated leaves

RT reaction product (2.5 uL) was combined with forward and reverse primers (refer to
Table 4 in Appendix B for sequences and final concentrations), 33 uL of 2X SYBR Green qPCR
Master Mix (Bimake #B21202), and dH,O to a final volume of 66 uL. Each sample was mixed by
vortexing and divided into three 0.2 mL microtubes to make 20 pL triplicates. qRT-PCRs were
conducted in a QTAGEN Rotor-Gene Q thermocycler with the following settings: hold at 50°C
for 20 seconds, initial denaturation and hot-start DNA polymerase activation for 10 minutes,
followed by 40 cycles alternating between denaturation (95°C; 15 seconds) and combined
annealing/extension (68°C, 45 seconds). RNA levels were quantified using the AACt method
(Livak and Schmittgen, 2001). Ribosomal protein L25 and ubiquitin-conjugating enzyme E2
(Ntubc2) transcripts served as internal controls. Melting curve analyses were conducted to

ensure that only one PCR product was present for each reaction.
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2.18 Stress treatments of pokeweed plants and isolation of total pokeweed RNA

Stress treatments — Four-leaf pokeweed plants were subjected to the following treatments:
sprayed with 5 mM JA or SA (solubilized in 0.5% ethanol), watered every 3 days for a seven-day
period with 10% polyethylene glycol (PEG), or wounded with forceps (WND). Plants sprayed
with 0.5% ethanol (ET) or watered normally (WT) served as controls for JA/SA and PEG/WND,
respectively. Leaf tissue (2 g) was flash-frozen and stored in liquid nitrogen 24 hours following
treatment for JA, SA, ET, and WND samples, and 3 days after the final treatment for PEG and

WT samples. Leaves from three independent plants were pooled for each biological replicate.

Isolation of total pokeweed RNA - Total RNA was isolated from frozen pokeweed leaves
using an RNAzol-based method. Frozen leaf tissue (2 g) was homogenized in a chilled mortar
with a pestle and transferred into a 50 mL conical polypropylene tube containing 4.5 mL of RNA
pre-extraction buffer (20 mM citrate buffer, pH 4.0, 100 mM NaCl, 10 mM EDTA, 1% SDS, 2%
PVP, 2% B-mercaptoethanol) and 4.5 mL of acid phenol:chloroform:isoamyl alcohol (25:24:1, pH
4.3). The mixture was vortexed well and centrifuged at 3275 x g in a Beckman-Coulter Allegra X-
12 swinging bucket centrifuge for 10 minutes. The upper layer was transferred into a new 50 mL
tube, mixed well with equal volume acid phenol:chloroform:isoamyl alcohol, and aliquoted into
multiple 1.5 mL microtubes. Samples were centrifuged at 14 000 x g for 10 minutes and upper
layers were pooled into a single 50 mL tube. RNAzol (Sigma-Aldrich #R4533; 2.5 volumes) was
added to this pooled sample and the resulting mixture was vortexed and incubated on ice for 15
minutes. Following incubation, the mixture was aliquoted into multiple 1.5 mL microtubes and
centrifuged at 14 000 x g for 10 minutes. Supernatants (1 mL per microtube) were transferred
into a single 50 mL tube and mixed with equal volume 100% isopropanol. RNA was pelleted by
centrifuging at 3275 x g for 20 minutes. The pellet was washed twice with 500 pL of 75% ethanol

and resuspended in 100-300 puL of 1 mM citrate buffer, pH 6.4, depending on pellet size. RNA
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concentration was measured using a spectrophotometer (Ao nm) and RNA quality was
evaluated by separating 2 pg of sample on a 2% agarose gel at 110 V for 30 minutes. RNA samples
from stress-treated plants (n = 4 pooled biological replicates) were sent to The Centre for
Applied Genomics (The Hospital for Sick Children, Toronto, ON, Canada) for cDNA library
preparation. RNA-seq libraries were constructed with the TruSeq Stranded mRNA Library

Preparation Kit (Illumina #RS-122-2101).
2.19 Reverse transcription (RT) of cDNA from total pokeweed RNA

Total pokeweed RNA (500 ng) was combined with 1 uL of 10 uM gene-specific reverse
primer to a final volume of 10 pL and denatured at 65°C for 10 minutes. Following denaturation,
RNA samples were snap cooled on ice for 2 minutes and mixed with SuperScript III reverse
transcriptase (Thermo Fisher #18080093) master mix, which had the following components: 25
units of SuperScript III reverse transcriptase, 20 units of murine RNAse inhibitor (New England
Biolabs #M0314), 4 uL of 5X First Strand Buffer, 1 uL of 0.1 M DTT, 1 uL of 10 mM dNTPs, and
dHO to a final volume of 10 pL. Samples (20 pL) were incubated at 50°C for 60 minutes,
followed by heat inactivation of the RT enzyme at 70°C for 10 minutes. cDNAs were stored

in -40°C until further quantification.
2.20 Quantitative RT-PCR (qRT-PCR) of PAP transcripts

qRT-PCR was performed according to 2.17 but with pokeweed-specific reference genes
and primers (refer to Table 5 in Appendix B for sequences and final concentrations). Elongation
factor-1-gamma (EF1G) and the cell wall protein BIIDXI (BDX) served as internal controls for
pokeweed RNA-seq validations, as these transcripts were stably expressed under our four stress

treatments. Gene-specific PAP isoform primers were designed to anneal to nucleotide sequences
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that are unique to each isoform and melting curve analyses were conducted to ensure that only

one PCR product was present for each reaction.
2.21 Validation of PAP gene models

To validate PAP gene models at both the genomic and mRNA levels, PCR was performed
as described in 2.3 using either pokeweed gDNA (see 2.2) or pokeweed cDNA (see 2.19) as the
starting template. PCR products were gel-purified as described in 2.5 and used as templates for a
second round of PCR, this time with forward and reverse primers that contained additional
sequences for cloning. Amplicons from the second round of PCR were gel-purified and cloned
into the multiple cloning site of pHSG299 vector using one-step SLIC (see 2.6). All constructs
were sequenced and compared with computationally-derived gene and mRNA models. Primers

used for gene model validations are listed in Table 6 (Appendix B).

2.22 Validation of the PAP-I alternative transcript in pokeweed

Reverse transcriptase was performed as described in 2.19, except that 0.5 uL of MashUp
RT (Klenov, unpublished) was used instead of SuperScript III. Using 0.5 puL of RT product as
template, PCR was performed as described in 2.3 with the primers listed in Table 7 (Appendix

B).
2.23 Identification of putative stress-responsive CREs in PAP promoters

The 1.3 Kb sequence upstream of the predicted TSS was considered the proximal promoter for
each PAP isoform. Promoter sequence identity analysis was performed using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/) with default parameters. Putative plant-specific cis-
regulatory elements (CREs) were identified using PLACE

(http://www.dna.affrc.go.jp/htdocs/PLACE/; currently accessible at
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http://www.dna.affrc.go.jp/PLACE/?action=newplace) and PlantPan 2.0
(http://plantpan2.itps.ncku.edu.tw/) web interfaces (Chow et al., 2016; Higo et al., 1999). To

reduce false positives, only sequences with > 90% identity to the published motifs were included.
2.24 Statistical analysis

Comparisons between means of two groups were performed using two-tailed t-tests (p <
0.05), while comparisons between more than two groups were performed using ANOV As
followed by Tukey’s post-hoc multiple pairwise comparisons tests (p < 0.05). All statistical
analyses were conducted in R (R Core Team, 2017). Figures were made in Microsoft Excel 2016

or in R version 3.5.0 with the package ggplot2 (Wickham, 2011).
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3. RESULTS

3.1 DISCOVERY OF THE PAP-1 LEADER INTRON AND PROMOTER

3.1.1 PAP-I contains a 1.6 Kb leader intron

The pokeweed genome had not yet been sequenced at the beginning of this project.
Previously, however, approximately 1 Kb of the putative PAP-I promoter had been isolated
through genome walking (our unpublished data). Only 36 bps of this sequence aligned with the
117-bp PAP-I1 5’UTR region that had been determined computationally through RNA-seq
(Neller et al., 2016) and experimentally through 5’RACE (Figure 5). Since there are multiple PAP
genes and pseudogenes with high sequence similarity in pokeweed, I first sought to determine
through PCR of pokeweed genomic DNA (gDNA) if the sequence obtained through genome
walking is upstream of the PAP-I coding sequence. Forward primers that align to different
regions of the PAP-I gene (A to F; black arrows) were designed from the genome walking and
PAP-I mRNA sequences, and paired with a single reverse primer (‘Reverse’; green arrow) that
aligns to the 3’ end of the PAP-I coding region (Figure 6A). PCR with genome walking forward
primers C and D produced amplicons that were 1.1 and 1.7 Kb in length (Figure 6B),
respectively, and sequencing of these PCR products confirmed that the 1 Kb genome walking
fragment is upstream of the PAP-I coding region. Unexpectedly, PCR with PAP-I 5’UTR forward
primers B, E, or F produced either a 1 Kb (B) or a 2.7 Kb (E and F) amplicon. In contrast, RT-
PCR from total pokeweed RNA with the same primers all produced 1 Kb bands, corresponding
to the size of the mature PAP-I transcript (Figure 6C). Sequencing of the 2.7 Kb long amplicons
revealed that there is a 1.6 Kb intron flanked by two portions of the 5’UTR (Figure 7A) and that
the genome walking sequence that was previously thought to be the PAP-I promoter is part of

the novel leader intron. Although atypical for its length, as plant introns are usually no more than
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A Top: PAP-I genome walking sequence

Bottom: PAP-I mRNA sequence
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Figure 5. The sequence obtained through genome walking does not fully match the PAP-I
mRNA sequence. (A) Alignment of the PAP-I genome walking sequence (top) with the PAP-I
mRNA (bottom). The starting methionine (ATG) is highlighted in green. (B) Schematic diagram
of the PAP-I transcript and the genome walking sequence. The position of the reverse primer
(black arrow) used for genome walking is shown. The regions that align (shown in A) are in
green and highlighted in yellow. The regions that show no alignment are in grey.
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Figure 6. A 2.7 Kb PCR product is generated with some PAP-I 5’UTR forward primers. (A)
Schematic diagram of the PAP-I gene. For PCR, the same reverse primer (green arrow) was
paired with several forward primers (black arrow; A - F) that anneal to different regions of PAP-
I. Primers were designed from the PAP-I mRNA and genome walking sequences. (B) PCR of
pokeweed genomic DNA with the primer pairs listed in A. (C) RT-PCR from total pokeweed
RNA with two of the primer pairs listed in A. The size of the PCR product corresponds to the
length of the mature PAP-I transcript. All PCR products were sequenced.
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Figure 7. PAP-I contains a 1.6 Kb leader intron. (A) Schematic diagram of the PAP-I gene,
showing two exons and a novel intron in the 5’UTR. The genome walking sequence previously
thought to be the PAP-I promoter is part of the PAP-I intron. (B) The 1.6 Kb sequence has
features that are common to plant introns, such as canonical 5GU/3’AG borders (shown in red), a
polypyrimidine tract, and an AU-rich sequence.

