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Abstract

Phytolacca americana (pokeweed) is a non-model plant with agriculturally relevant
characteristics, being a heavy metal hyperaccumulator resistant to virus infection. Pokeweed
synthesizes pokeweed antiviral protein (PAP), an RNA glycosidase thought to function in defense.
Study of this plant, and of the biological relevance of PAP, has been hindered by a lack of reference
sequences. Here, the first mRNA transcriptome, miRNA transcriptome, and de novo genome
assembly of pokeweed are reported. The mRNA transcriptome was initially built using plants
subjected to jasmonic acid (JA), a hormone that mediates resistance to pathogens. Using this
resource, ~59,000 transcripts and ~52,000 natural antisense transcript (NAT) pairs were annotated.
Differential expression analysis revealed that many transcripts were JA-responsive, including
several PAP isoforms and PAP-specific NAT pairs. The annotated mRNA transcriptome was also
used to investigate miRNA control of JA response. Novel miRNA/target pairs involved in
hormone biosynthesis, signal transduction, and pathogen defense were predicted. One of these
comprised a transcript encoding a JA biosynthesis enzyme, which was validated, representing the
first reported miRNA-induced cleavage event of a non-transcription factor target of the JA-
response pathway. For approximately half of the pairs, expression of the miRNA and target was
positively correlated, suggesting a biologically relevant regulatory dynamic. To gain additional
knowledge of the pokeweed defense response, a comprehensive mRNA transcriptome was
obtained from plants subjected to different stresses. This transcriptome was used to annotate the
first pokeweed de novo genome assembly, revealing the structures of ~30,000 genes. Several
known PAP isoform genes were identified, as well as a putative novel isoform and PAP
pseudogenes. The gene model of each PAP isoform contained a long intron in the 5’ untranslated

region, and preliminary evidence suggests it regulates gene expression. Differential expression
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analysis confirmed that in addition to JA, several PAP isoforms responded to other stresses. PAP
isoforms were co-expressed with genes involved in terpenoid biosynthesis, JA-mediated
signalling, and metabolism of amino acids and carbohydrates. Taken together, this study generated
the first large-scale sequence references for pokeweed and provided insight into the regulation of

defense-associated gene expression in this non-model plant.
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CHAPTER 1:

Introduction



1.1 Pokeweed and its relevance in medicine and agriculture

Phytolacca americana, commonly referred to as pokeweed, belongs to the Phytolaccaceae
family of flowering plants comprising 65 species of herbs, shrubs, and trees. Pokeweed is native
to eastern North America and parts of the USA (Midwest, Gulf Coast, and west coast), with
naturalization in Europe, the West Indies, and Asia. This non-model plant synthesizes metabolites
and proteins that have been studied for their medical and agricultural applications. Among them is
pokeweed antiviral protein (PAP), a type of ribosome-inactivating protein (RIP; rRNA N-
glycosidase; EC 3.2.2.22). In a process termed depurination, RIPs remove a specific adenine from
the conserved a-sarcin/ricin loop of large rRNA, thereby arresting protein synthesis in vitro (Endo
et al., 1988). The resulting toxicity has led to investigation of some RIPs as immunotoxins for
cancer therapy (Zeng et al., 2015). In addition, PAP has broad-spectrum activity against plant and
animal viruses when expressed in heterologous systems (Dai et al., 2003; Ishag et al., 2013;
Mansouri et al., 2009; Wang et al., 1998; Zhabokritsky et al., 2014; Zoubenko et al., 1997, 2000).
In both its native pokeweed and transgenic plants, PAP is localized outside the cell in the apoplasm
(Ready et al., 1986). It is hypothesized that PAP gains entry to the cytoplasm during pathogen
infection, at which point ribosome inactivation inhibits the synthesis of host and viral proteins. In
addition to rRNA, PAP depurinates the genomes of some RNA viruses, interfering directly with
viral replication and packaging (He et al., 2008; Karran and Hudak, 2008; Lodge et al., 1993;
Mansouri et al., 2009; Rajamohan et al., 1999; Zhabokritsky et al., 2014). Other products isolated
from pokeweed include terpenoids with anti-inflammatory and antimicrobial properties (Woo and
Kang, 1976) and pokeweed mitogen, used as a laboratory reagent to induce proliferation of
lymphocytes (Bekeredjian-Ding et al., 2012). Pokeweed has also attracted interest for its potential

in phytoremediation. As a hyperaccumulator, the plant is capable of growing in soil containing



high levels of metals, absorbing and concentrating them in its tissues (Liu et al., 2010; Peng et al.,

2008; Zhao et al., 2011).

1.2 Ribosome inactivating protein (RIP) and pokeweed antiviral protein (PAP) isoforms

RIPs are synthesized mainly by plants; they are highly represented in certain families but
narrowly distributed overall, given their presence in ~20% of angiosperm taxonomic orders (Di
Maro et al., 2014). Plant RIPs are generally encoded as isoforms by multi-gene families (Chan et
al., 2011; Urasaki et al., 2017; Wu et al., 2015; Wytynck et al., 2017). Although the biological
relevance of RIP isoforms in plants is not completely understood, particularly with some being
restricted temporally or spatially, numerous reports of induced expression upon diverse stresses
suggest a role in defense. RIP expression is upregulated in response to pathogen infection, insect
feeding, cold/heat, drought, salinity, mechanical wounding, or stress-associated phytohormones
(Iglesias et al., 2005; Jiang et al., 2008; Qin et al., 2009; Reinbothe et al., 1994; Song et al., 2000;
Tartarini et al., 2010). Several isoforms of PAP have been reported in pokeweed. PAP-I (Irvin,
1975), PAP-II (Irvin et al., 1980), and PAP-III (Rajamohan et al., 1999) are leaf isoforms
synthesized in spring, early, and late summer, respectively. Isoforms have also been purified from
seeds (PAP-S/S1 and PAP-S2; Barbieri et al., 1982; Honjo et al., 2002) and roots (PAP-R;
Bolognesi et al., 1990), while PAP-a (Kataoka et al., 1992) was found to be expressed throughout
the plant, and PAP-H (Park et al., 2002) and PAP-C (Barbieri et al., 1989) were identified in
cultured cells. PAP isoforms vary in their ability to depurinate different templates (Honjo et al.,
2002; Rajamohan et al., 1999). However, little is known about the regulation and roles of discrete

PAP isoforms, nor that of RIPs in general. In pokeweed, this question is further complicated by



the high sequence similarity of PAP isoforms, which makes them difficult to distinguish through

standard methods such as qRT-PCR and Western blotting.

1.3 Hormones implicated in plant defense

Given that the expression of many RIPs is responsive to changes in plant hormone levels,
what follows is a brief overview of those hormones most cited as affecting RIPs. Figure 1

summarizes the hormone signalling pathways and their key nodes of crosstalk.

1.3.1 Jasmonic acid (JA)

JA is a lipid-derived molecule synthesized from a-linolenic acid, the latter found in plastid
membranes. It plays a major role in defense against necrotrophic pathogens and insect herbivores;
it also regulates developmental transitions in the plant (Wasternack and Song, 2017). The
biologically active form of the hormone is an isoleucine conjugate, (+)-7-iso-JAlle (JA-Ile)
(Fonseca et al., 2009), which is perceived through a co-receptor formed by the F-box protein
Coronatine-insensitive 1 (COIl) and a member of the Jasmonate ZIM domain (JAZ) family (Chini
et al., 2007; Thines et al., 2007). JAZ proteins are negative regulators of transcription; in the
absence of JA-Ile, they bind and inhibit members of the MYC and AP2/ERF transcription factor
(TF) families (Chini et al., 2007; Thines et al., 2007). Increasing levels of JA-Ile promote the
interaction of JAZ and COI1, resulting in ubiquitination and degradation of the JAZ co-repressor,
freeing TFs to activate downstream gene expression (Chini et al., 2007; Thines et al., 2007). An
activated JA defense response is associated with induced expression of marker genes VSP2 (an
acid phosphatase with insecticidal activity), PDF1.2 (a defensin), and basic pathogenesis-related

(PR) proteins (Ali et al., 2018; Wasternack and Song, 2017). The JA signalling pathway is divided
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into two mutually antagonistic branches regulated by MYC and ERF TFs (Lorenzo et al., 2004).
The MYC branch is associated with wound response and defense against insect herbivores, while
the ERF branch mediates resistance to necrotrophic pathogens. Insect attack specifically activates
the MYC branch and results in high expression of VSP2, while necrotrophs induce expression of
PDF1.2 through the ERF branch. Ethylene acts synergistically with JA via the ERF branch. Both
ethylene and JA are required for induced systemic resistance, an enhanced state of plant defense

arising from root colonization of beneficial microbes (Pieterse et al., 1998).

1.3.2 Salicylic acid (SA)

SA is important for plant innate immunity against biotrophic pathogens and is required for
systemic acquired resistance (Backer et al., 2019). Biosynthesis of SA occurs through the cinnamic
acid pathway (Dempsey et al., 2012) and the isochorismate pathway (Wildermuth et al., 2001), the
latter route predominant during pathogen infection. Elucidation of SA receptors has involved some
disagreement, as both NPR1 (Non-expressor of PR Genes 1; Wu et al., 2012) and NPR3/4 (Fu et
al., 2012) have been proposed. NPR1 is a transcriptional co-activator for members of the TGA
family (Despres et al., 2007). NPR1 exists in two forms in the cell (Tada et al., 2008). When SA
levels are low, NPRI is sequestered in the cytoplasm as an oligomer due to the presence of
intermolecular disulphide bonds. When SA levels increase during pathogen infection, redox
changes in the cytosol enable NPR1 monomerization, at which point it enters the nucleus and
promotes gene expression. Only recently was it determined that both NPR1 and NPR3/4 are SA
receptors, but with opposite roles (Ding et al., 2018). NPR3/4 are repressors of TGA TFs, binding
them independently of NPR1. In the absence of SA, NPR3/4 bind to and repress these TFs;

presence of SA abolishes this interaction, enabling NPR1 to bind instead and activate downstream



gene expression. This includes upregulation of acidic PR1, a marker gene of systemic acquired
resistance (Ali et al., 2018). Although both SA and JA mediate pathogen defense, their signalling
pathways tend to be mutually antagonistic. SA antagonism of JA occurs through inhibition of JA
biosynthesis via cytosolic NPR1 (Spoel et al., 2003) and TGA TFs (Zander et al., 2010), while JA-

mediated antagonism of SA signalling involves MYC2 (Laurie-Berry et al., 2006).

1.3.3 Abscisic acid (ABA)

ABA mediates tolerance to environmental stresses including drought, salinity, cold, and
heat, mainly by regulating stomatal opening; it is also important in seed development, shoot
elongation, root growth, and establishing plant dormancy (Tarkowska and Strnad, 2018). As with
JA, synthesis of the isoprenoid-derived ABA originates in plastids. ABA is perceived by plasma
and nuclear membrane proteins of the PYR/PYL/RCAR (Pyrabactin Resistance/Pyrabactin
resistance—Like/Regulatory Components of ABA Receptor) family (Ma et al., 2009; Park et al.,
2009). In the absence of ABA, type 2C protein phosphatases (PP2Cs) bind to and inhibit the action
of SNF1-related protein kinases (SnRK2s), preventing them from activating downstream targets
(Fujii et al., 2005; Park et al.,, 2009). In the presence of ABA, recruitment of PP2C by
PYR/PYL/RCAR leads to dissociation of SnRK2 and PP2C. This enables SnRK?2 to phosphorylate
TFs of the ABA-Responsive Element-Binding Factor (ABF) family (Furihata et al., 2006; Uno et
al., 2000) and ion channels (Lee et al., 2013). In terms of crosstalk, ABA exerts its effects by
modulating the JA and SA signalling pathways (Ku et al., 2018). It acts in combination with JA to
activate MYC2 (Anderson et al., 2004) and negatively regulates SA signalling by reducing levels

of SA biosynthesis enzymes (Audenaert et al., 2002). The relationship between ABA and systemic



acquired resistance is mutually antagonistic (Yasuda et al., 2008), indicating trade-off between

abiotic and biotic stress responses.

1.4 Plant small RNAs and miRNA biogenesis

In addition to hormones, small RNAs (~20-24 nt) are important regulators of gene
expression in plants (Lee and Carroll, 2018). Small RNAs fine-tune gene expression by binding to
target RNAs, resulting in transcriptional or post-transcriptional gene silencing. They are divided
into two general classes: microRNAs (miRNAs) and short interfering RNAs (siRNAs). miRNAs
are derived from single-stranded transcripts that adopt an imperfect stem-loop structure, and
siRNAs from perfect, double-stranded RNA precursors generated by RNA-dependent RNA
polymerases. siRNAs are further classified into subtypes that vary in origin, mechanism of action,
required components, and level of sequence conservation across plants. However, biogenesis of
miRNAs is more homogenous (Yu et al., 2017), and the mature sequences show greater levels of
species conservation (Baldrich et al., 2018). As shown in Figure 2, miRNA biosynthesis begins
with transcription of a MIR gene by RNA polymerase II, producing a primary miRNA (pri-
miRNA) that consists of a stem-loop region flanked by unstructured arms. In sequential steps,
dicer-like 1 RNase (DCL1) excises the stem-loop to form the miRNA precursor (pre-miRNA),
then generates a duplex (~21 nt) comprising the miRNA and its opposing strand, classically termed
miRNA* (Fukudome and Fukuhara, 2017). Excision of the duplex from the stem-loop is based on
structural features, including the length of base-paired stem proximal and distal to the
miRNA/miRNA*, and presence of a terminal loop. Following methylation (Li et al., 2005), the
miRNA is loaded into an Argonaute (AGO) protein, typically AGOI, establishing the RNA-

induced silencing complex. Until recently, miRNA loading was thought to occur only in the



— MIRgene ——

V
X

miRNA/miRNA* (~21nt)

Nucleus

AGO loading Cytosol

Figure 2. miRNA biogenesis and function. A MIR gene is transcribed
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slices it or inhibits its translation. Figure from: Neller et al., 2019.
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cytosol. However, new evidence supports a revised model in which loading can occur in the
nucleus, followed by nucleo-cytoplasmic shuttling of the AGO1:miRNA complex (Bologna et al.,
2018). Selection of the mature miRNA is not random, with dependence on miRNA precursor
processing factors, the 5'-terminal nucleotide, and structure of the small RNA duplex (Yu et al.,
2017). Plant miRNAs tend to have high sequence complementarity with targets and act primarily
through mRNA cleavage, although translational inhibition has also been observed (Chen, 2004;
Gandikota et al., 2007). Given that targets of plant miRNAs often encode transcription factors,
they are poised to modulate diverse processes during plant growth, development, and stress

response (Li et al., 2017).

1.5 Transcriptome and genome assembly

Genome-wide analyses are very useful and increasingly common to study patterns of gene
expression under different conditions. Of course, these require genomic resources for the species
under study, such as an annotated transcriptome or genome (Bolger et al., 2018). Transcriptome
and genome sequencing are termed RNA-seq and whole genome sequencing, respectively.
Different methods are in use that produce different read-lengths. Second-generation sequencing
(e.g. llumina) is widely used; it produces short reads (up to 250 bp) that must be assembled to
reconstruct the original, full-length sequence. Third-generation sequencing (e.g. PacBio, Oxford
Nanopore) is capable of providing much longer reads (up to 20 Kb), but it is cost-restrictive for
most. Regardless of the chosen strategy, it is likely that some assembly will be required to obtain
a eukaryotic transcriptome or genome sequence. As shown in Figure 3, reads can be assembled in
a de novo (reference-free) or guided (reference-based) manner (Moreton et al., 2016). In the case

of a newly studied species without a reference genome, de novo assembly is performed by
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Figure 3. Strategies for reconstructing and annotating transcripts from
RNA-seq reads. The genome-guided approach (left), first aligns short
RNA-seq reads to a reference genome in a splice-aware manner, then
reconstructs transcripts from the spliced alignments. The de novo assembly
approach (right), assembles transcripts directly from the RNA-seq reads.
To delineate exon/intron structures, these transcripts are aligned to the
genome. A de novo assembly approach is likely to assemble only the most
abundant transcripts. RNA-seq reads are coloured according to the
transcript isoform from which they originated. Protein-coding regions,
obtained during annotation, are indicated in darker colours. Figure from:
Haas et al., 2010.
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identifying overlapping sequences between reads and joining them to produce a contiguous
sequence. Since this is a computationally intensive process, a de Bruijn graph is used to compact
the representation of overlapping and non-overlapping sequences (Figure 4). Here, all
subsequences of length k in reads are termed k-mers. A de Bruijn graph is constructed using unique
k-mers as nodes, with edges indicating overlapping k-mers. That is, if a k-mer is shifted by one
base (k-1) and it overlaps another k-mer, an edge is drawn between those nodes. A linear chain of
k-mer nodes is compressed into one node when two nodes are joined by a single unique edge. By
traversing all paths through the graph, each independent sequence can be reconstructed. For a
transcriptome, this produces all transcript variants (i.e. those arising from alternative splicing and
paralogs). When applied to a genome, this process identifies paralogs and allelic variants. It is
important to note that a reference genome is a ‘scaffold’ assembly that traverses only the highest
coverage path through each region, making downstream analysis more manageable (Figure 5). De
novo assembly is a challenging computational problem. At the transcriptome level, it can be
difficult to distinguish transcripts arising from alternative splicing or paralogous genes due to their
shared k-mer sequences. As for plant genomes, they contain long transposons and repeat-rich
regions that are difficult to assemble, and polyploidy greatly expands the de Bruijn graph
(Kyriakidou et al., 2018). If a reference genome is available for the species under study or a highly
related one, it greatly eases transcript reconstruction and genome assembly by orienting aligned
reads.

Once a transcriptome or genome sequence is available, alignment of the short RNA-seq
reads back to this reference provides a measure of gene expression level based on read counts
(Finotello and Di Camillo, 2015). This process is repeated for all samples, often with the goal of

identifying differentially expressed genes (DEGs) between conditions. A typical workflow
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Figure 4. A simple de Bruijn graph. A) Read sequences. B) All possible k-
mers of length 5 from the reads. C) A de Bruijn graph constructed from unique
k-mers as nodes and overlapping k-mers connected by edges. A k-mer shifted by
1 base overlaps another k-mer by k-1 bases. D) Assembled sequences obtained
by traversing the two possible paths in the graph. Figure adapted from: Moreton
et al., 2016.
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Figure 5. Terminology associated with an assembly. An assembly is a graph of all
potential paths through a sequence region. An ‘edge’ is the largest continuous
region that could be assembled for the region. A ‘line’ is a series of connected edges
that could no longer be extended. A ‘cell’ is a region that contains more than one
path. A ‘scaffold’ is the single, highest coverage path through a line; that is, the path
with the greatest number of reads supporting it.
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involves the following steps: (i) for each sample, reads are aligned to the reference sequence; (i)
the total number of reads aligning to each gene is counted; (iii); counts are normalized based on
sequencing depth and gene length; (iv) counts of each gene are tested for significant difference
between conditions. If a reference genome is unavailable, differential expression analysis can be
performed using the de novo assembled transcriptome as a substitute. However, there may be
inconsistencies between transcript-level and gene-level analyses, especially in the case of

alternatively spliced genes (Song et al., 2019).

1.6 Genome annotation

Following genome assembly, genes are annotated on the basis of predicted gene models
(Bolger et al., 2018). A gene model is a structural representation of an mRNA transcript that
contains information such as coding sequence, exon/intron boundaries, and untranslated regions
(UTRs). Due to alternative splicing, it is possible to have more than one model for a given gene.
A standard genome annotation pipeline is as follows: (i) repetitive sequences (e.g. transposons)
are masked to prevent their interference in subsequent steps; (ii) transcript and protein sequences
from the species under study or related species are aligned to the genome; (iii) alignments are
processed to infer exon/intron boundaries; (iv) ab initio gene prediction is performed; (v) results
from alignments and ab initio predictions are used to construct a gene model with an associated
quality score. Termed the annotation edit distance (AED), this measure quantifies how well the
gene model agrees with the information from which it was derived. Different computational
approaches have been implemented to select a final gene model among candidates, including
winner-takes-all, consensus, or weighted consensus; (vi) conserved protein domains in genes are

identified based on sequence comparison, and their associated gene ontology (GO) terms are
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obtained. GO terms are structured, curated concepts relating to gene functions. A gene product
may be annotated in up to three categories: molecular function, cellular component, and biological
process. The ontology is organized as a directed graph in which each term has defined relationships
to one or more other terms. Lower-level terms have greater specificity than higher-level ones.
Annotation generally comprises two sources of information: extrinsic ‘evidence’ from
transcript and protein alignments, and intrinsic ab initio prediction. The latter involves searching
the genomic DNA sequence for features of protein-coding genes, including specific sequences or
statistical characteristics. Incorporation of ab initio prediction is desirable, but it requires
availability of a trained model for the species under study. In the case of a novel genome
annotation, this model can be obtained and refined in an iterative manner consisting of multiple
rounds of gene prediction (Campbell et al., 2014a). In Round 1, gene models are predicted solely
from transcript and protein evidence. Top gene models as per AED score are provided to the ab
initio predictor to obtain a preliminary model. In Round 2, this preliminary model is used in
combination with transcript/protein evidence to obtain a new set of gene structures. This is referred
to as ‘hint-based ab initio prediction’, reflecting the use of evidence to guide ab initio prediction.
Top gene models from Round 2 are provided to the predictor as before to refine the model,
followed by a final Round 3, the output of which is generally considered a trustworthy set of gene

models.

1.7 Bioinformatic prediction and annotation of miRNAs

Large-scale characterization of miRNAs requires integration of small RNA sequencing
data and a reference genome or transcriptome for the species under study (Neller et al., 2019). A

typical workflow includes miRNA prediction, identification of conserved and novel sequences,
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and functional analysis. Computational miRNA prediction is based on experimentally determined
features of miRNA biogenesis. The process is summarized as follows: (i) small RNAs are aligned
to the reference genome/transcriptome; (ii) a portion of the reference sequence surrounding each
alignment is extracted and folded, representing a candidate miRNA precursor; (iii) the likelihood
that a particular small RNA sequence originated from the biological processing of a miRNA
precursor is evaluated based on information from alignments and structural compatibility. Top-
scoring miRNAs have detectable miRNA* reads and precursors that form stable hairpin structures.
The miRNA* sequence is the passenger strand of the mature miRNA duplex; since it is often
degraded, it is usually detected only for highly abundant miRNAs. Following prediction, miRNAs
are annotated as conserved or novel by conducting sequence similarity searches against a database
of known plant miRNAs. If a significant hit is identified in another plant species, the miRNA is
deemed conserved; otherwise, it is novel. Most miRNAs are species-specific or conserved across
a few closely related species (Baldrich et al., 2018). These miRNAs typically have low abundance,
heterogeneous processing, and are encoded from single genes rather than multi-gene families. In
contrast, miRNAs conserved across plants tend to be highly abundant. To obtain insight into the
biological relevance of predicted miRNAs, functional annotation is performed. For each miRNA,
putative targets are identified by searching the reference genome/transcriptome for binding sites,
i.e. sequences that are complementary to the miRNA and amenable to base-pairing. Proteins

encoded by RNA targets are then characterised based on their associated GO terms.
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1.8 Goals of study

The study of pokeweed has been hindered by a lack of large-scale sequence datasets.
Therefore, the aim of my PhD project was to develop the first genome and transcriptome references
for this non-model plant. Using these bioinformatic resources, I investigated pokeweed gene
expression under abiotic and biotic stress treatments. This work has provided insight into defense-
associated gene expression in pokeweed, including the endogenous regulation and biological

relevance of PAP.

This project is divided into three parts:

1. Assembly and annotation of the mRNA transcriptome and identification of JA-responsive

mRNAs.

2. miRNA/target prediction and construction of an interaction network based on correlated

expression in response to JA.

3. Assembly and annotation of the genome and identification of stress-responsive gene clusters.
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2.1 Abstract

The American pokeweed plant, Phytolacca americana, is recognized for synthesizing
pokeweed antiviral protein (PAP), a ribosome inactivating protein (RIP) that inhibits the
replication of several plant and animal viruses. The plant is also a heavy metal accumulator with
applications in soil remediation. However, little is known about pokeweed stress responses, as
large-scale sequencing projects have not been performed for this species. Here, we sequenced the
mRNA transcriptome of pokeweed in the presence and absence of jasmonic acid (JA), a hormone
mediating plant defense. Trinity-based de novo assembly of mRNA from leaf tissue and BLASTx
homology searches against public sequence databases resulted in the annotation of 59,096
transcripts. Differential expression analysis identified JA-responsive genes that may be involved
in defense against pathogen infection and herbivory. We confirmed the existence of several PAP
isoforms and cloned a potentially novel isoform of PAP. Expression analysis indicated that PAP
isoforms are differentially responsive to JA, perhaps indicating specialized roles within the plant.
Finally, we identified 52, 305 natural antisense transcript pairs, four of which comprised PAP
isoforms, suggesting a novel form of RIP gene regulation. This transcriptome-wide study of a
Phytolaccaceae family member provides a source of new genes that may be involved in stress
tolerance in this plant. The sequences generated in our study have been deposited in the SRA

database under project # SRP069141.
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2.2 Introduction

The pokeweed plant, Phytolacca americana, is a member of the Phytolaccaceae family of
flowering plants, which includes 65 species of herbs, shrubs and trees. Pokeweed is native to
eastern North America and has become naturalized in Europe, the West Indies and Asia. This
species is of interest because it synthesizes pokeweed antiviral protein (PAP), a ribosome
inactivating protein (RIP) with RNA N-glycosidase activity. Several isoforms of PAP are reported
to exist in pokeweed, exhibiting different temporal (PAP-I, PAP-II, PAP-III) and spatial (PAP-S,
PAP-R, PAP-alpha) expression patterns (Barbieri et al., 1982; Bolognesi et al., 1990; Irvin and
Kelly, 1980; Irvin, 1975; Kataoka et al., 1992; Rajamohan et al., 1999). RIPs are present in less
than 20% of angiosperm taxonomic orders, and phylogenetic analysis indicates a complex
evolutionary history (Di Maro et al., 2014). They are potent defense proteins effective against a
range of viruses, fungi, and less commonly, insects (Stirpe, 2013).

Pokeweed has broad applications in agriculture and medicine. PAP inhibits the replication
of several plant and animal viruses, either through ribosome inactivation which limits viral
proliferation, or by direct depurination of the viral genome (He et al., 2008; Karran and Hudak,
2008; Lodge et al., 1993; Mansouri et al., 2009; Rajamohan et al., 1999). Interestingly, recent work
demonstrates that pokeweed accumulates high levels of heavy metals, especially cadmium and
manganese, with promising applications in soil detoxification (Dou et al., 2009; Zhao et al., 2011,
2012). Nevertheless, little is known about pokeweed, as the genes involved in stress response have
not been identified.

Here, we have sequenced the pokeweed mRNA transcriptome in the presence and absence
of jasmonic acid (JA) treatment. JA is a plant hormone that mediates defense against herbivores

and necrotrophic pathogens. As herbivores are often viral vectors, the JA pathway also has
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important implications for virus resistance. We showed recently that PAP mRNA and protein
levels increase in the presence of JA (Klenov et al., 2015). A link between jasmonate and other
plant RIPs has previously been established. For example, PIP2 from Phytolacca insularis, MEI
from Mirabilis expansa, and JIP60 from barley are induced by JA or its methyl jasmonate
derivative (Dunaeva et al., 1999; Song et al., 2000; Vepachedu et al., 2003). Furthermore,
expression of the insecticidal maize RIP2 is increased 100-fold at the RNA level upon caterpillar
feeding, demonstrating the relevance of RIPs in anti-herbivory (Chuang et al., 2014). By
sequencing the transcriptome of pokeweed treated with JA, we will gain novel information about
the regulation of specific PAP isoforms and how these proteins are integrated within the larger
network of pokeweed pathogen response. This work lays the important foundation to understand
the resiliency of pokeweed to biotic and abiotic factors.

We report the de novo assembly and annotation of the pokeweed mRNA transcriptome
from leaf tissue. Through a combination of differential expression and gene ontology (GO)
analysis, we identified JA-responsive genes and enriched GO terms involved in stress and defense.
We confirmed the existence of several published PAP isoforms, reported their distinct responses
to JA, and cloned a potentially novel PAP isoform. Finally, we report the discovery of PAP natural
antisense transcripts (NATs) that are also JA-responsive, which may represent a novel form of RIP

gene regulation.

2.3 Material and methods

Pokeweed growth conditions and jasmonic acid treatment
Pokeweed seeds were treated with 37% sulfuric acid for 5 minutes and submerged in water

for 4 days at room temperature. Seeds were germinated in soil (Promix BX) and maintained in a
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growth chamber (AC60, Biochambers, MN) under fluorescent and incandescent lights at 180 uE
m2 s with periods of 16 h day and 8 h night. Fertilizer was provided once every 2 weeks with
N:P:K 20:20:20. For experimental treatment, plants were sprayed with 5 mL of 5 mM JA dissolved
in 0.5% ethanol (to improve the solubility of JA). Negative control plants were sprayed with 0.5%
ethanol. Following treatment, plants were returned to the chamber and leaf tissue was harvested

24 hours later. All plants used in this study were at the 4-leaf stage of growth.

