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Abstract

Pokeweed (Phytolacca americana L.) is a non-model plant known for its resistance to a
variety of biotic and abiotic stressors. Part of the reason for this is the presence of ribosome
inactivating proteins (RIPs), which can hydrolyze adenine bases from nucleic acids. These
proteins are upregulated in pokeweed by jasmonic acid, a plant hormone involved in stress
response. The goal of this research was to gain a better understanding of how plants respond to
stress and so two different, but complementary, approaches were taken. Firstly, an in-depth
look at the diversity and evolution of RIPs in plants was undertaken by curating a dataset of
RIPs from publicly available data and using computational approaches to characterize their
domain architecture, identify conserved amino acids, and construct a gene tree. This research
revealed that despite the damage that RIPs can potentially cause to the plant’s own nucleic
acids, RIPs are common among plants and their diversity indicates the potential for a multi-
faceted impact on plant defense. Looking more closely at how pokeweed responds to stress, we
applied jasmonic acid to leaves and analyzed changes in gene expression, through RNA
sequencing (RNA-Seq). Identification of gene clusters involved in defense was aided by the
generation of a pokeweed genome assembly. This research revealed that there is a variety of
strategies that plants can implement to respond to stress, and that these strategies are applied
differently by different species. Overall, this research contributes to a better understanding of

the diversity and nuance present in the ways plants defend themselves.
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Chapter 1 - Introduction

1.1 Ribosome inactivating proteins (RIPs)

1.1.1 RIP function
Ribosome inactivating proteins (RIPs; EC 3.2.2.22) are N-glycosylases which hydrolyze

purine bases from ribonucleic acid (RNA) (Karran and Hudak 2008; Fabbrini et al., 2017; Zhu et
al., 2018). The key to their enzymatic activity is four highly conserved amino acids: valine 73 and
serine 212 are involved in stabilizing the adenine substrate (Monzingo and Robertus, 1992; Gu
and Xia, 2000), and two involved in base hydrolysis; arginine 179 protonates N-7 and glutamic
acid 176 directs a water molecule to resolve the oxocarbenium ion that results from this
destabilization (Frankel et al., 1990; Li et al., 1999). An illustration of the chemical mechanism

for RIP depurination of RNA is shown in Figure 1.
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Figure 1 - Chemical mechanism for base excision of RNA by RIPs. Amino acid numbering from
pokeweed antiviral protein is illustrated. Image modified from Prashar et al., 2023.



RIPs are best known to depurinate the highly conserved ribosomal RNA (rRNA)
substructure called the sarcin/ricin loop (Endo and Tsurugi, 1988). Specifically, they hydrolyze
the N-glycosidic bond of As324 on 28S rRNA without cleaving the ribose phosphate backbone
(Endo et al. 1987, Endo and Tsurugi 1987). The loss of functionality in the sarcin-ricin loop
results in an inability to recruit protein factors needed for translation elongation (Montanaro et
al. 1975) and reduces translation factor binding to ribosomes which therefore inhibits
translation (Montanaro et al., 1975; Osborn and Hartley, 1990). This mechanism of action
means RIPs are primarily involved in plant defense, but this also makes them a toxin when
ingested (Montanaro et al., 1975; Osborn and Hartley, 1990; Grela et al., 2019). RIP activity on
ribosomes can limit pathogen spread by causing cell death (Foa-Tomasi et al., 1982; Watanabe
et al., 1997). In animals, damage to ribosomes, caused by UV radiation or depurination by a RIP,
triggers a ribotoxic response and pyroptosis (lordanov et al. 1997; Robinson et al. 2022). On the
other hand, causing damage to a cell’s own ribosomes can be beneficial in the case of infection
by a pathogen because this damage could cause death of a host cell and therefore limit
pathogen spread (Foa-Tomasi et al., 1982; Watanabe et al., 1997). Additionally, the potency of
RIPs varies depending on environmental conditions, with some being far less enzymatically
efficient (Bass et al., 1992; Hey et al., 1995) and some requiring ATP or other proteins to
function optimally (Carnicelli et al., 1992) and others still cannot enter cells as easily (Stirpe et
al. 1980). Therefore, by careful protein localization the plant could minimize damage to itself
and maximize damage to attackers. For example, early identified RIPs were known to be
sequestered co-translationally to the endoplasmic reticulum and then to the apoplast or to

other membrane-bound subcellular compartments and the hypothesis was that this was to



protect the plant’s ribosomes from depurination (Youle and Huang, 1976; Ready et al., 1986).
Alternatively, some RIPs that are not sequestered in this way are synthesized as inactive

precursors and their capacity to cause damage is limited (Walsh et al., 1991; Hey et al., 1995).

RIPs have antiviral activity against a number of viruses that target plants such as chilli
venial mottle virus, cucumber mosaic virus (Zhu et al. 2013), turnip mosaic potyvirus (Yang et al.
2016), artichoke mottled crinkle virus (Bolognesi et al. 1997), tobacco mosaic virus (Dallal and
Irvin 1978; Prasad et al. 1995; Verma et al. 1996; Vivanco and Tumer 2003; Yang et al. 2016),
brome mosaic virus (Baranwal et al. 2002; Vivanco and Tumer et al. 2003), sunn-hemp rosette
virus (Verma et al. 1996; Roy et al. 2006; Choudhary et al. 2008), pokeweed mosaic virus
(Baranwal et al. 2002), papaya ringspot virus (Srivastava et al. 2009), and zucchini yellow mosaic
virus (Sipahioglu et al. 2017). This is because RIPs also depurinate messenger RNA, viral RNA,
and deoxyribonucleic Acid (DNA) (Barbieri et al., 1997; Gandhi et al., 2008; Zhabokritsky et al.,
2014). By depurinating viral RNA, RIPs hinder translation of viral proteins (Gandhi et al., 2008;
Zhao et al., 2009; Zhabokritsky et al., 2014) and replication of viral RNA (Karran and Hudak
2008) resulting in reduced viral proliferation. Some RIPs have been observed to have a
disproportionate impact on viral RNA compared to other cellular RNA. For example, a well-
studied RIP called pokeweed antiviral protein (PAP, also known as PAP-I) was shown to inhibit
30% of cellular protein synthesis, but 90% of viral production (He et al., 2008). On the other
hand, some viruses are more susceptible than others to depurination (Vivanco et al. 2003). The
precise RNA structure required for binding and depurinating viral or messenger RNA is unclear
but there is evidence that RIPs can bind to capped RNA (Hudak et al. 2000) but that this cap

alone is not the only feature required for efficient depurination (Vivanco et al. 2003).
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1.1.2 RIP classification

There were traditionally three types of RIPs described, classified based on their domain
structures (reviewed in Stirpe 2004; Zhu et al. 2018). The type | RIP has a single-domain with N-
glycosylase activity, which will henceforth be referred to as a RIP domain. The most well-known
example of a type | RIP is PAP-I from pokeweed (Irvin 1975; Dallal and Irvin, 1978). It was first
identified as an antiviral agent by Duggar and Armstrong (1925) and then later as a protein
(Kassanis and Kleczkowski, 1948; Wyatt and Shepherd, 1969). Type Il RIPs have the RIP domain
plus an additional lectin-binding domain. These RIPs are more toxic than type | because the
secondary domain can bind to membrane glycoproteins and facilitate entrance into cells, giving
them a higher potential for toxicity (Stirpe and Barbieri, 1986; Sandvig and van Deurs, 1994;
Steeves et al., 1999). Ricin from castor bean (Ricinus communis) is a well-known example of a
type Il RIP (Endo et al. 1987, Endo and Tsurugi 1987). It is the first RIP to be isolated (Stillmark
1888) and is famous for its use as a poison (Papaloucas et al. 2008). Ricin is also highly efficient
at depurination, with the RIP domain capable of depurinating over 1000 ribosomes per minute
(Endo and Tsurugi 1988). Type Il RIPs, which are less toxic than other RIPs (Bass et al., 1992;
Hey et al., 1995), are both unlike type | and Il RIPs but also unlike each other. The first type Il
RIP identified was B-32 from corn (Zea mays), which has a RIP domain but also has a C-terminal
domain that has amino acid similarity to the translation initiation factor elF4E (Walsh et al.,
1991). Shortly after this discovery, JIP60 was identified from barley (Hordeum vulgare), and it is
unique because it is initially synthesized as an inactive proenzyme, but once a certain internal
sequence is removed by proteolytic processing, the remaining N and C-terminal peptides

combine into the active form of the RIP (Chaudhry et al., 1994; Rustgi et al., 2014). As more
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sequencing data have become available other type Il RIPs have been identified in silico, such as

NnuURIP from rice (Oryza sativa) which shares homology with JIP60 (Wytynck et al. 2021).

There is currently no consensus about how to classify RIPs. Some reject the notion of a
type lll classification given only two confirmed members (Stirpe 2004; Schrot et al. 2015),
meanwhile a variety of other classification systems have been proposed. Lapadula and Ayub
(2017) suggested that the differences between the known type Il RIPs was sufficient to warrant
this group splitting into two sub-categories (Figure 2). De Zaeytijd and Van Damme (2017)
proposed that eight classifications would better reflect the sequence diversity observed,
however this research failed to include the sequence data to support their claims. Schrot et al.
(2015) proposed a classification system of at least seven groups based primarily on
physicochemical properties and documented enzymatic activity. These classifications are

summarized in Table 1.

RIP domain Type 1 orA
S S

RIP domain Type 3 or AD

Internal linker of inactivation

Figure 2 — Simplified outline of the two predominant RIP classification systems, and their
approximate domain structures. Figure taken from Lapadula and Ayub (2017).
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Table 1 - Summary of proposed RIP classification systems

Classical Lapadula and Ayub De Zaeytijd and Van | Schrot et al. (2015)
nomenclature (2017) Damme (2017)
Type | / Type 1 Type A Type A Small type 1
Type A"8 Type 1
Type A% Type 1 RIP candidate
Type Il / Type 2 Type AB Type AB Small type 2
Type 2
Type 2 candidate
Type Il / Type 3 Type AC Type AX
Type AD Type AC
Type AD
Type AP

RIP-like protein
Peculiar RIP

1.1.3 RIP prevalence in plants

There was early speculation that RIPs may be widely distributed in plants which turned

out to be the case. By the early 2000s, RIPs had been identified in about 70 plant species (Stirpe

2004), and by the late 2010s they had been identified in over 40 plant families (Schrot et al.

2015) and experimentally demonstrated in 12 plant orders (Lapadula and Ayub 2017); rice

(Oryza sativa) alone has over 30 RIPs identified (Jiang et al. 2008). While not ubiquitous in

plants because they are not present in well-studied species such as Arabidopsis (Arabidopsis

thaliana), RIPs are prevalent in both monocots and dicots indicating that they predate this

important speciation event (Peumans et al., 2014; De Zaeytijd and Van Damme, 2017). Previous

reports suggest that RIPs are present in Gnetophyta (Peumans and Van Damme, 2010;

Peumans et al., 2014) and kelp (Laminaria japonica A) (Liu et al. 2002) although further

research is needed to substantiate these results. While RIP genes have primarily been identified

in plants, they have also been found in bacteria, fungi, and Metazoa, although the latter was
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likely originated through horizontal gene transfer (Lam and Ng, 2001; Bergan et al., 2012;

Lapadula et al., 2017; Citores et al., 2021).

1.1.4 Phytolacca americana and RIPs
Pokeweed (Phytolacca americana L.) is native to eastern North America and is a

member of the taxonomic order Caryophyllales. While a primary area of research interest for
this plant is in phytoremediation (Peng et al., 2008; Liu et al., 2010; Zhao et al., 2011), it is also
an interesting candidate for studying plant defense because it is broadly resistant to many
pathogens (Zoubenko et al., 1997; Lodge et al., 1993; Karran and Hudak, 2008; Mansouri et al.,
2009). Part of this antipathogenic effect is due to the presence of RIPs, the best studied of these
being PAP-I. This type | RIP has an N-terminal signal peptide that marks the protein for
deposition into the apoplast (Ready et al., 1986) which means PAP-I can be stockpiled outside
of the plasma membrane in preparation for an attack. In the case of viral infections, PAP-I has
been shown to depurinate some plant and animal RNA viruses which prevents their replication
(He et al., 2008; Karran and Hudak, 2008; Krivdova and Hudak, 2015; Mansouri et al., 2009) and
limits translation of viral proteins in infected cells (Gessner and Irvin, 1980). Additionally, plants
modified to express PAP-I| are resistant to viruses and fungi (Lodge et al., 1993; Zoubenko et al.,

1997).

PAP-I is not the only RIP present in pokeweed, however. Several others have been
identified, isolated, classified, and named by various researchers such as PAP-II (Barbieri et al.,
1982), PAP-C (Barbieri et al., 1989), PAP-R, PAP-H (Bolognesi et al., 1990; Park et al., 2002), PAP-

S1, PAP-S2 (Honjo et al., 2002), PAP-III (Kurinov and Uckun, 2003), and PAP-a (Kataoka et al.,
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1992; Neller et al. 2016). As of the first pokeweed genome assembly, the annotated RIPs
present in pokeweed are PAP-I, PAP-II, PAP-a, PAP-S1, PAP-S2, and novel PAP (Neller et al.
2019). These PAP isoforms have variable depurination activity (Honjo et al., 2002; Kurinov and
Uckun, 2003; Rajamohan et al., 1999) and do not all respond equally to defense-related
hormones (Neller et al., 2016; 2018; 2019) indicating that different RIPs are required for
different stress contexts. Notably, however, most respond strongly to jasmonic acid (JA), with
PAP-I transcript levels increasing the most upon treatment of plants with this hormone (Neller

et al. 2019).

1.2 Plant defense

1.2.1 Jasmonic acid signaling pathway

JA'is a plant phytohormone that acts as a signaling molecule in response to biotic and
abiotic stresses such as drought, salt, bacteria, viruses, and insects (Wasternack and Feussner
2017). At the same time, JA is required for male fertility in Arabidopsis (McConn and Browse,
1996; Stintzi and Browse, 2000; Browse, 2005). Therefore, the primary role of JA is to strike a
balance between growth and defense (Huot et al. 2014; Chini et al., 2016). When JA is absent,
Jasmonate-ZIM domain (JAZ) proteins bind to transcription factors involved in defense, thereby

blocking the promoters of downstream genes which inhibits transcription (Chini et al. 2016).

When JA is present, JAR1 converts JA into its bioactive form jasmonoyl-L-isoleucine
(Guranowski et al., 2007) which then binds to the F-box Coronatine Insensitive 1 (COI1)
receptor (Fonseca et al. 2009). COI1 then physically associates with CUL1, Rbx1, and Skp1-like

proteins which form a ubiquitin-ligase complex called SCF©'"? (Xu et al. 2002) and promotes the
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ubiquitination of the JAZ proteins, marking them for degradation (Figure 3; Thines et al. 2007;
Ali and Baek, 2020). JAZs have been shown to repress several stress-responsive transcription
factors (Hu et al., 2013; Zhu et al., 2011; Boter et al., 2015), the most notable of these being
MYC2 (Chini et al. 2016). MYC2 is a basic-helix-loop-helix (bHLH) transcription factor in
Arabidopsis which regulates many genes involved in biotic and abiotic stress responses (Song et
al., 2022) and is considered the ‘master regulator’ of the JA pathway (Kaza and Manners 2013).
The MYC-based JA-mediated defense regulatory system is conserved in dicotyledonous plants

(Boter et al. 2004) including Arabidopsis, tobacco, and tomato (Kazan and Manners 2013).

JA absent
JAZ proteins
Transcription
Factor
(eg. MYC2)
NWANMANININONG
JA present

Y

.
Skp1-
CULT  Rbx1 b

Transcription
Factor

Figure 3 — Simplified illustration of transcription regulation by JA
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1.2.2 Jasmonic acid biosynthesis

The JA biosynthesis pathway begins in the chloroplast with trienoic fatty acids which are
then converted to 12-oxo-phytodienoic acid (OPDA) and dinor-OPDA (Schilmiller et al. 2006).
This part of the process is called the oxylipin biosynthetic pathway and involves allene oxide
synthase (AQOS), lipoxygenase 2 (LOX2), and allene oxide cyclase (AOC) (He et al., 2002;
Bannenberg et al., 2009; Pollmann et al., 2019). These precursors are then transported to
peroxisomes where a 12-oxophytodienoate reductase (OPR3) reduces a certain double bond of
the cyclopentenone moiety in 12-oxophytodienoic acid (Maynard et al., 2020). This
intermediate is then converted to cyclopentanone compounds, then to CoA derivatives, and
finally to JA (Figure 4; Schilmiller et al. 2006). If left unchecked, the biosynthesis of JA would
lead to further biosynthesis of JA in a positive feedback loop. To combat this, jasmonic acid
oxidase 2 (JOX2) catalyzes the oxidation of JA to 120H-JA which attenuates this JA biosynthesis
(Smirnova et al., 2017). Additionally, a cytochrome P450 family protein (CYP94B1) catalyzes the
hydroxylation of the bioactive JA-lle (Poudel et al., 2016) and MYC2 upregulates JAZ expression

(Chini et al. 2007) which limits the expression of JA biosynthesis genes.
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Figure 4 — Biosynthetic pathway converting trienoic fatty acids (18:3 and 16:3) to jasmonic acid

(JA). Figure taken from Schilmiller et al. (2006).

1.3 Genome sequencing and assembly

Understanding complicated signaling pathways associated with some fundamental plant

functions, such as stress response, is facilitated by good sequencing data. Over the last 20 years

there has been an exponential increase in the number of sequenced plant genomes available;
currently over 1000 genomes have been published, from non-vascular plants to flowering

plants. The quality of these genomes is also much higher, with many at the chromosome level
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(Figure 5; Sun et al. 2022). However, this lags behind what is available for prokaryotes and

other eukaryotic clades because plants can have much more complicated genomes. To manage

this, many of the early assemblies were done on plants with deliberately simplified genomes.

For example, the first plant genome assembly was in the model plant Arabidopsis (Arabidopsis

thaliana) a diploid with five chromosomes (The Arabidopsis Genome Initiative 2000). Another

example is the first genome assembly in potato (Solanum tuberosum), normally a tetraploid and

highly heterozygous species, which was done on a homozygous doubled-monoploid potato
clone to simplify the process and ensure a higher quality result (Potato genome consortium
2011). As sequencing options have increased and the technology is more accessible, it is
becoming more common for researchers to utilize multiple sequencing strategies to produce
high quality assemblies, even for complex polyploid species with a high percentage of repeats

by 2020, there were genome assemblies for 62 polyploid plant species (Sun et al. 2022).

7
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There are several whole genome sequencing technologies currently available,
characterized by three major phases. First generation sequencing, also referred to as Sanger
sequencing (Sanger, 1977) was used to generate the first genome assemblies but it is labor-
intensive and expensive. Second generation sequencing, the most common of which being
Illumina sequencing, is distinguished from first generation for being highly accurate while also
being high throughput, although the read length is shorter than that of Sanger sequencing with
a size between 50-300 bp per read (Slatko et al. 2018). Third generation sequencing is notable
for having very long reads (Xiao and Zhou 2020). Oxford nanopore, one of the two main third-
generation sequencing companies, has achieved the longest reads ever produced at nearly 1
Mb, but these reads tend to be error-prone (Jain et al. 2018). PacBio, the other main third-
generation sequencing company, has resolved this issue with so-called ‘PacBio HiFi’ reads that

are as accurate as lllumina reads (Hon et al. 2020).