39



several hundred nucleotides long (Wu et al., 2013), the 1.6 Kb PAP-I leader intron contains
canonical plant intron features, such as 5GU/3’AG splice borders, a polypyrimidine tract at the

3’end, and an AT-rich (>70%) sequence (Figure 7B).

3.1.2 Identification of the PAP-I promoter

To identify the PAP-I promoter, I first needed to validate the sequence of the PAP-I
5’'UTR that we had previously determined, and from this, map the approximate position of the
+1 transcription start site (TSS). Using our recently assembled pokeweed genome, RT-PCRs were

conducted with forward primers that align to regions near or within the putative 5"UTR (Figure

8A) and a reverse primer that aligns to the 3’ end of the PAP-I coding sequence. To ensure that
the lack of PCR products was not due to inefficient primer annealing, all RT-PCRs were
performed at four different annealing temperatures using a gradient thermocycler. No clear
bands were observed when the forward primers were positioned upstream of the putative TSS
(Figure 8B). Since our 5’UTR does not fully agree with a published PAP-I mRNA sequence
(accession number DL213291.1), it was initially thought that our PAP-I 5’UTR sequence was
incomplete. However, a BLASTN against our pokeweed genome showed that the PAP-I
DL213291.1 5’UTR does not align to any portion of the 18 Kb contig that contains PAP-I, and
instead aligns to the coding sequence of an unrelated gene (pokeweed homologue of VIP5, an
RNA polymerase II-associated protein). Taken together, these results suggest that we had
previously identified the full-length PAP-I 5’UTR both through RNA-seq and 5’RACE, and that
the PAP-1 DL213291.1 mRNA contains erroneous sequence. Therefore, the 1.3 Kb region
immediately upstream of the TSS was identified as the PAP-I promoter. The PAP-I core
promoter was predicted to contain three well-conserved CREs: the CAAT box, the TATA box,

and the Inr element (Figure 8C).
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Figure 8. Verification of the PAP-I +1 transcription start site through RT-PCR. (A) Schematic
diagram of the PAP-I 5’UTR with the putative transcription start site (TSS) as determined
through de novo transcript assembly and 5’"RACE. Different forward primers (grey arrow) were
paired with a reverse primer that aligns to the 3’ end of the PAP-I coding sequence (not
indicated). Grey arrows are drawn to scale. (B) RT-PCR from pokeweed total RNA with the
primer pairs described in A. No clear bands were observed when the PAP-I forward primers were
positioned upstream of the putative +1 TSS. At least two biological replicates were performed for
each primer pair, and yielded the same results. (C) Putative cis-acting regulatory elements
identified in the PAP-I core promoter (CAAT box, TATA box, Initiator). The +1 nucleotide is in

green.
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3.1.3 PAP genes contain long leader introns and alternative promoters

After the discovery of the leader intron in PAP-I, I wanted to determine if leader introns
were also present in lesser-characterized PAP genes. Additionally, it was necessary to map the
5’'UTRs of the other PAP genes in order to identify their promoters. PAP gene models were
generated through the program MAKER (Figure 9A) by aligning transcriptome and protein
evidence to the assembled pokeweed genome, and computational models were then validated
through PCR of genomic DNA and RT-PCR of total RNA (Figure 9B). Since this method
required RNA-seq reads, only the PAP genes that were expressed in leaf tissue were included.
PCR from the same PAP primer pairs produced either a short or long product depending on the
starting DNA template. When the templates were cDNAs from total pokeweed RNA, all PCR
products were approximately 1 Kb long, corresponding to the size of the processed PAP
transcripts; when the template was gDNA, however, PCR products ranged in size from 2.7 kb to
7.5 kb, corresponding to the different sizes of the PAP genes. None of the isoforms had introns in
their CDSs, with the exception of PAP-II, which contained a 736-bp intron that had been
reported previously (Poyet and Hoeveler, 1997). Interestingly, two of the PAP isoforms (PAP-II
and PAP-S2) each had two distinct gene models that differed only in their 5’UTRs, suggesting the
use of alternative promoters. The gene model of the putative novel isoform was not included
because our genome assembly was highly fragmented and its 5’UTR was not found in the same
genomic contig as its CDS and 3’UTR. Nevertheless, these results indicate that the long leader

intron is a conserved feature in PAP genes.
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Figure 9. PAP genes contain long leader introns and alternative promoters. (A) PAP gene
models were generated by the program MAKER using transcriptome and protein evidence.
Arrows indicate primer binding sites used for gene model validations. (B) Validation of PAP gene
models through PCR of pokeweed genomic DNA and PCR of cDNA from total pokeweed RNA.
PCR products were validated by sequencing.
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3.2 CHARACTERIZATION OF PAP PROMOTERS

3.2.1 PAP genes have distinct expression profiles in response to biotic and abiotic stresses

To investigate the potential roles of the PAP genes in pokeweed, plants were subjected to
several biotic and abiotic stresses: jasmonic acid (JA), salicylic acid (SA), mechanical wounding
(WND), and PEG, which simulates drought. PAP mRNA expression levels were then determined
through RNA-seq (Figure 10A) and validated through qRT-PCR (Figure 10B). RNA-seq
differential expression analysis was conducted at the gene level, meaning that transcript variants
were not distinguished. Linear regression analysis between qRT-PCR and RNA-seq differential
expression results had an R? of 0.8807, showing high correlation between the two methods of
transcript quantification. In addition to showing differences in stress-induced expression change,
the PAP transcripts varied greatly in abundance; average abundance in transcripts per million
(TPM) across all samples ranged from 146 (PAP-a) to 9911 (PAP-I). Among the four stress
treatments, the PAPs were most responsive to JA (Figure 10C), with four being significantly
upregulated (PAP-I, PAP-II, PAP-S1, PAP-a) and one being slightly but significantly
downregulated (PAP-S2). Novel PAP and PAP-S2, which exhibited only slight responses to PEG
(log, FC =-0.72) and JA (log, FC = -0.47), respectively, had the most divergent expression

profiles.
3.2.2 Putative stress-responsive cis-regulatory elements in the PAP promoters

To gain further insight into the distinct transcript expression profiles of the PAP genes,
putative stress-associated CREs were annotated in the PAP proximal promoters, including the
alternative promoters of PAP-II and PAP-S2 (Table 1). As with PAP-I, the 1.3 kb sequence
upstream of the validated TSSs was considered the promoter for each PAP isoform. For the novel

PAP gene, the sequence upstream of its experimentally validated 5’UTR (our unpublished data)
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Figure 10. PAP genes have distinct stress-associated profiles. Pokeweed plants were subjected
to the following treatments: sprayed with 5 mM JA or SA, watered every three days for a seven-
day period with 10% polyethylene glycol (PEG), or wounded with forceps (WND). (A)
Expression changes of all PAP genes in response to stress treatments using RNA-seq data (n = 4).
TPM = transcripts per million; FC = fold change. Green and red indicate significant up- or
down-regulation, respectively. (B) qRT-PCR validation of RNA-seq differential expression results
for select PAP genes (n = 4). Elongation factor-1-gamma (EF1G) and the cell wall protein BIIDXI
(BDX) served as reference genes for normalization. Error bars represent the SEM. (C) Linear
regression analysis between QRT-PCR and RNA-seq differential expression results (log, fold
change) for PAP genes. Results for QRT-PCR are from at least three independent biological
replicates for each transcript.
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Table 1. Putative stress-responsive cis-regulatory elements (CREs) in the PAP promoters.