Total RNA isolation, library construction and sequencing

Total RNA was extracted from leaf tissue of pokeweed plants treated with 5 mM JA in
0.5% ethanol or 0.5% ethanol alone using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA). An
equal amount of total RNA from three independent plants was pooled for each biological replicate.
In total, six mRNA libraries were generated (n=3 per treatment, from 18 total plants). Libraries
were constructed with the TruSeq Stranded mRNA Library Preparation Kit (RS-122-2101,
[Mlumina). Sequencing was performed on a single lane of an Illumina HiSeq 2500 machine by The
Centre for Applied Genomics (The Hospital for Sick Children, Toronto, Canada) to generate
paired-end reads of 150 bases. Raw sequences are available at the SRA database under project #

SRP069141.

RNA-seq data processing and de novo transcriptome assembly

Prior to assembly, adapters were clipped, low-quality bases were trimmed (Q < 30,
averaged over four bases) and synchronicity of paired-end files was maintained using
Trimmomatic v. 0.32.1 (Bolger et al., 2014) as follows: PE -phred33 ILLUMINACLIP:TruSeq3-

PE.fa:2:30:10 SLIDINGWINDOW:4:30. The pokeweed transcriptome was assembled with
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Trinity v.r12014-04-13p1 (Grabherr et al., 2011) using the following command-line, which invoked
paired-end, stranded information: --seqType fq --JIM 48G --left reads-1.fq --right reads-2.fq --

SS lib_type RF --CPU 24.

Transcriptome annotation and refinement

Trinotate v. 2.0.1 (Haas et al., 2013) was used for transcriptome annotation. BLAST
(Altschul et al., 1997) searches were conducted against both the SwissProt (Bairoch and
Boeckmann, 1991) and UniRef90 (Suzek et al., 2007) databases (current as of Jan, 2015). Owing
to strand-specific sequencing, only the plus strand of the transcriptome was queried with BLASTx.
Transdecoder-predicted and translated ORFs were queried with BLASTp. The E-value threshold
was set to 0.001, and only the top-scoring hit was retained. HMMER v. 3.1b2 (Finn et al., 2011)
was used to search for conserved protein domains in predicted ORFs against the pfam-A (Finn et
al., 2014) database (current as of Jan, 2015). BLAST homologies and Pfam domain entries were
loaded into the pre-formatted Trinotate SQLite database, which contained UniProt-associated
annotation information.

The complete, Trinity-assembled transcriptome (Raw assembly) was filtered to retain only
transcripts expressed at an abundance of 1 FPKM (fragments per kilobase per transcript per million
mapped reads; Filtered assembly) or only BLASTx-annotated transcripts (BLASTx assembly).
Assembly statistics were calculated, and transcript coverage of each top-scoring unique hit was
determined with custom scripts that came bundled with Trinity software. A local installation of
the Galaxy platform (Blankenberg et al., 2010; Giardine et al., 2005; Goecks et al., 2010) was used

for manipulation of large datasets.
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Transcript abundance and differential expression analysis

Transcript-level rather than unigene-level expression was investigated in order to retain
isoform-specific information. Reads from individual libraries were aligned to the reference
transcriptome with bowtie v. 1.1.1. (Langmead et al., 2009) and quantified by RSEM v. 1.2.18 (Li
and Dewey, 2011). A table of TMM (Trimmed Mean of M-values)-normalized FPKM expression
values and a separate table of raw fragment counts were generated with custom scripts.

Differentially expressed transcripts were identified from raw counts with the Bioconductor
package EdgeR v. 3.1 (Robinson et al., 2010) in the statistical program R (R Development Core
Team, 2008). Three biological replicates for each condition were provided. A subset of
differentially expressed transcripts (FDR < 0.001 and fold change > 4) was extracted and used to
generate a heatmap of hierarchically-clustered, logz-transformed and median-centered FPKM
values. All scripts came bundled with Trinity software and default parameters were used,

supplemented with the strand-specific parameter --SS_lib_type RF when applicable.

Gene ontology analysis

Blast2GO v. 3.0 (Conesa et al., 2005) was used to map GO terms to parent plant GOSlim
terms in order to obtain a broad overview of the transcriptome. To identify enriched terms, a
Fisher’s test was conducted in Blast2GO with FDR < 0.001. For NAT GO term enrichment, any
NAT pair with at least one protein-coding transcript, as annotated by BLASTx, was included in
the test set. For enrichment of JA-responsive NAT pairs, in addition to the above protein-coding
requirement, only pairs with differentially expressed sense and antisense transcripts were included
in the test set. The raw, Trinity-assembled pokeweed transcriptome served as the reference set for

all Fisher’s tests conducted in this study.
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Identification of PAP isoforms and natural antisense transcripts

Following transcriptome annotation, any transcript that matched a published PAP sequence
as its top BLASTX hit and contained a predicted RIP protein domain was considered to be a PAP
isoform. To identify NATs, a BLASTn search was conducted whereby the plus strand of the
complete transcriptome was aligned to a local database containing the reverse complement of all

transcripts. The BLASTn E-value threshold was set to 0.001.

Cloning of novel PAP isoform and PAP natural antisense transcript

All primer sequences used in this study are available in Data Sheet 1. Reverse transcription
was performed on 500 ng of total pokeweed RNA in a 20 puL reaction volume containing 5 mM
DTT, 1 uM reverse primer, 1X First Strand Buffer (50 mM Tris-HCI pH 8.3, 75 mM KCI, 3 mM
MgCl), 0.5 mM dNTPs, 20 units Murine RNase Inhibitor (NEB), and 25 units Superscript II1
reverse transcriptase (Thermofisher). The reaction was incubated at 42°C for 1 hour and heat
inactivated at 70°C for 20 minutes.

Following ¢cDNA synthesis, a PCR reaction was conducted, containing 1X QS5 buffer
(NEB), 0.5 uM forward primer, 0.5 uM reverse primer, 200 mM dNTPs, 2 uL. cDNA, and 1 unit
Q5 DNA polymerase (NEB), in a total volume of 50 pL. The PCR program included an initial
denaturation of 95°C for 30s, 30 cycles of 95°C for 30s, 58°C for 30s, 72°C for 120s, and finished
with an extension at 72°C for 180s. PCR products were separated on low-melt agarose, and the
correct size band excised and purified with EZ-10 Spin columns (Biobasic). The purified product

was digested with BamHI and Sall, ligated into pBS-KSII, and sequenced.
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qRT-PCR validations

For qRT-PCR, the reverse transcription step was performed in the same manner as cloning
except that 2 pug of total pokeweed RNA from either control or JA treated plants was used with
reverse primers corresponding to a specific transcript or 28S rRNA as the internal control. The
qPCR reaction contained 5 uL of cDNA, 0.7 uM forward primer, 0.7 uM reverse primer, and 1X
SYBR Green Mastermix (Clontech). Each reaction was split into three technical replicates and
analyzed in a Qiagen Rotor-gene-Q real time PCR cycler. Ct values were calculated with the AACt
relative quantification method. Three biological replicates were conducted for each transcript. For
statistical analysis, a one-tailed, unpaired Student’s t-test was conducted using GraphPad Prism

v.5.01.

2.4 Results

Assembly and annotation of the pokeweed mRNA transcriptome

An overview of the entire study is provided in Supplementary Figure 1. A total of
406,995,054 high-quality reads from control and JA-treated pokeweed plants were combined, and
the mRNA transcriptome was assembled with Trinity software. Assembly statistics are provided
in Table 1. The complete pokeweed transcriptome (Raw) contained 216,891 transcripts belonging
to 177,709 unigenes. To identify contigs expressed at a reasonable threshold, the Raw assembly
was filtered to retain only those having a minimum abundance of 1 FPKM; this reduced the number
of transcripts and unigenes to 89,682 and 77,731, respectively (Filtered). The Raw assembly was
also filtered on the basis of BLASTx annotation, which resulted in 59,096 and 38,291 annotated
transcripts and unigenes, respectively (BLASTx). Furthermore, 16,245 unique proteins were

represented by transcripts with at least 70% BLASTx alignment coverage, indicating a high-



Table 1. Assembly statistics for pokeweed mRNA transcriptomes.

Parameter Raw Filtered BLASTx

# of Transcripts 216,891 89,682 59,096

# of Unigenes 177,709 77,731 38,291
Transcriptome size (Mb) 157 74 85

N50 (bp) 1,168 1,617 2,102

Average length (bp) 724 821 1,439

Median length (bp) 406 373 1,159
Minimum length (bp) 201 201 201

Maximum length (bp) 15,776 15,776 15,776

# of Transcripts > 1Kb 42,541 24,436 32,746

Raw: the complete, Trinity-assembled transcriptome; Filtered: only transcripts >
1FPKM were retained; BLASTx: only BLASTx-annotated transcripts from the
UniRef90 and SwissProt databases were retained.
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quality transcriptome assembly (Data Sheet 2). The Trinotate report for BLASTx-annotated
transcripts is available in Data Sheet 3. Interestingly, only 38% of transcripts in the Filtered
assembly were also BLASTx annotated, suggesting that the majority of pokeweed-expressed
transcripts are not shared with those from available plants.

To assess the contiguity of our different assemblies, we also determined their N50 values
(Table 1). The N50 statistic is a weighted median, such that 50% of the assembly is contained in
contigs equal to or larger than this value. N50 values for the Raw, Filtered, and BLASTx assemblies
were 1,168, 1,617, and 2,102 bp, respectively. These values indicated that expressed and annotated
transcripts tended to be longer in length, which was confirmed from the assembly length
distributions (Figure 6). Notably, the Raw assembly had a majority of transcripts between 200-
600 bp in length, while this size class accounted for a smaller proportion of the Filtered and
BLASTx assemblies. These short transcripts could represent partial transcripts, microRNA
precursors, and/or assembly artefacts.

Functional annotation of the complete, assembled pokeweed transcriptome was carried out
with the Trinotate pipeline, and GO analysis was conducted using Blast2GO software. GO terms
were mapped to corresponding plant GOSlim terms in order to obtain a summary of the
transcriptome (Supplementary Figure 2). GOSlims are cut-down versions of the ontology with
reduced detail of lower-level terms; they are useful for providing a general overview of the
transcriptome. In total, 36,423 transcripts were annotated with 238,251 GO terms, distributed
amongst the categories of Biological Process, Molecular Function, and Cellular Component.
Within the Biological Process category, the most abundant terms included response to stress (5,471
transcripts; 15.0% of all transcripts), transport (5,365; 14.7%), and cellular protein modification

process (5,200; 14.3%). Nucleotide binding (8,403; 23.1%), DNA binding (4,415; 12.1%), and
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kinase activity (3,219; 8.8%) comprised the majority of terms in the Molecular Function category.
Finally, the Cellular Component distribution indicated that most annotated proteins localized to
the plasma membrane (4,974; 13.7%), plastid (3,559; 9.8%), or cytosol (2,887; 7.9%). Taken
together, GO analysis indicates that the majority of pokeweed transcripts can be grouped into a

small number of broad yet distinct functional categories.

Identification of jasmonic acid-responsive genes

Following transcriptome annotation, our next goal was to identify JA-responsive genes
through differential expression analysis. Briefly, reads from each library were individually aligned
back to the complete reference transcriptome, and the abundance of each transcript was
determined. Differential expression analysis was then conducted based on normalized read counts.
The most abundant, BLASTx-annotated transcripts from control and JA-treated plants are
summarized in Table 2, and abundances of all transcripts are available in Data Sheet 4. Control
plants had high expression of several genes encoding photosynthetic proteins, including RuBisCO
and photosystem-associated components. Conversely, JA-treated plants had high abundance of
transcripts encoding defense proteins, including two defensin-like proteins, two isoforms of PAP,
and a proteinase, in addition to constitutive plant metabolic proteins.

A total of 8,264 transcripts were differentially expressed between control and JA-treated
plants (FDR < 0.05; Supplementary Figure 3). A subset of 2,770 (FDR < 0.001, fold change >
4) was defined for downstream analysis (Figure 7A). Of these, the majority of transcripts
increased with JA treatment (2067; 75%). Furthermore, as shown in Figure 7B, most of the
transcripts were expressed in both control and JA-treated plants (2192; 79%); interestingly, a

considerable number was detected only in JA-treated plants (434; 16%). Of these JA treatment-



Table 2. Most abundant, BLASTx-annotated transcripts expressed in pokeweed under
control (E) and JA treatments.

E
Transcript ID Top ];II;?STX Gene Name log,FPKM
058232 o7 il RBS1 MESCR Ribulose blsphosphate carbox.ylase small 14.74
chain 1, chloroplastic
¢58494 gl il  CB2A SPIOL Cillprsiiill b ko proiats, 14.73
- = - chloroplastic
c111935 gl il  PSBR SOLTU Photosystem II 10 kDa polypeptide, 14.00
- - - chloroplastic
058232 g6 il RBS2 MESCR Ribulose blsphosphate carbox.ylase small 13.83
chain 2, chloroplastic
cl11786 gl il GL33 ARATH  Germin-like protein subfamily 3 member 3 13.09
c47181 gl il GRP1 DAUCA Glycine-rich RNA-binding protein 12.64
cl16825 gl i2 CAHC SPIOL Carbonic anhydrase, chloroplastic 12.58
c111825 gl il  CB23 TOBAC Clillprgpl il 2o I g oo 36; 12.57
- = - chloroplastic
60753 gl il ~ CBI12 PETHY Chlorophyll a-b binding protein, 12.27
—°7 = - chloroplastic
c111752 gl il PSAK_ARATH Photosystem I reaction center subunit 1218
—= = = psaK, chloroplastic
JA
cl12185 gl il DEF_NELNU Defensin-like protein 16.54
c51788 gl il DF322 SOLTU Defensin-like protein P322 15.30
¢58494 gl il  CB2A SPIOL Cillprsiill e ko priats, 14.68
- = - chloroplastic
058232 o7 il RBSI MESCR Ribulose blsphosphate carbox.ylase small 1437
= - chain 1, chloroplastic
c3137 gl il RIP1_PHYAM Antiviral protein I 14.35
¢111935 gl il  PSBR SOLTU Photosystem II 10 kDa polypeptide, 14.01
== - chloroplastic
¢58232_ g6 il RBS? MESCR Ribulose blsphosphate carbox_ylase small 13.80
—= = — chain 2, chloroplastic
c60978 g1 il XCP1_ARATH Xylem cysteine proteinase 1 13.49
c3192 gl il RIP2 PHYAM Antiviral protein 2 13.18
c47181 gl il GRP1_DAUCA Glycine-rich RNA-binding protein 12.70

Transcripts are listed in order of decreasing abundance.
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A)

B)

Figure 7. Identification of JA-responsive genes in pokeweed.
A) Heat map of expression values (log,FPKM, median-centered)
of the top differentially expressed transcripts (FDR < 0.001, fold
change > 4). B) Venn diagram depicting treatment-specific
expression patterns of transcripts in A).
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specific transcripts, 165 encoded known proteins as annotated by BLASTx (Data sheet 5). Many
have well-established roles in defense, including a pathogenesis-related protein and several
chitinases, proteinases, peroxidases, and terpenoid biosynthesis enzymes. JA-induced transcription
factor families such as ERF, MYB, and TIFY were identified, as well as two enzymes involved in
JA biosynthesis: jasmonate O-methyltransferase and 4-coumarate-CoA ligase-like 5. Interestingly,
among the most abundant, JA-specific transcripts was a putatively novel isoform of PAP,
c115037 gl il.

The top JA-responsive, BLASTx-annotated transcripts are summarized in Table 3, and the
complete list of differential expression results is provided in Data Sheet 6. As expected, many of
these transcripts encoded proteins involved in JA metabolism (Supplementary Figure 4).
Additionally, several defense genes were among those most differentially expressed; these
included intracellular ribonuclease LX, nerolidol synthases, antiviral protein alpha, and defensin-
like protein. To obtain insight into the functional roles of JA-responsive transcripts in pokeweed,
we conducted GO term enrichment analysis (Table 4). Up- and down-regulated transcripts were
investigated separately in order to determine their independent contributions within the plant. Up-
regulated transcripts were highly enriched in terms related to stress and defense responses,
indicating marked transcriptional reprogramming in JA-treated plants. Down-regulated transcripts
were not enriched in any well-defined stress responses, and the enriched terms did not appear to
represent any common themes.

To validate RNA-seq results, the expression of eight randomly selected transcripts and two
selected transcripts (discussed below) from our defined subset was assessed by qRT-PCR from
control and JA-treated plants (Figure 8). An R? correlation value of 0.917 was obtained, indicating

high correspondence between the two methods of transcript quantitation.



Table 3. Top JA-responsive, BLASTx-annotated genes in pokeweed.

Top BLAST lo log,  log,
Transcript ID op . X Gene name & FPKM FPKM FDR
Hit FC
E JA

Linoleate 13S- 1.51E-

cl12223 gl i1 LOX21 SOLTU lipoxygenase 2-1, 13.97 -4.63 9.58 '1 ]2

chloroplastic

. Tryptophan synthase beta ) 5.28E-

c53706 gl i2 TRPB_CAMAC chain 2, chioroplastic 13.36  -4.18 9.32 157
20579 gl il RNLX SOLLC Intraceuula{;b"““"lease 1384 293 1108 ° 'fjf‘
c112209 gl il NATT3 THANI Natterin-3 8.67 1.72 10.51 8'18 jf

(3S,6E)-nerolidol synthase R 92F
c3273 g2 il  NES2 FRAAN 2, 10.63 -2.41 8.34 '1 37 )
chloroplastic/mitochondrial

c61047 gl il BSPA_POPDE  Barkstorageprotein A 13.10 408 9.16  1o.
3273 gl il  NESI _FRAAN (38’6E)'ner°i‘d°1 synthase 1330 642 7.9 6'11??515'
¢50513_gl_il ~ ZOG_PHALU Zeatin O- 1377 738 700 SolE

glucosyltransferase 125
c60944 ¢1 i1 RIPA PHYAM Antiviral protein alpha 1299 -1.58 11.68 9'13 22 35 )
cl112185 gl il DEF NELNU Defensin-like protein 13.19  3.30 16.54 3'17 17 ;E i

Transcripts are listed in order of decreasing significance.
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Table 4. Top enriched GO terms for JA-responsive genes in pokeweed (FDR < 0.001).

Down-regulated transcripts (703) Up-regulated transcripts (2067)
GO Term FDR GO Term FDR
extracellular region 5.96E-04 response to wounding 1.28E-26

hydrolase activity, response to endogenous

hydrolyzing O-glycosyl 2.88E-03 stimulus 1.82E-16
compounds
heme binding 2.88E-03 response to jasmonic acid 5.82E-16
methylammonium

transmembrane transporter 2.88E-03 response to chitin 3.90E-15
activity

cell wall 3.91E-03 defense response 1.54E-14

storage vacuole 3.91E-03 fegu laiflon o §ystem1c 2.60E-10

acquired resistance

nitrate reductase (NADH) — 515 5 cytoplasm 2.60E-10
activity

nucleus 1.73E-02 ce'llule.lr component 6.27E-10

organization or biogenesis

molybdopterin cofactor 1.98E-02 heme binding 7.75E-10
binding

oxidation-reduction process 2.02E-02 nutrient reservoir activity 1.19E-09

The number in brackets indicates the number of down- or up-regulated transcripts within the test
set.



R?z=0.9171

Log,(Fold change by gRT-PCR)

Log,(Fold change by RNA-seq)

Figure 8. Validation of RNA-seq differential expression results.
The correlation of JA-induced expression changes obtained from
RNA-seq and qRT-PCR is shown for ten transcripts, eight of which
were randomly selected. Results for qRT-PCR are from three
independent biological replicates for each transcript.
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Identification and analysis of PAP isoforms

Following transcriptome annotation, we were able to identify assembled PAP isoforms on
the basis of homology with published sequences. Six transcripts were annotated as RIPs through
BLASTx and contained predicted RIP domains within their translated open reading frames
(ORFs); their annotation information is summarized in Table 5. Two isoforms, PAP-I and PAP-
I, had perfectly assembled ORFs. Partial transcripts of PAP-alpha and PAP-S were also identified,
with 73% and 39% coverage and nearly 100% sequence identity with their respective hits.
Interestingly, transcript c18776 gl il had only 40% identity and 86% coverage with PAP-alpha,
its top BLASTx hit. Furthermore, the E-value of its identified RIP domain was more significant
than that of PAP-II, which was correctly assembled. We cloned and sequenced the predicted ORF
of ¢18776 gl il from pokeweed total RNA, confirming expression of the transcript in the plant.
Taken together, we hypothesize that transcript c18776 gl il represents a novel PAP isoform.
Transcript c115037 gl i1, with 81% identity to PAP-I, may be another novel isoform; however,
with only 38% coverage, we could not rule out the possibility that this transcript was an assembly
artefact.

Differential expression results of the six identified PAP isoforms are provided in Table 6.
With the exception of c18776 g1 il, the hypothesized novel isoform, all other transcripts showed
a significant increase in abundance upon JA treatment (FDR < 0.05). PAP-S had the most
significant result, with a log> fold change of 12.07, a remarkable 4,300-fold increase. Transcript
c115037 gl i1, the other putative novel isoform, showed the highest log> fold change of 13.17.
The expression patterns of ¢c18776 g1 il and ¢115037 gl il are distinct from PAP-alpha and
PAP-I, their respective top hits, further supporting the hypothesis that they are novel isoforms. We

validated the expression of c18776 gl il by qRT-PCR. Although its reduction with JA treatment
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Table 5. Identification of PAP isoforms in the pokeweed mRNA transcriptome from
BLASTXx and Pfam annotations.

RIP Protein
Transcript BLASTx Alignment Domain
(PF00161.14)
Region in
Length . Gene E % % . E
ID Top Hit Query (Q) . Region

(bp) Name and Hit (H) Value | Identity | Coverage Value
c3137_ RIP1 Antiviral Q:129-1067, 3.50E

gl il 12 PHYAM protein I H:1-313 U LY LY el -67
c3192_ RIP2 Antiviral Q:173-1102, 2.70E

gl il 1401 PHYAM protein 2 H:1-310 0 9871 100.00 29-240 -58

Antiviral

c18776 RIPA . Q:285-1019, 2.50E

el il 1479 PHYAM protein H:26-277 2E-39 39.84 85.71 39-242 59

alpha
Antiviral

c30332 RIPA . Q:2-643, SE- 1.90E

ol i2 643 PHYAM protein H:62-275 156 99.53 72.79 1-180 53

== alpha

cl6017 RIPS Antiviral Q:2-304, 6.10E

gl il el PHYAM protein S H:85-185 e =2 1A QL -24
c11503 RIP1_ Antiviral Q:2-358, 3.90E

7 gl il 352 PHYAM | protein I H:49-167 | JE70 | 8067 38.02 2-106 -20

Putative novel PAP isoforms are indicated in bold.



Table 6. Differential expression of PAP isoforms.

Transcript ID Top %?STX log,FC longI;’ KM logzl;ZKM FDR
c16017 g1 i1  RIPS PHYAM 12.07 -1.79 10.55 1.87E-96
c115037 g1 i1 RIP1_PHYAM 13.17 -3.32 7.16 1.37E-75
c30332 gl i2 RIPA PHYAM 7.77 -2.20 5.62 2.12E-42
c3137 gl il  RIP1_ PHYAM 3.83 10.41 14.35 1.76E-39
c3192 gl il  RIP2 PHYAM 3.11 9.97 13.18 3.95E-26
c18776 g1 i1 RIPA_ PHYAM  -0.90 7.69 6.88 6.81E-02

Transcripts are listed in order of decreasing significance. Putative novel isoforms are
indicated in bold.
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was not significant by RNA-seq (FDR < 0.05), qRT-PCR indicated a log> fold change of -1.04
(0.49 fold), which was significant (Student’s t test, p < 0.05; Figure 8). The fully-assembled PAP-
I and PAP-II isoforms showed the lowest log> fold changes of 3.83 and 3.11, respectively;
interestingly, they were also the most abundant. Taken together, these results indicate that PAP

isoforms respond differently to JA treatment, in terms of fold change and abundance.

Discovery of natural antisense transcripts in pokeweed

Owing to strand-specific sequencing of the pokeweed mRNA transcriptome, we were able
to identify putative NATs. This involved performing a BLASTn search of the assembled
transcriptome against its reverse complement to find transcript pairs having significant sequence
complementarity (E < 0.001). In total, 52,305 NAT pairs were detected, although this number is
an under-representation because only the best-matching partner for each transcript was retained in
our analysis.

We conducted GO enrichment analysis to investigate the potential functional roles of
NATs in pokeweed. As shown in Figure 9, NATs were enriched in 24 GO terms relative to all
pokeweed transcripts from the raw assembly (FDR < 0.001). Of these, “chloroplast stroma” was
most significant, and three other chloroplast-related terms were also enriched: “chloroplast
thylakoid membrane”, “chlorophyll biosynthetic process”, and “chloroplast thylakoid lumen”.
From the 52,305 pairs of NATs, 2,502 transcripts were differentially expressed (FDR < 0.001, fold
change > 4). Of the differentially expressed NATs, 88 pairs involved both partners, suggesting co-
regulation in response to JA. The 88 pairs were enriched in three GO terms relative to all pokeweed

transcripts: “nitrate assimilation”, “nitrate reductase (NADH) activity”, and “molybdopterin

cofactor binding” (FDR < 0.001). The transcripts relating to these terms were annotated as
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Figure 9. Functional analysis of natural antisense transcripts in pokeweed. GO
enrichment analysis was conducted on all NATs (Test Set) against the raw pokeweed

transcriptome assembly (Reference Set). Enriched terms (FDR < 0.001) are listed in order

of increasing significance (bottom to top).
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NRT1/PTR FAMILY members and nitrate reductases. Therefore, it appears that in pokeweed,
NATSs in general are important in the chloroplast, while JA-responsive NATs may regulate

nitrate metabolism.

As shown in Table 7, four PAP isoforms had significant NAT counterparts (PAP-I, PAP-
II, and the two potentially novel isoforms). Each NAT showed perfect alignment identity and
nearly full-length coverage with its respective PAP isoform. Interestingly, the expression of PAP
isoforms and their corresponding NATs showed a strong positive correlation, with an R? value of
0.909 (Figure 10). We cloned and sequenced the PAP-I NAT (c61645 gl il) from pokeweed
total RNA to validate its expression. Furthermore, QRT-PCR of PAP-I NAT from JA-treated plants
indicated a significant increase of 6.68 fold (log2FC of 2.74; Student’s t test, p < 0.05; Figure 8).
These results confirm the expression of a JA-responsive transcript that is antisense to the PAP-I
sequence. In addition, they suggest that certain PAP isoforms may be regulated by NATs, which

would constitute a novel form of PAP gene regulation.

2.5 Discussion

Through transcriptome assembly, annotation, and differential expression analysis, we
identified genes that are significantly affected by JA and could mediate defense against pathogens
and herbivores in P. americana. We validated the existence of several previously reported PAP
isoforms and characterized their differential expression patterns. This work also led to the
discovery of a potentially novel PAP isoform and identification of NATs that may regulate PAP

gene expression.
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Table 7. Identification and expression of putative PAP natural antisense transcripts.

Aligned
PAP NAT regions of log, log,
% % log,
Isoform NAT Length D Covera PAP (P) FPKM FPKM FDR
Transcript (bp) verage and NAT FC E JA
N)
. c61645 P:22-1259, 1.95E-
c3137 gl il Al 1260 100 100.08 N-1-1238 3.71 5.08 8.90 27
. c37772_ P:85-1264, 1.16E-
c3192 gl il ol il 1180  99.92 84.23 N:1-1180 3.05 3.64 6.80 17
cl8776 gl i ¢c24011 P:43-1361, 0.3593
1 s il 1319 100 89.18 N:1-1319 -0.92 1.76 0.93 6
cl15037 gl c21462 P:2-552, 2.44E-
il ol 2 551 100 99.82 N:1-551 7.18 -3.32 1.15 06
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Figure 10. Expression of PAP sense and antisense transcripts.
The correlation of JA-induced expression changes obtained by
RNA-seq is shown for each PAP isoform and its corresponding
natural antisense transcript.
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Construction of a high-quality pokeweed reference transcriptome

We generated a robust pokeweed mRNA transcriptome by combining strand-specific,
paired-end sequencing reads from biological replicates of JA-treated and control plants. Over 400
million processed reads were leveraged for assembly, which is considered very deep sequencing
(Haas et al., 2013). Comparison of our assembly with sugar beet, a well-studied plant from the
same taxonomic order as pokeweed, reveals important similarities to help validate our results. For
example, de novo assembly of the sugar beet mRNA transcriptome yielded a total of 225,385
transcripts from 165,742 unique loci, providing an N50 value of 1,185 bp (Mutasa-Gottgens et al.,
2012). These statistics are comparable to our pokeweed Raw assembly, which had 216,891
transcripts, 177,709 unigenes, and an N50 value of 1,168 bp. Furthermore, others reported that
approximately 80% of sugar beet unigenes are between 200 and 500 bp in length (Fugate et al.,
2014), in agreement with the abundance of short transcripts we detected in pokeweed. The
enrichment of short transcripts seems to be a general trend amongst de novo assembled
transcriptomes, perhaps due to the assembly algorithm which relies on short overlapping sub-
sequences known as k-mers (Ranjan et al., 2014). Through BLASTx searches against public
sequence databases, we were able to annotate 59,096 transcripts. This is in line with other studies
of non-model plants, with examples of approximately 40-50,000 annotated transcripts or unigenes
(Farrell et al., 2014; Jin et al., 2014; Ranjan et al., 2014). Taken together, reports from other plants

support the validity of our pokeweed assembly.