To assemble a genome, sequencing reads are aligned into overlapping contiguous
sections to create a sequence that became known as a ‘contig’ (Heather and Chain, 2016). The
two most popular algorithms for genome assembly are the overlap-layout consensus (OLC) and
the de Bruijn graph (DBG). Genome assembly programs using first-generation or error-prone
long reads tended to favor the OLC method, whereas the DBG method tends to be used for
high-accuracy and/or high-throughput reads such as lllumina and PacBio HiFi reads (Sun et al.
2022). Currently Hifiasm is the best de novo assembler for long reads. It uses a combination of
both methods and produces accurate haplotype-resolved assemblies with reasonable

computational resources (Cheng et al. 2021).
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To make contig-level assemblies more contiguous, researchers can use algorithms or
supplementary data to arrange the contigs in order in a process known as scaffolding. The two
most popular methods for producing additional data are a version of chromosome
conformation capture called Hi-C (Belton et al. 2012) and optical mapping techniques such as
those produced by BioNano Genomics (Tang et al. 2015) and these methods have been capable
of turning contig-level assemblies in plants into chromosome-level assemblies (Avni et al. 2017;
Gui et al. 2018; Mitros et al. 2020). While there are several scaffolding programs available, they
are prone to making errors (Hunt et al. 2014), therefore manual intervention is still often

required.

1.4 Research objectives
The objective of this research overall is to provide insight into the ways pokeweed
responds to and tolerates stress. This is explored more specifically by expanding our
understanding of the structure, function, and evolution of RIPs, and by examining how

pokeweed gene expression changes in response to a defense-related hormone.
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Chapter 2 - Phylogeny and domain architecture of plant ribosome

inactivating proteins

This chapter is presented as a peer-reviewed journal article.
Citation:

Dougherty K., Hudak K.A. (2022) Phylogeny and domain architecture of plant ribosome

inactivating proteins. Phytochemistry. 202 doi: 10.1016/j.phytochem.2022.113337

Highlights
e Plant ribosome inactivating proteins (RIPs) are more diverse than previously known.
e We discovered 15 types of RIPs, based on protein domain configuration.
e Most RIPs lack signal peptides, suggesting their nucleocytoplasmic localization.

e Phylogenetic analysis shows early lectin domain-specific major clade separation.

Unique physicochemical properties suggest varied functionality of the RIP family.

Abstract

Ribosome inactivating proteins (RIPs) are rRNA N-glycosylases (EC 3.2.2.22) best known
for hydrolyzing an adenine base from the conserved sarcin/ricin loop of ribosomal RNA. Protein
translation is inhibited by ribosome depurination; therefore, RIPs are generally considered toxic
to cells. The expression of some RIPs is upregulated by biotic and abiotic stress, though the
connection between RNA depurination and defense response is not well understood. Despite
their prevalence in approximately one-third of flowering plant orders, our knowledge of RIPs

stems primarily from biochemical analyses of individuals or genomics-scale analyses of small
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datasets from a limited number of species. Here, we performed an unbiased search for proteins
with RIP domains and identified several-fold more RIPs than previously known — more than 800
from 120 species, many with novel associated domains and physicochemical characteristics.
Based on protein domain configuration, we established 15 distinct groups, suggesting diverse
functionality. Surprisingly, most of these RIPs lacked a signal peptide, indicating they may be
localized to the nucleocytoplasm of cells, raising questions regarding their toxicity against
conspecific ribosomes. Our phylogenetic analysis significantly extends previous models for RIP
evolution in plants, predicting an original single-domain RIP that later evolved to acquire a
signal peptide and different protein domains. We show that RIPs are distributed throughout 21
plant orders with many species maintaining genes for more than one RIP group. Our analyses
provide the foundation for further characterization of these new RIP types, to understand how

these enzymes function in plants.

Graphical abstract
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Introduction

Ribosome inactivating proteins are rRNA N-glycosylases (RIPs; EC 3.2.2.22)
that hydrolyze purine bases from various RNAs (Fabbrini et al., 2017; Zhu et al., 2018).
Theses enzymes are best known for their depurination of the highly conserved sarcin/ricin loop
structure of the large ribosomal RNA, though other nucleic acid substrates such as DNA,
poly(A), and viral RNA have been described (Endo and Tsurugi, 1988; Barbieri et al., 1997). RIPs
are synthesized primarily by plants, but also by bacteria and fungi, with recent evidence
indicating horizontal gene transfer to some insects, the only reported examples of RIP
expression in the Metazoa (Lam and Ng, 2001; Bergan et al., 2012; Lapadula et al., 2017; Citores
et al., 2021). Though not ubiquitous, our current study found that approximately one-third of

all flowering plant orders contain RIPs, indicating that they are prevalent enzymes in plants.

Given that depurination of ribosomal RNA reduces translation factor binding
to ribosomes and inhibits translation, RIPs are primarily viewed as toxins that mediate plant
defense (Montanaro et al., 1975; Osborn and Hartley, 1990; Grela et al., 2019). Damage to
ribosomal RNA could cause death of a host cell, limiting pathogen spread (Foa-Tomasi et al.,
1982; Watanabe et al., 1997). Also, direct depurination of viral RNA by some RIPs hinders viral
translation and replication, thereby reducing proliferation (Gandhi et al., 2008; Zhao et al.,
2009; Zhabokritsky et al., 2014). The expression of some RIPs is also upregulated by biotic
and abiotic stress, supporting their roles in defense. For example, transcript levels of SoRIP2, a
RIP synthesized by spinach (Spinacea oleracea) increased in plants treated with salicylic acid, a
hormone that regulates responses to pathogen infection (Kawade and Masuda, 2009). In

addition, ectopic overexpression of a RIP in rice, OSRIP18, increased tolerance to drought and
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salt stress (Jiang et al., 2012). However, much of the biochemical characterization of RIPs and
mechanistic details of their enzyme activity have been conducted either in vitro or when
expressed in heterologous systems; evidence of how RIPs function in the plants that produce

them is still lacking.

Traditionally, RIPs are divided into three types based on their protein domain structure
(Stirpe 2004). Type | is a single domain protein containing N-glycosylase activity. For
example, pokeweed antiviral protein (PAP) is a classic type | RIP with an N-terminal signal
peptide that co-translationally directs the protein into the lumen of the endoplasmic
reticulum for subsequent exocytosis to the apoplast (Ready et al., 1986). Type Il has two
domains, the RIP domain linked to a lectin by a disulfide bond. Ricin, a classic type Il RIP, also
travels the endomembrane system for localization in protein storage vacuoles (Lord,
1985; Frigerio et al., 2001). The high toxicity of type Il RIPs is attributed to lectin binding
of membrane glycoproteins, thereby facilitating RIP entrance into cells (Sandvig and van Deurs,
1994; Steeves et al., 1999). Type lll proteins are either single RIP domains formed from post-
translational proteolytic processing, or RIP domains fused to other non-lectin domains. For
example, Type Il RIPs from maize (b-32) and barley (JIP60) were the early characterized
members. B-32 is synthesized as an inactive proenzyme that is activated following the removal
of an internal peptide and association of the remaining N- and C-terminal peptides into an
active RIP (Walsh et al., 1991). JIP60, a methyl jasmonate-induced RIP, consists of an N-terminal
domain with glycosylase activity linked to a C-terminal domain with amino acid similarity to

elF4E (Chaudhry et al., 1994; Rustgi et al., 2014). Curiously, type Il RIPs are less toxic, and
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unlike many type I and Il RIPs, do not contain signal peptides to sequester them from ribosomes

into subcellular or apoplastic spaces (Bass et al., 1992; Hey et al., 1995).

The question of how RIP types evolved and are related to each other has been examined
by different groups (Di Maro et al., 2014; Peumans et al., 2014; De Zaeytijd and Van Damme,
2017; Lapadula and Ayub, 2017). One evolutionary model posits the existence of a type | RIP
with a domain of unknown origin that arose before the separation of dicots from monocots and
subsequently gave rise to all the RIPs of the Poaceae (Peumans et al., 2014; De Zaeytijd and Van
Damme, 2017). Lapadula and Ayub (2017) do not recognize this RIP group as unique and based
on sequence similarities, group them with Type Ill RIPs. In addition, a notable distinction among
these models lies in the first appearance of signal peptides and the emergence of other
domains within different taxonomic groups (De Zaeytijd and Van Damme, 2017; Lapadula and
Ayub, 2017). Currently, there is lack of agreement regarding whether type Il RIPs form
a monophyletic group. Though these models have extended our knowledge of RIP evolution,
unifying them is hampered by the fact that each chose biased and different criteria for selecting
specific subgroups of RIPs. Since these studies, the number of sequenced plant genomes from
non-model species has substantially increased (Sun et al., 2021), allowing for more thorough
analysis of RIP phylogeny. In this work, we performed an unbiased search for plant RIPs based
on genes with annotated RIP domains and discovered 15 different groups of RIPs across 21
plant orders, indicating that RNA glycosylases are significantly more diverse than previously
suspected. During their evolution, RIPs have gained and lost protein domains, resulting in

enzymes with different properties and conserved amino acids. We clearly define our data set
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and make it accessible to support further characterization and a more comprehensive

understanding of RIP function in plants.

Results

To identify RIPs in plants, all sequences with a RIP domain as identified by the
Conserved Protein Domain Architecture Retrieval Tool (Geer et al., 2002; Yang et al., 2020)
were downloaded from NCBI Entrez (Sayers et al., 2022) and filtered to remove low quality
sequences, partial sequences, mature peptides, and duplicates; 828 proteins comprised the
final dataset. Chemical properties of each protein were calculated from their respective
sequences using the R package Peptides (version 2.4.4, Osorio et al., 2015). A comprehensive
table with the NCBI accession number, species name, sequence, domain information, and all
calculated properties is provided (Supplementary Data 1). The accession numbers and
sequences of the proteins that were removed as duplicates are provided in a separate table

(Supplementary Data 2).

RIP groups

Though RIPs are historically categorized as either type |, Il or lll (Stirpe, 2004),
subsequent discovery of RIPs with different C-terminal domains necessitated the expansion of
the traditional three types with regards to nomenclature. In this scheme, type 1 is termed A,
type Il is AB, type Ill RIPs are denoted with other letters in addition to the A, to indicate the
presence of other C-terminal domains (Peumans et al., 2014). Though this nomenclature is
useful when describing relatedness of a limited number of RIP types, for the sake of clarity, we
chose to denote RIP groups by their literal protein domains and the presence or absence

of signal peptides. To our surprise we discovered 15 categories of RIPs (Table 1). The
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predominant form was the single RIP domain protein without a signal peptide (noSP-RIP), which
comprised 56% of all identified RIPs. The single RIP domain proteins with a signal peptide (SP-
RIP) were the second most prevalent at approximately 24% of RIPs. RIPs containing

a lectin domain, written as RICIN domain, were divided into four groups: either with a single or
repeated RICIN domain, and with or without a signal peptide. Taken together, this RICIN group
comprised approximately 18% of all RIPs. The remaining nine categories of RIPs either
contained repeating RIP domains or a single RIP domain accompanied by the addition of other
domains. Though these nine categories comprised only 2.4% of all RIPs, we identified several
domains involved in different functions. For example, six RIPs had BTB_POZ domains which are
protein-protein interaction motifs involved in many cellular functions including transcriptional
regulation, cytoskeletal dynamics and targeting proteins for ubiquitination (Stogios et al., 2005).
Two RIPs were identified with WD40 repeat (WDR) domains which function as protein
interaction scaffolds in multiprotein complexes (Stirnimann et al., 2010). They are a large family
implicated in transcription regulation, cell cycle control and apoptosis (Jain and Pandey, 2018).
The RNA recognition motif (RRM) involved in binding single-stranded RNA (Maris et al., 2005)
was identified in five RIPs. RRM proteins have a variety of functions including regulation of RNA
stability, translation and alternative splicing (Sachs et al., 1987; Query et al., 1989). Finally,
unexpected domains were identified, such as Ras, which is characteristic of small

GTPases involved in signaling pathways that regulate cell growth and differentiation (Hancock,
2003; Patel and Co6té, 2013). We also identified glycoside hydrolase-3 (GH3) domains that
regulate the levels of phytohormones. Specifically, these domains are characteristic

of enzymes that conjugate amino acids to jasmonic acid and auxin, thereby controlling the

29



activity of these hormones (Staswick et al., 2005; Wakuta et al., 2011). None of these remaining
nine RIP categories contained a signal peptide, suggesting that they may be localized to the
nucleocytoplasm of cells during some portion of their expression. All protein domains with their
features and superfamily names (conserved models) are listed in Supplementary Data 3. In
addition to domain annotations extracted from NCBI, we searched for domains other than RIP
and RICIN using InterPro and identified their associated gene ontology (GO) terms for biological
process and molecular function. Classification of these unexpected domains from InterPro
validated our NCBI-annotated protein domains, and their associated GO terms were consistent

with the biochemical characteristics of proteins with these domains (Supplementary Data 4).

Table 1. Count of all RIPs in our dataset based on signal peptide and protein domains. Rows are
divided based on presence/absence of a signal peptide predicted by SignalP or annotated in
NCBI's Protein database, and domains listed in NCBI's Conserved Domain and Protein databases.
Candidate proteins were identified using the Conserved Domain Architecture Retrieval Tool.

RIP Count Percentage of total proteins
noSP-RIP 465 56.09%
SP-RIP 195 23.52% 79.61%
noSP-RIP-RICIN 9 1.09%
SP-RIP-RICIN 8 0.97% 2.05%
noSP-RIP-RICIN-RICIN 30 3.62% 15 92%
SP-RIP-RICIN-RICIN 102 12.30%
noSP-RIP-RIP 1 0.12%
noSP-RIP-RIP-RIP 3 0.36%
noSP-RIP-BTB_POZ 6 0.72%
noSP-RRM-RIP 1 0.12%
noSP-RRM-RRM-RRM-RIP 2 0.24% 2.41%
noSP-RRM-RIP-RIP-RIP 2 0.24%
noSP-RIP-Ras 2 0.24%
noSP-GH3-GH3-RIP 1 0.12%
noSP-RIP-WD40 2 0.24%
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To further investigate our suggestion that RIPs without signal peptides may be
nucleocytoplasmic, we predicted cellular localization using ApoplastP, a program that predicts
plant apoplast-localized proteins. Unlike SignalP, ApoplastP does not base its predictions on the
presence of a signal peptide but rather the amino acid character of apoplastic proteins
(Sperschneider et al., 2017). There was overall consistency between our initial SignalP
predictions and the ApoplastP results, and as expected not all proteins with a signal peptide
were predicted to be apoplastic (Supplementary Data 5). Specifically, the nine types of multi-
domain RIPs, excluding those with a RICIN domain, were predicted to be non-apoplastic, in
agreement with our signal peptide predictions. Curiously, ApoplastP could not efficiently
predict cellular localization of proteins with a RICIN domain and we attribute this to the
processing of characterized RIPs with a lectin — they are localized to storage vacuoles (Lord,
1985). Therefore, based on amino acid character and lack of signal peptide, we speculate that

many of the RIPs in our database may not be sequestered via conventional protein secretion.

RIP physicochemical characteristics

Given the variety of domains found among the different plant RIPs, we were interested
in comparing their physicochemical characteristics. The group containing a single RIP domain
was the shortest in length (approximately 30 KDa; Fig. 1A). Curiously, those without a signal
peptide (noSP-RIPs) were generally longer than the SP-RIPs and had the greatest range of
lengths among all groups, suggesting that the extra amino acids may reflect a cytosolic
localization with subsequent processing, given the lack of signal peptides for this group.
Alternatively, these proteins may contain domains that have yet to be characterized or

annotated. As expected, the RIP-RICIN domain proteins were on average twice the molecular
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weight (60 KDa) of the RIP alone proteins. These RIP-RICIN and RIP-RICIN-RICIN proteins fall into
the classic type Il RIPs, with the lectin domain generally doubling protein size. The addition of
other domains to the RIP domain increased the molecular weight of these protein groups, in
particular the noSP-RRM-RIP-RIP-RIP and noSP-RIP-WD40 groups that were 4.5 and 6.5-fold

larger, respectively, than the SP-RIP group.
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Fig. 1. — Physicochemical characteristics of different RIP groups. Values were calculated from the
amino acid coding sequence of each protein in our dataset with the R package ‘peptides’ and

presented on boxplot format. Our dataset comprised a curated selection from all the proteins
charge prediction; (C) Boman potential protein interaction index prediction; (D) aliphatic index

Conserved Domain and Protein databases. (A) molecular weight prediction; (B) theoretical net
prediction.

available within NCBI’s Conserved Domain Database containing a RIP domain. The groups were

sorted based on presence/absence of a signal peptide and domains listed in both NCBI’s



The theoretical net charge, or overall charge of a protein at neutral pH (Bjellqvist et al.,
1993), was calculated for each group of proteins and varied based on the domain type and
number (Fig. 1B). For example, the four groups containing a RICIN domain were all negatively
charged at pH 7.0, whereas proteins composed of only a RIP domain varied in charge based on
the presence or absence of a signal peptide and number of repeating RIP domains. Moreover,
addition of other domains to the RIP domain correlated with an increase in either the basic or
acidic nature of these proteins, supporting the possibility of different functional interactions or
cellular localizations. The greatest range in theoretical net charge was observed in the noSP-RIP

group, correlating with their varied length and potential for different functional domains.

The Boman potential protein interaction index provides an overall estimate of the
potential of a protein to bind to membranes or other proteins (Boman, 2003). The lowest
values were associated with members of the SP-RIP group, which are sequestered from the
nucleocytoplasm. The lack of a signal peptide for the noSP-RIP group correlated with the
greatest range for potential interactions suggesting that this group consisted of proteins with
different functions (Fig. 1C). While no proteins met the threshold for ‘high binding potential’ as
a whole, the addition of domains to the single RIP domain tended to increase this index,
indicating that these domains, such as the noSP-RRM-RIP-RIP-RIP and noSP-RIP-WD40, may be
responsible for increased interaction with other cellular proteins or membranes. Accordingly,
these two groups were also the most charged among the 15 different RIP groups, which may

facilitate their interactions.

The aliphatic index, which is the measure of the relative volume of a protein occupied by

aliphatic side chains (alanine, valine, isoleucine, and leucine), is an indicator of globular
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protein thermostability (Ikai 1980). Averages among the 15 RIP groups ranged from 68 to 95,
with the noSP-RIP-WD40 group having the lowest value and the SP-RIP group with the highest
thermostability (Fig. 1D). Once again, the noSP-RIP group showed the greatest range,
suggesting they are the most diverse group of RIPs. Given that most globular proteins range in
aliphatic index from 80 to 100 (lkai 1980; Amblee and Jeffery, 2015), we considered the RIP

groups to be generally thermostable.