Copy number in PAP promoter Ref
CRE Motif Response Py P elerence
I II, 11, N o S1 $2, 82,
ABRELATERD1 ACGTG ABA; Dehydration 2 1 3 3 1 - 1 2 (Simpson et al., 2003)
ABREMOTIFAOSOSEM TACGTGTC ABA - 1 - - - - - (Hobo et al., 1999)
ABREOSRAB21 ACGTSSSC ABA 1 - - - - - - - (Marcotte et al., 1989)
ABRERATCAL MACGYGB ABA; Ca™* 2 } 1 2 } } } ] (Kaplan et al., 2006)
ACGTATERD1 ACGT Dehydration 6 2 4 8 4 - 2 14 (Simpson et al., 2003)
ANAERO1CONSENSUS AAACAAA Low oxygen 1 2 1 1 1 - 1 2 (Mohanty et al., 2005)
ANAERO2CONSENSUS AGCAGC Low oxygen - - 2 - - - - - (Mohanty et al., 2005)
BIHD10S TGTCA Disease 2 4 2 6 5 4 6 (Luo et al., 2005)
CACGTGMOTIF CACGTG Defense-related - - 2 2 - - - - (Gu et al., 2002)
CAREOSREP1 CAACTC GA 21 1 1 1 1 1 - (Sutoh a;goz;’mau‘:h"
CCAATBOX1 CCAAT Heat stress 4 6 2 - - 1 - 2 (Riep ”‘% ;:; Schoff,
DPBFCOREDCDC3 ACACNNG ABA - 2 1 2 - 2 - 1 (Kim et al., 1997)
DRE2COREZMRAB17 ACCGAC ABA; Dehydration - 2 - 1 - 1 1 - (Kizis and Pages, 2002)
DRECRTCOREAT RocGac ol Dehydrations (Dubouzet et al., 2003)
High salt
EBOXBNNAPA CANNTG Cold 6 12 8 8 8 2 6 12 (Agarwal et al., 2006)
ELRECOREPCRP1 TTGACC Pathogen; SA; - -2 3 - ; ; ; (Laloi et al., 2004)
Wounding
GADOWNAT ACGTGTC GA - 1 - - - - - - (Ogawa et al., 2003)
GARE1OSREPI TAACAGA GA - 111 - o (Sutoh a;sog;’mau‘:h"
GARE20SREP1 TAACGTA GA -2 (Sutoh a;gog;’ma“hl’
GAREAT TAACAAR GA 2 1 1 1 2 2 2 - (Ogawa et al., 2003)
GT1CONSENSUS GRWAAW Light-inducible; SA 17 16 16 11 12 13 14 14 (Buchel et al., 1999)
GT1GMSCAM4 GAAAAA Pathogen; High salt 6 6 3 3 4 5 2 (Park et al., 2004)
LTRE1IHVBLT49 CCGAAA Cold 1 1 - 3 - - - 1 (Dunn et al., 1998)
LTRECOREATCORI15 CCGAC Cold; Dehydration 1 6 1 3 - 2 2 - (Kim et al., 2002)
MYBIAT CANNTG ABA; Dehydration 5 4 2 2 6 6 6 3 (Abe et al., 2003)
MYBILEPR GTTAGTT Defense-related 1 - - - 1 1 1 (Chakravarthy et al., 2003)
MYB2CONSENSUSAT YAACKG ABA; Dehydration - 1 1 - - 1 - (Abe et al., 2003)
MYBCORE CNGTTR ABA; Dehydration - 3 3 1 1 1 1 (Abe et al., 2003)
MYBGAHV TAACAAA GA 1 1 1 1 1 1 (Gubler et al., 1995)
MYCATERD1 CATGTG Dehydration - - 1 - - - 1 1 (Simpson et al., 2003)
MYCATRD22 CACATG Dehydration - 1 - - - 1 1 (Simpson et al., 2003)
PREATPRODH ACTCAT Hypoosmolarity - 2 1 1 2 - - 1 (Satoh et al., 2004)
PYRIMIDII;}IEBOXHVEP TTTTTTCC ABA; GA 1 - - - - 1 - 1 (Cercos et al., 1999)
PYRIMIDINEBOXOSRA Sugar repression;
MY1A CCTTTT GA 4 - - 3 2 1 1 - (Mena et al., 2002)
RYREPEATBNNAPA CATGCA ABA - 1 - - 2 5 4 - (Ezcurra et al., 1999)
SURECOREATSULTRII ~ GAGAC Sulphur 4 1 2 - 2 1 1 1 (Mamyzrlnaz'g;l;“hlm et
T/GBOXATPIN2 AACGTG JA 2 - - - 1 - - 1 (Boter et al., 2004)
WBOXATNPRI1 TTGAC SA 2 2 5 6 6 4 3 3 (Yuetal., 2001)
WBOXNTCHN48 CTGACY Defense-related - - 2 3 - - - - (Yamamoto et al., 2004)
WBOXNTERF3 TGACY Wounding 4 4 8 12 5 4 3 3 (Nishiuchi et al., 2004)
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was considered the putative promoter, even though this region was not found in the same contig
as its CDS and 3’'UTR due to the fragmented nature of our genome assembly. Consistent with
other eukaryotic promoters, all promoters contained TATA boxes -35 to -25 bps upstream of the
putative TSSs. I also identified CREs associated with diverse biotic and abiotic stresses, such as
T/GBOXATPIN2 (JA), W-boxes (SA), ABRE motifs (ABA), CCAAT boxes (heat stress), GARE
motifs (gibberellic acid, GA), and MYB motifs (drought). Although some CREs were present in
all PAP promoters (e.g. EBOXBNNAPA, GTICONSENSUS, MYB1AT, and WBOXATNPR1),
most elements differed in abundance and distribution. For instance, most ABRE motifs were
absent in the PAP-a, PAP-S1, and PAP-S2, promoters, while T/GBOXATPIN2 was only present
in PAP-I, PAP-a, and PAP-S2;, and WBOXNTCHN48 was only present in PAP-IIz and Novel
PAP. The two PAP-II promoters had only 50.5% sequence identity to each other, and the two
PAP-S2 promoters had only 47.2% identity, suggesting that each isoform promoter contains

binding sites for different sets of transcription factors.
3.2.3 PAP gene promoters can drive reporter expression

While bioinformatic analysis revealed the presence of putative CREs in the PAP
promoters, I wanted to confirm that these promoter sequences were capable of driving gene
expression. PAP promoter fragments, along with their validated 5"UTRs, were isolated from
gDNA, placed upstream of the GFP-GUS reporter gene, and expressed in tobacco leaves through
agroinfiltration. Although PCR was attempted for all putative PAP isoform promoters, not all
fragments were amplified successfully, likely due to very high nucleotide sequence similarity
between some gDNA regions. Nevertheless, all tested promoter fragments, including the two

promoters of PAP-II, were able to drive reporter gene expression to varying degrees (Figure

11A), and the strengths of these promoters (high, medium, low) correlated well with the
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PAP-| Novel PAP-Il, PAP-lig PAP-a PAP-S2, UT (-)
] " L . 0
B
Isoform Expression (TPM) Promoter strength
PAP-I 3359 High
Novel 869 Medium
PAP-I1, 713 Medium
PAP-II5 7.7 Low
PAP-a 44 Medium-Low
PAP-S2, 929 High

Figure 11. PAP isoform promoters can drive reporter gene expression. (A) The 1.3 Kb regions
upstream of the validated PAP TSSs were inserted upstream of the GFP-GUS reporter gene.
Tobacco leaves were agroinfiltrated with PAP promoter::GFP-GUS constructs and stained for
GUS. Untransformed (UT) Agrobacterium = negative control. At least four independent plants
per construct were tested (1 leaf disc is 1 biological replicate). (B) Abundances of PAP isoform
transcripts in untreated pokeweed plants as determined through RNA-seq. TPM = transcripts per
million.
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abundances of their corresponding transcripts in pokeweed plants watered normally (Figure

11B).

3.2.4 JA-responsiveness in the PAP-I promoter is mediated by a T/GBOXATPIN?2 cis-

regulatory element

Since the PAP-I transcript was highly upregulated with JA, I hypothesized that CREs in
the PAP-I promoter could mediate this response. Serially truncated PAP-I promoter fragments
(ranging from 1262 bp to 102 bp) were placed upstream of GFP-GUS (Figure 12A), transiently
expressed in tobacco leaves through agroinfiltration, and treated with either 0 mM or 5 mM JA.
Apart from those expressing 102:GFP-GUS, all plants bearing the PAP-I promoter:GFP-GUS
constructs showed higher GUS activity following JA treatment (Figure 12B), as indicated by the
intensity of blue staining. Importantly, these results demonstrate that the -296 to -103 proximal
promoter region is sufficient for the JA-responsiveness of the PAP-I promoter. As shown in
Figure 12C, bioinformatic annotation of CREs in this region revealed an element
(T/GBOXATPIN2; sequence in green text) that binds the master JA signalling regulator MYC
(Boter et al., 2004). To examine the specific effect of T/GBOXATPIN2 on the JA-responsiveness
of the PAP-I promoter, the element was deleted in the 1262 promoter fragment (1262/-GBOX),
and leaves expressing wild-type and mutated promoter constructs were treated with JA. Deletion
of T/GBOXATPIN? altered the response of the PAP-I promoter to JA so that reporter expression
now decreased significantly (p < 0.05) following JA treatment (Figure 12D). These findings
suggest that the T/GBOXATPIN2 element (-180 to -175 relative to the TSS) is required for the

JA-mediated upregulation of PAP-I.
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Figure 12. The PAP-I promoter is responsive to jasmonic acid. (A) Schematic diagram of the
PAP-I promoter:GFP-GUS constructs. The PAP-I promoter was serially truncated from the 5’
end. The PAP-I intron was excluded to examine the effect of the promoter alone. (B) Tobacco
leaves agroinfiltrated with PAP-I promoter::GFP-GUS constructs were treated with either 0 mM
(mock) or 5 mM JA and stained for GUS. Three independent plants per construct were tested (1
leaf disc is 1 biological replicate). UT = untransformed Agrobacterium. (C) Sequence of the -296
to +1 region of the PAP-I promoter. Nucleotide position is indicated on the left, relative to the
validated TSS (+1). The CAAT and TATA boxes are shown, along with the JA-associated element
T/GBOXATPIN2 (green text). (D) GUS fluorometric assay in tobacco leaves agroinfiltrated with
PAP-I promoter:GFP-GUS constructs and treated with either 0 mM (mock) or 5 mM JA. At least
four independent plants per constructs were tested. The T/GBOXPINAT?2 element was deleted in
the 1262/-GBOX construct. Error bars represent the SEM. Comparisons between mock-treated
and JA-treated samples were performed for each promoter construct using two-tailed t-tests, p <
0.05. %" =p < 0.05; " = p < 0.01; *** = p < 0.001; ‘n.s. = not significant.
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3.3 EFFECT OF THE PAP-I LEADER INTRON ON REPORTER GENE EXPRESSION

3.3.1 The effect of the PAP-I intron on reporter gene expression is dependent on promoter

length

To examine the effect of the PAP-I intron on gene expression, tobacco leaves were
agroinfiltrated with serially truncated PAP-I promoter::GFP-GUS constructs (with and without
the intron) and stained for GUS (Figure 13A and 13B). The translocation construct (Tr-
INT::1262) was included to determine if the intron could influence expression in a position-
independent manner. Contrary to my expectations, all three 1262 promoter fragments
(1262::INT, 1262, and Tr-INT::1262) showed equally high levels of GUS staining, and the other
PAP-I promoter fragments (1124, 711, 584, 432, and 296) drove higher reporter expression in the
absence of the PAP-I leader intron. The one exception was the 102::INT construct, which had

higher reporter expression than its intronless counterpart.