Discovery of putative defense genes in pokeweed
We were interested in identifying JA-responsive genes in pokeweed because this hormone

mediates broad-spectrum defense. We reported 165 annotated transcripts specific to JA treatment.
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Many of these transcripts encoded factors involved in JA biosynthesis, JA signalling, and JA-
mediated defense, which have been identified in other transcriptome-wide studies involving
transgenic plants deficient in JA biosynthesis or signalling (Abugamar et al., 2006; Ku et al., 2011;
Yan et al., 2014). Identification of these JA responses allows us to integrate PAP within broader
defence pathways of pokeweed.

We also sought to identify genes other than PAP that may contribute to defense in this
plant. One interesting candidate was intracellular ribonuclease LX, which showed a 14,664-fold
increase with JA. Such changes are not uncommon in plants responding to biotic and abiotic
stresses (Lietal., 2014; Liu et al., 2013; Pierce and Rey, 2013). This gene, characterized in tomato,
is involved in programmed cell death responses including senescence and is thought to contribute
to nutrient recycling by mediating RNA turnover (Lehmann et al., 2001; Lers et al., 2006). It is
well-established that jasmonate is associated with localized cell death as part of the hypersensitive
response in plants, providing a possible explanation for the increased expression of this gene in
JA-treated plants. Future work will investigate if this enzyme has a role in pokeweed defense, as
pathogen-responsive RNases have been reported in other plants (Ayashi et al., 2003; Galiana et
al., 1997).

Another markedly up-regulated gene in our study was annotated as bark storage protein A
and is involved in nitrogen storage in senescing leaves (Coleman et al., 1991; Wetzel et al., 1989).
Storage proteins have previously been linked to jasmonate-mediated responses, such as VSP2 in
Arabidopsis, an anti-insect acid phosphatase (Liu et al., 2005). A final candidate is defensin-like
protein, which in addition to being differentially expressed, was also the most abundant transcript
in JA-treated plants. In Arabidopsis, the defensin PDF1.2 is a well-established marker of the

ethylene and jasmonate signalling pathway that mediates resistance to pathogens (Manners et al.,
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1998; Penninckx et al., 1998). Identification of JA-responsive genes in pokeweed will allow a
broader characterization of factors involved in defense in this plant. Furthermore, since only 38%
of expressed pokeweed transcripts were annotated, this non-model plant transcriptome represents

a source of new genes that could have agricultural benefits.

Characterization of PAP isoforms and their differential expression patterns

Through transcriptome annotation, we confirmed the presence of the following isoforms
in pokeweed leaf tissue from 4-leaf plants: PAP-I, PAP-II, PAP-S and PAP-alpha. Based on
previous reports, PAP-I is expressed in spring leaves (Irvin, 1975), PAP-II in early summer leaves
(Irvin and Kelly, 1980), PAP-S in seeds (Barbieri et al., 1982), and PAP-alpha in various tissues
(Kataoka et al., 1992). We also presented sequence and qRT-PCR evidence to support the
existence of a novel PAP isoform. Our finding that PAP-I was the most abundant isoform in young
plants, followed by PAP-II, agrees with their documented temporal profiles. Furthermore, the high
abundance of the isoforms corresponds with the report that PAP comprises up to 0.5% of total
soluble protein in leaves (Bonness et al., 1994). Interestingly, we only found one annotated PAP-
S isoform. This disagrees with a previous finding that PAP-S is a mix of two seed isoforms, PAP-
S1 and PAP-S2, having 85% nucleotide sequence identity (Honjo et al., 2002). Our result was not
likely due to the assembly algorithm, since Trinity is able to differentiate between sequences that
are up to 95% identical (Grabherr et al., 2011). This does not preclude the possibility that two
PAP-S isoforms exist in seeds, as we only investigated leaf tissue. Furthermore, we did not identify
PAP-R or PAP-III isoforms, which have been purified from root tissue and late summer leaves,

respectively (Bolognesi et al., 1990; Rajamohan et al., 1999).
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RNA-seq analysis allowed us to compare the expression patterns of multiple PAP isoforms
simultaneously. This level of distinction in a single experiment has not yet been possible, likely
due to difficulties related to high sequence identity amongst isoforms. With the exception of PAP-
I1, the nucleotide sequences of isoforms are >70% identical. In the current study, we found that all
isoforms other than c18776 gl il were significantly up-regulated with JA. PAP isoforms
exhibited differences in terms of abundance and fold change. Such differences could indicate that
they have specialized roles in defense, or more generally within the plant. For example, analysis
of two RIP isoforms in spinach revealed that one was highly expressed in embryos and not
responsive to salicylic acid, while the other showed weak expression throughout the plant but was
induced with salicylic acid (Kawade and Masuda, 2009). Authors suggested that the two RIPs may
have different functions, one in embryogenesis and the other in defense. In pokeweed, PAP
isoforms differ in their ability to depurinate eukaryotic and prokaryotic ribosomes in vitro (Honjo
et al., 2002). A comprehensive RNA-seq study that includes different developmental stages and

stresses would allow further insight into the possible roles of PAP isoforms.

Natural antisense transcripts in pokeweed

NATSs are pairs of endogenous transcripts with high sequence complementarity, capable of
forming double-stranded RNA and affecting gene expression in cis or trans. Cis-NATs are
transcribed from the same genomic locus in opposite orientations and have perfect sequence
complementarity, while trans-NATs are derived from different loci. Our sequence analysis
identified over 52,000 NAT pairs in pokeweed. A recent study identified 37,238 NAT pairs in
Arabidopsis, and an astonishing 70% of annotated mRNAs were associated with antisense

transcripts (Wang et al., 2014). Furthermore, 60% of NAT pairs were comprised of fully
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overlapping transcripts. In pokeweed, we found perfectly identical, fully overlapping antisense
transcripts of PAP-I, PAP-II, c18776 gl il and c¢115037 gl il. The fact that each NAT was
perfectly complementary to its respective isoform suggests that they act in cis. We also found that
PAP NATs and their corresponding sense transcripts had positively correlated responses to JA,
indicating that NATs may regulate PAP expression. This agrees with studies in humans and other
mammals, which report significant positive correlations between sense and antisense transcription
(Ling et al., 2013; Oeder et al., 2007). Fewer genome-wide studies of NAT transcription have been
performed for plants. In Arabidopsis, a study of light-responsive long non-coding NATSs identified
626 positively correlated and 766 negatively correlated pairs (Wang et al., 2014). NATs have been
proposed to modulate gene expression at various levels, including transcription, post-
transcriptional small RNA interference, mRNA splicing, and RNA stability (Liu et al., 2015;
Pelechano and Steinmetz, 2013; Zhang et al., 2013b). Future work will investigate mechanisms by
which NATs may regulate PAP expression.

Apart from PAP regulation, we conducted preliminary investigations into the broader roles
of NATs in pokeweed. As a group, NATs were enriched in several GO terms relating to the
chloroplast. Although the implications of this are unknown, it agrees with a previous report from
Arabidopsis that the chloroplast encodes a diverse group of antisense RNAs mapping to protein-
coding genes (Hotto et al., 2011). Approximately 2,500 NATs were JA-responsive, and 88 pairs
were considered biologically relevant because both sense and antisense strands were differentially
expressed. These NAT pairs were enriched in GO terms relating to nitrate metabolism, and the
involved transcripts were annotated as NRT1/ PTR FAMILY members and nitrate reductases.
These enzymes have well-established roles in nitrate assimilation, which involves the reduction of

nitrate to nitrite to ammonium, which is ultimately incorporated into amino acids for plant growth
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(Dechorgnat et al., 2010). Importantly, the reduction of nitrite to ammonium occurs in chloroplasts,
further supporting the connection between NATs and this specific organelle. Furthermore, NRT1/
PTR FAMILY members capable of transporting jasmonoyl-isoleucine, the bioactive form of
jasmonate, were recently identified (Chiba and Shimizu, 2015). Given that plant stress decouples
nitrate assimilation and photosynthesis, mediated by the jasmonate/ethylene signalling pathway
(Zhang et al., 2014), NATs in pokeweed may be involved in regulating the trade-off between stress

response and plant growth.

Summary and relevance

Here, we have assembled and annotated the pokeweed leaf mRNA transcriptome under JA
treatment. In addition to the identification of many differentially expressed transcripts, we also
characterized the expression of multiple PAP isoforms through RNA-seq analysis, including a
potentially novel isoform of PAP. Finally, we presented the first report of NATSs in the pokeweed
plant, and confirmed expression of a PAP-NAT, which may indicate a novel form of RIP gene
regulation. The pokeweed transcriptome will enable further investigations into the robust defense
strategies of this species and other Phytolaccaceae family members. Heterologous expression of
PAP has already been applied successfully to produce virus resistant plants (Dai et al., 2003; Lodge
etal., 1993; Wang et al., 1998; Zoubenko et al., 1997). Pokeweed accumulates high levels of metal
from contaminated soils, but little is known about the genes mediating this tolerance (Dou et al.,
2009; Zhao et al., 2011, 2012). With a complete repository of pokeweed mRNA sequences, we
anticipate the discovery of beneficial genes in this plant that could improve the resiliency of

agricultural crops.
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3.1 Abstract

The American pokeweed plant, Phytolacca americana, displays broad-spectrum resistance
to plant viruses and is a heavy metal hyperaccumulator. However, little is known about the
regulation of biotic and abiotic stress responses in this non-model plant. To investigate the control
of miRNAs in gene expression, we sequenced the small RNA transcriptome of pokeweed treated
with jasmonic acid (JA), a hormone that mediates pathogen defense and stress tolerance. We
predicted 145 miRNAs responsive to JA, most of which were unique to pokeweed. These miRNAs
were low in abundance and condition-specific, with discrete expression change. Integration of
paired mRNA-Seq expression data enabled us to identify correlated, novel JA-responsive targets
that mediate hormone biosynthesis, signal transduction, and pathogen defense. The expression of
approximately half the pairs was positively correlated, an uncommon finding that we functionally
validated by mRNA cleavage. Importantly, we report that a pokeweed specific miRNA targets the
transcript of OPR3, novel evidence that a miRNA regulates a JA biosynthesis enzyme. This first
large-scale small RNA study of a Phytolaccaceae family member shows that miRNA-mediated
control is a significant component of the JA response, associated with widespread changes in

expression of genes required for stress adaptation.
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3.2 Introduction

The American pokeweed, Phytolacca americana, is a non-model plant with promising
applications in agriculture. Pokeweed synthesizes pokeweed antiviral protein (PAP), a ribosome
inactivating protein with RNA N-glycosidase activity (Endo et al., 1988). Several mutants of PAP
have been generated and expressed heterologously in transgenic plants to impart novel antiviral
and antifungal properties (Dai et al., 2003; Wang et al., 1998; Zoubenko et al., 1997, 2000).
Additionally, pokeweed is a heavy metal hyperaccumulator with a potential role in
phytoremediation (Liu et al., 2010; Peng et al., 2008; Zhao et al., 2011).

We recently assembled and annotated the pokeweed mRNA transcriptome and reported its
regulation by jasmonic acid (JA; Neller et al., 2016). Jasmonates are well-characterized plant
signal molecules of the oxylipin family that are involved in abiotic and biotic stress responses, as
well as growth and development. JA mediates tolerance to drought, salt, heat and cold stresses,
resistance to pathogens and insects, and induces embryogenesis, flowering, and senescence
(reviewed in Wasternack and Feussner, 2017). JA is also implicated in tripartite interactions
between insect vectors, viruses, and plants (Sun et al., 2017). Interestingly, JA treatment reduces
heavy metal-induced oxidative stress (Singh and Shah, 2014) and conversely, heavy metal
exposure is associated with biosynthesis of a JA precursor (Foroughi et al., 2014). Given that
pokeweed exhibits broad-spectrum pathogen resistance, is a heavy metal hyperaccumulator, and
undergoes marked transcriptional reprograming upon JA treatment, we are interested in exploring
the range and regulation of defense strategies in this non-model plant.

JA biosynthesis is described by the octadecanoid pathway (reviewed in Schaller and
Stintzi, 2009). Briefly, alpha-linolenic acid released from plastid membranes is oxidized by al3-

lipoxygenase (LOX), followed by coupled dehydration-cyclization by allene oxide synthase
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(AOS) and allene oxide cyclase (AOC) to generate 12-oxophytodienoic acid (OPDA). This
undergoes reduction by OPDA reductase 3 (OPR3) and is followed by three rounds of beta
oxidation to form JA. The JA-amido synthetase JAR1 produces the bioactive form of JA, (+)-7-
iso-JAlle (JA-Ile); this is perceived by the COI1-JAZ co-receptor and results in ubiquitin-mediated
degradation of JAZ repressors and activation of several transcription factors (reviewed in Chini et
al., 2016).

Here, we complement our previous transcriptome analysis with a paired RNA-Seq study
investigating miRNA-associated regulation of the JA response. miRNAs are non-coding RNAs of
~20-24 nucleotides (nt) that regulate post-transcriptional gene expression (reviewed in Yu et al.,
2017). miRNA biogenesis begins with transcription of the MIR gene by RNA polymerase II to
yield a primary miRNA (pri-miRNA), containing a stem-loop region flanked by unstructured arms.
In sequential steps, dicer-like 1 RNase (DCL1) excises the stem-loop to form the pre-miRNA, then
produces a smaller duplex comprising the miRNA and its opposing strand, classically termed
miRNA*. In the cytoplasm, the miRNA associates with argonaute 1 (AGO1) to establish the RNA-
induced silencing complex (RISC). Plant miRNAs act primarily through target mRNA cleavage,
owing to high miRNA/target sequence complementarity, although translational inhibition has also
been observed. miRNAs have been implicated in numerous abiotic and biotic stress responses,
such as those induced by temperature, salinity, drought, light, nutrient deficiencies, oxidative
stress, and pathogens (reviewed in Islam et al., 2018; Khraiwesh et al., 2012; Li et al., 2017).
Previous reports have characterized the effect of JA or its methyl ester (JA-Me) on miRNAs in
Arabidopsis, Nicotiana attenuata, Taxus chinensis, Lycoris aurea and Catharanthus roseus
(Bozorov et al., 2012; Qiu et al., 2009; Shen et al., 2017; Xu et al., 2016; Zhang et al., 2012).

Control of JA biosynthesis through miR319-targeted TCP transcription factors has also been
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established (Schommer et al., 2008; Zhao et al., 2015). However, despite the importance of JA in
plant development and stress resistance, the expression of JA-responsive miRNAs and targets has
not been correlated on a genome-wide scale.

Although a Phytolaccaceae family reference genome is unavailable, current bioinformatic
tools support miRNA analysis based on an assembled transcriptome (Dai and Zhao, 2011; Yang
and Li, 2011). Here, we identify JA-responsive miRNAs, their potential roles, and construct a
miRNA/target interaction network that incorporates correlated expression data from biological
replicates. Our results indicate that many defense-related genes are regulated by JA-induced
miRNAs, including the JA biosynthesis gene OPR3. These novel targets have potential agricultural

applications to improve resistance to pathogen and environmental stresses.

3.3 Material and methods

Plant growth conditions and jasmonic acid treatment

Pokeweed plants at the 4-leaf stage of growth were sprayed with 5 mM JA suspended in
0.5% ethanol, or 0.5 % ethanol alone (control), and leaf tissue was harvested 24 hours post
treatment (Neller et al., 2016). Through time-course analysis, we established previously that PAP
is expressed maximally 24 hours following JA treatment (Klenov et al., 2016). This time point was
chosen for both the mRNA transcriptome-wide analysis of pokeweed (Neller et al., 2016) and the
current paired miRNA analysis, as we are interested in identifying defense genes co-expressed

with PAP.
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Small RNA sequencing and data processing

Total RNA was extracted from leaf tissue of pokeweed plants as reported in Neller et al.
(2016), and the small RNA fraction was sequenced according to Klenov et al. (2016). Briefly, the
15-30 nt size RNA portion was gel purified and ligated to directional 5p and 3p primers. Following
cDNA synthesis and PCR-amplification, the small RNA libraries were sequenced on a SOLiD
5500 XL machine. Six libraries were sequenced, with three biological replicates per treatment.
Each replicate consisted of an equal amount of small RNA pooled from three independent plants.
The raw sequencing reads were processed as described in Klenov et al. (2016). Non-coding RNA
(rRNA, tRNA, snRNA and snoRNA) and mature miRNA sequences were annotated by mapping
reads to the sugar beet genome (Dohm et al., 2014) and the plant miRNA database (Zhang et al.,
2010; http://bioinformatics.cau.edu.cn/PMRD/). Mapping was performed with Bowtie software

(v. 1.0.1; Langmead et al., 2009) with up to three mismatches allowed in alignments.

miRNA prediction and annotation

miRNA prediction was performed with miRDeep-P (v. 1.3; Yang and Li, 2011), a modified
version of the miRDeep algorithm (Friedldnder et al., 2008) that incorporates an adapted scoring
system for plant miRNA biogenesis. Non-annotated small RNA sequences as well as those
annotated as mature miRNAs were used as input for miRNA prediction. Small RNA sequences
were aligned to the pokeweed mRNA transcriptome (Neller et al., 2016), and only perfect, full-
length alignments were retained. For each alignment, a potential precursor sequence of 250 nt in
length was excised, and its secondary structure and minimum free energy were determined with
RNAfold from the ViennaRNA package (v. 2.1.7; Lorenz et al., 2011). Mature miRNAs were

predicted based on compatibility of the small RNA with the structure of its precursor. As per
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miRDeep-P notation, if both 5p and 3p miRNA reads were detected then the most abundant strand
was labelled as the mature miRNA. The less abundant strand was defined as the star sequence.
Precursor structures were visualized with The UEA Small RNA Workbench (Stocks et al., 2012).
Following miRNA prediction, BLASTn-short (Altschul et al., 1997) was used to identify
conserved sequences (E < 0.001) against all mature sequences from the plant miRNA database.

Remaining, non-annotated sequences were considered unique to pokeweed.

miRNA differential expression analysis

Raw sequencing counts of predicted miRNAs were used for differential expression analysis
with the Bioconductor package EdgeR (Robinson et al., 2010) in the statistical program R (R
Development Core Team, 2008). Prior to analysis, any miRNA with an abundance of less than 1
read per million (RPM) in each group of replicates was removed. Subsequently, libraries were
normalized based on their total number of counts, and the common and tag-wise dispersions were
estimated with default parameters. An Exact Test was conducted to detect miRNAs with
significant differences in expression between control and JA-treated groups (FDR < 0.05). Each

treatment group consisted of three biological replicates.

Prediction of miRNA targets

Predicted miRNAs were aligned to the pokeweed mRNA transcriptome and putative
targets were identified using the Plant Small RNA Target Analysis Server with default parameters
(Dai and Zhao, 2011; http://plantgrn.noble.org/psRNATarget/). This program predicts
miRNA/target pairs based on reverse complementary matching and target site accessibility,

incorporating plant-specific features of target recognition.
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Correlation of miRNA/target expression

A paired design was employed for small RNA and mRNA sequencing; that is, both small
RNA and mRNA fractions were sequenced for each biological replicate of each treatment group.
The Pearson correlation coefficient (PCC) of each miRNA/target pair was calculated from
normalized expression data in RPM and fragments per kilobase per transcript per million mapped
reads (FPKM), respectively. Transcript quantification and differential expression results of

miRNA targets were obtained from Neller et al. (2016).

Functional analysis of miRNA targets

Annotation information of miRNA targets was obtained from Neller et al. (2016). Gene
ontology (GO) term distribution and enrichment analysis were conducted with Blast2GO software
(Conesa et al., 2005). KOBAS 2.0 (Xie et al.,, 2011) was used to identify enriched KEGG
pathways. For enrichment analysis, the test set comprised targets with highly correlated miRNAs
(PCC > 0.8|) for which both the target and miRNA were differentially expressed (FDR < 0.05),

and the reference set consisted of all miRNA targets.

Construction of a miRNA/target interaction network
Cytoscape software (v. 3.3.0; Shannon et al., 2003) was used to generate a network of
highly correlated miRNA/target pairs (PCC > |0.8|) for which both members were differentially

expressed (FDR < 0.05).
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Quantitative reverse transcription PCR (qRT-PCR)

Reverse transcription was performed by combining 250 ng of total pokeweed RNA with 1
puL of 10 uM miRNA-specific stem-loop reverse primer and 1 pL of 10 mM dNTPs in a total
volume of 13 pL. The solution was incubated at 65C for 10 minutes before cooling on ice for 3
minutes. To the mixture was added 4 pL of 5X First Strand Buffer (250 mM Tris-HCI pH 8.3, 375
mM KCI, 15 mM MgCl,), 1.38 uL of dH,0O, 1 puL of 0.1M DTT, 20 units of Murine RNase
Inhibitor, and 25 units of Superscript III reverse transcriptase (Invitrogen). The reaction was
incubated at 42C for 1 hour and heat inactivated at 70C for 20 minutes.

Following reverse transcription, 6 pLL of cDNA was combined with 2 pL of 10 uM forward
primer, 2 uL of 10 uM reverse primer, 23 pL of dH>0, and 33 pL of 2X Sybr Green Mastermix
(ABM). Each reaction was divided into three technical replicates and analyzed in a Qiagen Rotor-
gene-Q real time PCR cycler. Ct values were calculated with the AACt relative quantification
method. miR156 was used as an internal control, as it showed stable expression based on RNA-

Seq results.

5’ rapid amplification of cDNA ends (RACE)

Polyadenylated RNA was isolated with the NEBNext Poly(A) mRNA Magnetic Isolation
Module. The method of 5° RACE was based on the Generacer 5° RACE kit, omitting phosphatase
and decapping steps. To relax secondary structure, 250 ng of pokeweed mRNA and 250 ng of
RNA adapter were combined in a total volume of 10 pL and incubated at 65C for 5 minutes. After
cooling on ice for two minutes, 2 uL of 10X T4 RNA Ligase Buffer (500 mM Tris-HCI pH 7.5,
100 mM MgCl, 10 mM DTT), 2 uL of 10 mM ATP, and 10 units of T4 RNA ligase were added

and brought to a final volume of 20 uL. The ligation mixture was incubated at 37C for 1 hour,
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extracted once with acidic phenol/chloroform, precipitated with 5 pg of linear acrylamide, and re-
suspended in RNA storage buffer (22.5 mM DTT, 1 mM sodium citrate pH 6.4). Reverse
transcription was performed as described above with poly-d(T) adapter primers, followed by one
round of non-specific amplification with forward and reverse adapter primers. To isolate cleavage
sites, 1 uL of cDNA was used as template for PCR with adapter forward primers and gene specific
reverse primers 3’ of the putative cleavage site. Following one round of nested PCR, the band of

interest was gel purified, cloned, and sequenced. Five cDNA clones were sequenced per validation.

3.4 Results

Overview of the pokeweed small RNA transcriptome

A summary of our study is provided in Supplementary Fig. S1. Following quality control
processing, a total of 57,171,256 clean reads were obtained from control and JA-treated libraries
(Table 8). To identify conserved miRNAs in pokeweed, reads were aligned to mature sequences
from the plant miRNA database, with up to three allowable mismatches in alignments. Conserved
miRNAs comprised a small percentage (< 0.5%) of reads, representing 1,381 unique sequences.
Other classes of conserved, non-coding RNA in pokeweed (rRNA, tRNA, snRNA and snoRNA)
were annotated by mapping reads to the sugar beet genome. Sugar beet was selected as a reference
since it is the closest related species with a sequenced genome. At most, the combination of these
remaining non-coding RNA species accounted for 14% of reads. Mapping rates to the pokeweed
mRNA transcriptome averaged 18% and 23% for control and JA libraries, respectively. Although
relatively low, these rates agree with the finding that most small RNAs were 24-mer
heterochromatic siRNAs (59% and 55% for control and JA-treated libraries, respectively; Fig. S2).

Small RNAs of this class are derived from non-polyadenylated precursors, so these reads were not



Table 8. Annotation of small RNA sequences in pokeweed.

Category

C1

C2

C3

JA1

JA2

JA3

clean reads

12,794,660 8,560,268 8,109,969 9,697,656 7,997,366 10,011,337

(100%)  (100%) (100%) (100%) (100%)  (100%)

miRNA 28,149 28249 28385 32,002 25592 34,039
(0.22%)  (0.33%) (0.35%) (0.33%) (0.32%) (0.34%)

rRNA 220,069 111,283 97,320 180,376 110,364 218,247
(1.72%)  (1.30%) (1.20%) (1.86%) (1.38%) (2.18%)

tRNA 319,867 215,719 223,835 662350 570,212 1,098,243
(2.50%) (2.52%) (2.76%) (6.83%) (7.13%) (10.97%)

snRNA 6,141 3339 2436 5830 4,798 6,028
(0.05%)  (0.04%) (0.03%) (0.06%) (0.06%) (0.06%)

snoRNA 6,653 3,510 2430 5808 5598 5,986
(0.05%)  (0.04%) (0.03%) (0.06%) (0.07%) (0.06%)

mRNA 2,566,606 1,687,229 1,428,977 2,175,184 1,848,191 2,474,803
transcriptome (30 06%) (19.71%) (17.62%) (22.43%) (23.11%) (24.72%)
unannot. 9,647,174 6,510,940 6,326,586 6,636,106 5,432,611 6,173,991
(75.40%) (76.06%) (78.01%) (68.43%) (67.93%) (61.67%)
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The small RNA fraction was sequenced from leaf tissue of 4-leaf plants treated with
ethanol (C, control) or jasmonic acid (JA). Clean reads were mapped to the sugar beet
genome and mature miRNA sequences from the plant miRNA database, with three
allowable mismatches, and to the pokeweed mRNA transcriptome, with perfect alignment.
Three biological replicates were sequenced per treatment.
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expected to align to the mRNA transcriptome. Taken together, most of the pokeweed small RNA
transcriptome remains un-annotated when compared with sequences from other plants. This
indicates that the Phytolaccaceae family represents a source of novel small RNAs and

corresponding targets.

miRNA prediction and differential expression analysis

Pokeweed miRNAs were predicted computationally with miRDeep-P, a plant-specific
program that incorporates principles of miRNA biogenesis. Briefly, unannotated reads and those
annotated as mature miRNA sequences were aligned to the pokeweed mRNA transcriptome to
identify likely miRNA precursors. For each alignment, a flanking region of mRNA was extracted
and its secondary structure predicted. Mature miRNAs were identified based on the likelihood that
a particular small RNA sequence originated from the biological processing of a miRNA precursor.
This strategy led to the prediction of 582 miRNAs in pokeweed; their sequences are provided in
Supplementary Table S1. To identify which of these miRNAs were conserved, a BLASTn-short
search was conducted against mature sequences from the plant miRNA database (E value <0.001).
A total of 24 conserved miRNAs were annotated (Table 9). Among these, the most abundant were
miR156, miR169, miR535, and miR396.