RIP distribution among plant orders and species

We investigated the distribution of these 15 groups of RIPs among the 21 plant orders
represented in our database of identified RIPs. The greatest number of RIPs and diversity of RIP
groups was found in the Poales — 400 RIPs from 13 different groups (Fig. 2). The large number
of sequenced species within this order may have contributed to the high number; however, the
Poales contained 48% of all identified RIPs and only 22% of the species with RIPs, indicating that
species within this order were enriched in RIP content relative to species within other orders.
Most orders had more than one group of RIPs and only five orders contained one RIP group.
Specifically, Celastrales, Trochodendrales, Myrtales each had one noSP-RIP identified,
Oxalidales had two noSP-RIPs and Santalales had only SP-RIP-RICIN-RICIN members identified.
As already noted, the dominant RIP group was the single domain RIP and only three orders, the
Santalales, Dipsacales, and Apiales, did not have this group identified among their RIPs. Proteins
containing a Ras or GH3 domain were found in the Asterales, whereas all other non-lectin
domains were identified only in the Poales. In addition, noSP-RIPs were found primarily in the
Poales but also distributed throughout the other orders, with only four (Asparagales, Santalales,

Dipsacales, and Apiales) lacking the noSP-RIPs.
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Fig. 2. — The number and type of RIPs within each plant order. Our dataset comprised a curated
selection from all the proteins available within NCBI’s Conserved Domain Database containing a
RIP domain. The groups were sorted based on presence/absence of a signal peptide and
domains listed in both NCBI’s Conserved Domain and Protein databases. Colours represent
different RIP groups. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Of the 120 plant species we identified with RIPs, 54 species (45%) had more than one
type of RIP with one to several RIPs within each type, while 31 species (26%) had only a single
RIP of a single type. A stacked bar graph of each species and the number and type of RIP
identified in each illustrates that many species contained more than one RIP and many had

more than one type (Fig. 3). The predominant form in most species was the noSP-RIP.
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Fig. 3. - The number of RIPs within each plant species. Our dataset comprised a curated selection
from all the proteins available within NCBI's Conserved Domain Database containing a RIP
domain. The groups were sorted based on presence/absence of a signal peptide and domains
listed in both NCBI's Conserved Domain and Protein databases. Colours represent different RIP
groups. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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RIP phylogenetic tree

Given the number of RIP groups and the presence of more than one group in many
plants, we wanted to visualize the evolutionary relationships among these proteins in the 120
species of RIP-containing plants. The colour coding of the phylogenetic tree illustrated in Fig.
4 is based on the grouping of structurally similar RIPs and indicates the plant orders as a
coloured band around the circumference of the tree. The chosen outgroup enzymes were DNA-
3-methyladenine glycosylase (https://www.uniprot.org/uniprot/AOAOD6R531) and alpha-
amylase (https://www.uniprot.org/uniprot/AOAOD6QTL5), selected from hoop pine (Araucaria
cunninghamii) because this species does not contain a RIP and is not within the
division Magnoliophyta. From the RIP-based phylogenetic tree, we predict that the original
parent group of all identified RIPs is the noSP-RIP; it was most closely aligned to the outgroup,
suggesting that it evolved before the other RIPs. There is also an early division which separates
the tree into two major clades: one comprising most of the lectin-containing proteins, with the
other comprising primarily proteins in the noSP-RIP group and most of the other non-lectin-
containing multi-domain proteins. This division is correlated with the division
between monocots and dicots, as the proteins within dicots were primarily present in the
former clade while monocots comprised the majority of the latter clade. Because proteins with
a signal peptide tended to be closely related to proteins containing a lectin domain, it is likely
that the emergence of these two structural features is closely aligned. The four lectin-
containing RIP groups were closely related, apart from those within Poales, suggesting that the
common ancestor of these proteins contained a lectin domain. In some lineages, the lectin

domains were either duplicated or lost, to either revert the protein to a single-domain RIP, or
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produce the double and single lectin domain proteins. As the other groups of multi-domain
proteins are closely related to noSP-RIPs and not closely related to each other, it is likely that
these proteins emerged independently through domain fusion events with noSP-RIPs. Some of
these RIPs, specifically, noSP-RIP-Ras and noSP-GH3-GH3-RIP were present in the Asterales,
indicating an independent evolution from those RIPs with non-lectin domains found within the
Poales. A more detailed version of this phylogenetic tree, which includes bootstrap supports

and individual protein labels, is available in Newick format in Supplementary Data 6.
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Fig. 4. — Circular gene tree of RIPs. Our dataset comprised a curated selection from all the
proteins available within NCBI’s Conserved Domain Database containing a RIP domain. The
phylogenetic tree was constructed using the maximum-likelihood method with the amino acid
substitution model WAG + R9, ultrafast bootstrapping approximation (UFBoot) with 1000
iterations and the SH-like approximate likelihood ratio test with 1000 iterations. The legend
titled ‘Order (outer ring)’ outlines the coloured dots around the perimeter of the tree and
represents the phylogenetic order from which each protein sequence originated. Proteins
without a coloured dot belong to orders with less than ten proteins. The legend titled ‘RIP
domains (inner lines)” defines colours in the branches of the tree, each representing a RIP group,
based on presence/absence of a signal peptide and domains listed in both NCBI’s Conserved
Domain and Protein databases. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Amino acid conservation across RIP groups

To consider what constitutes a RIP domain and identify conserved amino acids, we
performed a multiple sequence alignment of all NCBI-annotated RIP domains within our dataset
and obtained the consensus sequence as predicted by Jalview (v2.11.1.7; Waterhouse et al.,
2009). Any amino acid in this alignment with 70% identity or greater was considered
‘conserved’ and was mapped onto the crystal structure of pokeweed antiviral protein 1QCl
(Kurinov et al., 1999a, 1999b), a well characterized SP-RIP. The crystal structure is of mature
pokeweed antiviral protein lacking the signal peptide; therefore, its first amino acid is valine (V).
Based on protein domain databases (InterPro and Expasy Prosite) a single RIP domain
comprises the majority of the amino acid sequence of pokeweed antiviral protein. Comparison
of the consensus sequence with 1QCl indicated two positions with conserved amino acids that
were not identical but semi-conserved in the sequence of 1QCI, (I vs L at positions 117 and
152), so the amino acids present at those positions in 1QCl were highlighted in their place (Fig.
5). Although the conserved amino acids were distributed throughout the sequences (Fig. 5A),
when mapped to the crystal structure of 1QCI most clustered, predictably, within the enzyme
active-site pocket (Fig. 5B). Previous reports of conserved amino acids within a RIP domain cite
five essential, often non-variable amino acids (Van Damme et al., 2001; Fabbrini et al., 2017),
whereas our analysis shows that E176 and R179 were the most conserved amino acids in the
protein (95% and 92% respectively), while the remaining were less conserved (35-69%; data
not shown). The glutamic acid and arginine are directly involved in glycosylase activity (Frankel
et al., 1990; Li et al., 1999), which is consistent with their clustering at the active site of the

enzyme structure (Fig. 5B). We observed the two tyrosines (Y72, Y123) involved in base-
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stacking with the substrate adenine (Monzingo and Robertus, 1992; Gu and Xia, 2000) and
W208 with S212 postulated to stabilize the adenine within the active site (Chambery et al.,
2007; Shi et al., 2016). G141, 1152 (L152 in the consensus sequence) and M173 are buried
within the protein suggesting their role in maintaining structural integrity or facilitating minor
mobility during catalysis. 1117 (L117 in the consensus sequence) is the only surface-exposed
amino acid not within the active site, and its function is not clear. We speculate that 1177/L177
may contribute by maintaining structure required for protein-RNA interactions. In addition to
this amino acid alignment, we also created a sequence logo illustrating the conserved amino
acids among all RIP domains in our database (Supplementary Data 7). Extensions at the N and C
termini were removed because they represented a large gap in the multiple sequence
alignment. This representation allowed for a more detailed comparison among specific amino
acids at a given location. There was consistency with regards to the conservation of amino acids
described above. Though other conserved amino acids were evident, they were present at
frequencies below 70%. Furthermore, many variable regions tended to have an amino acid of

similar character suggesting the overall conserved nature of the RIP domain.
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Fig. 5. - The most highly conserved RIP amino acids. Our dataset comprised a curated selection
from all the proteins available within NCBI's Conserved Domain Database containing a RIP
domain. Colours indicate amino acids conserved in at least 70% of sequences. For the two pink-
highlighted proteins, the black bolded amino acids were present in 70% of sequences at that
position but were not present in the amino acid sequence of the crystal structure. (A) Sequence
alignment. RIP domain consensus: the consensus sequence generated from the multiple
sequence alignment in Jalview excluding gaps; 1QCl: the amino acid sequence of pokeweed
antiviral protein (protein databank: 1QCl). The third line denotes the similarity in the two
sequences as determined by Clustal Omega. (B) The crystal structure of 1QCl visualized in UCSF
ChimeraX in surface representation; (C) mesh representation; and (D) cartoon representation.
(For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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To determine whether the addition of non-RIP domains or lack of signal peptides altered
the conservation of RIP domain amino acids, the RIP domain sequences of the different protein
groups were separated into individual fasta files based on their domain configuration and signal
peptide presence or absence. The “other” group was comprised of all RIPs with the addition of
non-lectin domains, which were pooled together because these proteins had so few members.
Each of these groups underwent multiple sequence alignment. Fig. 6 lists the conserved amino
acids within RIP domains, as previously defined, and indicates their presence or absence within
each group; amino acid positions with less than three conserved amino acids between the
groups were not included. Three amino acids were present in all protein groups (G141, E176,
R179); G141 is hypothesized to maintain protein structure, and E176 and R179 are required for
base hydrolysis (Frankel et al., 1990; Li et al., 1999). The remaining conserved amino acids
identified in Fig. 5A were not conserved at least 70% in all RIP groups. For example, W and S did
not meet the 70% threshold in the “other” group. Comparison of the extent of amino acid
conservation across RIP groups indicates that noSP-RIP had the least number of conserved
amino acids, followed by SP-RIP, suggesting that these groups are the most divergent RIPs. The
“other” group also had few conserved amino acids, as was expected for a group comprised of
different domains. The four groups of RIPs with RICIN (lectin) domains were more similar to
each other than to the other RIP groups, based on the conservation of their amino acids,
suggesting that their evolution is more tightly constrained than the noSP-RIP and SP-RIP groups.
The amino acid conservation also suggests that the RIPs with RICIN domains likely evolved from

a single ancestor, which is consistent with their distribution in the phylogenetic tree.
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Fig. 6. Tile plot of the most conserved amino acids within RIP domains of each protein group. The
Y axis depicts the amino acid and corresponding position within the pokeweed antiviral protein
(protein databank: 1QCl), the X axis depicts the proteins groups. For the two pink-highlighted
amino acids on the Y axis, different amino acids were present in 70% of sequences at that
position but were not present in the amino acid sequence of the crystal structure. The solid blue
cells represent amino acids conserved at least 70% within each RIP group and with shared
identity to the reference sequence 1QCI. Patterned blue cells represent amino acids conserved
at least 70% within RIP groups but without identity to 1QCI. Any amino acid positions with 70%
consensus in less than three protein groups were collapsed and shaded black.
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Discussion

By conducting an unbiased search of all sequenced plant genomes, we identified several
new types of RIPs based on their protein domains. Surprisingly, most are predicted to be
nucleocytoplasmic, indicating they may not be toxic to the plants that synthesize them. This,
together with their range of calculated physicochemical characteristics, suggests they have
different functions. Our phylogenetic tree indicates that of the different types, the noSP-RIP
was the initial RIP in plants. Furthermore, the inclusion of signal peptides evolved in tandem
with the addition of the lectin domain, which clarifies some disparity among previous
evolutionary models. The distribution of RIPs throughout 21 plant orders, with many species
expressing more than one type of RIP, indicates a more diverse group of proteins than

previously known.

Signal peptides and domain diversity

Upon their synthesis, many RIPs are sequestered to membrane-bound subcellular
compartments or the apoplast, presumably to protect ribosomes from depurination (Youle and
Huang, 1976; Ready et al., 1986). Contrary to this expectation, our sorting of RIPs based on
presence of a signal peptide indicated that most RIPs in plants, including the nine new RIP
groups with non-lectin domains, do not have signal peptides. These RIPs may therefore be
nucleocytoplasmic with potential access to conspecific ribosomes. Characterization of some
RIPs without signal peptides has shown their synthesis as inactive precursors, which may be a
mechanism to avoid disabling ribosomes (Walsh et al., 1991; Hey et al., 1995). In addition, there
is also variety with regards to their enzymatic activity. The level of ribosome depurination in

vitro by fully processed maize RIP1, which lacks a signal peptide, was orders of magnitude less
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than depurination by single domain RIPs with signal peptides, indicating that some
nucleocytoplasmic RIPs may be less toxic than sequestered RIPs (Bass et al., 1992; Hey et al.,
1995). Over 60% of the RIP genes we identified did not encode a signal peptide and because our
screening included recently sequenced plant genomes, most of these RIPs have not been
characterized. The lack of signal peptide required for co-translational insertion into

the endoplasmic reticulum lumen does not preclude the possibility that some RIPs without
these signals are localized to the extracellular space by unconventional secretion (Krause et al.,
2013). Indeed, increasing evidence shows cytosolic proteins that lack signal peptides can gain
access to the apoplast and that their extracellular numbers increase during stress (reviewed

in Wang et al., 2018; Ruano and Scheuring, 2020). We speculate that some leaderless RIPs may
be localized to the apoplast via these unconventional routes; however, further analysis is
required to identify their processing and localization. Our finding that the majority of plant RIPs
lack a signal peptide significantly extends our understanding of these enzymes beyond

sequestered toxins to proteins whose localization may vary with environmental conditions.

We have uncovered considerable diversity among RIPs based on domain number and
type. We expected to see single domain RIPs and RIP domains bound to RICIN (lectin) domains,
but we also observed gene models with duplicated RIP or other domains. The domain
architecture of ricin, a RIP from castor bean (Ricinus communis), falls within the SP-RIP-RICIN-
RICIN group with a duplicated lectin domain. Examples of some tetrameric RIPs have been
described; however, these are the result of disulfide bonds that link proteins post-
translationally in a RIP-RICIN-RICIN-RIP conformation rather than genetically encoded

duplicated domains (Chandran et al., 2010; Iglesias et al., 2010). In addition to these two main
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groups RIP and RIP-RICIN, we documented nine novel types of RIPs, each comprised of domains
in addition to the RIP domain. The greatest diversity was found in the order Poales and their
lack of signal peptides is a common feature among RIPs produced in cereals (Jiang et al.,

2008; Wytynck et al., 2017). Many of these genes were differentially expressed in different
plant tissues and under stress conditions, suggesting a range of functions for the RIPs within
this single species (Jiang et al., 2008). The variety of domains we identified, ranging from RNA
recognition motifs to peptides involved in protein-protein interaction, indicates that in addition
to their RNA glycosylase activity, these RIPs have other functions. The additional domains may
also modulate or control their glycosylase activity, or indeed they may be released from the RIP
domain during processing and maturation of the protein in vivo. Such a scenario has been
shown for the methyl-jasmonate induced JIP60 from barley, a noSP-RIP (Dunaeva et al.,

1999; Rustgi et al., 2014; Przydacz et al., 2020). A recent database search for proteins bearing a
RIP domain using JIP60 as the query resulted in less than half of the protein lengths comprised
of the RIP domain, suggesting the presence of additional domains (Przydacz et al., 2020). We
anticipate that some of the proteins we assigned as noSP-RIP may have additional domains
identified in future, as the protein and domain databases become more complete. Given the
diversity of RIP groups we present with regards to their physicochemical properties and
potential for association with RNAs and proteins, we suggest that they function

beyond rRNA depurination and that their activities may be affected by environmental factors,

not unlike that of JIP60.
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Numbers and groups of RIPs

Our search for RIPs showed that most plants have more than one RIP. While most RIPs
to date have been identified through genome and transcriptome data (see Supplementary Data
1 for full list of reference materials for each sequence), in some cases more than one RIP within
a single species has also been characterized biochemically. For example, the type Il RIPs, b-32
and JIP60, synthesized in Zea mays and Hordeum vulgare, respectively, were characterized
(Walsh et al., 1991; Chaudhry et al., 1994) following the identification of other single domain
RIPs within both species (Coleman and Roberts, 1982; Leah et al., 1991). Both single-domain
and lectin-containing RIPs are also produced in Iris hollandica (Hao et al., 2001). Moreover, 18
different RIPs have been identified in Ricinis communis, including four single-domain and six
lectin-containing RIP genes that were expressed in unique patterns during seed development
(Loss-Morais et al., 2013). Because RIPs are not ubiquitous and therefore not essential for plant
survival, it is plausible that this number allows for a greater variability in RIP evolution and thus
explains the variety of different forms and functions RIPs have taken in different species.
Furthermore, as genome-wide duplication events have given rise to multiple copies of these
genes within certain species, particularly in the Poales (Jiang et al., 2008; Di Maro et al.,
2014; McKain et al., 2016; Lapadula and Ayub, 2017), maintenance of more than one group of

RIP could benefit the plant with a new function or stress adaptation.

RIP phylogeny
A gene tree is distinct from a species tree because it describes the phylogeny of a
particular DNA region or gene of interest, where the operational taxonomic units for the

phylogeny are the alleles of the gene family of interest rather than populations or species
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(Avise, 1989). We chose to represent RIP phylogeny from the perspective of their different
domains and the presence or absence of a signal peptide rather than using plant taxonomy as
the basis for our phylogenetic tree, as we focus on the evolution of these proteins rather than
the plant species containing them. Therefore, our data presentation allows us to visualize each
clade as a modification to the sequence, and by extension, structure and function of these

diversely represented proteins.

Since the most recent RIP phylogenetic trees (De Zaeytijd and Van Damme,
2017; Lapadula and Ayub, 2017) many more genomes have been sequenced to the
chromosome level from a wide variety of plant species (Sun et al., 2021), allowing for a more
thorough investigation of plants with RIPs, especially for non-model organisms. With this
increased diversity we were able to identify more species in a wider number of orders than
identified previously, resulting in a significantly larger dataset of RIPs compared to previous
research (Di Maro et al., 2014; Lapadula et al., 2017). Our unbiased method of identifying RIPs
also allowed us to detect more unusual and novel sequences. Previous strategies selected
existing RIPs either as candidates for BLAST searches (Peumans and Van Damme,
2010; Peumans et al., 2014; De Zaeytijd and Van Damme, 2017), or to construct a matrix to
identify homologous proteins (Lapadula et al., 2013, 2017; Lapadula and Ayub, 2017). Both
these techniques select for proteins that are sufficiently similar to the candidate list. In
contrast, our method searched for candidate RIPs by the presence of an annotated RIP domain

within NCBI's conserved domain database, which enabled us to identify novel RIPs.

Authors of RIP phylogeny have proposed various models over time, with consensus in

some areas but not in others. It is widely believed that the first RIPs evolved as single-domain
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proteins (Lapadula and Ayub, 2017; Peumans et al., 2014), which is supported by our
phylogenetic tree showing the ancestral protein is a RIP with no other domains, based on its
position relative to the outgroup. There is also consensus that chimeric proteins comprised of a
RIP and lectin domain emerged from a fusion event of these domains before the separation of
monocots and dicots. However, some propose that this occurred only once (Lapadula et al.,
2013; Di Maro et al., 2014; Lapadula and Ayub, 2017) or more than once (Peumans and Van
Damme 2010; Peumans et al., 2014; De Zaeytijd and Van Damme, 2017). Our analysis supports
the introduction of the lectin domain prior to the separation of monocots and dicots due to its
presence in both lineages. Furthermore, our tree concurs with studies by the Ayub group
(Lapadula et al., 2013; Di Maro et al., 2014; Lapadula and Ayub, 2017) showing that there was
subsequent domain loss in some lineages; this is indicated in our tree as clades of lectin-
containing RIPs that are closely related to single-domain RIPs. There is also consensus that a
sub-section of RIPs with a single lectin domain emerged from the loss of one copy of this
domain, though to what extent has varied depending on the size of the dataset. For

example, Peumans et al. (2014) noted that there are instances of proteins with a RIP domain
and a non-duplicated lectin domain which they proposed was due to a deletion of one of the
duplicated domains. This is supported by our tree as these proteins are closely related to RIPs
with duplicated lectin domains rather than being clustered into one isolated clade. Our tree
also supports the hypothesis outlined by De Zaeytijd and Van Damme (2017) that the
introduction of the signal peptide happened in tandem with the addition of other domains.