One key difference between the PAP-I gene as it is found in pokeweed and the GFP-GUS
reporter gene is that GFP-GUS contains a second intron in its coding sequence (Figure 13C): the
modified catalase intron, which is derived from the first intron of the castor bean catalase gene
CAT-1, was originally inserted in GUS to prevent leaky reporter gene expression in
Agrobacterium (Ohta et al., 1990). However, introns that are normally enhancing may inhibit
gene expression in a position-dependent manner when artificially paired with another intron,
possibly due to an unknown mechanism that affects translational efficiency (Bourdon et al.,
2001). To ensure that the reduction in reporter expression was not due to an unexpected
interaction between the two introns, the catalase intron was removed from select constructs
(1262 and 102) and reporter expression was quantified in agroinfiltrated leaves through a GUS

fluorometric assay (Figure 13D). Although the removal of the catalase intron increased GUS
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Figure 13. The effect of the PAP-I intron on reporter gene expression is dependent on PAP-I
promoter length. (A) Schematic representation of PAP-I promoter::GFP-GUS constructs. The
PAP-I promoter was serially truncated from the 5’ end and placed upstream of the GFP-GUS
reporter gene, with and without the PAP-I intron (+/- PAP-I intron). The PAP-I intron was also
translocated upstream of the 1262 bp promoter fragment (tr-INT::1262). (B) Effect of the PAP-I
intron on GUS expression. Tobacco leaves were agroinfiltrated with PAP-I promoter:GFP-GUS
constructs (+/- PAP-I intron) and stained for GUS. At least three independent plants per
construct were tested (1 leaf disc is 1 biological replicate). 35S (+) = GFP-GUS under the control
of the CaMV 35S promoter. UT = untransformed Agrobacterium. (C) Schematic of the GFP-
GUS reporter gene showing the castor bean catalase intron in the GUS coding sequence. +1
denotes the transcription start site. (D) GUS fluorometric assay of tobacco leaves agroinfiltrated
with PAP-I promoter::GFP-GUS constructs (+/- PAP-I intron; +/- catalase intron). At least three
independent plants per construct were tested. Error bars represent the SEM. Comparisons
between promoter constructs were performed using a one-way ANOVA followed by Tukey’s
post-hoc tests, p < 0.05. **’ = p < 0.05; ‘n.s. = not significant.
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activity slightly, particularly for the lower-expressing 102 promoter constructs (factorial
ANOVA, p < 0.05), the trend observed in the GUS histochemical experiment remained the same
for the constructs tested. Therefore, the effect of the PAP-I intron on reporter expression is
dependent on promoter length. Importantly, it is not required for high-level expression when a

strong PAP-I promoter is present.
3.3.2 The PAP-I intron has intrinsic promoter activity

Although the PAP-I intron appears to reduce reporter gene expression when paired with
some PAP-I promoter fragments (1124, 711, 584, 432, and 296), it increased the level of GFP-
GUS significantly when paired with the minimal promoter (102), which was otherwise unable to
drive high reporter expression on its own. To investigate the mechanism by which the PAP-I
intron is acting, two additional reporter constructs were made (Figure 14A): the PAP-I intron
was either inserted into the GFP-GUS vector in the absence of any promoter (INT), or
translocated upstream of the 102 fragment (Tr-INT::102). The translocated construct was made
to determine if the influence of the PAP-I intron is position-dependent. Histochemical and
fluorometric GUS assays (Figure 14B and 14C) revealed that INT and Tr-INT::102 were able to
drive reporter expression at levels similar to the 102::INT construct (p > 0.05, one-way ANOVA).
More importantly, these results show that the PAP-I intron can drive reporter expression even in

the complete absence of the promoter.

If the PAP-I intron has intrinsic promoter activity and transcription can initiate within
the intron region, a PAP-I transcript variant should contain a partially retained intron sequence
and lack the 81-nt 5’UTR that is found upstream of the intron. To test this hypothesis, RT-PCRs
were conducted from total pokeweed RNA with several forward primers that span the length of

the intron (black arrows) and a single reverse primer (green arrow; Figure 14D). Since intron
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Figure 14. The PAP-I intron acts as an alternative promoter. (A) Schematic representation of
translocated intron::102 (tr-INT::102) and intron only (INT) GFP-GUS constructs. (B)
Histochemical and (C) fluorometric assays of GUS activity in tobacco leaves agroinfiltrated with
PAP-I promoter:GFP-GUS constructs. At least three independent plants per construct were
tested for each experiment (1 leaf disc is 1 biological replicate). Error bars represent the SEM. (D)
Schematic diagram of the PAP-I gene showing the two transcription start sites. For RT-PCR, the
same reverse primer (green arrow) was paired with several forward primers (black arrows) that
anneal to different regions of the PAP-I intron using the same complementary DNA (cDNA) as
the PCR template. (E) RT-PCR from total pokeweed RNA with the primer pairs listed in C.
Transcription initiation within the PAP-I intron gives rise to a longer PAP-I transcript that
contains a portion of the intron sequence.
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splicing primarily occurs co-transcriptionally in both plants and animals (Herzel et al., 2017;
Jabre et al., 2019), the reverse primer was designed to span the end of the PAP-I CDS and 3’'UTR.
This strategy ensured that only full-length transcripts were captured instead of nascent
transcripts that had not yet undergone splicing. With the exception of Int-6, all forward primers
produced a band of the anticipated size, suggesting that a portion of the intron is retained in
some PAP-I transcripts, and that the intronic TSS is somewhere between the binding sites for the
Int-4 and Int-6 primers (Figure 14E). No bands were observed in any of the -RT controls,
indicating that the PCR products were not due to gDNA contamination. Based on the intensity
of the bands, the alternative transcript is lower in abundance than the main PAP-I transcript.
Curiously, the long PAP-I 5’UTR contains multiple predicted upstream open reading frames
(uORFs) that range in length from 10 to 49 amino acids (Figure 15). Although RT-PCR does not
allow for the precise mapping of the TSS within the intron, it demonstrates that the TSS is
located at least 1 Kb away from the first AUG of the PAP-I coding sequence, and that this PAP-I

mRNA variant therefore contains a long 5’UTR.

3.3.3 The two PAP-I promoters do not work additively to increase total GFP-GUS

transcript levels

After discovering that the PAP-I intron can act as a promoter, I wanted to determine how
the two PAP-I promoters were contributing to reporter expression at the transcriptional level.
GFP-GUS mRNA levels were measured from tobacco leaves expressing different PAP-I1::GFP-
GUS constructs. To differentiate between GFP-GUS transcript variants, two sets of primers
(‘GUS’ and ‘UTR’; Figure 16A) that anneal to different regions of the GFP-GUS transcript were
used: the first primer set (‘GUS’) was designed to capture all GFP-GUS transcripts irrespective of
their 5’UTRs, while the second primer set (‘UTR’) was designed to only capture transcripts that
had initiated from the canonical PAP-I promoter, and therefore contained a 117-nt 5UTR. To
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Figure 15. The long PAP-I transcript contains multiple putative upstream open reading
frames (WORFs). Schematic diagram of the long PAP-I 5’UTR showing putative uORFs (grey
arrows) within the partially retained intron sequence, as predicted by ORFfinder. The length of
each uORF (number of amino acids) in indicated within parentheses. Position labels are relative
to the first AUG of the main ORF (denoted as +1).
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ensure that any differences observed were not due to unequal primer annealing, qPCR was
performed with a plasmid template (1262::GFP-GUS-no catalase) that contained the sequences
to both qPCR amplicons. The plasmid was serially diluted to 5 orders of magnitude beginning at
0.5 ng. Both amplicons had similar C, values at all plasmid concentrations tested (p > 0.05),
indicating that qQPCR reactions with the two primer sets have comparable efficiencies when equal
amounts of template DNA are present (Figure 16B). As shown in Figure 16C, mRNA levels
differed significantly depending on which primer pair was used, but only for the constructs in
which the PAP-I intron was present in its native position. For example, total GFP-GUS transcript
levels were similar (p > 0.05) in the three 1262 promoter constructs, but transcripts with the 117-
nt 5’UTR decreased significantly in 1262::INT, suggesting that a substantial fraction of the
mRNA population did not contain this full sequence. Similar trends were observed with 711:INT
and 102::INT, although differences between the levels of ‘GUS’ and ‘UTR’ amplicons were even
more substantial for these constructs. When the intron was either removed (1262, 711) or
translocated upstream of the PAP-I promoter (Tr-INT::1262, Tr-INT::102), levels of both the
‘GUS’ and ‘UTR’ amplicons were similar, suggesting that most GFP-GUS mRNAs in the pool
contained the 117-nt 5UTR. When only the intronic promoter was present (INT), total GFP-
GUS levels were similar to 102:INT and Tr-INT::102. GFP-GUS protein levels (as measured
through GUS fluorometric assays) correlated well with total GFP-GUS mRNA levels for most
constructs (Figure 16D), suggesting that both transcript variants could be translated into
functional reporter protein despite the presence of putative uORFs in the 5UTR of the long

GFP-GUS mRNA.
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Figure 16. The two PAP-I promoters do not work additively to increase total GFP-GUS
transcript levels. (A) Schematic of the GFP-GUS reporter gene, showing the positions of the
primer pairs (‘UTR’ and ‘GUS; pink and blue arrows, respectively) used in qRT-PCR. The primer
used in reverse transcriptase (RT) reactions is depicted as a black arrow. The ‘GUS’ primer pair
can bind to all GFP-GUS ¢cDNAs, while the ‘UTR’ primer pair can only bind to cDNAs that have
the full 117-nt PAP-I 5’UTR. (B) qPCR cycle quantification values (C,) for the two primer pairs
listed in A. A plasmid that contains the sequences to both amplicons was serially diluted and
used as a qQPCR template to test primer efficiencies. (C) QRT-PCR of tobacco leaves expressing
PAP-I promoter::GFP-GUS constructs with the primer pairs listed in A. At least four
independent plants were tested. Error bars represent the SEM. Ribosomal protein L25 and
ubiquitin-conjugating enzyme E2 (Ntubc2) transcripts served as internal controls. Transcripts are
expressed as log, fold change relative to transcript levels in the 102 construct. (D) GUS
fluorometric assay of tobacco leaves agroinfiltrated with PAP-I promoter::GFP-GUS constructs
(+/- PAP-T intron). At least three independent plants were tested. Error bars represent the SEM.
For C and D, comparisons were made using a one-way ANOVA followed by Tukey’s post-hoc
tests, p < 0.05. *’ = p < 0.05; ‘n.s’ = not significant.
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4. DISCUSSION

4.1 FUNCTIONAL ROLE OF PAP IN POKEWEED

4.1.1 Expression of PAP genes in response to biotic and abiotic stresses

PAP isoforms vary in their ability to depurinate RNA templates (Honjo et al., 2002;
Kurinov and Uckun, 2003; Rajamohan et al., 1999) and show different levels of toxicity when
expressed in other plants (Dai et al., 2003; Wang et al., 1998), suggesting that they have different
activities in pokeweed. PAP isoforms present in the leaf had distinct expression profiles in
response to four different types of stresses (JA, SA, PEG, and wounding), and four of the
isoforms (PAP-I, PAP-II, PAP-S1, PAP-a) were highly upregulated with JA. In Neller et al.
(2019), we gained insight into the functional roles of the PAP isoforms by grouping
differentially-expressed pokeweed genes into separate clusters based on their expression profiles.
The assignment of the isoforms into separate clusters reinforces their distinct roles in the plant;
for example, PAP-II clustered with genes associated with JA biosynthesis and wounding, while
PAP-S2 and PAP-a clustered with genes associated with JA signalling and terpenoid
biosynthesis. Curiously, the PAP-I cluster contained only nine genes, including two transcription
factors from the HD-ZIP homeobox family that regulate plant growth and leaf development in
response to abiotic stresses (Aoyama et al., 2007; S6derman et al., 1996). Increased tolerance to
biotic or abiotic stresses usually comes at the expense of plant growth (Bechtold and Field, 2018;
Pandey et al., 2017). Therefore, PAP-I may be more broadly involved in regulating the balance

between defence and growth.