The majority of predicted miRNAs were 21-nt, as expected (Figure 11A); however, this
pool had low sequence diversity, as many 21-nt reads had the same sequence (Figure 11B).
Conversely, non-canonical 24-nt miRNAs had high sequence diversity and likely targeted
numerous different genes, even though they comprised a small fraction of the miRNA pool. These

trends were consistent following differential expression analysis to identify JA-responsive



Table 9. Conserved miRNAs in pokeweed.

miRNA Sequence (5’-3%) Abundance (RPM)
156 UGACAGAAGAGAGUGAGCAC 2836.34
157 GCUCUCUAUGCUUCUGUCAUC 9.29
159 GAUCAUGUGGUAGCUUCACC 203.98
162 UCGAUAAACCUCUGCAUCCAG 121.20
164 UGGAGAAGCAGGGCACGUGCA 531.04
166 UCGGACCAGGCUUCAUUCCUC 16.09
166 CCGGACCAGGCUUcCAUUCCCC 14.78
166 UCGGACCAGGCUUcCAUUCCcCC 11.21
167 UGAAGCUGCCAGCAUGAUCUG 182.36
168 UCGCUUGGUGCAGGUCGGGAA 94.33
169 CAGCCAAGGAUGACUUGCCGG 2126.80
169 UAGCCAAGGAUGACUUGCCUG 131.25
171 UGAUUGAGCCGUGCCAAUAUC 412.17
171 UGAUUGAGCCGCGCCAAUAUC 193.00
172 CGAAUCUUGAUGAUGCUGCAU 69.79
319 UUUGGAUUGAAGGGAGCUC 9.66
394 UUUGGCAUUCUGUCUACCUCC 2.57
395 CUGAAGUGUUUGGGGGAACUC 7.24
396 UUCCACAGCUUUCUUGAACUG 1897.91
396 UUCCACAGCUUUCUUGAACUU 885.08
403 UUAGAUUCACGCACAAACUCG 141.05
535 UGACGAUGAGAGAGAGCACGC 1991.70
3954 UUAGACAGAGAAAUCACGGUUG 49.85
5203 AGUGACAGAUAUUAUGGACCGGAG 0.26

Following miRNA prediction, conserved sequences were identified through
BLASTn-short alignment (E < 0.001) against the plant miRNA database. The
average abundance of each miRNA is provided in reads per million (RPM).
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miRNAs. That is, the 24-nt miRNAs contained the greatest number of unique sequences in both
the total miRNA and JA-responsive miRNA pools.

Of 582 miRNAs, 145 showed significant changes in abundance with JA treatment, relative
to control (FDR < 0.05; Figure 12A and Supplementary Table S2). Among these were two
conserved miRNAs, miR172 and miR395, with log> fold changes of -13.4 and 2.30, respectively.
The numbers of up- and down-regulated miRNAs were equal, with 73 and 72 sequences,
respectively. Interestingly, although a majority, 443 of the 582 miRNAs, were present in both
control and JA samples (Figure 12B), most differentially expressed miRNAs were condition-
specific (Figure 12C). That is, most were detected in either all control replicates or all treated
replicates; only 16 miRNAs (11% of those differentially expressed) were found in all samples.
Furthermore, most JA-responsive miRNAs were of low abundance and displayed high fold
changes within a narrow range (Figure 12D). We observed a symmetrical distribution of miRNA
fold changes (Figure 12E). Of all differentially expressed miRNAs, those that decreased in
abundance with JA had an average log,FC and standard deviation of -5.13 £ 1.38, while those that
increased with JA had values of 4.92 £+ 1.07. Therefore, JA treatment alters sequence diversity
within the miRNA pool, and discrete fold changes in expression of JA-responsive miRNAs may

be required for biological effect.

Identification of JA-responsive miRNA/target pairs

We used the Plant Small RNA Target Analysis Server to identify pokeweed mRNA
transcripts having high sequence complementarity with the 582 predicted miRNAs, which resulted
in a total of 25,931 miRNA/target pairs. To identify the most biologically relevant interactions,

the list was filtered to include only JA-responsive miRNAs and targets (FDR < 0.05), resulting in



A)

ol

.

I
n

N

=

L

e

i

st

T
F:

|

i

L

=
o thi

e

b N ™ - N 5]
°© & ¢ g 5 £
B) All miRNAs C) DE miRNAs
¢ 443 JA ¢ 16 A
63 70 64 65
D) ; E) 200 .
- = All miRNAs
o - 180
_ 160 DE miRNAs
o © 4. _ 140
[y TE g 120
g B g 100
S v _IXN g
S $ g0
w A
o ou
T 40 =
. 20 - I ]
I I ! I I I ! o = & F | . . -0 0
4 6 8 10 12 14 16 18 eRIRFTe-Nevwog
log, Counts log, FC of miRNA =

Figure 12. Identification of JA-responsive miRNAs in pokeweed. A) Heat
map of expression values (log,RPM, median-centered) of differentially
expressed miRNAs (FDR < 0.05). B) and C) depict treatment-specific
expression patterns of all miRNAs and differentially expressed miRNAs,
respectively. D) MA plot indicating all differentially expressed miRNAs (red).
E) Histogram of miRNA fold change; x-axis values indicate upper bin
numbers. DE, differentially expressed; FC, fold change.



69

a subset of 516 miRNA/target pairs. That is, for each pair, both miRNA and target were
differentially expressed with JA. The rationale for limiting our analysis in this manner was to
include only interactions that could potentially mediate a functional response in the plant through
the alteration of mRNA abundance, given that plant miRNAs act predominately through target
mRNA cleavage.

The expression change of each miRNA and target forming the 516 JA-responsive pairs is
shown in Figure 13A. The number of negative and positive miRNA/target expression correlations
was similar, with 274 pairs showing opposite JA-induced changes (i.e. miRNA 1 and target | or
vice versa) and 242 pairs with parallel changes (i.e. miRNA and target both 1 or | ). Most strikingly,
while miRNA expression change was limited to a narrow range, target change was much more
variable. Interestingly, plotting all miRNA/target pairs revealed that the non-random distribution
was inherent in the overall miRNA population, as shown by trimodal clustering (Figure 13B).
These results indicate that JA treatment induces a certain threshold of miRNA expression change,
for those miRNAs that are JA-responsive, suggesting an optimal miRNA fold change for effective
JA control.

This RNA-Seq study incorporated paired small RNA and mRNA samples; that is, each
RNA sample was sequenced to quantify both small RNA and mRNA levels. This paired design,
combined with the use of independent biological replicates, enabled the identification of
miRNA/target pairs with highly correlated expression. The PCC was calculated for each of the
516 miRNA/target pairs described above, and the distribution of correlations is shown in
Supplementary Fig. S3. There was a clear enrichment in moderate and high correlations; this was
expected as differential expression analysis and sequence complementarity filters had already been

applied to retain the most likely miRNA/target candidates. Specifically, we were interested in
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highly correlated pairs, defined as those with PCC > |0.8|. This cut-off reduced the number of pairs
from 516 to 171, comprising 97 positively correlated pairs and 74 negatively correlated ones.
These 171 pairs are most biologically relevant since the expression of each miRNA is associated

with the expression of its target.

Functional analysis of highly correlated miRNA/target pairs

Following the identification of highly correlated miRNA/target pairs, our next goal was to
functionally characterize them. Target annotations were obtained from our previous study of the
pokeweed mRNA transcriptome (Supplementary Table S3). Based on KEGG pathway
enrichment, the top pathways were associated with plant stress and defense responses, including
“peroxisome”, “alpha-Linolenic acid metabolism”, and “plant-pathogen interaction” (Table 10).
The corresponding targets mapping to each enriched pathway revealed key genes that may be
regulated by miRNAs. Notably, these included two genes associated with JA biosynthesis (OPR3
and A0OC3) as well as an integrator of JA and ethylene signalling (Ethylene-responsive
transcription factor 1B, ERFIB). Although miRNA-mediated control of transcription factors
involved in JA biosynthesis has been reported, our results indicate that miRNAs directly target
genes of the JA biosynthesis pathway.

Since pokeweed is a non-model plant with limited resources for annotation, some targets
could not be mapped to GO terms or KEGG pathways, or their functional associations lacked
substantial detail. To account for this, we manually assessed the 171 highly correlated
miRNA/target pairs and cross-referenced the literature to find genes associated with plant stress

and defense responses. The results are summarized in Table 11, revealing novel targets involved

in hormone signalling, hypersensitive response, lignin biosynthesis, and oxidative stress response.
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Table 10. Top pathways involving highly correlated, JA-responsive miRNA/target pairs.

Pathway FDR Annotated Genes

2-hydroxyacyl-CoA lyase
Peroxisome 0.077 Peroxisomal nicotinamide adenine dinucleotide carrier
Isocitrate dehydrogenase

alpha-Linolenic acid Allene oxide cyclase 3, chloroplastic

metabolism 0.077 12-oxophytodienoate reductase 3
Plant-pathogen 0.077 Calcium-dependent protein kinase 16
interaction i Calmodulin-like protein 1
Glutathione 012 Isocitrate dehydrogenase [NADP]
metabolism ' Glutathione S-transferase U9

Ethylene-responsive transcription factor 1B
0.13 Auxin response factor 1

Two-component response regulator ARR9
KEGG pathway enrichment was performed relative to all miRNA/target pairs, which served as the
reference set. The specific genes annotated in each enriched pathway are indicated.

Plant hormone signal
transduction
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Table 11. Identification of highly correlated, JA-responsive miRNA/target pairs implicated

in plant stress and defense responses.

miRNA Target
ID logFC ID logFC Name Function
. Allene oxide cyclase 3, JA biosynthesis (Ziegler et al.,
204283 x13 -5.11 cl13292 gl il 2.82 chloroplastic 2000)
08462 x2365 -1.69 c19572_gl il 236 12-oxophytodienoate reductase JA biosynthesis (Schaller et al.,
= ’ == = ’ 3 2000)
. Ethylene-responsive JA signalling (Lorenzo et al.,
419489 x11 4.92 c37552_gl il 9.01 transcription factor 1B 2003)
NAC domain-containin abiotic stress-associated
404574 x21 5.83 c58992 g2 il 8.02 rotein 72 & transcription factor (Tran et al.,
P 2004)
499371 _x14 5.29 c58861 g12 il 1.51 Auxin response factor 1 transcription repressor, auxin
P response (Ellis et al., 2005)
) . ) Two-component response negative regulator of cytokinin
297830 x3990 -13.36 | c40819 gl il 2.81 i AR signalling (To, 2004)
transcription repressor, abiotic
430760_x13 5.15 c47336_gl il 6.17 Zinc finger protein ZAT10 stress response (Mittler et al.,
2006)
. . JA-induced transcription factor
144454 x98 1.80 cl7159 gl il 5.88 Transcription factor bHLH25 (Heim et al., 2003)
. TGACG-sequence-specific SA-induced transcription activator
319549 x8 446 | 60508 g2 il 214 p\a pinding protein TGA-2.1 (Niggeweg et al., 2000)
. Probable protein phosphatase negative regulator of ABA
LSRR o a2l e 2C73 signalling (Umezawa et al., 2009)
U-box domain-containin protein ubiquitination; negative
66102 x232 3.25 c33290 gl il 4.22 rotein 19 J regulator of ABA and drought
P responses (Liu et al., 2011)
. ! . protein ubiquitination; response to
513239 x9 4.68 c42333 ¢l il 1.72 F-box protein FBW2 ABA (Earley et al., 2010)
. Glucan endo-1,3-beta- anti-microbial activity; viral
110629_x73 289 | esdsz g2 il 173 glucosidase 1 pathogenesis (Beffa et al., 1996)
110629 x73 289 | cI3510.g1il 313 Polygalacturonase inhibitor  *MMICTOVIS ad My (Calunke et
. . anti-microbial activity (Berrocal-
456330 x11 3.90 c80075 gl il 4.92 Snakin-2 Lobo ct al., 2002)
443361 x21  5.89 | c58046_glo_il  -3.80 Pr°b32fy‘(’1‘rn0‘;“;;/;eal6°°h°l lignin biosynthesis (Sibout, 2005)
. .. . lignin biosynthesis (Davin and
443361 x21 5.89 c23015 gl il 1.73 Dirigent protein 21 Lewis, 2000)
319549 x8  -4.46 | 17278 gl 2 5.8 Uclacyanin-2 lignin blosy;lfhis;;ge“‘ss‘an o
419489 x11 492 | ¢57722.¢7il 217  Glutathione S-transferase U9 CSHUI4T det";‘ﬁggggl)l (Wagner et
478663 x13 5.18 54687 o4 il 3.06 Isocitrate dehydrogenase response to oxidative stress
= = alderrama et al.,
& [NADP] (Vald 1., 2006)
. Proline-rich receptor-like hypersensitive response (Silva and
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2011)

Log>FC indicates fold change of miRNA and target levels in JA-treated libraries relative to
control libraries.
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Importantly, some miRNAs in Table 11 have more than one target, such as 110629 x73, which is
predicted to regulate two genes encoding anti-microbial proteins, and 419489 x11, which targets
genes involved in both JA signalling and cellular detoxification. Taken together, it is evident that
targets of highly correlated miRNAs contribute to various aspects of biotic and abiotic stress
responses.

We constructed an interaction network to visualize the 171 highly correlated, differentially
expressed miRNA/target pairs (Supplementary Fig. S4). The network includes 67 unique
miRNAs, the majority of which (40) had more than one target. Major hubs are located towards the
top of the network; these are cases where a single miRNA has many targets, and different hubs are
often connected by a common target. Enrichment analysis was conducted to identify
overrepresented GO terms associated with major hubs; however, no significant terms were found.
This suggests that though individual miRNA/target pairs are involved in plant defense, these
miRNAs also control different mRNAs with diverse functions, rather than all targets of a single
miRNA being involved in a single response.

Precursor structures of the 67 miRNAs are provided in Supplementary Fig. SS. Although
variability was evident in terms of overall precursor shape and positioning of mature sequence, the
mature miRNA tended to be in the middle or upper stem of a stable hairpin structure. We did note
a few unexpected cases wherein the mature miRNA was mostly or completely contained within a
non-hairpin loop; these cases may have arisen from limitations in the RNA folding and/or miRNA

prediction programs.
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Validation of miRNA differential expression and functional activity

To wvalidate RNA-Seq results, we measured the expression of eight miRNAs
(98462 x2365, 297830 x3990, 66102 x232, 110629 x73, 114897 x905, 144454 x98,
62255 x144, 50891 x48) by qRT-PCR from control and JA-treated plants (Figure 14). These
miRNAs were selected to represent a range of fold changes (9.5x107 to 9.5) and abundances (0.4
to 44 RPM), and all had a highly correlated target that was functionally annotated through
BLASTx. The R? correlation value was 0.88, indicating high correspondence between the two
methods of differential expression analysis. The fold-change of transcript levels quantified with
RNA-Seq were higher than those quantified with qRT-PCR, as observed previously (Baran-Gale
et al., 2015). This difference is likely due to lower amplification efficiency of stem-loop primers
used in qRT-PCR, compared to adapter-specific primers used for RNA-Seq. To verify miRNA-
induced cleavage of a specific mRNA, four targets were validated by 5S’RACE: ¢56431 g2 i2
(squamosa promoter-binding-like protein 2, SPL2), ¢59355 g7 il (thymidine kinase, 7K),
c19572 g1 i1 (OPR3),and c17159 gl il (transcription factor bHLH25, BHLH?25) (Figure 15A).
The SPL2/miR156 pair was selected as a positive control, as it is a well-established interaction.
mRNA cleavage was detected at the expected site, between the 10" and 11" nucleotide of the

1" and

miRNA binding site, in all cases except for OPR3, where cleavage occurred between the 1
12" nucleotide. OPR3 and BHLH?2S5 were targeted by pokeweed-specific miRNAs (98462 x2365
and 144454 x98, respectively) and represent two confirmed interactions from Table 11; both
miRNAs were also validated through qRT-PCR (above). 7K was identified unexpectedly as a

novel target of the well-conserved miR156 and was significantly JA-responsive based on mRNA-

Seq results. Precursor structures of miR156 and the two novel miRNAs are shown in Figure 15B.
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Figure 15. Validation of miRNA target cleavage. A) miRNA-induced cleavage of
mRNA targets was validated through 5’RACE. The upper sequence indicates the
mRNA target and the lower sequence is its miRNA. Fractions indicate cleavage sites
from individual ¢cDNA clones. From top to bottom, miRNAs are: miR156,
miR98462 x2365, miR144454 x98, and miR156. B) Precursor structures are shown
for each miRNA. The mature miRNA sequence is indicated in green. If a miRNA star
strand was detected, it was indicated in blue. For each structure, the corresponding
miRNA ID, precursor mRNA ID, and minimum free energy are provided.
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Both miR156 and miR 98462 x2365 had detectable star sequences while 144454 x98 did not,

likely owing to its lower abundance. All three precursors adopted stable hairpin formations.

3.5 Discussion

We have performed a large-scale miRNA analysis of pokeweed, with emphasis on JA-
induced genes that contribute to biotic and abiotic stress tolerance. A comprehensive resource of
57,171,256 high-quality small RNA reads has been generated, representing the first available small
RNA transcriptome of any Phytolaccaceae family member. Through miRNA prediction and
annotation, we identified conserved and novel miRNAs in pokeweed. Differential expression
analysis revealed that the majority of JA-responsive miRNAs were low in abundance, condition-
specific, and exhibited a narrow range of expression change. Our paired RNA-Seq experimental
design allowed the prediction of high-confidence miRNA targets and construction of an interaction

network to visualize the global connection between miRNAs and their different targets.

Pokeweed miRNAs have low sequence conservation with those of other plants
Unexpectedly, less than 0.5% of pokeweed small RNA reads represented conserved
miRNAs, based on comparison with available plant sequences. Compared with other primary
studies of non-model plants, this number seems low. For example, in black pepper, 11% of small
RNA reads were conserved miRNAs, with up to two mismatches in alignments (Asha et al., 2016).
In Vriesea carinata, 16% of small RNA reads were conserved miRNAs, with only perfect
alignments permitted (Guzman et al., 2013). Since this is the first miRNA study of any

Phytolaccaceae member, low sequence conservation in pokeweed may be a result of species
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specificity. Although the majority of plant miRNAs are species-specific (Chavez Montes et al.,
2014), the low level of conservation in pokeweed is indicative of a relatively unique miRNA pool.

We performed a stringent miRNA annotation by requiring precursor evidence in addition
to mature sequence conservation. Using this strategy, 24 conserved miRNAs were identified in
pokeweed, and their expression levels were similar to those observed in other plants (Chavez
Montes et al., 2014). Although 1,381 sequences were conserved, a miRNA precursor was predicted
for only 1.6%. Others have reported similar findings. For example, in black pepper, 33,350 miRNA
sequences were conserved but precursors were found for only 50, or 0.15% (Asha et al., 2016).
Despite the common strategy of identifying miRNAs based on sequence conservation alone, our
analysis indicates that this method may overestimate the number of true miRNAs.

We also observed non-canonical miRNAs that were 24-nt in length and had high sequence
diversity relative to 21-mers. Similar findings have been reported by others (Guzman et al., 2013;
Hackenberg et al., 2013; Shuai et al., 2013; Wan et al., 2012). Longer miRNAs tend to be species-
specific and are reflective of newly evolved “proto-miRNAs” that undergo imprecise processing
by DCL enzymes; interestingly, 24-nt miRNAs can enter the heterochromatic siRNA pathway to

direct chromatin modifications of target genes (Axtell, 2013).

JA treatment induces defined changes in the miRNA transcriptome

Differential expression analysis revealed that JA-responsive miRNAs tended to be
condition-specific and low in abundance, with narrowly clustered expression patterns. Condition
specificity and low abundance may indicate that, at certain times, sequence diversity of the miRNA
pool is more biologically relevant than miRNA abundance. For example, low abundance miRNAs

may be early responders to stress. In support of this idea, Pandey et al. (2008) reported only 2.4%
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overlap between the small RNA populations of untreated Nicotiana attenuata plants and those
having undergone 45 minutes of insect elicitation, which strongly upregulated the JA response.
Since low abundance miRNAs tend to be species-specific (Chavez Montes et al., 2014), analysis
of corresponding targets may lead to the identification of key genes contributing to distinctive
traits.

Our expression results suggest that a certain threshold of miRNA change is necessary to
mediate an effective response to JA. Specifically, logoFC values of JA-responsive miRNAs
clustered around +5 and -5. JA-associated thresholding is further supported by the finding that
log2FC values of insect-induced small RNAs in N. attenuata ranged from +4 to -4 (Pandey et al.,
2008). Clustering of miRNAs has also been reported. In cotton under salt stress, Peng et al. (2014)
observed four discrete groups when the expression of salt-responsive miRNAs was plotted against
that of targets; such clustering existed for both positively and negatively correlated pairs. These
patterns may reflect co-regulated miRNA expression owing to control by common transcription
factors, which are themselves differentially expressed.

Although we identified many JA-responsive miRNAs, only two were conserved with other
plants: miR172 and miR395, which decreased and increased with JA, respectively. In contrast,
others have reported several conserved, JA-responsive miRNAs (Bozorov et al., 2012; Qiu et al.,
2009; Shen et al., 2017; Xu et al., 2016; Zhang et al., 2012). One reason for this discrepancy may
be our stringent requirements for differential expression, owing to the availability of biological
replicates. Other important differences between our work and that cited above include the use of
plants deficient in JA biosynthesis, as well as the investigation of cell cultures rather than whole
plants. Although miR172 was reported as JA-responsive by others, its magnitude and direction of

change differed across studies. In contrast, miR395 has not been reported as JA-responsive; its
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most well-established role to date is in sulfur assimilation (Matthewman et al., 2012). Interestingly,
miR395 increased in Arabidopsis after heavy metal treatment and contributed to cadmium
detoxification in Brassica napus (Jagadeeswaran et al., 2013; Zhang et al., 2013a). Given that
heavy metal stress is associated with biosynthesis of a JA precursor (Foroughi et al., 2014), and
JA treatment reduces heavy metal stress (Singh and Shah, 2014), there is a likely association

between miR395 and JA.

JA-responsive miRNAs are both positively and negatively correlated with targets

To identify the top miRNA/target candidates, three factors were considered: differential
expression, sequence complementarity, and correlation analysis. Pearson correlation is widely
used to infer miRNA/target relationships (Muniategui et al., 2013). However, since high
correlation does not necessarily indicate causation, we applied this filter after first considering
more biologically relevant parameters. Although there is a tendency in literature to report only
pairs with negatively correlated expression, we observed a relatively equal distribution of positive
and negative correlations. This finding has been observed in other plant studies, reinforcing the
concept that both dynamics are prevalent and worthy of consideration (Lopez-Gomollon et al.,
2012; Peng et al., 2014; Wen et al., 2016). Positive correlations between the expression of a
miRNA and its target can arise from miRNA-mediated spatial restriction of a target (Kawashima
et al., 2009; Kidner and Martienssen, 2004; Levine et al., 2007; Nikovics et al., 2006). In
Arabidopsis roots, a positive temporal and negative spatial correlation was found for the
expression of miR395 and its target, sulphur transporter SULTR2;1. Authors hypothesized that
under sulphur starvation, phloem-specific co-expression of miR395/SULTR2;1 restricts

expression of SULTR2;1 to the xylem (Kawashima et al., 2009). As another example, the extent
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of leaf serration in Arabidopsis is controlled by spatial restriction of MIR164A-targeted CUC2
(Nikovics et al., 2006).

Additionally, it is thought that miRNAs operate through two independent mechanisms that
are not mutually exclusive: expression tuning, whereby they modify the mean target abundance,
and expression buffering, in which they reduce the variance of target abundance around a preset
mean (Wu et al., 2009). Negative miRNA/target expression correlations could arise from the first
mechanism and positive correlations from the second. Expression buffering consists of negative
feedback loops and incoherent feed forward loops (Tsang et al., 2007; Wu et al., 2009). Consider
a miRNA, “miR” and its target gene, “7”. As summarized by Wu et al., in a negative feedback
loop, protein T is a positive regulator of miR, such that increased T results in increased miR,
dampening oscillations in the expression of either gene. An example of this dynamic has been
shown within the miRNA biogenesis pathway itself: miR162 targeting of DCLI (Xie et al., 2003).
In an incoherent feed forward loop, consider an additional gene, 4, whose product increases levels
of both T and miR. Since A regulates the level of T, any change in the level of A would also affect
that of T. However, variation in A is also passed to miR, which then buffers the fluctuation in T.
An interesting example here is the maintenance of AGO1 homeostasis by 1) miR168 targeting; 2)
transcriptional co-expression of miR168 and AGO1; and 3) preferential stabilization of miR168
by AGO1. This example combines two negative feedback loops (1 and 3), with an incoherent feed
forward loop (2). Though positive correlations of miRNA and targets gene levels are not
commonly described, examples exist of their biological relevance.

We validated the miRNA-induced cleavage of a positively correlated target, BHLH?2S.
Little is known about the biological role of this transcription factor, but it is reportedly JA-

responsive (Heim et al., 2003), and transgenic Arabidopsis plants overexpressing this gene have
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altered root and shoot morphology and greater susceptibility to cyst nematode infection (Jin et al.,
2011). Increased expression of the miRNA in tandem with BHLH?25 could buffer levels of this
transcription factor during JA induction. For example, an increase in BHLH25 protein could
increase the expression of its own miRNA directly (negative feedback loop), and/or an upstream
transcription factor could simultaneously increase expression of both BHL25 and its miRNA

(incoherent feed forward loop).

JA-responsive miRNA/target pairs are associated with multiple levels of plant defense

We identified putative miRNA targets involved in JA biosynthesis and signalling. Two
genes encoding JA biosynthesis enzymes were identified, AOC3 and OPR3, and the miRNA-
induced cleavage of OPR3 mRNA was verified by 5° RACE. OPR3 and more recently, OPR2,
were shown to be required for JA biosynthesis in Arabidopsis (Chini et al., 2018; Stintzi and
Browse, 2000). Although miR319 targets 7CP transcription factors and indirectly regulates JA
biosynthesis (Schommer et al., 2008), this is the first reported miRNA-induced cleavage of a
transcript encoding a JA biosynthesis enzyme. Others have predicted complementary
miRNA/target pairs comprising JA biosynthesis enzymes upstream in the pathway, namely
LOX2/3 and AOS; however, these interactions have not been functionally validated (Pandey et al.,
2008). Given that 40C3 and OPR3 mRNA abundance increased with JA, while their
corresponding miRNAs decreased, such regulation would contribute to the known positive
feedback loop of JA biosynthesis (Wasternack and Hause, 2013). Interestingly, although miR319
was identified in pokeweed, it was not JA-responsive. In tomato, JA treatment significantly
reduced miR319 expression, which was associated with an increase in 7CP4 mRNA (Zhao et al.,

2015). miR319 targets several class I TCPs, which function as transcriptional activators of LOX2



84

(Schommer et al., 2008). We hypothesize that the existence of pokeweed-specific, JA-responsive
miRNAs reflects an alternative strategy to regulate JA biosynthesis. This hypothesis is further
supported by the absence of miR319 binding sites in any TCP-encoding mRNA transcript in
pokeweed. We also predicted that ERF'I B is targeted by a miRNA; the encoded transcription factor
is a key mediator of JA signal transduction that integrates ethylene-induced signals (Wasternack
and Hause, 2013). To the best of our knowledge, this is the first report that OPR3 mRNA is cleaved
by a miRNA, and that AOC3 and ERF'IB are putative miRNA targets.