Therefore, our results clarify several aspects of RIP evolution.
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While the scale and diversity of this dataset introduces more uncertainty into our final
tree compared to previous trees composed of proteins with greater sequence similarity, our
results support and build on this research. Our large dataset also allowed for the discovery of
RIPs with additional non-lectin domains outside the family Poaceae, specifically within
the Asteraceae that were unlike those found in Poaceae. We are also the first to report the
existence of multi-domain proteins other than RIPs with a duplicated lectin, and the first to
identify RIPs with a single lectin domain in addition to a RIP domain in the context of a
phylogenetic tree. Moreover, we found no evidence of plant RIPs outside of flowering plants
which calls into question the hypothesis that RIPs evolved before the separation
of Gnetophyta and Magnoliophyta (Peumans and Van Damme, 2010; Peumans et al., 2014).
With significantly greater species number and RIP types, we have gained new understanding of

how these proteins arose and diverged in different plant taxa.

RIP consensus and conserved amino acids

Differences in the conservation of amino acids within the RIP domains of the 15 protein
groups we identified suggest that they may vary regarding activity or substrate interaction.
Even though all characterized RIPs depurinate rRNA, they show varying degrees of binding and
enzyme activity toward ribosomes from different taxa (Massiah and Hartley, 1995; De Zaeytijd
et al., 2019). For example, ricin, a SP-RIP-RICIN-RICIN, accesses ribosomes by binding to stalk
proteins characteristic of eukaryotes (May et al., 2012), and has little activity against
prokaryotic ribosomes (Endo et al., 1988). By comparison, pokeweed antiviral protein, a SP-RIP,
is active against both eukaryotic and prokaryotic ribosomes and binds ribosomal protein L3

(Hudak et al., 1999), which is conserved across taxa. In addition to interaction with ribosomes,
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RIPs also differ with regards to their RNA substrates apart from rRNA. Several single domain
RIPs have antiviral activity and cleave adenine bases from plant and animal viral RNA (Barbieri
et al., 1997; Gandhi et al., 2008; Zhabokritsky et al., 2014). Structural analyses (Kurinov et al.,
1999c¢; Gu and Xia, 2000) and depurination assays (Hudak et al., 2001) of some SP-RIPs have
shown guanine as a substrate in addition to adenine. The lack of conservation of W208 and
S212 in the non-lectin domain (Other) group was unexpected, given that these amino acids
stabilize the ligand inside the active site pocket (Shi et al., 2016). The absence of their
conservation suggests that these proteins may substitute functionally equivalent amino acids,
or alternatively, they may interact differently with their substrates. The diversity of sequence
among the different RIP groups supports the potential for a range of depurination levels from
different substrates, expanding the variety of activities of these proteins. Further structural
analyses of RIPs bound to ribosomes and rRNA is needed to understand how the conserved

amino acids of the different groups contribute to their substrate specificity.

RIPs are characterized largely as defense proteins, though the connection between their
activities as glycosylases and their responses to biotic and abiotic stress is not well understood.
Our extensive search for RIPs among complete plant genome sequences has uncovered 15
different groups with unigue physicochemical properties, suggesting diverse functionality
within this family of proteins. Our phylogenetic analysis significantly extends our knowledge of
RIP distribution and evolution, showing how the forms arose and diversified across 21 plant
orders. This comprehensive study supports further characterization of the different RIPs and

their activities, to contribute better understanding of their functions in plants.
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Experimental

Data gathering and filtration

All amino acid sequences, within the clade Viridiplantae, containing the domain
pfam00161 (RIP) (Lu et al., 2019) as identified by the Conserved Protein Domain Architecture
Retrieval Tool (Geer et al., 2002; Yang et al., 2020) were downloaded from NCBI's Protein
database with Entrez (Sayers et al., 2022) along with their corresponding Genpept files. In
addition to this, the amino acid sequences of pokeweed antiviral protein isoforms from the
pokeweed genome (Neller et al., 2019) and two outgroups from Araucaria cunninghamii,

UniProt ID AOAOD6QTL5 and AOAOD6R531, (The UniProt Consortium, 2021) were included.

To filter partial proteins, any sequence name containing the words ‘partial’, ‘chain’,
‘fragment’, or ‘truncated’ was removed, along with any sequence not starting with
a methionine. Similarly, proteins labeled as low quality were removed, and mature peptides
were filtered by removing protein names containing ‘protein product’. The Genpept files of
proteins without a signal peptide were checked manually to ensure they were not mature
proteins (missing signal peptides); sequences that were not genomic in origin, labeled as clones
from cDNA, or labeled as mature proteins were removed. Duplicate sequences were removed
by calculating the pairwise percentage identity of all sequences with the R package Biostrings
(v2.62.0; Pages et al., 2021) and removing one member of any pair with greater than 99%

similarity within a single species.

The domain organization was manually tabulated from the annotations in the Genpept
files; when annotations were not listed, the structures presented in the Conserved Protein

Domain Architecture Retrieval Tool were used instead. The presence of a signal peptide was
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predicted from all the amino acid sequences using SignalP 6.0 (Teufel et al., 2022); when results
conflicted between the annotations in NCBI and predictions from SignalP, the NCBI annotation
was selected. For simplicity, the domains “cl40832: Ricin_B_lectin Superfamily”, “cl40779: RICIN
Superfamily”, “cl23784: RICIN Superfamily”, “pfam00652: Ricin_B_lectin”, “pfam14200:
RicinB_lectin_2", and “smart00458: RICIN” were all referred to here as RICIN. Proteins were
grouped by the organization of these domains and the presence or absence of a signal peptide;
all groupings are summarized in Table 1 while the domain description and identification code

within the Conserved Domain Database is available in Supplementary Data 3.

To further validate and characterize the RIPs containing domains other than ‘RIP’ or
‘RICIN’, the amino acid sequences of these proteins were used as input for the InterPro web
browser (Jones et al., 2014; Blum et al., 2020) and the domain configuration with the greatest
consensus among top hits was manually recorded, along with the InterPro-predicted gene
ontology (GO) terms for each sequence (Supplementary Data 4); the GO terms for ‘cellular
component’ (CC) were not included because none were predicted by InterPro for these
sequences. To determine the cellular localization of proteins based on a metric other than the
presence of a signal peptide, ApoplastP (Sperschneider et al., 2017) was used to
computationally predict whether the protein is apoplastic based on the amino acid sequence,
and the output was imported to R for plotting (Supplementary Data 5) and tabulation with

other data (Supplementary Data 1).

Data analysis in R
The fasta file downloaded from NCBI was imported into R with the seqinr package

(Charif and Lobry, 2007). The species names were extracted from the fasta sequence names,
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and the full NCBI taxonomy was tabulated with the R package Taxize (Chamberlain and Szocs,
2013). For each amino acid sequence, the molecular weight, theoretical net charge, Boman
potential protein interaction index, and aliphatic index were calculated using the R package
Peptides (Osorio et al., 2015). These data were organized and plotted in R using the tidyverse

suite of packages (Wickham et al., 2019).

Phylogenetic tree construction

Multiple sequence alignment was performed with MAFFT (version 7.505; Katoh et al.,
2002) using the ‘--auto’ option which allows the program to compute and select the best
alignment strategy. The amino acid substitution models were calculated using IQ-TREE
(v1.6.12; Nguyen et al., 2015) with ModelFinder (Kalyaanamoorthy et al., 2017) which
computes log-likelihood, Akaike information criterion (AIC), corrected Akaike information
criterion (AlCc), and the Bayesian information criterion (BIC). The calculated best model was
WAG + R9 for all three criteria, and therefore this model was selected. Partition models
(Chernomor et al., 2016) were also calculated with the single-domain proteins separate from
the multi-domain proteins, but ultimately the partition model was not used as it did not
improve the quality of the output (data not shown). A maximume-likelihood tree was
constructed with IQ-TREE using the model WAG + R9, ultrafast bootstrap approximation
(UFBoot) 1000 times (Hoang et al., 2018) and the SH-alLRT test, which is a SH-like approximate
likelihood ratio test (Guindon et al., 2010) with 1000 iterations. The resulting tree was
visualized with MEGA11 (Tamura et al., 2021), rooted with both outgroups, and colour coded

based on RIP group (inner lines) and order (outer ring).
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Map to crystal structure and sequence logo

The amino acid sequences of the RIP domains in the six largest groups were separated
into fasta files. Because the remaining protein groups had few members, their RIP domain
sequences were pooled into a group labeled ‘other’. The amino acid sequence for 1QCI (Kurinov
et al., 1999a, 1999b) was added as the first entry for each fasta file. Each of these fasta files
underwent multiple sequence alignment with MAAFT using default settings in Jalview
(v2.11.1.7, Waterhouse et al., 2009); the process was also repeated with all sequences pooled
into one file. All sequences with more than 70% consensus at an amino acid were selected. The
crystal structure of 1QCl was visualized with UCSF ChimeraX (Pettersen et al., 2021).
The sequence logo was constructed in R using ggseqlogo (Wagih, 2017) from the same multiple
sequence alignment used for comparison of amino acid conservation to the crystal structure of

1QCl.
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Supplementary Data 5 — Bar graph of the fraction of RIPs predicted to be apoplastic versus
non-apoplastic per RIP group. Our dataset comprised a curated selection from all the
proteins available within NCBI’s Conserved Domain Database containing a RIP domain.
Predictions were made from amino acid sequence data using the ApoplastP web server; any
predictions with a probability score lower than 70% were re-labelled as a separate category
titled ‘ApoplastP prediction <70%’.
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Supplementary Data 7 — Sequence logo of the multiple sequence alignment against the amino
acid sequence of pokeweed antiviral protein (protein databank: 1QCI). Multiple sequence
alignment was generated using MAFFT in Jalview and then gaps introduced into the reference
sequence 1QCl were collapsed; all positions with consensus greater than 70% were retained.
The first ten amino acids and the last 46 amino acids were also removed as they represented
large gaps in the multiple sequence alignment. Our dataset comprised a curated selection from
all the proteins available within NCBI’s Conserved Domain Database containing a RIP domain.
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Chapter 3 - Response of pokeweed to jasmonic acid reveals early

defense strategies

This chapter is presented as a submitted manuscript by Kyra Dougherty and Katalin A. Hudak
Submitted on Jun 28, 2023, Document ID: TPJ-00841-2023

SUMMARY

Jasmonic acid (JA) is a plant phytohormone involved in regulating responses to biotic
and abiotic stress. Although the JA pathway is well characterized in Arabidopsis thaliana, less is
known about many non-model plants. Phytolacca americana (pokeweed) is native to eastern
North Americana and is resilient to a variety of environmental conditions. In this work, we have
assembled and annotated the pokeweed genome and made it publicly available to serve as a
research resource. The genome assembly had an NG50 of ~13.2 Mb and the gene annotations
had a minimum 93.9% complete BUSCO score. To investigate the early response of pokeweed
to stress, we sprayed leaves with JA and collected samples for transcriptome analysis over a six-
hour period. Approximately 5,100 genes were differentially expressed during the time course
with almost equal number of up- and down-regulated genes. Cluster and gene ontology
analyses indicated the down-regulation of genes associated with photosynthesis and up-
regulation of genes involved in secondary metabolite synthesis and hormone signaling. We
constructed a gene regulatory network of pokeweed response to JA and integrated
transcriptomic data from orthologues of Arabidopsis genes. Similarities between the two plants
existed; however, unlike Arabidopsis, pokeweed does not use leaf senescence as a means of

reallocating resources during stress. In addition, many secondary metabolite synthesis genes
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were constitutively expressed, suggesting that pokeweed directs its resources for survival over
the long term compared to Arabidopsis. The assembled pokeweed genome, and the
investigation of pokeweed response to JA, provide insights into alternative approaches plants

use during defence.

SIGNIFICANCE STATEMENT

Pokeweed (Phytolacca americana) is a non-model plant known for its resilience to
different environmental conditions and our publicly available genome assembly will serve as a
resource for research in plant defense. Analysis of pokeweed gene expression during early
response to jasmonic acid illustrates contrasts with expression patterns in Arabidopsis; notably,
pokeweed mounts a defense response without sacrificing leaf tissue and constitutively
synthesizes a broad range of secondary metabolites which may contribute to its long-term

survival.
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INTRODUCTION

Jasmonic acid (JA) is a phytohormone that is involved in regulating plant development
and adaptation to various environmental conditions by mediating the balance between growth
and defense (Chini et al., 2016). JA is involved in response to biotic and abiotic stresses such as
drought, salt, pathogens, and insect herbivory (Wasternack and Feussner, 2017) and several
excellent reviews detailing JA signaling in Arabidopsis (Arabidopsis thaliana L. Heynh.) have
been published (Kazan and Manners, 2013; Liu and Timko, 2021; Song et al., 2022). In the
absence of JA, activated transcription of genes in the JA pathway is repressed by binding of
JASMONATE-ZIM DOMAIN (JAZ) proteins to transcription factors bound to their target
promoters. When JA is present, it is converted to its bioactive form (+)-7-iso-JA-isoleucine (JA-
Ile) which binds to the CORONATINE INSENSITIVE 1 (COI1) receptor (Chini et al. 2016)
prompting formation of the SKP1-CULLIN1-F-box-type (SCF) E3 ubiquitin ligase complex
(SCFO'1) complex. This complex ubiquitinates the JAZ proteins marking them for degradation
(Ali and Baek, 2020). The ubiquitin-mediated degradation of the JAZ proteins (Thines et al.,
2007) de-represses previously bound transcription factors allowing for downstream gene
expression. JAZs have been shown to repress several stress-responsive transcription factors (Hu
et al., 2013; Zhu et al., 2011; Boter et al., 2015). Most importantly, JAZs repress the MYCs, of
which MYC2 is considered the master regulator for the JA pathway (Chini et al., 2016). MYC2
regulates many genes involved in growth and development, biotic and abiotic stress response
(Song et al., 2022) and does so by forming a variety of regulatory complexes in Arabidopsis;

there are at least 100 proteins that can interact with MYC2 (Chen et al., 2012).
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Though the JA response pathway is well characterized in Arabidopsis, less is known
about many non-model plants. For example, pokeweed (Phytolacca americana L.) is native to
eastern North America and is a member of the taxonomic order Caryophyllales. The plant is
recognized as a heavy metal hyperaccumulator (Peng et al., 2008; Liu et al., 2010; Zhao et al.,
2011) and is broadly resistant to many pathogens (Zoubenko et al., 1997; Lodge et al., 1993;
Karran and Hudak, 2008;). Resistance is attributed to the presence of pokeweed antiviral
protein, an RNA N-glycosylase that depurinates the sarcin/ricin loop of 28S rRNA, which either
limits translation needed for pathogen replication or signals a defense response (Zhabokritsky
et al,, 2011; Citores et al., 2021). Though these enzymes are present in approximately one-third
of flowering plant orders, Arabidopsis does not synthesize an RNA N-glycosylase (Dougherty
and Hudak, 2022). Moreover, Arabidopsis is not known for its tolerance to environmental
change. For example, older Arabidopsis plants are more susceptible to pathogens, younger
plants poorly tolerate temperatures over 25 °C, and plants of all ages can be killed by high or
low light intensity (Rivero et al., 2014). Furthermore, Arabidopsis is more sensitive to salt than
some other species (van Delden et al., 2020), and induces leaf senescence upon JA application
(He et al., 2002). We therefore hypothesize that while pokeweed will respond similarly to stress

as Arabidopsis in some ways, differences may contribute to its increased hardiness.

Our previous study showed that the transcriptome of pokeweed is responsive to JA 24
hours after treatment (Neller et al., 2016; 2018; 2019). However, the gene expression patterns
in pokeweed within the first six hours following JA exposure, or the early JA response, remains
unknown. Furthermore, there are currently no publicly available genome assemblies in the

taxonomic family Phytolaccaceae, which hinders further genomics research in pokeweed and

73



other closely related species. The goal of this study was to produce a quality publicly available
pokeweed genome assembly and annotations, and use this resource to determine how the
early JA response changes gene expression, with particular focus on genes that precede, and
therefore may be involved with, the upregulation of defense. We anticipated that the MYC-
based JA-mediated defense regulatory system is conserved in pokeweed; however, changes at
the transcript level in the early gene expression patterns will differ from Arabidopsis and will

contribute to the long-term survival of pokeweed.

RESULTS

Genome assembly and annotation quality

The pokeweed genome was assembled de novo from approximately 30 Gb of PacBio Hifi
long reads using hifiasm and represents the first publicly available genome assembly for this
non-model plant. The quality of this assembly was assessed with several metrics.
Genomescope?2 was used to predict the read error rate, the percentage of genome
homozygosity, the haploid genome length, and the percentage of repeat content. BUSCO scores
were generated using the orthologue databases ‘eukaryota_odb10’ and ‘eudicots_odb10’ to
determine what percentage of the highly conserved coding sequences in the two respective

taxonomic groups were present in the genome assembly.

The initial profile generated from the long reads indicated that the genome of our
pokeweed sample was 99.8% homozygous which, given that pokeweed is a tetraploid plant,
lends confidence to the quality of the final assembly. The BUSCO scores of the genome
assembly were high, with 100% complete BUSCOs using the ‘eukaryota_odb10’ database, and

97.4% complete BUSCOs using the ‘eudicots_odb10’ database (Table 1). While the total
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assembled genome length changed very little from the previous published assembly with short-
read data only (Neller et al., 2019), the contiguity of the assembly improved greatly. The
current assembly has a total of 1,058 contigs, with ~98% of all identified genes (33,410 of
34,107) present on the largest 100 contigs. The N50 of this assembly is ~14,000,000 bp, and its

longest contig is ~51,000,000 bp. (Table 2).

Table 1 — Quality scores for the primary haplotype-resolved genome assembly using the
programs Genomescope?2 and BUSCO with two different databases from OrthoDB
(eukaryota_odb10 and eudicots_odb10).

Program Measure Result
Genomescope2 Minimum predicted percent homozygous 99.8%
initial statistics Minimum predicted repeat content 56.4%
Minimum predicted haploid genome length 1,181,754,405 bp
BUSCO on Complete single-copy 76.1%
eukaryota_odb10 Complete duplicated 23.9%
(255 proteins) Fragmented 0.0%
Missing 0.0%
BUSCO on Complete single-copy 90.5%
eudicots_odb10 Complete duplicated 6.9%
(2326 proteins) Fragmented 0.8%
Missing 1.8%
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Table 2 - QUAST output comparing the pokeweed genome assembly based on short reads alone
to the assembly based on long reads alone. The short read assembly is from Neller et al., (2019),

and all parameters were identical.

Assembly

Primary contig

Fold improvement (x) from

assembly assembly by Neller et al.

2019
Total number of bases in contigs of  1,124,849,122 bp -0.05
length >=0 bp
Total number of bases in contigs of  1,124,849,122 bp 0.17
length >= 1000 bp
Total number of contigs 1,058 800.29
Largest contig 51,110,158 bp 138.37
N50 13,995,428 bp 351.01
NG50 13,284,801 bp 423.41
L50 26 276.31
LG50 29 334.90
N75 8,669,510 bp 506.91
NG75 7,920,507 bp 1984.09
L75 51 325.35
LG75 56 562.61

Several attempts were made to annotate the genome assembly using BRAKER, MAKER,

and a combination of the two with different evidence sources. The transcript evidence was the

0-6 hour RNA-seq JA time-course samples described in this study, sequences previously

published by our lab (Neller et al., 2019), and sequences downloaded from NCBI (PRJEB21674,

One Thousand Plant Transcriptomes Initiative, 2019; PRINA649785, Zhao et al., 2021;

PRINA623405, Jing et al., 2022; PRINA669370; PRINA384358). For protein data, the ‘plants’

database from OrthoDB (Zdobnov et al., 2021) and all proteins, both canonical and isoforms,

available for the taxonomic order Caryophyllales in the UniProt database were used (Boutet et

al., 2007, retrieved November 2022). The BUSCO results from the annotation produced by

MAKER were lower quality than the BRAKER annotation attempts with an average of 22%
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fragmented or missing BUSCOs between both databases searched. This was unexpected as the
only input sources were the BRAKER annotations and the Stringtie transcriptome assembly,
even though both had higher BUSCO scores. The BRAKER-only version had the highest BUSCO
score (93.9% complete BUSCOs with the ‘eudicots_odb10’ database and 96.5% with the
‘eukaryota_odb10’ database) and therefore, was selected as the final annotation set
(Supporting Figure S1). The annotated genome assembly is available on NCBI under the
accession [released upon manuscript acceptance]. Additionally, the Gene Ontology (GO)
annotation file that accompanies the structural annotations and was used for GO analysis of the

RNA-Seq data is available in Supporting Data S1).