As in pokeweed, RIPs in other plants are typically encoded as distinct protein isoforms by
multi-gene families (Chan et al., 2010; Dohm et al., 2014; Urasaki et al., 2017; Wu et al., 2015),

and several studies have shown that RIP isoforms within a single species often have distinct
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expression profiles. In Jatropha curcas (physic nut), the two isoforms that were studied, curcin
and curcin-L, had tissue-specific expression profiles; curcin was expressed primarily in the
endosperm, while curcin-L was induced in the leaf after PEG treatment (Qin et al., 2010). The
RIPs of Ricinus communis (castor bean) are endosperm-specific but show distinct expression
profiles in the different stages of seed development (Loss-Morais et al., 2013). Furthermore, a
genome-wide analysis of RIP expression in Oryza sativa (rice) revealed that many of its 31 RIPs
were scattered across different tissue types and differentially responsive to an array of stresses,

including pathogen infection, PEG, high salinity, and cold (Jiang et al., 2008).
4.1.2 Transcriptional control of PAP expression

The promoters of all PAP genes contained CREs associated with biotic and abiotic
stresses, suggesting that PAP is broadly implicated in plant defence. In addition, all PAP
promoters contained putative TATA boxes -35 to -25 bps upstream of their TSSs; in Arabidopsis,
genes associated with biotic and abiotic stresses are more likely to contain TATA elements in
their promoters (Kumari and Ware, 2013). When placed upstream of a reporter gene and
expressed in tobacco, all tested PAP promoters were able to drive reporter expression to varying
degrees, and the strengths of these promoters correlated well with the abundances of their
corresponding transcripts in pokeweed. In PAP-II, one promoter (PAP-II,) appears to be
stronger than the other, and the two PAP-II transcripts are not expressed equally in untreated

plants (PAP-IIa= 713 TPM; PAP-1Iz= 7.7 TPM).

Since PAP genes were most responsive to JA among the four stress treatments tested, I
aimed to identify CREs that could mediate this response. Promoter truncation constructs of the
PAP-I promoter revealed that a region close to the TSS (-296 to -103) was sufficient for JA-
responsiveness. More specifically, a conserved T/GBOXATPIN2 element (-180 to -175 bps

relative to the TSS), which is thought to bind the master JA signalling activator MYC, was
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required for the JA-mediated upregulation of PAP-I. The presence of a putative MYC binding
site in its promoter suggests that PAP-I may be involved in the MYC branch of the JA pathway.
Mutation of this element abolished JA-responsiveness of genes in tomato, Arabidopsis, and
barley (Boter et al., 2004; Rouster et al., 1997). In the case of the PAP-I promoter, reporter
expression in the 1262/-GBOX deletion mutant decreased significantly upon JA treatment,
suggesting that there may be transcriptional repressors or co-repressors involved in fine-tuning
the response. In the absence of the binding site for MYC, however, only negative regulation
would occur. Consistent with this hypothesis, genome-wide studies in other eukaryotes have
shown that repressors can be associated with actively transcribed regions (Wang et al., 2009;
Wirén et al., 2005), and may work alongside other TFs to modulate transcription (reviewed in

Reynolds et al., 2013).

Analysis of JA-associated CREs in the promoters of other PAP isoforms revealed that the
T/GBOXATPIN2 element was also present in PAP-a and PAP-S2g, but not in PAP-II and PAP-
S1, which were highly JA-responsive. The lack of this element in some promoters of JA-
responsive isoforms may be compensated by the presence of W-boxes; this element binds WRKY
TFs, which are primarily SA-responsive (Dong et al., 2003). However, a substantial fraction of
WRKYs (at least 30%) are JA-responsive in Arabidopsis (Schluttenhofer et al., 2014), and
individual JA-responsive WRKY TFs have been characterized in other plants (Cui et al., 2018;
Suttipanta et al., 2011). In pokeweed, we identified several WRKY TFs that were upregulated
with JA (homologues of WRKY3, WRKY4, WRKY22, WRKY23, WRKY24, WRKY33, WRKY40,
WRKY41, WRKY49, WRKY70, and WRKY?75; Neller et al., 2019). Therefore, W-boxes in the
promoters of PAP isoforms may contribute to their JA-responsiveness. Additionally, PAP
isoforms that were not highly responsive to JA but contained putative JA-associated CREs in

their promoters may have expression profiles that were not accurately captured within our single
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time point. For example, an RNA-seq time course of the JA response in Arabidopsis revealed
dynamic expression patterns over the first 16 hours following treatment, including distinct early
and late responses (Hickman et al., 2017). In addition to CREs associated with JA, I identified
CREs associated with the hormones SA, ABA, and GA. JA and SA have well-established roles in
plant defence against pathogens and insect herbivores, while ABA contributes to the resistance of
abiotic stresses such as drought, salinity, cold, and heat stress (Verma et al., 2016). GA, through
cross-talk with ABA pathways, helps mediate the balance between dormancy and plant

maturation during stress (Weiss and Ori, 2007).
4.2  THEPAP-ILEADER INTRON INFLUENCES GENE EXPRESSION
4.2.1f The PAP-Ileader intron acts as an alternative promoter

Annotation of the pokeweed genome revealed that the PAP genes contain previously
unreported leader introns. Based on the distribution of predicted intron lengths in pokeweed, the
PAP leader introns are longer than 83% (PAP-a) to 94% (PAP-IIs) of all introns (Figure 17).
Interestingly, visual inspection of RIP gene models in sugar beet and quinoa genomes revealed
that long leader introns are also present in other RIPs within the same taxonomic order (not
shown), although these were not noted in the corresponding publications (Dohm et al., 2014;
Jarvis et al., 2017). Therefore, leader introns may be a general feature not only of PAP genes, but

of RIPs in other species.

Numerous leader introns have been shown to enhance gene expression in plants and
other eukaryotes (reviewed in Gallegos and Rose, 2015; Laxa, 2017). To investigate the effect of
the leader intron on PAP-I expression, PAP-I promoter truncations were fused to the GFP-GUS
reporter gene either with or without the full-length PAP-I intron. Contrary to my expectations,

the leader intron either had no detectable effect on reporter protein expression (1262) or a
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Figure 17. Intron length distribution in pokeweed genes. Pokeweed gene models were
generated by the program MAKER using transcriptome and protein evidence. Each bar
represents the number of pokeweed introns within an intron length bin (mean = 898 bp;
median = 389 bp). Bins containing the PAP leader introns are indicated with black arrows.
Letters indicate the names of the PAP genes.

68



negative effect (1124, 711, 584, 432, and 296). The sole exception was the core promoter fragment
(102), which was able to drive higher reporter expression when paired with the intron. This
enhancement persisted when the intron was either translocated upstream of the core promoter
(Tr-INT::102) or fused to the reporter gene on its own (INT). From these findings, several
properties of the PAP-I intron can be inferred: 1) it is not required for high-level expression
when longer PAP-I promoter fragments are present; 2) it enhances reporter expression in a
position-independent manner only when paired with the weak PAP-I core promoter; 3) it can
drive reporter expression in the complete absence of any promoter. Taken together, these results
suggest that the PAP-I intron acts as an alternative promoter. While classical enhancers can also
promote gene expression in a position-independent manner, as was observed with the 102::INT
and Tr-INT::102 fragments, they would not be able to drive the expression of a functional protein
in the complete absence of a promoter (Kulaeva et al., 2012), and would have a consistent
enhancing effect when paired with variations of the same promoter. In this case, selective
enhancement occurs because the PAP-I core promoter is otherwise unable to drive high-level
expression on its own, and transcription is driven almost solely by the intronic promoter. When
the PAP-I proximal promoter region is included, however, the two promoters do not appear to
work concurrently to increase transcription. Potential mechanisms for transcriptional
interference have been proposed. If two tandem promoters are in close proximity, as they are in
PAP-I, a high density of regulatory factors and transcriptional machinery at one promoter can
block transcription from the other due to steric hindrance (Palmer et al., 2011). Additionally, two
promoters may compete for a shared distal enhancer (Conte et al., 2002; Schambach et al., 2006),
although this is unlikely to be a factor in my experiments because only 1.3 Kb of the PAP-I
promoter was present, and both promoters were able to drive high reporter expression when

expressed individually.
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A model of the interaction between the two promoters is depicted in Figure 18.
Transcription initiation from the main PAP-I promoter results in the production of a PAP-I
transcript with a 117-nt 5’UTR (short PAP-I transcript) in which the 1.6 Kb leader intron is
spliced. However, initiation from the intronic promoter results in the production of a PAP-I
mRNA with a longer (~1 Kb) 5’UTR. In this case, a portion of the intron sequence is retained
because the transcript lacks the 5’ sequence needed for splicing. The two promoters do not act
together to increase mRNA levels, and the ability of the main promoter to drive expression may
be negatively affected by the intronic promoter. Despite the presence of putative uORFs in the
long transcript, both transcripts can be translated into functional protein in tobacco, as GUS
activity was detected even in leaves that were only expressing the long transcript. uORFs are
usually associated with translational inhibition because the presence of upstream start and stop
codons can stall ribosomes or trigger the nonsense-mediated decay pathway, resulting in
transcript degradation (reviewed in Peccarelli and Kebaara, 2014). However, they can also have a
neutral effect in translation, such as when the upstream AUGs are in a weak Kozak context
(Wang and Rothnagel, 2004), or even a positive effect, through interactions with the translational
machinery that lead to increased translation at the main ORF (Barbosa et al., 2013). Therefore, it

is unknown if the two PAP-I transcripts differ in mRNA stability and translational efficiency.
4.2.2 Contribution of the leader intron to PAP-I regulation in pokeweed