Apart from JA biosynthesis and signalling, we identified putative targets having more
widespread roles in stress tolerance. These are summarized in Table 11 and include several factors
involved in salicylic or abscisic acid (ABA) signalling, with well-established roles in pathogen
and environmental stress resistance, and others associated with classic growth hormones. Analysis
of the expression dynamics of these targets provides insight into the role of miRNAs in mediating
JA crosstalk with other hormone pathways. For example, we identified two miRNA/target pairs
involving negative regulators of ABA signalling: Probable protein phosphatase 2C 73 and U-box
domain-containing protein 19. Both genes had increased expression with JA, suggesting a
dampening of the ABA pathway. This agrees with the known relationship between ABA and
pathogen susceptibility, mediated by the transcription factor MYC2, which activates the ABA
pathway and inhibits the JA pathway (Derksen et al., 2013). The ABA pathway contributes heavily
to environmental stress tolerance (e.g. drought), so these miRNA/target interactions could
modulate the trade-off between abiotic and biotic stress responses. A separate trade-off exists
between stress response and growth, and JA inhibits developmental processes including seed
germination and root/shoot growth (Wasternack and Feussner, 2017). We identified a

miRNA/target pair comprising Auxin response factor 1, which is a repressor of auxin signalling
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(Ellis et al., 2005). Expression of this gene increased with JA, suggesting inhibition of auxin-
associated gene expression and related growth processes. The involvement of JA-responsive
miRNAs in regulating Auxin response factor genes has been reported by others, indicating that
these genes represent a conserved family of targets (Bozorov et al., 2012; Shen et al., 2017; Xu et
al., 2016). Finally, we identified targets involved in redox activities: Glutathione S-transferase U9
and Isocitrate dehydrogenase, which may be relevant to the ability of pokeweed to
hyperaccumulate heavy metals (Liu et al., 2010; Peng et al., 2008; Zhao et al., 2012). Notably,
exogenous application of JA reduces heavy metal-associated oxidative stress (Singh and Shah,
2014). Taken together, our results suggest that miRNA-mediated regulation of the JA response
contributes to widespread stress resistance activities in pokeweed. We chose to study pokeweed
because it is a non-model plant known to resist biotic and abiotic pressure; however, the JA
responsive miRNA/target pairs identified in this study may have agricultural relevance in terms of

improving resistance to pathogen and environmental stresses in other plants.
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4.1 Abstract

Ribosome-inactivating proteins are RNA glycosidases thought to function in defense
against pathogens. These enzymes remove purine bases from RNAs, including rRNA; the latter
activity decreases protein synthesis in vitro, which is hypothesized to limit pathogen proliferation
by causing host cell death. Pokeweed antiviral protein (PAP) is a ribosome-inactivating protein
synthesized by the American pokeweed plant (Phytolacca americana). PAP inhibits virus
infection when expressed in crop plants, yet little is known about the function of PAP in pokeweed
due to a lack of genomic tools for this non-model species. In this work, we de novo assembled the
pokeweed genome and annotated protein-coding genes. Sequencing comprised paired-end reads
from a short-insert library of 83X coverage, and our draft assembly (N50 = 42.5 Kb) accounted
for 74% of the measured pokeweed genome size of 1.3 Gb. We obtained 29,773 genes, 73% of
which contained known protein domains, and identified several PAP isoforms. Within the gene
models of each PAP isoform, a long 5> UTR intron was discovered, which was validated by RT-
PCR and sequencing. Presence of the intron stimulated reporter gene expression in tobacco. To
gain further understanding of PAP regulation, we complemented this genomic resource with
expression profiles of pokeweed plants subjected to stress treatments (jasmonic acid, salicylic acid,
polyethylene glycol, and wounding). Cluster analysis of the top differentially expressed genes
indicated that some PAP isoforms shared expression patterns with genes involved in terpenoid
biosynthesis, jasmonic acid-mediated signalling, and metabolism of amino acids and
carbohydrates. The newly sequenced promoters of all PAP isoforms contained cis-regulatory
elements associated with diverse biotic and abiotic stresses. These elements mediated response to

jasmonic acid in tobacco, based on reporter constructs containing promoter truncations of PAP-I,
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the most abundant isoform. Taken together, this first genomic resource for the Phytolaccaceae

plant family provides new insight into the regulation and function of PAP in pokeweed.
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4.2 Introduction

American pokeweed, Phytolacca americana, belongs to the Phytolaccaceae family of
flowering plants, which comprises 65 species of herbs, shrubs, and trees. P. americana (pokeweed)
is the most well-studied Phytolacca species due to its broad agricultural and medical applications.
Pokeweed synthesizes pokeweed antiviral protein (PAP), an N-glycosidase and ribosome-
inactivating protein (RIP) that depurinates the conserved a-sarcin loop of large rRNAs (Endo et
al., 1988). PAP exhibits antiviral activity against diverse plant and animal viruses. Specifically,
depurination of rRNA inactivates ribosomes in infected cells, thereby inhibiting host and viral
protein synthesis (Lodge et al., 1993; Rajamohan et al., 1999). PAP also depurinates the genomes
of some RNA viruses, interfering with multiple stages of the viral life cycle (He et al., 2008; Karran
and Hudak, 2008; Mansouri et al., 2009). Transgenic plants expressing PAP acquire novel antiviral
and antifungal activities, making the gene an attractive candidate for use in agricultural
engineering (Dai et al., 2003; Wang et al., 1998; Zoubenko et al., 1997, 2000). Pokeweed also
shows potential in phytoremediation as a heavy metal hyperaccumulator, thriving in contaminated
soil that is otherwise toxic to most plants (Liu et al., 2010; Peng et al., 2008; Zhao et al., 2011).
Although this non-model plant displays resistance to diverse biotic and abiotic stresses, a wealth

of information remains unknown since its genome has not been sequenced.

Several isoforms of PAP have been reported, exhibiting different temporal (PAP-I, PAP-
II, PAP-III) or tissue-specific (PAP-R, PAP-S, S1, S2, PAP-a) expression patterns, or identified
during cell culture (PAP-H, PAP-C) (Barbieri et al., 1982, 1989; Bolognesi et al., 1990; Irvin,
1975; Irvin et al., 1980; Kataoka et al., 1992; Park et al., 2002; Rajamohan et al., 1999). Consistent
with a hypothesized role in pathogen defense, we showed previously through transcriptomic

analysis that expression of several PAP isoforms is up-regulated by jasmonic acid (JA) (Neller et
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al., 2016). JA is a plant hormone that mediates resistance to insect herbivores, which are viral
vectors, and necrotrophic pathogens. Others have reported an induction of RIP expression in
various plants upon treatment with phytohormones (JA, salicylic acid (SA), abscisic acid (ABA))
or associated stresses, including insect feeding, pathogen infection, cold, heat, drought, salinity,
and mechanical wounding (Iglesias et al., 2005; Jiang et al., 2008; Qin et al., 2009; Reinbothe et
al., 1994; Song et al., 2000; Tartarini et al., 2010). Therefore, it is well-established that RIPs are
induced by various stresses; however, it is not clear how RIP isoform expression is controlled, or

how RIPs are integrated within stress-response pathways.

Pokeweed is tetraploid with a chromosome count of 2n = 36 and 1C-value of 1.48 pg (~1.5
Gb) (Bennett, 2000; Rice et al., 2015). Although there are no reference genomes available for the
Phytolaccaceae family, genomes of some members from the order Caryophylalles (which includes
pokeweed) have been sequenced. Genome assembly and annotation has been performed for Beta
vulgaris (sugar beet), Spinacia oleracea (spinach), Chenopodium quinoa (quinoa), and
Amaranthus hypochondriacus (amaranth) (Clouse et al., 2016; Dohm et al., 2014; Jarvis et al.,
2017; Xu et al., 2017). This genomic information is a useful reference for pokeweed, especially

since RIPs are prevalent among the Caryophyllales (Di Maro et al., 2014).

Here, we present the first de novo draft genome assembly of pokeweed and an annotation
of its protein-coding genes. Using this resource, we investigated the presence and gene
organization of PAP isoforms. A novel feature was discovered in the 5’ untranslated region (UTR):
a long intron that affects gene expression. Integration of RNA-Seq data from pokeweed stress
treatments enabled the identification of co-expressed genes and provided insight into defense
responses in the plant. Finally, differences in cis-regulatory elements (CREs) in the promoters of

PAP isoforms, combined with their unique expression profiles, suggest that the isoforms have
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distinct roles in pokeweed. Our study provides a workflow that integrates genome assembly,
annotation, and differential expression analysis for a non-model plant. These resources will

facilitate the study of pokeweed, to understand its ability to survive environmental stress.

4.3 Material and methods

Genomic DNA sequencing and genome assembly

A summary of our study is provided in Figure 16. High-quality genomic DNA was isolated
from a single pokeweed plant using a CTAB-based extraction method (Healey et al., 2014) and
sent to McGill University and Genome Quebec Innovation Centre (Montreal, QB, Canada) for
sequencing. Shotgun sequencing was performed on one lane of an I[llumina HiSeq 2500 instrument
in Rapid Run mode. Paired-end reads of 250 bp were obtained from genomic DNA fragments
having an average size of 400 bp; this strategy was chosen to conform with input recommendations
of the downstream assembly software. Following sequencing, adapters and low-quality bases (Q
< 30, averaged over four bases) were removed with Trimmomatic (v. 0.36; Bolger et al., 2014).
The pokeweed genome was assembled with Discovar De Novo using default parameters (v. 52488;
Love et al., 2016) on the Sharcnet high-performance computing cluster (https://www.sharcnet.ca).
Raw genomic DNA sequencing reads are available at the SRA under project # PRINA544344.

The genome completion score was measured with BUSCO (v. 3; Waterhouse et al., 2018).

Determination of genome size

DNA contents of somatic nuclei (pg/2C) were measured using flow cytometry. For each

sample, approximately 1 cm? of fresh pokeweed leaf and 2 cm? of fresh Sorghum bicolor Pioneer
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Figure 16. Summary of genome assembly, annotation, and differential gene
expression analysis. The assembled pokeweed genome was annotated using three
sources of information provided to MAKER, indicated with dashed arrows: (1)
published plant protein databases, (ii) the pokeweed de novo transcriptome assembly,
(i11) the pokeweed genome-guided transcriptome assembly, derived from aligning
unassembled (‘cleaned’) reads to the genome ((1)) and joining exonic regions into
transcripts ((2)). Reads from ((1)) that aligned to exonic regions of a gene (defined
by the annotated gene models) were summed. Counts were used as input for
differential gene expression analysis. The top differentially expressed genes were
clustered, and functional enrichment testing was performed on each cluster.
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8695 (1.74 pg/2C; Johnston et al., 1999) were chopped with a razor blade in 0.7 mL of ice-cold
LBO1 buffer (Dolezel et al., 1989) containing 100 pg/mL propidium iodide and 50 pg/mL RNAse
A. Samples were stained at room temperature for 20 to 25 minutes, then tested at low speed using
a BD FACSCalibur flow cytometer (BD Biosciences, San José, USA). The FL2 detector
(585/42nm) was used to measure fluorescence, with integrated fluorescence as the parameter of
interest. 2C DNA contents were calculated based on the relative fluorescence of the pokeweed and
Sorghum G0/G1 nuclei and the known DNA content of Sorghum. Means, coefficients of variation,
and nuclei numbers for the nuclei fluorescence peaks were measured using flowPloidy (v. 1.7.0;
Smith et al., 2018). Nine pokeweed plants were tested in total: four as individuals and five as bulk

samples of two or three plants.

Stress treatments, mRNA sequencing, and transcriptome assembly

Total RNA was extracted from four-leaf pokeweed plants subjected to the following
treatments: sprayed with 5 mM JA or SA (solubilized in 0.5% ethanol), watered every three 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 was flash-frozen in liquid nitrogen 24h following
treatment for JA, SA, ET, and WND samples, and three days after the final treatment for PEG and
WT samples. RNA-Seq libraries were constructed with the TruSeq Stranded mRNA Library
Preparation Kit (RS-122-2101, Illumina). For each condition, four biological replicate libraries
were prepared from equal amounts of RNA pooled from three independent plants (i.e. 24 libraries
derived from 72 total plants). Strand-specific, paired-end reads of 125 bp were sequenced on two

lanes of an [llumina HiSeq 2500 instrument by The Centre for Applied Genomics (The Hospital
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for Sick Children, Toronto, ON, Canada). Raw mRNA sequencing reads are available at the SRA
under project # PRINA309999.

In addition to the data generated in the present study, mRNA transcriptome assembly
incorporated two publicly available P. americana RNA-Seq datasets from the SRA: Accessions
SRX2774676 and ERX2099309, which were derived from whole plants (root, stem, leaf, and
flower tissue), as well as high-coverage RNA-Seq datasets (n=3 biological replicates) from our
previous study of the pokeweed leaf mRNA transcriptome (Neller et al., 2016). All datasets (32 in
total) were processed with Trimmomatic as described above. Two transcriptome assembly
strategies were employed. For de novo assembly, reads were combined into a single reference
transcriptome using Trinity (v. 2.5.1; Grabherr et al., 2011; Haas et al., 2013). For genome-guided
assembly, RNA-Seq libraries were independently aligned to the assembled genome with HISAT
(v. 2.1.0; Kim et al., 2015) and transcript reconstruction was performed with Stringtie (v. 1.3.4b;
Pertea et al., 2015). The independent assemblies were combined into a single, non-redundant

reference transcriptome using the Stringtie ‘merge’ function.

Genome annotation

Only contigs of minimum length 10 Kb were annotated, as these were most likely to contain
full-length protein-coding genes (Campbell et al., 2014a). Prior to annotation, a pokeweed-specific
repeat library was prepared with RepeatModeler (v. 1.0.9;
http://www.repeatmasker.org/RepeatModeler/). Repeat-masking and gene prediction were
performed using the MAKER pipeline (v. 2.31.8; Campbell et al., 2014a, 2014b). Both pokeweed-

specific and simple repeats were masked with RepeatMasker (v. 4.0.7;
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http://www.repeatmasker.org/). RepeatRunner was used to mask divergent protein-coding
portions of retro-elements and retro-viruses not identified by RepeatMasker (Smith et al., 2007).
Gene prediction followed the protocol outlined in Campbell et al., 2014a. The Trinity (de
novo) and Stringtie (genome-guided) transcriptomes described above were provided as transcript
evidence. The proteomes of published Caryophyllales species (sugar beet, spinach, quinoa,
amaranth) were used as homologous protein evidence (Clouse et al., 2016; Dohm et al., 2014;
Jarvis et al., 2017; Xu et al., 2017). The quinoa and amaranth proteomes were obtained from
Phytozome (https://phytozome.jgi.doe.gov; v. 1.0 and v. 2.1, respectively), spinach from
SpinachBase (v. 1; http://www.spinachbase.org), and sugar beet from The Beta vulgaris Resource
(Refbeet-1.1; http://bvseq.boku.ac.at). Protein evidence was further supplemented with the plant
subset of the SwissProt database (obtained October 2017; Pundir et al., 2017). Three rounds of
iterative gene prediction were performed with MAKER. In Round 1, predictions were inferred
directly from transcript and protein evidence (est2genome, protein2genome = 1). Top-scoring gene
models from Round 1 (AED < 0.25, amino acids > 50) were used to train the ab initio gene
predictors SNAP (Korf, 2004) and AUGUSTUS (v. 3.2.3; Stanke et al., 2004). In Round 2,
MAKER was re-run with ab initio gene predictors turned on, and top-scoring models were used to
re-train predictors as per above. A final Round 3 was run with the twice-trained gene predictors.
Following gene prediction, an Interproscan (v. 5.28-67.0; Zdobnov and Apweiler, 2001)
search was performed to identify protein-coding (Pfam) domains and obtain associated gene
ontology (GO) terms. GO annotations were supplemented with non-redundant GO terms from the
SwissProt database for the best hit as per BLAST-P analysis. Each round of genome annotation
was inspected visually with JBrowse (v. 1.12.3 Buels et al., 2016). In Rounds 2 and 3, we observed

spurious fusion of protein-coding gene models with putative pseudogenes; this could not be
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resolved despite several attempts of re-training and post-annotation processing. Therefore, the final
gene set was conservatively chosen to comprise only the evidence-based annotations from Round
1. The completion score of the annotated gene set was measured with BUSCO as described above,
as well as relative to CoreGFs of the ‘green plants’ subset from PLAZA v. 2.5 (Veeckman et al.,

2016).

Validation of PAP isoform gene models

cDNAs were generated by reverse transcribing 0.5 pg of total pokeweed RNA with
SuperScript III reverse transcriptase (25 units; Thermo Fisher) and isoform-specific primers. To
validate PAP isoform gene models at both the genomic and mRNA levels, PCR was performed
with isoform-specific forward and reverse primers using either pokeweed gDNA or cDNA as the
starting template. All PCR amplifications were conducted using Q5 High-Fidelity DNA
polymerase (1 unit; New England Biolabs) and 0.5 uM of each primer. PCR products were gel-
purified 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 the one-step
SLIC (sequence- and ligation-independent cloning) method (Jeong et al., 2012). All constructs
were sequenced and compared with computationally-derived gene and mRNA models. Primers

used in this study are listed in Supplementary Table 1.

Orthogroup analysis
The longest isoform per gene was obtained for each Caryophyllales proteome noted above,

and orthogroup assignment was performed with OrthoFinder (v. 2.2.6; Emms and Kelly, 2015).
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Functional enrichment analysis of genes from pokeweed-specific orthogroups was conducted with
the GOseq package (Young et al., 2010) in the statistical program R (R Foundation for Statistical
Computing, 2016). Pokeweed-specific genes were tested for enriched GO terms relative to all

pokeweed genes.

Differential gene expression analysis

HTSeq (v. 0.8.0; Anders et al., 2015) was used to sum exon-level counts per gene for each
independent RNA-Seq library aligned to the pokeweed genome. Gene counts were provided as
input for differential expression testing in the Bioconductor package EdgeR (v. 3.7; Robinson et
al., 2010). All pairwise tests were performed with four biological replicates per treatment, and
genes with FDR < 0.05 in at least one comparison were considered differentially expressed.
Treatment-responsive genes were identified based on the relevant tests: ET vs. JA or SA, and WT
vs. PEG or WND. Top differentially expressed genes (DEGs) were defined as those with FDR <
0.001 and FC > 4 in at least one pairwise comparison. These genes were clustered with DEclust
(v. 1.0.1; Aoto et al., 2017) based on a multi-conditional expression profile of EdgeR results and
normalized abundance in transcripts per million (TPM). GO enrichment analysis was performed

on the genes in each cluster as described above.

Quantitative RT-PCR (qRT-PCR) validation of PAP isoform mRNA levels

cDNAs were generated by reverse transcribing 0.5 pg of total pokeweed RNA with
SuperScript III reverse transcriptase (25 units; Thermo Fisher) and gene-specific primers
(Supplementary Table 1) according to the manufacturer’s instructions. Elongation factor-1-gamma

(EF1G) and the cell wall protein BIIDXI served as internal controls as these transcripts were stably
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expressed under our stress treatments according to our RNA-Seq differential expression analysis.
Following cDNA synthesis, 5 uL of the reverse transcription (RT) reaction product was combined
with 0.3 uM forward primer, 0.3 uM reverse primer, and 33 pL of 2X SYBR Green qPCR Master
Mix (Bimake), to a final volume of 66 uL. Each reaction was split into three technical replicates.
qRT-PCRs were conducted in a QIAGEN RotorGene 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). mRNA levels were quantified using the AACt method
(Livak and Schmittgen, 2001). A melting curve analysis was performed to confirm the presence
of a single PCR product after each reaction. At least three biological replicates per treatment were

conducted for each transcript.

Generation of promoter-GUS reporter constructs

The 1262 bp region upstream of the PAP-I transcription start site (TSS) was considered the
proximal PAP-I promoter. This ~1.3 Kb promoter, along with the 5° UTR and 1.6 Kb intron, were
PCR-amplified from pokeweed genomic DNA (500 ng) with the primers PAP-I-prom-SLIC-FOR
and PAP-I-prom-SLIC-REV (0.5 uM each). Amplicons were gel-purified and cloned by one-step
SLIC (Jeong et al., 2012) into the multiple cloning site of pHSG299. All PCR amplifications were
conducted using Q5 High-Fidelity DNA polymerase (1 unit; New England Biolabs) using the
manufacturer’s instructions. 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. PAP-I

promoter fragments containing the 1.6 Kb intron (1262-int and 102-int) were generated through
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PCR by pairing the same reverse primer (5-UTR-SLIC-REV) with different forward primers (P1-
FOR or P7-FOR). Primer sequences are listed in Supplementary Table 1.

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 (P1-FOR
to P7-FOR) to produce 5’ promoter truncations (1262, 1124, 711, 584, 432, 296, and 102). PCR
products were gel-purified and used as templates for a second round of PCR to attach sequences
needed for SLIC cloning.

Amplified fragments were cloned in place of the CaMV 35S promoter in pCambia 0305.2
using one-step SLIC (Jeong et al., 2012) and transformed into Escherichia coli DH5a. For
constructs used to investigate the effect of the PAP-I leader intron on gene expression, the castor
bean catalase intron in the GUS reporter gene was removed to determine the influence of the PAP-
I intron alone. 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 (Cat#
E2611S; New England Biolabs). Positive E. coli transformants were screened through colony
PCR, and all reporter gene constructs were confirmed by sequencing.

Constructs were transformed into Rhizobium radiobacter (syn. Agrobacterium) AGL1
strain by electroporation as previously described (Wise et al., 2006). Electrocompetent cells (20
uL) mixed with plasmid DNA (50 ng) 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 2h. After recovery,
100 pL of cells were plated on selective YEP agar (50 ug/mL carbenicillin, 50 pg/mL kanamycin)

and incubated at 28°C to allow colonies to form.
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Measurement of reporter activity (GUS histochemical and fluorometric assay)

Agrobacterium cultures harbouring promoter-reporter gene constructs were used to
agroinfiltrate leaves of four-leaf stage Nicotiana tabacum plants as previously described (Zhao et
al., 2017). Cultures were grown in selective YEP liquid medium (50 pg/mL carbenicillin, 50
pg/mL kanamycin) until late log phase (ODsoo = 0.7 — 1.0). Cells were then pelleted by
centrifugation, washed in agroinfiltration solution (10 mM MES-KOH, pH 5.6, 10 mM MgCl2,
200 uM acetosyringone), and resuspended in agroinfiltration solution to a final ODeoo of 0.5.
Agrobacterium cells were injected into the abaxial surface of leaves using a needleless syringe.
For the JA experiment, leaves were treated with either 0 mM JA (0.5% ethanol; mock) or 5 mM
JA 24h after agroinfiltration. Leaf discs from inoculated plants were harvested 72h post
agroinfiltration and either used directly for histochemical assays or stored in liquid nitrogen until
processing for the fluorometric assay.

GUS histochemical assays were performed according to Jefferson et al. (1987) with some
modifications. Fresh leaf discs (0.5 cm diameter) from inoculated plants (minimum of three plants
per construct) were vacuum-infiltrated with 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid,
cyclohexylammonium salt (X-Gluc) solution, and incubated overnight at 37°C. After GUS
staining, leaf discs were cleared of chlorophyll by washing in increasing concentrations of ethanol
(70%-100%) for 48h.

GUS fluorometric assays were performed in black, clear-bottom 96-well plates according
to Coté and Rutledge (2003), with some modifications. Frozen leaf discs (1 cm diameter; 2 discs
per sample) from inoculated plants (minimum of four plants per construct) were combined with
200 mg of glass beads (1.0 mm, BioSpec) and 300 pnL of GUS extraction buffer (50 mM phosphate

buffer, pH 7.0, 10 mM DTT, 10 mM EDTA, 0.1% SDS, 0.1% Triton X-100, 10 mM pB-
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mercaptoethanol), and homogenized using a 3110BX MiniBeadBeater (BioSpec) for 120 s at
speed 48. Tissue debris was removed by centrifugation at 4°C and cleared plant extracts (10 uL)
were mixed with 720 pL of 0.1 mM 4-methylumbelliferyl-B-D-glucuronide hydrate (4-MUG) and
incubated at 37°C. Beginning at 0 minutes, a 10-uL aliquot was taken from each reaction every 15
minutes for a total of 60 minutes, and pipetted into a well containing 180 uL of stop buffer (0.2 M
Na>COs). 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: 365 nm; emission: 455 nm) and compared to a previously determined
4-methylumbelliferone (4-MU) standard curve. GUS activity was calculated from the linear slope
of the fluorescence readings and normalized to the total protein concentration, which was
determined using a BCA Reducing Agent Compatible Protein Assay Kit (G-Biosciences).
Comparisons between mock-treated and JA-treated samples (p < 0.01) were performed for each

promoter construct using two-tailed t-tests.

Identification of putative PAP promoter CREs and JA-responsive transcription factors

As with PAP-I, the 1.3 Kb sequence upstream of the 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/) 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.

Putative transcription factors (TFs) associated with CREs were identified in the pokeweed genome
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based on annotated Pfam domains, and their differential expression results were assessed for JA-

responsiveness (FDR < 0.05).

4.4 Results

Assessment of the pokeweed genome assembly

Statistics of the pokeweed genome assembly are shown in Table 12. Based on 1 Kb+
contigs, the assembly is 0.93 Gb in size and has a read coverage of 83X. The contig and scaffold
N50 values are 35.2 Kb and 42.5 Kb, respectively, where a scaffold represents the single highest
coverage path through each line of the genome assembly graph. The scaffold assembly was used
for all downstream analysis. The assembly had a BUSCO genome completion score of 84.3%; of
a possible 1440 plant BUSCOs, 1214 were identified as complete (1142 single-copy and 72
duplicated), 82 were fragmented, and 144 were missing. For an additional metric of assembly
completion, we determined the expected size of the pokeweed genome using flow cytometry
(Supplementary Figure 1). Based on triplicate samples of four individual plants and two non-
replicate bulk samples, the pokeweed plants used in this study had a genomic content (mean +
SEM) of 2.57 pg/2C £ 0.0019. Variability was low, with all 14 samples measuring either 2.57 or
2.58 pg/2C. Pokeweed and Sorghum nuclei fluorescence peaks had coefficients of variation <
3.3% and included data from at least 1,000 nuclei. Given the conversion that 1 pg DNA =980 Mb,
the haploid genome size of pokeweed is estimated to be 1.26 Gb. Therefore, the present assembly

represents 74% of the expected genome size.



Table 12. Statistics of the pokeweed genome assembly.

Number of input reads 330,991,096
Number of edges 1,829,078
Mean edge length (bases) 1,111
Contig line N50 (bases) 35,208
Number of scaffolds 847,766
Scaffold line N50 (bases) 42,514
Total bases in 1 Kb+ scaffolds 933,313,610
Total bases in 10 Kb+ scaffolds 821,040,380
Number of 10 Kb+ scaffolds 22,292
Number of 1Kb+ scaffolds 70,834
Longest scaffold length (bases) 366,732
Shortest scaffold length (bases) 200
Estimated read coverage 83X
BUSCO completion score 84%
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Annotation of the pokeweed genome

Scaffold contigs of minimum length 10 Kb were annotated with MAKER, as these were
most likely to contain protein-coding genes (Campbell et al., 2014a). Accordingly, the mapping
rate of pokeweed RNA-Seq reads aligned to these 10 Kb+ contigs averaged 93% over all samples.
The annotation file and sequences of annotated transcripts and proteins are provided in
Supplementary Data Sheets 1-3. A summary of the annotation is shown in Table 13. From
22,292 contigs, we obtained 29,773 genes (mean length = 5,072 bp) and 56,538 mRNA transcripts
(mean length = 1,720 bp). Importantly, 73% of genes contained a Pfam domain, indicating that the
majority are protein-coding, and 99% of genes had an AED score < 0.5 (Supplementary Figure
2), demonstrating excellent correspondence between evidence and gene models. The latter result
is consistent with our evidence-only genome annotation; that is, gene models were based solely on
the provided transcript and protein information rather than ab initio prediction.

Although we had attempted to include iterative training and ab initio prediction, doing so
resulted in fused gene models that could not be validated by RT-PCR and PCR. Specifically,
following two iterative training rounds we obtained an increase of only 72 genes (0.2%) but a
substantial (30%) increase in mean gene length. Visual inspection of the annotations suggested
that protein domain-containing pseudogenes had become fused with bona fide genes. This issue of
spurious gene fusions upon ab initio incorporation persisted despite varying the gene-finding
parameters, using MAKER post-processing tools, and applying the AUGUSTUS species model
from the well-annotated sugar beet genome. Surprisingly, we observed that ab initio incorporation
still resulted in high AED scores: after two iterative training rounds, 95% of genes had an AED <
0.5 (Supplementary Figure 2); this reinforces the importance of visibly inspecting gene models

and associated evidence. Given that ab initio gene prediction resulted in only a small number of



Table 13. Statistics of the annotated pokeweed genome.

Number of genes 29,773
Number of mRNAs 56,538
Mean: 5,072
Gene length Median: 3,452
) Mean: 1,720
Transcript length Median: 1,513
Mean: 278
Exon length Median: 152
Mean: 898
Intron length Median: 389
Mean: 1,121
CDS length Median: 921
, Mean: 320
5*UTR Median: 241
, Mean: 457
3" UTR Median: 377
Mean: 5
Exons per mRNA Median: 6
% of genes with Pfam domain 73%
% of genes with SwissProt hits 64%
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novel genes at the expense of annotation accuracy, we chose to conduct all downstream analyses

with our evidence-based gene set.

Evaluation of the annotated gene set

The BUSCO completion score of the annotated pokeweed gene set was 75.8%. Since the
genome assembly received a completion score of 84.3% (above), 90% of the BUSCOs identified
in the genome were annotated. We also measured completion of the gene set relative to CoreGFs
of the ‘green plants’ subset from PLAZA. The CoreGF reference set has a lower threshold of
species conservation than BUSCO and is not limited to single-copy genes (Veeckman et al., 2016).
Based on CoreGF analysis, the gene set completion score was 97.6%. Therefore, in the case of a
non-model species, a low BUSCO score may be more reflective of high evolutionary divergence
from reference species than incomplete genome assembly or annotation.

To assess how the pokeweed gene set compared to that of previously annotated
Caryophyllales species, we used OrthoFinder to identify orthologous gene families (orthogroups)
among pokeweed, sugar beet, quinoa, spinach, and amaranth. The species-specific distribution of
orthogroups is shown in Figure 17 and Supplementary Table 2. Pokeweed genes were distributed
into 14,785 orthogroups comprised of 22,901 genes. Eighteen orthogroups (116 genes) were
pokeweed-specific, and these genes were enriched in the GO terms ‘far-red light signaling
pathway’ (FDR = 0.0041) and ‘negative regulation of defense response’ (FDR = 0.058). The
respective genes were annotated as isoforms of the TF FARI1-Related Sequence (FRS)
(PHYAM_ 025199, PHYAM 007976, PHYAM 022646, PHYAM 016237, PHYAM 019944,
PHYAM 019825) and the F-box protein Constitutive Expresser of PR genes 30 (CPR30)

(PHYAM 017382, PHYAM 000825, PHYAM 000824, PHYAM 016094). For pokeweed, 77%
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Figure 17. Identification of pokeweed-specific genes by orthogroup analysis
of Caryophyllales species. Orthogroup assignment was performed with
OrthoFinder, using the longest representative protein per gene for each species.
The species distribution of orthogroups is shown. Enriched GO terms from
pokeweed-specific genes (n=116) are indicated in the box.
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of genes were assigned to orthogroups and 0.4% of genes were species-specific. This is in line
with other Caryophyllales species, for which orthogroup-assigned genes ranged from 72% (sugar
beet) to 82% (amaranth) and species-specific genes ranged from 0.1% (spinach) to 0.4% (quinoa).
Taken together, these results demonstrate that the pokeweed gene set is consistent with that of
well-annotated Caryophyllales species. Additionally, we have identified a subset of genes that may

contribute to distinct biological relevance in pokeweed.