Time-course RNA-Seq, cluster analysis, and GO analysis in pokeweed

Our previous study showed significant changes in the pokeweed transcriptome
following 24 hours of jasmonic acid treatment (Neller et al., 2019). To identify the early
response of pokeweed to JA, an RNA-Seq time-course experiment was performed for six hours
comparing plants sprayed with JA to the control plants sprayed with ethanol. All differential
expression analysis results including log 2 fold change (logFC), counts per million (CPM), and
false discovery rate (FDR) for each contrast calculated are available in Supporting Data S2. To
visualize how many genes were downregulated and upregulated throughout the time course,
an upset plot was generated in R. The left bar graph shows how many genes fall within a
particular category and the top graph indicates how many of those genes intersect in more than
one category. 5133 genes were differentially expressed in at least one time point throughout
the time course, and of these a similar number were upregulated compared to downregulated

at a particular time point, with an increasing number of differentially expressed genes over
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time. When considering the intersection between time points throughout the time course, the
largest group of genes (~850) was not differentially expressed at one and two hours but was
downregulated at four and six hours. The next largest group (~600) was similarly not
differentially expressed at one and two hours then was upregulated at four and six hours. A
minority of genes fluctuated between downregulated and upregulated; the largest of these
groups (~30 genes) was downregulated at one hour, not differentially expressed at two hours,

then upregulated at four and six hours (Figure 1).
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Figure 1 - Upset plot of the number of genes in various combinations of differential expression
groups over time (top 40 largest). All time points are specified in hours (h). Genes not
differentially expressed (FDR 1%) in all four contrasts were not included. “Downregulated” refers
to genes that have a FC < -1.5 for the time point specified. “Upregulated” refers to genes that
have a FC > 1.5 for the time point specified. “Not_DE” refers to genes that are not differentially
expressed (FDR 1%) for the time point specified.
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To further investigate this dataset, the genes identified as differentially expressed in at
least one time point were further separated by cluster analysis into four clusters whereby the
genes in each cluster generally shared expression patterns. The functional characteristics of
these clusters were explored with gene ontology (GO) analysis to determine which terms were
differentially enriched in each cluster (Figure 2A). Overall, there were approximately 2600
genes in cluster 1, 1850 genes in cluster 2, 300 genes in cluster 3, and 350 genes in cluster 4.
Genes within cluster 1 tended to be downregulated, genes of cluster 2 and 3 were upregulated,
and the genes of cluster 4 fluctuated between upregulated and downregulated. Considered
together, there was approximately a 1:1 ratio of downregulated compared to upregulated
genes among the four clusters (Figure 2B, C). The genes in cluster 1 tended to function in
photosynthesis (e.g. chlorophyll biosynthetic process, chloroplast RNA processing, protein
targeting chloroplast) and cell division (e.g. regulation of mitotic spindle organization, mitotic
chromosome condensation, mitotic spindle assembly) suggestive of growth. Likewise, cluster 4,
whose genes fluctuated between downregulated and upregulated though rarely with a logFC
larger than +/- 1, tended to involve DNA replication and mitosis (e.g. mitotic DNA replication,
nucleosome assembly, regulation of sister chromatid cohesion). By comparison, cluster 2, which
had genes that were increasingly upregulated over the six hours and in a pattern inverse to that
of cluster 1, contained terms related to biotic and abiotic stress response (e.g. hypoxia,
cadmium ion, salt stress, wounding), jasmonic acid (e.g. jasmonic acid metabolic process,
oxylipin biosynthetic process, jasmonic acid mediated signaling pathway), and terpene
biosynthesis (e.g. farnesyl diphosphate metabolic process, terpene biosynthetic process). The

genes of cluster 3, which showed an increasing logFC until four hours after treatment and then
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decreased to a mean close to zero, had GO terms enriched in a variety of specific stress
responses (e.g. chitin catabolic process, killing cells of another organism, indole glucosinolate
biosynthesis). Though the majority of upregulated genes increased in fold change over time, a
smaller subset, those of cluster 3, initially increased at a higher rate than cluster 2 following JA
application but declined at the four-hour mark. Therefore, there was a coordinated response to
jasmonic acid such that photosynthesis genes were generally downregulated whereas genes
involved in stress response were upregulated with groups of genes following different
expression patterns. All differentially enriched GO terms, along with their GO IDs, respective

groups, and statistical metrics are available in Supporting Data S3.
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Figure 2 — Cluster analysis and subsequent GO analysis of differentially expressed genes (FDR 1%)
in pokeweed during the JA treatment time-course. Hierarchical Euclidean clusters, with four
clusters as the target, were generated with the R package dtwclust. Each cluster is represented
by a colour identified in the legend. (A) Top significantly differentially enriched GO terms per
cluster (p value less than 0.01 using the ‘elim’, ‘weight’, and classic methods among the top 25
differentially expressed GO terms). X-axis represents the percentage of each GO term present
per cluster compared to all instances of that term, and the y-axis indicates each enriched GO
term. (B) Bar graph specifying the number of genes represented per cluster. (C) Ribbon plot of
the mean logFC of each cluster, flanked by the interquartile range.
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JA gene regulatory network

Many of the downstream effects known to be associated with JA application were
reflected in the GO analysis results (Figure 2A). Likewise, many of the products of key genes
involved in the JA response pathway that have been identified in Arabidopsis likely have similar
physiological effects in pokeweed. To investigate if the gene regulatory patterns observed in
Arabidopsis paralleled the expression patterns in pokeweed, a gene regulatory pathway was
constructed based on known JA response pathways in Arabidopsis (Kazan and Manners, 2013;
Liu and Timko, 2021; Song et al., 2022). Orthologues of these key Arabidopsis genes were
identified in pokeweed using a blastp search (Camacho et al., 2009). Only those unique
transcripts with the highest percent identity were selected and all those with a minimum E-
value of 0.01, minimum bit score of 40, and minimum percent identity of 50 were excluded
from consideration. Arrows in Figure 3 represent instances where one gene, or complex of
genes, positively regulates another, and the lines ending in a semicircle are instances where
one gene negatively regulates another; the white boxes contain the Arabidopsis gene names
and the grey boxes contain their associated functions. Alongside this representation of the
pathway are heatmaps of the logFC values of pokeweed orthologues of these genes, identified
with blastp, at the one-, two-, four-, and six-hour time points, respectively. Among genes with
multiple orthologues, only those that were differentially expressed are shown, and in cases
where no orthologues were differentially expressed the associated heatmap for that gene
depicts a logFC of 0 at all time points (Figure 3). All identified orthologue blast results are

available in Supporting Data S4.
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Figure 3 - Known gene regulatory network of Arabidopsis in response to JA with the differential
expression patterns of identified pokeweed orthologues. The Araport11 Arabidopsis amino acid

sequences for the genes shown were downloaded from TAIR (arabidopsis.org; March 1, 2023)

and used as the query sequences in a blastp search against the translated gene sequences from
the pokeweed annotations. Genes were considered orthologues if they had an e-value less than
0.01 and percent identity greater than 50. Coloured bars represent the logFC values of each
orthologue at the time points 1, 2, 4, and 6 hours (left to right). All orthologues and their

associated blast scores are available in Supporting Data S4.
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The expression patterns observed in pokeweed for the genes in the JA response
pathway were similar in many ways to what has been documented in Arabidopsis. The master
regulator of the JA pathway, MYC2, and its relatives MYC4 and MYC5 (Fernandez-Calvo et al.,
2011) were upregulated at all time points. Likewise, the upstream transcription factors ICE2,
EIL1, and ERF109, which are de-repressed by the degradation of JAZs (Kazan and Manners,
2013; Liu and Timko, 2021; Song et al., 2022) were upregulated. These transcription factors
control several downstream processes including acclimation to cold (ICE2), regulation of
ethylene signaling (EIL1) and cross talk mediation between JA and auxin (ERF109). There were
some instances of upstream transcription factor orthologues that were either downregulated
or not differentially expressed such as AFO, EIN3, and ICE1, which are involved in flower
development, ethylene response and cold tolerance, respectively. Surprisingly there were other
cases where some orthologues of upstream transcription factors were strongly upregulated
while others for the same gene were strongly downregulated, such as MYB21, ANAC019,
ANACO055, and MYB75 (Figure 3). MYB21 and MYB25 are regulators of flavanol and anthocyanin
biosynthetic genes, respectively, whereas ANAC019 and ANACO55 are regulators of salicylic acid

signaling and its cross talk with JA.

Downstream of these factors, many of their targets were regulated as they would be in
Arabidopsis. The orthologues associated with cold stress response (DREB1A, CBF1), JA
biosynthesis and catabolism (JOX2, LOX2, AOC1, OPR3, JAR1, AOS, CYP94B1) and terpenoid
biosynthesis (TPS11) were upregulated while orthologues associated with SA biosynthesis (1CS1)
were downregulated. In other cases, some orthologues were upregulated as expected, such as

APK2, MAM1 and BCAT4 involved in glucosinolate biosynthesis, NYC1 involved in chlorophyll
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degradation and ASA1 in auxin biosynthesis. Other orthologues were not differentially
expressed or were downregulated. For example, genes related to chlorophyll degradation
(NYE1, PAO), glucosinolate biosynthesis (BAT5, SOT16, CYP83A1), drought response (ERD1),
photomorphogenesis (HY5), leaf senescence (USR1, SAG29), abiotic stress response (ERF1), and
auxin biosynthesis (YUC2) were either downregulated or not differentially expressed. Likewise
CAT2, involved in metabolism of reactive oxygen species, is normally negatively regulated in
Arabidopsis but in pokeweed was upregulated at both the two- and four-hour time points
(Figure 3). In sum, orthologues of key genes in the JA response pathway were identified in
pokeweed and factors regulating these genes were conserved between pokeweed and
Arabidopsis. Some differences existed between the two plants however, with regards to
expression levels of genes that control leaf senescence and the extent of secondary metabolite

production.

DISCUSSION

The first genome assembly in pokeweed by Neller at al. (2019) contributed greatly to
our understanding of the regulation and function of pokeweed genes. However, because the
pokeweed genome is more than 50% repetitive regions (Table 1) it was difficult to assemble
with short-read data and therefore the result was highly fragmented (Neller et al 2019). The use
of PacBio Hifi long read data allowed for the current, and substantially more complete, genome
assembly and represents the first publicly available genome assembly for pokeweed. The
availability of this genome assembly and annotations will serve as an ongoing resource for
future genomics research in pokeweed and, as it is the only publicly available genome assembly

in the taxonomic family Phytolaccaceae, other closely related species; presently the species
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with a public genome assembly that is most closely related to pokeweed, as they share a

taxonomic order, is Beta vulgaris (Dohm et al 2013).

Likewise, this is the first time-course RNA-Seq experiment performed in pokeweed and
it has revealed numerous insights into the response of pokeweed under stress conditions. We
were also interested in comparing the response of pokeweed to JA with Arabidopsis. Two large-
scale RNA-Seq time-course experiments measuring effects of methyl jasmonate (MelA) were
completed recently in Arabidopsis, one using gaseous MelA (Zander et al., 2020) and one
spraying liquid MelA (Hickman et al., 2017). The former identified 7377 differentially expressed
genes under MelA treatment in at least one time point between 0 and 24 hours (Zander et al.,
2020); the latter identified 3611 differentially expressed genes in at least one time point within
16 hours of application of MeJA in comparison to an ethanol-sprayed control (Hickman et al.,
2017). Our RNA-Seq analysis performed in pokeweed identified approximately 5100
differentially expressed genes (FDR 1%) within six hours of JA treatment (Supporting Data S2),
which is similar to that observed in Arabidopsis, despite differences in duration of the time
course and specifications for criteria of what was considered a differentially expressed gene in
each of the three experiments. Although many general trends were consistent between
Arabidopsis and pokeweed, it is clear that they differed in the timing, intensity, and specificity
of responses. These trends illustrate that even though both plants respond to JA, differences in

their physiology, growth habit and lifespan may contribute to variances in their stress response.

Balance between growth and stress response
Plants under stress generally sacrifice growth to increase defense (Huot et al., 2014;

Zander et al., 2020) and GO analysis of differentially expressed genes in pokeweed agree with
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these published data. Down-regulated genes in pokeweed were enriched in terms indicating
inhibition of photosynthesis and growth (Figure 2A). Analysis of differentially expressed genes
in Arabidopsis upon application of MeJA revealed that GO terms relating to growth and
development were enriched among downregulated genes (Zander et al., 2020). Similar trends
have been found in other species. Following application of JA, growth was reduced in the
perennials Chelidonium majus (Hashemi et al., 2021), Hypericum perforatum (Gadzovska et al.,
2007), and Scrophularia striata (Sadeghnezhad et al., 2019). With regards to enriched terms
associated with upregulated genes in pokeweed, they centered on responses to stress,
response to hormones, and secondary metabolite biosynthesis (Figure 2A). Defense-related GO
terms were also upregulated, such as flavonoid and terpene biosynthesis genes, in white pine
Picea abies with application of MeJA (Wilkinson et al., 2022). In Arabidopsis, cluster analysis of
differentially expressed genes upon application of MeJA revealed that GO terms such as
secondary metabolism, response to wounding, and response to JA were among the upregulated
clusters (Zander et al., 2020). Therefore, pokeweed responds to stress by balancing regulation

of defense genes with growth and development.

Plants also have means of recycling the products of chlorophyll degradation into useful
lipids (Ischebeck et al., 2006) and nitrogen can be re-mobilized from senescing stems and leaves
into seeds with high efficiency (Girondé et al., 2015), both of which are beneficial during stress
to divert resources to secondary metabolite synthesis and other defense responses. However,
leaf senescence and chlorophyll degradation, which are triggered by JA in Arabidopsis (He et al.,
2002), appeared to be less regulated by JA in pokeweed. Specifically, none of the top

differentially enriched GO terms involved chlorophyll degradation or senescence (Figure 2A),
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and orthologues of three primary genes involved in leaf senescence from Arabidopsis did not
match their expected expression patterns in pokeweed (Figure 3). In Arabidopsis, USR1 is a
ring/U-box transcription factor involved in positively regulating leaf senescence (Zhang et al.,
2020b), while SAG29 is a plasma membrane-localized MtN3 protein that accelerates leaf
senescence when overexpressed (Seo et al., 2011). USR1 and SAG29 are genes normally
upregulated under JA stress but in pokeweed were not differentially expressed aside from the
two-hour time point when SAG29 was downregulated. Meanwhile, CAT2 converts the reactive
oxygen species H,0; into water and oxygen (von der Mark et al., 2021) which is beneficial for
responding to oxidative stress; however, when CAT2 is inhibited by MYC2, leaf senescence can
be promoted due to the accumulation of H,0; (Zhang et al., 2020a). Pokeweed showed
changing expression of this gene with upregulation seen at one and four hours, no differential
expression at two hours, and downregulation at six hours (Figure 3). Together these results
suggest that pokeweed relies less on leaf senescence as a defense strategy compared to
Arabidopsis. In tandem with this observation, only one of the three main genes involved in
chlorophyll degradation known in Arabidopsis, NYC1, was upregulated as expected in
pokeweed; the other two, NYE1 and PAO, were not differentially expressed. NYE1 is a Mg-
dechelatase involved in chlorophyll degradation (Li et al., 2017), and PAQ is involved in
converting chlorophyll to colorless nonfluorescent chlorophyll catabolites (Pruzinska et al.,
2005). In contrast, NYC1 specifically degrades chlorophyll b, which is beneficial for improving
the plant’s light-harvesting capability under high-light conditions (Sato et al., 2015). Therefore,

it may be that pokeweed is sufficiently able to fine-tune chlorophyll use without resorting to
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more generalized chlorophyll degradation and deals with reactive oxygen species as needed

through intermittent expression of CAT2 to prevent leaf senescence during stress.

JA gene network and hormone cross talk

This paper represents the fist time that the JA signalling pathway, and its primary
associated genes, have been elucidated in pokeweed, and their expression patterns aligned
well with their orthologues in Arabidopsis in some cases but less so in others. For instance, the
expression patterns of key orthologues in pokeweed consistently aligned with what has been
observed in Arabidopsis regarding metabolism of plant hormones JA and salicylic acid (SA),
whose signaling antagonism in Arabidopsis has been well established (Thaler et al., 2012; Liu
and Timko, 2021). In line with this, pokeweed initially upregulated SAGT1, which converts
salicylic acid to an inactive SA glucose conjugate (Thompson et al., 2017), and downregulated
ICS1, which generates the precursor to salicylic acid isochorismate (Seguel et al., 2018).
Correspondingly, genes involved in JA metabolism were among the most strongly upregulated
in the JA pathway (Figure 3). AOS is part of the oxylipin pathway, along with lipoxygenase 2
(LOX2) and allene oxide cyclase (AOC), that is involved in producing JA (He et al., 2002;
Bannenberg et al., 2009; Pollmann et al., 2019). OPR3 is then involved in JA synthesis by
reducing a certain double bond of the cyclopentenone moiety in 12-oxophytodienoic acid
(Maynard et al., 2020). Finally, JAR1 is a jasmonate:amino acid synthetase which is involved in
generating jasmonoyl-L-isoleucine (JA-lle) (Guranowski et al., 2007). Therefore, each major step
of the JA biosynthesis pathway was upregulated in pokeweed, from converting lipids to JA
precursors, to forming JA itself, and finally converting JA to its active form JA-lle. With regards

to attenuating this JA biosynthesis, JOX2 catalyzes the oxidation of JA to 120H-JA (Smirnova et
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al., 2017), and CYP94B1 is a cytochrome P450 family protein that metabolizes JA-lle, causing its
levels to decrease (Poudel et al., 2016). These expression patterns agree with the GO analysis
results (Figure 2A, cluster 2) as terms related to jasmonic acid signaling and biosynthesis were
enriched among upregulated genes. This gene pathway indicates that in pokeweed, as in
Arabidopsis, application of JA triggers the downregulation of genes involved in SA accumulation

and upregulates genes involved in JA accumulation and bioactivity.

Typically, there is considerable cross talk between hormone signalling pathways (Wang
et al., 2020; Xu et al., 2020); however, unlike Arabidopsis, key orthologues relating to the
biosynthesis of the hormones ethylene and auxin did not tend to be upregulated in pokeweed.
Auxin is involved in leaf development (Wang et al., 2011) while ethylene is involved in growth
(Munné-Bosch et al., 2018), reproduction, and stress responses (Kieber, 1997) including leaf
senescence (Oh et al., 1997). JA and ethylene act synergistically by both regulating key genes
involved in the ethylene response pathway (Liu and Timko, 2021). EIN3 and EIL1 are ethylene-
responsive genes involved in increasing salt stress tolerance and reducing reactive oxygen
species accumulation (Peng et al., 2014). EIL1 was upregulated over the JA time course whereas
EIN3, which is involved in inhibition of leaf growth (Munné-Bosch et al., 2018) and leaf
senescence (Li et al., 2013), was not differentially expressed in pokeweed. This observation is

consistent with the lack of upregulation of primary genes related to senescence.

