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ABSTRACT OF DISSERTATION

TRANSCRIPTIONAL REGULATION OF SPECIALIZED METABOLITES IN ARABIDOPSIS
THALIANA AND CATHARANTHUS ROSEUS

For millennia humans have utilized plant specialized metabolites for health benefits,
fragrances, poisons, spices, and medicine. Valued metabolites are often produced in small
guantities and may command high prices. Understanding when and how the plant synthesizes
these compounds is important for improving their production. Phytohormone signaling cascades,
such as jasmonate (JA) activate or repress transcription factors (TF) controlling expression of
metabolite biosynthetic genes. TFs regulating specialized metabolite biosynthetic genes can be
manipulated to engineer plants with increased metabolite production.

WRKY transcription factor are known components of both JA signaling cascades and
regulation of specialized metabolism. The presence of WRKY binding sites in promoters of several
terpene indole alkaloids suggested their involvement in regulating biosynthesis of these
compounds. A phylogenetic analysis was used to compare Arabidopsis and Catharanthus WRKY
TFs families. Gene expression analysis identified WRKY TFs induced by JA in both Arabidopsis and
Catharanthus, providing candidates for future characterization. WRKY TFs suggest a possible
conserved regulatory network of TFs downstream of JA signaling cascades.

The origin and conservation of JA signaling in plants remain ambiguous. Identification of
the first algal TIFY factor helped determine when JA signaling appeared. The charophyte,
Klebsormidium flaccidum does not possess genes encoding key green-plant JA signaling
components, including CORONATINE INSENSTIVE1l, JASMONATE-ZIM DOMAIN, NOVEL
INTERACTOR OF JAZ, and the JAZ-interacting bHLH factors, yet their orthologs are present in the
moss. A molecular clock analysis dated the evolution of JA signaling evolution to during the early
Ediacaran to late Cambrian periods 628 to 491 million years ago — a time corresponding to rapid
diversification of animal predators.

The plant Mediator complex is a core component of gene expression. Conservation of
the MED25 subunit in plants, and its known involvement in JA signaling implicates this factor in
regulation of specialized metabolism. MED25 is involved in anthocyanin accumulation, but how
it functions remains unknown. Characterization of MED25 in Arabidopsis revealed it interacts
with the transcription factor GL3 as well as the JAZ1 repressor. Importantly, the interaction of



JAZ1 with MED25 reveals a new mechanism by which JAZ proteins regulate gene expression,
improving our understanding of JA signaling.

KEYWORDS: Arabidopsis thaliana, Catharanthus roseus, jasmonic acid, MEDIATOR,
phenylpropanoids, terpene indole alkaloids
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CHAPTER ONE: INTRODUCTION
Use and Value of Medicinal Plants

Often considered natures pharmacy, plants are excellent metabolic factories. As
sedentary organisms, plants produce many compounds to defend themselves against various
stresses. These compounds, termed specialized or secondary metabolites, while not essential for
growth, are critical to plant competitiveness in their natural habitats. Specialized metabolites
may serve a number of roles within the plant. Plant produce three primary classes of specialized
metabolites, alkaloids, phenylpropanoids, and terpenes. The plant kingdom synthesizes over
12,000 alkaloids, 8,000 phenylpropanoids, and 25,000 terpenes (Zwenger, 2008). Furthermore,
plants can fuse compounds from different classes to make more complex molecules such as
terpene indole alkaloids (TIA), the combination of a terpene moiety with an alkaloid compound.
Many phenolic compounds possess UV absorptive functions that protect the plant from
photooxidative damage to DNA and proteins (Li et al., 1993; Landry et al., 1995). Specialized
metabolites serve as insecticidal, antibacterial, or antifungal compounds to resist abiotic stresses
(Roepke et al., 2010; Schweizer et al.,, 2013). Some are protectants against drought or cold
(Nakabayashi et al., 2014; Schulz et al., 2016). A few specialized metabolites serve as a source of
inter-plant communication (Muroi et al., 2011). Still others function to prevent competition from
nearby unrelated plant species (Rietveld, 1983; Jose and Gillespie, 1998). Moreover, specialized
metabolites serve to attract pollinators or seed dispersers (Harborne, 2001; Tsahar et al., 2002;
Sheehan et al.,, 2016). Any given specialized metabolite may possess one or more of these
properties to aid the plant’s survival and success.

In addition to benefiting the plant, specialized metabolites are valuable to humans. As
components of our diet they provide essential nutrients or antioxidant properties beneficial to
human health (Zafra-Stone et al., 2007; Hounsome et al., 2008). Specialized metabolites serve as
spices for flavoring food and fragrances for perfumes (Schwab et al., 2008; Schilling et al., 2010).
Additionally, some specialized metabolites possess pharmaceutical properties and can be used as
supplements or drugs to improve human or animal health. Indeed, 27% of pharmaceutical drugs
are directly derived from specialized metabolites, albeit not just from plants, but also fungi and
bacteria (Newman and Cragg, 2012) (Figure 1.1). Another 45% of pharmaceutical drugs are
inspired by specialized metabolites (Newman and Cragg, 2012) (Figure 1.1). Particularly for anti-
cancer drugs, naturally occurring compounds remain a key source of chemical diversity. Many
anti-cancer drugs are derived, or partially derived, from plants including paclitaxel, vinblastine,
and, vincristine (Newman and Cragg, 2012). Thus, plants have been and remain a key source of
chemical diversity to exploit for pharmaceutical and other human needs. Furthermore, due to
the high degree of chemical complexity many of these metabolites (e.g. vinblastine) cannot be
completely synthesized de novo. Thus, the metabolites, or their precursors, must be derived from
plant material.

Utilizing plants for drug production typically leads to two critical problems: 1) the high
cost of handling and processing plant materials increases final drug costs to patients and 2)
inconsistent supplies of plant materials can lead to reduce production and drug shortages.
Indeed, several plant-derived anti-cancer drugs including etoposide, paclitaxel, vinblastine, and
vincristine, pharmaceuticals have experienced drug shortages in recent years (Chabner, 2011;
Ventola, 2011). Efforts are needed to reduce costs and drug shortages to maintain consistent
drug availability for patients. Both problems can partially be addressed by increasing metabolite
concentration with the raw plant material. Higher metabolite concentrations in raw materials can



potentially increase ease of product extraction, thereby reducing processing costs to obtained the
purified chemical. Similarly, higher metabolite concentrations allow less material to be
processed. A need for less plant material can be valuable if drug shortages occur as growers can
fulfill the required volume of raw product sooner.

In plants, increasing metabolite concentration can be accomplished by either targeting
steps in the biosynthetic pathway (e.g. increasing expression of the rate limiting enzyme) or
through manipulation of regulatory factors controlling the biosynthetic pathway. Alternatively, a
combination of approaches can be used. Each method has demonstrated success. In Artemisia
annua, overexpression of the mevalonic acid rate limiting enzyme 3-hydroxy-3-methylglutaryl
CoA reductase (HMGR) increased artemisinin production 22% (Aquil et al., 2009). When HMGR
and the artemisinin rate limiting step were combined a 7.65-fold increase was observed (Alam
and Abdin, 2011). In Artemisia annua, overexpression of AP2-ERF, NAC, or WRKY transcription
factor (TF) increases anthocyanin accumulation 67%, 79%, or 1.9-fold, respectively (Yu et al., 2012;
Han et al., 2014; Lv et al., 2016). Overexpressing both a rate limiting step and a TF in Catharanthus
roseus lead to higher levels of TIAs (Pan et al., 2012). Effective engineering to increase metabolite
accumulation by targeting specific enzymes benefits, perhaps even requires, characterization of
the entire biosynthetic pathway. The major advantage of this method is the potential to precisely
manipulate a biosynthetic pathway towards a desired product. In contrast, TF can regulate
expression of both known and unknown biosynthetic steps simultaneously. Therefore, the entire
biosynthetic pathway does not need to be characterized. However, this may come with the
expense of pleiotropic effects on plant growth, development, or non-target metabolites.
Nevertheless, the later method may be particularly useful for species, which harbor long or
complex biosynthetic pathways leading to the desired metabolite.

Identifying candidate TFs for metabolic engineering projects can take two approaches:
top-down and bottom-up. The first approach, bottom-up, is to start with enzymes. Promoters
taken from these enzyme biosynthetic genes are then used to find the corresponding regulators.
Promoters of these regulators are used to find higher level regulators. Eventually, one factor
controlling the entire, or majority, (master regulator) of the pathway is found. The top-down
approach starts near the anticipated top of a regulatory cascade by using a factor that controls
one or more major response networks. This factor can be used to identify various levels of
subordinate factors until a master regulator of the desired pathway is found. A hallmark feature
of many specialized metabolic pathways is their regulation by the phytohormone jasmonate
(Aerts et al., 1994; Singh et al., 1998; Qi et al., 2011; Lenka et al., 2012), thus providing a potential
starting point for the top-down approach.

The Jasmonate Signaling Network

Phytohormones are important signaling regulators that mediate plant responses to
stress. Jasmonate (JA) is a key stress signaling phytohormone which prioritizes plant defense over
plant growth by modulating levels of other hormones (Lorenzo et al., 2004; Sun et al., 2009; Yang
et al., 2012). Specifically, JA regulates specialized metabolism and symbiosis with
microorganisms, as well as mediates tolerance to wounding, pathogens, and insect herbivory
(Feys et al., 1994; Thomma et al., 1998; Lorenzo et al., 2004; Dombrecht et al., 2007). JA also
regulates developmental programs for male fertility, root growth, seed germination and
senescence (Staswick et al., 1992; Xie et al., 1998; Li et al., 2004; Miao and Zentgraf, 2007). The
JA signaling cascade has been well characterized in the model plant Arabidopsis thaliana. The
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core JA signaling cascade is comprised of the conjugated signal molecule (JA-isoleucine), the
CORONITINE INSENSITIVE1 (COI1) protein, JASMONATE ZIM DOMAIN (JAZ) proteins, and the
bHLH transcription factor (TF) MYC2. COI1 is a leucine-rich repeat containing F-box protein that
recognizes and interacts with JAZ proteins(Chini et al., 2007; Thines et al., 2007; Sheard et al.,
2010). Along with S-PHASE KINASE-ASSOCIATED PROTEIN1, CULLIN, and RING-BOX PROTEIN1,
COI1 forms a complex which polyubiquitinates JAZ proteins, marking them for degradation via the
26S proteasome (Chini et al., 2007; Thines et al., 2007). JAZ proteins belong to a larger TIFY family
and are characterized by TIFY and JAS domains (Bai et al., 2011). MYC2, along with its homologs
MYC3 and MYC4 in Arabidopsis(Niu et al., 2011), is a master regulator activating JA responsive
genes (Dombrecht et al., 2007). JAZ represses activity of the bHLH factors belonging to sub-group
IlIb (ICE1 and ICE2), Ille (MYC2, MYC3, and MYC4) and llif (GL3, EGL3 and TT8), the AP2 TF TARGET
OF EAT1 and 2 (TOE1 and TOE2), as well as the MYB factors PAP1, GL1 MYB21, and MYB24 (Niu
etal., 2011; Qietal., 2011; Song et al., 2011; Zhai et al., 2015). Recent work illustrates that MYC2,
upon interaction with JAZ, undergoes a structural shift that hinders its activation activity (Zhang
et al.,, 2015). JAZ interacts with NINJA via the TIFY domain and subsequently recruits the
corepressor TOPLESS (TPL) via its ethylene-responsive element binding factor-associated
amphiphilic (EAR) motif (Pauwels et al., 2010). Moreover, TPL can directly interact with JAZ
proteins containing the EAR motif (Shyu et al., 2012). TPL recruits histone deacetylases to modify
chromatin architecture to repress target gene transcription (Krogan et al.,, 2012; Wang et al.,
2013). The multisubunit Mediator complex functions as both a coactivator and corepressor and
recruits RNA polymerase Il to the promoter of activated genes (Kelleher et al., 1990; Flanagan et
al., 1991). Recent work shows that TPL interacts with MED13 to repress auxin signaling (Ito et al.,
2016). Interaction of MED13 with TPL also likely functions to repress JAZ mediated repression of
JA signaling. MYC2 interacts with MEDIATOR SUBUNIT OF RNA POLYMERASE 25 (MED25) to
activate transcription of its JA responsive target genes (Cevik et al., 2012; Chen et al., 2012). The
JAZ binding of MYC2 competes with MED25, further suppressing target gene activation (Zhang et
al., 2015). In the presence of JA, COI1 and JAZ interact to form a coreceptor complex (Sheard et
al., 2010) that polyubiquitinates JAZ for degradation via the 26S proteasome (Chini et al., 2007).
Degradation of JAZ frees MYC2 and other TFs to activate downstream JA responsive genes (Chini
et al., 2007; Hou et al., 2010; Qi et al., 2011; Song et al., 2011; Zhu et al., 2011).

Origin and Evolution of JA Signaling

While the JA signaling cascade has been well characterized using the model plant
Arabidopsis, the origin of the pathway and individual genes remains ambiguous. The moss,
Physcomitrella patens, responds to JA treatment but is not known to synthesize JA (Stumpe et al.,
2010). In contrast, the Klebsormidiophyceae charophyte, Klebsormidium flaccidum synthesizes
JA, but not JA-isoleucine (Hori et al., 2014; Koeduka et al., 2015). However, contradictory
evidence exists for the presence of JA signaling in K. flaccidum. A previous study suggests the
presence of KfCOI1 and KfMYC2 (Wang et al., 2015), whereas a prior report found no evidence for
these genes (Hori et al., 2014). The uncertainty necessitates further examination to authenticate
the presence of each component in the JA pathway and to address how, when, where, and why
the pathway arose. The prediction of COI1 and MYC2 in charophytes suggests the impairment of
JA recognition is due to the lack of JAZ proteins. To date, the TIFY family has only been shown to
occur in embryophytes (Bai et al., 2011). The TIFY family is divided into four major subfamilies:
JAZ, peapod (PPD), TIFY, and ZIM factors, based on the presence of CCT/JAS, TIFY/ZIM, and GATA
Zinc finger (ZnF-GATA) domains (Bai et al., 2011). Which family member of TIFY factors arose first



in plants is not known, nor is its initial function. Understanding how JA signaling arose will provide
a basis for interpreting its role in medicinal species, in turn leading to improved designs for
defense and metabolic engineering projects.

The Terpene Indole Alkaloid Pathway in Catharanthus

Vinblastine and vincristine are two TIAs listed on the World Health Organizations List of
Essential Medicines — that is medicines which are the indispensable for a fundamental health care
system. TIAs are found in a limited number of plant species belonging to the families
Apocynaceae, Loganiaceae, Nyssaceae and Rubiaceae. Catharanthus roseus, a member of the
Apocynaceae family, also commonly known as Madagascar periwinkle or Annual Vinca, has
become a model plant for understanding TIA biosynthesis and regulation (Memelink and Gantet,
2007; Facchini and De Luca, 2008). Catharanthus synthesizes over 130 TIAs (Heijden et al., 2004).
Catharanthus TIAs can be characterized into two principle groups: monoterpene indole alkaloids
(MIA), and the bisindole alkaloids (BIA), which are composed of two joined MIAs. The primary
TIAs of interest in Catharanthus include ajmalicine, serpentine, vinblastine, and vincristine. The
MIAs, ajmalicine and serpentine, also present in Indian Serpentwood (Rauwolfia serpentina), are
utilized pharmaceutically for the treatment of hypertension (Vakil, 1949). The BIAs, vinblastine
and vincristine, are species specific metabolites which have proven invaluable in the treatment of
cancers (Holland et al., 1973).

The synthesis of BIAs is complex and requires at least 30 enzymes (Figure 1.2). Recent
publications of Catharanthus transcriptomes and draft genome enable studies into TIA
metabolism (Gongora-Castillo et al., 2012; Van Moerkercke et al., 2013; Dugé de Bernonville et
al., 2015; Kellner et al.,, 2015). Indeed, the last several years have observed a rapid
characterization of missing enzymatic steps of TIA biosynthesis (Asada et al., 2013; Besseau et al.,
2013; Rai et al., 2013; Salim et al., 2013; Miettinen et al., 2014; Salim et al., 2014; Dugé de
Bernonville et al., 2015; Kumar et al., 2015; Qu et al., 2015). In Catharanthus, TIA are formed by
joining a terpene, secologanin, with the alkaloid tryptamine to form the first TIA, strictosidine.
The shikimic acid pathway leads to tryptophan production. Tryptophan is then decarboxylated
by TRYPTOPHAN DECARBOXYLASE (TDC) to produce tryptamine (De Luca et al., 1989).

Secologanin is formed through series of two connected pathways. The first pathway is
the evolutionarily conserved 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway which leads to
the formation of isopententyl pyrophosphate (IPP). GERANYL DIPHOSPHATE SYNTHASE (GPPS)
converts IPP and its isomer dimethylallyl into geranyl diphosphate (GPP) (Rai et al., 2013). The
enzyme GERANIOL SYNTHASE (GES) catalyzes the formation of geraniol from GPP (Kumar et al.,
2015). The second portion of the secologanin pathway is the conversion of geraniol to
secologanin. Recent work has made significant strides to characterize all the missing steps in
secologanin biosynthesis. The first step of the pathway requires GERANIOL 10-HYDROXYLASE
(G10H), which is believed to a major limiting step in TIA biosynthesis (Kumar et al., 2015). G10H
catalyzes the conversion of geraniol into geraniol 10-hydroxygeraniol (Collu et al., 2001). Activity
of the cytochrome P450 requires the NADPH:CYTOCHROME P450 REDUCTASE (CPR2). While two
other CPR-like genes occur in Catharanthus, their involvement in TIA biosynthesis is likely minimal
(Parage et al., 2016). The next step is the conversion of 10-hydroxygeraniol into 10-oxogeranial
by 10-HYDROXYGERANIOL OXIDOREDUCTASE (10HGO) (Miettinen et al., 2014). IRIDOID
SYNTHASE (IS) cyclizes 10-oxogeranial into cis—trans-nepetalactol or cis-trans-iridodial (Geu-
Flores et al., 2012). IS belongs to a small gene family which includes three additional paralogs
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capable of utilizing 10-oxogeranial (Munkert et al., 2015). Next, IRIDOID OXIDASE (10), also called
7-DEOXYLOGANETIC ACID SYNTHASE, leads to the formation of 7-deoxyloganetic acid (Miettinen
et al., 2014; Salim et al., 2014). This 7-deoxyloganetic acid is glycosylated with glucose by 7-
DEOXYLOGANETIC ACID GLUCOSYLTRANSFERASE (7DLGT) to produce 7-deoxyloganic acid (Asada
et al,, 2013; Miettinen et al., 2014). In the next reaction, 7-DEOXYLOGANIC ACID 7-HYDROXYLASE
(7DLH) catalyzes the production of loganic acid (Salim et al., 2013; Miettinen et al., 2014). Loganic
acid is methylated by LOGANIC ACID O-METHYLTRANSFERASE (LAMT) to form loganin (Murata et
al., 2008). The last step, catalyzed by SECOLOGANIN SYNTHASE (SLS), produces secologanin
(Irmler et al., 2000). Recent work identified two SLS genes in Catharanthus (Dugé de Bernonville
et al., 2015). The first identified SLS isolated from cell culture expresses primarily in the root, but
is barely detectable in most tissues. In contrast, SLS2 expression occurs at high levels in root and
leaf tissues, where secologanin is synthesized (Dugé de Bernonville et al., 2015).

STRICTOSIDINE SYNTHASE (STR) joins secologanin and tryptamine to form strictosidine
(Mizukami et al., 1979; Treimer and Zenk, 1979). The glucose moiety of strictosidine is then
removed by the enzyme STRICTOSIDINE B-D-GLUCOSIDASE (SDG) to form a reactive aglycone
(Geerlings et al., 2000). At this key point, the strictosidine aglycone metabolite diverges into
multiple pathways including ajmalicine, catharanthine, and vindoline (O'Connor and Maresh,
2006). The enzymes responsible for catharanthine biosynthesis remain unidentified. Similarly,
an unknown enzyme(s) catalyzes the conversion of an strictosidine aglycone intermediate into
tabersonine. TABERSONINE 16-HYDROXYLASE (T16H) hydroxylates tabersonine into 16-
hydroxytabersonine (Schroder et al., 1999). Two genes of T16H occur in Catharanthus (Besseau
et al.,, 2013). The expression of T16H1 primarily localizes to flower, whereas TH16H2 mostly
occurs in young leaves (Besseau et al., 2013). This newly added hydroxyl group is methylated by
16-HYDROXYTABERSONINE O-METHYLTRANSFERASE (160MT) to produce 16-
methoxytabersonine (Levac et al.,, 2008). Next, TABERSONINE 3-OXYGENASE (T30) and
TABEROSINE 3-REDUCTASE (T3R) converts 16-methoxytabersonine to 3-hydroxy-16-methoxy-2,3-
dihydrotabersonine. Next, the nitrogen molecule of the indole moiety is methylated by N
METHYLTRANSFERASE (NMT) forming desacetoxyvindoline (Liscombe et al, 2010).
Desacetoxyvindole is hydroxylated by DESACETOXYVINDOLINE-4-HYDROXYLASE (D4H) to produce
deacetylvindoline (Vazquez-Flota et al., 1997). This hydroxyl group is then methylated by
DEACETYLEVINDOLINE 4-O-ACETYLETRANSFERASE (DAT) to produce vindoline (St-Pierre et al.,
1998). The first BIA, a-3’,4’-anhydrovinblastine, is produced by PEROXIDASE1 enzymatic coupling
a catharanthine molecule with a vindoline molecule (Sottomayor et al., 1998; Costa et al., 2008)

The biosynthesis of BIAs also requires extensive intercellular metabolite transport (Burlat
et al., 2004; Murata et al., 2008; Roepke et al., 2010). Initial studies suggest loganic acid moves
from the internal phloem associate parenchyma (IPAP) cells into the epidermis (Courdavault et
al., 2014). However, imagining of metabolites in single cells shows loganic acid in IPAP cells and
loganin in both IPAP and epidermal cells (Yamamoto et al., 2016). This suggests that loganin, not
loganic acid, is the mobile metabolite. Once formed, desacetoxyvindoline presumably moves
from the epidermis to laticifer and idioblast cells (Guirimand et al., 2011). Notably,
desacetoxyvindoline appears in laticifer and idioblast cells (Yamamoto et al., 2016). Thus, the
mobile metabolite must occur prior to desacetoxyvindoline. Indeed, 16-methoxytabersonin as
well as cathenamine, one of the strictosidine aglycone intermediates, occur in laticifer and
idioblast cells (Yamamoto et al., 2016). Despite the known requirement for TIA intercellular
movement, only one transporter is known. TPT2 transports catharanthine from epidermal cells
to the leaf surface (Yu and De Luca, 2013). In contrast vindoline presumably localizes to laticifer
and idioblast cells (St-Pierre et al.,, 1999). Spatial separation of catharanthine and vindoline
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prevents accumulation of vinblastine (Roepke et al., 2010). Upon wounding, vindoline is released
to the surface and couples with catharanthine to form vinblastine. Vinblastine inhibits
microtubule assembly, thus disrupting cell division and results in cell death. The mechanism of
vinblastine action suggests it likely affects both herbivores and pathogens of Catharanthus.

Transcriptional Regulation of Catharanthus TIAs

A principal elicitor of TIA production in Catharanthus, as well as natural products in many
other medicinal species, is the phytohormone jasmonate which functions in plant defense
signaling to protect the plant from biotic stresses (Roepke et al., 2010; Wei, 2010). However, the
biosynthesis of TIAs is also regulated by UV light (Ramani and Chelliah, 2007; Binder et al., 2009),
fungal elicitors (Menke et al., 1999), wounding (Frischknecht et al., 1987; Vazquez-Flota et al.,
2004), drought (Jaleel et al., 2007), cold (Dutta et al., 2007, 2013) and salt stress (Dutta et al.,
2013). Unfortunately, knowledge of JA and other hormone signaling cascades in Arabidopsis has
been inadequately applied to Catharanthus. This problem is further aggravated by the fact that
Arabidopsis cannot be used as a model for understanding TIA production as it does not produce
these compounds. Thus, our understanding of transcriptional regulation of TIA production in
Catharanthus remains limited. Despite these hurdles, important TF regulating JA induction of
specialized metabolism have been identified. These approaches have focused on understanding
transcriptional regulation of key biosynthetic genes.

Successfully improving metabolite yield requires understanding key limitations to the
biosynthetic pathway. Biosynthetic steps which either commit precursors to the metabolic
pathway or limit conversion of one metabolite to another remain excellent targets for
manipulation to improve chemical production. Several key committed steps in TIA biosynthesis
have been the primary targets of studies for transcriptional regulation. In TIA biosynthesis, the
committed steps to MIAs include the formation of the tryptamine precursor, formation of the
secologanin, and the coupling of these two precursors into strictosidine. Formation of tryptamine
and strictosidine are catalyzed by the enzymes TDC and STR (De Luca and St Pierre, 2000).
Secologanin is formed by a series of enzymatic reactions from geraniol, starting with G10H.
Increased TIA accumulation by feeding cell cultures with loganin suggests that G10H is a rate
limiting step in TIA production (van der Fits and Memelink, 2000). Studies investigating
committed or rate-limiting steps of alkaloid producing species reveal several key families of TFs:
the AP2-ERF, bHLH, and WRKY families.

STRis the first committed step to TIA metabolism. Expression of STR increases in response
to JA and fungal elicitor treatment (Menke et al., 1999). Deletion analysis of the STR promoters
revealed the presence of several cis-regulatory elements including the jasmonate- and elicitor-
responsive elements (JERE). The JERE in the STR promoter has been used to isolate the AP2/ERF
family members, OCTADECANOID-RESPONSIVE CATHARANTHUS AP2-DOMAIN 1 (ORCA1) and
ORCA2. Both ORCA1 and ORCA2 bound a GCC motif cis-element in the STR promoter (Menke et
al., 1999). However, only ORCA2 expression increases upon JA elicitation. Moreover,
overexpression of ORCA2 in Catharanthus cells, strongly activates the STR promoter, whereas
ORCA1 has minimal effect. These findings suggest that ORCA2 plays a crucial role in JA and elicitor
responsive expression of STR (Menke et al., 1999). Indeed, ORCA2 has an extensive role in
regulating TIA pathway genes, particularly later steps in the pathway, i.e. vindoline biosynthesis
(Li et al., 2013). Another AP2/ERF TF, ORCAS3, has been isolated from T-DNA activation tagged cell
lines of Catharanthus. ORCA3 expression is rapidly induced by JA and its overexpression in

6



Catharanthus cell lines induced genes from the tryptamine, secologanin, and vindoline pathways.
In cell cultures, ORCA3 binds the CPR, STR and TDC promoters and upregulates their expression
(van der Fits and Memelink, 2000). To identify a higher-tier regulator of the TIA pathway, studies
analyzed the ORCA3 promoter. The ORCA3 promoter has a 74-bp region containing a bipartite JA
responsive element (Vom Endt et al., 2007). The JA responsive element is composed of an A/T-
rich quantitative sequence and a qualitative component. The qualitative element contains a G-
box motif which functions to turn ORCA3 expression on or off in response to JA. A yeast-one
hybrid system was used to isolate factors binding the quantitative element. Several At-HOOK type
TFs bind this region (Vom Endt et al.,, 2007). Two (2D7 and 2D173) bind to the A/T-rich
guantitative sequence and activate the ORCA3 promoter. Based on the role of MYC2 in
Arabidopsis, the Catharanthus MYC2 ortholog was isolated (Zhang et al., 2011). MYC2 binds the
G-box within the qualitative sequence of the ORCA3 promoter. In cell culture, MYC2 activated
the ORCA3 promoter. In contrast, RNAi-mediated knock-down of MYC2 significantly decreased
ORCA3 and ORCA2 expression. (Zhang et al., 2011). These findings suggest that JA-responsive
expression of TIA pathway genes is controlled by a TF cascade where MYC2 acts upstream of
ORCAs. In addition to AP2/ERF and WRKY TFs, the STR promoters are regulated by several other
TFs including BOX P-BINDING FACTOR 1 (BPF1) and G-BOX BINDING FACTORS (GBF1 and GBF2).
The MYB-like protein BPF1 was isolated from Catharanthus using a JA and elicitor responsive
region of the STR promoter in a yeast one-hybrid assay (van der Fits et al., 2000). Unlike other
TIA regulators, expression of BPF1 is induced by fungal elicitors but remains unchanged in
response to JA. This study indicates that BPF1 is possibly involved in an elicitor-responsive but JA-
independent signal transduction pathway in Catharanthus (van der Fits et al., 2000). Using a B-
estradiol inducible system in hairy roots, overexpression of BPF1 induces tryptamine, secologanin,
and TIA pathway genes (Li et al., 2015). Similarly, induction of BPF1 overexpression leads to
increased BIS1, GBF1, GBF2, MYC2, ORCA2, ORCA3, WRKY1, ZCT1 (ZINC-FINGER C. roseus
TRANSCRIPTION FACTOR 1), ZCT2, and ZCT3 expression. Consistent with the activation of both
activator and repressor TFs, alkaloid accumulation was very mild in BPF1 overexpression induced
hairy root cultures (Li et al., 2015). The TFs GBF1 and GBF2 belong to the basic leucine zipper
(bzIP) family and bind the G-box (CACGTG) motif in the STR promoter. Transient bombardment
assays showed that GBF1 and GBF2 act as repressors of the STR promoter (Siberil et al., 2001).