Identification of RIP genes in pokeweed

Following genome annotation, we identified genes containing a RIP domain by performing
an Interproscan search of pokeweed protein sequences against the Pfam database. This analysis
revealed 10 RIP domain-containing genes, summarized in Table 14. PAP isoform annotation was
made based on a BLAST-P search against the SwissProt database, retaining the best-scoring hit
per protein. Three RIP domain-containing genes had 100% identity and coverage with SwissProt
sequences of PAP-I, PAP-a, and PAP-S, respectively. PAP-II was also present with 99% identity
and 100% coverage. One gene had 77% identity and 100% coverage with PAP-I from SwissProt,
but BLAST-N against pokeweed nucleotide sequences from GenBank showed 99% identity and
coverage with the partial genomic clone of PAP-S2 (Accession # AB071855.1). Furthermore, a
gene annotated as PAP-S above, had 99% identity and 100% coverage with the partial genomic
clone of PAP-S1 (Accession # AB071854.1). Therefore, two PAP-S isoforms exist, namely PAP-
S1 and PAP-S2, which agrees with a previous finding (Honjo et al., 2002) and clarifies the single
PAP-S notation in SwissProt. We also identified a gene encoding a transcript that we previously

reported (c18776 gl il) as a potential new PAP isoform (Neller et al, 2016). The gene contains a
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Table 14. Annotation of ribosome-inactivating protein genes in pokeweed.

Gene ID Scaffold ID BLAST-P Top Hit Annotated isoform
line 15290 RIPI PHYAM
PHYAM_020596 1 . 5980-9040  ID=100%: Cov=100% HRLE
line 34803 RIP2 PHYAM
PHYAM_028184 . 2685-10711  1ID=99%: Cov=100% PAP-II
line_ 16387 RIPS PHYAM
PHYAM_ 021314 . 94002-28770  ID=100%: Cov=100% e
line 4604 RIPI PHYAM
PHYAM_010467 . 41036-48641  ID=77%: Cov=100% PAP-82
PHYAM 022055 line 17664 RIPA PHYAM PAP-Alpha

Pos: 4308-7191

ID=100%; Cov=100%

PHYAM 012451

line 6055
Pos: 38961-39890

RIPA PHYAM
ID=38%; Cov=96%

Novel isoform

line 3146 RIP2 PHYDI Non-transcribed
E02:10 UL Pos: 67972-68871  ID=96%; Cov=100% pseudogene
line 3146 RIP1 PHYAM Non-transcribed

PHYAM_008179

Pos: 74851-75880

ID=74%; Cov=100%

pseudogene

PHYAM 010465

line 4604
Pos: 18489-18926

RIP1 PHYAM
ID=79%; Cov=46%

Transcribed pseudogene
with in-frame stop codons

PHYAM 010468

line 4604
Pos: 65729-65995

RIPL2 PHYDI
ID=80%; Cov=32%

Transcribed pseudogene
with in-frame stop codons
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RIP domain but only has 38% sequence identity and 96% coverage with its best hit, PAP-a, which
supports this gene as a novel PAP isoform.

Our analysis also led to the identification of four RIP domain-containing genes that are
likely PAP pseudogenes (Table 14). Two transcribed pseudogenes were located on the same
contig as PAP-S2. Their gene models were truncated relative to the associated transcript evidence,
resulting in 46% and 32% coverage with the respective hits by BLAST-P. Upon closer inspection,
in-frame stop codons were observed in all reading frames for both genes; this explained the
shortened models, which arose from annotating the longest open reading frame per gene. Two
other probable pseudogenes were identified, but their transcripts were absent in either one or both
transcriptome assemblies, suggesting that the genes are transcriptionally silent. To the best of our

knowledge, this is the first report of potential pseudogenes of PAP.

Presence of a long leader intron in gene models of PAP isoforms

Gene models of protein-coding PAP isoforms are shown in Figure 18A. With exception
of PAP-II, the coding sequence of all isoforms was annotated as a single exon of ~900 bp. In
contrast, the coding sequence of PAP-II comprised two exons, separated by an intron of 736 bp,
which agrees with a previous report (Poyet, 1997). Interestingly, the gene models of all isoforms
revealed a long intron within the 5> UTR, ranging from 1.5 Kb (PAP-a) to 5.7 Kb (PAP-II). Based
on the distribution of intron lengths in pokeweed, the PAP leader introns were longer than 83%
(PAP-a) to 94% (PAP-II) of all introns. Several isoforms (PAP-II, PAP-S1, PAP-S2) were
predicted to have multiple gene models that differed only in their 5> UTRs, which suggested the

use of alternate promoters in some cases (PAP-11a/PAP-IIg; PAP-S24/PAP-S2g). In addition to
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Figure 18. Legend on next page.



Figure 18. Identification of a novel intron in the 5> UTR of PAP genes. A) Gene
models of PAP isoforms obtained from annotation with the MAKER pipeline. Arrows
indicate primer binding sites used for gene model validation. B) Validation of PAP
gene models through PCR and RT-PCR from pokeweed genomic DNA (gDNA) and
cDNA, respectively. All products were validated by sequencing. C) Effect of the 5’
UTR intron on PAP-I gene expression. GUS reporter constructs were created with the
1262 bp or 102 bp PAP-I promoter, with or without the 5° UTR intron. Constructs
were agroinfiltrated into tobacco and stained for GUS. CaMV 35S = positive control;
untransformed (UT) Agrobacterium = negative control. Four independent plants per
construct were tested.
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long leader introns, all PAP transcripts had potential upstream open reading frames in their 5’
UTRs. The majority of transcripts contained a single upstream open reading frame of four codons
in length (PAP-1, PAP-a, PAP-S2 4, PAP-S2g), while other transcripts contained longer ones (PAP-
ITa: 21 codons, 17 codons, 11 codons; PAP-IIg: 8 codons; PAP-S1: 25 codons).

Where possible, gene models were validated by sequenced RT-PCR and PCR products
from pokeweed total RNA and genomic DNA, respectively. As shown in Figure 18B, for each
gene-specific primer pair, the PCR product size was consistent with that expected from the gene
model for both cDNA and genomic DNA. The gene model of the putative novel isoform
(PHYAM 012451) is not indicated in Figure 18 because its 5° and 3° UTRs could not be
annotated; this discrepancy may be solved in the future by scaffolding with longer sequence reads.
Nonetheless, we report here the validated gene models of all published PAP isoforms and the
finding of a novel, conserved feature: a long intron within the 5> UTR.

To investigate if the 5° UTR intron affected PAP gene expression, we created GUS reporter
constructs containing the PAP-I proximal promoter (1262 bp) or minimal promoter (102 bp,
putative CAAT and TATA boxes only), either with or without the 5° UTR intron. A reporter
construct with the 35S CaMV promoter served as the positive control, and untransformed
Agrobacterium was the negative control. Agroinfiltration of the constructs into tobacco leaves and
subsequent GUS staining revealed that PAP-I promoter constructs with the intron had higher
expression than those without (Figure 18C). The effect of the intron was most evident for the 102
bp promoter, where presence of the intron increased the level of GUS substantially, relative to the
nearly undetectable level of staining without the intron. Based on this preliminary characterization,
we hypothesize that the 5> UTR intron, which is a conserved feature of PAP gene models, enhances

PAP gene expression.
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Identification of stress-responsive genes in pokeweed

To gain insight into the response of pokeweed to biotic and abiotic stresses, we identified
DEGs from genome-aligned RNA-Seq reads derived from several conditions. Pokeweed plants
were treated with JA, SA, PEG, or WND, with ET or WT plants serving as controls for JA/SA and
PEG/WND, respectively. EdgeR differential expression results and TPM-normalized expression
values of all genes are provided in Supplementary Data Sheets 4 and 5. Figure 19A shows a heat
map of normalized expression of the top DEGs (FDR < 0.001, FC > 4 in at least one pairwise
comparison). It total, 3,548 genes were differentially expressed at this threshold. The treatment-
specific distribution of DEGs (FDR < 0.05) is shown in Figure 19B. The number of DEGs per
treatment was as follows: SA (10,310), JA (9,088), PEG (1,549), WND (568); therefore, pokeweed
was most responsive to SA and JA, which both mediate pathogen defense, and much less
responsive to the abiotic stresses. Interestingly, 58 DEGs (1.6%) were common to all four
treatments, including two PAP isoforms (PAP-II and PAP-a). These common DEGs were
significantly enriched in the following GO terms (FDR < 0.05): ‘proline metabolic process’,
‘ornithine metabolic process’, and ‘putrescine biosynthetic process from arginine, using
agmatinase’. The term ‘rRNA N-glycosylase activity’ was also highly enriched (FDR = 0.28),
suggesting that PAP contributes to more widespread stress responses in pokeweed than previously
known. Furthermore, the finding that not all PAP isoforms were responsive to all treatments
suggests that isoform expression is differentially regulated.

To further investigate the unique expression profiles of PAP isoforms and their potential
roles in pokeweed, we identified gene clusters from the top DEGs described above. Using DEclust,
which extracts statistically significant gene clusters from multi-conditional transcriptome data, 36

clusters were defined (Supplementary Figure 3, Supplementary Data Sheet 6). Thirteen clusters
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Figure 19. Identification of stress-responsive genes in pokeweed. A) Heat map of
normalized expression values (log,(TPM + 1), median-centered) of the top
differentially expressed genes (DEGs; FDR < 0.001, FC > 4 in at least one pairwise
comparison). SA, JA, ET, WND, WT, and PEG denote salicylic acid, jasmonic acid,
ethanol, wounding, water, and polyethylene glycol treatments, respectively. For each
condition, four RNA-Seq libraries were prepared from three independent pokeweed
plants (i.e. n=4 pooled biological replicates). B) Treatment-specific distribution of
DEGs (FDR < 0.05). C) Gene clusters having significant functional enrichment. Top
DEGs (from A) were clustered with DEclust. For each cluster, the mean expression
profile was plotted as a blue line and the biological relevance of enriched GO terms
(FDR < 0.05) was summarized in red font.
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revealed significant GO term enrichment (FDR < 0.05). Figure 19C shows the expression profiles
of these functionally enriched clusters, and Table 15 provides the associated GO terms. Overall,
each cluster had a discrete and unified biological theme, indicating successful resolution of co-
expressed genes. We summarized the enriched GO terms per cluster into the following biological
themes: oxalate synthesis, lipid transport, photosynthesis, DNA replication, SA-mediated
signaling/defense, cell wall integrity, detoxification, JA-mediated signaling/defense, amino
acid/carbohydrate metabolism, cell cycle regulation, and oxidative stress response. Two PAP
isoforms (PAP-S1 and PAP-a) were present in Cluster 16, which was enriched in GO terms
comprising JA-associated responses including ‘regulation of jasmonic acid mediated signaling
pathway’, ‘response to wounding’, and ‘terpenoid biosynthetic process’. While Cluster 16
contained JA-upregulated genes, Cluster 20, which included the PAP-S2 isoform, consisted of JA
down-regulated genes enriched in the terms ‘fructose-bisphosphate aldolase activity’ and ‘amino
acid export’. Overall, these results provide an indication of how pokeweed responds to diverse

stresses and situate PAP within key defense pathways.

Differential regulation of PAP isoform expression

The individual expression profiles of PAP genes, including pseudogenes, are provided in
Figure 20A. PAP gene expression changes were also validated through qRT-PCR for all four
stress treatments (R? = 0.8807; Supplementary Figure 4). In addition to showing differences in
stress-induced expression change, the isoforms varied greatly in abundance. Among protein-
coding isoforms, average abundance in TPM across all samples ranged from 146 (PAP-a) to 9911

(PAP-I). PAP-I was the 24th most expressed gene in the plant under normal conditions (WT) and
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Table 15. Significantly enriched GO terms (FDR < 0.05) in pokeweed gene clusters.

Cluster Enriched Terms Cluster Enriched Terms
3 oxaloacetase activity e  plant-type secondary cell wall biogenesis
citramalate lyase activity e  lignin catabolic process
e  hydroquinone:oxygen oxidoreductase activity
e transferase activity, transferring e  oxidoreductase activity, oxidizing metal ions
4 acyl groups other than amino- e  proteinaceous extracellular matrix
acyl groups e cell wall
e apoplast
lipid transport e  xylan O-acetyltransferase activity
8 ¢ lipid binding e  cellulose synthase (UDP-forming) activity
e anchored component of 13 e  abscission
membrane e  copper ion binding
e  cellulose biosynthetic process
e rhamnogalacturonan I side chain metabolic
e chlorophyll binding process
e  photosystem I e  extracellular region
e  protein-chromophore linkage e  xylan biosynthetic process
e  pigment binding e  hydrolase activity, hydrolyzing O-glycosyl
9 e photosynthesis, light harvesting compounds
in photosystem I e  cell wall organization
e  plastoglobule e  cellulose synthase complex
e  response to light stimulus
chlorophyll biosynthetic 15 e glutathione transferase activity
process e  serine-type endopeptidase inhibitor activity
e terpenoid biosynthetic process
e  heme binding
e  ironion binding
* MCM complex e  response to wounding
* nucleosome L e  magnesium ion binding
. DNA' rephcathn 1n1‘tlat1.0n e metabolic process
¢ pro‘te'ln heterodimerization 16 e negative regulation of nucleic acid-templated
activity transcription
*  nucleosome assembly e  regulation of jasmonic acid mediated
11 o el cyc.le ) signaling pathway
* DNAbinding e  oxidoreductase activity, acting on paired
e THO complex donors, with incorporation or reduction of
e  single-stranded DNA 3'-5' molecular oxygen
exodeoxyribonuclease activity
e embryonic root morphogenesis 19 e extracellular region
s celldivision e  fructose-bisphosphate aldolase activit
DNA replication 20 e  amino acid Sxpolr)t !
. gz(t)it‘c:iltr; serine/threonine kinase e spindle microtubule
. e  cell division
e defense response to bacterium
e  respiratory chain 21 * chromocepter .
e  mitotic spindle assembly checkpoint
e  plasma membrane
e  NADH dehydrogenase
12 (ubiquinone) activity
e ATP synthesis coupled electron e  membrane lipid biosynthetic process
transport e regulation of response to reactive oxygen
e  ADP binding 33 species
¢ response to salicylic acid e  chloroplast membrane response to iron ion
e  signal transduction starvation
e  ATP binding
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A)
log,FC log,FC log,FC log,FC Avg. Expr.

Gene ID Isoform JA SA PEG WND (TPM) Cluster
PHYAM_020596 PAP-I 0.30 0.52 9911 6
PHYAM_028184 PAP-II 1834 17
PHYAM_021314 PAP-S1 886 16
PHYAM_010467 PAP-S2 495 20
PHYAM_022058 PAP-a 146 16
PHYAM_012451 Novel 1092 -
PHYAM_008178 Pseudogene - - - - 0 -
PHYAM_008179 Pseudogene - - - - 0 -
PHYAM_010465 Pseudogene - - - 57 17
PHYAM_010468 Pseudogene -0.40 0.09 -0.31 8 -

B) Cluster 6 (PAP-I) Cluster 16 (PAP-S1, PAP-a)
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Figure 20. PAP gene expression profiles. A) Expression changes of all PAP genes,
including pseudogenes, in response to pokeweed stress treatments. Green and red
indicate significant up- or down-regulation, respectively. The assigned cluster and
average abundance of each isoform are also shown. B) Expression profiles of PAP-
containing clusters. The profile of the relevant PAP isoform (red or black line) is
indicated, as well as the mean expression profile of all genes in the cluster (blue line).
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third most expressed upon JA treatment. As expected, only two of the four PAP pseudogenes
showed quantitative evidence of transcriptional expression, and their abundances (TPM = 57 and
8) were much less than those of protein-coding isoforms (average TPM = 2,394). Both transcribed
pseudogenes were JA-responsive, one of which (PHYAM 010465) was assigned to Cluster 17
with PAP-II (Figure 20B). Given that pseudogenes can regulate post-transcriptional expression of
functional parental genes, our finding that a PAP pseudogene is co-expressed with a PAP isoform
may indicate a novel mechanism by which PAP gene expression is controlled.

PAP-I and PAP-II, the two most abundant isoforms, were assigned to clusters that lacked
significant functional enrichment (Figure 20B). PAP-I was responsive to both JA and SA. It was
assigned to Cluster 6, which included only eight other genes, six of which had annotated homologs:
two transcription factors from the HD-ZIP homeobox family (HATS and ATHB-7), pathogenesis-
related protein STH-21, and the enzymes galactinol synthase 2, strigolactone esterase DAD2, and
1,4-dihydroxy-2-naphthoyl-CoA thioesterase. PAP-II, like PAP-a, was responsive to all stresses;
however, the two isoforms were assigned to different clusters (17 and 16, respectively). The mean
expression profiles of both clusters were similar, exhibiting a prominent peak with JA treatment.
Accordingly, Cluster 17 was enriched in the terms ‘response to wounding’ (FDR = 0.10) and
‘jasmonic acid biosynthetic process’ (FDR = 0.23). Assignment of PAP-II and PAP-a to different
clusters likely reflects differences in the intensity of their responses to JA (log2FC =3.24 and 4.87,
respectively) and SA (logoFC = 0.75 and 2.53, respectively). The putative novel isoform
(PHYAM 012451) was most unlike the others. It responded only to PEG, showing a small but
significant decrease in expression (log2FC = -0.72). Because this isoform was not among the top

DEGs, it was not included in the clustering analysis; future work will investigate treatments that
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induce its expression. Taken together, these results demonstrate that PAP isoforms have distinct

expression profiles, suggesting that they contribute to unique functions in pokeweed.

JA-responsiveness of the PAP-I promoter

Since PAP-I was highly up-regulated with JA (logoFC = 4.5), we hypothesized that the
PAP-I promoter contained CREs to mediate this response. PAP-I promoter fragments (ranging
from 1262 bp to 102 bp) were placed upstream of the GUS reporter gene and transiently expressed
in tobacco leaves through agroinfiltration (Figure 21A). Apart from those expressing 102::GUS,
all plants bearing the PAP-I promoter::GUS constructs showed higher GUS activity following JA
treatment, relative to controls without JA, as determined through GUS histochemical and
fluorometric assays (Figure 21B and 21C). Therefore, our results suggest that the region upstream
of the TSS (-296 to -103) is sufficient for the response of PAP-I to JA. As shown in Figure 21D,
bioinformatic annotation of CREs in this region revealed an element (T/GBOXPINAT?2) that binds
the master JA signalling regulator MYC (Boter et al., 2004). Additionally, binding sites for TFs of
the bHLH, bZIP, and MYB families were present. Specifically, MYB family members bind MYB
motifs, while members of bHLH and bZIP families bind the T/GBOXATPIN2 element. Given that
pokeweed homologs of several of these TFs were present in JA-associated Cluster 16 (bZIP2,
bZIP11,bHLH14, bHLH25, bHLH35, MYB15, MYB44, MYB62, MYB305), the annotated CREs

in this region likely contribute to JA-responsiveness of the PAP-I promoter.

Stress-associated CREs in the promoters of PAP isoforms
To gain further insight into the function of PAP isoforms, we extended our bioinformatic
annotation of CREs to include the proximal promoters of all protein-coding PAP genes, including

the putative alternate promoters of PAP-II and PAP-S2 (Table 16). All promoters contained TATA
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Figure 21. Legend on next page.
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Figure 21. Response of the PAP-I promoter to JA. A) Schematic illustration of
PAP-I promoter::GUS constructs. The PAP-I promoter was serially truncated from the
5’ end. +1 denotes the transcription start site (TSS). B) GUS histochemical assay in
tobacco leaves agroinfiltrated with PAP-I promoter::GUS constructs and treated with
either 0 mM (mock) or 5 mM JA. Untransformed (UT) Agrobacterium = negative
control. Three independent plants per construct were tested. C) GUS fluorometric
assay in tobacco leaves agroinfiltrated with PAP-I promoter::GUS constructs and
treated with either 0 mM (mock) or 5 mM JA. At least four independent plants per
constructs were tested. Error bars represent the standard error of the mean (SEM).
Comparisons between mock-treated and JA-treated samples were conducted for each
promoter construct using two-tailed t-tests, p < 0.01. “**’ = p < 0.01; “***’ =p <
0.001; ‘n.s.” = not significant. D) Stress-related CREs in a region (-296 to +1) of the
PAP-I promoter. Nucleotide position is indicated on the left, relative to the validated
TSS (+1). Sequences of stress-related CREs, along with the CAAT and TATA boxes,
are bolded and boxed. Green font indicates a known JA-associated element.
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Table 16. Putative stress-responsive cis-regulatory elements (CREs) in the PAP promoters.

CRE Motif Response Copy number in PAP promoter Reference
I m, I a S1 S2, S2,
ABRELATERDI1 ACGTG ABA; 2 1 3 1 - 1 2 (Simpson et
Dehydration al., 2003)
ABREMOTIFAO TACGTGTC ABA - 1 - - - - - (Hobo et al.,
SOSEM 1999)
ABREOSRAB21 ACGTSSSC ABA 1 - - - - - - (Marcotte et
al., 1989)
ABRERATCAL  MACGYGB ABA; Ca”" 2 - 1 - - - - (Kaplan et
al., 2006)
ACGTATERDI ACGT Dehydration 6 2 4 4 - 2 14 (Simpson et
al., 2003)
ANAEROICONS  AAACAAA Low oxygen 1 2 1 1 - 1 2 (Mohanty et
ENSUS al., 2005)
ANAERO2CONS AGCAGC Low oxygen - - 2 - - - - (Mohanty et
ENSUS al., 2005)
BIHD10S TGTCA Disease 1 2 4 6 5 4 6 (Luo et al.,
2005)
CACGTGMOTIF CACGTG Defense-related - - 2 - - - - (Gu et al.,
2002)
CAREOSREP1 CAACTC GA 2 1 1 1 1 1 - (Sutoh and
Yamauchi,
2003)
CCAATBOX1 CCAAT Heat stress 4 6 2 - 1 - 2 (Rieping
and Schoffl,
1992)
DPBFCOREDCD  ACACNNG ABA - 2 1 - 2 0 1 (Kim et al.,
C3 1997)
DRE2COREZMR ACCGAC ABA,; - 2 - - 1 1 - (Kizis and
AB17 Dehydration Pages,
2002)
DRECRTCOREA RCCGAC Cold; - 3 - - 1 1 - (Dubouzet
T Dehydration; etal., 2003)
High salt
EBOXBNNAPA CANNTG Cold 6 12 8 8 2 6 12 (Agarwal et
al., 2006)
ELRECOREPCR TTGACC Pathogen; SA; - - 2 - - - - (Laloi et al.,
P1 Wounding 2004)
GADOWNAT ACGTGTC GA - 1 - - - - - (Ogawa et
al., 2003)
GARE10OSREP1 TAACAGA GA - - 1 1 - - - (Sutoh and
Yamauchi,
2003)
GARE20SREP1 TAACGTA GA - - - - - - 2 (Sutoh and
Yamauchi,
2003)
GAREAT TAACAAR GA 2 1 1 2 2 2 - (Ogawa et
al., 2003)
GT1CONSENSU GRWAAW  Light-inducible; 17 16 16 12 13 14 14 (Buchel et
S SA al., 1999)
GTIGMSCAM4 GAAAAA Pathogen; High 6 6 5 3 4 5 2 (Park et al.,
salt 2004)
LTRE1IHVBLT49 CCGAAA Cold 1 1 - - - - 1 (Alison
Dunn et al.,
1998)
LTRECOREATC CCGAC Cold; 1 6 1 - 2 2 - (Kim et al.,
OR15 Dehydration 2002)
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MYBIAT

CANNTG

ABA,;
Dehydration

(Abe et al.,
2003)

MYBILEPR

GTTAGTT

Defense-related

(Chakravart
hy et al.,
2003)

MYB2CONSENS
USAT

YAACKG

ABA,;
Dehydration

(Abe et al.,
2003)

MYBCORE

CNGTTR

ABA;
Dehydration

(Abe et al.,
2003)

MYBGAHV

TAACAAA

GA

(Gubler et
al., 1995)

MYCATERDI1

CATGTG

Dehydration

(Simpson et
al., 2003)

MYCATRD22

CACATG

Dehydration

(Simpson et
al., 2003)

PREATPRODH

ACTCAT

Hypoosmolarity

(Satoh et al.,
2004)

PYRIMIDINEBO
XHVEPB1

TTTTTTCC

ABA; GA

(Cercos et
al., 1999)

PYRIMIDINEBO
XOSRAMY1A

CCTTTT

Sugar
repression; GA

(Mena et al.,
2002)

RYREPEATBNN
APA

CATGCA

ABA

(Ezcurra et
al., 1999)

SURECOREATS
ULTRI11

GAGAC

Sulphur

(Maruyama-
Nakashita et
al., 2005)

T/GBOXATPIN2

AACGTG

JA

(Boter et al.,
2004)

WBOXATNPR1

TTGAC

SA

(Yuetal.,
2001)

WBOXNTCHN4
8

CTGACY

Defense-related

(Yamamoto
et al., 2004)

WBOXNTERF3

TGACY

Wounding

(Nishiuchi
et al., 2004)
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boxes -35 to -25 bp upstream of the putative TSS, consistent with other eukaryotic promoters. We
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, GT1ICONSENSUS, MYBIAT, and WBOXATNPRI1), most elements
differed in abundance and distribution. For instance, most ABRE motifs were absent in the PAP-
a, PAP-S1, and PAP-S24 promoters, while T/GBOXATPIN2 was only present in PAP-I, PAP-q,
and PAP-S2g. Other elements were unique to a single promoter, such as ELRECOREPCRP1
(PAP-1Ig), GADOWNAT (PAP-IIa), and WBOXNTCHN48 (PAP-IIg). 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. Therefore, stimuli-dependent promoter selection in these two isoforms may
lead to the transcription of distinct populations of mRNAs differing only in their 5° UTRs. Overall,
differences in the abundance and distribution of CREs in PAP promoters suggest that the isoforms
have distinct roles and that control of expression can be fine-tuned by isoforms with more than

one promoter.

4.5 Discussion

Here, we have presented the first de novo assembled draft genome of pokeweed and an
annotation of protein-coding genes. We also identified clusters of co-expressed genes by
integrating RNA-Seq data from several pokeweed stress treatments. We found that PAP isoforms
localized to multiple clusters, with some isoforms clustering together, and functional enrichment
analysis suggested distinct biological relevance of isoforms. Validation of PAP gene models led

to the discovery of a long intron within the 5> UTR. The sequence of the intron varied for each
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isoform, but its presence was consistent. For PAP-I, the intron enhanced gene expression of
promoter reporter constructs in tobacco. Finally, we confirmed JA-responsiveness of the PAP-I
promoter in tobacco and identified a region that mediates this response. This region, as well as the

proximal promoters of all PAP isoforms, contained CREs associated with stress.

Evaluation of assembly and annotation metrics of the pokeweed genome

The pokeweed genome was sequenced exclusively as paired-end reads from a single short-
insert library (83X coverage), and the resulting de novo assembly accounted for 74% of the
expected size. We estimated the genome of pokeweed to be 1.3 Gb, in agreement with the
previously reported value of 1.5 Gb obtained by Feulgen microdensitometry (Bennett, 2000).
However, the assembly was highly fragmented (~850,000 total scaffolds, with 70,834 scaffolds >
1 Kb; N50 = 42.5 Kb). Available plant genomes have N50 values ranging from 10° to 10% bp
(Veeckman et al., 2016). Nevertheless, the contiguity of the pokeweed genome assembly is
comparable to other de novo assembled genomes derived from paired-end sequencing of short-
insert libraries (Polashock et al., 2014; Van Hoeck et al., 2015). An assembly can also be highly
complete but fragmented, as seen for a petunia species whose assembly accounted for 93% of the
expected 1.1 Gb genome but had an N50 value of 17.9 Kb (Zhuang and Tripp, 2017). We
acknowledge that more advanced sequencing would improve our genome assembly, however the
main goal of our draft genome was to identify PAP genes and their proximal promoters.