In pokeweed leaf tissue, the short PAP-I transcript is present at a much higher abundance
than the alternative long transcript, as determined through RT-PCR. Although the long PAP-I
mRNA was detected as a low abundance transcript in our de novo assembled transcriptome
(Neller et al., 2016; our unpublished data), and visual inspection of raw reads from our most

recent RNA-seq (Neller et al., 2019) showed that a small fraction of reads mapped to the PAP-I
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Figure 18. Model of PAP-I expression under two promoters. Transcription initiation from the
main PAP-I promoter results in the production of Transcript 1, which has a 117-nt 5UTR. The
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splicing and a portion of the intron is retained. The two promoters do not work additively to
increase mRNA levels, and the ability of the main promoter to drive expression may be affected
by the presence of the intronic promoter (interaction indicated with dashed red double arrow).
Both transcripts can give rise to functional protein in tobacco, although it is unknown how the
two distinct 5’UTRs may affect the mRNA stability and translational efficiency of each transcript.
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intron region (not shown), the long PAP-I mRNA was not annotated by MAKER as an
alternative transcript. This is unsurprising, given that the identification of lesser-expressed
transcript variants (such as those arising from alternative splicing or alternative TSSs) still poses
a challenge for current bioinformatic programs, and often requires additional downstream
procedures (Qin et al., 2018; Song et al., 2019). However, these results clearly indicate that the
long PAP-I is a minor transcript variant in pokeweed, unlike in agroinfiltrated tobacco, where
the two GFP-GUS mRNA populations are less different in terms of abundance. One possibility is
that a distal enhancer in pokeweed may act to enhance transcription initiation at the main
promoter over the intronic promoter. The ability of the intronic PAP-I promoter to negatively
affect transcription from the main promoter appears to be directly tied to the strength of the
main promoter, as simulated through the promoter truncations; therefore, further enhancement
at the main PAP-I promoter may decrease the influence of the intronic promoter. In animals,
previous studies have shown that enhancer-promoter specificity can be mediated by the presence
or absence of different core promoter elements (Juven-Gershon et al., 2008; Zabidi et al., 2015). A
recent study on MYC, a human proto-oncogene that is controlled by two tandem promoters,
found that one promoter is preferentially activated by specific distal enhancers, and enhancer
deletion preferentially downregulated the activity of this promoter (Bardales et al., 2018).
Importantly, Bardales et al. (2018) also discovered that in the absence of the distal enhancer, the

activities of the transiently expressed MYC promoters do not recapitulate the differential

promoter usage observed in context of the endogenous MYC locus.

The presence of leader introns in all PAP genes as well as in other RIPs within the same
order lends support to a functional role in the plant. Although the long PAP-I mRNA is not
abundant in pokeweed leaf under normal growth conditions, the strength of each PAP-I

promoter likely varies across different tissue types, developmental stages, and stimuli, and so the

72



dynamic interaction between the two PAP-I promoters may dictate the relative proportions of
the long and short PAP-I transcripts in different contexts. Studies on plant leader introns have
primarily focused on their enhancing properties through IME (Gallegos and Rose, 2015; Parra et
al., 2011; Rose et al., 2011). From the perspective of alternative promoter usage, however, it is
clear that the presence of multiple promoters does not always lead to a net increase in gene
expression; rather, one promoter may be preferentially used over another (Alasoo et al., 2019). In
both plants and animals, transcript variants stemming from multiple promoters have been
shown to be differentially expressed under a variety of conditions (Bardales et al., 2018; Kurihara
et al., 2018; Minegishi et al., 1998; Qi et al., 2007), and genome-wide analyses suggest that
alternative promoter usage is widespread (Batut et al., 2013; Pal et al., 2014; Singer et al., 2008). If
an alternative promoter is found downstream of the start codon, the protein produced from the
alternative transcript may lack certain domains or localization signals, leading to a distinct
functional activity (reviewed in Davuluri et al., 2008). In the case of PAP-I, both transcripts
should encode identical proteins; however, sequence characteristics within their 5’UTRs, such as
the presence of uORFs and secondary structure, may affect their mRNA decay rates or
translational efficiencies, leading to differential protein expression. Transcripts with non-

identical 5’UTRs can also be differentially targeted by noncoding RNAs (Srivastava et al., 2018).
43  CONCLUSIONS

It is well-established that RIPs can be induced by stresses (reviewed in Zhu et al., 2018),
and several PAP isoforms have been shown to be responsive to JA (Neller et al., 2016). However,
the majority of RIP studies have been conducted in heterologous systems using strong
constitutive promoters, and little is known about how they are regulated endogenously,
particularly at the transcriptional level. In this study, I identified the PAP promoters and

discovered long leader introns in the PAP genes. Through a combination of in silico CRE
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analysis and reporter gene assays in tobacco, a five-nucleotide G-BOX element in the PAP-I
promoter was found to be essential for its JA-mediated upregulation. Furthermore, I showed that
both the PAP-I promoter and intron can independently drive gene expression in tobacco, leading
to the transcription of mRNA variants with distinct 5’"UTRs. Preliminary results suggest that
transcription from one promoter may negatively affect transcription from the other, although it
is presently unclear how this inhibition may occur, and if distal elements may mediate this

interaction.

Beyond learning about the endogenous regulation of PAP and RIPs, this research may
also have relevance in applied biotechnology; while transgenic plants synthesizing PAP
heterologously gained novel antiviral and antifungal properties, they also showed reduced
growth and germination (Lodge et al., 1993; Wang et al., 1998; Zoubenko et al., 1997). These
undesirable phenotypes were attributed to the expression of PAP, which had been placed under
the control of a strong, constitutive viral promoter. Placing PAP under the control of its native
promoter and intron may lead to a more controlled response that does not trade off pathogen

resistance for partial cytotoxicity.
44  FUTURE DIRECTIONS

In Neller et al. (2019), we showed that the PAP isoforms have distinct expression profiles
in response to four types of stresses (JA, SA, PEG, and wounding), and that most isoforms were
highly responsive to JA. To gain more insight into their specific roles in pokeweed, this analysis
can be extended with additional stress treatments, developmental stages, and tissue types. Even
within a single stress treatment, different genes can be early or late responders (Hickman et al.,
2017); therefore, performing a detailed RNA-seq or qRT-PCR time course of the JA response in
pokeweed may help clarify their roles within the JA pathway. Moreover, the availability of

complete coding sequences for all PAP genes means that each isoform can be expressed and
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purified individually in E. coli, potentially leading to the generation of isoform-specific PAP
antibodies. This will allow us to correlate PAP transcript levels with their respective protein
abundances. These experiments can be complemented with the stable expression of PAP
promoter-reporter genes in transgenic tobacco or Arabidopsis, which will allow us to determine

how their promoters regulate their expression under a more diverse set of conditions.

In the second portion of my project, I showed that a previously undiscovered PAP-I
leader intron can act as an alternative promoter, leading to the transcription of an mRNA variant
that contains a longer 5’UTR. RT-PCR results suggest that its 5’UTR is at least 1 Kb in length;
however, 5’RACE or primer extension will need to be performed in order to precisely map its
TSS and promoter region. When paired with the PAP-I promoter, the intronic promoter did not
increase overall reporter expression in tobacco. While qRT-PCR results suggest that both the
long and short GFP-GUS transcript variants were expressed, the ability of the PAP-I promoter to
drive reporter expression may be negatively affected by the presence of the intronic promoter. It
is important to note that qRT-PCR is only an indirect measure of transcription, as the amount of
mRNA depends on both the rates of transcription and mRNA degradation (Bremer and Moyes,
2014; Das et al., 2017). Nuclear run-on assay and its high-throughput equivalent global run-on
sequencing (GRO-seq) are used to specifically capture nascent RNAs, and can therefore provide
a measure of transcription initiation independent of mRNA stability (Lopes et al., 2017). Stability
of the long and short PAP-I mRNAs can in turn be assessed by expressing the two transcripts
separately in tobacco protoplasts (under the control of the same constitutive promoter to ensure
equal rates of transcription), treating cells with a transcription inhibitor such as cordycepin or
actinomycin D, and quantifying PAP-I transcript abundance over time. Finally, the translational
efficiencies of the two PAP-I transcripts can be measured in vitro by using equimolar amounts of

RNA in cell-free translation assays. While both the long and short GFP-GUS transcripts could
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give rise to functional reporter protein in tobacco, it is difficult to infer translational efficiency
from those experiments because the two mRNAs may have also differed in abundance. For the
mRNA stability and in vitro translation assays, a previously characterized PAP-I active site
mutant (Hur et al., 1995) can be used to ensure that it does not depurinate ribosomes when
translated. Collectively, these experiments will tease apart the interplay between transcription
rates, mRNA stability, and translational efficiency, and shed light on precisely how the intronic

promoter is contributing to PAP-I expression.

In pokeweed, the main promoter and the intronic promoter likely work in tandem to
control PAP-I expression, and distal regulatory elements may contribute to the preferential usage
of one promoter over the other. While the main PAP-I promoter is preferentially used in leaf
tissue under normal growth, transcript variants originating from multiple promoters are often
differentially expressed in different contexts. Therefore, the two sections of my project can be
integrated by: 1) measuring the expression of both PAP-I transcripts in pokeweed under a variety
of stress treatments, tissue types, and developmental stages; 2) determining how promoter usage
changes under these conditions through stable tobacco transgenic lines that express PAP-I
promoter-reporter gene constructs with the intron. Together, these experiments will lead to a

more nuanced understanding of endogenous PAP regulation.
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APPENDIX B: LIST OF PRIMERS

Table 2. List of primer sequences used for PCR amplification and cloning of PAP promoter

fragments. SLIC/Gibson assembly sequences are in lowercase.