The enzyme TDC commits the indole moiety to the TIA pathway. Analysis of Catharanthus
TIA pathway promoters such as TDC, G10H, CPR, and DAT, revealed the presence of multiple W-
box cis-elements, a canonical DNA-binding motif for WRKY TFs (Schluttenhofer et al., 2014).
However, the biological significance of those cis-elements in TIA pathway promoters remains.
WRKY1, isolated from Catharanthus seedlings, has been shown to play a crucial role in TIA
biosynthesis. WRKY TFs regulate numerous specialized metabolic pathways (Schluttenhofer and
Yuan, 2015) WRKY1 is induced by JA, ethylene, and gibberellic acid (Suttipanta et al., 2011).
Overexpression of WRKY1 in Catharanthus hairy roots results in up-regulation of several TIA
pathway genes, most notably TDC. WRKY1 binds the W-box motif in the TDC promoter and trans-
activates the TDC promoter in Catharanthus cells. Consistent with TIA pathway activation, the
WRKY1 overexpressing hairy roots accumulate higher amounts of serpentine compared to the
control. Surprisingly, in WRKY overexpression lines, the transcription repressors, ZCT1, ZCT2 and
ZCT3 are upregulated. Furthermore, expression of transcriptional activators, ORCA2, ORCA3 and
MYC2, are reduced. This suggests CrWRKY1 is functions both as an activator and repressor of the
TIA pathway. Consistent with this hypothesis is the decreases levels of catharanthine in
overexpression hair roots (Suttipanta et al., 2011). ZCT1, ZCT2 and ZCT3 belong to the Cys,/His;
(TF NIA-type) zinc finger protein family, and were isolated by yeast one-hybrid using the elicitor



responsive region of the TDC promoter. Expression of ZCT genes is induced by yeast extract and
JA. The ZCT TFs bind to multiple regions of both TDC and STR promoters. The binding site of ZCTs
in the STR promoter is distinct but overlaps with binding sites for ORCAs. In a transient assay, ZCT
proteins repress the activities of TDC and STR promoters, suggesting their role as potential
transcriptional repressors in the TIA pathway (Pauw et al., 2004). Additionally, ZCT1 and ZCT2
bind and repress activity of the HYDROXYMETHYLBUTENYL 4-DIPHOSPHATE SYNTHASE (HDS)
promoter (Chebbi et al., 2014). HDS is a step in the MEP pathway which forms the IPP precursor
for geraniol biosynthesis. Recently, in contrast to low concentrations (50-250 uM), high levels
(1000 uM) of JA were shown to suppress TIA production (Goklany et al., 2013). Under low JA
concentrations, expression of ORCA TFs exceeds those of ZCTs. When 1000 uM JA is used, the
inverse is true and ZCT expression exceeds ORCA expression. Thus, activation or repression of TIA
biosynthesis may depend upon the ratio of ORCA to ZCT TFs (Goklany et al., 2013). In addition to
JERE, UV-light responsive cis-regulatory sequences have been identified in both TDC promoter.
The GT-1 and 3AF1 TFs bind multiple elements in the TDC promoters to enhance their expression
in response to UV-light (Ouwerkerk et al., 1999).

Secologanin forms the second moiety necessary for formation of TIAs. Secologanin starts
with the formation of 10-hydroxygeraniol from geraniol, catalyzed by the enzyme G10H, in the
first committed step to secologanin synthesis. Analysis of the GI0H promoter indicates the
presence of several putative DOF, GBF, MYB, and WRKY TF binding sites (Suttipanta et al., 2007).
Recent works illustrates the role of two bHLH factors in regulating the secologanin terpene
pathway. A clustering analysis integrating TFs with TIA biosynthetic genes identified bHLH IRIDOID
SYNTHASE 1 (BIS1). In cell cultures, the BIS1 activates the GES, G10H, 10HGO, IRS, 7DLGT, and
7DLH promoters (Van Moerkercke et al., 2015). Later, based on similarity, BIS2 was identified. As
with BIS1, BIS2 binds GES, G10H, 10HGO, IRS, 7DLGT, and 7DLH promoters (Moerkercke et al.,
2016).

The formation of vindoline, a precursor to vinblastine and vincristine, requires DAT. DAT
transfers an acetyl group onto deacetylvindoline to produce vindoline. JA and light both regulate
DAT expression (Aerts and De Luca, 1992; Wang et al., 2010). Analysis of the DAT promoter
revealed ABA, auxin, JA, light- and defense-regulated cis-elements (Wang et al., 2010; Makhzoum
et al., 2011). Wang et al. (2010) identified three TGACG motif within DAT promoter which are
involved in JA responsive expression of this gene. The observations that DAT is not regulated by
ORCAs, implicate additional unidentified TFs involved in regulation of the TIA pathway.

Summary

Vinblastine and vincristine are two essential anti-cancer drugs which must be extracted
from Catharanthus. Catharanthus plants synthesize these compounds in very low quantities.
Enhancing TIA production could reduce time and expenditure for drug production. The
phytohormone JA is a key elicitor of specialized metabolism. JA signaling has been well studied
in models plants such as Arabidopsis. However, limited knowledge of Arabidopsis JA signaling has
been applied to Catharanthus. Furthermore, unlike Arabidopsis, Catharanthus produces TIA,
some of which are specific to this species. JA activates TFs which induce expression of TIA
biosynthetic genes and eventually result in metabolite accumulation. A limited number of TFs
have been identified which regulate Catharanthus TIA production. However, gaps remain in our
understanding of specialized metabolism regulation by JA. These knowledge gaps occur
throughout the JA signaling cascade.



Areas Needing Further Research

To improve our understanding of JA regulation of specialized metabolism, | identified
several key questions which need addressed. First, how do large TF families contribute to JA
response and what portion of factors are involved? Additionally, is their induction to JA conserved
between distantly related plant species? Second, how, when, and why did JA signaling arise in
plants? Currently, little is known about the evolutionary history of components involved in JA
signaling. Furthermore, what research exists on this topic is contradictory. Finally, besides the
COI1-JAZ coreceptors, the Mediator subunit MED25 plays a key function in JA signaling. | wanted
to know where does this factor fall in the hierarchy of transcriptional regulation of specialized
metabolism? And by what mechanism does it use? My work addresses these questions to further
fill knowledge gaps in our understanding of JA signaling. This knowledge can be used in the future
to help improve production of valuable plant metabolites.

Objectives

Objective 1

| wanted to address how do large TF families contribute to JA response? What portion of
factors are involved? And is induction to JA conserved across divergent species? To address these
questions, | analyzed the WRKY TF family. WRKY1 was previously demonstrated by our lab to
regulate TIA production (Suttipanta et al., 2011). WRKYs form one of the largest TF families in
plants. Thus, additional WRKY factors should be present in Catharanthus. As WRKYs are
important components of plant defense, JA responsive factors may contribute to TIA regulation.
As such, | sought to characterize the Catharanthus WRKY family and identify those which are JA
responsive. | also aimed to determine if induction of WRKY TFs to JA was conserved across species
and to utilize this information to identify candidate regulators of the TIA pathway.

Objective 2

The JA signaling pathway is essential to multiple aspects of plant biology, including
specialized metabolite production. However, how, when, and why the JA signaling cascade arose
remains unknown. | sought to understand how, when, and why JA signaling evolved in plants?
An increasing number of fully sequenced genomes permits gene identification across a diverse
range of species. Phylogenetic analyses can then be applied to determine the evolutionary history
of key genes involved in the JA signaling cascade. Therefore, | sought to determine the origin of
when and how JA signaling arose in plants.

Objective 3

Mediator is essential for activation of gene transcription. The MED25 subunit functions
as a key hub for regulating plant defense and response to JA. Prior reports indicate a role of
MED25 in regulating anthocyanin accumulation. How does MED25 function to regulate



specialized metabolism? Where does it fall in the transcriptional hierarchy of specialized
metabolism? And what mechanism does it use? To better understand these roles, | sought to
characterize the role of MED25 in anthocyanin regulation using the model plant Arabidopsis.

Relationship of Projects

These projects are connected by a unifying theme: improve our understanding of
jasmonate signaling. Despite being a conserved hormone signaling cascade, much remains to be
learned about JA. Specifically, how JA regulates specialized metabolism remains understudied.
Without appropriate control of metabolite production and accumulation, a given product may
not provide benefits or may be toxic to the host plant. While each project is distinct, all three
take a top-down approach to understanding JA responsive regulators. Objective one starts with
identifying the entire Catharanthus family to elucidate potential candidate regulators based on
response to JA. WRKY TFs function downstream of JA signaling and other phytohormone
cascades. They are also highly diverse between plant species, but whether JA response is
conserved across species remains unknown. Furthermore, if JA responsive WRKY TFs function
through or independently of the COI1-JAZ coreceptor complex also remains ambiguous. Objective
two begins at the very origin of the pathway, by investigating the evolutionary history of JA. |
investigate how each signaling component arose, when this occurred, and when a functional
network established in plants. Understanding when the earliest components arose improves our
understanding of how the JA network is wired and developed those connections between
components. Objective three characterizes MED25, one of the earliest JA signaling components
to evolve. While MED25 has a known role in JA signaling and predicted role in anthocyanin
development, how it functions to regulate specialize metabolism is unknown. Characterizing
Mediator component will allow us to identify interacting TFs (upper level regulators) which can
modulate known anthocyanin regulators. Collectively, these projects will improve our
understanding of how the upper tiers of JA signaling work. These findings can be used in the
future to improve genetic engineering of specialized metabolism in Catharanthus and other
medical species.

Notice of Publication

The “Transcriptional Regulation of Catharanthus TIAs” section has been previously published.
Changes were made to update information since publication. This section, and others relating
to regulation of alkaloid and terpene biosynthesis, was my contribution to the co-authored
review cited below.

Citation: B. Patra, C. Schluttenhofer, Y. Wu, S. Pattanaik, and L. Yuan. 2013. Transcriptional
regulation of secondary metabolite biosynthesis in plants. Biochimica et Biophysica Acta - Gene
Regulatory Mechanisms 1829 (11): 1236-1247.
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Table 1.1. List of Catharanthus TFs regulating TIA biosynthesis. The name, genome identifier
number and transcription factor family of Catharanthus regulators of TIA biosynthesis.

Locus Name Transcription Factor Family
CRO_T003206 BIS1 bHLH
CRO_T009037 BIS2 bHLH
CRO_T021525 BPF-1 MYB-HB Like
CRO_T026312/CRO_T001597 GBF1 bzIP
CRO_T020924/CRO_T003332 GBF2 bzIP
CRO_T014132 ORCA1 AP2-ERF
CRO_T030992 ORCA2 AP2-ERF
CRO_T030273 ORCA3 AP2-ERF
CRO_T018065 ZCT1 C2H2
CRO_T007669 ZCT2 C2H2
CRO_T015507 ZCT3 C2H2
CRO_T021622 WRKY1 WRKY
CRO_T016859 MYC2 bHLH
CRO_T026362 2D7 DUF296
CRO_T027183 2D173 DUF296
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Figure 1.1. The origin of all pharmaceutical drugs marketed since 1981. Data modified from
Newman and Cragg, 2012.
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Figure 1.2. Model of JA Signaling in plants. In absence of JA (top panel), JASMONATE ZIM
DOMAIN (JAZ), NOVEL INTERACTOR OF JAZ (NINJA), TOPLESS and (TPL) form a corepressor
complex. JAZ binds MYC2 and other JA-responsive TFs to repress activation of their target
genes. TPL interacts with MED13, part of the repressive CYCLIN-DEPENDENT KINASE8 module,
to inhibit Mediator recruitment of RNA Polymerase Il for gene transcription. In presence of JA
(bottom panel), JA permits the interaction of JAZ with the F-box protein CORONITINE
INSENSITIVEL (COI1). Interaction of JAZ and COI1 leads to polyubiquitination (U) of JAZ,
targeting it for degradation by the 26S proteasome. Degradation of JAZ frees MYC2 and other
JA responsive TFs. Free MYC2 can recognize the G-box cis-element (CACGTG). As part of
Mediator, Mediator subunit 25 (MED25) can interact with DNA-bound MYC2. Mediator then
can recruit RNA Polymerase Il and general transcription factors (GTF) needed to activate
transcription of target genes.
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Figure 1.3. The TIA pathway in Catharanthus roseus. Enzymes are indicated by arrows and
abbreviated names. Activators and repressors of the TIA pathway are depicted as circles or
crosses, respectively. Transcription factor markers are indicated next to gene promoters they
bind. Enzymes of the secologanin, tryptamine, and TIA pathway are indicated by purple, green,
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and blue arrows, respectively. Enzymes are ANTHRANILATE SYNTHASE (ASa), TRYPTOPHAN
DECARBOXYLASE (TDC), GERANYL DIPHOSPHATE SYNTHASE (GPPS), GERANIOL SYNTHASE (GES),
GERANIOL 10-HYDROXYLASE (G10H), NADPH:CYTOCHROME P450 REDUCTASE (CPR), 10-
HYDROXYGERANIOL OXIDOREDUCTASE (10HGO), IRIDOID SYNTHASE (IS), IRIDOID OXIDASE/7-
DEOXYLOGANETIC ACID SYNTHASE (10), 7-DEOXYLOGANETIC ACID GLUCOSYLTRANSFERASE
(7DLGT), 7-DEOXYLOGANIC ACID 7-HYDROXYLASE (7DLH), LOGANIC ACID O-
METHYLTRANSFERASE (LAMT), SECOLOGANIN SYNTHASE1 (SLS1), SECOLOGANIN SYNTHASE2
(SLS2), STRICTOSIDINE SYNTHASE (STR), STRICTOSIDINE B-D-GLUCOSIDASE (SDG), TABERSONINE
16-HYDROXYLASE1  (T16H1), TABERSONINE  16-HYDROXYLASE2  (T16H2), 16-
HYDROXYTABERSONINE O-METHYLTRANSFERASE (160MT), TABERSONINE 3-OXYGENASE (T30),
TABERSONINE 3-REDUCTASE/ALCOHOL DEHYDROGENASE1 (T3R), 16-METHOXY-2,3-DIHYDRO-3-

HYDROXY-TABERSONINE-N-METHYLTRANSFERASE (NMT), DESACETOXYVINDOLINE-4-
HYDROXYLASE  (D4H), DEACETYLEVINDOLINE ~ 4-O-ACETYLETRANSFERASE  (DAT),
PEROXIDASE1/ANHYDROVINBLASTINE SYNTHASE (PRX1), and TETRAHYDROALSTONINE

SYNTHASE (THAS). TF genes are 3AT1, bHLH IRIDOID SYNTHASE1 (BIS1) and 2 (BIS2), BOX P-
BINDING FACTOR1 (BPF1), G-BOX BINDING FACTOR 1 (GBF1) and 2 (GBF2), GT1, OCTADECANOID-
RESPONSIVE CATHARANTHUS AP2-DOMAIN 2 (ORCA2) and 3 (ORCA3), WRKY1, ZINC FINGER-
BINDING PROTEIN 1 (ZCT1), 2 (ZCT2), and 3 (ZCT3).
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CHAPTER TWO: ANALYSES OF CATHARANTHUS ROSEUS AND ARABIDOPSIS THALIANA WRKY
TRANSCRIPTION FACTORS REVEAL INVOLVEMENT IN JASMONATE SIGNALING

Abstract

To combat infection to biotic stress, plants elicit the biosynthesis of numerous natural
products, many of which are valuable pharmaceutical compounds. Jasmonate is a central
regulator of defense response to pathogens and accumulation of specialized metabolites.
Catharanthus roseus produces a large number of terpenoid indole alkaloids (TIAs) and is an
excellent model for understanding the regulation of this class of valuable compounds. Recent
work illustrates a possible role for the Catharanthus WRKY transcription factors (TFs) in regulating
TIA biosynthesis. In Arabidopsis and other plants, the WRKY TF family is also shown to play
important role in controlling tolerance to biotic and abiotic stresses, as well as secondary
metabolism. Here, | describe the WRKY TF families in response to jasmonate in Arabidopsis and
Catharanthus. Publicly available Arabidopsis microarrays revealed at least 30% (22 of 72) of WRKY
TFs respond to jasmonate treatments. Microarray analysis identified at least six jasmonate
responsive Arabidopsis WRKY genes (AtWRKY7, AtWRKY20, AtWRKY26, AtWRKY45, AtWRKY48,
and AtWRKY72) that have not been previously reported. The Catharanthus WRKY TF family is
comprised of at least 48 members. Phylogenetic clustering reveals 11 group |, 32 group Il, and 5
group Il WRKY TFs. Furthermore, | found that at least 25% (12 of 48) were jasmonate responsive,
and 75% (9 of 12) of the jasmonate responsive CrWRKYs are orthologs of AtWRKYs known to be
regulated by jasmonate. Overall, the CrWRKY family, ascertained from transcriptome sequences,
contains approximately 75% of the number of WRKYs found in other sequenced asterid species
(pepper, tomato, potato, and bladderwort). Microarray and transcriptomic data indicate that
expression of WRKY TFs in Arabidopsis and Catharanthus are under tight spatio-temporal and
developmental control, and potentially have a significant role in jasmonate signaling. Profiling of
CrWRKY expression in response to jasmonate treatment revealed potential associations with
secondary metabolism. This study provides a foundation for further characterization of WRKY TFs
in jasmonate responses and regulation of natural product biosynthesis.

The following section has been published:

Citation: C. Schluttenhofer, S. Pattanaik, B. Patra, and L. Yuan. 2014. Analyses of Catharanthus
roseus and Arabidopsis thaliana WRKY transcription factors reveal involvement in jasmonate
signaling. BMC Genomics. 15(1): 502-522.
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Introduction

Transcription factors (TFs) play a critical role in responding to jasmonate to elicit the
synthesis of TIAs in Catharanthus (Menke et al., 1999; Van Der Fits and Memelink, 2001; Zhang et
al., 2011). Negative regulators also mediate jasmonate signaling of the TIA pathway in
Catharanthus (Sibéril et al., 2001; Pauw et al., 2004). In plants, WRKY TFs are critical regulators
of response to biotic and abiotic stress. WRKY TFs have been attributed to tolerance of drought
(Ren et al., 2010), salt (Jiang and Deyholos, 2009), nutrient deficiency (Devaiah et al., 2007),
osmotic (Chen et al., 2010), cold (Zou et al., 2010), heat (Li et al., 2010), oxidative (Li et al., 2011),
wounding (Skibbe et al., 2008), pathogens (Zheng et al., 2006), and UV-B stresses (Wang et al.,
2007). The WRKY TF family is primarily a plant specific family with the exception of several
examples in protozoa (Zhang and Wang, 2005). The WRKY domain is a 60 to 70 amino acid long
DNA binding domain that recognizes the W-box (TTGACC/T); however, recent studies suggest this
cis-element may be more degenerate and other components are involved for WRKY binding to
DNA in response to a specific stimulus (Brand et al., 2013; Machens et al., 2014). The N-terminal
portion of the WRKY domain is characterized by a highly conserved WRKYGQK motif whereas the
C-terminal region of the domain contains either a Cys2-His2 or Cys2-His-Cys zinc-finger (Eulgem
et al., 2000). WRKY TFs are distinguished by the presence of one or two WRKY domains. Group |
WRKYs typically contain two WRKY domains whereas group Il and group Ill members only contain
one WRKY domain (Eulgem et al., 2000). Up to five subgroups (lla, llb, lic, Ild, and lle) are
recognized in the group Il WRKY TFs (Eulgem et al., 2000).

In Arabidopsis, WRKY TFs are well established in salicylic acid (SA) and defense signaling
pathways (Yu et al., 2001; Dong et al., 2003; Kalde et al., 2003). The majority of Arabidopsis WRKY
TFs are induced by treatment with SA (Dong et al., 2003). However, the importance of WRKY TFs
in JA signaling network is relatively less studied. Li et al. (Li et al., 2004) identified AtWRKY70 as a
positive regulator of SA signaling and negative regulator of jasmonate signaling. Mutation of
AtWRKY33 enhances susceptibility to necrotrophic pathogens by up-regulating JAZ proteins,
repressors of jasmonate signaling (Zheng et al.,, 2006; Birkenbihl et al., 2012). Jasmonate
positively regulates AtWRKY18 and AtWRKY40 which also negatively regulate abscisic acid (ABA)
response (Pandey et al., 2010). AtWRKY6, AtWRKY8, AtWRKY11l, AtWRKY17, AtWRKY25,
AtWRKY28, AtWRKY38, AtWRKY60, AtWRKY62, and AtWRKY70 are also differentially expressed
by jasmonates to regulate plant defense (Robatzek and Somssich, 2001; Zhou et al., 2005;
Journot-Catalino et al., 2006; Zheng et al., 2007; Kim et al., 2008; Chen et al., 2010; Wu et al.,
2011; Hu et al., 2012).

Over the last several years, WRKY TFs have emerged as a key family in the induction of
natural product biosynthesis (Suttipanta et al., 2011; Li et al., 2013). CjWRKY1, from Coptis
japonica, regulates the production of the benzylisoquinoline alkaloid, berberine (Kato et al.,
2007). Cotton (Gossypium arboreum) GaWRKY1 affects the biosynthesis of the sesquiterpene,
gossypol (Xu et al., 2004). Multiple biosynthetic genes for the sesquiterpene lactone, artemisinin,
valuable as an anti-malaria drug, are regulated by Artemisia annua WRKY1 (Ma et al., 2009).
Hevea brasiliensis WRKY1 is present in the latex of mechanically wounded (tapped) trees
suggesting involvement in rubber latex synthesis (Zhang et al., 2012). The Taxus chinensis WRKY1
was found to regulate the expression of 10-DEACETYLBACCATIN III-10 B-O-ACETYL TRANSFERASE
(DBAT), a gene encoding a key enzyme catalyzing a rate limiting step in the biosynthesis of the
anticancer terpene, paclitaxel (Li et al., 2013). In Arabidopsis, camalexin biosynthesis is mis-
regulated in wrky33 mutant (Mao et al.,, 2011). Over-expression in Arabidopsis of Panax
quinquefolius WRKY1, a jasmonate responsive WRKY from American ginseng, is found to enhance
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expression of genes related to drought, salt, and disease resistance, leading to improvement of
seedling survival to drought and salt stress, in addition to regulating the expression of genes
related to triterpene biosynthesis (Sun et al., 2013). In Catharanthus, CrWRKY1 has been
demonstrated to respond to jasmonate, ethylene, and gibberellin signaling to regulate TIA
production (Suttipanta et al., 2011). Over-expression of CrWRKY1 increased the production of
serpentine while simultaneously decreasing catharanthine accumulation, suggesting this WRKY
may function in governing gene expression that specifically directs the flow of metabolites to
synthesize TIAs in Catharanthus roots.

Identification of jasmonate responsive WRKYs will provide useful information on plant
defense and natural product regulatory networks. Understanding the number and types of WRKY
TFs present in Catharanthus will provide a clearer picture on the regulation of TIAs by this
important TF family. Arabidopsis microarray data was analyzed to help identify the involvement
of the WRKY TFs in jasmonate signaling. Then, medicinal plant transcriptome sequence data was
used to identify the Catharanthus family of WRKY TFs. Expression data from Catharanthus
revealed the induction of multiple WRKY transcripts by methyl jasmonate (JA) treatment.
Seventy-five percent of the jasmonate responsive CrWRKYs are orthologs of AtWRKYs known to
be regulated by jasmonate. JA-induced WRKYs provide potential candidates for further regulation
of TIA accumulation in Catharanthus. The identification of orthologs for WRKY TFs known to be
involved in specialized metabolism in other plant species indicates the possible involvement of
additional WRKY TFs in regulation of TIA production in Catharanthus.

Results and Discussion
WRKY TFs Are Involved in Jasmonate Signaling

The role of WRKY TF family in SA signaling and plant defense is well established and has
been systematically analyzed in Arabidopsis, but remains less clear for jasmonate signaling.
Jasmonate is a key phytohormone regulating the production of specialized metabolites in many
plant species, including Catharanthus. While Arabidopsis does not synthesize TIAs as found in
Catharanthus, studying AtWRKYs can answer several important questions. First | wanted to
determine whether the WRKY family is important for regulating jasmonate signaling in a model
species, such as Arabidopsis. Second, | wanted to elucidate jasmonate responsive AtWRKYs to aid
the identification of CrWRKY orthologs with potentially conserved regulatory functions.
Comparison of orthologous jasmonate responsive WRKYs from Arabidopsis and Catharanthus will
identify WRKYs that are potentially involved in modulating jasmonate signaling, and in turn
identify candidates that regulate TIA production.

To clearly establish the role of WRKY TFs in jasmonate signaling | first identified jasmonate
responsive WRKYs in the model plant Arabidopsis. To ascertain jasmonate responsive Arabidopsis
WRKY TFs | used publicly available microarray datasets (Table 2.1). The ATH1 Affymetrix arrays
used contain probes identifying 85% (61 of the 72) of Arabidopsis WRKY TFs (Table 2.2). From five
datasets, | identified 39 AtWRKY TFs that significantly change in response to jasmonate treatment
(Table 2.3). Of the 39 jasmonate responsive AtWRKY genes, 22 were differentially expressed in
at least two jasmonate treated datasets. AtWRKY6, AtWRKY18, AtWRKY45, and AtWRKY53 were
differentially expressed in three jasmonate treated datasets. Expression of AtWRKY7, AtWRKY69
and AtWRKY75 were significantly changed in response to jasmonate in four datasets. AtWRKY40
and AtWRKY47 expression were significantly changed in all five datasets. Notably, AtWRKY47,
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AtWRKY69, and AtWRKY75 expression were significantly differentially regulated to jasmonate
treatment in four or more microarray experiments, but did not survive application of the
Benjamini-Hochberg false discovery (B-H FDR) in any dataset. Arabidopsis WRKY6, WRKY11,
WRKY17, WRKY25, WRKY46, and WRKY53, which have known roles in jasmonate signaling, were
identified as being differentially expressed, but did not survive the B-H FDR in any dataset (Table
2.3). While the B-H FDR is less conservative than other procedures (e.g. Bonferroni correction),
genes on the upper end of significant p-values (genes with small fold changes) may not be easily
detected even if the response is consistent. This becomes apparent by the large reduction in
significant genes after B-H FDR (Table 2.1). In total, eleven WRKYs survived the B-H FDR in at least
one dataset indicating these are jasmonate responsive. | identified five WRKY TFs previously
reported to be jasmonate responsive (Li et al., 2004; Zheng et al., 2006; Kim et al., 2008; Pandey
et al., 2010). Additionally, | identified at least six Arabidopsis WRKY TFs (AtWRKY7, AtWRKY20,
AtWRKY26, AtWRKY45, AtWRKY48, and AtWRKY72) previously unreported to have a role in
jasmonate response (Table 2.1 and Table 2.3). Expression of AtWRKY7, AtWRKY40, and
AtWRKY45 changed significantly and survived the B-H FDR in two datasets. For these eleven
AtWRKYs, the change in expression in response to jasmonate treatment was small, around 2.5
fold (Table 2.4A-E). AtWRKY40 displayed the greatest change in expression, with a 9-fold
induction of transcripts after 1 hr of treatment with JA. Collectively, at least 18% of AtWRKY (11
of 61), up to 64% (39 of 61) or more, were jasmonate responsive WRKYs based on the microarrays
analyzed. Overall, at least 30% (22 of 72) of AtWRKY TFs play a role in jasmonate response
indicating the importance of this family in the jasmonate signaling network. Further experiments
may eventually reveal that upwards of 50% (39 of 72) of WRKYs are involved in Arabidopsis
jasmonate response (Table 2.3).

The small overlap between WRKY genes differentially expressed in response to jasmonate
treatment in the microarray experiments suggested a tight developmental and/or spatiotemporal
regulation in Arabidopsis. Two-way ANOVAs analyzing expression in response to time, as well as
its combined effect with jasmonate treatment, further indicated AtWRKY regulation is temporally
dependent (Table 2.5A-C). The expression of 20 AtWRKY genes was time dependent (Table 2.5A).
Jasmonate treatment was found to regulate the expression of AtWRKY38 and AtWRKY70 in a time
dependent manner. The genetic background of jasmonate signaling pathway mutants had less
effect on WRKY gene expression. CORONATINE INSENSITIVE 1 (COI1) has been established as a
jasmonate receptor (Xie et al., 1998; Sheard et al., 2010). AtWRKY72 was the only WRKY family
member found to be regulated in a COI1-dependent manner when the B-H FDR was applied (Table
2.5B). No WRKYs were found to be dependent on MYC2 (Table 2.5C), a major transcriptional
regulator of jasmonate signaling (Lorenzo et al., 2004; Dombrecht et al., 2007). These results
indicate that response of Arabidopsis WRKY TFs to jasmonate treatment is highly dependent upon
tissue, timing and culture conditions, and likely occurs through several major pathways.
Furthermore, WRKY TFs may be important COl1-independent regulators of jasmonate response.