Annotation metrics indicate that our assembly sufficiently captured the protein-coding
gene content of pokeweed. BUSCO completion scores for the genome assembly and gene set were
84% and 76%, respectively. Since the CoreGF score of the gene set was high (98%), and this

metric is less stringent in terms of species conservation (Veeckman et al., 2016), we attribute
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missing BUSCOs more so to the divergence of pokeweed from model plants than incomplete
assembly. Indeed, BUSCO scores are known to reflect both assembly contiguity and evolutionary
history of the species under study (Simao et al., 2015). Furthermore, a similar BUSCO genome
completion score (77%) was obtained for a non-model plant, a seagrass species, whose assembly
metrics were similar to pokeweed: 71% assembled and N50 =36.7 Kb (Lee et al., 2016). Pokeweed
annotation metrics are also consistent with standards set by MAKER developers (Campbell et al.,
2014a), who consider a genome to be well-annotated if 90% of its annotations have an AED less
than 0.5 and over 50% of its proteome contains a recognizable protein domain. Furthermore,
annotation of a plant genome with MAKER 1is expected to identify at least 20,000-40,000 genes.
The pokeweed gene set meets these criteria: ~30,000 genes, 99% of which have an AED less than

0.5, and 73% of the proteome contains a Pfam domain.

Relevance of pokeweed-specific orthogroups in plant defense

Pokeweed-specific orthogroups were enriched in the GO terms ‘far-red light signaling
pathway’ and ‘negative regulation of defense response’, with the involved genes annotated as
isoforms of FAR1-Related Sequence and CPR30, respectively. FARI1 is a TF involved in a variety
of processes relating to growth and development, including light signal transduction, circadian
clock and flowering time regulation, chlorophyll biosynthesis, starch synthesis, and ABA
responses (Ma and Li, 2018). FARI1, together with the light-signalling factor Far-Red Elongated
Hypocotyl 3 (FHY?3), regulates plant defense by integrating chlorophyll biosynthesis and SA
signalling in Arabidopsis (Wang et al., 2016). The F-box protein CPR30 also modulates defense
in Arabidopsis (Gou et al., 2009). Plants deficient in CPR30 showed resistance to pathogen

infection and induction of defense-related gene expression. Despite the dependence of both FAR1



129

and CPR30 on SA in Arabidopsis, we did not identify any significant changes in expression of
these genes in any of the pokeweed stress treatments. This may reflect the fact that our stress
treatments were short-term on wild-type plants and did not simulate a mutant condition.
Specifically, both cpr30 and fhy3 farl plants had dwarf phenotypes, indicative of disruption to
wider pathways of growth and development. Our identification of pokeweed-specific orthogroups
enables future comparison with the agricultural crop plants used in our analysis, to identify defense

strategies unique to pokeweed.

Annotation of PAP isoforms in pokeweed

Through PAP isoform annotation, we confirmed the existence of the following previously
identified isoforms: PAP-I (Irvin, 1975), PAP-II (Irvin et al., 1980), PAP-S1 (Honjo et al., 2002),
PAP-S2 (Honjo et al., 2002), and PAP-a (Kataoka et al., 1992). We did not find evidence for PAP-
H (Park et al., 2002), PAP-C (Barbieri et al., 1989), PAP-R (Bolognesi et al., 1990), or PAP-III
(Rajamohan et al., 1999) in the scaffold assembly. However, a sequence having high identity
(95%) and coverage (97%) with the cDNA clone of PAP-H was identified in the edge assembly
through BLAST-N. Therefore, a gene for PAP-H likely exists in pokeweed, but it was excluded
from the scaffold assembly since it was lower in coverage than an alternative path through that
region. PAP-H, with 67% identity to PAP-I at the protein level, was purified from Agrobacterium
rhizogenes-transformed hairy roots of pokeweed (Park et al., 2002). It is secreted as part of the
root exudates and hypothesized to contribute to the inhibition of soil-borne microbe infection. We
did not find evidence for PAP-C or PAP-R, which were originally purified from pokeweed cell
cultures and roots, respectively. Both PAP-C and PAP-R have N-terminal sequences that are

identical to PAP-I; additionally, the three isoforms are highly similar in terms of amino acid
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composition, molecular weight (~29 kDa), and pl value (~9.5) (Barbieri et al., 1989; Bolognesi et
al., 1990). Based on a lack of genomic support and high biochemical similarity, we suggest that
reports of PAP-C, PAP-R, and PAP-I refer to the same isoform. Minor differences in biochemical
properties could be explained by experimental variability, different post-translational
modifications, or allelic diversity that cannot be resolved through de novo assembly. Finally, we
did not identify genomic evidence in support of PAP-III, originally purified from late summer
leaves. Through BLAST-P, we determined that the sequence of PAP-II, from early summer leaves,
is 95% identical to the sequence of PAP-III at the protein level. Mismatches in the alignment
resulted from ambiguous nucleotides (x) in the PAP-III sequence, owing to lysine methylation that
enabled protein crystallization in the original report (Kurinov and Uckun, 2003). Therefore, PAP-
IT and PAP-III have the same amino acid sequence. It is curious that the two proteins have different
levels of antiviral activity and separate as distinct peaks in ion-exchange chromatography
(Rajamohan et al., 1999). We hypothesize that differences in PAP-II and PAP-III arise from post-
translational modifications that affect enzymatic activity. Further support for this idea comes from
the finding that a rare form of N-glycosylation exists in PAP seed isoforms, and this modification

is thought to contribute to their high cytotoxicity (Hogg et al., 2015; Islam et al., 1991).

Integration of abiotic and biotic stress responses in pokeweed

Clustering analysis enabled the identification of genes sharing a similar expression profile.
We identified 36 gene clusters, 13 of which showed significant functional enrichment. While
clusters associated with SA or JA were expected since these hormones have well-established roles
in plant defense, we focus here on clusters revealing potential cross-talk of key biotic and abiotic

stress responses in pokeweed.
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The ‘cell wall integrity’ cluster included several enzymes involved in the synthesis of
cellulose and lignin, which are critical components of the cell wall. Lignin creates a physical
barrier against pathogens and makes plant cells more difficult for insect herbivores to penetrate
and digest (Liu et al., 2018). Multiple laccases, enzymes required for lignin polymerization, were
present in this cluster. A laccase was shown to mediate broad-spectrum pathogen resistance in
cotton by integrating the phenylpropanoid pathway, JA biosynthesis, and balance of JA-SA
defense responses (Hu et al., 2018). In pokeweed, an increase in laccase activity during Mn
treatment is thought to contribute to heavy metal tolerance by reducing the level of toxic reactive
oxygen species (Gao et al., 2012). Also present in this cluster were fasciclin-like arabinogalactan
proteins (FLAs). These are cell surface adhesion proteins that enable cell expansion during salt
stress (Shi, 2003). Consistent with their presence, the cluster expression profile showed down-
regulation with PEG, indicating sensitivity to osmotic changes. Finally, the inclusion of Defective
in Induced Resistance 1 (DIR1) in this cluster, an essential signalling component of systemic
acquired resistance (Champigny et al., 2013; Maldonado et al., 2002), provides further indication
of integrated biotic and abiotic stress responses in pokeweed.

In the ‘lipid transport’ cluster, we identified several genes encoding non-specific lipid
transfer proteins (LTPs). These are small, basic, cysteine-rich proteins that localize to the apoplast
and transport various lipids. LTPs are involved in the synthesis of lipid barrier polymers, such as
cuticular wax, and their expression is induced by abiotic stress (Salminen et al., 2016). LTPs also
appear to have a role in JA signalling. In barley, JA biosynthesis enzymes were found to produce
a covalent adduct consisting of an LTP and reactive oxylipin (Bakan et al., 2006). Furthermore,
exogenous application of an LTP-JA complex to grapevine produced a higher antifungal response

than either component individually (Girault et al., 2008). This gene cluster had a relatively flat
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expression profile apart from a spike at wounding treatment, perhaps reflecting involvement of
LTPs in specific activation of the wound-response branch of JA signalling (Wasternack and Song,
2017).

The ‘oxalate synthesis’ cluster included multiple genes encoding Petal Death Protein
(PDP). PDP is an isocitrate lyase in senescent flower petals that catalyzes the conversion of
oxaloacetate to acetate and oxalate (Lu et al., 2005). In Medicago truncatula, calcium oxalate plays
a role in defense against chewing insects, with a clear feeding preference observed for plants
defective in calcium oxalate production (Korth, 2006). Authors also found that calcium oxalate
crystals were abrasive to insects during feeding and interfered with digestion. Oxalate, as oxalic
acid, is used to chelate and detoxify heavy metals in plants (Yang et al., 2005). Notably, pokeweed
has an intrinsically high oxalate content that is sufficient for chelating Mn at high concentrations
(Dou et al., 2009). In this gene cluster, we also identified a heavy metal-associated isoprenylated
plant protein. These metallochaperones have a known role in cadmium detoxification (Tehseen et
al., 2010). With pathogen resistance and heavy metal tolerance being the most cited applications
of pokeweed, our results provide insight into genes that may mediate cross-talk between these

important activities.

Biological relevance of PAP in pokeweed

Our identification of genes co-expressed with different PAP isoforms provides a
foundation for exploring their regulation in the plant and biological relevance. Two PAP-
containing clusters (16 and 20) revealed significant GO term functional enrichment. Cluster 20,
which contained PAP-S2 and showed down-regulation with JA, was enriched in terms relating to

glycolysis and amino acid transport. The respective genes were annotated as fructose-bisphosphate
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aldolases (FBAs) and WATI-related proteins. WATI is a vacuolar transporter that promotes
indole metabolism and transport in Arabidopsis (Denancé et al., 2013; Ranocha et al., 2010).
Indole is important in plant defense as a herbivore-induced volatile priming signal (Erb et al.,
2015) and precursor for secondary metabolites (Lee et al., 2015). This cluster was also enriched in
FBA genes, which function in glycolysis and gluconeogenesis. Co-enrichment of genes involved
in carbohydrate and indole metabolism in this cluster suggests recruitment of the shikimate
pathway, which provides a route to aromatic amino acid biosynthesis from chorismate
(Parthasarathy et al., 2018). Specifically, the glycolysis intermediate phosphoenol pyruvate is used
as input for the shikimate pathway, and indole is synthesized from tryptophan. FBA is also
involved in the Calvin cycle of photosynthesis. Interestingly, this cluster included genes encoding
pentatricopeptide repeat-containing (PPR) proteins that participate in RNA editing in the
chloroplast (PCMP-H61, PCMP-H51/CRR28), an activity required for accumulation of the NADH
dehydrogenase-like complex of the photosynthetic electron transport chain (Okuda et al., 2007,
2009). PPRs are a large family of sequence-specific RNA-binding proteins involved in multiple
aspects of RNA metabolism. Taken together, these results demonstrate PAP-S2 co-expression with
genes involved in key processes of carbohydrate and amino acid metabolism, including other
proteins that interact directly with RNA.

Cluster 16, which included PAP-S1 and PAP-q, contained JA-upregulated genes and had
corresponding GO enrichment in JA signalling and terpenoid biosynthesis. Like Cluster 20, this
cluster also indicated PAP co-expression with genes involved in metabolism, specifically with the
presence of BZIP11, a sucrose-regulated transcription factor that controls amino acid and
carbohydrate metabolism and is integrated with a wider plant growth regulatory network (Hanson

et al., 2008; Ma et al., 2011). Another gene in this cluster, annotated as Enhanced Downy Mildew
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2 (EDM2), is an interesting candidate that links regulation of genes with long introns and pathogen
defense, both of which are relevant to PAP. EDM2 is a chromatin regulator that promotes normal
3’ distal polyadenylation of transcripts from genes containing intronic heterochromatin, the latter
arising from methylated transposons or repeats associated with long introns (Duan et al., 2017; Lei
etal., 2013). EDM2 is also required for pathogen resistance in Arabidopsis by regulating transcript
accumulation of an NB-LRR disease resistance (R) gene (Eulgem et al., 2007).

Clusters 6 and 17, which contained PAP-I and PAP-II, respectively, did not have
significant functional enrichment (FDR < 0.05). However, assignment of these isoforms to
independent clusters reinforces their distinct regulation in the plant. The PAP-II cluster contained
92 genes and was enriched in the GO terms ‘wounding’ (FDR = 0.10) and ‘JA biosynthetic
process’ (FDR = 0.23). 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). Other genes in the PAP-
I cluster support an integration with plant growth responses. This includes DAD2, an esterase that
mediates strigolactone signaling (Hamiaux et al., 2012). Strigolactone is a hormone involved in
branching and symbiotic interactions with soil microbes (Marzec, 2016). Also present is a gene
annotated as DHNATI, encoding an enzyme (1,4-dihydroxy-2-naphthoyl-CoA thioesterase 1)
involved in the synthesis of phylloquinone (Widhalm et al., 2012). Phylloquinone is required for
Photosystem 1 stability (Wang et al., 2017) and is synthesized from chorismate, the final product
of the shikimate pathway described above. These findings support the idea that PAP expression
regulation is tied to the broader metabolic state of the plant. Specifically, our results indicate co-
expression of PAP isoforms with genes involved in amino acid and carbohydrate metabolism,

suggesting a link to wider nutrient-sensing networks. Therefore, the ribosome-inactivating activity
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of PAP may contribute to and/or be affected by large-scale reprogramming in response to plant
stress. This hypothesis is strengthened given the direct antiviral activity of PAP, which could

potentially mediate a trade-off between plant growth and defense in pokeweed.

Mechanisms of gene expression regulation by leader introns

Investigation of PAP gene models led to the discovery of a long intron in the 5° UTR of all
PAP isoforms. The sequence of the intron was different for each isoform, but its presence was
conserved. We also provided evidence to support a functional role for the intron, as the PAP-I
intron enhanced reporter gene expression in tobacco. Introns can influence gene expression in both
plants and animals, particularly leader introns (Laxa, 2017; Shaul, 2017). The precise mechanism
of intron-mediated enhancement is not known, but hypotheses at both the transcriptional and
translational levels have been proposed. Leader introns may enhance transcription by creating a
favourable zone for transcription initiation; that is, a region: 1) devoid of nucleosomes, i1) marked
by activating histone modifications, or iii) associated with a factor that recruits transcriptional
machinery (Gallegos and Rose, 2015). Additionally, splicing signals in the leader intron may affect
mRNA processing, export, or decay, thereby affecting translation (Gallegos and Rose, 2015; Laxa,
2017). In contrast to intron-mediated enhancement, which requires the intron to be in its native
orientation and position, a leader intron may act in other ways to enhance expression. For example,
the intron may function as a classical enhancer by containing CREs (Kim et al., 2006) or as an
alternate promoter (Morello et al., 2002, 2006; Qi et al., 2007).

Our preliminary characterization allowed us to conclude that the PAP-I leader intron
enhanced expression. Interestingly, we observed that enhancement was greater when the intron

was paired with the minimal PAP-I promoter than with the proximal promoter. There may be a
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limit to intron-associated enhancement of gene expression, particularly for promoters that drive
high expression on their own. For example, when paired with its native weak promoter, the leader
intron of Arabidopsis AtMHX increased expression by 270-fold, compared to 3-fold with the strong
CaMV 35S promoter (Akua et al., 2010). Alternatively, the enhancement provided by an intron
may simply be more detectable in the presence of a weak promoter. Future work will investigate

the mechanism by which the leader intron enhances PAP expression.

Transcriptional control of PAP isoform expression

The promoters of all PAP isoforms contained CREs associated with diverse abiotic and
biotic stresses, suggesting that PAP is broadly implicated in plant defense. Since PAP genes were
most responsive to JA in our study, we aimed to identify CREs that could mediate this response.
Promoter truncation constructs of PAP-I revealed that a region close to the TSS (-296 to -103) was
sufficient for JA-responsiveness. This result agrees with a previous finding that CREs closer to the
TSS tend to have a greater influence on transcription (Zou et al., 2011). The -296 to -103 region
of PAP-I contains binding motifs for transcription factors from bHLH, bZIP, and MYB families,
which were found to be overrepresented in JA-responsive promoters (Hickman et al., 2017).
Additionally, this region contains a T/GBOXATPIN2 element, which binds the master JA
signalling regulator MYC (Boter et al., 2004). Mutation of this element abolished JA-
responsiveness of genes in tomato, Arabidopsis, and barley (Boter et al., 2004; Rouster et al.,
1997).

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-S1, which was

most JA-responsive. The lack of this element in some promoters of JA-responsive isoforms may
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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 we identified several that were up-
regulated with JA in pokeweed (homologs of WRKY3, WRKY4, WRKY22, WRKY23,
WRKY?24, WRKY33, WRKY40, WRKY41, WRKY49, WRKY70, and WRKY75). Combined
with the knowledge that synergistic activation of gene expression can occur in the presence of both
SA and JA (Mur, 2005), we hypothesize that W-boxes in the promoters of PAP isoforms contribute
to their JA-responsiveness. Although the promoter of PAP-S2 contained several W-boxes, PAP-
S2 expression decreased slightly but significantly with JA and was unresponsive to other
treatments. It is possible that PAP-S2 has a different temporal expression profile than the other
isoforms and is more responsive outside of the 24h time-point we investigated. Consistent with
this hypothesis, an RNA-Seq time-course of the JA response in Arabidopsis revealed diverse
expression patterns over the first 16h following treatment, including distinct early and late
responses (Hickman et al., 2017). In addition to CREs associated with JA, we identified CREs
associated with the hormones SA, ABA, and GA. JA and SA have well-established roles in plant
defense 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 (Verma et al., 2016). Importantly, we identified differences in the CREs of PAP
promoters, suggesting that the isoforms mediate individual responses to hormones.

The draft genome of pokeweed has provided new information on how PAP expression is
controlled. The presence of diverse stress-responsive CREs in the promoters of PAP genes,

combined with their distinct expression profiles, provides a foundation to examine the role of PAP
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isoforms in pokeweed. One-fifth of land plants synthesize RIPs, and these genes are often up-
regulated during stress. Our study contributes to the growing body of evidence illuminating RIPs

as important components of plant response to environmental change.
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CHAPTER §:

Discussion and future directions
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5.1 Generation of novel bioinformatic resources for pokeweed

By reporting the pokeweed miRNA transcriptome, mRNA transcriptome, and assembled
genome, we have produced the first large-scale sequence resources for a representative member of
the Phytolaccaceae plant family. Other genomes of plants that express RIPs have been sequenced,
but only a few studies have described RIPs at the genomic level. These include castor bean (Chan
et al., 2010), rice (Jiang et al., 2008; Wytynck et al., 2017), bitter gourd (Urasaki et al., 2017), and
physic nut (Wu et al., 2015). To the best of our knowledge, we are the only group to apply RNA-
seq methods to investigate RIP expression and to identify a small RNA that post-transcriptionally
targets a RIP mRNA. Study of pokeweed has primarily been limited to its synthesis of PAP and a
handful of other products with biomedical relevance. However, given the broad tolerance of this
plant to environmental stress, in its resistance to both pathogens and heavy metal toxicity, we
anticipate that our bioinformatic resources will aid discovery of other important genes. PAP has
never been knocked out in pokeweed, so it remains unknown whether its endogenous expression
is essential for pathogen resistance. It is also unknown whether PAP interacts with other defense
proteins in pokeweed. Therefore, the relevance of pokeweed extends beyond PAP.

To this end, sequence comparisons have revealed that pokeweed is distinct relative to other
plants for which information is available. In Neller et al. (2016), de novo assembly of the pokeweed
mRNA transcriptome from leaf tissue treated with or without JA identified 89,682 pokeweed
transcripts (expression > 1 FPKM). Only 38% of these were annotated as proteins through
BLASTx homology searches, and of 434 JA-responsive transcripts detected in only JA-treated
samples, 16% could be annotated by BLASTx. We noted that a fraction of these non-protein
coding mRNA transcripts could represent miRNA precursors. However, in Neller et al. (2018),

using paired small RNA samples isolated from the same plants as in Neller et al. (2016), we
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predicted only 582 miRNAs from pokeweed leaf tissue. Of these, 24 had been previously identified
(i.e. conserved) in other plants, and 2 of 145 JA-responsive miRNAs were conserved. In Neller et
al. (2019), we annotated 29,773 de novo assembled genes using the pokeweed transcriptome and
proteomes from available Caryophyllales. Although 73% of genes contained a conserved protein
domain, only 64% had significant hits in the SwissProt database. Furthermore, orthogroup analysis
revealed that eighteen orthogroups (116 genes) were pokeweed-specific relative to the other
Caryophyllales used for annotation. Taken together, analysis at both transcriptomic and genomic

levels indicates that pokeweed encodes novel sequences.

5.2 Insight into stress responses in pokeweed

To gain insight into pokeweed stress tolerance, we focussed mainly on the effect of JA.
This plant hormone is associated with defense against insects, viruses, and necrotrophic pathogens
(Carr et al., 2019; Wasternack and Feussner, 2017). It also mediates tolerance to abiotic stresses,
including heavy metal toxicity (Foroughi et al., 2014; Singh and Shah, 2014; Yan et al., 2013).
Therefore, JA is likely to play a role in coordinating agriculturally relevant traits in pokeweed. In
Neller et al. (2016), JA-induced transcripts were highly enriched in genes involved in stress and
defense responses. Among the most upregulated transcripts were those annotated as intracellular
ribonuclease LX, bark storage protein A, and defensin-like protein. The former two genes have
previously been associated with nutrient recycling in senescent plants (Coleman et al., 1991; Lers
et al., 2006). We also determined that JA-responsive pairs of natural antisense transcripts (NATSs)
were enriched in nitrogen assimilation. These results suggest that pokeweed responds to JA in part
by allocating resources toward nutrient mobilization. In Neller et al. (2018), we investigated

miRNA control of the JA response in pokeweed. JA-responsive miRNA/target pairs were
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associated with JA biosynthesis and signalling, as well as pathways involving SA, ABA, and
classic growth hormones (auxin, cytokinin). These genes may represent key points of integration
to balance abiotic and biotic stress responses, as well as wider modulation of plant growth versus
defense.

In Neller et al. (2019), we extended our investigation to include additional treatments,
namely SA, PEG, and wounding. Based on the number of DEGs per treatment, pokeweed was
most responsive to SA and JA, both of which mediate pathogen defense. Fewer DEGs were
observed in response to abiotic stress treatments. Through co-expression analysis of the top DEGs,
we identified significant clusters enriched in the following biological themes: oxalate synthesis,
lipid transport, photosynthesis, DNA replication, SA-mediated signaling/defense, cell wall
integrity, detoxification, JA-mediated signaling/defense, amino acid/carbohydrate metabolism,
cell cycle regulation, and oxidative stress response. Recently, Chen et al. (2017) de novo
assembled the pokeweed transcriptome from plants treated with or without cadmium. Although
experimental variability was not addressed given the absence of RNA-seq replicates, authors
reported DEGs and their pathway assignments. Of all pathways, photosynthesis was most
enriched, with all 24 associated DEGs downregulated by cadmium treatment. These results
reinforce the hypothesis that regulation of growth/defense balance is important for pokeweed stress

tolerance.
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5.3 Clarification of PAP isoforms and the broader role of PAP in pokeweed

In Neller et al. (2016), six de novo assembled transcripts were annotated as RIPs through
BLASTx and protein domain searches. PAP-I and PAP-II coding regions were correct and
complete, while partial transcripts of PAP-a and PAP-S were obtained. We reported a potentially
novel PAP isoform, a transcript with 40% identity to PAP-a and 86% coverage, which we
successfully cloned from pokeweed cDNA. We noted that another transcript, with 81% identity to
PAP-Iand 38% coverage, could represent an assembly artifact. Our results disagreed with previous
reports of two PAP seed isoforms, and we did not identify PAP-R or PAP-IIIl. However, we
acknowledged that these discrepancies could arise from limiting our study to leaf tissue of young
plants.

Through de novo assembly of the pokeweed genome in Neller et al. (2019), we further
resolved the annotation of PAP isoforms. The genome was annotated using mixed-tissue pokeweed
RNA-seq data (assembled via de novo and genome-guided approaches) and proteomes of RIP-
containing Caryophylalles species. We reported genes of PAP-1, PAP-II, PAP-S1, PAP-S2, PAP-
a, and a gene encoding the putative novel isoform described in Neller et al (2016). Evidence for
PAP-H was seen in the edge assembly, but we found no evidence of additional isoforms, namely
PAP-C, PAP-R, or PAP-IIL This prompted a detailed literature review, which revealed that PAP-
C, PAP-R, and PAP-I had identical N-terminal sequences and highly similar biochemical
properties. Therefore, we suggested that reports of PAP-C and PAP-R referred to the same isoform.
Curiously, the reported amino acid sequence of PAP-III was identical to that of PAP-IL
Considering that PAP-II and PAP-III have different levels of antiviral activity and can be separated
through chromatography (Rajamohan et al., 1999), we suggested that they represented post-

translational modifications of the same isoform.



144

Moving from transcriptome- to genome-level analysis afforded greater insight into PAP
seed isoforms. While we reported only PAP-S in Neller et al. (2016), our results supported two
distinct seed isoforms in Neller et al. (2019). A gene with 77% identity to its best hit (PAP-I) was
indeed PAP-S2, having 99% identity to the genomic clone sequence from Honjo et al. (2002). This
gene is distinct from the presumed assembly artifact described in Neller et al. (2016), which has
only 75% identity to published PAP-S2 (data not shown). We also observed that the seed isoforms
had distinct responses to JA: PAP-S1 was most JA-induced of all isoforms, as observed previously,
while PAP-S2, unlike all other PAP isoforms, was downregulated with JA. The seed isoforms were
validated to be distinct through sequenced PCR products from gDNA and cDNA, but limitations
of gPCR primer design allowed validation of differential expression only for PAP-S1. Therefore,
RNA-seq analysis in Neller et al. (2019) appears to have teased apart expression dynamics
undetectable through standard wet-lab methods. However, the situation is likely more complicated
than we currently appreciate, given that PAP-S2 has two different transcription start sites, which
we hypothesized in Neller et al (2019) to arise from alternate promoters.

In Neller et al. (2019), we gained insight into the relevance of distinct PAP isoforms by
clustering the top DEGs based on their gene expression profiles. Two PAP-containing clusters
were significantly enriched in GO terms. These clusters contained PAP-S2 and PAP-S1/PAP-q,
which were associated with carbohydrate and amino acid metabolism, and JA signalling and
terpenoid biosynthesis, respectively. The PAP-II cluster was most enriched in genes related to
wounding response and JA biosynthesis. Curiously, the PAP-I cluster contained only nine genes,
many of which were previously associated with plant growth responses. In Neller et al. (2019), we
proposed that regulation of PAP expression in pokeweed is tied to the broader metabolic state of

the plant. This regulation may be rooted in the shikimate pathway, which produces aromatic amino
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acids from glycolysis intermediates, the former serving as precursors for important growth and
defense compounds. We hypothesized that PAP, through its RIP activity, mediates a trade-off
between plant growth and defense in pokeweed.

Further support for a link between PAP, JA signalling, and plant growth comes from
previous studies in which non-toxic PAP mutants were stably expressed in non-heterologous
plants. A PAP-I mutant (PAPn) lacking the ability to bind ribosomes and depurinate rRNA, but
which maintained an intact active site, conferred resistance to viral and fungal infection in tobacco
(Zoubenko et al., 2000). Authors referred to this resistance as a ‘novel salicylic acid-independent
pathway’, associated with increased levels of basic PR proteins and wound-inducible protein
kinase in PAPn-expressing plants. Although JA levels were not measured, these are characteristic
markers of an active JA response. Further evidence comes from a report of transgenic Arabidopsis
plants expressing a different PAP-I mutant (PAPc) that is capable of binding ribosomes but not
depurinating them (Di and Tumer, 2015). Based on microarray analysis, expression of the JA
biosynthesis gene LOX3 was 4.6-fold higher in PAPc-expressing plants relative to wildtype
Arabidopsis. The most upregulated genes in PAPc plants (4.9 — 6.1-fold) were auxin-responsive,
with roles in auxin transport or auxin-induced transcription. Auxin, an indole derivative, is a classic
plant growth hormone that coordinates tissue growth and organ development (Mroue et al., 2018).
Recently, JA-mediated wound signalling was found to promote plant regeneration by increasing
expression of an auxin biosynthesis gene (Zhang et al., 2019). In Neller et al. (2019), we found
that the PAP-S2 cluster was significantly enriched in genes involved in indole transport and
metabolism. Not only do these transgenic studies link PAP to JA signalling and plant growth, the
use of PAP mutants reveals that this link is independent of ribosome depurination. Therefore, PAP-

associated pathway activation is likely related to depurination of cellular mRNA, as PAP-I can
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depurinate some capped RNAs (Hudak et al., 2000, 2002; Vivanco and Tumer, 2003). Curiously,
transgenic tobacco expressing an active site mutant of PAP-I (PAPX, i.e. no depurination activity)
also had enhanced levels of basic PRs (Zoubenko et al., 2000). This raises the intriguing possibility
that PAP has an additional activity or is interacting with other cellular factors.