Primer names Primer sequences (5°—3’) Purpose
pLK-1-FOR ATTGGAAGTGGATAAGCATGCAAGCTTG
GC
pLK-1-REV ATTGGATTGGAAGTACTATAGIGAGTCG  ProG299 vector PCR

TATTAGAATTCACTG

PAP-I-prom-SLIC-
FOR

ctcactatagtacttccaatccaatGAC
ATCACTCACAGGATCAGGATTGGCTG

PAP-I-prom-SLIC-
REV

gcttgcatgcttatccacttccaatCTT
CCCTTCCTACTAGCTAGTTCCAATACTT
TCGC

Cloning of the promoter and intron into
pHSG299

pCambia-prom-FOR

ATGGCTACTACTAAGCATTTGGCTCTTG
CCATCCTTG

pCambia-prom-REV

GATATTTTTGGAGTAGACAAGTGTGTCG
TGCTCCAC

pCambia 0305.2 GFP-GUS vector PCR

P1-FOR

cacacttgtctactccaaaaatatcGAC
ATCACTCACAGGATCAGGATTGGCTG

PAP-I promoter (1262) forward primer.
Paired with 5-UTR-SLIC-REV

P2-FOR

cacacttgtctactccaaaaatatcGAG
TGTTAGCAAATCAAGAAGGAGCAAGCAC

PAP-I promoter truncation (1124) forward
primer. Paired with 5-UTR-SLIC-REV

P3-FOR

cacacttgtctactccaaaaatatcAAT
GGGTAGTCGCCCCTTCTAGGACATTATC

PAP-I promoter truncation (711) forward
primer. Paired with 5-UTR-SLIC-REV

P4-FOR

cacacttgtctactccaaaaatatcACT
AGACTTCAGTAGTCTGTAGTCAACCCTA
TTTGG

PAP-I promoter truncation (584) forward
primer. Paired with 5-UTR-SLIC-REV

P5-FOR

cacacttgtctactccaaaaatatcCGG
AGGTCTCTCTTGTATACAGCCTCTCTAT
cC

PAP-I promoter truncation (432) forward
primer. Paired with 5-UTR-SLIC-REV

P6-FOR

cacacttgtctactccaaaaatatcCCC
TACATGATTTACTCGAAAAATCATACGT
TCTAATTGGTTGG

PAP-I promoter truncation (296) forward
primer. Paired with 5-UTR-SLIC-REV

P7-FOR

cacacttgtctactccaaaaatatcGTT
ACGCATGCTAGGCGCCACAATTTTACAA
AC

PAP-I promoter truncation (102) forward
primer. Paired with 5-UTR-SLIC-REV

Int-FOR

cacacttgtctactccaaaaatatcGCA
ACCACATGAGATCCTGACGCAAAACC

PAP-I intron forward primer. Paired with
5-UTR-SLIC-REV to amplify 1.4 Kb of the
intron

5-UTR-no-int-REV

CTTCCCTTCCTACTAGCTAGTTCCAATA
CTTTCGCCCTGTAGTTAACTCACAACTT
TCTTTTTTTCTTACAACG

PAP-I 5°UTR reverse primer (intronless)

5-UTR-SLIC-REV

gagccaaatgcttagtagtagccatCTT
CCCTTCCTACTAGCTAGTTCCAATACTT
TCGC

PAP-I5°UTR reverse primer
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Table 2, continued.

Primer names

Primer sequences (5°—3’)

Purpose

Int-transl-FOR

GTTGTAAGTGCTCTTCCTTTCATATTAC
TCTTTTTTGTATGATTC

Int-transl-REV

CTATCAATGAAAAACAAGGTAAGAACCT
GGATTACATGTACGATG

PAP-I intron forward and reverse primers.
Amplifies the full 1.6 Kb intron

Int-transl-Gib-FOR

cacacttgtctactccaaaaatatcGTT
GTAAGTGCTCTTCCTTTCATATTACTC

PAP-I intron forward primer with Gibson
assembly sequence. Used to translocate the
1.6 Kb intron upstream of the PAP-I
promoter (1262 and 102)

Int-transl-Gib-1-REV

catctatcaacactatgtcatccgcCTA
TCAATGAAAAACAAGGTAAGAACCTGG

PAP-I intron reverse primer with Gibson
assembly sequence. Used to translocate the
1.6 Kb intron upstream of the PAP-I
promoter (1262)

Int-transl-Gib-2-REV

aattgtggcgcctagcatgcgtaacCTA
TCAATGAAAAACAAGGTAAGAACCTGG

PAP-I intron reverse primer with Gibson
assembly sequence. Used to translocate the
1.6 Kb intron upstream of the PAP-I
promoter (102)

P1-transl-FOR

GACATCACTCACAGGATCAGGATTGGCT
G

Paired with pCambia-prom-REV to
generate a linear vector. Used to make the
translocated intron-1262::GFP-GUS
construct

P7-transl-FOR

GTTACGCATGCTAGGCGCCACAATTTTA
CAAAC

Paired with pCambia-prom-REV to
generate a linear vector. Used to make the
translocated intron-102::GFP-GUS
construct

pCambia-1-no-cat-
FOR

CCTCAGATCTCCAGAGCCACCGCCA

pCambia-1-no-cat-
REV

CAACCAGGCACCGACGCCGTGGAAT

pCambia-2-no-cat-
FOR

tggcggtggctctggagatctgagghAAC
CGACGAACTAGTCTGTACCCGA

pCambia-2-no-cat-
REV

attccacggcgtcggtgecctggttgTTC
TTGATTTTCCATGCCGCCTCCTTTAG

Forward and reverse primers for the
removal of the catalase intron in GUS

pCambia-GBOX-

aaccaaccaagaacatgaaaCCCTTGAA

mut-1-FOR AGAAACAAAAAATGTAATGAAG
pCambia-GBOX- taaacgctcttttctcttagGTTTACCC
mut-1-REV GCCAATATATCCTGTCAAAC
pCambia-GBOX- CTAAGAGAAAAGAGCGTTTATTAGAATA
mut-2-FOR ACGG

pCambia-GBOX- TTTCATGTTCTTGGTTGGTTATTTTACT
mut-2-REV ATACATATAC

Forward and reverse primers for the
deletion of the JA-associated
T/GBOXATPIN?2 element in the PAP-I
promoter

nPAP-prom-FOR

GTTTTCCCTTGAAGTCACTTGGTTTCCT
TGAC

Novel PAP promoter forward primer

nPAP-prom-REV

AAACCTGGTATAATAGCCGAAGCTTCGT
GG

Novel PAP promoter reverse primer
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Table 2, continued.

Primer names

Primer sequences (5°—3’)

Purpose

nPAP-UTR-REV

ATTTCACTAGTTCTAGATTTGTTTCACC
TGAAACCTGGTATAATAGCCGAAGCTTC
GTGG

Novel PAP 5UTR (intronless)

nPAP-prom-Gib-
FOR

cacacttgtctactccaaaaatatcGTT
TTCCCTTGAAGTCACTTGGTTTCCTTGA
C

Novel PAP promoter forward primer with
Gibson sequence

nPAP-UTR-Gib-REV

gagccaaatgcttagtagtagccatATT
TCACTAGTTCTAGATTTGTTTCACCTGA
AACC

Novel PAP 5’UTR primer with Gibson
sequence

PAP-II-A-prom-FOR

CACTATGGCTTGGAAGGCACTTCAAGAG

PAP-II, promoter forward primer

PAP-II-A-prom-REV

TCCCTGTTGCGCAGCTGAAGCTTTTGTA
ATTG

PAP-II, promoter reverse primer

PAP-II-A-prom-Gib-
FOR

cacacttgtctactccaaaaatatcCAC
TATGGCTTGGAAGGCACTTCAAGAG

PAP-II, promoter forward primer with
Gibson sequence

PAP-II-A-prom-Gib-
REV

gagccaaatgcttagtagtagccatTCC
CTGTTGCGCAGCTGAAGCTTTTGTAATT
G

PAP-II, promoter reverse primer with
Gibson sequence

PAP-II-B-prom-FOR

CGGGACGTCTCCGGAATTAGTCAATTGC

PAP-IIs promoter forward primer

PAP-II-B-prom-REV

GCAACCTGTTACGTAGCAGATGAGGC

PAP-IIp promoter reverse primer

PAP-II-B-prom-Gib-
FOR

cacacttgtctactccaaaaatatcCGG
GACGTCTCCGGAATTAGTCAATTGC

PAP-IIg promoter forward primer with
Gibson sequence

PAP-II-B-prom-Gib-
REV

gagccaaatgcttagtagtagccatGCA
ACCTGTTACGTAGCAGATGAGGC

PAP-IIs promoter reverse primer with
Gibson sequence

PAP-alpha-prom-
FOR

GGTAATGGGTCATGCTTGTTATAGTGTT
GTAGAGTAC

PAP-a promoter forward primer

PAP-alpha-prom-
REV

CATATTTGCAACCTGTTACGTAGCAGAT
GAGGC

PAP-a promoter reverse primer

PAP-alpha-UTR-
REV

CTTCCCTTGTTGCTGCTTTCAACACTTT
CACCTGTTACGTAGCAGATGAGGCTTTT
TATGAG

PAP-a 5’UTR reverse primer (intronless)

PAP-alpha-prom-
Gib-FOR

cacacttgtctactccaaaaatatcGGT
AATGGGTCATGCTTGTTATAGTGTTGTA
GAGTAC

PAP-a promoter forward primer with
Gibson sequence

PAP-alpha-UTR-

gagccaaatgcttagtagtagccatCTT

PAP-a 5’UTR reverse primer with Gibson

Gib-REV CCCTTGTTGCTGCTTTCAACACTTITC sequence

PAP-S2-A-prom- GAACAGCAGAGCATCTAGACTGAACCC PAP-S2, promoter forward primer
FOR

PAP-S2-A-prom- GCAACCTGTTGTACGTAGCAGCTGATGC PAP-82, promoter reverse primer
REV

PAP-§2-A-UTR-REV

CTTCCCTTTGCCGCTTCTTTCAATACTT
TCACCCTGTTGTACGTAGCAGCTGATGC

PAP-S2, 5’UTR reverse primer
(intronless)

PAP-§82-A-prom-
Gib-FOR

cacacttgtctactccaaaaatatcGCA
ACCTGTTGTACGTAGCAGCTGATGC

PAP-S2, promoter forward primer with
Gibson sequence

PAP-S2-A-UTR-Gib-
REV

gagccaaatgcttagtagtagccatCTT
CCCTTTGCCGCTTCTTTCAATAC

PAP-S2, 5’UTR reverse primer with
Gibson sequence
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Table 3. List of primers used for Sanger sequencing of promoter-reporter gene constructs.