Unsupervised agglomerative hierarchical clustering analysis of AtWRKY TFs was
performed to identify similar patterns of gene expression which may indicate related functions
(Eisen et al., 1998). Gene expression of AtWRKYs formed two major clusters. Clustering of
experiments revealed more similarities within an experiment than by jasmonate treatment
(Figure 2.1). Additionally, the two major clusters separated those experiments in which the
sampled tissues were from either plants or cell cultures. These findings further support AtWRKY
gene expression in response to jasmonate as highly dependent on culture conditions and
environment. The two major clusters were further subdivided into two or three clusters.
Jasmonate responsive WRKYs previously annotated or identified by the microarray analysis
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primarily occurred in cluster one and all of the three sub-clusters. The distribution of jasmonate
responsive AtWRKYs indicates at least two major pathways for the regulation of AtWRKY gene
expression. Interestingly, the only WRKY identified by microarray analysis to be COI1-
depenedent, AtWRKY72, occurred in cluster 2b, distinct from expression patterns of other
jasmonate responsive WRKYs. These data further suggest that there are complex tissue and
environmental controls over jasmonate responses that likely occurs through several major
pathways. These findings from Arabidopsis provide foundational information about the
involvement of WRKY TFs in jasmonate response and for exploiting these factors in genetic
engineering of transcriptional regulatory networks for natural product production.

Identification of Catharanthus WRKY TFs

Previously the Yuan laboratory identified a JA responsive group lll type WRKY TF,
CrWRKY1, as important for the regulation of TIA in Catharanthus (Suttipanta et al., 2011).
Furthermore, the Arabidopsis data indicates the AtWRKY family as important for regulating
jasmonate response. Jasmonate responsive CrWRKY TF may be important for regulating the
production of valuable TIAs. Elucidation of CrWRKYs regulating specialized metabolite production
will be valuable for future genetic engineering projects to increase production of pharmaceutically
valuable TIAs. As the first step to identify important CrWRKY regulators of specialized metabolism
| sought to identify all WRKY family members in Catharanthus. The recent release of 14 medicinal
plants Illumina sequenced transcriptomes by the Medicinal Plant Genomic Resource (MPGR),
including Catharanthus, provides the opportunity to identify many CrWRKY TFs (Géngora-Castillo
et al,, 2012). To identify CrWRKYs, | first downloaded all protein sequences from MPGR and
isolated a single protein sequence for each locus. | assumed the individual copy of each locus
reflects the total number of functional genes within the genome. While this method may include
potential errors, such as RNA-sequencing artifacts, establishing single copies of genes allows the
identification of WRKY family members and approximate family size. Due to possible variations
in splicing and/or incomplete splicing of introns | searched contig assemblies with the longest
predicted protein sequence for each gene in the MPGR database. All CrWRKY proteins identified
from the MPGR database, described below, were manually verified to contain a WRKY domain.
In several cases (CrWRKY8, CrWRKY13, CrWRKY17, CrWRKY21, CrWRKY34, CrWRKY37, and
CrWRKY47), alignment results among Catharanthus contigs for a locus and the closest matching
AtWRKY TF, were utilized to remove a conserved intron following the WRKYGQK consensus
sequence or correct a frame shift, to generate a full WKRY domain sequence. As single base pair
insertion in CrWRKY8 was not clear by aligning other copies of this contig, the region spanning the
insertion was cloned for verification.

Searching for the established invariant consensus sequences WRKYGQK and known
alternative WRKYGKK, WRKYGEK, and WRKYGSK consensus sequences from the list of proteins,
duplicate results were eliminated and 46 putative WRKY TFs were identified (Table 2.6).
Comparatively, MPGR annotated 47 potential CrWRKY TF encoding genes. However, only 35
WRKYs overlapped between manual searches for the consensus motifs and the MPGR annotated
datasets.

To further validate the number of WRKY TFs a list of the single longest predicted proteins
for each locus was submitted to the National Center for Biotechnology Information Conserved
Domain Database (NCBI CDD) and the Samuel Roberts Nobel Foundation PlantTFcat (PlantTFcat)
server, for protein domain identification (Marchler-Bauer et al., 2011). The NCBI CDD identified
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52 WRKY domain-containing  proteins (Table  2.6). Similarly,  PlantTFcat
(http://plantgrn.noble.org/PlantTFcat/) also identified 52 WRKY domain-containing proteins. The
majority of additional proteins identified by NCBI CDD and PlantTFcat as WRKY TFs, had
incomplete N-terminal ends of the WRKY domain (CrWRKY11, CrWRKY15, CrWRKY48, and
CrWRKY49). One additional predicted WRKY TF, CrWRKY32, contained a WRKYGRK motif.
CrWRKY9, which was identified by NCBI CDD, but not PlantTFcat, had an incomplete C-terminal
portion of the WRKY domain. Contig Cral5757 was predicted by PlantTFcat to be a WRKY TF.
Inspection of this protein sequence did not reveal the presence of a WRKY consensus or zinc finger
binding motif. Of the 47 proteins annotated as WRKYs by MPGR, only 40 were found to be true
WRKY TFs as identified by NCBI CDD and PlantTFcat. In total, 52 proteins in Catharanthus were
predicted as WRKY TFs (Table 2.2).

Of the 52 possible WRKY TFs from Catharanthus, at least 48 appear to be authentic (Table
2.7). The MPGR database contained full WRKY domain sequences for 52 domains from 43 TFs.
Partial domain sequences were found for nine WRKYs. 3’ rapid amplification of cDNA ends (RACE)
or 5’ RACE was performed to obtain the necessary domain sequence for 5 WRKYs. 3’ RACE was
performed on CrWRKY9. For CrWRKY11, CrWRKY12, CrWRKY15, and CrWRKY48, 5’ RACE was used
to obtain the rest of the WRKY domain sequence. Clones could not be found for four genes
(CrWRKY49, CrWRKY50, CrWRKY51, and CrWRKY52). Expression data, available from MPGR,
revealed these four WRKYs are not present in any of the 23 samples sequenced. To validate the
MPGR expression data, quantitative reverse transcription polymerase chain reaction (QRT-PCR)
was used to measure the transcript levels of CrWRKY49, CrWRKY50, CrWRKY51, and CrWRKY52.
Gene specific transcripts for CrWRKY49, CrWRKY50, CrWRKY51, and CrWRKY52 could not be
detected in root, stem, leaf, or whole plant samples. Transcripts for the same four WRKYs could
alsonot be foundin0, 1, 2, and 4 hour JA-treated samples. This data suggests that these predicted
partial WRKY sequences are not in any of my samples, and that they may be either artifacts of
RNA-sequencing, temporally regulated, or induced by a factor not present in these growing
conditions. WRKY TFs are known to play key roles in plant senescence (Robatzek and Somssich,
2001). However, senescing medicinal plant tissues were not utilized for sequencing in the MPGR.
Inclusion of senescing tissues may slightly increase the total WRKY number to more closely reflect
fully sequenced plant species. Future investigations with different treatment conditions may
detect the expression of CriWRKY49, CrWRKY50, CrWRKY51, and CriWRKY52.

The Catharanthus WRKY family appears to be one of the smallest reported WRKY TF
families to date. Only the moss Physcomitrella patens, the lycophyte Selaginella moellendorffii,
and Castor bean (Ricinus communis), with 37, 35, and 47 WRKYs respectively, are reported to have
fewer WRKY TFs (Rensing et al., 2008; Rushton et al., 2010; Li et al., 2012). My results suggest
that the Catharanthus WRKY family is similar in size to Cucumis sativus, Fragaria vesca, Jatropha
curcas, and Carica papaya with 55, 56, 58 and 66 WRKYs, respectively (Pandey and Somssich,
2009; Ling et al., 2011; Miao et al., 2012; Xiong et al., 2013). To further investigate the size of the
Catharanthus WRKY family, | identified the WRKY TFs from serpentwood (Rauvolfia serpentina)
transcriptome sequences (Table 2.8) (Géngora-Castillo et al., 2012). Serpentwood is closely
related to Catharanthus and also produces pharmaceutically valuable TIAs (Figure 2.2). | found
54 serpentwood TFs, a number close to the 52 WRKYs identified in Catharanthus. The number of
WRKYs belonging to each subgroup was also similar between these two species (Figure 2.3).
However, as both serpentwood and Catharanthus WRKYs were identified from transcriptome
data, the actual size of the families may be larger. To address this possibility, | identified WRKY
families from tomato (Solanum lycopersicum) (Consortium, 2012), potato (Solanum tuberosum)
(Consortium, 2011), pepper (Capsicum annuum) (Kim et al., 2014), and bladderwort (Utricularia

21


http://plantgrn.noble.org/PlantTFcat/

gibba) (Ibarra-Laclette et al., 2013), all species of which have complete genome sequence
available (Table 2.8). | identified 81 WRKY TFs in tomato (Table 2.8, Figure 2.4), as previously
reported (Huang et al., 2012). Bladderwort, pepper, and potato each contained 65, 66, and 75
complete WRKY TFs, respectively (Table 2.8, Figure 2.3, and Figure 2.4). These data suggest the
ancestor of the Gentianales (Catharanthus and serpentwood), Lamiales (bladderwort), and
Solanales (pepper, potato and tomato) likely contained around 65 WRKY TFs. Therefore, |
conclude that greater than 75% (52 out of 65) of Catharanthus and serpentwood WRKY TFs were
identified from transcriptome data. Together, the six asterid species contained a similar number
of WRKY TFs as found in the Brassicales, Arabidopsis and papaya (Wu et al., 2005; Pandey and
Somssich, 2009). These data, combined with that from other WRKY families (Pandey and
Somssich, 2009; Ling et al., 2011; Miao et al.,, 2012; Xiong et al.,, 2013), suggests that
Brachypodium distachyon (86 WRKYs), Oryza sativa ssp. japonica (105 WRKYs), Populus
trichocarpa (104 WRKYs), and Zea mays (119 WRKYs) may contain atypically large WRKY families
(Dong et al., 2003; Zhang and Wang, 2005; Pandey and Somssich, 2009; Tripathi et al., 2012; Wei
etal., 2012) compared to other angiosperms. Arabidopsis and rice both contain expansions in the
group Il WRKY subfamily (Wu et al., 2005; Zhang and Wang, 2005), whereas an expansion of
group lle occurs in potato and tomato (Huang et al., 2012) (Table 8). | did not find any evidence
for subfamily expansions in Catharanthus or serpentwood (Table 2.8; Figure 2.5).

Phylogenetic Analysis of Catharanthus WRKY TFs

To determine the relationship among Catharanthus WRKY TFs, a phylogenetic tree was
constructed with 282 WRKY domains from 243 TFs from Catharanthus, Amborella trichopoda,
Arabidopsis and rice (Oryza sativa ssp. japonica) (Figure 2.5). WRKY sequences from
Chlamydomonas reinhardtii (XP_001692342), Dictyostelium discoideum (XP_643786), and Giardia
lamblia (XP_001708807) were included as an outgroup. Additional, outgroup sequences include
human GCMa (BAA13651) and FLYWCH CRAa (EAW85450). | used 84 and 105 WRKY domains
from 72 and 94 TFs, from Arabidopsis and rice respectively, to construct the phylogenetic tree.
Thirty-five domains from 29 Amborella WRKY TFs were also included in the phylogenetic analysis
(Project, 2013). | incorporated the WRKY sequences of Amborella, an evolutionary basal
angiosperm, to reduce long-branch attractions during phylogenetic tree construction. Amborella
was selected over Physcomitrella patens (moss) and Selaginella moellendorffii (spikemoss) since
the WRKY sequences from this phylogenetically important species remains unreported yet
provides valuable insights about WRKY evolution. The phylogenetic tree contained 58 domains
from 48 CrWRKY TFs (Table 2.9). To ascertain potential functions, | compared Catharanthus and
Arabidopsis WRKY TFs by identifying orthologs. |identified 11 group I, 32 group I, and five group
Il WRKY TFs in Catharanthus. Group Il WRKY TFs can be classified into groups lla, IIb, llc, Iid, or
Ile (Eulgem et al., 2000). In Catharanthus, | identified three group lla, five group llb, thirteen group
lic, four group lld and seven group lle WRKY TFs.

Evolutionarily, group | WRKY TFs, such as those found in algae, are some of the most
ancient of WRKYs (Wu et al., 2005; Zhang and Wang, 2005). Recent evidence suggests that the
group | WRKYs, and other WRKY TFs, originated from an ancestral group llc-like domain (Brand et
al.,, 2013). As previously reported for this group, ten group | CrWRKYs contained two WRKY
domains with the N-terminal domain forming a separate clade and the C-terminal WRKY domains
forming part of the group llc clade (Wu et al., 2005; Zhang and Wang, 2005). To identify orthologs
and paralogs in Amborella, Arabidopsis, Catharanthus and rice, | used OrthoMCL (Li et al., 2003).
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| found Catharanthus contains six coorthologs (CrWRKY2, CrWRKY3, CrWRKY4, CrWRKY5,
CrWRKY8 and CrWRKY51) to AtWRKY33 (Table 2.10). According to the phylogenetic tree,
CrWRKYS5 is most closely related to AtWRKY33 (Figure 2.5).

Group lla was the only group of WRKYs that had similar numbers between Catharanthus
and Arabidopsis. Rice had four group lla WRKY TFs whereas both Arabidopsis and Catharanthus
each contained three. The three group lla WRKYs from Catharanthus are coorthologs to
AtWRKY40 (Table 2.10).

Previous reports indicate some plants contain variants of the highly conserved WRKYGQK
domain, such as WRKYGKK, WRKYGEK, WRKYGSK, among others (Zhang and Wang, 2005).
Variation in this region can reduce, eliminate, or alter DNA binding activity (Duan et al., 2007).
WRKY TFs with variants of the consensus sequence may recognize different cis-elements. | found
AtWRKY50, AtWRKY51, and AtWRKY59 belong to the group llc WRKY subfamily and possess a
WRKYGKK motif as previously reported (Eulgem et al., 2000). Two CrWRKYs were identified that
contain variants of the highly conserved WRKYGQK motif. CrWRKY23 and CrWRKY32 contain
WRKYGKK and WRKYGRK sequence motifs, respectively. Mutagenesis of the conserved glutamine
was previously demonstrated to reduce, but not eliminate, DNA binding (Duan et al., 2007). More
recently, AtWRKY50 was found to generally bind the GAC core of the W-box with less preference
for 5’ or 3’ bases (Brand et al., 2013). Therefore, both WRKYGKK and WRKYGRK variants are
expected to still bind DNA. Nictotiana tabacum WRKY12, containing a WRKYGKK motif, has been
found to bind the WK-box cis-element (TTTTCCAC), but not the W-box, which regulates expression
of the plant defense gene PATHOGENESIS RELATED1 (van Verk et al., 2008). However, Capsicum
annuum WRKY1, a WRKYGKK motif WRKY TF involved in plant defense, can still recognize the W-
box (Oh et al., 2008). The phylogeny and protein alignment of the DNA-binding WRKY domains
of CrWRKY23, CaWRKY1 and NtWRKY12 revealed more similarity of CrWRKY23 to CaWRKY1
(Figure 6A and B), suggesting that despite the variant WRKYGKK motif, CrWRKY23 likely still
recognizes the W-box element or at least the GAC core. Although Hordeum vulgare WRKY46
(SUSIBA2) contains a WRKYGQK motif, HYWRKY46 recognizes the Sugar Responsive (AATAGAAAA)
and W-box cis-elements to regulate barley genes involved in starch metabolism (Sun et al., 2003).
This leaves open the possibility that some Catharanthus WRKY TFs may not recognize W-box cis-
elements.

Group Il WRKY TFs are believed to have dramatically expanded during the evolution of
angiosperms and can be classified into different subgroups depending on the species (Kalde et al.,
2003; Huang et al., 2012). Arabidopsis contains fourteen group lll WRKY TFs which are further
divided into eight group llla and six group lllb. In Arabidopsis, most group Il WRKY transcription
are induced by plant pathogens (Kalde et al., 2003). | identified only five group Il WRKY TFs in
Catharanthus. Similarly, I identified 5 group Ill WRKYs in serpentwood and bladderwort (Table 8).
Proportionally, the number of group Ill CrWRKY TFs is the smallest compared to Arabidopsis. The
low number of group Ill CrWRKYs, and similar number from serpentwood and bladderwort,
suggests this group has not undergone significant expansion such as occurred in rice or
Arabidopsis (Huang et al., 2012). CrWRKY1 and CrWRKY48 were found to be coorthologs to
AtWRKY70 and AtWRKY54 (Table 2.10). AtWRKY70 modulates SA and jasmonate signaling (Li et
al., 2004). Interestingly, CrWRKY1 differentially directs the flow of unknown precursors into TIA
products (Suttipanta et al., 2011), a feature possibly governed by its jasmonate responsive gene
expression. CrWRKY45, CrWRKY46, and CrWRKY47 are coortholgs of AtWRKY41, AtWRKY46, and
AtWRKY53. AtWRKY46 and AtWRKY53 are partially functionally redundant in regulating plant
defense (Hu et al., 2012).
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The Yuan lab previously reported the role of CrWRKY1 in regulating gene expression and
TIA accumulation in Catharanthus (Suttipanta et al., 2011). CrWRKY1 is a group Il WRKY with
overall protein sequence homology closest to AtWRKY70, and corresponds to MPGR contig
number Cral6284. Phylogenetically, CrWRKY1 is located towards the base of the group Il clade
and does not clearly group with its Arabidopsis or rice orthologs (Figure 2.7A). To identify the
unique feature of CrWRKY1, | analyzed the protein sequence alignment. The invariant tryptophan
starting the WRKYGQK motif was used as the reference point for comparing alignments.
Alignment of CrWRKY1 to other group Ill WRKY TFs revealed that CrWRKY1 lacks an amino acid
between the two conserved cysteine residues at positions 21 and 29 (Figure 2.7B). The closest
rice WRKY TFs, OsWRKY21, OsWRKY61 and OsWRKY47, all have altered spacing within the WRKY
domain sequence. OsWRKY47 possesses an additional proline residue between the WRKYGQK
sequence and the conserved arginine residue at position 16 (Eulgem et al., 2000). The conserved
arginine at position 16 was changed to threonine followed by a TQS motif in OsWRKY61.
OsWRKY47 contains an extra DDP sequence between positions 41 and 42 compared to all other
Arabidopsis, rice, and Catharanthus group lll WRKY TFs. The altered spacing in the WRKY domain
may give these WRKY TFs unique structural properties important for target gene regulation.

Expression Profiling Reveals Multiple Jasmonate Responsive CrWRKYs

MPGR provides RNA-sequencing based expression data from different tissues for all
sequenced medicinal plants. For Catharanthus, RNA-sequencing data is also available for
different tissues, seedlings, cell suspension cultures, and hairy root cultures. These data provide
an opportunity to understand the induction of WRKY genes in response to conditions that induce
the TIA pathway. Furthermore, several treatments allow for comparison of induction to the same
hormone in varying tissues. In response to JA, a potent and important elicitor of natural product
formation, including TIAs, in Catharanthus and other medicinal species (Aerts et al., 1994,
Zabetakis et al., 1999; Biondi et al., 2000; Yu et al., 2000), MPGR expression data indicates multiple
WRKY TFs are either up or down regulated in Catharanthus.

To identify or validate WRKY TFs that are up- or down regulated by JA, | performed gRT-
PCR on whole plant samples (root, stem, and leaves) that were collected from one month old soil
grown plants at 0, 1, 2, and 4 hours after JA treatment. Successful induction with JA was verified
by measuring JAZ2 expression (Figure 2.8A). To determine which WRKY TFs were possible
regulators of TIA production, | sought to measure the expression of multiple pathway genes such
as G10H, TDC, and STR (Figure 2.8B). These genes were selected to represent early (G10H and
TDC) and middle portions (STR) of the TIA pathway. Any WRKY induced prior or simultaneously
to these genes possibly could regulate that corresponding portion of the pathway and any
subsequent segments.

| selected at least two genes from each CrWRKY subgroup. Four genes (CrWRKY5,
CrWRKYS8, CrWRKY13, and CrWRKY28) were selected based on involvement of their orthologs in
regulating secondary metabolism genes in other species. Analysis of sixteen CrWRKYs identified
twelve which displayed significant changes in expression in response to jasmonate (Figure 2.8C-
D). The fold change for most CrWRKYs with a significant response to JA was 2 fold or less (Figure
2.8C-D), similar to my microarray findings for jasmonate responsive Arabidopsis WRKYs (Table
2.4). CrWRKY8 was up-regulated 1 hour after JA treatment then decreased by 4 hours after
treatment. CrWRKY5 was down-regulated significantly at both 2 and 4 hours after JA treatment.
CrWRKY13, similar to the ABA responsive AtWRKY40, was significantly up-regulated 1 and 2 hours
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after JA treatment. CrWRKY38 was up-regulated by 2 hours after JA treatment. CrWRKY18,
CrWRKY21, CrWRKY41, CrWRKY45, and CrWRKY48 were all significantly down-regulated at all
time points after JA treatment. Two WRKYs, CriWRKY26 and CrWRKY36, had a bimodal expression
pattern that was down-regulated at 1 and 4 hours, but not 2 hours, after JA treatment. A bimodal
expression pattern has been observed for some regulators of the TIA pathway (Menke et al.,,
1999). CrWRKY35 was down-regulated 2 and 4 hours after treatment. Nine of 12 CrWRKYs
analyzed were down-regulated to JA treatment. In total at least 25% (12 of 48), and probably
more, of Cr'WRKY TFs are regulated by jasmonate. Of the twelve jasmonate responsive CrWRKYs,
nine have an AtWRKYs ortholog which were either previously reported and/or identified here by
microarray analysis (p<0.05 and survived B-H FDR) as differentially regulated by jasmonate (Figure
2.8C-D and Table 2.3). When compared to the less stringent list of AtWRKYs which had expression
significantly changed (p<0.05) in response to jasmonate, but did not survive the B-H FDR, all
twelve CrWRKYs have orthologs to jasmonate responsive AtWRKYs.

To identify potential WRKYs regulating TIA biosynthesis through the jasmonate signaling
pathway, | compared the induction times of WRKY genes (Figure 2.8C-D) to early and mid-
biosynthetic genes of the pathway (Figure 2.8B). Similar to previous reports in cell cultures
(Menke et al., 1999), induction of STR by JA began approximately 2 hours after treatment.
However, expression of G10H decreased starting at 1 hour after JA treatment, and was further
down-regulated 4 hours after treatment (Figure 2.8B). TDC transcript levels remained unchanged
to JA treatment in mature Catharanthus plants. Prior reports of TDC (Menke et al., 1999; Van der
Fits and Memelink, 2000; Collu et al., 2001; Peebles et al., 2009; Wei, 2010) and G10H (Van der
Fits and Memelink, 2000; Collu et al., 2001; Peebles et al., 2009; Wei, 2010) transcript induction
by jasmonate treatment was identified in seedlings, hairy roots, or cell cultures; however, my
experiments were performed in intact mature Catharanthus plants. Expressions of WRKY TFs
possibly contributing to TIA regulation are predicted to be altered before early and mid steps of
the TIA pathway. Expression of CrWRKY8, CrWRKY13, CrWRKY18, CrWRKY21, CrWRKY26,
CrWRKY36, CrWRKY41, CrWRKY45 and CrWRKY48 changed by 1 hour after JA treatment indicating
these WRKYs could possibly regulate the expression of early TIA pathway genes. Altered
expression of all twelve CrWRKYs responding to JA occurred by 2 hours after treatment, the same
time at which significant induction of STR occurred. Contrary to TDC and G10H, which contain
four and one W-boxes in their promoters respectively (Suttipanta et al., 2007; Suttipanta et al.,
2011), the characterized STR promoter does not contain any W-box elements for WRKYs to bind,
but this does not exclude the possibility that WRKY regulate other TFs controlling STR expression.
The spatio-temporal regulation of CrWRKYs, by reducing TDC responsiveness and down-
regulating G10H, is one possible reason why mature Catharanthus plants do not accumulate TIA
in response to jasmonate treatment (Pan et al., 2010). These findings suggest that all CrWRKYs |
ascertained as differentially expressed in response to jasmonate are possible regulators of early
and middle steps of TIA biosynthesis. Presumably, these CrWRKY could also regulate downstream
steps of the pathways which are temporally expressed later.

The Jasmonate Response of Catharanthus WRKY Varies Among Plant Culture Conditions

| sought to determine the similarities between my gRT-PCR results and the transcriptome
data published by MPGR. As | used one month-old plants to quantify gene expression, and no
data on JA treated mature plants are provided by MPGR, | correlated my data to three different
datasets each representing one aspect of my samples (5 day JA treated seedlings, 6 hour JA
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treated cell suspension cultures, and 24 hour JA treated hairy root cultures). Seedlings treated
with JA most closely represent my samples in physiology as both are whole plant tissues; however,
the MPGR dataset used seedlings rather than mature plants, which may respond to JA differently
(Pan et al., 2010). While cell cultures are considerably different in physiology from whole plants,
the earliest time sample (6 hours after JA treatment) was closest to my sample times of 1, 2, and
4 hours after JA treatment. Hairy root cultures require several weeks to develop to sufficient size;
therefore, the age of this tissue most likely represents a similar age as my plant samples, despite
my shorter JA treatment time. The Pearson correlation coefficient was calculated to measure the
relationship between the datasets. CrWRKY11l and CrWRKY21 were excluded from the
correlations as they appear two times in the MPGR datasets without expression values. The
correlation between MPGR seedling and cell culture datasets, as well as between cell culture and
hairy root datasets, was quite low (r=0.179 and r=0.227 respectively), indicating considerable
difference in CrWRKY response to JA in cell culture systems. However, there was a high
correlation between seedling and hairy root MPGR datasets (r=0.892) for JA treated CrWRKY
genes. My gRT-PCR data showed that the correlations ranged from 0.061, between 1 hour JA
treated plants and 24 hour JA treated hairy roots, to 0.790, between 1 hour JA treated plants and
6 hour JA treated cell suspension cultures (Figure 2.9A). Overall, the three MPGR datasets
correlated well with all three time points of gRT-PCR data (median value of the 9 correlations =
0.555) indicating similar expression changes in response to jasmonate treatment. Increasing time
after JA treatment in whole plants increased the correlation with seedling and hairy root cultures.
Cell cultures, despite higher similarities in the 4 hour JA treated plant and 6 hour JA treated cell
culture time frame, showed a lower correlation between the 1 hour JA treated plant and 6 hour
JA treated cell cultures. Similar to Arabidopsis, these findings in Catharanthus suggest significant
differences exist between jasmonate response in various cultural conditions, including intact
seedlings, adult plants, cell cultures, and hairy root cultures.

Gene expression clusters often contain genes with related functions (Eisen et al., 1998),
including those in natural product formation (Vanderauwera et al., 2005). Recently, clustering of
MPGR expression data has aided the identification of Catharanthus IRIDOID SYNTHASE (Geu-
Flores et al., 2012). To identify potential clusters of CrWRKY TFs with similar expression pattern
which may indicate WRKY functions, | performed a hierarchical clustering. Unsupervised
agglomerative hierarchical clustering of 23 transcriptome gene expression datasets from MPGR
revealed three primary clusters: a plant tissue cluster, a hairy root cluster, and a protoplast cluster
(Figure 2.9B). Clusters of plant culture type indicate a greater difference between cultural
conditions than between JA treatment. However, clear differences exist between JA treated and
untreated samples within subgroups of each primary cluster. Clustering of CrWRKY gene
expression revealed three primary clusters. CrWRKYs of cluster one were most up-regulated in
different plant tissues, suggesting a role in plant development. The second cluster of WRKY genes
is up-regulated in hairy root cultures. Members of cluster two may be important for regulating
metabolism and resource direction into primarily root produced alkaloids, such as ajmalicine and
serpentine. ldentification of CrWRKY1, which plays a role in serpentine production, in cluster two
supports this idea. CrWRKY46, ortholog to AaWRKY1, a trichome expressed WRKY in Artemisia
annua, was also found in this cluster. CrWRKY34 and CrWRKY35 orthologous to PQWRKY1 which
is suggested to regulate terpene biosynthesis in Panax quinquefolius (American ginseng) roots
also occur in this cluster. The third cluster consisted of CrWRKY that were up-regulated in
response to JA or yeast extract (YE), an elicitor of TIA biosynthesis, in protoplasts. Most of this
cluster was also up-regulated in hairy root cultures. Most CrWRKYs orthologous to WRKYs
regulating natural product formation in other species were identified in this cluster. Importantly,
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four CrWRKYs (CrWRKY2, CrWRKY5, CrWRKY13, and CrWRKY28), similar to those with known
roles in secondary metabolism (Table 2.10), were identified as part of the same sub-cluster in
cluster three. The four members of this cluster may play key roles in regulation of natural product
formation in Catharanthus. A second sub-cluster of cluster three, composed of six members,
contained five CrWRKYs (CrWRKY4, CrWRKY14, CrWRKY22, CrWRKY26, and CrWRKY27) which are
orthologs to WRKY TFs regulating natural products in other species. The sixth member of this sub-
cluster, CrWRKY41, is also a jasmonate responsive WRKY. Members of this sub-cluster may also
be important for regulation of natural products in Catharanthus. CrWRKY TFs, determined by
gRT-PCR to be JA responsive, were distributed across all three clusters, indicating jasmonate
broadly regulates WRKYs from each cluster.