It is clear that RIP isoforms in several plants have discrete temporal, spatial, and stress-
induced expression profiles (De Benito et al., 1998; Iglesias et al., 2008; Jiang et al., 2008; Kawade
and Masuda, 2009; Parente et al., 2008; Qin et al., 2010; Tartarini et al., 2010). The finding that
some RIPs are developmentally regulated and not stress-responsive supports the hypothesis of a
role in plant growth. For example, in Jatropha curcas, Curcin is endosperm-specific and regulated
temporally, while curcin-L is leaf-specific and induced by abiotic and biotic stresses; the antifungal
activity of curcin-L is also higher than that of curcin (Qin et al., 2010). This mirrors the case of
RIPs in spinach embryos, with transcriptional profiles of SoRIP1 and SoRIP2 consistent with
discrete roles in embryo development and defense (Kawade and Masuda, 2009). We showed in
Neller et al. (2019) that PAP isoforms had different responses to abiotic and biotic stresses and
were co-expressed with different genes. This work complements reported differences in their
temporal and tissue-related expression, summarized by Domashevskiy and Goss (2015), and in
their activities on different RNA templates (Honjo et al., 2002; Rajamohan et al., 1999). Our
identification of genes co-expressed with PAP isoforms provides a foundation to explore their

unique roles in pokeweed.
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5.4 Insight into PAP gene expression regulation

Heterologous expression of RIPs has been explored as a method to improve disease
resistance in plants. Transgenic tobacco plants expressing PAP-I were resistant to viral and fungal
pathogens; however, these plants displayed toxic phenotypes, such as stunted growth, mottled
leaves, and sterility, correlated with the level of PAP synthesis (Lodge et al. 1993). Authors
observed correct apoplastic localization of PAP in these plants, even though PAP was over-
expressed using a strong, constitutive promoter. The issue of host toxicity has been overcome in
some species using PAP mutants with reduced depurination ability (Dai et al., 2003; Zoubenko et
al., 1997, 2000) or PAP isoforms that are less enzymatically active (Wang et al., 1998). However,
these solutions do not utilize PAP to its full potential. More importantly, since unregulated toxicity
of PAP is not observed in pokeweed, these results suggest that heterologous systems lack
regulatory mechanisms to control PAP expression. Our work has provided insight into the
regulation of PAP expression in its native plant.

A high level of RIP expression is presumably beneficial for the plant at certain times, based
on their induced expression upon abiotic and biotic stress. In Neller et al. (2019), we identified
stress-associated cis-regulatory elements (CREs) in the promoters of all PAP isoforms, as well as
a promoter region of PAP-I required for induction by JA in tobacco. Therefore, regulation of PAP
expression in pokeweed likely occurs at the transcriptional level via binding of stress-induced
transcription factors. RIPs appear to be transcriptionally regulated in other plants, based on the
requirement of certain promoter regions for stress-induced expression (Qin et al., 2009) and
correlation of CREs with discrete isoform expression profiles (Kawade and Masuda, 2009). We
also reported that PAP isoform gene models contained a long intron in the 5> UTR, the presence

of which enhanced PAP-I promoter-reporter expression in tobacco (Neller et al., 2019). Current



148

work in our lab is exploring the mechanism by which this enhancement occurs. Leader introns
may increase RNA levels by promoting transcription initiation or increase protein levels by
affecting mRNA processing, export, or stability (Gallegos and Rose, 2015; Laxa, 2017). A leader
intron can also act as a classical enhancer (Kim et al., 2006) or alternate promoter (Morello et al.,
2002, 2006; Qi et al., 2007). Based on RNA-seq quantification at both the transcript level (Neller
et al., 2016) and gene level (Neller et al., 2019), we can conclude that PAP mRNA abundance
increases in response to pathogen-associated stress. This JA induction of PAP mRNA correlates
with an increase in PAP at the protein level (Klenov et al., 2015).

Owing to the toxicity of RIPs, we would expect that certain mechanisms exist to limit their
expression or enzymatic activity. Ideally, these would prevent RIP function when it is not required
and enable a finely tuned response upon induction. Significant evidence has accumulated for the
inhibition of RIPs at the protein level. RIPs are often sequestered from host ribosomes,
demonstrated by their extracellular or vacuolar localization (Carzaniga et al., 1994; Di Cola et al.,
1999; Ready et al., 1986; Yoshinari et al., 2009). RIPs in cereal plants are generally cytosolic;
therefore, they require processing prior to activation and tend to be inactive on conspecific
ribosomes (de Zaeytijd and Van Damme, 2017). In pokeweed, PAP dimerization in the cytosol is
thought to limit depurination of pokeweed ribosomes that could arise from retrotranslocation
(Tourlakis et al., 2010). However, little is known about how PAP expression, or that of RIPs in
general, is fine-tuned in a plant. In yeast, over-expression of PAP, but not an enzymatically inactive
mutant, specifically reduced the level of PAP mRNA (Parikh et al., 2002). Therefore, PAP may
depurinate its own mRNA in pokeweed. Preliminary evidence supports the possibility of RIP auto-
depurination in a native plant: ME1 purified from Mirabilis expansa depurinated ME1 mRNA in

vitro (Vepachedu et al., 2003). Authors hypothesized that auto-depurination could explain the
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curious observation of JA-induced expression of ME1 RNA without a corresponding increase in
MEI protein. That is, perhaps the transcript was present but unable to be translated because of
depurinated nucleotides. A discrepancy between the endogenous levels of RIP transcript and
protein was also observed in sugar beet (Iglesias et al., 2008). Beetin transcripts were present at
similar levels throughout plant development, but the protein was only synthesized in adult plants.
Furthermore, stress-induced expression of beetin, at both mRNA and protein levels, occurred only
in adult plants, confirming a developmentally controlled, post-transcriptional regulatory
mechanism.

Our work has provided insight into mechanisms by which PAP expression may be
regulated in pokeweed. Consistent with previous reports of post-transcriptional regulation of RIPs,
we demonstrated that PAP-I mRNA undergoes small RNA-mediated transcript cleavage in
pokeweed (Klenov et al., 2015). Since levels of the small RNA and PAP-I mRNA were positively
correlated in response to JA, this could represent a mechanism to limit the extent to which PAP-I
mRNA abundance can increase from transcription. This may reflect a broader regulatory dynamic
to limit induced expression of defense genes in pokeweed, as we found that approximately half of
JA-responsive miRNA/target pairs had positively correlated expression (Neller et al., 2018).
Additional findings at the transcriptome and genomic levels suggest further opportunities for PAP
expression regulation. In Neller et al. (2016), we reported NATs of PAP isoforms. As seen with
the levels of PAP-I mRNA/small RNA, expression of each isoform and its corresponding NAT
was positively correlated in response to JA. This introduces the possibility of a novel PAP
regulatory mechanism, given that NATs can modulate gene expression at various levels, including
transcription, small RNA interference, mRNA splicing, or RNA stability (Liu et al., 2015;

Rosikiewicz and Makatowska, 2016; Zhang et al., 2013b). In Neller et al. (2019), we identified
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PAP pseudogenes that were transcriptionally active and stress-responsive despite encoding
numerous stop codons. One pseudogene was assigned to the same cluster as a PAP isoform, i.e.
they were co-expressed. Like NATSs, pseudogenes can regulate expression of functional parental
genes through various mechanisms (Kovalenko and Patrushev, 2018). Both pseudogene transcripts
and NATs can generate double-stranded RNA through hybridization with the parental transcript,
which can lead to siRNAs that target the parental gene (Kovalenko and Patrushev, 2018; Zhang et
al., 2013b). Pseudogenes that produce a sense-oriented transcript can also act as a small RNA
‘sponge’ for the parental transcript (An et al., 2017). Given that we did not identify a miRNA
targeting PAP-I (Neller et al., 2018), the small RNA may have siRNA origins, perhaps derived
from a PAP NAT or pseudogene. Taken together, results from this project have elucidated novel
mechanisms by which PAP gene expression may be regulated in pokeweed, and these may extend

to other RIP-synthesizing plants.

5.5 Future Directions

We investigated transcript-level and gene-level differential expression in Neller et al.
(2016) and (2019), respectively. Using our current data, a logical extension to this analysis would
be an investigation of transcriptome complexity arising from processes such as alternative
transcription and alternative splicing. Recent studies have applied RNA-seq to investigate this
subject in plants (Song et al., 2019). Using computational tools, events arising from these
biological processes can be identified and classified. Subsequently, differential expression analysis
can be performed to identify cases of isoform switching. To bypass the error-prone process of
transcript assembly, recent approaches have adopted the use of long-read technology (An et al.,

2018). Long reads or mate-pair reads could also be applied to increase the contiguity of the current
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pokeweed genome assembly. In addition to improving its utility as a reference genome, this would
enable wider comparative studies across plants. One intriguing question is whether RIP-containing
gene clusters are conserved, and this could be addressed by investigating syntenic regions across
RIP-synthesizing plants.

In Neller et al. (2019), we showed that PAP isoforms had distinct gene expression profiles
in response to stress treatments and were co-expressed with different genes. To gain more insight
into the relevance of PAP isoforms in pokeweed, this analysis could be repeated with additional
stress treatments, tissues, and developmental time-points. Importantly, we have yet to identify a
condition under which the novel PAP isoform is induced, and its promoter is currently unknown
due to fragmentation of the genome assembly. To clarify the relevance of PAP isoforms, they can
be independently expressed in tobacco or Arabidopsis. Although this was conducted previously
for PAP-I and PAP-II, expression was under control of the 35S CaMV promoter (Lodge et al.,
1993; Wang et al., 1998). With availability of the endogenous promoter of each isoform, their
expression profiles could be determined in-planta via stable integration of promoter-reporter
constructs. Using a reporter gene would avoid previously encountered issues of host toxicity due
to RIP activity. Ideally, PAP isoforms in pokeweed would be knocked down/out via RNA silencing
or CRISPR-based gene-editing. However, it may be difficult to achieve knockout of all isoforms,
and even more challenging to independently assess isoforms.

Previous studies revealed that transgenic plants expressing PAP-I mutants unable to
depurinate rRNA, but maintaining intact active sites, had upregulation of genes involved in
pathogen defense and plant growth (Di and Tumer, 2015; Zoubenko et al., 2000). This observation
is likely a result of PAP depurinating cellular mRNA transcripts, given its ability to depurinate

capped and uncapped viral RNA (Hudak et al., 2002; Wang and Hudak, 2006), and probably its
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own transcript (Parikh et al., 2002). Our group has proposed a high-throughput approach to detect
transcriptome-wide depurination events (Jobst et al., 2016). Using this approach, transcripts
depurinated in PAP-expressing cells could be identified relative to control cells expressing PAPx,
an enzymatically inactive mutant. This experiment could be performed in tandem with active
ribosome profiling (Clamer et al., 2018) to assess whether PAP-induced depurination affects the
pool of translated transcripts. Unlike traditional ribosome profiling (Ingolia et al., 2009), active
profiling would distinguish translating ribosomes from stalled ribosomes, the latter a consequence
of mRNA depurination (Jobst et al., 2016). The functional relevance of PAP-targeted transcripts
could be assessed through GO enrichment analysis. Of particular interest would be the effect of
JA on transcript targeting by PAP, and how this influences the pool of translated mRNAs. |
hypothesize that in response to JA, transcripts targeted by PAP would be enriched in GO terms
associated with growth/housekeeping roles. Conversely, I hypothesize that transcripts undergoing
JA-induced translation would be enriched in defense responses, and that this translation-level

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

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

Introduction

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

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

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

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

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

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

Materials and methods

Pokeweed growth conditions and treatment
with JA

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

Isolation of total and low molecular weight RNA

Total RNA was extracted from pokeweed to probe for the
sRNA, and cabbage served as the negative control. Leaf
tissue (7 g) was ground to a powder with liquid nitrogen.
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TRIzol reagent (Molecular Research Center, Inc., Cincin-
nati, OH, USA) and chloroform were added, samples
were vortexed and incubated at room temperature for
10 min. Particulate matter was pelleted by centrifugation
at 16000 g for 15 min at 4°C. Isopropanol was added to
supernatants and the RNA was precipitated at —20°C.
Samples were centrifuged at 16 000 g for 20 min at 4°C,
RNA pellets were resuspended in water and extracted
in acidic phenol:chloroform:isoamyl alcohol (25:24:1).
RNA was precipitated in ethanol and finally resuspended
in water and stored at —80°C.

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

Northern blotting

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

Primer extension

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

5’ rapid extension of cDNA ends

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

Electrophoretic mobility shift assay

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

Target construct for small RNA

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

Isolation and transfection of pokeweed protoplasts

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



15 mM MgCl,, 4mM MES pH5.7) and counted with a
hemocytometer.

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

Reverse transcription-quantitative PCR

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

Cellular lysate preparation and immunoblot

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

Small RNA sequencing

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

Bioinformatics analysis of the small RNA libraries

All low quality reads (containing a fastqcssanger
value below 10) and those outside of the 18-28nt
size range were removed. Adapter sequences were
trimmed with Clip v.1.0.1 from the FASTX-Toolkit (http://
hannonlab.cshl.edu/fastx_toolkit/). sRNA  sequences
derived from rRNA, tRNA, snRNA and snoRNA
were identified with Bowtie v.1.1.0 (Langmead et al.
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2009) and removed, using the Beta vulgaris genome
(RefBeet-1.1) as a reference. B. vulgaris was chosen
because it is the closest related species to pokeweed
with a sequenced genome available (Dohm etal.
2014). Remaining reads in each library were grouped
if they had the same sequence and termed ‘unique
sequences’. To identify potential regulatory sRNAs,
libraries were aligned to the reverse complement
strand of PAP mRNA (Accession # AR009535.1) with
Bowtie v.1.1.0. Up to three mismatches were allowed
in alignments. The Integrated Genomics Viewer v.2.3
(http://www.broadinstitute.org/igv/) was used to visu-
alize and count aligned reads. A multiple sequence
alignment was generated with Clustal Omega v.1.2.1
(http://www.ebi.ac.uk/Tools/msa/clustalo/) for SRNA299
reads in the —JA and +JA libraries.

Statistical analysis

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

Results

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

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

A small RNA binds to PAP mRNA in vivo

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

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

JA increases the level of PAP mRNA and sRNA299

To investigate the possible physiological role of the
sRNA, we treated pokeweed leaves with JA and mea-
sured the levels of PAP mRNA and sRNA299. Given that
JA signals a defense response to herbivory and pathogen
attack, we hypothesized that it would increase the levels
of PAP mRNA and resulting protein. This was indeed the
case, as application of 5mM JA increased PAP mRNA
sevenfold and protein levels beyond control plants with-
out the hormone treatment (Fig. 3A, B). The increase
in PAP mRNA with JA, relative to water, was signifi-
cant (P<0.05, Student’s t-test). We initially compared
the effect of water and 0.5% ethanol on the level of PAP
mRNA because JA was prepared in 0.5% ethanol. How-
ever, there was no obvious difference between water and
0.5% ethanol on PAP mRNAs levels; therefore, subse-
quent analyses were performed on plants treated with JA
in 0.5% ethanol (+JA) and compared with 0.5% ethanol
alone (—JA). We quantified the level of sSRNA299 under
the same conditions and observed a significant, 3.4-fold
increase with JA (P <0.01, Student’s t-test; Fig. 4A). Treat-
ment of pokeweed plants with JA also increased the
amount of PAP mRNA cleavage at the A299 target site,
relative to untreated plants (Fig. 4B). These results suggest
that PAP levels increase during JA stress, which agrees
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Fig. 3. JA treatment increases levels of PAP mRNA and protein. Poke-
weed plants were treated with 5mM JA 24 h prior to RNA or protein
extraction. (A) Quantitative RT-PCR measurements of PAP mRNA from
pokeweed total RNA are indicated. 285 rRNA was used as an inter-
nal control. Values are relative to the water-treated sample and are
means + SE for three independent experiments. (B) Total PW protein
(5 ng) was separated by 12% SDS-PAGE, transferred to nitrocellulose and
probed with a polyclonal antibody specific to PAP (1:5000). The blot was
also probed with a polyclonal antibody specific for L3, a large ribosomal
subunit protein, as a loading control (1:5000). PAP standard (std) is puri-
fied PAP from pokeweed. The blot is representative of three independent
experiments.

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

Pokeweed shows a typical distribution of small
RNA sequences

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

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

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

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

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

Discussion

We show here that PAP mRNA is targeted by a sRNA,
which results in cleavage of the message within its open
reading frame. Therefore, the SRNA negatively regulates
PAP mRNA. Interestingly, JA treatment increases the lev-
els of both PAP mRNA and the sRNA. In most docu-
mented cases, the level of sSRNA is inversely related to
the level of its target RNA; however, recent publications
of genome-wide analyses demonstrate that several plant
sRNA-target pairs have positively correlated expression
patterns (He et al. 2013, Peng et al. 2014). Indeed, an
equal number of negatively and positively correlated
miRNA-target mRNA pairs have been described during
tomato fruit development (Lopez-Gomollon et al. 2012).
Positive correlations suggest mechanisms of action that
are not limited to classic temporal regulation where neg-
ative correlation is evident. For example, miR395 and its
target mMRNA SULTR2;1 are both induced by low sulfur
levels but each is transcribed in a separate neighbor-
ing cell type (Kawashima et al. 2009). Therefore, there
is an exclusion between the small RNA and its target
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mRNA, and miR395 may function as a secondary means
of preventing SULTR2:1 expression in specific cell types.
Other scenarios describe how the mRNA is transcribed
equally in two domains; yet, the small RNA is tran-
scribed in only one, with the purpose of excluding the
expression of the target in one domain only (Kidner and
Martienssen 2004; Levine et al. 2007). Another type of
regulation occurs when the small RNA diminishes or
modulates the expression of the mRNA target and the
degree of target reduction depends on the level of miRNA
(Nikovics et al. 2006). Such a mechanism could play
an important role in controlling the toxicity of PAP. We
suggest that the increase in SRNA may be a means to
limit the over-expression of PAP during induction. For
example, transgenic plants expressing PAP from a consti-
tutive 35S-CaMV promoter displayed symptoms of toxic-
ity, including stunted growth, mottled leaves and sterility
(Lodge et al. 1993). Authors reported correct localization
of PAP, indicating deregulated PAP expression likely con-
tributed to the observed toxicity.

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

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

Future work will focus on identifying the origin of
sRNA299. Presently, our analysis selected for sRNA299
sequences with high complementarity to PAP mRNA
and their presence suggests processing from a siRNA
pathway. Our electrophoretic mobility shift assay results
indicate that the sSRNA299 probe annealed to a sSRNA
larger than 23 nt, although this could be attributed to the
use of a non-denaturing gel, or the binding of a third
component within the cellular lysate. To our knowledge,
this is the first report of a sSRNA targeting a RIP mRNA;
the expression of other plant RIPs may be controlled
in a similar manner. Additionally, this work suggests an
endogenous mechanism to modulate the expression of
a RIP, possibly limiting its associated toxicity. This may
have important implications in transgenic plant systems
and agricultural selection programs.

Physiol. Plant. 2015

190

Authors’ contributions

L. A. B, K. C. M. N. and K. A. H. conceived the
experiments. A. K., K. C. M. N. and G. K. designed
and performed the experiments. K. C. M. N. drafted the
manuscript. K. A. H. edited the manuscript. All authors
approved the final version.

Acknowledgements —The authors are grateful to Dr
Yutaka Amemiya, Manager, Genomics Core Facility, Next
Generation Sequencing Lab, Sunnybrook Research Institute
for small RNA sequencing and for his assistance and advice
with sequence analysis. This work was supported by a
Natural Sciences and Engineering Research Council of
Canada Discovery Grant to K. A. H. and Canada Graduate
Scholarships to K. C. M. N. and G. K.

References

Bologna NG, Voinnet O (2014) The diversity, biogenesis,
and activities of endogenous silencing small RNAs in
Arabidopsis. Annu Rev Plant Biol 65: 473-503

Chuang W-P, Herde M, Ray S, Castano-Duque L, Howe
GA, Luthe DS (2014) Caterpillar attack triggers
accumulation of the toxic maize protein RIP2. New
Phytol 201: 928-939

Di Maro A, Citores L, Russo R, Iglesias R, Ferreras JM
(2014) Sequence comparison and phylogenetic analysis
by the maximum likelihood method of
ribosome-inactivating proteins from angiosperms. Plant
Mol Biol 85: 575-588

Dohm JC, Minoche AE, Holtgrawe D, Capella-Gutiérrez S,
Zakrzewski F, Tafer H, Rupp O, Sérensen TR, Stracke R,
Reinhardt R, Goesmann A, Kraft T, Schulz B, Stadler PF,
Schmidt T, Galaddn T, Lehrach H, Weisshaar B,
Himmelbauer H (2014) The genome of the recently
domesticated crop plant sugar beet (Beta vulgaris).
Nature 505: 546-549

Dunaeva M, Goebel C, Wasternack C, Parthier B,
Goerschen E (1999) The jasmonate-induced 60 kDa
protein of barley exhibits N-glycosidase activity in vivo.
FEBS Lett 452: 263-266

Endo Y, Tsurugi K, Lambert JM (1988) The site of action of
six different ribosome-inactivating proteins from plants
on eukaryotic ribosomes: the RNA N-glycosidase
activity of the proteins. Biochem Biophys Res Commun
150: 1032-1036

German MA, Pillay M, Jeong DH, Hetawal A, Luo S,
Janardhanan P, Kannan V, Rymarquis LA, Nobuta K,
German R, De Paoli E, Lu C, Schroth G, Meyers BC,
Green PJ (2008) Global identification of
microRNA-target RNA pairs by parallel analysis of RNA
ends. Nat Biotechnol 26: 941-946

Gessner SL, Irvin JD (1980) Inhibition of elongation factor
2-dependent translocation by the pokeweed antiviral
protein and ricin. J Biol Chem 255: 3251-3253



Girbés T, de Torre C, Iglesias R, Ferrerras JM (1996) RIP for
viruses. Nature 379: 777-778

He C, Cui K, Zhang J, Duan A, Zeng Y (2013)
Next-generation sequencing-based mRNA and
microRNA expression profiling analysis revealed
pathways involved in the rapid growth of developing
culms in Moso bamboo. BMC Plant Biol 13: 119

Honjo E, Dong D, Motoshima H, Watanabe K (2002)
Genomic clones encoding two isoforms of pokeweed
antiviral protein in seeds (PAP-ST and S2) and the
N-glycosidase activities of their recombinant proteins on
ribosomes and DNA in comparison with other isoforms.
] Biochem 131: 225-231

Iglesias R, Pérez Y, Citores L, Ferreras JM, Méndez E,
Girbés T (2008) Elicitor-dependent expression of the
ribosome-inactivating protein beetin is developmentally
regulated. ] Exp Bot 59: 1215-1223

Irvin J (1975) Purification and partial characterization of
the antiviral protein from Phytolacca americana which
inhibits eukaryotic protein synthesis. Arch Biochem
Biophys 169: 522-528

Irvin JD, Kelly T, Robertus JD (1980) Purification and
properties of a second antiviral protein from Phytolacca
americana which inactivates eukaryotic ribosomes. Arch
Biochem Biophys 200: 418-425

Karran RA, Hudak KA (2008) Depurination within the
intergenic region of Brome mosaic virus RNA3 inhibits
viral replication in vitro and in vivo. Nucleic Acids Res
36:7230-7239

Kataoka J, Habuka N, Masuta C, Miyano M, Koiwai A
(1992) Isolation and analysis of a genomic clone
encoding a pokeweed antiviral protein. Plant Mol Biol
20: 879-886

Kaur I, Gupta RC, Puri M (2011) Ribosome inactivating
proteins from plants inhibiting viruses. Virol Sin 26:
357-365

Kawade K, Masuda K (2009) Transcriptional control of two
ribosome-inactivating protein genes expressed in
spinach (Spinacia oleracea) embryos. Plant Physiol
Biochem 47: 327-334

Kawade K, Ishizaki T, Masuda K (2008) Differential
expression of ribosome-inactivating protein genes during
somatic embryogenesis in spinach (Spinacia oleracea).
Physiol Plant 134: 270-281

Kawashima CG, Yoshimoto N, Maruyama-Nakashita A,
Tsuchiya YN, Saito K, Takahashi H, Dalmay T (2009)
Sulphur starvation induces the expression of
microRNA-395 and one of its target genes but in
different cell types. Plant ) 57: 313-321

Khraiwesh B, Zhu J-K, Zhu ] (2012) Role of miRNAs and
siRNAs in biotic and abiotic stress responses of plants.
Biochim Biophys Acta 1819: 137-148

Kidner CA, Martienssen RA (2004) Spatially restricted
microRNA directs leaf polarity through ARGONAUTET.
Nature 428: 81-84

191

Koch PE, Bonness MS, Lu H, Mabry TJ (1996) Protoplasts
from Phytolacca dodecandra L'Herit (endod) and P
americana L. (pokeweed). Plant Cell Rep 15: 824-828

Kulcheski FR, Marcelino-Guimaraes FC, Nepomuceno AL,
Abdelnoor RV, Margis R (2010) The use of microRNAs
as reference genes for quantitative polymerase chain
reaction in soybean. Anal Biochem 406: 185-192

Langmead B, Trapnell C, Pop M, Salzberg SL (2009)
Ultrafast and memory-efficient alignment of short DNA
sequences to the human genome. Genome Biol 10: R25

Levine E, McHale P, Levine H (2007) Small regulatory
RNAs may sharpen spatial expression patterns. PLoS
Comput Biol 3: €233

Lodge JK, Kaniewski WK, Tumer NE (1993)
Broad-spectrum virus resistance in transgenic plants
expressing pokeweed antiviral protein. Proc Natl Acad
Sci USA 90: 7089-7093

Lopez-Gomollon S, Mohorianu |, Szittya G, Moulton V,
Dalmay T (2012) Diverse correlation patterns between
microRNAs and their targets during tomato fruit
development indicates different modes of microRNA
actions. Planta 236: 1875-1887

Loss-Morais G, Turchetto-Zolet AC, Etges M, Cagliari A,
Korbes AP, Maraschin Fdos S, Margis-Pinheiro M,
Margis R (2013) Analysis of castor bean
ribosome-inactivating proteins and their gene expression
during seed development. Genet Mol Biol 36: 74-86

Montes RA, de Fatima R-CF, De Paoli E, Accerbi M,
Rymarquis LA, Mahalingam G, Marsch-Martinez N,
Meyers BC, Green PJ, de Folter S (2014) Sample
sequencing of vascular plants demonstrates widespread
conservation and divergence of microRNAs. Nat
Commun 5: 3722

Nikovics K, Blein T, Peaucelle A, Ishida T, Morin H, Aida
M, Laufs P (2006) The balance between the MIR164A
and CUC2 genes controls leaf margin serration in
Arabidopsis. Plant Cell 18: 2929-2945

Parente A, Conforto B, Di Maro A, Chambery A, De Luca
P, Bolognesi A, Iriti M, Faoro F (2008) Type 1
ribosome-inactivating proteins from Phytolacca dioica L.
leaves: differential seasonal and age expression, and
cellular localization. Planta 228: 963-975

Peng Z, He S, Gong W, Sun J, Pan Z, Xu F, Lu Y, Du X
(2014) Comprehensive analysis of differentially
expressed genes and transcriptional regulation induced
by salt stress in two contrasting cotton genotypes. BMC
Genomics 15: 760

Qin W, Ming-Xing H, Ying X, Xin-Shen Z, Fang C (2005)
Expression of a ribosome inactivating protein (curcin 2)
in Jatropha curcas is induced by stress. ] Biosci 30:
351-357

Qin X, Shao C, Hou P, Gao J, Lei N, Jiang L, Ye S, Gou C,
Luo S, Zheng X, Gu X, Zhu X, Xu Y, Chen F (2010)
Different functions and expression profiles of curcin and

Physiol. Plant. 2015



curcin-L in Jatropha curcas L. Z Naturforsch C 65:
355-362

Rajamohan F, Venkatachalam TK, Irvin JD, Uckun FM
(1999) Pokeweed antiviral protein isoforms PAP-I,
PAP-I1, and PAP-IIl depurinate RNA of human
immunodeficiency virus (HIV)-1. Biochem Biophys Res
Commun 260: 453-458

Song SK, Choi Y, Moon YH, Kim S-G, Choi YD, Lee JS
(2000) Systemic induction of a Phytolacca insularis
antiviral protein gene by mechanical wounding,
jasmonic acid, and abscisic acid. Plant Mol Biol 43:
439-450

Varkonyi-Gasic E, Wu R, Wood M, Walton EF, Hellens RP
(2007) Protocol: a highly sensitive RT-PCR method for
detection and quantification of microRNAs. Plant
Methods 3: 12

Vepachedu R, Bais HP, Vivanco JM (2003) Molecular
characterization and post-transcriptional regulation of

Edited by H. Saitoh

Physiol. Plant. 2015

192

ME1, a type-I ribosome-inactivating protein from
Mirabilis expansa. Planta 217: 498-506

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Pokeweed shows a typical small RNA size dis-
tribution. RNA-Seq was performed from low molecular
weight RNA extracted 24 h after treatment of pokeweed
plants with or without 5mM JA. (A) Size distribution of
unique sequences. (B) Size distribution of reads. Val-
ues are means =+ SE for two technical replicates from one
plant (=JA) or two technical replicates from two plants
(+HA).
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