Genes involved in secondary metabolism
An important response of plants to stress is the production of secondary metabolites.
For example, MelA induces the biosynthesis of a variety of flavonoids and phenylethanoid

glycosides in Scrophularia striata (Sadeghnezhad et al., 2019), monoterpenes, sesquiterpenes,
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and green leaf volatiles in Polygonum minus (Rahnamaie-Tajadod et al., 2019),
benzophenanthridine alkaloids in Chelidonium majus (Hashemi et al., 2021), and isoflavonoids
in Phaseolus vulgaris, Glycine max, and Vigna radiata (Gémez et al., 2022). Likewise, after JA
application 24 different phenylpropanoids and naphtodianthrones were differentially enriched
in Hypericum perforatum (Gadzovska et al., 2007) and six phenolics were detected Fagopyrum
esculentum (Park et al., 2019). Glucosinolates are also required for innate immune response in
Arabidopsis (Clay et al., 2009) indicating their more long-term defense capabilities. While the
orthologues related to terpenoid and anthocyanin biosynthesis were upregulated as
anticipated in pokeweed, expression of genes involved in glucosinolate biosynthesis was
inconsistent. Among the orthologues upregulated in pokeweed, APK2 is involved in generating
sulfated glucosinolates (Mugford et al., 2009), while MAM1 and BCAT2 are involved in
producing glucosinolates from methionine (Kroymann et al., 2001; Schuster et al., 2006). In
contrast, BAT5 and SOT16 orthologues were not differentially expressed and CYP83A1 was
downregulated beyond the two-hour time point (Figure 3). SOT16 is a sulfotransferase (Klein
and Papenbrock, 2009) while BATS5 is involved in aliphatic glucosinolate biosynthesis
(Gigolashvili et al., 2009). CYP83A1 is a cytochrome P450 family protein involved in
glucosinolate production from methionine (Weis et al., 2014). Genes with GO terms related to
indole glucosinolate biosynthesis were enriched in cluster 3, and genes containing GO terms
related to the biosynthesis of terpenes and their precursors were enriched in cluster 2 (Figure
2A) indicating that pokeweed is synthesizing glucosinolates, and other secondary metabolites,
with other genes. It may be that pokeweed produces a different repertoire of secondary

metabolites in response to stress than Arabidopsis which requires a different set of genes. For
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example, glucosinolates are known to be produced in pokeweed (Clarke, 2010), pokeberrygenin
is a triterpene identified in pokeweed (Kang and Woo, 1980) and phytolaccasaponin B, E and G
are the major saponins of pokeweed (Suga et al., 1978). Approximately 85 genes containing a
GO term related to glucosinolate, terpenoid, or anthocyanin metabolism were upregulated in at
least one time point during the time course, whereas approximately 290 genes containing these
GO terms were not upregulated in response to JA. This gene expression pattern suggests that
pokeweed may produce more defense-related secondary metabolites than Arabidopsis, and
that in many cases their synthesis may be constitutive rather than produced only in response to

stress.

The early time course of gene expression changes in response to JA illustrates that
pokeweed responds to stress by favouring defense over growth. However, this shift does not
come at the expense of leaf senescence or chlorophyll degradation. Rather, pokeweed
synthesizes a range of secondary metabolites, many of which may be constitutively expressed
suggesting that it allocates resources for survival over the long term compared with
Arabidopsis. Pokeweed offers insight into the defense mechanisms of plants beyond those
observed in research models and crops, and further study may yield novel approaches to

improving the resilience of plants to environmental changes.

EXPERIMENTAL PROCEDURES

Raising plants, sampling and genome sequencing
Pokeweed plants were grown to the 4-5 leaf stage in growth chambers with a 14-hour
light/10-hour darkness cycle; chamber lighting was comprised of 75% fluorescent and 25%

incandescent bulbs (180 uE/m2/s). Temperature was held at 24°C and 21°C during the light and
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darkness periods, respectively, and fan speed was set to 65%. Plants were watered

approximately every 2 days and fertilized weekly with NPK 20:20:20 fertilizer.

At the 4-5 leaf stage, leaves were harvested, the mid vein removed, and remaining
tissue frozen in liquid N2. Frozen tissue was shipped on dry ice to Histogenetics (Ossining, NY).
They isolated genomic DNA, then performed HiFi standard library preparation with a 15-20kb
insert, sequencing with a 30hr movie time on a PacBio Sequel Il machine, quality checking,
adapter trimming, and HiFi read generation. The sequencing depth was ~25x and the read error

rate was 0.1%.

Time-course sample preparation

For the JA time course, 45 pokeweed plants at the four-leaf stage were sprayed with 0.5
mM JA dissolved in 0.5% ethanol (Et). For the control group, another 45 plants were sprayed
with 0.5% Et alone. Leaves were harvested and frozen in liquid nitrogen at time points zero,
one, two, four, and six hours. To reduce the biological variability within budgetary limitations,
two approaches were used. Firstly, three biological replicates were taken per treatment and per
time point, and secondly, within each replicate equal proportions of mMRNA from three
independent plants were pooled, totaling nine plants per time point and per treatment

(Supporting Figure S2).

Isolation of total RNA and sequencing
Frozen leaf tissue was ground in liquid N2 with mortar and pestle into a fine powder and
total RNA was extracted using organic solvents. Briefly, leaf powder was suspended and

vortexed in 1:1 ratio of agueous buffer and phenol:chloroform:isoamyl alcohol (25:24:1)
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equilibrated at pH 5.5. Phases were separated by centrifugation and extraction was repeated
once with phenol:chloroform:isoamyl alcohol (25:24:1) and once with chloroform alone. RNA
was precipitated in 70% isopropanol, resuspended in water and treated with DNasel to digest
contaminating gDNA. Samples were re-extracted with phenol:chloroform:isoamyl alcohol
(25:24:1) and the RNA was precipitated from the aqueous phase in 0.3M NaOAc and 70%
ethanol. Following centrifugation, RNA was dissolved in water and quantified using a nanodrop

spectrophotometer.

RNA samples were sent to the Centre for Applied Genomics (Toronto, ON) for
sequencing. RNA quality was first assessed with a bioanalyzer and mRNA was isolated from
each total RNA sample using NEB poly(A) mRNA magnetic isolation module with the NEB Ultra Il
Directional RNA kit which uses oligo dT beads to capture the mRNA transcripts that have a
polyA tail for sequencing. A total of 30 samples were sequenced on a NovaSeq 54 flowcell PE

2x150bp at a depth of ~67-83 million reads per sample.

Genome assembly

Detailed commands used in this section are available on GitHub (https://github.com/kd-
lab/Genome_Assembly_Annotation). The quality of the Hifi reads was checked with FastQC
(Andrews 2010) and found to be of sufficient quality to proceed without additional adapter
trimming. Prior to assembly, a k-mer profile was generated with meryl (Miller et al., 2008) with
a k-mer size of 21, and genomescope2 was used to infer genome properties (Ranallo-Benavidez
et al., 2020). These results indicated that purging duplicates would be an unnecessary step as
this genome was 99.8% homozygous, but that chromosome-level assembly was unlikely

because ~55% of the genome length consisted of repeats. To reduce misassemblies because
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pokeweed is a tetraploid, a haplotype-resolved assembly was produced with hifiasm (Cheng et
al., 2021; Cheng et al., 2022). The alternate assembly was very short and was therefore not
used further. The quality of the assembly was checked with BUSCO (Simao et al., 2015), QUAST
(Gurevich et al., 2013) using the estimated reference size calculated with genomescope2
(Ranallo-Benavidez et al. 2020), and Merqury (Rhie et al., 2020) using the output from meryl

(Miller et al., 2008) generated previously.

Structural gene annotation

Detailed commands used in this section are available on GitHub (https://github.com/kd-
lab/Genome_Assembly_Annotation). Repeats were identified with RepeatModeler2 (Flynn et
al., 2020) then masked with RepeatMasker (Smit, 2013-2015). This repeat-masked genome

assembly file was used as input for all subsequent annotation steps.

Genome annotation was performed with BRAKER2 (Brlna et al., 2021) in two separate runs
with default settings, one with protein data only and one with mRNA data only, and then the
two were merged into one annotation file as per the recommendations by the BRAKER2
developers. The unaligned protein data used were the ‘plants’ database from OrthoDB
(Zdobnov et al., 2021) and all proteins, both canonical and isoforms, available for the taxonomic
order Caryophyllales in the UniProt database (Boutet et al., 2007, retrieved November 2022).
The RNA-seq data were from the zero-six hour JA time-course samples described in this study,
sequences previously published by our lab (Neller et al., 2019), and sequences downloaded
from NCBI (PRIEB21674, One Thousand Plant Transcriptomes Initiative 2019; PRINA649785,
Zhao et al., 2021; PRINA623405, Jing et al., 2022; PRINA669370; PRINA384358). All sequences

were spot-checked for quality with FastQC (Andrews, 2010) and any datasets with poor quality
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reads were trimmed with Trimmomatic (Bolger et al., 2014) in paired-end mode. The reads
were aligned to the reference genome with STAR (Dobin et al., 2013). These files were then
sorted with samtools sort using default settings and indexed with samtools index (Danecek et

al., 2021).

The program used to merge the two BRAKER2 annotation files was TSEBRA (Gabriel et
al., 2021) with default settings. The quality of the annotation was calculated with BUSCO (Simao
et al., 2015). Additional annotation files were generated with MAKER (v3.01.04; Campbell et al.,
2014) with various settings, and in combinations with the BRAKER2 annotations, but the quality
was found to be poorer than the BRAKER2-based annotations so were not used (Supporting

Figure S1).

Functional gene annotation

Detailed commands used in this section are available on GitHub (https://github.com/kd-
lab/Genome_Assembly_Annotation). The annotation files were converted to transcript
sequence files with gffread (Pertea and Pertea, 2020) using default settings and then translated
to amino acid sequences with transeq (Madeira et al., 2022). These amino acid fasta sequence
files were used as input for the functional annotation prediction programs InterProScan5 (Jones
et al., 2014) and eggNOG (Huerta-Cepas et al., 2019). Additionally, blastn (Camacho et al., 2009)
was used to identify all high-quality hits for each sequence within the SwissProt database
(Boutet et al., 2007) and their associated GO annotations were downloaded from the UniProt
database. The gene ontology annotations produced by each of these methods were

concatenated, duplicate and erroneous annotations within each gene removed, and the result
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exported as a GO annotation file with a custom R script. This GO annotation file is available in

Supporting Data S1.

RNA-Seq and differential expression analysis

Detailed commands used in this section are available on GitHub (https://github.com/kd-
lab/Genome_Assembly_Annotation). The RNA-seq JA time course reads previously trimmed
with Trimmomatic (Bolger et al., 2014) were aligned to the reference genome one sample at a
time with STAR (Dobin et al., 2013). The read alignments were sorted first by read name and
then by position using default settings with samtools sort (Danecek et al., 2021). Read counting

was done with htseq (Putri et al., 2022).

Normalization and differential expression analysis from the counts produced by htseq
(Putri et al., 2022) were performed with edgeR (Chen et al., 2016). To reduce false positives,
genes with a read count less than 30 were excluded from the analysis, and the trimmed mean
of M-values (TMM) method was used for normalization (Robinson and Oshlack, 2010). Raw
tagwise estimates, mean dispersion estimates across all genes, and the fitted value of the
mean-dispersion trend were calculated using both a linear model and generalized linear model
(GLM). To examine likelihood of false discoveries during differential expression analysis for each
model, the gene wise biological coefficient of variation (BCV) was plotted against gene
abundance for each; the GLM-based approach estimated a slightly larger BCV than the
approach based on a linear model so for this reason, and because GLM models are generally
more robust than linear models (McCarthy et al., 2012), the GLM-based method was chosen for
subsequent analyses. To estimate the differences between replicates and between treatments

as a measure of quality control, a multi-dimensional scaling (MDS) plot was generated which
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showed, as expected, that there was little difference between biological replicates and
increasing difference between treatment groups over the time-course (Supporting Figure S3).
Four contrasts were conducted using the formula (JAxh-JAOh)-(Etxh-EtOh) where ‘JA’ is the
jasmonic acid treated group, ‘Et’ is the control group, ‘h’ represents hours, and ‘x’ are the time
points 1, 2, 4, and 6. These contrasts were made with the ‘glmTreat’ function in edgeR with a
minimum fold change of 1.5 and the Benjamini-Hochberg method for adjusting p-values. The
criteria used to define differentially expressed genes were those that had an adjusted p-value

of less than 0.01 in any of the four contrasts.

Cluster analysis and GO analysis

All analyses were performed in R and all code is available on GitHub
(https://github.com/kd-lab/Genome_Assembly_Annotation). To get an overview of the number
of genes conforming to different upregulation and downregulation patterns over the time-
course, an upset plot was generated in R with the UpSetR package (Conway et al. 2017). To
ensure that the data conformed to the assumptions of the clustering algorithms, and that
outlier genes with unusually high or low fold changes would not impact the effectiveness of
clustering, the logFC values from edgeR were centered and scaled using the base R function
‘scale’ (R Core Team, 2022). Multiple cluster analyses were then performed using various
combinations of clustering methods, cluster sizes, distance metrics, and control methods in the
package dtwclust (Sarda-Espinosa, 2022). The cluster validity indices (CVIs) Silhouette index
(Rousseeuw, 1987), Calinski-Harabasz index, Dunn index, COP index, Davies-Bouldin index
(Arbelaitz et al., 2013), Modified Davies-Bouldin index (Kim and Ramakrishna, 2005), and Score

Function (Saitta et al., 2007) were calculated for each cluster analysis strategy and the one with
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best index/score in multiple CVIs was selected; in this case, hierarchical clustering with
Euclidean distance, four clusters, and ‘centroid’ control performed the best. With the ggplot2
package (Wickham et al., 2019), the number of genes per cluster was plotted as a bar graph,
and the average logFC per cluster over time, including interquartile range, was plotted as a

ribbon graph.

The GO annotation file generated during functional gene annotation was loaded into R
and GO analysis was performed with topGO (Alexa and Rahnenfuhrer, 2022) using Fisher’s
exact test with the algorithms ‘classic’, ‘elim’, and ‘weight’, excluding GO terms with less than
eight annotations in the whole genome, and using the members of each cluster as the test
group one at a time. The top 25 enriched terms in each cluster were initially generated, but
only those with a p-value of less than 0.01 from all three algorithms were considered enriched
within a cluster (Supporting Data S3). These enriched GO terms were plotted as a stacked bar

graph with the ggplot2 package (Wickham et al., 2019).

Comparison with Arabidopsis

Detailed commands and R code used in this section are available on GitHub
(https://github.com/kd-lab/Genome_Assembly Annotation). To investigate the early
pokeweed JA pathway based on research from Arabidopsis, a detailed JA pathway map was
assembled from several published reviews in Arabidopsis (Kazan and Manners, 2013; Liu and
Timko, 2021; Song et al., 2022). To obtain the amino acid sequences associated with these
genes, the Araportll representative gene model protein fasta file (Cheng et al., 2017) was
downloaded from The Arabidopsis Information Resource (TAIR),

(https://www.arabidopsis.org/download/index-
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auto.jsp?dir=%2Fdownload_files%2FSequences%2FAraportll_blastsets, March 1, 2023), and
the sequences for the genes of interest were selected in R. These sequences were used as the
query for blastp (Camacho et al., 2009) against the translated gene models from our pokeweed
annotations with a minimum E-value of 0.01, minimum bit score of 40, and minimum percent
identity of 50. Candidate orthologues were further refined by removing duplicate pokeweed
hits leaving only the one with the highest percent identity and bit score and selecting at most
ten hits per Arabidopsis gene. The logFC values of these selected orthologues were plotted as
heatmaps with pheatmap (Kolde, 2019) and this information was added to the JA pathway
map. The blast results for each Arabidopsis gene and the associated logFC values for each hit

are available in Supporting Data S4.
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Figure S1. Stacked bar graph of BUSCO scores (from left to right) of pokeweed genome
assembly, genome annotation using BRAKER2, reference-guided transcriptome assembly using
stringtie, and genome annotation using MAKER. The y-axis represents the percentage of genes
from each database, and the colours represent whether the genes were present as a complete

single-copy, complete duplicated copy, fragmented copy, or were not present in the tested

data.
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Figure S2. Diagram of experimental design for sample preparation for the JA RNA-Seq time
course.
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Figure S3. Multi-dimensional scaling plot generated using the edgeR function ‘plotMDS’

Data S1. GO annotation file. Column 1 is transcript ID of all annotated pokeweed genes, column
2 is their associated GO terms.

Data S2. All differential expression analysis results including logFC, CPM, and FDR for each
contrast calculated.

Data S3. All differentially enriched GO terms, along with their GO IDs, respective groups, and
statistical metrics.

Data S4. All identified orthologues, as identified with blastp, and their associated metrics.
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Chapter 4 - Discussion

4.1 Survey and phylogenetics of RIPs in plants

In Dougherty and Hudak (2022a) our understanding of the structure, function, and
evolution of RIPs was expanded from a curated dataset of more than 800 RIPs identified from
publicly available sequencing data. From this dataset, RIPs were found to be present in 120
species and had 15 distinct domain configurations. This is more than had ever been identified
before, indicating that RIPs are more common and more structurally and functionally diverse
than previously known. For example, additional RIP domains might be involved in fine-tuning
what and when depurination occurs, or it may be that RIPs have functions other than as a
glycosylase. One of the most unexpected results of this paper was that about two thirds of RIPs
identified lacked a signal peptide which means these proteins are likely translated on free
ribosomes in the cytoplasm. This result is not unheard of in the literature, however. For
example, 69% of RIPs identified in rice do not have a signal peptide (Wytynck et al. 2017) and
similar trends have been noted in other cereal plants (De Zaeytijd and Van Damme, 2017). It
could be, as noted by Wytynck et al. (2017), that some of the proteins identified no longer have
depurination activity despite high homology to known RIPs, or that they have a reduced
depurination efficiency. Alternatively, it could also be that some of these RIPs are sequestered
to other parts of the cell by other means, or that the plant’s ribosomes have evolved resistance

to depurination by its own cytosolic RIPs. This would need to be determined experimentally.

Many of the proteins we classified as single-domain RIPs had long C-terminal ends which

may have a functionality like JIP60, where they are inactive and are proteolytically cleaved
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under certain conditions, or it might be that as protein domain databases improve, some of the
RIPs with these long C-terminal sequences have additional domains identified that alter how
they function. Our research also revealed that most plant species contain more than one RIP,
with the Order Poales by far containing the most RIPs per species (Dougherty and Hudak
2022a). This means that the additional copies have more freedom to vary over evolutionary

time and potentially provide different kinds of benefits to the plants containing them.

We identified the most highly conserved amino acids through multiple sequence
alignment of all identified RIP domains. As expected, the most highly conserved amino acids
were located in the active site pocket of the protein, and the two positions associated directly
with glycosylase activity were at least 92% conserved. However, there was variability with the
conservation of other positions between different RIP groups. Among the proteins identified
with novel secondary domains, the two amino acids involved in stabilizing the RNA in the active
site are not conserved which indicates that the optimal substrate for this group of proteins
might be variable. For example, they might be more ideally suited to stabilizing nucleic acids
with a different secondary structure which could make these RIPs better at depurinating RNAs

other than rRNA.

To explore how RIPs evolved in plants, we also used our RIP dataset to generate a gene
tree. This showed that RIPs began as single-domain proteins and later certain lineages, through
several fusion events with other domains, resulted in the emergence of the multi-domain RIPs.
Additionally, some of the lectin domain-containing RIPs also lost this domain, reverting them
back to type | RIPs. This new gene tree is more complete compared to those that came before

(Di Maro et al., 2014; Lapadula et al., 2017) because of the increased amount of sequence data
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available. Moreover, previous studies identified RIPs by conducting searches using well-studied
RIPs as the query, which created results biased in favor of those most similar to the query
proteins and was likely to miss taxonomic groups more distantly related to these well-studied
species. The current paper instead identified RIPs by conserved domain; therefore, our method
makes it easier to identify novel RIPs and RIPs that have additional unexpected domains or

novel long C-terminal sequences.