Predicted Role of CrWRKY Orthologs in Secondary Metabolism

Catharanthus produces alkaloids, terpenes and latex, all classes of compounds that
contain biosynthetic genes involved in their production which have been implicated to be
regulated by WRKY TFs in other species (Xu et al., 2004; Kato et al., 2007; Zhang et al., 2012). To
associate biosynthesis of natural compounds with jasmonate-responsive CrWRKYs, | compared
Catharanthus WRKY TFs to those known to control secondary metabolism in other plant species
(Table 10). CjWRKY1 is involved in the regulation of the benzylisoquinoline alkaloid berberine
(Kato et al., 2007). In Catharanthus, CrWRKY28 grouped closely with CjWRKY1 (Figure 5). The
ortholog of CjWRKY1 in Arabidopsis is AtWRKY75.

AtWRKY33 plays a role in regulating biosynthesis of camalexin, an indole ring and N-
containing defense molecule, and functions downstream of MITOGEN-ACTIVATE PROTEIN KINASE
3 and 6 (Mao et al., 2011). Recently, CrMPK3 was shown to regulate TIA accumulation (Raina et
al., 2012). As Catharanthus produces over 130 different TIA metabolites, the multiple coorthologs
to AtWRKY33 may be important for regulating diverse products of this pathway. However, further
experiments are needed to demonstrate whether the orthologous TFs in Catharanthus act
downstream of CrMPK3 and are involved in TIA biosynthesis. Interestingly, CmWRKY1, from
Chlamydomonas, was also an ortholog to AtWRKY33, suggesting a possible early function of this
TF in defense and regulating secondary metabolism. Chlamydomonas produces gelatin structures
and quarum sensing mimetic compounds to deter rotifer predators and bacterial competitors
(Teplitski et al., 2004; Lurling and Beekman, 2006).

AaWRKY1, which is involved in regulating the accumulation of artemisinin, has three
coortholgs in Catharanthus, CrWRKY45, CrWRKY46, and CrWRKY47 (Table 2.10). In Arabidopsis
three group Illa WRKYs, AtWKRY41, AtWRKY46, and AtWRKY53 are coortholgs to AaWRKY1. In
Catharanthus, increased production of HMGR and terpenes have negatives effect on the
accumulation of certain TIAs (Ayora-Talavera et al., 2002). In A. annua, AaWRKY1 affects the
expression of 3-HYDROXY-3-METHYLGLUTARYL-COA REDUCTASE (HMGR) (Ma et al., 2009), a rate
limiting enzyme in the mevalonate pathway. Both AaWRKY1l and CrWRKY46 are jasmonate
responsive genes; therefore, at least CrWRKY46 may have an evolutionarily conserved function in
regulating the flux of carbon into Catharanthus terpenes.

The rate limiting enzyme in the production of paclitaxel, DBAT, is regulated by TcWRKY1
(Li et al., 2013). Phylogenetically, TCWRKY1 is basal to the group lla and Ilb clades (Figure 2.1).
Catharanthus CrWRKY16 and CrWRKY20 were identified as coorthologs to TCWRKY1 (Table 2.10).
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In Arabidopsis, the group IIb AtWRKY6, AtWRKY31, and AtWRKY42 were found to be coortholgs
to TCWRKY1 (Table 10).

GaWRKY1, from cotton, regulates a sesquiterpene cyclase leading to the production of
gossypol (Xu et al.,, 2004). AtWRKY40 was found to be the Arabidopsis ortholog to GaWRKY1
(Table 2.10). AtWRKY18 and AtWRKY60 formed their own ortholog group independent of
AtWRKY40. Catharanthus, however, contains three coortholgs to GaWRKY1, CrWRKY13,
CrWRKY14, and CrWRKY15. As with AtWRKY40, these CrWRKYs may have a role in negative
regulation of ABA response (Chen et al., 2010) and positive regulation of jasmonate responses
(Pandey et al., 2010). Supporting this idea, like AtWRKY40 and GaWRKY1, | found expression of
CrWRKY13 was induced by jasmonate treatment. Drought, salinity, and cold all affect TIA
accumulation in Catharanthus (Jaleel et al., 2008; Dutta et al., 2013), thus at least CrWRKY13 may
function in regulating the accumulation of TIAs in response to abiotic stress and plant defense.

HbWKRY1 expression is related to latex production in rubber trees (Zhang et al., 2012). In
Catharanthus, CrWRKY21, CrWRKY22, CrWRKY26, CrWRKY27, CrWRKY29, and CrWRKY33 are
coorthologs to HbWRKY1. Six coothrologs (AtWRKY8, AtWRKY12, AtWRKY23, AtWRKY2S,
AtWRKY48, AtWRKY51, and AtWRKY71) to HbWRKY1 exist in Arabidopsis (Table 4). Like
HbWRKY1, at least four Arabidopsis (AtWRKY8, AtWRKY28, AtWRKY48, and AtWRKY51) and two
Catharanthus WRKYs (CrWRKY21 and CrWRKY26) are regulated by jasmonate. Phylogenetically,
the group llc AtWRKY23 and CrWRKY26 are the WRKYs most similar to HoWRKY1 in Arabidopsis
and Catharanthus, respectively (Figure 2.5). As Catharanthus also produces a latex compound,
the jasmonate regulated CrWRKY26 or one of the other paralogs, may function in the regulation
of latex or terpene production in Catharanthus.

Heterologous over-expression, in Arabidopsis, of the JA responsive American ginseng
WRKY TF, PQWRKY1, increased drought and salt stress tolerance, in addition to regulating terpene
biosynthetic genes (Sun et al., 2013). AtWRKY7 in Arabidopsis and CrWRKY34 and CrWRKY35 in
Catharanthus are orthologs to PQWRKY1 (Table 2.10). Contrary to the report by Sun et al. (2013),
which classifies PQWRKY1 as a group llc WRKY, | found PqWRKY1 actually falls within the Iid
subgroup when compared to the entire Arabidopsis WRKY family (Figure 2.5). AtWRKY7,
CrWRKY35, and PqWRKY1 are each regulated by jasmonate supporting the possible conserved
evolutionary function of these proteins in regulating terpene biosynthesis.

Kalde et al. (2003) reported a role of most Arabidopsis group Il WRKY TFs in plant defense.
Overall, no clear trend was observed for WRKY TFs possibly involved in secondary metabolism
belonging to a specific group or subgroup. Further work is needed to verify the predicted roles of
these CrWRKYs in the regulation of secondary metabolism.

Comparative genetics across species has provided invaluable information that lead to the
isolation and functional understanding of several key regulators in natural product formation. In
Arabidopsis, the bHLH factor AtMYC2 is known as a central regulator of jasmonate signaling
pathway. The orthologs of AtMYC2, CrMYC2 and NtMYC2, from Catharanthus and tobacco,
respectively, have thus been isolated and characterized. While Arabidopsis does not produce TIAs
or nicotine, CrMYC2 and NtMYC2 act in the jasmonate signaling pathway to regulate biosynthesis
of these metabolites (Shoji and Hashimoto, 2011; Zhang et al., 2011). Moreover, AtMYC2 can
bind the jasmonate-responsive elements present in the promoter of Catharanthus ORCA3, an
AP2/EFR TF gene, and activates its expression, illustrating the conserved nature of these
orthologous regulators (Montiel et al., 2011). These reports further strengthen my reasoning for
cross-species comparison of WRKY TFs from Catharanthus, Arabidopsis, and other medicinal plant
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to identify regulators conserved in jasmonate response and possibly secondary metabolite
production.

Comparison of CrWRKYs with orthologs from other species, that are known to regulate
natural products or respond to jasmonate treatment, helped us develop a model for WRKY
regulation of TIA biosynthesis in Catharanthus (Figure 2.10). In this model, jasmonate acts as a
central regulator of the TIA pathway with both positive and negative effects on WRKYs.
Phytohormones, including ABA, ethylene and gibberellin (GA), are also likely involved in CrWRKYs
regulation. Overall, this work provides a fundamental base for which future experiments can be
designed to help elucidate the molecular mechanisms controlling the biosynthesis of highly
valuable TIAs.

Conclusion

Taken together, my results illustrate a role for the Arabidopsis WRKY family in mediating
the jasmonate response pathway. These findings strengthened my reasoning for investigating
Catharanthus jasmonate responsive WRKY TF which are potentially involved in regulation of TIA
biosynthesis. Results from Arabidopsis and Catharanthus suggest that the regulation of WRKY
gene expression in response to jasmonate is dependent upon environmental and spatio-temporal
context. Such information can be important in designing metabolic engineering projects.
Furthermore, | identified numerous jasmonate responsive orthologs between AtWRKY and
CrWRKY TFs that may be functionally conserved or partially conserved. The jasmonate responsive
CrWRKYs are potential candidate TFs for having key roles in modulating jasmonate signaling and
regulating TIA biosynthesis. Information on how AtWRKYs response to various phytohormones
and stresses may also apply to Catharanthus. This information may be useful for understanding
how other phytohormones also contribute to the regulation of TIA production. Moreover,
elucidation of CrWRKY functions may provide valuable insights into the regulation of natural
product biosynthesis in other medicinal plants.

Materials and Methods
Plant Growth Conditions

Catharanthus ‘Little Bright Eyes’ seeds were surface sterilized and were germinated in the
dark at 30°C for 3 days on MS plates, before being then transferred to an ambient temperature
24 h light photoperiod tissue culture room for an additional 4 days. Seedlings were transferred
to soil and grown at ambient temperature under 24 h light. Samples were collected from 1 month-
old Catharanthus plants treated with JA for 0, 1, 2, or 4 hours. The JA experiment was performed
once with each time having three replicates. Three plants were combined from each replicate
time sample. JA treatment consisted of spray application of 100 uM JA then placing plants under
a clear plastic dome sealed with tape. Whole plants were harvested, roots quickly washed, and
then frozen in liquid nitrogen.
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WRKY TF Identification

Contigs translated into protein sequence were downloaded from the MPGR. The single
longest copy of each contig translated into protein sequence was identified using Microsoft Excel.
Each unique contig number, which translated into some protein sequence, was determined to
represent a unique gene distinguished by locus number. To differentiate potential WRKY genes
each distinct contig locus number, but not different length variants of the same locus number,
were considered as a unique product. As observed in Arabidopsis and other species, the multiple
contig copies that comprise many of the loci may represent splice variants, not fully sequenced
transcripts or different alleles. A Microsoft Excel file containing all protein encoding contigs was
searched to manually identify WRKY and WRKYGQK invariant motif containing proteins. A FASTA
file of the single longest protein encoding contig for the entire genome was submitted to the NCBI
CDD and PlantTFcat servers to identify whole and partial WRKY domains containing contigs. The
process was performed for Amborella trichopoda, Arabidopsis thaliana, Capsicum annuum,
Catharanthus roseus, Oryza sativa ssp. japonica, Rauvolfia serpentina, Solanum lycopersicum,
Solanum tuberosum, and Urticularia gibba. A file containing WRKY TFs from Catharanthus,
Amborella, Arabidopsis, and rice was submitted to OrthoMCL (Li et al., 2003) to identify orthologs
and paralogs. WRKY TFs involved in regulating secondary metabolism from other species were
also included. GenBank accession numbers for medicinal plant WRKY TFs included are: AaWRKY1
(FJ390842), CjWRKY1 (AB267401), TcWRKY1 (JQ250831), GaWRKY1l (AY507929), HbWRKY1
(GU372969), and PqWRKY1 (AEQ29014).

Phylogenetic Tree Construction

The unrooted phylogenetic trees for Catharanthus, Amborella, Arabidopsis, and Oryza
sativa ssp. japonica and medicinal plant WRKY TFs were constructed using the MEGAS software.
The neighborhood joining method, with bootstrap values of 2000, was utilized to conduct the
phylogeny test. The analysis used p-distance of amino acid sequence to determine substitution
rate. Gaps or missing data were excluded as needed, according to the pairwise deletion option.
Phylogenetic trees analyzing the bladderwort, pepper, potato, serpentwood, and tomato WRKY
families were constructed in the same way.

RNA Extraction

RNA was extracted using an extraction buffer composed of 1% 1,5-naphthalenedisulfonic
acid and 4% p-aminosalicylic acid prepared in diethylpryocarbonate (DEPC) treated water. A5 M
sodium hydroxide solution was added until the extraction buffer was fully dissolved. For each
RNA sample 5 mL of extraction buffer solution was mixed with 5 mL of liquefied phenol. Ground
samples were added to the extraction buffer/phenol solution, vortexed 1 minute, 5 mL of
chloroform added, then vortexed again. Samples were spun down for 10 minutes at 6000 rpm at
4°C. The aqueous phase was transferred to a 50 mL centrifuge tube and 1/10th the volume of 3
M sodium acetate (pH 5.3) was added along with 2 times the volume of chilled 100% ethanol.
Samples were incubated on ice 1 hr prior to centrifugation. The supernatant was discarded and
the pellet dried for 30 minutes. The dried pellet was resuspended in 4 mL of autoclaved DEPC
treated water and 2.5 mL of 8 M lithium chloride and incubated at 4°C overnight. The RNA was
then precipitated by centrifuging at the above. The pellet was rinsed with chilled DEPC treated
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80% ethanol. The ethanol was decanted and the RNA allowed to dry for 30 minutes before
resuspending in sterile DEPC treated water.

cDNA Synthesis and Gene Expression

Synthesis of first strand cDNA from total RNA isolated from plant tissue and quantitative
reverse transcription polymerase chain reaction (qRT-PCR) were performed as previously
reported (Suttipanta et al., 2007). Samples for the JA treatment consisted of 3 biological
replicates each with 3 technical replicates. The comparative cycle threshold method was used to
measure the transcript levels. All primers used for gRT-PCR can be found in Supplemental Table
7. Significant differences in gene expression were calculated using the Student’s T-test. P-values
of 0.05 and 0.01 were considered significant and highly significant, respectively.

57 and 3’ Rapid Amplification of cDNA Ends (RACE) and Cloning

5’ and 3’ RACE was performed using the RACE kit (Invitrogen) as directed by the
manufacturer. A nested set of PCRs was performed to isolate the target sequence. The first PCR
reaction used the AAP primer and a gene specific primer; whereas the second nested reaction
used the AUAP primer and a second gene specific primer. 3’ RACE was performed as for gene
expression cDNA synthesis with the modification of using the 3’ AP primer to create a 3’ adapter.
The 3’ target sequence was amplified through PCR using a nested set of gene specific primers and
the adapter specific 3' AUAP primer. All 3’ and 5’ RACE primers are listed in Supplemental Table
8.

Cloning and Sequencing of Partial WRKY Domains

Partial WRKY domain sequences to be cloned were amplified using 5" or 3 RACE. The
sequence was then separated on an agarose gel and the DNA purified using a Wizard® SV Gel and
PCR Clean-Up System (Promega). The purified DNA was ligated into pGEM-T Easy vector
(Promega). Plasmid isolation was performed using a Wizard ® Plus SV Minipreps DNA Purification
System (Promega). 250-300 ng plasmid DNA were sequenced with either the T7 or SP6 primer
using DTCS Quick Start (Beckmann) according to the manufacturer’s protocol. Sequencing was
performed with a CEQ™ 8000 Genetic Analyzer System (Beckman Coulter) Sanger sequencer.

Arabidopsis Microarray Analysis and Gene Expression

Jasmonate treated microarray datasets were collected from NCBI, EMBL, and TAIR. RMA
Express was used for array normalization of each experiment (Bolstad et al., 2003). Background
adjustment, quantile normalization, and median polish were applied. Data was exported as log
transformed data then analyzed by two-way ANOVA using the MEV software (Saeed et al., 2003).
Two-way ANOVAs were performed on each dataset to determine response to jasmonate
treatment and another variable (genotype or time). Controls and probes not linked to a gene
were eliminated post-ANOVA prior to application of the false discovery rate. The B-H FDR was
calculated in Microsoft Excel according to Thissen et al. (2002). Significant differences (p<0.05)
were determined before and after application of the Benjamini-Hochberg false discovery rate (B-
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H FDR). Significant differences before the B-H FDR was applied were both included because qRT-
PCR for CrWRKY TFs indicated small (less than 2 fold), yet significant, changes to jasmonate
treatment.

Hierarchical Clustering and Correlations

The Pearson correlation coefficient was calculated to measure the relationship between
gRT-PCR and MPGR datasets. First, the fold change for Catharanthus WRKY genes from the MPGR
dataset was calculated in reference to 0 hour control treatments. Differences between control
and JA treated datasets were then adjusted using the Catharanthus reference gene EFla
(Cra3894) as an internal control (Wei, 2010), as this gene was used as the internal control for gRT-
PCR expression measurements. The correlation coefficient between fold changes in expression
was calculated using Microsoft Excel. As a control, the expression of TIA biosynthetic genes was
analyzed for JA responsive induction in seedling, protoplast, and hairy root datasets. As
anticipated expression of TIA biosynthetic genes increased upon JA treatments, although the
magnitude of response differed between datasets.

Unsupervised agglomerative hierarchical clustering was performed using the
GenePattern (Reich et al., 2006) website (http://genepattern.broadinstitute.org). The Pearson
correlation was used as a distance measure for both row and column clustering. The clustering
method was pairwise-average linkage with a row centering. Row centering was performed by
subtracting the median value of each row. A global color scheme using a color gradient was
applied for visualization. Purple, black, and green indicate increased gene expression, no change
and decreased gene expression respectively. For Arabidopsis microarray data expression values
were first analyzed with RMA Express and log transformed values exported for analysis with
GenePattern (Bolstad et al., 2003; Reich et al., 2006).
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Table 2.1. WRKY Differentially Expressed to Jasmonate. The Arabidopsis WRKY transcription
factors differentially expressed in response to jasmonate treatment in five experiments before
and after the application of the Benjamini-Hochberg false discovery rate.

Genes after Two-Way ANOVA
Genes after Two-Way ANOVA (P=0.05) (P=0.05) and B-H FDR

No. No. WRKY No. No. WRKY
Dataset Source Samples Used Genes Genes WRKYs Genes Genes WRKYs
E-ATMX-13 EMBL JA treated 2819 11 WRKY6, WRKY9, 116 none none
timecourse (0.5, WRKY15, WRKY18,
2,and 6 hr) in WRKY25, WRKY26,
cell suspension WRKY39, WRKY40,
cultures WRKY47, WRKY54,
WRKY69
E-GEOD-28600 EMBL JA and JA+ABA 5279 21 WRKY1, WRKY6, WRKY7, 533 3 WRKY?7,
treated (3 and WRKY16, WRKY21, WRKY38,
24 hr) T87 cell WRKY35, WRKY36, WRKY70
cultures WRKY38, WRKY40,

WRKY43, WRKY45,
WRKY47, WRKY52,
WRKY53, WRKY54,
WRKY67, WRKY69,
WRKY70, WRKY71,
WRKY72, WRKY75

E-MEXP-883 EMBL JAtreated (6 hr) 3348 14 WRKY6, WRKY7, 568 4 WRKY26,
WT and myc2 WRKY11, WRKY18, WRKY33,
plants WRKY20, WRKY23, WRKY40,

WRKY26, WRKY33, WRKY45

WRKY39, WRKY40,
WRKY45, WRKY47,
WRKY69, WRKY75

GSE21762 NCBI JA treated WT 3743 16 WRKY3, WRKY7, 175 1 WRKY72
and coil WRKY17, WRKY22,
seedlings WRKY25, WRKY31,

WRKY40, WRKY46,
WRKY47, WRKY52,
WRKY53, WRKY60,
WRKY70, WRKY72,
WRKY74, WRKY75

MEO00337 TIAR JA treated (0.5, 4796 15 WRKY3, WRKY7, 950 6 WRKY7,
1, 3 hr) time WRKY18, WRKY20, WRKY18,
course on WT WRKY21, WRKY23, WRKY?20,
seedlings WRKY38, WRKY40, WRKY40,

WRKY45, WRKY47, WRKY45,
WRKY48, WRKY53, WRKY48
WRKY60, WRKY69,

WRKY75
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Table 2.2. Arabidopsis WRKY TFs present on the Affymetrix microarray. The list of WRKY TFs
present or absent from the Affymetrix arrays used in this study. The Arabidopsis Affymetrix array
contains probes to identify the expression of 61 WRKY TFs. Eleven of the 72 WRKY TFs in
Arabidopsis are not represented on the array.

Present on AFFY Arrays Absent from AFFY Arrays

WRKY1, WRKY2, WRKY3, WRKY4, WRKYS, WRKY24, WRKY29, WRKY41,
WRKY7, WRKY8, WRKY9, WRKY10, WRKY11,  WRKY49, WRKY50, WRKY51,
WRKY12, WRKY13, WRKY14, WRKY15, WRKY16, WRKY59, WRKY62, WRKY63,
WRKY17, WRKY18, WRKY19, WRKY20, WRKY21, WRKY64, WRKY68

WRKY22, WRKY23, WRKY25, WRKY26, WRKY27,

WRKY28, WRKY30, WRKY31, WRKY32, WRKY33,

WRKY34, WRKY35, WRKY36, WRKY38, WRKY39,

WRKY40, WRKY42, WRKY43, WRKY44, WRKY45,

WRKY46, WRKY47, WRKY48, WRKY52, WRKYS3,

WRKY54, WRKY55, WRKY56, WRKY57, WRKY5S,

WRKY60, WRKY61, WRKY65, WRKY66, WRKY67,

WRKY69, WRKY70, WRKY71, WRKY72, WRKY74,

WRKY75
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Table 2.3. JA responsive Arabidopsis WRKY TFs. The WRKY TFs identified as having significantly
altered gene expression in at least one jasmonate treated dataset. WRKYs cited as identified in
this study are those which were had significantly altered gene expression and survived the B-H
FDR in at least one dataset. N/A indicates a probe to identify that WRKY is not available on the
Affymetrix array but has been reported to be involved in jasmonate response. References are
shown for WRKYs with reported function in jasmonate response.

JA Responsive WRKY No. Datasets Expression Reference
WRKY1 1
WRKY3 2
WRKY6 3 [1]
WRKY7 4 This study
WRKY8 0 [2]
WRKY9 1
WRKY11 1 (3]
WRKY15 1
WRKY16 1
WRKY17 1 (3]
WRKY18 3 This study, [4]
WRKY20 2 This study
WRKY21 2
WRKY22 1
WRKY23 2
WRKY25 2 [5]
WRKY26 2 This study
WRKY28 0 (6]
WRKY31 1
WRKY33 1 This study, [7,8]
WRKY35 1
WRKY36 1
WRKY38 2 This study, [9]
WRKY39 2
WRKY40 5 This study, [4]
WRKY43 1
WRKY45 3 This study
WRKY46 1
WRKY47 5
WRKY48 1 This study
WRKY50 N/A [10]
WRKY51 N/A [10]
WRKY52 2
WRKY53 3 [11]
WRKY54 2
WRKY60 2
WRKY62 N/A [12]
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Table 2.3. cont.

JA Responsive WRKY No. Datasets Expression Reference
WRKY67 1

WRKY69

WRKY70

WRKY71

WRKY72

WRKY74

WRKY75

* References:

This study, [13,14]

This study

AP RPN ERP NS

1. Robatzek S, Somssich IE: The Plant Journal 2001, 28(2):123-133.
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Table 2.4. Identification of JA responsive Arabidopsis WRKY TFs using microarray data. The fold
change of jasmonate responsive Arabidopsis WRKY TFs from five microarray datasets. Only those
jasmonate responsive AtWRKYs which has a significant p-value <0.05 and survived application of
the B-H FDR are included.

A.
Fold Change after 0.5 Fold Change after 2 h Fold Change after 6 h

Dataset WRKY h JA treatment JA treatment JA treatment
E-ATMX-13 none
B.

Fold Change after 3 h Fold Change after 24 h
Dataset WRKY JA treatment JA treatment
E-GEOD-28600  WRKY7 0.92 0.60
E-GEOD-28600 WRKY38 0.69 0.40
E-GEOD-28600  \WRKY70 0.91 1.25
C.

Fold Change in COL-0  Fold Change in myc2
Dataset WRKY after JA treatment after JA treatment
E-MEXP-883 WRKY26 1.47 1.77
E-MEXP-883 WRKY33 1.78 2.49
E-MEXP-883 WRKY40 2.21 2.07
E-MEXP-883 WRKY45 2.49 3.76
D.

Fold Change in COL-0  Fold Change in coil
Dataset WRKY after JA treatment after JA treatment
GSE21762 WRKY72 0.80 0.73
E.

Fold Change
Fold Change after 0.5 h Fold Change after 1 h after3hJA

Dataset WRKY JA treatment JA treatment treatment
MEO00337 WRKY7 0.80 0.51 0.62
MEO00337 WRKY18 4.99 6.39 2.65
MEO0337 WRKY20 0.88 0.84 0.92
MEO00337 WRKY40 6.25 9.06 5.37
MEO0337 WRKY45 1.09 2.52 3.81
MEO00337 WRKY48 0.90 0.88 0.62
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Table 2.5. Arabidopsis WRKYs with altered expression in JA mutants. Arabidopsis WRKY TFs
were analyzed for differential expression by genotype in A) coil and B) myc2 mutants or C) by
time. Analysis was performed using a two-way ANOVA. WRKYs before and after the application
of the B-H FDR are presented.

A.
Time-Dependent
Genes after Two-Way ANOVA (P=0.05) and
Genes after Two-Way ANOVA (P=0.05) B-H FDR

Time +JA

Time-Dependent Time + JA Interaction Time-Dependent Interaction
WRKY1, WRKY6, WRKY7, WRKY18, WRKY25, WRKY3, WRKY7, WRKY38, WRKY70

WRKY7, WRKY10, WRKY38, WRKY70 WRKY13, WRKY16,
WRKY13, WRKY16, WRKY18, WRKY21,
WRKY17, WRKY18, WRKY22, WRKY25,
WRKY20, WRKY21, WRKY28, WRKY38,
WRKY22, WRKY25, WRKY39, WRKY40,
WRKY27, WRKY32, WRKY43, WRKY44,
WRKY36, WRKY38, WRKY45, WRKY47,
WRKY39, WRKY43, WRKY48, WRKY52,
WRKY45, WRKY47, WRKY54, WRKY70

WRKY48, WRKY54,
WRKY58, WRKY66,
WRKY70, WRKY75

B.
COI1-Dependent
Genes after Two-Way ANOVA (P=0.05) and
Genes after Two-Way ANOVA (P=0.05) B-H FDR
Genotype + JA
Genotype Genotype + JA Interaction Genotype Interaction
WRKY6, WRKYS, WRKY8, WRKY17, WRKY18, WRKY72 none
WRKY11, WRKY15, WRKY40, WRKY46,

WRKY17, WRKY18, WRKY53, WRKY70, WRKY72
WRKY22, WRKY23,
WRKY25, WRKY33,
WRKY38, WRKY46,
WRKY48, WRKY52,
WRKY53, WRKY69,
WRKY70, WRKY72,
WRKY74, WRKY75
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Table 2.5. cont.

C.
MYC2-Dependent
Genes after Two-Way ANOVA (P=0.05) and
Genes after Two-Way ANOVA (P=0.05) B-H FDR
Genotype + JA
Genotype Genotype + JA Interaction Genotype Interaction
WRKY16, WRKY26, WRKY28 none none

WRKY33, WRKY36,
WRKY45, WRKY53
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Table 2.6. Bioinformatics methods identifying each WRKY gene. WRKY domain containing
proteins were identified using 4 sources: manual searching (i.e. searching proteins for a WRKY
motif), PlantTFcat, NCBI CDD, and MPGR. Rows indicate overlap in genes identified from the
different sources. The bottom row provides a total number of genes identified by each method.

Gene Manual WRKY Search  PlantTFcat NCBI CDD MPGR
Cra549
Cral311l
Cral702
Cra2068
Cra2271
Cra2950
Cra3503
Cra3760
Cra3799
Crad234
Cra5093
Cra5497
Cra6088
Cra6519
Cra7867
Cra8145
Cra8670
Cra9152
Cra9369
Cral0348
Crall684
Cral3263
Cral3321
Cral6284
Cral6307
Cral7347
Cral8915
Cral8989
Cral9330
Cral19395
Cral9580
Cra20290
Cra21821
Cra22395
Cra22725
Cra23742
Cra24943
Cra28262
Cra30069
Cra37309

>

>

>
xX X X

X X X X X X X X X X X X X X X

X X X X X X X

XX XXX XXX XXXXXXXXXXXXXXXXXXXXMXXMXXXXXXX XX
>

XX XXX XXX XXXXXXXXXXXXXXXXXXMXXMXXMXXXXXXXXX
XXX XX XXX XXXXXXXXXXXXXXXXXXXXMXXXXXXXXXXX
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Table 2.6. cont.

Gene Manual WRKY Search  PlantTFcat NCBI CDD MPGR
Cra43671 X X X
Cra43896
Cra56567
Crab65443
Cra70197
Cral05225
Cra22691
Cra24719
Cra54213
Cra55720
Cral02390
Cral1128

Cra5637

Cral0341
Cral5757 X
Cral6285
Cra53604
Cra72531
Cra76953
Cra82407

X X X X X

X X X X X X X X X X
X X X X X X X X X X X
X X X X X X X X X X

>

>

X X X X X

Total 46 52 52 47
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Table 2.7. Alist of Catharanthus WRKY domain containing proteins. A list of Catharanthus WRKY
domain containing proteins along with locus number and group number are presented.