Primer names

Primer sequences (5°—3’)

Purpose

pCambia-seq-1-FOR

GAGCACGACACACTTGTCTACTCCAAAAATATC

pCambia-seq-2-FOR

GGATAGGAGTCTGTGGAGAGTTAGAATTAGG

pCambia-seq-3-FOR

ATGGTGTGCTGTGCCTGTATAAAAGGG

pCambia-seq-4-FOR

GGTCCTCCTGATGTAAACACTAGCCATG

pCambia-seq-5-FOR

CAACAAGGTTGTGGTTATAAGAGTATTCAGTTG

GRP-REV

CTAAGGAGGACAAGGATGGCAAGAGCC

Sequencing of PAP-I
promoter and intron

pCambia-seq-6-FOR

CGACGGCAACTACAAGACCCG

pCambia-seq-7-FOR

TGGAAGAGAAGTGGTACGAAAGCAAGC

pCambia-seq-8-FOR

GTCTATGAAGAGCCGTTCGGCGTG

pCambia-seq-9-FOR

GCTTTCACGACATTGATCCAGTGATGTTC

Sequencing of GFP-GUS
reporter gene
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Table 4. List of primer sequences used for qRT-PCR of GFP-GUS transcripts in agroinfiltrated

tobacco leaves.

qPCR final
Primer names Primer sequences (5°—3’) concentration Purpose
(LM)
GUS-RT-REV géGGATATTGAAATCCATCACATTGCTC . GEP-GUS RT
GUS-2-FOR CACATGGTCCTGCTGGAGTTCG 0.6 GFP-GUS qPCR
GUS-2-REV CAGACGCCATTGAGGTCGAAGACG 0.6 (GUS CDS)
ATAACTGCATGTTCTCATAAAAAAGCCT
PAP-I-1-35-FOR CAGC 0.3 GFP-GUS qPCR
PAP.I.112.83.REV ggTCCTACTAGCTAGTTCCAATACTTTC 03 (5UTR)
L25-FOR CCGAGTCTGCAATGAAGAAGATTGAGG 0.3 125 gPCR
(reference gene)
L25-REV CTGAATGTCATACATCTTCTTCACAGCA 03 L25 qPCR; L25 RT
TCC (reference gene)
Ntubc-FOR CTCGCCAGCTAATTCAGAAGCAGC 0.6 Ubc gPCR
(reference gene)
Ubc qPCR; Ubc RT
Ntubc-REV GAAGTCAGTCTGCTGTCCAGCTC 0.6

(reference gene)
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Table 5. List of primer sequences used for qRT-PCR of PAP transcripts in pokeweed leaves.

qPCR final
Primer names Primer sequences (5°—3’) concentration Purpose
(uM)
PAP-I-full REV iigéTGATTTGAATCACTCGAATTCACC . PAP-IRT
nPAP full REV g;gTTGAGGAGCATGTGATTATAGAATG . Novel PAP RT
PAP-I1-720-690 REV CCTTGATGCCTCATTAACCATTTGAACG — PAP-IIRT
PAP-alpha—893-864 CATCCACTCTCAGCACTATCCACTTGCT . PAP-a RT
REV ACCGTTTG
PAP-S1-full-REV ggCATTTTGTTAAGTTGCTTGGCAAGTC o PAP-SI RT
BDX RT (refe
BDX-RT CTTCACTCTCAGGATCCGTTC — (reference
gene)
EF1G-RT CTTCARARAGGCTCCTGGTC — EFIGRT (reference
gene)
PAP-1-1-35-FOR ATAACTGCATGTTCTCATAAAAAAGCCT
CAGC
CTTCCTACTAGCTAGTTCCAATACTTTC 0.3 PAP-IqPCR
PAP-1-112-83-REV cc
nPAP-117-145-FOR CGCCACGAAGCTTCGGCTATTATACCAG
. Novel PAP gPCR
nPAP-214-185-REV géAACCCATATTGCACATACAAGTGACA 0.3 ove qPC
PAP-II-535-566-FOR iégAAGAGTTACAAAGGGATGGAATCAA
0.3 PAP-II qPCR
PAP-II-644-618-REV CGTTGCATCCTTGCCGTAGATTTTACC
PAP-alpha-20-47-FOR  CACATTGCATGTTCTCATAAAAAGCCTC
PAP-alpha-162-136- 0.3 PAP-a qPCR
REV CAAGTTGAAGGTGGTTTAAGAATGAGCC
PAP-S1-8-37-FOR CAGAGTTATCCATCACATTGCATGCATG
0.3 PAP-S1 qPCR
PAP-S1-91-63-REV SCGCTTCTTTCAACACTTTCACCTGTTA q
BDX-FOR
GGAGCACACTACACCTTCGCTC
03 BDX qPCR
BDX-REV ' (reference gene)
CCTGCAACCCTGATACAATGGAAG
EF1G-FOR
ACCAACTTCCGTGAAGTAGCAATTAAAG 0 EF1G qPCR
EF1G-REV CTTCCCARATGCGTACTTGCGAG ' (reference gene)
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Table 6. List of primer sequences used for gene model validations of PAP genes through PCR
and RT-PCR. SLIC/Gibson assembly sequences are in lowercase.

Primer names

Primer sequences (5°—3’)

Purpose

PAP-I-FOR

ATAACTGCATGTTCTCATAAAAAAGCCTCAGCTG

PAP-I-SLIC-FOR

ctcactatagtacttccaatccaatATAACTGCATGTTCT
CATAAAAAAGCCTCAGCTG

PAP-I-REV

GTTTATGATCAGAATCCTTCAAATAGATCACCAAG

PAP-I-SLIC-REV

gcttgcatgcttatccacttccaatGTTTATGATCAGAAT
CCTTCAAATAGATCACCAAG

PAP-I PCR (gene
model validation)

PAP-ITa-FOR

CTCCGGTTATATATATGGCTATGCACTGCAG

PAP-ITa-SLIC-FOR

ctcactatagtacttccaatccaatCTCCGGTTATATATA
TGGCTATGCACTGCAG

PAP-II, PCR (gene
model validation)

PAP-IIb-FOR

GCAGTAAATCTTAACGTACGTAGAGTCCCCTACAAAG

PAP-IIb-SLIC-FOR

ctcactatagtacttccaatccaatGCAGTAAATCTTAAC
GTACGTAGAGTCCCCTACAAAG

PAP-IIg PCR (gene
model validation)

PAP-II-REV

GATATGATTTGAATCACTCGAATTCACCAAGG

PAP-II-SLIC REV

gcttgcatgcttatccacttccaatGATATGATTTGAATC
ACTCGAATTCACCAAGG

PAP-II PCR (gene
model validation)

PAP-alpha-FOR

GTTATCCATCACATTGCATGTTCTCATAAAAAGCCTC

PAP-alpha-SLIC-FOR

ctcactatagtacttccaatccaatGTTATCCATCACATT
GCATGTTCTCATAAAAAGCCTC

PAP-alpha-REV

CATCCACTCTCAGCACTATCCACTTGCTACCGTTTG

PAP-alpha-SLIC-REV

gcttgcatgcttatccacttccaatCATCCACTCTCAGCA
CTATCCACTTGCTACCGTTTG

PAP-a PCR (gene
model validation)

PAP-S§1-FOR

CACAGAGTTATCCATCACATTGCATGCATG

PAP-S1-SLIC-FOR

ctcactatagtacttccaatccaatCACAGAGTTATCCAT
CACATTGCATGCATG

PAP-S1-REV

GGCATTTTGTTAAGTTGCTTGGCAAGTCCC

PAP-S§1-SLIC-REV

gcttgcatgcttatccacttccaatGGCATTTTGTTAAGT
TGCTTGGCAAGTCCC

PAP-S1, PCR (gene
model validation)

PAP-§2a-FOR

CTGCAACGCAGAGTTCTCCATCACATCAC

PAP-§82a-SLIC-FOR

ctcactatagtacttccaatccaatCCAACGCAGAGTTAT
CCATCACATTGTATG

PAP-S2, PCR (gene
model validation)

PAP-S2b-FOR

CCAACGCAGAGTTATCCATCACATTGTATG

PAP-S2b-SLIC-FOR

ctcactatagtacttccaatccaatCCAACGCAGAGTTAT
CCATCACATTGTATG

PAP-S2g PCR (gene
model validation)

PAP-S2-REV

GTCTGACAGGTTCCATTAACGTACTTAAGGAGTGCC

PAP-S82-SLIC-REV

gcttgcatgcttatccacttccaatGTCTGACAGGTTCCA
TTAACGTACTTAAGGAGTGCC

PAP-S2 PCR (gene
model validation)
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Table 7. List of primer sequences used to validate the existence of the PAP-I alternative

transcript.

Primer names

Primer sequences (5°—3’)

Purpose

Int-1-FOR CGCATACATCGTACATGTAATCCAGGTTC
Int-2-FOR GACTCGGTTACAAACCTAATTGGTCTAAGG
Int-3-FOR GTATTACCAAGGCTCGACACGACTC
Int-4-FOR GGCTGGTCCTCCTGATGTAAACAC
Int-5-FOR CTAGCCATGTTAGTTGCTACGTTCTACC
Int-6-FOR GGTAGCAACCACATGAGATCCTGACG

PAP-I intron forward
primers

PAP-I-1-35-FOR

ATAACTGCATGTTCTCATAAAAAAGCCTCAGC

PAP-15UTR
forward primer

PAP-I-full-REV

GATATGATTTGAATCACTCGAATTCACCAAGG

PAP-I reverse primer
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APPENDIX C: RECIPES

Yeast Extract Peptone (YEP) (1 L)

Lysogeny Broth (LB) (1L)

10g
10g
>g

I5¢g

NaCl

Tryptone

Yeast extract
Agar (for plates)

deO tolL

Super Broth (SB) / Witch’s Broth (1 L)

5g NaCl

10g Yeast extract

10g Peptone

15¢g Agar (for plates)
deO tolL

Super Optimal Broth (SOB) (1 L)

05¢g NacCl

20g Tryptone

5g Yeast extract

20 mL (w/v) glucose (for SOC Media)
deO tolL

>g
35g
20g
5mL
4 mL

NaCl
Tryptone
Yeast extract
1 M NaOH
100% glycerol

deO tolL

Isothermal Start Mix (4 mL)

2X Gibson Master Mix (1295 pL)

3mL 1 M Tris-HCI, pH 8.0
150 pL 1 M MgCl,
15¢g PEG-8000

450 pL
25uL
20 uL
50 uL
1 uL

31.25 uL

250 uL

467.75 uL

405 pL Isothermal Start Mix
1 MDTT

25 mM dNTPs

NAD* (New England Biolabs
#B9007S)

T5 exonuclease (New England
Biolabs #M0363S)

Phusion High-Fidelity DNA
Polymerase (New England
Biolabs #M0530S)

Taq Ligase (New England
Biolabs #M0208S)

dH,O
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