One limitation of our study is that it relies heavily on the current consensus sequence of
a RIP as defined by the conserved domains database in NCBI (Sayers et al. 2022), which is
constantly being updated. Therefore, some of the genes identified here as RIPs may not meet
future criteria, and others may have been missed. On the other hand, as more and higher
quality sequence data are uploaded to this same database the potential to find other novel RIPs
will increase. Ultimately, my hope is that this research serves as a basis for additional wet lab
testing for RIPs in plant species that had previously not had any identified, or to explore

additional RIP variety in plants.

Because the analysis in this paper was built on in-house R code that is complicated to
explain in the limited space available in a methods section, we decided to publish an
accompanying methods paper describing the code in detail and the rationale behind each step
(Dougherty and Hudak, 2022b, Appendix). Researchers are often deterred from reusing public
data because of concerns about data quality and/or lack of knowledge about available
databases and bioinformatic skills (Denk 2017). Therefore, this paper also serves an important

example of how to take advantage of publicly available protein data in a step-by-step manner.
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4.2 Pokeweed genome sequencing and annotation

Pokeweed is not a model plant, so bioinformatic analyses performed in this plant rely
heavily on a well-assembled and annotated genome. In Dougherty and Hudak (2023) we
produced the first publicly available pokeweed genome assembly and annotations. This is a
substantial improvement over the pokeweed genome assembly produced by Neller et al.
(2019), which was not made publicly available due to the highly fragmented nature of the
assembly. This is because, like many plants, pokeweed has a high repeat content, more than
50%. Areas that are the hardest to assemble are those rich in repetitive sequences such as
transposable elements, tandem arrays, and ribosomal gene clusters (Sun et al. 2022); when
assembling a genome, only the regions where the length of the repeats is shorter than the
length of the read can be properly assembled. In Neller et al. (2019) short Illumina reads were
used, and despite 80-fold read depth, it was impossible to produce a genome assembly of any

significant contiguity.

While three years might seem like a short time between genome assemblies, much has
changed in terms of technology and sequencing cost, making the time right for another attempt
at a pokeweed genome assembly. We carefully considered which sequencing technology or
technologies to utilize, with our priorities to maximize read length while keeping within budget.
At first BioNano Genomics optical mapping seemed like the best choice as it was the least
expensive and had maps so long that it was possible to scaffold the entire genome to
chromosome scale (Deschamps et al. 2018). However, the pokeweed genome produced by
Neller et al. (2019) was too fragmented to make use of this technology. Our next choice was

between Oxford Nanopore, which currently produces the longest sequencing reads but are
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error prone, or PacBio Hifi reads, which are very accurate but not quite as long. Ultimately the
PacBio Hifi reads seemed most likely to produce the highest quality result for the most

reasonable price.

Protein coding regions will be minimally affected by the use of short reads for assembly as
they contain few repeats, however introns, upstream regions, and downstream regions have
the potential to be placed on separate contigs. This was the case for a RIP referred to as novel
PAP. It was originally identified by Kira Neller (2019), but she could not characterize it fully
because the sequence was assembled onto the very end of a contig, calling into question the
validity of the sequence as contigs tend to be less reliable towards the ends (PacBio 2023), and
because the 5’ untranslated region was not assembled within the same contig making the
sequence incomplete. In the current version of the pokeweed genome, on the other hand, this
gene is located squarely in the middle of a 19 Mb contig and was confirmed to have many large
repeat regions in this gene’s intron located in the 5’ untranslated region. Our current genome
assembly and gene annotations are substantially improved which allows us to investigate

changes in gene expression in response to stress with greater certainty.

4.3 Early response of pokeweed to stress

This paper has also revealed numerous insights into the ways pokeweed responds to JA,
and therefore stress, through the RNA-Seq time-course. There are currently only two other
time-course experiments looking at expression changes in plants following JA application, and
both were done in Arabidopsis (Hickman et al. 2017; Zander et al. 2020). Therefore, this

experiment serves as a useful contrast by highlighting how different species respond to stress.
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Furthermore, unlike pokeweed, Arabidopsis is not known to be a particularly hardy plant
(Rivero et al. 2014) making the comparison even more insightful because it shows what

happens in a plant that can more successfully defend against stress.

One of the main differences between the pokeweed RNA-Seq data and that from the JA
time-course done in Arabidopsis by Hickman et al. (2017) is that more differential expression
changes were observed in the earlier time points in Arabidopsis whereas in pokeweed the later
time points showed greater differential gene expression. However, this may be due to
differences in study design. For example, one of the analyses | attempted for this paper that we
ultimately decided not to publish was a re-analysis of the raw data from Hickman et al. (2017)
and we observed that the quality of the data, not originally reported by the authors, was low
and in particular the biological variability between replicates was high in the later time points in
the experiment which likely introduced noise to the experiment. These results made direct
comparisons between pokeweed and Arabidopsis more subject to misinterpretation, and

therefore were not explored further.

The JA signaling pathway constructed in Dougherty and Hudak (2023) from the
combined results of several reviews on the subject (Kazan and Manners, 2013; Liu and Timko,
2021; Song et al., 2022) allows the reader to see a key subset of the differential expression
changes in pokeweed in the context of a known pathway. While a similar JA response pathway
was constructed in Norway spruce (Picea abies) (Wilkinson et al. 2022), the JA signaling
pathway constructed in Dougherty and Hudak (2023) is the first time such a pathway has been
elucidated in pokeweed and, to our knowledge, the only such pathway looking at early

transcriptomic changes. Although the JA pathway was expected to be similar to Arabidopsis,
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there are some notable differences. For example, in Arabidopsis there is considerable cross talk
between the different hormonal signalling pathways (Wang et al. 2020, Xu et al. 2020) however
in pokeweed this was not consistently the case. Typically, JA and ethylene act synergistically to
regulate key genes (Liu and Timko 2021) including those involved with growth (Munné-Bosch et
al 2018), reproduction, and stress responses (Kieber 1997) such as leaf senescence (Aeong et al
1997). EIL1, which is an ethylene-responsive abiotic response gene (Peng et al 2014), was
upregulated during the pokeweed JA time course whereas EIN3, which is another ethylene-
responsive gene involved in inhibition of leaf growth (Munné-Bosch et al 2018) and leaf
senescence (Li et al 2013), was not differentially expressed in pokeweed. On the other hand,
the well-established antagonism between jasmonic acid and salicylic acid (SA) known in
Arabidopsis (Thaler et al., 2012; Liu and Timko, 2021) was observed in pokeweed as JA
biosynthesis genes were upregulated, genes related to SA biosynthesis were downregulated,

and genes related to SA inactivation were upregulated (Dougherty and Hudak 2023).

The results of gene ontology (GO) analysis on the gene groups in pokeweed agree with
published data in Arabidopsis (Zander et al. 2020) that plants under stress generally sacrifice
growth to respond to stress (Huot et al. 2014), but they differ in the timing, intensity, and
specificity of these responses. For example, leaf senescence and chlorophyll degradation, which
are triggered by JA in Arabidopsis (He et al 2002), were not upregulated in pokeweed or
enriched among GO terms. One possible explanation for the differences in defense response
between pokeweed and Arabidopsis is that the former is a perennial and the latter is an annual
plant. When Arabidopsis is under stress, it can use an escape strategy by diverting resources

away from leaves and into seeds. Pokeweed, on the other hand, would more likely instead use
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strategies to deal with stress in place and therefore perhaps relies less on leaf senescence as a
defense mechanism compared to Arabidopsis. Instead, pokeweed seems to deploy a larger
arsenal of secondary metabolites in response to stress, the majority of which may be

constitutively expressed (Dougherty and Hudak 2023).

4.4 How do plants defend themselves?

This research explores plant defense on two different but complementary levels. Firstly,
the defense response of a RIP-containing plant was elucidated by application of JA in a time-
course experiment. The benefit of this research is that it serves as a necessary counterpoint to
currently available defense response research in the model plant Arabidopsis. Secondly, the JA-
responsive defense protein, the RIP, was explored in greater detail in all plant species and
serves to emphasize how widespread and diverse this protein group is. Together, they help to

answer the global question, how do plants defend themselves?

4.5 Future work

Both papers have made publicly available a wealth of data for future experiments. The
pokeweed genome assembly and annotations serve as a continued resource for any researcher,
and there are many applications for this data. For example, any experiment that involves
aligning reads to a reference genome, such as RNA-Seq, ChlIP-Seq, or ATAC-seq, rely on a quality
reference genome for accurate results. One experiment of interest to this lab is a modified
version of the PARE assay (German et al. 2009) designed to identify depurinated sites from
RNA. This would illuminate the impact of PAP-l on pokeweed RNA at baseline levels compared

to, for example, the elevated levels observed during JA application. The quality of this genome
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also improves the ability to design sequences specific to certain regions of the genome, such as
primers, micro RNAs, or guide RNAs, without the exhaustive trial and error that would be
required without such a resource. For example, developing a strain of pokeweed with the RIP
genes knocked out, or whose expression could be controlled, would be extremely useful for
future research on the function of RIPs. Furthermore, there are many in-silico analyses that can
be performed on this dataset such as promoter studies or closer looks at specific proteins. For
example, it was revealed that all RIPs are present on the same contig within 10 Mb of each
other, and all except for novel PAP and PAP-Il are located in a region of about 225 Kb. This
smaller region also contains many partial RIP sequences and repeats, indicating that the
expansion of RIP genes in pokeweed is the result of tandem duplication. Finally, the usefulness
of this genome extends beyond pokeweed as it also represents the only publicly available
genome assembly in the taxonomic family Phytolaccaceae. While sequence similarity
diminishes the less related two species are, it can serve as a place to startin an

underrepresented taxon.

There is also a great deal to uncover about how pokeweed responds to stress from the
RNA-seq experiment that was not included in the JA time course paper. For example, we did
not discuss the gene expression patterns of the pokeweed RIPs because we believed that this
topic warranted its own publication along with additional wet lab validation and the
information about genomic RIP placement. For instance, PAP-I was identified to be upregulated
in response to JA at 24 hours (Neller et al. 2019) and the results of this time-course agree with

the current JA time-course results as PAP-I was upregulated at all time points. It is my hope that
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other researchers studying non-model plants in response to stress will be able to use the data

from this time-course as a point of comparison.

The pokeweed phylogeny paper identifies many uncharacterized or under-characterized
proteins in species that could be investigated with wet lab experiments. For example, it would
be interesting to see confirmation of the depurination activity of RIPs identified in plant species
where RIPs were previously unknown with a depurination assay. It would also be interesting to
see how some of the non-lectin secondary domains affect protein binding or enzymatic activity.
Insights into the functionality of these proteins could further our understanding of how plants

defend themselves.
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Appendix — Computational curation and analysis of publicly available

protein sequence data from a single protein family

Dougherty, K., & Hudak, K. A. (2022). Computational curation and analysis of publicly available
protein sequence data from a single protein family. MethodsX, 9, 101846.

https://doi.org/10.1016/j.mex.2022.101846

Abstract

The wealth of sequence data available on public databases is increasing at an
exponential rate, and while tremendous efforts are being made to make access to these
resources easier, these data can be challenging for researchers to reuse because submissions
are made from numerous laboratories with different biological objectives, resulting in
inconsistent naming conventions and sequence content. Researchers can manually inspect each
sequence and curate a dataset by hand but automating some of these steps will reduce this
burden. This paper is a step-by-step guide describing how to identify all proteins containing a
specific domain with the Conserved Protein Domain Architecture Retrieval Tool, download all
associated amino acid sequences from NCBI Entrez, tabulate, and clean the data. | will also
describe how to extract the full taxonomic information and computationally predict some
physicochemical properties of the proteins based on amino acid sequence. The resulting data
are applicable to a wide range of bioinformatic analyses where publicly available data are

utilized.
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e Step-by-step guide to gathering, cleaning, and parsing data from publicly available
databases for computational analysis, plus supplementation of taxonomic data and
physicochemical characteristics from sequence data.

e This strategy allows for reuse of existing large-scale publicly available data for different

downstream applications to answer novel biological questions.
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Specifications table

Subject Area; Bioinformatics

More specific subject area; Preparation of protein domain-based mined data for
phylogenetic and computational analysis

Method name; Text manipulation for mined biological data

Name and reference of No original method used

original method;

Resource availability; e RStudio

e The following R packages:
o seqinr v4.2-8, RRID:SCR_022678
O Biostrings v2.62.0, RRID:SCR_016949
o tidyverse v1.3.1, RRID:SCR_019186
O taxize v0.9.99, RRID:SCR_022677
O Peptides v2.4.4, RRID:SCR_022675
e Desktop computer capable of running RStudio (2 core /
2G (RAM) / 200 G (Disk))
e Any web browser, internet access
o Conserved Domain Database, RRID:SCR_002077
o NCBI protein, RRID:SCR_003257

1. Identify all protein sequences containing the domain of interest

The example used here was the input data for the analyses described in Dougherty and
Hudak [[3]]. The Conserved Domains section of NCBI (https://www.ncbi.nlm.nih.gov/cdd/)
contains a database of protein domains collected from a variety of external databases. Here
you can search for your domain of interest; for this example the ribosome inactivating protein
(RIP domain) will be used (Fig. 1). When you select your domain of interest you will be
redirected to a page which outlines details about the domain, including protein structure,
related domain families, and representative sequences (Fig. 2). Under the drop-down window
called “Links” select “Architectures” to be redirected to the conserved domain architecture

retrieval tool [[4], [9]].
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Fig. 1 Screenshot of the Conserved D‘omains ehtry for pfam00161: RIP
(https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=395109).
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Here you will see a graphical view of all the proteins in NCBI with annotations for your
guery domain, and any other domains that have been annotated as well; they will be separated
into combinations of domains. These results can be filtered by taxonomy from the drop-down
menu at the top. Under “Filter by taxonomy” select “NCBI taxonomy tree”, select your
taxonomic group of interest (in this case plants), select “Include” at the bottom, and click

“Apply” at the top to apply the changes.
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To access the amino acid sequence data of the identified proteins, navigate to the
domain configuration of interest and click “Lookup sequences in Entrez”. This will redirect you
to the search results in the Proteins section of NCBI [[7]]. Download all sequences by selecting
“Send to:” > “File” > “FASTA” > “Create file” in the top right corner. If you are interested in
investigating more than one domain configuration, as is the case in this example, go back to the
previous page and repeat this process for each domain configuration, then copy and paste the
sequences into a single FASTA file. The raw data used in this example are available in

Supplementary Data 1.

2. Clean and tabulate data in R
The following code blocks are all in the R programming language and were written in
RStudio as a markdown file. This file, along with its accompanying HTML output which includes

the results of each intermediate step, is available in Supplementary Data 2 and 3, respectively.

2.1 Load in data

Open RStudio and load the required packages: seqinr [[2]], Biostrings [[6]], Peptides [[5]],

tidyverse [[8]], and taxize [[1]].

Tibrary(seqinr) # Biological Sequences Retrieval and Analysis,
CRAN v4.2-8

Tibrary(Biostrings) # Efficient manipulation of biological
strings, Bioconductor v2.62.0

library(Peptides) # Calculate Indices and Theoretical
Physicochemical Properties of Protein Sequences, CRAN v2.4.4

Tibrary(tidyverse) # Many useful packages for data manipulation
and plotting, CRAN v1.3.1

Tibrary(taxize) # Taxonomic Information from Around the web,
CRAN v0.9.99
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2.2 Import the FASTA file, convert to table

fastal <- readAAStringSet('sequence.fasta'", use.names=TRUE)
dataset_fastal <- data.frame(names(fastal), paste(fastal))
colnames(dataset_fastal) <- c("Name","Sequence")

# Count how many sequences

print(paste0("Number of sequences before filtering: ,
nrow(dataset_fastal)))

2.3 Filter by character patterns

Most sequences will have flags in the FASTA description line indicating if a sequence is
incomplete or low quality; therefore, you can remove these sequences with specific keyword
searches. The commands shown below are not exhaustive but instead show some examples of

potential keywords that can be used for protein data. Partial sequences can be further filtered

by removing sequences that do not start with a methionine. The results of this code are

visualized in Fig. 3.

Name

CAAB5328.1 antiviral protein [Volkamena aculeata]
sp|P24478.2|RIPS_TRIKI RecName: Full=Ribosome-inactivati.
AAD09240.1 ribosome-inactivating protein amaranthin [Am..
AAL15442.1 anti-viral protein PAP [Phytolacca acinosa)
NP_001295744.1 ribosome-inactivating protein cucurmosin-...
BAB83662.1 RA39p [Oryza sativa)

sp|Q03464.1|RIPA_PHYAM RecName: Full=Antiviral protein a
sp|P56626.2|RIP1_TRIAN RecName: Full=Type | ribosome-in...

AAMES504.1 type 1 ribosome-inactivating protein musarmi.

AALE1546.1 ribosome inactivating protein type 1 precursor [

Sequence
MXASLVMTMIFGLGVLHMFEFARAQTPAIFHVGGATISIYTTFINT..
MIRFLVFSLUILTLFLTAPAVEGDVSFRLSGATSSSYGVFISNLRKALP..
MIMLIMITTVVKQSEAQQYRTVGFELHKENSPNGYANFLRRLRS...
MKSMLVVTISVWLILAPTSTWAVNTIIYNVGSTTISKYATFLDNLR...
MKGGKMNLSIMVAAWFCWSCIIFGWASAREIVCPFSSNONYKA..,
MVKPAAVLLLLYLPLLATPTRIGLSRNPFVPPPNSVPTIDRTEMDVS...
MKMMVVVWWMMLSWLILKPPSTWAINTITFDVGNATINKYATF...
MALSFFFLAISLGSPTAIGDVSFDLSTATKKSYSSFITQLRDALPTQG...

MAASTGMHRLIIFMLIIAAAAGQGFLTVQFTETLDAVTLNRATYTA...

MHVHLINKKSFSCSAQQMKVLKQEGGKMKLMLMVMILAWLIL...