Catharanthus WRKY Locus Group
CrWRKY1 Cral6284 [
CrWRKY2 Cra549 I
CrWRKY3 Crad234 I
CrWRKY4 Cra5497 I
CrWRKY5 Cra6088 I
CrWRKY6 Cra8145 I
CrWRKY7 Cra9152 I
CrWRKY8 Cral0348 I
CrWRKY9 Crall128 I

CrWRKY10 Cral3321 I

CrWRKY11 Cra22691 I

CrWRKY12 Cra43671 I

CrWRKY13 Cral311 lla
CrWRKY14 Cral3263 lla
CrWRKY15 Cra54213 lla
CrWRKY16 Cra2068 lIb
CrWRKY17 Cra3503 llb
CrWRKY18 Cral8915 llb
CrWRKY19 Cral9580 llb
CrWRKY20 Cra22725 llb
CrWRKY21 Cra2271 lic
CrWRKY22 Cra2950 lic
CrWRKY23 Cra6519 lic
CrWRKY24 Cra8670 lic
CrWRKY25 Cra9369 lic
CrWRKY26 Cral9330 lic
CrWRKY27 Cra22395 lic
CrWRKY28 Cra24943 lic
CrWRKY29 Cra28262 lic
CrWRKY30 Cra37309 lic
CrWRKY31 Cra43896 lic
CrWRKY32 Cral02390 lic
CrWRKY33 Cral05225 lic
CrWRKY34 Cral702 Iid
CrWRKY35 Cra3760 Ild
CrWRKY36 Cra7867 Ild
CrWRKY37 Cral7347 Ild
CrWRKY38 Crall684 lle
CrWRKY39 Cral6307 lle
CrWRKY40 Cral9395 lle
CrWRKY41 Cra20290 lle
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Table 2.7. cont.

CrWRKY42
CrWRKY43
CrWRKY44
CrWRKY45
CrWRKY46
CrWRKY47
CrWRKY48
CrWRKY49
CrWRKY50
CrWRKY51
CrWRKY52

Cra21821
Cra23742
Cra30069
Cra3799
Cra5093
Cral8989
Cra24719
Cra55720
Cra56567
Cra65443
Cra70197

lle
lle
lle
[
[}
[}
[
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Table 2.8. The distribution of WRKY TFs from nine plant species. WRKY TFs identified from the
sequenced genomes of A. trichopoda, A. thaliana, C. annuum, O. sativa, S. lycopersicum, S.
tuberosum, and U. gibba. C. roseus and R. serpentina WRKY TFs were identified from
transcriptome sequences in the MPGR database. Complete and partial WRKY domain containing
proteins were identified using the NCBI Conserved Domain Database. The presence of WRKY
domains were manually verified and phylogenetic analyses were conducted to determine WRKY
subgroups for each of the species.

Complete Partial Group Group Group Group Group Group Group
Species WRKY TFs  WRKY TFs | lla 1lb lic Iid lle 1} Unassigned
Amborella
trichopoda 29 3 7 2 4 5 2 4 5 3
Arabidopsis
thaliana 72 2 14 3 8 18 7 8 14 2
Capsicum
annuum 66 4 16 4 6 13 11 7 9 4
Catharanthus
roseus 48 4 11 3 5 13 4 7 5 4
Oryza sativa ssp.
japonica 93 6 15 4 8 16 7 10 34 5
Rauvolfia
serpentina 49 5 10 2 4 12 5 5 5 11
Solanum
lycopersicum 78 3 15 5 8 17 6 17 11 2
Solanum
tuberosum 75 9 14 5 6 14 7 15 14 9
Urticularia gibba 65 7 16 4 4 18 7 11 5 7
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Table 2.9. WRKY domains of Catharanthus WRKY TFs. Catharanthus contained at least 48 WRKY
TFs with 56 WRKY domains. The 70 amino acid sequence of each WRKY domain is provided.

WRKY Name WRKY Domain

CrWRKY1 ETETKYSSTMEDEYAWRKYGQKDILRSNFPRCYFRCTHKNEGCKAT
KQVQIVTKNPLMYQTTYFGQHTCN

CrWRKY10-C VHAAGDVGISGDGYRWRKYGQKMVKGNPHPRNYYRCTSAGCTVR
KHIEMAKDNSNGVIITYKGRHDHDMP

CrWRKY10-N FSVPAQKTPYPDGYNWRKYGQKQVKSPQGSRSYYRCTYSKCSAKKI
ECSDNSNRVIEIVYRSCHNHDPPE

CrWRKY11 LQIESEIDVLDDGYRWRKYGQKVVKGNPNPRSYYKCTSAGCPVRKH
VERASEDIKSVITTYEGKHNHEVP

CrWRKY12-C VQTMSEVDVINDCYRWRKYGQKLVKGNPNPRSYYRCSNSGCPVKK
HVERSSHDPKIVITTYEGKHDHEMP

CrWRKY12-N VSPRIQEKALDDGYNWRKYGQKLVKGNVFVRSYYKCTYASCTSKKQ
VERSYDGRLTDIKYIGKHEHPKPQ

CrWRKY13 TEASDTSLIVKDGYQWRKYGQKVTRDNPSPRAYFKCSFAPSCPVKKK
VQRSIEDQSILVATYEGEHNHPH

CrWRKY14 TDPDDKSLVVKDGYHWRKYGQKVTKDNPSPRAYFKCSFAPTCQVK
KKVQRSVGNAAILVATYEGEHNHQP

CrWRKY15 TEASDTSLIVKDGYQWRKYGQKVTRDNPSPRAYFKCSFAPSCPVKKK
VQRSIEDQSIVVATYEGEHNHSK

CrWRKY16 VRARSEAPMISDGCQWRKYGQKMAKGNPCPRAYYRCTMGVGCP
VRKQVQRCAEDRSILITTYEGHHNHPL

CrWRKY17 VRARCETATMNDGCQWRKYGQKIAKGNPCPRAYYRCTVAPTCPV
RKQVQRCAEDTSILITTYEGTHNHSL

CrWRKY18 VRVRCDTPTMNDGCQWRKYGQKIAKGNPCPRAYYRCTVAPNCPV
RKQVQRCAEDMSILITTYEGTHNHTL

CrWRKY19 VRARCETATMNDGCQWRKYGQKIAKGNPCPRAYYRCTVAPGCPV
RKQVQRCLEDMSILITTYEGTHNHPL

CrWRKY20 VRARSEAPMITDGCQWRKYGQKMAKGNPCPRAYYRCTMAAGCP
VRKQVQRCADDRTILITTYEGNHNHPL

CrWRKY21 FQTRSDVDVLDDGYKWRKYGQKVVKNSLHPRSYYRCTHNNCRVKK
RVERLSEDCRMVITTYEGRHNHTPC

CrWRKY22 FTTKSEIDHLEDGYRWRKYGQKAVKNSPFPRSYYRCTSQKCSVKKRV
ERSFQDPSIVITTYEGQHNHHCP

CrWRKY23 FRTKSQVEILDDGYKWRKYGKKMVKNSPNPRITTDAQLKDAPVKKR
VERDKEDPKYVITAYEGIHNHQGP

CrWRKY24 FKTLSDVDVLDDGYKWRKYGQKVVKNTQHPRSYYRCTQDNCRVKK
RVERLAEDPRMVITTYEGRHIHSPS

CrWRKY25 RIKSCDSAMTDDGYKWRKYGQKSIKNSPNPRSYYRCTNPRCAAKKQ
VERSSDDPDTLHTYEGLHLHFAY

CrWRKY26 FMTKSDVDHLEDGYRWRKYGQKAVKNSPFPRSYYRCTSASCNVKK
RVERCLNDPSLVITTYEGQHNHQTP

CrWRKY27 FMTKSEVDHLEDGYRWRKYGQKAVKNSPFPRSYYRCTNTKCTVKK

RVERSSEDPTIVITTYEGQHCHHTV
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Table 2.9. cont.

CrWRKY28

CrWRKY29

CrWRKY2-C

CrWRKY2-N

CrWRKY30

CrWRKY31

CrWRKY32

CrWRKY33

CrWRKY34

CrWRKY35

CrWRKY36

CrWRKY37

CrWRKY38

CrWRKY39

CrWRKY3-C

CrWRKY3-N

CrWRKY40

CrWRKY41

CrWRKY42

CrWRKY43

CrWRKY44

CrWRKY45

FQTRSQVDILDDGYRWRKYGQKAVKNNKFPRSYYRCTYQGCNVKK
QVQRLSKDEGIVVTTYEGMHSHPIE
FMTKSEVDHLEDGYRWRKYGQKAVKNSPYPRSYYRCTTQKCPVKK
RVERSFQDPSIVITTYEGTHNHHVP
VQTTSEVDLLDDGYRWRKYGQKVVKGNPYPRSYYKCTSPGCNVRK
HVERAATDPKAVITTYEGKHNHDVP
QASILVDKPADDGYNWRKYGQKQVKGSEYPRSYYKCTHQNCPVKK
KVERSQDGQVTEIIYKGQHNHPPPQ
FHTRSTEDILDDGYKWRKYGQKSVKNSSHPRSYYRCTHHTCNVKKQ
IQRLSKDTSVVVTTYEGIHSHPCE
FQTRSADDVLDDGYRWRKYGQKSVKNSKYPRSYYRCSQHTCNVKK
QVQRLSKDTGIVVTTYEGIHNHPCE
FKTKSDVEILDDGFKWRKYGRKMVKNSINPRNYYKCSVEGCPVKKR
VERDNNDSRYVVTTYEGIHNHQGP
FMTKSEIDQLDDGFRWRKYGQKAVKNSPFPRSYYRCTTAGCGVKK
RVERSSEDATIVITTYEGMHNHCSP
AISMKMADIPPDDYSWRKYGQKPIKGSPHPRGYYKCSSVRGCPARK
HVERALDDPSMLIVTYEGEHNHSL
AISMKMADIPPDDYSWRKYGQKPIKGSPHPRGYYKCSSVRGCPARK
HVERALDDPTMLIVTYEGEHNHSH
AISNKLADIPPDEYSWRKYGQKPIKGSPHPRGYYKCSSMRGCPARK
HVERCLEDPSMLIVTYEGEHNHPR
AISSKIADIPADEYSWRKYGQKPIKGSPYPRGYYKCSTVRGCPARKHV
ERATDDPKMLIVTYEGEHRHVQ
SRNRTEVYPPPDSWSWRKYGQKPIKGSPYPRGYYRCSSSKGCPARK
QVERSRLDPTKLLITYSSEHNHSL
RLKGEMGAPPSDSWAWRKYGQKPIKGSPYPRGYYRCSSSKGCPAR
KQVERSRIDPTMLMVTYTCEHNHPW
VQTVSEVDILDDGYRWRKYGQKVVRGNPNPRSYYKCTNAGCPVRK
HVERASHDPKAVITTYEGKHNHNVP
TSSITSDRSSDDGYNWRKYGQKLVKGSEFPRSYYKCTYPNCEVKKIFE
RSPDGQITEIVYKGSHDHPKPQ
DKKQKKEGPPLDCWSWRKYGQKPIKGSPYPRGYYRCSTSKGCSAKK
QVERCRTDPTVLIVTYTSTHNHAT
VCQVPAEALSSDTWSWRKYGQKPIKGSPYPRGYYRCSTSKGCLARK
QVERNRSDPGMFIVTYTAEHNHPM
SRPSSGEVVPSDLWAWRKYGQKPIKGSPYPRGYYRCSSSKGCSARK
QVERSRNDPNMLVITYTSEHNHPW
VHOQMTQEELSGDSWAWRKYGQKPIKGSPYPRNYYRCSTSKGCSAR
KQVERCPTDPNIFVVSYSGEHTHPR
VIQVTAEDLSSDKWAWRKYGQKPIKGSPYPRSYYRCSSSKGCLARK
QVEQSCKDPSIFIVTYTAEHSHSQ
CSGIGQEGPVDDGYNWRKYGQKDILGAIFPRSYYRCTHRYTQGCLA
TKQVQKSEEDSSIFEVTYKGRHSC
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Table 2.9. cont.

CrWRKY46

CrWRKY47

CrWRKY48

CrWRKY4-C

CrWRKY4-N

CrWRKY5-C

CrWRKY5-N

CrWRKY6-C

CrWRKY6-N

CrWRKY7-C

CrWRKY7-N

CrWRKY8-C

CrWRKY8-N

CrWRKY9-C

CrWRKY9-N

SSDNGLEGPSDDGYSWRKYGQKHILGAKYPRSYYRCTYRHIQNCW
VTKQVQRSDEDPTIFEITYRGAHTC
SPGTGLEGPLEDGYSWRKYGQKDILGAKYPRGYYRCTHRPVQGCLA
TKQVQRSDDDPTIFQITYRGRHTC
TWTQNSSTLIDDGYAWRKYGQKVILNADYPRNYFRCTHKFDQECQ
ATKQVQMIQENPPLYRTTYHGHHTC
VQTRSEVDLLDDGYKWRKYGQKVVKGNPHPRSYYRCTYAGCNVRK
HVERASTDAKAVVTTYEGKHNHDIP
VAAVALDKPADDGYNWRKYGQKLVKAKEHPRSYYKCTHLNCPVKK
KVERATDGHVAEITYKGQHNHEMPQ
VQTTSDIDILDDGYRWRKYGQKVVKGNPNPRSYYKCTYAGCPVRKH
VERASHDLRAVITTYEGKHNHDVP
SQYLREQRKSEDGYNWRKYGQKQVKGSENPRSYYKCTFPSCPTKKK
VERNLEGHITEIVYKGNHNHAKPQ
VQNTVDSEIIRDGFRWRKYGQKVVKGNPYPRSYYRCTSLKCNVRKY
VERTSEDPTAFITTYEGKHNHEMP
SHSTLGDRPSYDGYNWRKYGQKQVKGSEYPRSYYKCTHPNCPVKK
KVERSLDGQIAEIVYKGEHNHPKPQ
VQTTSEVDILDDGYRWRKYGQKVVKGNPNPRSYYKCTSAGCTVRK
HVERASHDLKSVITTYEGKHNHDVP
GDPNIGGAPAEDGYNWRKYGQKQVKGSEYPRSYYKCTHOQNCQVK
KKVERSQEGHITEIIYKGAHNHPKPP
VQTTSDIDILDDGYRWRKYGQKVVKGNPNPRSYYKCTSPGCPVRKH
VERASHDLRSVITTYEGKHNHDVP
QQTMSERRRAEDGYNWRKYGQKNVKGSENPRSYYKCTFPSCPTKK
KVERSVDGQITEIVYKGNHNHAKPQ
VQTMSEVDVINDCYRWRKYGQKLVKGNPNPRSYYRCSNSGCPVKK
HVERSSHDPKIVITTYEGKHDHEMP
VSPRIQEKALDDGYNWRKYGQKLVKGNVFVRSYYKCTYASCTSKKQ
VERSYDGRLTDIKYIGKHEHPKPQ
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Table 2.10. Orthologs and paralogs for Arabidopsis and Catharanthus WRKY. Orthologs were
identified using OrthoMCL. WRKYs in ‘red font” are jasmonate responsive, either according to the
literature or by my findings in this study. WRKY highlighted in light gray are TFs known to regulate
secondary metabolism in A. thaliana, Artemisia annua, C. rosues, Coptis japonica, Gossypium
arboreum, Hevea brasiliensis, Panax quinquefolius, and Taxus chinensis.

Catharanthus roseus Arabidopsis thaliana Other
CrWRKY1, CrWRKY48, CrWRKY52 AtWRKY54, AtWRKY70
CrWRKY2, CrWRKY3, CrWRKY4, AtWRKY20, AtWRKY33 CmWRKY1
CrWRKYS5, CrWRKY8, CrWRKY51
CrWRKY6 AtWRKY44
CrWRKY7 AtWRKY2
CrWRKY9, CrWRKY12 AtWRKY1
CrWRKY10 AtWRKY32
CrWRKY13, CrWRKY14, CrWRKY15 AtWRKY40 GaWRKY1
CrWRKY16, CrWRKY20 AtWRKY6, AtWRKY31, AtWRKY42 TcWRKY1
CrWRKY17, CrWRKY18 AtWRKY72
CrWRKY19 AtWRKY9
CrWRKY21, CrWRKY22, CrWRKY26, AtWRKYS8, AtWRKY12, AtWRKY23, HbWRKY1
CrWRKY27, CrWRKY29, CrWRKY33 AtWRKY28, AtWRKY48, AtWRKY51,
AtWRKY57, AtWRKY71
CrWRKY23, CrWRKY32 AtWRKY50
CrWRKY24 AtWRKY13
CrWRKY25 AtWRKY49
CrWRKY28 AtWRKY75 CjWRKY1
CrWRKY30, CrWRKY31 AtWRKY24, AtWRKY43, AtWRKY56
CrWRKY34, CrWRKY35 AtWRKY7 PqWRKY1
CrWRKY36 AtWRKY21
CrWRKY37 AtWRKY11, AtWRKY17
CrWRKY38 AtWRKY69
CrWRKY39 AtWRKY65
CrWRKY41, CrWRKY43 AtWRKY22, AtWRKY27
CrWRKY42 AtWRKY14, AtWRKY35
CrWRKY45, CrWRKY46, CrWRKY47 AtWRKY41, AtWRKY46, AtWRKY53 AaWRKY1
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Figure 2.1. Clustering analysis of Arabidopsis WRKY TF. Hierarchical cluster analysis of the
Arabidopsis WRKY TF family was performed using GenePattern. The clustering method was a
pairwise average linkage with distance measured using the Pearson correlation coefficient. Data
was log transformed. The median value was subtracted from each row. Color is based on global
expression with purple being up-regulated and green down-regulated.
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Amborella trichopoda

Oryz a sativa

Utricularia gibba

Solanum tuberosum

Solanum lycopersicum

Capsicum annuum

—— Rauwolfia serpentina
I Catharanthus roseus

Arabidopsis thaliana

Figure 2.2. Evolutionary relationship of Asterids used in this study. A phylogenetic tree showing
the taxonomic relationship of nine plant species. The species tree was computed using the NCBI
Common Tree then visualized with MEGAS software.
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Figure 2.3. Phylogenetic analysis of bladderwort, pepper, and serpentwood WRKY families. The
phylogenetic tree with A. thaliana (green square), A. trichopoda (purple triangle), C. annuum (teal
dot), O. sativa (blue diamond), R. serpentina (red dot), and U. gibba (gold square) was constructed
in MEGAS using the Neighbor-Joining method with P-distance substitution model and 2000

bootstraps. Proteins used as an outgroup are indicated by a black triangle. WRKY domain
alignment was performed with ClustalW.
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Figure 2.4. Phylogenetic analysis of potato and tomato WRKY families. The phylogenetic tree
with A. thaliana (green square), A. trichopoda (purple triangle), O. sativa (blue diamond), S.
lycopersicum (gold square), and S. tuberosum (red dot) was constructed in MEGAS using the
Neighbor-Joining method with P-distance substitution model and 2000 bootstraps. Proteins used
as an outgroup are indicated by a black triangle. WRKY domain alignment was performed with

ClustalWw.
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Figure 2.5. Phylogenetic tree of the Catharanthus WRKY family. The phylogenetic tree of C.
roseus (red dot), A. trichopoda (inverted purple triangle), A. thaliana (green square), and O. sativa
(blue diamond) was constructed using the Neighbor-Joining method with P-distance substitution
model, pairwise-deletion, and a bootstrap value of 2000. WRKY domain alignment was performed
with ClustalW. Proteins used as an outgroup are indicated by a teal triangle. WRKY TFs from six
additional medicinal species, A. annua (AaWRKY1), C. japonica (CjWRKY1), G. arboreum
(GaWRKY1), H. brasiliensis (HbWRKY1), P. quinquefolius (PQWRKY1), and T. chinensis (TCWRKY1),
were included. WRKY TFs involved in regulating secondary metabolism are indicated with a black
dot.
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CrWREKYZ23 FRTESQVEILDDGYEWREYGEREMVENSPNPRITTDAQLEDAPVERRVERDREEDPEYVITAYEGIHNHQGP 70
CaWREY1 FRTLSQIEILDDGYRKWREYGEKEMVENSPNPRNYYRCSVEGCPVERRVERDEEDSRYVITTYEGVHNHOGL 70
AtWRKYSO FETRSEVEVLDDGFF {VENSPHPRNYYK RVERDRDDPSFVITTYEGSHNHSSM 70
AtWREYS1 VENNINERNY ERDGDDAAYVITTYEGVHNHESL 70
NtWREY12 VESNTNPRNY ERDGNDSSYLI YEGRHNHESP 70
AtWREKYSS YEGRHNHPSP 70

ITGSPFPRHYHK ERDTNNPDYIL

Figure 2.6. Phylogenetic relationship of WRKYGKK WRKYs. The phylogenetic relationship and
alignment of CrWRKY23 to other WRKYGKK containing WRKY transcription factors. A. The
phylogenetic tree was constructed in MEGAS using the Neighbor-Joining method with P-distance
substitution model, pairwise-deletion, and a bootstrap value of 2000. The tree is unrooted and
branch lengths drawn to scale to evolutionary distances. Alignment was performed using
Clustalw. B. Alignment of WRKY domain sequence was performed using ClustalW.
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Figure 2.7. Analysis of the Catharanthus group Il WRKY members. A) The phylogenetic
relationship and B) alignment of CrWRKY1 to other group Ill WRKY TFs. The phylogenetic tree was
constructed in MEGADS using the Neighbor-Joining method with P-distance substitution model and
a bootstrap value of 2000. WRKY domain alignment was performed with ClustalW. B. Alignment
of the closest related rice WRKY genes and Catharanthus group Ill WRKYs was performed using
ClustalWw.
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Figure 2.8. Gene expression of Catharanthus WRKY TFs in response to JA. Quantitative reverse-
transcription PCR (gqRT-PCR) for quantification of gene expression was performed on mature
Catharanthus plants. Three whole plants were combined for each biological replicate. Each time
point consisted of three biological replicates. Three technical replicates were measured per time
point sample. A. Expression of Catharanthus JAZ2 transcripts were determined in after 0, 1, 2, or
4 hours of JA treatment. B. Expression of the TIA biosynthetic genes G10H, TDC, and STR. C-D.
Expression of 16 Catharanthus WRKY transcription factors in response to 0, 1, 2, and 4 hours of
JA treatment. Significant and highly significant, p-value<0.05 or 0.01 respectively, changes in gene
expression were determined using a Student’s T-test.
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Figure 2.9. Clustering analysis of Catharanthus WRKYs. A. Pearson correlation between fold
change of gRT-PCR expression and MPGR datasets for JA treated samples. Fold change for both
sets was calculated using the reference gene EFla as an internal control. B. Hierarchical cluster
analysis of MPGR transcriptome data for the CrWRKY TF family was performed using GenePattern.
The clustering method was a pairwise average linkage with distance measured using the Pearson
correlation coefficient. Data was log transformed. The median value was subtracted from each
row. Color is based on global expression with purple being up-regulated and green down-

regulated.
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Figure 2.10. Model for Catharanthus WRKY TFs regulation of TIAs. A model of WRKY TFs function
in Catharanthus based on expression data and known roles in A. thaliana. The model depicts
CrWRKYs which were either similar to a WRKY with a known role in regulating natural product
formation in another species or had transcript level differentially expressed in response to JA
treatment. Jasmonate has both positive and negative effects on CrWRKY transcript accumulation
which is possibly important for fine-tuning TIA and terpene biosynthetic gene expression. The
hormones abscisic acid (ABA), ethylene, and gibberellin (GA) also are likely important for

regulation of Catharanthus WRKYs. Solid lines depict known regulations and dashed lines indicate
hypothetical regulatory functions.

58



CHAPTER THREE: ORIGIN AND EVOLUTION OF JASMONATE SIGNALING

Abstract

Adaption from an aqueous to terrestrial environment was a milestone in plant evolution.
Jasmonate (JA) signaling is a key mediator of plant development and defense which arose during
this time. The charophyte, Klebsormidium flaccidum does not possess genes encoding key green-
plant JA signaling components, including COI1, JAZ, NINJA, MYC2, and the JAZ-interacting bHLH
factors, yet their orthologs are present in the moss, Physcomitrella patens. TIFY family genes
were found in charophyta and chlorophya algae, the first identified outside the embryophyte
linage. Early TIFYs possibly contributed to male reproductive development and later to food
storage for the embryo. JAZs evolved from ZIM genes of the TIFY family through changes to
several key amino acids. A molecular clock analysis suggested that the JA signaling cascade arose
in the last common ancestor of embryophytes during the early Ediacaran to late Cambrian
periods, between 628 and 491 million years ago. This Cambrian Explosion era is known for rapid
animal diversification. | propose that increased predation from the explosion of fauna drove
improvements in male reproduction. The subsequent evolution of ZIM into JAZ repressors, along
with acquisitions of other JA signaling components, additional hormone networks, and defensive
mechanisms, potentially allowed plants to explore and colonize a new terrestrial niche.
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Introduction

Aquatic and terrestrial plants are periodically exposed to a variety of environmental
stress. In the oceans, tidal fluctuations expose certain algal species to daily desiccation and
predation. Algal species in inland freshwater bodies are also subject to similar stresses due to
water fluctuations as a result of seasonal and annual variations in rainfall. Furthermore,
meteorological phenomenon (e.g. wind) on freshwater bodies can drift algae ashore, exposing
them to additional stress, such as drought, extreme sunlight, and new diseases. How
Viridiplantae, also known as the green lineage or plants, evolved to tolerate stress is poorly
understood. The kingdom Viridiplantae is comprised of highly diverse photosynthetic members
belonging to the phyla Chlorophyta, Charophyta, and Embryophyta (land plants). Charophytes
are mostly freshwater algae species that form six classes: Chlorokybophyceae, Charophyceae,
Coleochaetophyceae, Klebsormidiophyceae, Mesostigmatophyceae, and Zygnematophyceae.
Contrary to early findings (Karol et al., 2001; Finet et al., 2010), recent evidence suggests that the
Zygnematophyceae are the direct ancestors of embryophytes (Wickett et al., 2014).
Zygnematophyceae are unicellular, flagella-less, mostly freshwater algae that form short chain
filamentous or small colonies and reproduce by conjugation (McCourt et al.,, 2004). During
transition from water to land, early embryophyte ancestors developed adoptive features that
include resistance to stress, such as desiccation, and support structures (Karol et al., 2001).
Elucidating the development of stress tolerance is, therefore, a key component of understanding
land plant evolution.

The objective of this study was to initiate the process to clarify the evolutionary path of
JA signaling. | sought to provide initial evidence into the origin and early functions of the
biologically important JA pathway, including how, when, where, and why it evolved. | determined
that K. flaccidum has orthologs of MED25 and TPL, but not COI1, JAZ, MYC2, or NINJA. However,
these key JA pathway constituents are present in moss. Importantly, | identified the ZIM ZnF-
GATA factors as the first TIFY family member which appeared outside the Embryophyta. Based
on gene expression across plant genera | found early ZIM TFs probably regulated male
reproductive structure development. Comparison of ZIM TFs to JAZ repressors revealed key
sequence changes required for formation of the JAS domain. My results, combined with a
molecular clock analysis suggest that core JA signaling occurred in the last common ancestor of
embryophytes, which arose in the early Ediacaran to late Cambrian, between 628 and 491 million
years ago. | propose that the JA signaling cascade initially evolved to fine-tune regulation of male
reproductive development. Continued predation from herbivores during the Cambrian Explosion
likely drafted JA signaling into regulating stress tolerance and may have driven aquatic plants to
search for new predator free niches, including land.

Results
COI1 and TIR1 Originate from a Single F-Box Protein during Land Plant Colonization

Recently, Wang et al. (2015) proposed that two F-box proteins, TIR1 and COI1, involved
in auxin and JA signaling, respectively, derived from the same gene during the charophyte to
embryophyte transition. They suggested kfl00028 0560 and kfl00434_0030 as a pair of genes
ancestral to COI1 and TIR1, respectively. BLAST results to the K. flaccidum genome returned
kfl00028_0560 as the top hit for COI1 and TIR1 (E-value: 7e-12 and 6e-10, respectively). Further
inspection with the NCBI conserved domain database (CDD) showed that kfl00028_0560 lacks an
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F-box sequence. Alternatively, kfl00434 0030 contains a partial F-box sequence but was the
second best BLAST hit for COI1 (E-value: 3e-08) and fourth for TIR1 (E-value: 8e-08; proceeded by
kfl00290_0040 and kfl00508_0080, E-values: 8e-09 and 1e-08, respectively). Furthermore, a
BLAST search in the NCBI database for the COI1 gene in the charophyte lineages Charophyceae,
Chlorokybophyceae, Coleochaetophyceae, Klebsormidiophyceae, Mesostigmatophyceae, and
Zygnematophyceae did not result in any hits with more than 5% sequence coverage and an E-
value <0.1. Therefore, | suspected that kfl00028 0560 and kfl00434_0030 were mistakenly
identified as ancestral sequences due to solely relying on the BLAST hits and the exclusion of
additional K. flaccidum family members from the phylogenetic analyses.

COI1 contain both an F-box and AMN1 superfamily domains. To further investigate the
origin of the AtCOI1 receptor | constructed phylogenetic trees using the AMN1 superfamily. The
AMN1 superfamily was utilized as the F-box family is excessively large for multi-species
comparisons. Additionally, the previously proposed COI1, kfl00028 0560, does not contain an F-
box domain. |1 used AMN1 members from the charophyte K. flaccidum, the bryophyte P. patens,
the lycophyte Selaginella moellendorffii (spikemoss), the gymnosperm Picea abies (spruce), the
basal angiosperm Amborella trichopoda (Amborella), and the model dicot Arabidopsis thaliana
(Arabidopsis) to reconstruct the evolutionary history of COI1. Topology of maximum likelihood
(ML), maximum parsimony (MP), minimum evolution (ME), and neighbor-joining (NJ) consistently
grouped AtCOI1 and AtTIR1 in sister clades (Figure 3.1, Figure 3.2, Figure 3.3, and Figure 3.4).
Identification of an ancestral K. flaccidum COI1 was inconsistent between trees. ME and NJ trees
placed kfl00020_0460 and kfl00101_0280 as ancestral to AtCOI1 and AtTIR1; however, MP
identified Kfl00834_0040 as the potential ancestral sequence (Figure 3.2, Figure 3.3, and Figure
3.4). The ML tree did not identify a discernible COI1 ancestral gene (Figure 3.1). These results
indicate a true ancestral COI1 sequence is not present in K. flaccidum. In contrast, kfl00028 0560
consistently clustered basal to Arabidopsis At5g27920 and At5g01720, one moss, six Spikemoss,
four spruce, and two Amborella AMN1 proteins (Figure 3.1A, Figure 3.2, Figure 3.3, and Figure
3.4). Grouping of the AMN1 genes using OrthoMCL, a program for predicting orthologs, did not
cluster any K. flaccidum sequence with COI1 or TIR1 (Table 3.1). Importantly, proteins for both
COI1 and TIR1 are present in the moss (Figure 3.1; Wang et al., 2015), suggesting the origin of
these receptors occurred late during the evolution of charophytes.

To further eliminate the possibility of a COI1 in K. flaccidum 1 aligned the sequences
proposed by the phylogenetic trees and the BLAST search with the authentic AtCOI1. Asthe auxin
receptor TIR1 is closely related to and could potentially be the progenitor of COI1, it was included
in the alignment. Alignment of AtCOI1, AtTIR1, At5g01720, kfl00020_0460, kfl00028_0560,
kfl00101_0280, and kfl00834_0040 revealed few conserved JA binding amino acid residues in the
K. flaccidum sequences (Figure 3.5). AtCOI1 contains three key loops necessary for jasmonate
and JAZ binding (Sheard et al., 2010). In K. flaccidum, all loop regions, JA-Isoleucine binding sites,
or JAZ interacting residues display limited, if any, similarity to the AtCOI1 sequence.

Structural comparisons of protein may indicate similarities not noticeable by amino acid
sequence alignments. Proteins structures were modeled using the PHYRE2. PHYRE2 uses a
homology based approach to devise the structure of a query sequence using structural data of
known proteins and domains. The TM-Score algorithm calculates the structural similarity
between proteins; scores < 0.17 indicate random structural similarity whereas values >0.5 are
considered to have similar folds (Xu and Zhang, 2010). Structural comparisons using indicated
AtCOI1 and AtTIR1 possess a similar fold, TM-score of 0.36 (Figure 3.1B). Supporting the
phylogenetic relationship, kfl00028 0560 was more structurally similar to At5g01720 than
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AtCOI1. Kfl00101 0280 was also more similar structurally to At5g01720. In contrast,
kfl00020_0460 showed lower structural similarity to the three Arabidopsis proteins. Despite the
close phylogenetic relationship in ME and NJ trees, kfl00020_0460 and kfl00101_0280 were
structurally different. Kfl00834_0040 showed reasonable structural similarity to AtTIR1.
Collectively, the incorrect BLAST hits, inconsistent phylogenetic relationships, and structural
differences suggest a functional COI1 ortholog does not exist in K. flaccidum.

Identification of Charophyte Algae TIFY Proteins

The TIFY family contains the key jasmonate signaling regulators JAZ. To date, TIFY
proteins have not been identified in any algal species, and thus the origin of JAZ factors remains
elusive. | identified a TIFY protein in K. flaccidum, kfl00064_0080. Using the K. flaccidum DNA
sequence, a search for other charophyte TIFYs identified one from Chaetosphaeridium globosum
(Coleochaetophyceae), another from Spirogyra pratensis (Zygnematophyceae), and two closely
related genes from Nitella mirabilis (Charophyceae). The two N. mirabilis proteins (JV811897.1
and Jv811898.1), distinguished by a WMGCDLQVV insertion in the C-terminal end of JV811897.1,
are likely encoded by alleles of the same gene. No hits were retrieved for the Chlorokybophyceae
or Mesostigmatophyceae. The only hit in the Klebsormidiophyceae belonged to the K. flaccidum
gene. Interestingly, a BLAST search of Chlorophyta in the NCBI database identified a Tetraselmis
subcordiformis and two other Tetraselmis sp. TIFY proteins. No TIFY proteins could be identified
in the genomes of Bathycoccus prasinos, Chlamydomonas reinhardtii, Chlorella variabilis,
Coccomyxa subellipsoidea, Micromonas pusilla CCMP1545, Micromonas pusilla RCC299,
Ostreococcus lucimarinus, Ostreococcus tauri, or Volvox carteri. These sequences represent the
first algal TIFY factors which can be further utilized to understand the evolution of the TIFY family
in plants.

The Charophyte TIFY proteins Are ZIM Factors

The TIFY family is divided into four subfamilies, ZIM, TIFY, PPD, and JAZ (Bai et al., 2011).
| surmised the algae TIFYs were the founding members of the family. To determine which
subfamily originated first | investigated the domains present in the charophyte TIFY proteins. |
identified complete TIFY, CCT, and Zn-GATA domains in the K. flaccidum, M. polymorpha, N.
mirabilis, and S. pratensis proteins (Figure 3.6). The Zn-GATA domain identifies the charophyte
TIFY proteins as ZINC-FINGER PROTEIN EXPRESSED IN INFLORESCENCE MERISTEM - LIKE (ZIM)
factors, which | subsequently named KfZIM, NmZIM (JV811898.1), and SpZIM. The TIFY protein
from C. globosum also contained a CCT domain, but as it was incomplete | cannot exclude the
possibility of a missing C-terminal Zn-GATA domain. KfZIM was BLAST searched in NCBI for related
sequences. | identified a similar TIFY protein from the liverwort Marchantia polymorpha
(AY603044.1, E-value: 4e-70) and the moss Pohlia nutans (E-value: 3e-23). Analysis of these
proteins also revealed TIFY, CCT, and Zn-GATA domains, indicating they are also ZIM factors which
| named MpZIM and PnZIM. Four, four, two, and three ZIM factors were found in moss,
spikemoss, Amborella, and Arabidopsis, respectively (Figure 3.7). No ZIMs occurred in the spruce;
however, it contained numerous putative JAZ factors. A total of nine moss, six spikemoss, 46
spruce, six Amborella, and 12 Arabidopsis JAZ proteins were identified. Possible evidence for
diversification after divergence was found as separate mono-species clades for multiple moss,
spikemoss, and spruce JAZ proteins. Furthermore, multiple spruce factors only containing a TIFY
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domain clustered with JAZ members. Moss, spikemoss, spruce, Amborella, and Arabidopsis
possess three, five, two, one and one TIFY subfamily members, respectively. There were only two
Arabidopsis and four spikemoss PPD subfamily members.

Structural comparisons indicated that AtPPD1 folding resembled that of AtZML2 and
AtJAZ1. AtTIFY8 folding was also similar to AtJAZ1. A comparison of algal KfZIM, NmZIM, and
SpZIM proteins to Arabidopsis TIFY factors indicated greater structural similarity with AtZML2
(Table 3.2). In contrast, the Chlorophyte alga TsZIM displayed greater structural similarity to JAZ1
and MpZIM. The best match for MpZIM to Arabidopsis factors was AtTIFYS, albeit the structural
similarity is low. MpZIM was most similar to the modeled TsZIM structure. SpZIM and NmZIM
had a similar folding structure to the earlier charophyte factor, KfZIM. Collectively, the results
indicate charophyte TIFYs are ZIM proteins.

Origin of the CCT and ZnF-GATA Domains of ZIM Factors

It is possible the ZIM family originated in plants to fulfill the function of these factors. To
identify the potential original function of ZIM proteins | conducted a BLAST search excluding the
Viridiplantae. The top 10 hits resulted in a blue light receptor from Trichoderma reesei, cutinases
from Cryptococcus gattii and Mucor ambiguus, and WHITE COLLAR 2 (WC2) proteins from
Cryptococcus gattii, Phycomyces blakesleeanus, and Phaeosphaeria avenaria (Figure 3.8A). As
ZIM functions in plant light signaling (Shikata et al., 2004) | considered the WC2 proteins as a
possible ancestral gene. White collar proteins, involved in fungal light signaling (Linden and
Macino, 1997; Talora et al., 1999), are Zn-GATA factors akin to ZIMs (Teakle and Gilmartin, 1998).
Alignment of KfZIM with C. gattii WC2 revealed some homology between the sequences (13.1%
identity and 20.5% similarity), most notably between domains and within the Zn-GATA DNA
binding motif (Figure 3.8B). The unrooted phylogenetic tree placed WC2 proteins basal to ZIM
factors (Figure 3.8). Modeled KfZIM and CgWC2 structures were compared, but displayed limited
similarity (TM-score = 0.1651). To determine if WC2 factors were the authentic progenitors of
ZIM factors | constructed the evolutionary history of the ZnF-GATA family with a phylogenetic tree
of 16 moss, 14 K. flaccidum, 9 B. prasinos, 17 C. reinhardtii, 11 C. variabilis, 7 C. subellipsoidea, 9
M. pusilla CCMP1545, 8 M. pusilla RCC299, 10 O. lucimarinus, 5 O. tauri, 10 V. carteri, 7 red alga
Cyanidioschyzon merolae, and 1 glaucophyte Cyanophora paradoxa GATA TFs along with 5 WC2
and 4 WC1 factors. The one ZnF-GATA TF identified in the ancient C. paradoxa lineage, and was
used to root the tree (Figure 3.9 and Figure 3.10). Interestingly, the C. paradox protein had
characteristics intermediate to type IVa and type IVb GATA TFs as it contains a Cx,Cx17Cx,C motif,
but shares more conserved residues with fungal type Vb factors. ZIMs contain a Cx,Cx20Cx,C
domain and appear to have separated early from other type IVb factors (Shikata et al., 2004).
Consistent with these finding, algal ZnF-GATAs contained anywhere from 16 (e.g. Bathy16g00780)
to 47 amino acids (CmaCMK203C) between the conserved Cysteine pairs, although most
contained 18 residues. Several algae were also found to contain several ZnF-GATA factors with a
Cx2Cx17Cx2C domain (Bathy16g02130 and kfl01232_0020) found in animals (Teakle and Gilmartin,
1998), which was hitherto unreported in plants. Analysis of the ZnF-GATA family indicated that
WC2 were not the ancestor to ZIM TF. The low similarity of ZIM and WC2 proteins was due to a
shared, albeit distinctly different, ZnF-GATA domain. Despite inconsistent topologies of trees due
to limited sequences for early green algae, ZIMs cluster with the prasinophyte genes
Bathy02g02870, Mic59665, and Olu25644 (Figure 3.9 and Figure 3.10). These prasinophyte
sequences contain a Cx2Cx20Cx,C motif, consistent with the charophyte ZIM TFs. Collectively,
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these data indicate that ZnF-GATA domain of ZIM TFs diverged from traditional GATA sequences
early during plant evolution, at least prior to the Klebsormidiophyceae lineage, but potentially as
far back as the last common ancestor of all Viridiplantae.

To determine the origin of the ZIM TFs CCT domain | constructed a phylogenetic tree of
the CCT superfamilies from 39 Arabidopsis, 29 moss, 7 K. flaccidum, 5 B. prasinos, 8 C. reinhardtii,
4 C. variabilis, 5 C. subellipsoidea, 3 M. pusilla CCMP1545, 4 M. pusilla RCC299, 5 O. lucimarinus,
4 0. tauri, 5 V. carteri, and 3 C. merolae members. No proteins with a CCT domain were found in
C. paradoxa. Both ML and ME trees clustered the same chlorophyte algae sequences with ZIM
factors (Figure 3.11). The algae sequences present with ZIMs were a B. prasinos (Bathy10g03140),
two C. reinhardtii (Cre01.g066750.t1.2 and Cre06.g278200.t1.2), a M. pusilla CCMP1545
(MicC56149), a M. pusilla RCC299 (Mic63995), an O. lucimarinus (Olu33434), an O. tauri
(Ota34685), and three from V. carteri (Vc86975, Vc100325, and Vc102923). Another Arabidopsis
protein, ASML2, also clustered with ZIM fators, suggesting it also originated from the same
ancestral CCT domain. These results suggest that the CCT domain found in ZIM factors likely
originated in the last common ancestor of the Viridiplantae.

To determine conserved changes involved in the evolution of the CCT into a JAS/CCT_2
domain | constructed a logo for each type of motif. CCT and JAS domains differ in several key
residues; notably, at positions 1, 5, 12, 21, 22, 23, 24, and 25 (Figure 3.12). Position 1 in the CCT
domain possessed several residues, but in JAS this location is an obligate proline. In ZIMs, position
5 was principally occupied by a leucine; however, in a bryophyte, a lycophyte, and a gymnosperm,
this residue was a conserved lysine (Figure 3.12B and C). Only in angiosperms does position 5 also
include a possible arginine residue at this site. A noticeable change in the transition from CCT to
JAS domain was the conversion of an obligate arginine to a conserved leucine at position 12. The
JAS domain lost conserved aspartate, lysine, lysine, and isoleucine residues at positions 21, 22,
23, and 24, respectively. An obligate tyrosine exists at position 26 in ZIMs and 27 in JAS. The
residue prior to this tyrosine changed from an obligate arginine in ZIMs to a conserved proline in
JAS domains. The pattern of residues for the JAS domain was similar across moss, spikemoss,
spruce, and angiosperms (Figure 3.12C).

Only a remnant of the CCT lysine at position 22 could still be recognized in the moss and
spikemoss JAS domain web logo. To further investigate if all features of JAS domains were present
by the evolutionary arrival of embryophytes, | aligned moss and spikemoss JAZ proteins (Figure
3.12D). Three of the six moss JAZs lacked the C-terminal region; however, the other three factors
(PpJAZ1, PpJAZ2, and PpJAZ3) contained all the unique JAS residues including the conserved
proline and tyrosine. Notably, all of the spikemoss JAZ proteins lack the last two conserved
residues. In contrast, only three of the 30 spruce JAZ factors had an incomplete JAS domain. Of
all the 43 angiosperm sequences investigate, only StJAZ5 lacked a complete JAS domain. These
results indicate key residue changes as the JAS domain probably evolved in the last common
ancestor to all embryophytes.

Plant ZIMs Are Abundantly Expressed in Mature Male Reproductive Structures and Maturing Seeds

The CCT domain of ZIM factors was first identified in the photoperiodic light signaling
genes TIMING OF CAB EXPRESSION1 (TOC1) and CONSTANS (CO). Intriguingly, AtZIM also has a
known role in light signaling (Nishii et al., 2000; Robson et al., 2001). To investigate the possibility
of a retained ZIM response to light | utilized expression data from eFP Browser (Winter et al.,
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2007). Arabidopsis ZIM, ZML1, and ZML2 were slightly upregulated to four hours of blue, red, far-
red, and white light compared to a dark treated control (Figure 3.13).

BLAST result annotates MpZIM factor as a male specific factor. To elucidate the possible
evolutionarily conserved function of ZIM proteins in flowering | analyzed expression data for these
factors in 10 plant species, including seven dicots [Arabidopsis, Glycine max (soybean), Populus
trichocarpa (poplar), Solanum lycopersicum (tomato), S. pennellii, S. pimpinellifolium, S.
tuberosum (potato)] and three monocots [Hordeum vulgare (barley), Oryza sativa (rice), and Zea
mays (maize)]. Analyses of expression throughout plant development consistently revealed
elevated levels of ZIM factors in plant leaves (Figure 3.13 and Figure 3.14). Six species
(Arabidopsis, barley, maize, poplar, potato, and rice) had expression data publicly available for
male reproductive tissues. Importantly, Arabidopsis, barley, maize, poplar, and rice displayed, for
at least one ZIM factor, elevated levels of expression in male reproductive structures. Expression
in Arabidopsis, illustrated that AtZIM was highly expressed in mature pollen (Figure 3.13).
Monocots consistently showed the greatest expression of ZIMs in anthers (Figure 3.14).
Arabidopsis, potato, tomato, S. pennellii, and S. pimpinellifolium all exhibited increased ZIM
expression as seed or fruit maturation progressed. Similarly, maize and rice both displayed
elevated expression of ZIMs in seed endosperm. ZIMs; therefore, may have evolved an early role
in regulating male reproductive maturity and seed maturation.

It has been proposed that JA signaling, along with other hormones, evolved to allow
plants to cope with new stresses from living on land (Wang et al., 2015). As the transition of plants
from water to land and subsequent exposure to new stresses correlates with the expansion of the
TIFY family | investigated the expression of ZIM factors in response to abiotic and biotic factors.
Microarrays for Arabidopsis and potato include responses to various plant hormones and stress
conditions. Both Arabidopsis and potato ZIMs responded to osmotic stress with mannitol (Figure
3.15). Potato ZIMs displayed some response to salt and heat treatment (Figure 3.15A).
Arabidopsis ZIM TFs also showed some response to heat and UV stress. Neither Arabidopsis nor
potato ZIM TFs responded strongly to hormone treatment. Collectively, my findings suggest that
ZIMs may have had a limited role in hormone signaling and response to stress.

Group llIb, Ilid, llle, and IlIf bHLH Are Absent from the Genome of the Charophyte Alga K. flaccidum

In the study by Wang et al. (2015), BLAST results proposed orthologs of MYC2 in K.
flaccidum. BLAST hits in large TF families may incorrectly identify putative orthologs due to
similarity of conserved DNA-binding regions while sequentially and structurally diverse in non-
binding regions differ. To clarify whether an ortholog of MYC2 exists within charophytes |
constructed a phylogenetic tree of the bHLH family from K. flaccidum, moss, spikemoss, spruce,
Amborella, and Arabidopsis. Members of the bHLH family were identified in each species using
PlantTFcat (Dai et al., 2013). | ascertained one C. merolae, 12 K. flaccidum, 113 moss, 56
spikemoss, 195 spruce, 91 Amborella, and 162 Arabidopsis bHLH domain containing TFs. Putative
orthologs groups were identified with OrthoMCL. No K. flaccidum orthologs were found for MYC2
or other group llle bHLH TF. Surprisingly, no MYC2 ortholog was detected in spikemoss. A
phylogenetic tree was constructed to further investigate the possibility of a KIMYC2 factor (Figure
3.16). Supporting the OrthoMCL predictions, MYC2 orthologs occurred only in moss, spruce,
Amborella, and Arabidopsis, but not K. flaccidum or spikemoss.
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JAZ proteins directly interact with the Arabidopsis group lllb, llid, IlIf bHLH factors (Qi et
al.,, 2011; Hu et al., 2013; Qi et al., 2015). No group llIf TFs (GL3, EGL3, or TT8) were identified in
K. flaccidum, but occur in moss, spikemoss, spruce, Amborella, and Arabidopsis. Similarly,
orthologs of the group Illb INDUCER OF CBF EXPRESSION 1 (ICE1) and ICE2, positive regulators of
cold tolerance and stomatal development (Kanaoka et al., 2008; Hu et al., 2013), do not exist in
K. flaccidum. In Arabidopsis, four JASMONATE-ASSOCIATED MYC2-LIKE (JAM) factors are group
Illd bHLHs which repress JA signaling (Sasaki-Sekimoto et al., 2013; Qi et al., 2015). These analyses
indicate orthologs of JAMs first appeared in the gymnosperm spruce. Overall, | did not find
orthologs of repressive JAM bHLH TFs or group llib, llle, llIf activators in K. flaccidum.

The Evolution of NINJA and the VICH Domain

JAZ proteins interact with the C-terminal end of NINJA which then recruits TPL via its N-
terminal ethylene-responsive element binding factor-associated amphiphilic repression (EAR)
motif (Pauwels et al., 2010). NINJA contains the C-terminal end of a domain of unknown function,
DUF1675; henceforth | call VICH after the conserved residues, localized to the region interacting
with JAZ (Figure 3.17). lidentified 2 K. flaccidum, 2 moss, 4 spikemaoss, 3 spruce, 3 Amborella, and
6 Arabidopsis VICH domain containing factors. No VICH domain proteins were found in
chlorophyte algae B. prasinos, C. reinhardltii, C. variabilis, C. subellipsoidea, M. pusilla CCMP1545,
M. pusilla RCC299, O. lucimarinus, O. tauri, V. carteri, the rhodophyte C. merolae, or the
glaucophyte C. paradoxa. The K. flaccidum kfl00432_0070 and kfl00088_0230 both had
incomplete domains lacking the C-terminal conserved VICH residues. Phylogenetic analyses
grouped Ppls336_28V6, Ppls257_112V6, Smo402278, Smo439999, MA_10435900g0010, and
Atr00056.20 as part of the AtNINJA clade, which | termed CI (Figure 3.17C). The remaining VICH
proteins formed a second clade, called Cll. Unrooted phylogenetic trees grouped both K.
flaccidum basal to the Cl and CIl. As the key function of NINJA is to connect JAZ to TPL | searched
for EAR motifs in each of the sequences. EAR motifs occur in two primary forms, as LxLxL or
DLNxxP; only the former type was identified in VICH domain proteins. Except for Pp1s257_112V6,
all CI NINJA orthologs had a single EAR motif in the N-terminal end of the protein. All Cll members,
excluding Atr00154.36, also possessed a single EAR motif towards the N-terminal end of the
sequence. However, Smo439999 and Smo446487 each contained two EAR motifs both localized
to the N-terminus of the proteins. Kfl00432_ 0070 contained three EAR motifs localized towards
the center of the protein; in contrast, kfl00088_ 0230 did not possess any. These results suggest
that NINJA proteins arose in an early embryophyte from a predecessor VICH domain that first
appeared in a charophyte alga.

Identification of the Corepressor TOPLESS in Charophyte Algae

Arabidopsis TPL belongs to the Groucho/TUP1 transcription corepressor family (Liu and
Karmarkar, 2008; Causier et al., 2012), and interacts with NINJA to repress JA response (Pauwels
et al., 2010). TPL family members contain a conserved Lissencephaly type 1-like homology (LisH),
a domain C-terminal adjacent to LisH (CTLH), and WD40 motif (Liu and Karmarkar, 2008). As the
WD40 family is large, >200 members in each Arabidopsis, C. paradoxa, and K. flaccidum | focused
on the LisH domain. To determine if a true ortholog of TPL exists in K. flaccidum | constructed a
phylogenetic tree with 12 moss, 17 spikemoss, 14 spruce, 10 Amborella, 17 Arabidopsis, 6 K.
flaccidum, 3 C. merolae and 2 C. paradoxa LisH families (Figure 3.18 and Figure 3.19). One clade
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contained TPL factors from each embryophyte species. Towards the base of this clade was the K.
flaccidum sequence kfl00881 0020, suggesting the presence of a TPL ortholog in this algal species.
No TPL type factors occurred in C. paradoxa, C. merolae or any chlorophyte algae. These findings
were supported by the OrthoMCL placement of kfl00881_0020 in the same group with TPL and
TPR factors (Table 3.3). Additionally, | identified Kfl01154_0010 as the K. flaccidum ortholog of
the LUENIG corepressor group. These findings indicate that TPL factors arose in streptophytes
prior to K. flaccidum but post divergence from the chlorophytes.

In addition to NINJA, the repressor TPL interacts directly with JAZ proteins containing an
EAR motif. | sought to determine when the EAR motif occurred in JAZ factors as an alternative
mechanism for regulation of JA response. | identified EAR motifs in four Arabidopsis, one
Amborella, six spruce, and eight spikemoss JAZ proteins (Table 3.4). Additionally, | found EAR
motifs in two moss and three spruce TIFY factors, as well as one spikemoss peapod gene, SmPPD3.
The only ZIM TF to contain an EAR motif was from S. pratensis. SmJAZ5, SmJAZ7, and SmPPD3
each possessed two EAR motifs. In angiosperms, the EAR motif was located towards the N- or C-
terminal end of JAZ proteins. In contrast, moss, spikemoss, and spruce EAR motifs predominantly
localized to the middle of proteins. All factors identified contained the LxLxL type EAR motif.
PaJAZ1, PaJAZ4, and PaTIFY12 each contained a combination of the two EAR motifs. Most EAR
motifs occurred prior to the TIFY domain, with only a few located after the CCT domain. In dual
EAR factors SmJAZ5 and SmJAZ7, one motif occurred before the TIFY domain and the other after
the CCT region. Both EAR motifs of SmPPD3 were present prior to the TIFY domain. In SmJAZ3
and SmJAZ4 the EAR motif was positioned between the TIFY and CCT domains. In the SpZIM TF,
the EAR motif overlapped with the TIFY domain. Collectively, these results suggest that an LxLxL
type EAR motif was preferentially located prior to the TIFY domain in the middle of proteins in
early embryophytes, but later situated towards the ends of angiosperm JAZ factors.

MEDIATOR OF RNA POLYMERASE SUBUNIT 25 Is Present in a Charophyte Genome

The ACID domain of MED25 interacts with MYC2 to regulate JA signaling (Cevik et al.,
2012; Chen et al., 2012). In plants, MED25 has only been identified in embryophytes (Mathur et
al., 2011); thus, to further evaluate the origin of JA signaling | sought to determine if MED25 is
present in a charophyte genome. A BLAST search in K. flaccidum of the characterized Arabidopsis
MED25 identified one putative ortholog, kfl00621_0040 (E-value: 2e-38). A reciprocal BLAST
search of kfl00621 0040 in Arabidopsis best matched to AtMED25 (E-value: 4e-21). Alignment of
the KFMED25 and AtMED25 peptides found 31.4% similarity, 20.4% identity, and 40.3% gaps
between the sequences (Figure 3.20A). As low similarity exists between plant, animal, and fungal
Mediator subunits (Backstrom et al., 2007), | compared KFMED25 to the evolutionary closer moss
MED25. Two genes have been reported to encode MED25 in moss (Mathur et al., 2011). BLAST
of the moss genome with AtMED25 identified Pp1s233 _16V6 and Phpat.025G010600/
Pp1s233_44V6 as potential orthologs (E-values: 3.5e-52 and 8.1e-31, respectively). Both genes
contain avon Willebrand domain, but only Pp1s233_16V6 possessed the ACID domain. Alignment
of the K. flaccidum, Arabidopsis, and moss MED25 peptides revealed that KIMED25 also possessed
a von Willebrand (vW) and ACID domains (Figure 3.20). Notably, KFMED25 lacks the glutamine
rich C-terminal region found in AtMED25, and to a lesser extent PpMED25.

| sought to further determine when MED25 was acquired by the Viridiplantae lineage.
BLAST searches of KIMED25 and AtMED25 in NCBI returned a complete Araucaria cunninghamii
(gymnosperm), as well as putative MED25 factors in the chlorophytes Auxenochlorella
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protothecoides (XP_011401634.1), C. subellipsoidea (XP_005645244.1), Monoraphidium
neglectum (XP_013895617.1), Tetraselmis sp. GSLO18 (JAC70819.1), and V. carteri
(XP_002953330.1). Searching sequence algal genomes for the conserved vW domain | identified
putative MED25s from C. reinhardetii, C. subellipsoidea, and V. carteri. ldentical sequences from
C. subellipsoidea and V. carteri were identified by both methods. No MED25 sequences were
found in B. prasinos, C. variabilis, M. pusilla CCMP1545, M. pusilla RCC299, O. lucimarinus, O.
tauri, the red algae C. merolae, Chondrus crispus, Galdieria sulphuraria, or the glaucophyte C.
paradoxa. Delineation of embryophyte vW domains revealed two moss, four spikemoss, one
spruce, one Amborella, and the one annotated Arabidopsis MED25 proteins. Three amoebozoa
species contained Dictyostelium discoideum, Dictyostelium purpureum, and Polysphondylium
pallidum. A phylogenetic tree was constructed using the 18 identified MED25 sequences (Figure
3.20B). The tree was rooted with the opisthokont MED25 from D. discoideum. Sequences
clustered similar to that of the species tree (Figure 3.20C), suggesting | identified bona fide algal
MED25 orthologs. Therefore, the results suggest that MED25 probably occurred in the last
common ancestor of all plants, but was subsequently lost from certain algae clades (i.e.
Mamiellaceae).