Fig. 3 Output of ‘head(dataset_fastal, n=10)’ from the code block in Section 2.4.
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dataset_fastal <-
dataset_fastal[!str_detect(dataset_fastal$Name,"partial"),]

dataset_fastal <-
dataset_fastal[!str_detect(dataset_fastal$Name,"[Cc]lhain"),]

dataset_fastal <-
dataset_fastal[!str_detect(dataset_fastal$Name, " fragment"), ]

dataset_fastal <-
dataset_fastal[!str_detect(dataset_fastal$Name,"LOW "),]

dataset_fastal <-
dataset_fastal[!str_detect(dataset_fastal$Name, " truncated"),]

dataset_fastal <- _
dataset_fastal[!str_detect(dataset_fastal$Name, "protein
product"),]

# Select only sequences that start with methionine

dataset_fastal <-
dataset_fastal[str_detect(dataset_fastal$Sequence,"AM"),]

# Remove gaps/stop codons (can cause errors in other programs)

dataset_fastal$sequence <- gsub("\\-", ,
dataset_fastal$Sequence)

# Count how many sequences survived this filtering process

print(paste0("Number of sequences after this filtering step: ",
nrow(dataset_fastal)))

# Inspect the table (Table 1)

head(dataset_fastal, n=10)

2.4 Identify missing species instances

Some entries will not have the standard notation for species name, which are
surrounded by square brackets. Find sequences without species names within the table, then
use the accession number to find the species of origin on NCBI and add them manually to the

FASTA file. Then you can reload the updated FASTA file into R and continue to the next step. If
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the output of the following command is empty, then there are no sequences with missing

species names and no action is required.

| dataset_fastal[!str_detect(dataset_fastal$Name,"\\["),]

2.5 Extract species names

Extract the species names by selecting the characters between the square brackets in
the ‘Names’ column. It may also be useful to replace or delete ‘special characters’ such as

periods and spaces, as they can cause errors for other programs in future analyses.

gene_taxl <- sub(".*\\[LC[AJ[]+)]1.*", "\\1", dataset_fastal$Name)

# Replace the spaces with underscores

gene_taxl <- gsub(" ","_",gene_taxl)

# Remove the periods

gene_taxl <- gsub("\\.","",gene_tax1l)

# Inspect

head(gene_tax1l, n=20)

2.6 Clean gene IDs

Clean gene IDs by removing everything except the accession number. Not all
submissions will follow the same naming conventions, but all information about a sequence can
be retrieved with the accession number so it is the only piece that is necessary to keep. Again,
this code is not exhaustive but merely shows some examples of what can be done; be sure to

inspect your sequence names to see what kinds of details you need to consider.
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gene_ID1 <- dataset_fastal$Name

# Remove any lowercase letters plus a vertical bar present
before the accession number (eg. sp|P22851)

gene_ID1 <- str_remove(gene_ID1, "Ala-z]+\\|")

# Keep only the accession number, plus the version

# This is denoted by a combination of capital letters and
numbers and sometimes underscores, followed by a period then a
single number

gene_ID1 <- str_extract(gene_ID1l, "A[A-z0-9_]1+\\.[0-9]1")

# Optional: remove version number

gene_ID1 <- str_remove(gene_ID1, "\\.[0-9]1")

head(gene_1D1, n=20)

2.7 Add the accession number and species name to separate columns of the original table

The results of this code are visualized in Fig. 4.

Gene_ID Gene_tax Sequence

CAAB5328 Volkameria_aculeata MKASLVMTMIFGLGVLHMFEFARAQTPAIFHVGGATISIYTTFINT.
p24478 Trichosanthes_kirilowii MIRFLVFSLLILTLFLTAPAVEGDVSFRLSGATSSSYGVFISNLRKALP...
AAD09240 Amaranthus_viridis MIMLIMITTVVKQSEAQQYRTVGFELHKENSPNGYANFLRRLRS...
AAL15442 Phytolacca_acinosa MKSMLVVTISVWLILAPTSTWAVNTIIYNVGSTTISKYATFLDNLR..
NP_001285744 Jatropha_curcas MKGGKMNLSIMVAAWFCWSCIIFGWASAREIVCPFSSNQNYKA...
BAB83662 Oryza_sativa MVKPAAVLLLLYLPLLATPTRIGLSRNPFVPPPNSVPTIDRTEMDVS...
Q03454 Phytolacca_americana MKMMVVVWYMMLSWLILKPPSTWAINTITFDVGNATINKYATF.,
P56626 Trichosanthes_anguina MALSFFFLAISLGSPTAIGDVSFDLSTATKKSYSSFITQLRDALPTQG...
AAMES504 Muscari_armeniacum MAASTGMHRLIIFMLIIAAAAGQGFLTVQFTETLDAVTLNRATYTA..
AALG1546 Phytolacca_americana MHVHLINHKSFSCSAGQMKVLKQEGGKMKLMLMVMILAWLIL...

Fig. 4 Output of ‘head(dataset_fastal, n=10)’ from the code block in Section 2.7.
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The results of this code are visualized in Table 2.

dataset_fastal$Gene_tax <- gene_taxl
dataset_fastal$Gene_ID <- gene_ID1
# Remove the old ‘Names’ column

dataset_fastal <- dataset_fastal[,c("Gene_ID", "Gene_tax",
"Sequence")]

# Inspect (Table 2)

head(dataset_fastal, n=10)

2.8 Check that there are no empty cells in the table

This command will return no results if all cells contain data. If any results are missing an
accession number, you can use the amino acid sequence to search your raw data FASTA file and
see if this number is missing or if some part of the code caused it to be lost. Row 41 in this
example is missing the accession number (Fig. 5), which corresponds to line 484 of the raw
FASTA file (Supplementary Data 1). The accession number provided there lacks the version
number, which means that the code used in Section 2.6 above for extracting this information
found no match with the expected pattern. Because the accession number is present in the
FASTA file, the missing data can be added into the table.

Gene_ID Gene_tax Sequence

Trichosanthes_kinlowii MIRFLVLSLLILTLFLTTPAVEGDCSFRLSGATSSSYGVFISNLRKALP...
Fig. 5. Output of ‘dataset_fastal[is.na(dataset_fastal),]’ in Section 2.8.
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# Check for missing data (Table 3)
dataset_fastal[is.na(dataset_fastal), ]

# Find out which rows are affected (output to console in this
case will be: 41)

which(is.na(dataset_fastal))

# Add missing accession number
dataset_fastal$Gene_ID[41] <- "2019502A"

# Check again (should be an empty data frame)

dataset_fastal[is.na(dataset_fastal), ]

2.9 Check for duplicate sequences

Check that there are no duplicate sequences by calculating the pairwise percentage
identity of all sequences. This is necessary because there are instances where different
researchers submitted the sequence of the same gene to NCBI at different times, but the
sequences were not 100% identical. The following code will iterate through each sequence and
do a pairwise comparison with every other sequence, tabulate the results, and save the entries

with a sequence identity over 99% into a new table.

Note, the speed of this process will greatly vary depending on the number of sequences
searched and the computational power allocated to R. The dataset used in this example
contained approximately 820 sequences and took several minutes to run. The results of this

code are visualized in Fig. 6.
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Percent_identity gene_id_query gene_id_test gene_tax_query gene_tax_test sequence_test
100,00000 CAAB5328 CAABS328 Volkameria_aculeata Volkameria_sculeata MKASLVMTMIFGL
P24478 p24478 Trichosanthes_kirilowii = Trichosanthes_kirlowii ~ MIRFLVFSLLILTLFLT
100.00000 AAD09240 AAD09240 Amaranthus_viridis Amaranthus_viridis MIMLIMITTVVKQS
00.00000 AAL15442 AALT5442 Phytolacca_acinosa Phytolacca_acinosa MKSMLVVTISVWLL..
100,00000 NP_001295744 NP_001205744 Jatropha_curcas Jatropha_curcas MKGGKMNLSIMVA

Fig. 6 Output of ‘head(table_pairwise_I, n=5)’ from the code block in Section 2.9.

end <- length(dataset_fastal$Gene_1ID)

count <- 1l:end

table_pairwise_I <- data.frame(genel=character(),
gene?2 =character(), Percent_identity=double())

for (i in count){

pairwise <-
pairwiseAlignment(pattern=dataset_fastal$Sequence[i:end],
subject=dataset_fastal$Sequence[i])

pi <- data.frame(Percent_identity=pid(pairwise),
gene_id_query=dataset_fastal$Gene_ID[i],
gene_id_test=dataset_fastal$Gene_ID[i:end],
gene_tax_query=dataset_fastal$Gene_tax[i],
gene_tax_test=dataset_fastal$Gene_tax[i:end],
sequence_test=dataset_fastal$Sequenceli:end])

table_pairwise_I <- rbind(table_pairwise_I,
pilpi$Percent_identity > 99,])

}
# Inspect output (Table 4)

head(table_pairwise_I, n=5)

2.10 Make a table of the duplicates

The output will be all pairwise comparisons in your dataset, including those between
other species and to itself. If you are dealing with multiple species, this may result in the

identification of orthologs rather than actual duplicates, so these should be excluded. The
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results of this code are visualized in Fig. 7, and the csv file saved at this step is available under

Supplementary Data 4.

Percent_identity gene_id_query gene_id_test gene_tax_query gene_tax_test sequence_test
90.31973 Q03464 AAN16078 Phytolacca_amenc.. Phytolacca_americana MEKMMYVVVWMMLSW.,
p24476 CAA41953 Dianthus_caryoph.. Dianthus_caryophyllus MEIYLVAAIAWILFQSSS
86 Q00531 AAB33381 Hordeum_vulgare Hordeum_vulgare MALDKVAPIVIVTPFNV..
99.65035 AAB35184 p24817 Momordica_chara.. Momordica_charantia MVKCLLLSFLIAIFIGVPT.
9030070 AAB35194 ABG37891 Momeordica_chara.. Momordica_charantia MVVCLLLSFLIAIFIGVPT.

Fig. 7 Output of ‘head(table_pairwise_I2, n=5)’ from the code block in Section 2.10.

# Remove the entries where the query is the same as the test
table_pairwise_I2 <- o _
table_pairwise_I[table_pairwise_I$gene_id_query !=
table_pairwise_I$gene_id_test,]

# Remove ones where the query and test are from different
species

table_pairwise_I2 <-
table_pairwise_I2[table_pairwise_I2%$gene_tax_query ==
table_pairwise_I2%$gene_tax_test,]

# Save results to a file, for reference (Supplementary Data 4)

write.csv(table_pairwise_1I2,
"pairwise_percent_identity_over_99.csv", row.names = FALSE)

# Inspect output (Table 5)

head(table_pairwise_I2, n=5)

2.11 Remove duplicates

Remove all test sequences that matched with over 99% similarity between two

sequences in the same species. The results of this code are visualized in Fig. 8.
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Gene_ID Gene_tax Sequence

CAAB5328 Volkameria_aculeata MKASLVMTMIFGLGVLHMFEFARAQTPAIFHVGGATISIYTTFINTL...
p24478 Trichosanthes_kirilowii MIRFLVFSLLILTLFLTAPAVEGDVSFRLSGATSSSYGVFISNLRKALP...
AAD09240 Amaranthus_viridis MIMLIMITTVVKQSEAQQYRTVGFELHKENSPNGYANFLRRLRS...
AALT5442 Phytolacca_acinosa MKSMLVVTISVWLILAPTSTWAVNTIIYNVGSTTISKYATFLDNLR...
NP_0012957... Jatropha_curcas MKGGKMNLSIMVAAWFCWSCIHFGWASAREIVCPFSSNQNYKA...
BAB83662 Oryza_sativa MVKPAAVLLLLYLPLLATPTRIGLSRNPFVPPPNSVPTIDRTEMDVS...
P56626 Trichosanthes_anguina MALSFFFLAISLGSPTAIGDVSFDLSTATKKSYSSFITQLRDALPTQG...
AAMES504 Muscari_armeniacum MAASTGMHRLIIFMLIIAAAAGQGFLTVQFTETLDAVTLNRATYTA..
AALD1546 Phytolacca_americana MHVHLINEKSFSCSAQQMKVLKQEGGKMKLMLMVMILAWLIL...
AAB67746 Amaranthus_tricolor MKKVLGGGTWVYWWCMIMLIIMITTVVKQSEAQQYRTVGFELHK...

Fig. 8 Output of ‘head(dataset_fastal, n=10)’ from the code block in Section 2.11.

dataset_fastal <- dataset_fastal[! dataset_fastal$Gene_ID %in%
table_pairwise_I2%gene_id_query, ]

# See how many sequences survived through to this stage of the
filtering process

print(paste0("Number after filtering: ", nrow(dataset_fastal)))
# Inspect table (Table 6)

head(dataset_fastal, n=10)

2.12 Save cleaned and filtered data as a FASTA file

The file generated from this code is available in Supplementary Data 5.

write.fasta(strsplit(dataset_fastal$Sequence,""),
paste(dataset_fastal$Gene_ID, datset_fastal$Gene_tax, sep="-"),
"filtered_sequences.fasta", open="w", as.string=F)
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3. Add physicochemical properties and detailed taxonomic information for each sequence

3.1 Tabulate species representation

If you are working with a large dataset from a variety of species, as is the case in this
example, it is useful to tabulate the species representation and how many proteins are
associated with each species. This can be repeated later for any taxonomic level by replacing
‘Gene_tax’ with the column name of the taxonomic level of interest. The results of this code are

visualized in Fig. 9.

Species Number_of_sequences
Abrus_precatorius 19
Abrus_pulchellus_subsp_tenuiflorus 4

Aegilops_tauschii_subsp_strangulata
Amaranthus_tricolor 1

Amaranthus_viridis

Ananas_comosus 3
Artemisia_annua 10
Benincasa_hispida 4
Beta_vulgaris_subsp_vulgaris 22
Brachypodium_distachyon 18

Fig. 9 Output of ‘head(table_summary, n=10)’ from the code block in Section 3.1.
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table_summary <- as.data.frame(table(dataset_fastal$Gene_tax))
colnames(table_summary) <- c("Species", "Number_of_sequences")
# How many species are represented in this dataset?

print(paste0("Total number of species: ",
Tength(table_summary$Species)))

# Inspect table (Table 7)

head(table_summary, n=10)

3.2 Make a table of the full taxonomy of each species based on the NCBI taxonomy

classification

Note that this will take several minutes to run as retrieving the data for each species
takes a couple of seconds. The results of this code are visualized in Fig. 10, and the csv file

generated from this code is available under Supplementary Data 6.

Species Number_of_sequences Genus Family Order Class

Abrus_precatorius 19 Abrus Fabaceae Fabales Magnoliopsida = Streptophyt:
Abrus_puichelius_subsp_tenuiflorus 4 Abrus Fabaceae Fabales Magnoliopsida St
Asgilops_tauschii_subsp_strangulata 2 Aegilops Poaceae Poales

Amaranthus_tricolor 1 Amaranthus Amananthaceae Caryophyliales

Amaranthus_vindis 2 Amaranthus Amaranthacese Caryophyllsles Magnoliopsida  Streptophyta

Fig. 10 Output of ‘head (taxonomy_summary, n=5)’ from the code block in Section 3.2.
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# Convert from data type ‘factor’ to ‘character’
table_summary$Species <- as.character(table_summary$Species)
nspecies <- length(table_summary$Species)

# Make empty data frame

full_tax <- data.frame(Species=table_summary$Species,
Genus=character(nspecies), Family=character(nspecies),
order=character(nspecies), Class=character(nspecies),
Phylum=character(nspecies))

# Fill 1in data frame for each protein

for (i in full_tax$Species){

full_tax$Genus[full_tax$Species == i] <- tax_name(i,
get="genus", db="ncbi")$genus
full_tax$Family[full_tax$Species == i] <- tax_name(i,
get="Ffamily", db="ncbi")$family
full_tax$order[full_tax$Species == i] <- tax_name(i,
get="order", db="ncbi")$%order
full_tax$class[full_tax$Species == i] <- tax_name(i,
get="class", db="ncbhbi")$class
full_tax$Phylum[full_tax$Species == i] <- tax_name(i,
get="phylum", db="ncbi")$phylum

ks

taxonomy_summary <- merge(table_summary,full_tax, by= "Species")
# Inspect (Table 8)
head (taxonomy_summary, n=5)

# Save results to a file, for reference (Supplementary Data 6)

write.csv(full_tax, file="detailed_taxonomy.csv",
row.names = FALSE)

3.3 Calculate physicochemical properties

Computationally infer physicochemical properties for each amino acid sequence:
aliphatic index, Bowman potential protein interaction index, theoretical net charge,
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hydrophobicity index, instability index, molecular weight, monoisotopic mass over charge ratio,
and isoelectric point. This package can calculate more properties than what is shown here, so
this is just an example of some of them. Note: if there are unusual characters in your sequence
(e.g., B, U, X, Z, *, or any number) then this code will produce an error. You can remove these
sequences in the same way you removed those that did not start with a methionine.
Alternatively, you can replace the amino acid with another character or with nothing (i.e.,
empty quotes) the same way as was done to remove special characters from the taxonomic

names.

dataset_fastal$aliphatic_index <-
aIndex(dataset_fastal$Sequence)

dataset_fastal$Boman_Potential_Protein_Interaction_index <-
boman (dataset_fastal$Sequence)

dataset_fastal$theoretical_net_charge <-
charge(dataset_fastal$Sequence, pH=7, pKscale="Lehninger")

dataset_fastal$hydrophobicity_index <-
hydrophobicity(dataset_fastal$Sequence, scale="KyteDoolittle")

dataset_fastal$instability_index <-
instaIndex(dataset_fastal$Sequence)

dataset_fastal$molecular_weight <- mw(dataset_fastal$Sequence)

dataset_fastal$monoisotopic_mass_over_charge_ratio <-
mz(dataset_fastal$Sequence)

dataset_fastal$isoelectic_point <- pI(dataset_fastal$Sequence,
pKscale="EMBOSS")

dataset_fastal[order(dataset_fastal$Gene_ID), ]

head(dataset_fastal, n=10)
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3.4 Combine results into a single table

The csv file generated from this code is available under Supplementary Data 7, and the

text file is available under Supplementary Data 8.

for (i in dataset_fastal$Gene_tax){

dataset_fastal$Genus[dataset_fastal$Gene_tax == i] <-
taxonomy_summary$Genus [taxonomy_summary$Species == 1i]

dataset_fastal$Family[dataset_fastal$Gene_tax == i] <-
taxonomy_summary$Family[taxonomy_summary$Species == 1i]

dataset_fastal$order[dataset_fastal$Gene_tax == i] <-

taxonomy_summary$order[taxonomy_summary$Species == i]
dataset_fastal$Class[dataset_fastal$Gene_tax == i] <-
taxonomy_summary$Class[taxonomy_summary$Species == i]
dataset_fastal$phylum[dataset_fastal$Gene_tax == i] <-
taxonomy_summary$Phylum[taxonomy_summary$Species == 1i]

ks
# Save full table (Supplementary Data 7)

write.csv(dataset_fastal, file="tabulated_cleaned_data.csv",

row.names = FALSE)
# Save accession numbers only (Supplementary Data 8)

write.table(dataset_fastal$Gene_ID, “accessions.txt”,
guote=FALSE, row.names=FALSE, col.names=FALSE)

# Inspect

head(dataset_fastal, n=20)

The final output of this process is included in Dougherty and Hudak [[3]], Supplementary

Data 1 and Supplementary Data 2.
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4. Manual inspection of sequences

The protein sequence data on NCBI come from a variety of sources with different
experimental purposes. Therefore, it may be necessary to assess the quality of all sequences
and filter any that do not meet the standards of your experiment. While many of these steps
have been done in R, some manual inspection is still advised by reading the GenPept entries of
each sequence. Some useful details available on these pages are 1: whether sequences are
genomic in origin or clones from cDNA, and 2: whether sequences are annotated as mature
peptides. To view the GenPept pages of only the sequences that passed previous filtering steps
you can use Batch Entrez (https://www.ncbi.nlm.nih.gov/sites/batchentrez, [[7]]). Upload the
text file containing the NCBI accession numbers (accessions.txt), select “Protein” and select
“Retrieve”. You will be redirected to a page indicating how many records were successfully
retrieved. Click the link “Retrieve records”, and you will be redirected again to the Proteins

database on NCBI where you can inspect each sequence or download the GenPept files.

5. Method validation

Because each step is performed in RStudio, and because the cleaning and reorganizing
of data are done in stages, it is straightforward to inspect the data at each step to ensure that
the changes being made are expected. This inspection was done in the case of the example
used here; all relevant data were retained and all data from incomplete sequences, low quality
sequences, and duplicates were removed. In addition, all irrelevant information from the FASTA
description lines was removed and the filtered sequences were successfully written to a new

FASTA file and their description lines contained only the NCBI accession number and the species
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name. These cleaned data have many potential bioinformatic applications; for further detail on

the subsequent analyses used with this dataset see Dougherty and Hudak [[3]].

Data availability

All code and data are available in supplementary materials.
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Footnotes

Related research article: K. Dougherty, K.A. Hudak Phylogeny and domain architecture of plant
ribosome inactivating proteins Phytochemistry, 202 (2022), pp. 113337,

10.1016/j.phytochem.2022.113337
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