Development of the JA Signaling Pathway during the Ediacaran and Cambrian Periods

Current fossils suggest the presence of early land plants 475 million years ago (MYA), but
paleobotanical evidence for the origin of charophytes is severely limited (Wellman et al., 2003).
Molecular clock analyses of gene sequences can be utilized to overcome limitations of the fossil
record and identify times of divergence. To determine the evolutionary history of charophytes
and when JA signaling was acquired | conducted a molecular clock analysis. Small rRNA subunits
(16S) for 98 Unikont-Ophistokont, Glaucophyta, Chlorophyta, and Streptophyta sequences were
used to reconstruct the Viridiplantae evolutionary history. Rhodophyta were excluded based on
clustering with Unikont-Ophistokont sequences, inconsistent with the generally accepted history
of plant evolution. The ML tree was rooted with the cluster of Unikont-Ophistokont sequences.
A general time reversible model was applied to the ML tree to calculate divergence times. The
TimeTree database indicates a divergence time of 150 MYA (median of 33 studies) between
monocots and dicots, and this value was used to calibrate the molecular clock. With my molecular
clock analysis, the appearance of glaucophytes was estimated at 1300 MYA (Figure 8). The
divergence of Streptophyta and Chlorophya from the last common ancestor of all plants probably
occurred approximately 1076 MYA. Approximately 746 MYA the Mesostigmatophyceae-
Chlorokybophyceae groups diverged from other Charophyta during the middle Cryogenian
period. In my tree, no clear charophyte sister group to embryophytes was identified. The
Charophyceae grouped independently of a Klebsormidiophyceae- Coleochaetophyceae-
Zygnematophyceae clade. Within the Ilatter clade, the Klebsormidiophyceae,
Coleochaetophyceae, and Zygnematophyceae split 441 MYA during the early Silurian. The
Klebsormidiophyceae- Charophyceae -Coleochaetophyceae- Zygnematophyceae diverged from
the Embryophya during the Ediacaran period 628 MYA. The bryophytes, lycophytes,
monilophytes, and gymnosperms diverged from their ancestors 491 (late Cambrian), 469 (middle
Ordovician), 433 (middle Silurian), and 326 (late Silurian) MYA, respectively. In this analysis, the
important angiosperm crown group was calculated at 174 MYA. Around 118 MYA the dicots
diverged into asterids and rosids groups. Known fossils were used to validate the accuracy of time
estimates (Scott and Chaloner, 1983; Edwards et al., 1992; Hill et al., 1997; Friis et al., 2001;
Wellman et al., 2003; Gerrienne et al., 2004). Based on the molecular clock data | concluded that
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the JA signaling pathway evolved between early Ediacaran and late Cambrian periods 628 to 491
MYA (Figure 3.21).

Discussion

One major goal in studying hormone signaling networks is to understand how, when,
where, and why a given pathway evolved. As most hormones regulate multiple responses,
difficulty arises in determining which function arose first. JA contributes to regulation of male
fertility, root growth, seed germination, production of specialized metabolite, and symbiosis with
microorganisms, as well as arbitrates cold, wounding, pathogens and insect herbivory responses
(Staswick et al., 1992; Feys et al., 1994; Thomma et al., 1998; Xie et al., 1998; Li et al., 2004;
Lorenzo et al., 2004; Dombrecht et al., 2007; Zhang et al., 2007; Hu et al., 2013). These functions
coincide with traits acquired during the transition of plants from water to land (Rensing et al.,
2008). Oxylipin biosynthesis originated in the last common ancestor of plants and animal (Lee et
al., 2008) and the charophyte K. flaccidum produces JA (Hori et al., 2014). However, when the JA
signaling pathway arose in plants is less clear. A previous work suggested that JA signaling evolved
in the last common ancestor of all embryophytes (Wang et al., 2015). Here | found: 1) in contrast
to a previous report, no evidence for COI1, JAZ, MYC2, JAM or other bHLH targets of JAZ in the
charophyte alga K. flaccidum, 2) evidence for the first TIFY factor in algae, 3) that ZIM TFs were
the ancestral genes to JAZ factors and likely evolved to regulate male reproductive structure
development and later seed food storage, and 4) presence of the MED25 in Charophyta and
Chlorophyta algae. Furthermore, a molecular clock analysis of the plant lineage indicates JA
signaling arose during the Ediacaran to late Cambrian, 628-491 MYA. Collectively, my findings
refine when each JA signaling component arose and further support the hypothesis that the
complete pathway was present in the last common ancestor of embryophytes (Figure 3.22).

Identification of the ancestral COI1 and JAZ is paramount for understanding the evolution
of JA signaling. Consistent with Hori et al. (2014) and in contrast to Wang et al. (2015), | could not
find evidence for an authentic COI1 ortholog in K. flaccidum. Neither was a clear TIR1 ortholog
identified in the charophyte; although, phylogenetic analyses (Figure 3.1A, Figure 3.2, Figure 3.3,
and Figure 3.4) suggested a common progenitor AMN1 factor for both the auxin and JA receptors
(Wang et al., 2015). In contrast to K. flaccidum, both COI1 and TIR1 orthologs were present in
moss. Consistent with previous reports (Sheard et al., 2010), the modeling indicated a high
similarity between the Arabidopsis COI1 and TIR1 structures (Figure 3.1B), suggesting that auxin
and JA signaling cascades evolved in parallel during the transition of plants from water to land.

Here, | report TIFY domain containing factors from charophyte and chlorophyte algae as
ZIM TFs (Figure 3.6 and Figure 3.7). As other types of TIFY proteins are not present in algae, |
consider ZIMs as the initial founding family members from which TIFY and JAZ derived. The ZIM
CCT domain was first identified based on its similarity to the protein-protein interaction domain
of CO which is involved in photoperiodic response (Robson et al., 2001). ZIMs contain a unique
Cx2Cx20Cx2C motif. Other plant or animal ZnF-GATA TFs have CxaCxisCx2C or CxaCxi7Cx2C,
respectively (Teakle and Gilmartin, 1998). Congruent with previous reports, alignment and
phylogenetic analysis of the Zn-GATA family in the Viridiplantae revealed that plant factors are
most similar to fungal type IVb members (Figure 3.9 and Figure 3.10), including WC2 (Teakle and
Gilmartin, 1998). Notably, | identified one ZnF-GATA in C. paradoxa having a Cx2Cx17Cx,C
sequence, suggesting that the plant Cx,Cx1sCx>C motif is a derivative of the animal type domain
(Figure 3.9 and Figure 3.10).
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To determine the potential role of ZIMs in early land plant evolution | analyzed
coexpression data from 10 species (Figure 3.13, Figure 3.14, and Figure 3.15). The investigated
ZIMs did not strongly respond to JA or other hormone treatments (Figure 3.15). Additionally,
except for osmotic stress, ZIMs displayed little response to abiotic or biotic stresses (Figure 3.15).
As previously reported for Arabidopsis ZIMs (Shikata et al., 2004; Shaikhali et al., 2012), a mild up-
regulation in response to light was observed (Figure 3.13 and Figure 3.14). Gene expression data
consistently indicated a strong up-regulation of most ZIMs in leaves, male reproductive
structures, and maturing fruits (Figure 3.13 and Figure 3.14). Elevated ZIM expression in maturing
fruits, but not embryo, insinuates a role in controlling food storage. As JA regulates male fertility,
it is tempting to speculate that the early functions of ZIM TFs and subsequently derived JAZ factors
were to regulate male reproductive development. Importantly, evolution of JA signaling coincides
with developments in male reproductive structures. The gametophyte is the primary structural
body of both charophytes and bryophytes. However, compared to most algal species, bryophyte
spores experience periods of exposure to air which can lead to desiccation. Additionally,
bryophyte spores, particularly in liverworts and hornworts but less so in mosses, are surrounded
and more protected by large multicellular structures (i.e. antheridiophore). Charophytes lack
extensive multicellular protection of spores. As such charophyte spores are more susceptible to
stress and predation. Thus, as a charophyte species evolved into the embryophyte linage, plants
developed increased desiccation tolerance and protection of the male gamete.

| determined a JAS domain consensus motif similar to previous reports (Sheard et al.,
2010). Knowing the JAZ evolutionary history, | identified three key amino acid changes which
occurred as the ZIM CCT domain evolved into the JAS domain (Figure 3.12A and B). Truncation of
the CCT domain and absence of a GATA DNA-binding region suggest JAZ factors arose from a loss
of the C-terminal end of a ZIM TF. Position 1 of the ZIM CCT domain evolved from various amino
acids to a conserved proline. The conserved leucine at position 5 mutated into a lysine or arginine
in embryophyte JAZ factors. The third key residue change involved conversion of an arginine in
ZIMs to a leucine at position 12 in JAZ. As only 21 amino acids are necessary for a functional JAZ
degron, other changes between CCT and JAS domains may play alternative roles (Sheard et al.,
2010). The C-terminal portion of the JAS domain, including a conserved proline, contributes to
nuclear localization (Grunewald et al., 2009). In ZIM TFs the DKKIRY sequence, well suited for
nuclear localization, was replaced by X4PY in JAZ. Why JAZ require this conserved proline in the
JAS domain and has evolved away from more favorable nuclear localization residues remains
unclear.

My results indicate that orthologs of group llle bHLH TFs occurred in moss, spruce, and
Amborella, but, surprisingly, not in spikemoss (Figure 3.16). Previously, Thaler et al. (2012)
reported a putative spikemoss MYC2. This gene was present in my dataset but not identified by
plantTFcat due to the lack of a bHLH domain. Orthologs of ICE1, ICE2, GL3, EGL3, TT8, and MYC1
were present in moss, spikemoss, spruce, and Amborella (Figure 3.16). ICE1 and ICE2 regulate
cold tolerance and stomatal development for gas exchange across an impermeable cuticle
(Kanaoka et al., 2008; Hu et al., 2013). GL3, EGL3, and TT8 regulate development of herbivore
deterring trichomes, flavonoid UV protectants, and seed fatty acid accumulation. Importantly,
both group Illb and llIf regulate traits that are acquired as plants transition from aqueous to
terrestrial environments. In contrast, the group Illd bHLH JAMs are negative regulators of JA
signaling (Sasaki-Sekimoto et al., 2013). Group llld bHLHs interact with JAZ proteins (Song et al.,
2013), to fine tune gene expression by binding the G-box cis-elements in promoters of MYC2/3/4
genes, physically obstructing activator-DNA interactions (Song et al., 2013; Qi et al., 2015). Here,
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| identified the earliest orthologs of JAMs in gymnosperms (Figure 3.16), suggesting fine tuning of
JA signaling occurred later in plant evolution.

Groucho/Tup1l family members are found in animals and fungi (Liu and Karmarkar, 2008).
| identified proteins with LisH domain as far back as glaucophytes (Figure 3.18, Figure 3.19, and
Table 3.3). In addition to their involvement in the JA signaling cascade, TPL and TPRs possess
functions in other phytohormone pathways including auxin, abscisic acid, brassinosteroids,
ethylene, gibberellin, salicylic acid, and strigolactones (Szemenyei et al., 2008; Pauwels et al.,
2010; Zhu et al., 2010; Causier et al., 2012; Jiang et al., 2013; Fukazawa et al., 2014; Oh et al.,
2014); furthermore, they mediate apical and axillary meristem formation, circadian rhythm
regulation, embryogenesis, leaf blade formation and development, and sporogenesis (Long et al.,
2006; Szemenyei et al., 2008; Kwon et al., 2012; Tao et al., 2013; Wang et al., 2013; Chen et al.,
2014; Zhang et al., 2014). Given the multiple functions and the long evolutionary history of
Groucho/Tup1l factors, the role of TPL in JA signaling was probably co-opted from another
preexisting pathway.

| uncovered the occurrence of MED25 predating the JA signaling cascade and MYC2, thus
its original function was likely to recognize other unknown TFs (Figure 3.22A). MED25 regulates
JA signaling (Kidd et al., 2009; Cevik et al., 2012; Chen et al., 2012; Yang et al., 2014) by interacting
with MYC2, ERF1, ORA59, and other TFs that function in propagating the JA response (Ou et al.,
2011; Cevik et al., 2012; Chen et al., 2012; Yang et al., 2014). However, MED25 also regulates
abscisic acid, auxin, ethylene, and salicylic acid signaling as well as response to light and iron
deficiency, cell size, flowering time, lateral root and root hair development (Kidd et al., 2009;
Elfving et al., 2011; Ifigo et al., 2011; Xu and Li, 2011; Chen et al.,, 2012; Klose et al., 2012;
Sundaravelpandian et al., 2012; Koprivova et al., 2014; Raya-Gonzdlez et al., 2014; Yang et al.,
2014). Here, | identified a MED25 ortholog in the charophyte alga K. flaccidum (Figure 3.20A and
B). Additionally, MED25 orthologs were identified in the Chlorophyta algae C. reinhardtii, C.
subellipsoidea, and V. carteri (Figure 3.7B). As all members of the Chorophyta Mamiellaceae
family lack a MED25, the subunit was probably lost from an ancestor of these algal lineages.

The role of JA in signaling outside of angiosperms is enigmatic. Contrasting reports exist
for the presence of JAs in moss (Oliver et al., 2009; Stumpe et al., 2010; De Leon et al., 2012). P.
patens synthesizes the JA precursor 12-oxophytodecanoic acid (OPDA), yet both JA and OPDA are
perceived (De Ledn et al., 2015; Yamamoto et al., 2015). Various red and green algae respond to
JA (Christov et al., 2001; Collén et al., 2006; Kovacik et al., 2011; Raman and Ravi, 2011).
Furthermore, the Chlorophyta Dunaliella, Rhodophyta Gelidium latifolium, fungus Lasiodiplodia
theobromae, protist Euglena and a Spirulina cyanobacterium synthesize JA (Aldridge et al., 1971;
Krupina and Dathe, 1991; Ueda et al., 1991; Ueda et al., 1991; Fujii et al., 1997). Importantly,
some algae (e.g. C. vulgaris) both synthesize JA and respond to exogenous JA treatment despite
lacking JAZ proteins (Ueda et al., 1991; Czerpak et al., 2006). The function of JA in these algal
species is intriguing. One possibility is the existence of a COI1-independent JA signaling cascade.
Work with coil mutants suggests that this mechanism occurs in land plants (Stintzi et al., 2001). |
previously proposed WRKY TFs may be involved (Schluttenhofer et al., 2014), which is supported
by their presence in algal genomes (Figure 3.22B). Alternatively or concurrently, JA and its
derivatives may have direct antimicrobial properties independent of signaling. JA inhibits the
growth of the fungus Candida albicans (Morris et al., 1979) and other oxylipins display
antimicrobial activity (Prost et al., 2005). My establishment of the core JA signaling pathway
around the time of the last common embryophyte ancestor, in combination with the reported
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roles of its synthesis and responses in red and green algae, suggests a more ancient oxylipins
signaling response network exists in the Archaeplastida.

Molecular clock analysis of the Viridiplantae indicated the divergence of proposed
charophyte ancestors from embryophytes during the early Ediacaran period (Figure 8b). The
predicted timelines are compatible with the geological record, as the earliest known fossil
evidence occurs shortly after each estimate (Figure 3.21B). My analysis estimated the appearance
of bryophytes at 491 MYA (Figure 3.21A), whereas the earliest fossils are spores dating from 475
MYA (Wellman et al.,, 2003). The earliest known vascular plant, Cooksonia, from 415 MYA
(Edwards et al., 1992), is preceded by my estimate of lycophyte divergence at 469 MYA. The
estimate for monilophyte divergence, 433 MYA, occurs prior to early fern fossils from the Upper
Devonian (Hill et al., 1997). The molecular clock estimated that gymnosperm divergence occur
post Runcaria fossils, the earliest plant bearing seed-like structures from 385 MYA (Gerrienne et
al., 2004), but prior to the early conifer specimens from 314 MYA (Scott and Chaloner, 1983). A
previous report indicated an angiosperm from the late Jurassic period (Sun et al., 1998), but this
was later re-dated to the early Cretaceous (Swisher et al., 1999) along other basal angiosperm
species (Friis et al., 2001; Gomez et al.,, 2015). Given the consistency of my molecular clock
analysis with the fossil record, | used it to date the period when JA signaling evolved. Based on
the identification of necessary pathway genes, JA signaling evolved in the last common ancestor
of embryophytes, after their divergence from charophytes but prior to the first bryophyte, 628-
491 MYA (Figure 3.21A).

My estimates put acquisition of JA signaling during the warm, inter-glacial, Ediacaran-
Cambrian periods (Figure 3.21B). Notably, attainment of the JA signaling pathway overlaps with
the “Cambrian explosion”, a time of great species radiation, particularly of fauna phya (Morris,
1993; Briggs, 2015). Fossils denoting the expansion of grazing metazoan species (Caron et al.,
2006; Smith, 2012) precedes those of the earliest land plant specimens (Wellman et al., 2003) and
is almost certainly equated to increased algal herbivory. Increased predation likely necessitated
algal evolution of improved reproduction to enhance survival. Importantly, my molecular clock
analysis indicated that the Cambrian explosion coincides with the evolutionary development of
free swimming sperm and increasingly protected algal reproductive bodies found in the
Charophyceae, Coleochaetophyceae, Zygnematophyceae (McCourt et al., 2004) and Embryophya.
These results suggest ZIM TFs may have evolved to fill the roles in regulation of male reproductive
structures (Figure 3.13 and Figure 3.14). As JA signaling also regulates male development, |
hypothesize that a connection between ZIM and the improved reproduction systems, equating to
enhanced algal survival, could have allowed evolution of ZIM into JAZ factors as continued
pressure of predation drove the development of additional complex defense mechanisms that
required extra regulators. My findings indicate that other regulators of JA signaling, the COI1
receptor, NINJA, and multiple bHLH TF regulators, evolved during this period of explosive
diversification. In addition to driving development of JA signaling, predation and the avoidance
thereof may have triggered grand consequences on land plant evolution. Competition between
new algal species and high rates of predation during the Cambrian may have forced algal species
to search for new predator-deficient niches, i.e. land, in which to grow. | thus propose that the
Cambrian explosion of fauna species pressured an alga species, now well-equipped with JA
signaling and other necessary stress-tolerant regulatory mechanisms, to colonize land to avoid
predation and the increasing competition from other algae species. This agrees with a suggestion
that defense signaling networks (abscisic acid, JA, and salicylic acid) evolved in the last common
ancestor of land plants, prior to several hormones, such as brassinosteroids, ethylene, and
gibberellin, with roles more oriented toward plant growth and development (Wang et al., 2015).
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While increasing stress and predation could apply positive selection pressure for evolution of JA
signaling, evolving genes were also likely subjected to purifying selection which removed
deleterious variants which arose. It is probable during diversification of signaling cascades,
particularly with TFs, that mutant genes encoding protein variants improperly regulating essential
genes arose which resulted in detrimental consequences. Therefore, development of the JA
signaling cascade likely resulted from both positive and negative selection pressures. To answer
how rapidly and which selection pressure provided greater contributions to evolution of JA
signaling requires further study. Sequencing of additional charophyte genomes will be important
to address these questions.

As JA signaling is a major determinant of plant response to the environment, | sought to
determine how it evolved in the Viridiplantae lineage. Here, | provide support for the hypothesis
that JA signaling primarily evolved during the transition of waterborne charophytes into land
plants (Wang et al., 2015). However, the multiple protein domains necessary to form JA signaling
components existed as early as the glaucophytes (Figure 3.22). Nevertheless, to further dissect
and pinpoint the origin of JA signaling components requires genome sequencing of additional
charophytes and early embryophytes. The origin of JA signaling acquisition coincides with a time
of increasing fauna species which, due to elevated levels of predation, may have driven plants
onto land. The identification of ZIM TFs as the progenitor to JAZ factors suggests that plants may
have evolved the JA pathway for protection of the male gamete. As phytohormone signaling
underlies most plant responses, a thorough understanding of their evolution can provide
information on how biological networks develop, synthesize or co-opt new components, and
adapt to those changes. These insights will allow future studies to test ancestral gene functions
and to integrate developmental and genetic features which occurred during the aqueous to
terrestrial environment transition. In addition to understanding fundamental plant biology and
evolution, elucidation of phytohormone regulation provides insights into what phenotypic
consequences they may be elicited from perturbation for human uses. As JA regulates plant
response to wounding and pathogens, as well as key targets of crop improvement, its evolutionary
history may guide future genetic engineering. My findings advance our knowledge on plant
evolution and the acquisition of phytohormone signaling cascades. My work begins to answer
how, when, where, and why JA signaling arose; however, more work is needed to further define
this key advancement in plant evolution.

Materials and Methods
Identification of Genes

Proteins were identified by BLAST result into National Center for Biotechnology
Information (NCBI). Protein families were identified by their domains using NCBI Conserved
Domain Database (Marchler-Bauer et al., 2015) according to Schluttenhofer et al. (2014). In brief
genome sequences of interest were downloaded then converted into an Excel file; single copies
of proteins were determined and then submitted to the NCBI Conserved Domain Database.
Results were then used to identify proteins with a domain of interest. Orthologs were identified
using phylogenetic trees and results from OrthoMCL (Li et al., 2003).

Phylogenetic Analyses
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Multiple alignments of proteins were performed using the Clustal Omega program. The
Needle algorithm was used to generate pairwise alignments. Alignments for phylogenetic trees
used the ClustalW algorithm. ML, MP, ME, NJ, and UPGMA phylogenetic trees were constructed
using MEGAS.2. Specific parameters for each tree are listed in the corresponding figure legend.
Sequences forming incompatible alignment pairs were exclude from alignments and constructed
trees.

The small subunit rRNA sequences used for the molecular clock were obtained from SILVA
(http://www.arb-silva.de/). The divergence time between monocots and dicots (150 MYA) was
based on the median of 33 studies published in TimeTree (http://www.timetree.org/).

Gene Expression

Expression of Arabidopsis, poplar, Medicago, soybean, rice and maize ZIM factors were
obtained from eFP Browser, http://bar.utoronto.ca/ (Winter et al., 2007). To identify probes for
poplar and Medicago | BLASTED ZIM sequences against the PLEXdb
(http://www.plexdb.org/index.php). BLAST results were conducted in Phytozome
(http://phytozome.jgi.doe.gov/pz/portal.html#) to identify orthologs of TUBULIN3 which was
used as a control gene for comparison of fold change in all datasets.

Protein Structures and Motifs

The structures of proteins were generated by homology threading using the PHYRE2
server (Kelley et al., 2015). Structures were then compared using TM-Score Online
(http://zhanglab.ccmb.med.umich.edu/TM-score/) to obtain a TM-score. TM-scores were
evaluated according to Xu and Zhang (2010). Logos were created using Weblogo
(http://weblogo.berkeley.edu/). ZIMs factors and embryophyte JAZ proteins were used to
construct the CCT and CCT_2/JAS logos, respectively. Domains were aligned with Clustal Omega
prior to logo generation.

Genome Databases

Genome sequences for Bathycoccus prasinos, Chlorella variabilis, Coccomyxa
subellipsoidea, Cyanidioschyzon merolae, Cyanophora paradoxa, Micromonas pusilla CCMP1545,
Micromonas pusilla RCC299, Ostreococcus lucimarinus, and Ostreococcus tauri were obtained
from the Joint Genome Institute (http://genome.jgi.doe.gov/). Arabidopsis thaliana,
Chlamydomonas reinhardtii, Physcomitrella patens, Selaginella moellendorffii and Volvox carteri
sequences were downloaded from Phytozome (http://phytozome.jgi.doe.gov/pz/portal.html).
Amborella trichopoda and Picea abies sequences were obtained from the Amborella Genome
Database (http://www.amborella.org/) and Spruce Genome Project (http://congenie.org/start),
respectively. Sequences for K. flaccidum were downloaded directly from Klebsormidium
flaccidum Genome Project website
(http://www.plantmorphogenesis.bio.titech.ac.jp/~algae genome project/klebsormidium/).
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Table 3.1. OrthoMCL ortholog groups of AMN1 family members.

Ortholog Group

K. flaccidum

P. patens

S. moellendorffii P. abies

A. trichopoda

A. thaliana

0G5_126657

0G5_127136
0G5_127678

0G5_127738
0G5_129307/RPP

0G5_131898
0G5_133501

0G5_134851
0G5_135305

0G5_137188

0G5_140019
0G5_141134

0G5_143138/TIR1

0G5_144350
0G5_145014
0G5_149464/SLOMO

0G5_152427

0G5_153187

0G5_153396

0G5_156349/FBW2
0G5_156629/COI1

0G5_159818/EBF1
0G5_160079

0G5_163790
0G5_164744
0G5_166919
0G5_169541
0G5_177872
0G5_177965

kfl00011_0110,
kfl00013_0250,
kfl01028_0010

kfl00304_0120
kfl00028_0560,
kfl00088_0180,
kfl00175_0070,
kfl00175_0270,
kfl00285_0160,
kfl00290_0040,
kfl00513_0020,
kfl00581_0090,
kfl00595_0040,
kfl00730_0080

kfl00020_0460
kflo0010_0620

kflo0099_0260,
kflo0434_0100

kfl00352_0100

kflo0009_0200

kflo0582_0050
kflo0128_0070

kflo0834_0040

Pp1s105_237V6,
Pp1s107_101V6,
Pp1s176_100V6,
Pp1s287_25V6,
Pp1s35_31V6
Pp1s279_17Ve,
Pp1s58_121Ve,
Pp1s97_169V6

Ppls26_228V6

Ppls17_234Vé6

Ppl1s137_148Ve,
Pp1s196_87V6

Pp1s37_126V6

Pp1s180_48V6,
Pp1s23_195Ve,
Pp1s284_41Ve,
Ppls46_277V6

Pp1s79_129V6

Ppls128_42V6

Pp1s277_20V6

Pp1s188_33V6

Pp1s283_5V6

Smo108463,
Smo162512,
Smo419616

Smo118815,
Smo142102,
Smo184280,
Smo437235,
Smo445748,
Smo75506,
Smo87311,
Smo88742

Smo168175,
Smo170974,
Smo178850,
Smo179436

Smo133451,
Smo137667

Smo101488,
Smo102329

Smo133097,
Smo133180

Smo123441,
Smo233861

MA_136805g0010,
MA_327255g0010,
MA_414622g0010,
MA_8025229g0010

MA_10435873g0020,
MA_114225g0010,
MA_8692330g0010

MA_160159g0010

MA_10426597g0010,
MA_10428924g0010,
MA_10428924g0020,
MA_10436081g0010
MA_15842g0010

MA_140161g0010
MA_33148g0010

MA_10429136g0010,
MA_107074g0010

MA_107288g0010

MA_108477g0010,
MA_15205g0010
MA_10436543g0020,
MA_64990g0010
MA_10434210g0010,
MA_97184g0010
MA_760407g0010
MA_121693g0010

Atr00003.99,
Atr00025.126

Atr00023.52

Atr00003.426

Atr00024.244

Atr00029.327
Atr00078.21

Atr00010.351,
Atr00010.352

Atr00135.41

Atr00159.5

AT1G15740

AT4G15475,
AT5G23340

AT1G63860,
AT2G14080,
AT3G04220,
AT3G44400,
AT3G44480/RPP1,
AT3G44670,
AT4G16920,
AT4G16950/RPPS,
AT4G16960,
AT5G11250
AT2G06040,
AT5G21900
AT4G36150

AT5G27920
AT5G01720

AT3G62980/TIR1,
AT4G03190/AFB1

AT1G80570
AT4G33210

AT5G07670,
AT5G51370,
AT5G51380

AT4G08980
AT2G39940/COI1

AT2G25490

AT3G48880
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Table 3.1. cont.

0G5_178237
0G5_178250
0G5_178271
0G5_184711
0G5_190642

0G5_190918
0G5_190984

0G5_205662
0G5_212059
0G5_243917

kflo0508_0080

kfl00169_0150

kfl00101_0280

Pp1s197_61V6

Pp1s104_63V6

Pp1s148_40V6

Pp1s81_23V6

Smo31890

Smo42584
Smo44749
Smo13092
Smo90468
Smo89604

3,
9

5,

MA_57733g0010

MA_46507g0010
MA_8336373g0010

Atr00001.157

Atr00066.158

Atr00133.40

AT2G17020
AT2G36370
AT3G07550

AT3G58530

AT1G55590
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Table 3.2. The structural relationship between TIFY factors. The structures of Arabidopsis TIFY
factors and early ZIM TFs were modeled with PHYRE2. Structures were compared for similarity
using the TM-score. TM-scores between combinations of factors are shown.

Gene AtZML2 AtJAZ1 AtPPD1 AtTIFY8 MpZIM KfZIM NmZIM SpZIM TsZIM
AtZML2 1

AtJAZ1 0.1525 1

AtPPD1 0.1806 0.1779 1

AtTIFY8 0.1646 0.1727 0.1594 1

MpZIM 0.1363 0.1090 0.1405 0.1505 1

KfzIM 0.2256 0.1392 0.1583 0.1445 0.1659 1

NmZIM 0.201 0.1639 0.1606 0.1623 0.17 0.2035 1

SpZIM 0.1681 0.159 0.157 0.1307 0.1325 0.1826 0.1516 1
TsZIM 0.1707 0.1924 0.1515 0.1595 0.1833 0.1543 0.1782 0.1655 1
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Table 3.3. OrthoMCL ortholog groups of LisH domain proteins.

Group Gene

NO_GROUP AT1G11110, AT2G25420, Mic63300

0G5_128341 CmaCMP137C, Pp1s208_168V6

0G5_128400 AT1G61150, AT4G09300, Atr00003.330, Cpx9788, Cre01.g029050.t1.1,
Csu33734, Cva36609, kfl00052_0320, MA_10429281g0010,
MA_10430298g0010, Mic72406, Smo437992, Smo439020, Pp1s268_9V6,
Ppl1s32_299V6, Pp1s379_20V6, Vc65822

0G5_128648 Pplsl4 43V6

0G5_128821 AT5G67320/H0S15, Bathy13g02710, CmaCML100C, Crel2.g527500.t1.1,
Csu53824, Cva48736, kfl00125_0160, MicC20648, Mic103376, Olu26408,
Ota8824, Pp1s182_92V6, Smo429030, Smo89330, Smo90375, Smo93124,
V63837

0G5_128980 Cval33982, kfl00125_0180, MicC47037, Mic55886, Mic78967

0G5_129140 AT5G08560, AT5G43920, CmaCMS241C

0OG5_129558 AT1G73720/SMU1, Atr00069.97, Bathy03g00550, Csu53714,
kfl00262_0080, Pp1s136_176V6

0G5_130102 Crel10.g446400.t1.2, Mic58000

0G5_130687 Cpx37420

0G5_131556 AT4G31160/DCAF1, Atr00017.53

0G5_132761 Atr00007.236, MA_10436559g0010, Smo405761, Smo430305

0G5_136328 AT2G32700/LUH, AT4G32551/LUG, Atr00067.172, Atr00122.38,
Atr00002.372, Atr00037.161, kfl01154_0010, MA_99040g0010,
MA_3866g0010, MA_704500g0010, Pp1s45 38V6, Smo112245,
Smo410492, Smo79275, Smo94317

0G5_136634 AT1G15750/TPL, AT1G80490/TPR1, AT3G15880/TPR4, AT3G16830/TPR2,
AT5G27030/TPR3, Atr00048.113, Atr00051.29, kfl00881_0020,
MA _10430083g0010, MA_366520g0010, MA 98943g0010,
MA_33469g0010, MA_16979g0010, MA_10436445g0020,
MA_97574g0010, MA_118509g0010, Pp1s316_34V6, Pp1s99 260V6,
Smo0115161, Sm0163891, Sm0439915, Sm079194, Smo88677

0G5_140055 Ppl1s37_113V6

0G5 143134 AT5G57120

0G5 184276 Ppl1s316_8V6
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Table 3.4. TIFY family proteins with EAR motifs.

Ratio Ear
EAR Motif Length of Motif/Protein Type of EAR Position Position
Factor Start Protein Length Motif TIFY CCT
AtJIAZ5 269 274 0.98 LDLRL 92-127  182-207
AtJIAZ6 264 269 0.98 LELKL 100-135 186-211
AtIAZ7 25 148 0.17 LELRL 54-89  124-144
AtIAZ8 8 131 0.06 LELRL 39-74 107-127
AmJAZ1 228 233 0.98 LGLHL 107-142 177-202
PaJAZ1 131 289 0.45 LDLSLLP 155-197 259-283
PaJAZ4 86 260 0.33 LDLSLLP 138-172 230-254
PaJAZ7 304 328 0.93 LSLGL 138-172 260-284
PaJAZ19 97 322 0.30 LILYL 204-237 270-294
PaJAZ20 54 303 0.18 LNLNL 171-201 252-275
PaJAZ23 75 310 0.24 LRLGL 192-223 262-288
PaTIFY1 253 270 0.94 LHLRL 191-224
PaTIFY7 30 158 0.19 LVLKL 78-113
PaTIFY12 169 293 0.58 LDLSLLP 207-241
PpTIFY5 179 525 0.34 LILKL 315-344
PpTIFY6 177 545 0.32 LKLIL 318-347
SmJAZ1 102 281 0.36 LTLPL 153-186 221-243
SmJAZ2 101 280 0.36 LTLPL 152-185 220-242
SmJAZ3 138 235 0.59 LLLSL 62-91 172-190
SmJAZ4 138 235 0.59 LLLSL 62-91 172-190
SmJAZS 211 480 0.44 LDLSLSV 252-283 347-367
412 0.86 LKLQL
SmJAZ6 1239 1346 0.92 LSLSLRP  1265-12931329-1346
SmIJAZ7 211 480 0.44 LDLSLSV 252-283 347-367
412 0.86 LKLQL
SmJAZ10 123 441 0.28 LSLSLGP 149-177 213-229
SmPPD3 113 262 0.43 LSLLL 151-178 203-219
126 0.48 LCLSL
SpZIM* 172 435 0.40 LQLTL 168-203 236-278

At, Am, Pa, Sm, and Sp indicate Arabidopsis thaliana, Amborella trichopoda, Picea abies,
Selaginella moellendorffii, and Spirogyra pratensis, respectively.
* From a charophyte alga
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Figure 3.1. Phylogenetic analysis of the charophyte and embryophyte AMN1 family. A) The
phylogenetic analysis of the AMN1 family was performed using 26 moss, 29 spikemoss, 29 spruce,
14 Amborella, 34 Arabidopsis, and 27 Klebsormidium flaccidum. The unrooted maximum
likelihood tree was constructed with MEGAS.2 using the ClustalW alignment, Dayhoff plus
frequency model, uniform rates among sites, 100 bootstrap replications, pairwise deletion of gaps
or missing sequences, and a nearest-neighbor interchange heuristic method with a strong branch
swap filter starting from an initial neighborhood joining tree. B) The structural similarity of AtCOI1
was compared to select Arabidopsis and K. flaccidum AMN1 domain proteins. TM-scores are
indicated for each combination of modeled proteins.
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Figure 3.2. Minimum evolution tree of the AMN1 family. The phylogenetic analysis of the AMN1
family was performed using 14 Amborella, 34 Arabidopsis, 29 spruce, 26 moss, 29 spikemosee,
and 27 Klebsormidium flaccidum members. Alignments were generated with the ClustalW
algorithm. The unrooted minimum evolution was generated with MEGA5.2. The tree was
constructed with the p-distance method, 1000 bootstrap replications, pairwise deletion of gaps
or missing sequences.
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Figure 3.3. Neighbor-joining tree of the AMN1 family. The phylogenetic analysis of the AMN1
family was performed using 14 Amborella, 34 Arabidopsis, 29 spruce, 26 moss, 29 spikemosee,
Alignments were generated with the ClustalW
algorithm. The unrooted neighbor-joining tree was generated with MEGA5.2. The tree was
constructed with the p-distance method, 1000 bootstrap replications, pairwise deletion of gaps

and 27 Klebsormidium flaccidum members.

or missing sequences.
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Figure 3.4. Maximum parsimony tree of the AMN1 family. The phylogenetic analysis of the

AMN1 family was performed using 14 Amborella, 34 Arabidopsis, 29 spruce, 26 moss, 29

spikemosee, and 27 Klebsormidium flaccidum members. Alignments were generated with the
ClustalW algorithm. The unrooted maximum parsimony was generated with MEGA5.2. The tree

was constructed using the subtree-pruning-regrafting algorithm, 100 bootstrap replications, and

pairwise deletion of gaps or missing sequences.
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Figure 3.5. Alignment of putative KfCOI1 proteins. The amino acid sequence alignment of
AtCOI1, AtTIR1, At5g01720, kfl100020, kfl00028, kfl00101, and kfl000834 is shown with
conserved COI1 loop-2, loop-12, loop-14, and loop-C in red, blue, green and purple boxes,
respectively. Residues interacting with JAZ proteins are highlighted and those binding jasmonate-
isoleucine are indicated in bold red letters.
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Figure 3.6. Relationship and alignment of charophyte and embryophyte TIFY factors. A) The
species relationships of viridiplantae used in this study. Positive signs indicate species with a ZIM
factor. B) The alignment of ZIM proteins from Arabidopsis, Klebsormidium flaccidum, Marchantia
polymorpha, Nitella mirabilis and Spirogyra pratensis indicates the conserved TIFY (blue box), CCT
(green box), and Zn-GATA domains (purple box). The putative nuclear localization signal
sequences are in red. Acidic residues of the N-terminal acidic region are highlighted in gray. The
ZIM from Chaetosphaeridium globosum was excluded because the sequence is incomplete. C)
The alignment of A. thaliana ZIM and Chlorophyta proteins indicates the conserved TIFY (blue
box), CCT (green box), and Zn-GATA domains (purple box). The putative nuclear localization signal
sequences are in red. Acidic residues of the N-terminal acidic region residues are highlighted in
gray. The proline-glutamine rich region residues are in bold.
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Figure 3.7. Phylogenetic identification of algal TIFY proteins as ZIM TFs. The phylogenetic
analysis of the TIFY family members was performed using 9 Amborella, 18 Arabidopsis, 16 Oryza
sativa, 48 spruce, 16 moss, 19 spikemoss, 21 Solanum lycopersicum, 19 Solanum tuberosum,1
Klebsormidium flaccidum, 1 Chaetosphaeridium globosum, 1 Marchantia polymorpha, 1 Nitella
mirabilis, 1 Pohlia nutans, 1 Spirogyra pratensis, and 1 Tetraselmis subcordiformis sequences.
Five WC2 proteins from fungi (Cryptococcus gattii, Ganoderma lucidum, Neurospora crassa,
Schizophyllum commune, and Serpula lacrymans) were also included. The minimum evolution
tree was constructed with MEGAS5.2 using the ClustalW alignment, p-distance method, 1000
bootstrap replications, and pairwise deletion of gaps or missing sequences. Branches are colored
according to factor type: green (JAZ), purple (PPD), blue (TIFY), red (ZIM) and black (non-ZIM ZnF-
GATA).
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XP_006966680.1 blue light regulator 2 [Trichoderma reesei GM®6a] 2.00E-07
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EPB82531.1 hypothetical protein [Mucor circinelloides f. circinelloides 1006PhL] 2.00E-07
KIR85749.1 white collar 2 protein [Cryptococcus gattii IND107] 3.00E-07
XP_003194137.1 hypothetical protein Cryptococcus gattii WM276] 3.00E-07
CAQ77079.1 putative white collar 2 protein [Phycomyces blakesleeanus] 4_00E-07
GAND04588.1 cutinase gene palindrome-binding protein [Mucor ambiguus] 4.00E-07
ACT46736.1 white collar-2 [Phaeosphaeria avenaria f. sp. tritici] 4_00E-07
ACT46737.1 white collar-2 [Phaeosphaeria avenaria f. sp. tritici] 4.00E-07
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Figure 3.8. KfZIM non-plant BLAST hits and alignment. A) The top 10 BLAST hits, excluding
Viridiplantae sequences, to the KfZIM protein. B) To identify conserved regions the KfZIM protein
was compared to the fungus Cryptococcus gattii WC2 sequence. The pairwise sequence
alignment was performed using EMBOSS stretcher. The PAS, TIFY, CCT, and GATA-ZnF domains
are boxed in red, blue, green, and purple, respectively.
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Figure 3.9. Ancestral algal TIFY factors belong to the ZIM GATA TF family. The phylogenetic
analysis for the GATA TFs was performed usingl5 moss, 14 K. flaccidum, 9 B. prasinos, 17 C.
reinhardetii, 11 C. variabilis, 7 C. subellipsoidea, 9 M. pusilla CCMP1545, 8 M. pusilla RCC299, 10 O.
lucimarinus, 5 O. tauri, 10 V. carteri, 7 C. merolae, and 1 C. paradoxa, along with 5 WC2 and 3
WC1 factors. The maximum likelihood tree was constructed with MEGA5.2 using the ClustalW
alignment, Equal input model, uniform rates among sites, 100 bootstrap replications, pairwise
deletion of gaps or missing sequences, and a nearest-neighbor interchange heuristic method with
a strong branch swap filter starting from an initial neighborhood joining tree. The tree was rooted

with the C. paradoxa sequence.
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Figure 3.10. Minimum evolution tree of GATA TFs. The phylogenetic analysis of GATA TFs was
performed using 16 moss, 14 K. flaccidum, 9 B. prasinos, 17 C. reinhardtii, 11 C. variabilis, 7 C.

subellipsoidea, 9 M. pusilla CCMP1545, 8 M. pusilla RCC299, 10 O. lucimarinus, 5 O. tauri, 10 V.
carteri, 7 C. merolae, and 1 C. paradoxa, along with 5 WC2 and 4 WC1 factors. The unrooted

minimum evolution tree was constructed with MEGAS.2 using the ClustalW alignment, p-distance
method, 1000 bootstrap replications, pairwise deletion of gaps or missing sequences, and a
nearest-neighbor interchange algorithm starting from an initial neighborhood joining tree.
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Figure 3.11. Phylogenetic analysis of CCT domain family members. The phylogenetic analysis of
CCT members was conducted using 39 Arabidopsis, 29 moss, 7 K. flaccidum, 5 B. prasinos, 8 C.
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reinhardtii, 4 C. variabilis, 5 C. subellipsoidea, 3 M. pusilla CCMP1545, 4 M. pusilla RCC299, 5 O.
lucimarinus, 4 O. tauri, 5 V. carteri, and 3 C. merolae sequences. Alignments were performed with
the ClustalW algorithm and trees assembled in MEGAS5.2. A) The unrooted maximum likelihood
tree was constructed with an Equal input model, uniform rates among sites, 100 bootstrap
replications, pairwise deletion of gaps or missing sequences, and a nearest-neighbor interchange
heuristic method with a strong branch swap filter starting from an initial neighborhood joining
tree. B) The unrooted minimum evolution tree was constructed with a p-distance method, 1000
bootstrap replications, pairwise deletion of gaps or missing sequences, and a nearest-neighbor
interchange algorithm starting from an initial neighborhood joining tree.
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Figure 3.12. Amino acid differences between the CCT and JAS domains. The weblogos showing
amino acid residues for A) CCT and B) JAS domains are indicated. C) Weblogos indicate amino
acid residue occurrence in JAS domains in early land plants, gymnosperms, and angiosperms. D)
The alignment of moss and spikemoss JAZ proteins was performed using Clustal Omega.
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Figure 3.13. ZIM TF expression in response to light and during plant development. A) The
expression of Arabidopsis thaliana ZIM TFs in response to light are depicted. Expression of ZIMs
in B) Poplar trichopoda, C) Arabidopsis thaliana, D) Solanum tuberosum, E) Solanum lycopersicum,
and F) Glycine max in various developmental stages are presented. All expression values were
obtained from eFP Browser.
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Figure 3.14. ZIM TF expression during monocot plant development. Expression of ZIMs in A)

Zea mays and B) Hordeum vulgare in various developmental stages are presented. All expression

values were obtained from eFP Browser.
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Figure 3.15. Expression of ZIM TFs in response to hormone treatment and stress. A) Gene
expression data were obtained for potato in response to biotic and abiotic stress. The expression
of Arabidopsis ZIM factors in response to B) abiotic stress, C) hormone treatment, and D) and
pathogen infection are shown. All gene expression data were obtained from eFP Browser.
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Figure 3.16. Minimum evolution tree of the Viridiplantae bHLH family. The bHLH TF minimum
evolution phylogenetic tree was constructed using 1 C. merolae, 12 K. flaccidum, 113 moss, 56
spikemoss, 195 spruce, 91 Amborella, and 162 Arabidopsis members. The bHLH family tree was
generated with MEGAS.2 using the ClustalW alignment, p-distance method, 1000 bootstrap
replications, pairwise deletion of gaps or missing sequences, and a nearest-neighbor interchange
algorithm starting from an initial neighborhood joining tree. The tree was rooted with the
outgroup C. merolae sequence.
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Figure 3.17. Alignment and phylogenetic analysis of the VICH domain family. A) The alignment
of 18 proteins revealed conserved residues of the VICH domain family. Conserved residues are
highlighted in gray. B) Kfl00332_0070 was compared to various NINJA proteins from land plants
by sequence alignment. Conserved and similar residues are highlighted in yellow and green,
C) The unrooted maximum likelihood tree for VICH domain proteins was
constructed with MEGAS.2 using the ClustalW alignment, Equal input model, uniform rates
among sites, 100 bootstrap replications, pairwise deletion of gaps or missing sequences, and a
nearest-neighbor interchange heuristic method with a strong branch swap filter starting from an

respectively.

initial neighborhood joining tree.
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Figure 3.18. Phylogenetic analysis of the Archaeplastida LisH family. The minimum evolution
phylogenetic tree of LisH domain containing proteins was constructed using 2 C. paradoxa, 3 C.
merolae, 6 K. flaccidum, 12 moss, 17 spikemoss, 14 spruce, 10 Amborella, and 17 Arabidopsis
sequences. The LisH family was constructed with MEGA5.2 using the ClustalW alignment, p-
distance method, 1000 bootstrap replications, pairwise deletion of gaps or missing sequences,
and a nearest-neighbor interchange algorithm starting from an initial neighborhood joining tree.
The tree was not rooted.
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Figure 3.19. Maximum likelihood tree of LisH domain proteins. The maximum likelihood
phylogenetic tree of LisH domain containing proteins was constructed using 2 C. paradoxa, 3 C.
merolae, 6 K. flaccidum, 12 moss, 17 spikemoss, 14 spruce, 10 Amborella, and 17 sequences. The
unrooted maximum likelihood tree was constructed with MEGAS.2 using the ClustalW alignment,
Equal input model, uniform rates among sites, 100 bootstrap replications, pairwise deletion of
gaps or missing sequences, and a nearest-neighbor interchange heuristic method with a strong
branch swap filter starting from an initial neighborhood joining tree.
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Figure 3.20. Alignment and phylogenetic analysis of MED25 in the Viridiplantae. A) The pairwise
protein sequences were aligned for MED25 subunits from K. flaccidum, moss, and Arabidopsis.
The von Willebrand and ACID domains are indicated in purple and green, respectively. B) The
minimum evolution tree of the MED25 family was constructed with MEGAS.2 using the ClustalW
alignment, p-distance method, 1000 bootstrap replications, pairwise deletion of gaps or missing
sequences, and a nearest-neighbor interchange algorithm starting from an initial neighborhood
joining tree. The tree was rooted with the outgroup Dictyostelium discoideum sequence. C) The
phylogenetic tree of species was constructed with organisms used for assembly of the MED25

family tree.

100




1300

118

150

174

326

an

433

469

® Gilnm sinersin

CL

-
# Oryza saka ssp. japonica
# Somhum biobr

B Zen mays.

# Aus bobaileya s canders.
# Kadsura fapanica

8 Amborlia krichopoda

# Nympioen odarata

# Gabomba carolirians

A Lepiiazami perclikyana
as -

A Zamia pumis

A Cycm kikrgersi

A Girkpobibka

A Ephedm equsefina

i VW el Chils il

A Armscais cobmnak

A Sequoia sempenirers

A s x media

A Fins taeda

& Picea abies.

& Psilolm rudum

491 L_FEEEEE

g
4 Cemaloglers richards’
A Angoplas godsibha
& Gyalea pocprips

A Bods durieu

4 Selagincia

EE

ST

TO

4 Selagincl umirsa
" N

628

749

cy

4= 1300: Glaucophytes Appear

1076: Ct
Divergence

749: Mesostigmatophy
Chlorokybophyceae Divergence

628: Remaining Charophyta

CM

* i frcala

1076

e

# Perum

OR

Sl

# Xardhicium ariopaeum
# Des miskum gresllci
# Stamstrum alermars.

F{

o Prainoccan
B Prasinocnoas sp. MBCHOI0

[

[ ] sp-
B Prasinocoas sp. COMPTISH

n umbracs

DV

Divergence from Embryophya
Evolution of JA Signaling

491: Bryophytes Appear
Earliest fossils of Bryophtes
469:Lycophytes. Appear
Earliest fossils of Lycophytes
433: Monilophytes Appear
Earliest fossil of Monilophytes

CcB

[ =

Earliest fossil seed-ike bodies
326: Gynmoasperms Appear

PR

TR

[ ]
B Chiorella wigars
B Telmsclmis

I
1

—=

W Vol carteri
W Ghiamydomanas reinhardi

M Psewos courfiekiia maris

B Pycrococas pros o

I Mzomonas sp. RGCZ95

H Mzomonas pusilla COMP 1546

p —

r

] prainos
no S

Earliest fossil of Gymnosperms

1174: Angiosperms Appear

CR

PG

NG

18122

N Oskeococas fauri
¥ Gyarophom paradaxa

B!

¥
¥ Cyarophom bilba

8

d44 4449444

Figure 3.21.

Sequences of rRNA from 98 species were used to construct a maximum likelihood tree for the
molecular clock analysis. The tree was rooted with uni- and opisthokont sequences. The initial
minimum evolution tree was generated with a maximum composite likelihood model with
transition and transversion substitutions, a gamma distribution of 0.45 with homogeneous
patterns among lineages, pairwise deletion of gaps or missing sequences, and a nearest-neighbor
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Molecular clock analysis and divergence times within the Viridiplantae.
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interchange algorithm starting from an initial neighborhood joining tree. Divergence times were
estimated using a maximum likelihood statistics method and general time reversible model with
a gamma distribution of 5, partial deletion with a 95% site coverage filter cutoff, and a moderate
branch swap filter. A divergence time of 150 million years ago (MYA) between monocots and
dicots was used to date the tree. Uni- and opisthokont sequences, glaucophyte, chlorophyte,
charophyte, non-angiosperm embryophytes, and angiosperms are indicated with black inverted
triangles, gray inverted triangles, squares, diamonds, triangles, and circles, respectively. Within
charophytes, Charophyceae, Coleochaetophyceae, Klebsormidiophyceae, Zygnematophyceae,
and Mesostigmatophyceae/Chlorokybophyceae are represented by red, yellow, green, blue, and
purple colors, respectively. Bryophytes, lycophytes, pterophytes, and gymnosperms are
represented by green, teal, blue, and purple triangles, respectively. The scale is in MYA. Key
divergence times are indicated above their respective branches. B) The Meso-Proterozoic (CL,
Calymmian; EC, Ectasian; and ST, Stenian periods), Neo-Proterozoic (TO, Tonian; CY, Cryogenian;
and ED, Ediacaran periods), Paleozoic (CM, Cambrian; OR, Ordovician; S, Silurian; DV, Devonian;
CB, Carboniferouis; and PR, Permian periods), Mesozoic (TR, Triassic; JR, Jurassic; and CR,
Cretaceous periods), and Cenozoic Eras (PG, Palogene; NG, Neogene; and QR, Quaternary periods)
are indicated in red, orange, green blue, and purple, respectively. Key events in plant evolution
are denoted and dated in black text. The earliest fossils from key evolutionary events are
indicated with red text. The time of jasmonate signaling evolution is bracketed and labeled in
blue text. The timeline is in MYA.
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JAZ TPL MED25 EGL3, TT8
B Species AMNL bHLH (s} LisH vWFA WRKY ZnF-GATA
Cyanophora paradoxa 7 6 0 2 30 0 1
Cyanidioschyzon merolae 5 1 3 3 8 0 7
Bathycoccus prasinos 2 1 5 3 14 4 9
Chlamydomonas reinhardtii 16 10 8 3 32 1 17
Chlorella variabilis 10 2 4 4 22 1 11
Coccomyxa subellipsoidea 13 6 5 3 17 1 7
Micromonas pusilla CCMP1545 7 2 3 2 14 2 10
Micromonas pusilla RCC299 4 2 4 6 17 2 8
Ostreococcus lucimarinus 2 1 5 1 12 2 10
Ostreococcus tauri 2 1 4 1 13 2 5
Volvox carteri 12 5 6 2 21 3 11
Klebsormidium flaccidum 51 11 7 6 40 2 15

Figure 3.22. A proposed model for JA signaling evolution. A) A proposed model for when
organisms acquired JA signaling components and their progenitor domains during the
Viridiplantae evolution. Solid lines indicate the presence of a JA signaling component protein.
Dashed lines indicate the absence of a signaling ortholog but the necessary protein domain is
present. Domains are listed under the category of organism in which they could first be identified,
tracing as far back as the Glaucophyta. B) The numbers of the AMN1, bHLH, CCT, LisH, vWFA,
WRKY and ZnF-GATA superfamily domains occurring in each species are presented.
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CHAPTER FOUR: MED25 REGULATION OF ANTHOCYANIN BIOSYNTHESIS

Abstract

Mediator is a multi-subunit complex which interacts with transcription factors and other
machinery to recruit RNA Polymerase Il for transcription. MEDIATOR COMPLEX SUBUNIT 25
(MED25) recognizes a variety of transcription factors involved in plant growth and development,
abiotic and biotic stress tolerance, and phytohormone signaling. However, little information
exists about this complex in regulation of secondary metabolites. Here | show that MED25 affects
anthocyanin accumulation in response to both jasmonate and sucrose treatment. Analysis of
publicly available microarrays indicated MED25 is needed for proper expression of multiple
anthocyanin biosynthetic genes. Gene expression analysis indicated med25 mutants exhibits
reduced expression of nearly all biosynthetic genes of the pathway, from PAL to UF3GT, either
before or after jasmonate treatment. Conversely, only the expression of TT8, PAP1, and PAP2
transcription factors were significantly down-regulated in med25 plants. MED25 was found to
interact with GL3 in yeast-two hybrid and protoplast assay systems. These results suggest MED25
is a key regulator of anthocyanin biosynthesis.
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Introduction

Plants produce a diversity of natural products with a multitude of biological functions.
One category of natural products synthesized by plants is the flavonoids, which include stilbenes,
aurones, flavones, flavonols, isoflavonoids, and anthocyanins. Flavonoids function in plant
development (Maloney et al., 2014), attracting pollinators or seed dispersers (Bradshaw and
Schemske, 2003), nitrogen fixation (Firmin et al., 1986), photoprotection (Emiliani et al., 2013),
and plant defense to pathogens (Treutter, 2005; Zhang et al., 2013), herbivores (Johnson and
Dowd, 2004) and stress (Nakabayashi et al., 2014). Additionally, flavonoids provide numerous
health benefits to humans as antioxidants, antimicrobial, anti-inflammatory and having
anticancer activity (Butelli et al., 2008).

Synthesis of anthocyanins begins by the conversion of phenylalanine into cinnamate by
PHENYLALANINE LYASE (PAL). CINNAMATE 4-HYDROXYLASE (C4H) and 4-COUMARATE:COA
LIGASE (4CL) lead to the formation of p-coumaryl-CoA which is then extended with three malonyl
CoA molecules by CHALCONE SYNTHASE (CHS), forming the polyketide naringenin chalcone.
Naringenin undergoes isomerization and hydroxylation to form dihydrokaempferol, a
dihydroflavanol. Further reduction by DIHYDROFLAVONOL REDUCTASE (DFR) directs the pathway
towards anthocyanin biosynthesis. Conversely, reduction of dihydroflavonols by FLAVONOL
SYNTHASE (FLS) directs the pathway into forming flavonols. PAL, C4H, and 4CL are referred to as
the general flavonoid pathway as products from these enzymes can also flow into lignin
biosynthesis. The anthocyanin pathway proper is classified into early (CHS, CHI, and F3H) and late
(DFR, LDOX, and UF3GT) stages which are precisely regulated by various transcription factors (TF).

Production of anthocyanins is controlled by a variety of transcription regulators including,
ARF (Liu et al., 2007), B-Box (Chang et al., 2011; Holtan et al., 2011; Gangappa et al., 2013), basic
helix-loop-helix (bHLH) (Shirley et al., 1995; Nesi et al., 2000; Zhang et al., 2003; Feyissa et al.,
2009), bZIP (Ang et al., 1998), DELLA and JAZ repressors (Xie et al., 2016), homeobox (Kubo et al.,
1999), LDB (Rubin et al., 2009), R2-R3 MYB (Borevitz et al., 2000; Gonzalez et al., 2008) R3 MYB
(Matsui et al., 2008; Zhu et al., 2009), NAC (Morishita et al., 2009), SPL (Gou et al., 2011), TCP (Li
and Zachgo, 2013) WD40 (Walker et al., 1999), and WRKY (Devaiah et al., 2007) factors and
microRNAs (Gou et al., 2011; Yang et al., 2013). TFs controlling anthocyanin biosynthesis are often
characterized as regulators of early and late portions of the pathway as these sub-pathways are
targeted by distinct sets of factors. PRODUCTION OF FLAVONOL GLYCOSIDES], 2, and 3 (MYB12,
MYB11, and MYB111 respectively), regulate early pathway genes (Stracke et al., 2007). A well
characterized MYB-bHLH-WD40 (MBW) complex is the predominant regulator of the late pathway
(Payne et al., 2000; Zhang et al., 2003). The MBW complex is comprised of PRODUCTION OF
ANTHOCYANIN 1 (MYB75/PAP1), MYB90/PAP2, MYB113 or MYB114 MYB factors (Borevitz et al.,
2000; Gonzalez et al., 2008); GLABRA3 (GL3), ENHANCER OF GLABRA3 (EGL3) or TRANSPARENT
TESTAS (TT8) bHLH factors (Zhang et al., 2003; Zimmermann et al., 2004; Feyissa et al., 2009); and
the WD40 protein TRANSPARENT TESTA GLABRA1 (TTG1) cofactor (Walker et al., 1999). The R3
MYBs CAPRICE (CPC) and MYBL2 suppress anthocyanin production by competing with the R2-R3
MYBs for binding to the MBW complex.

Environmental signals including drought, high light, nitrogen and phosphate deficiency,
salt, temperature, and UV-stress, as well as sugars (Christie et al., 1994; Landry et al., 1995; Teng
et al., 2005; Vanderauwera et al., 2005; Solfanelli et al., 2006; Jiang et al., 2007; Oh et al., 2011,
Nakabayashi et al., 2014; Nemie-Feyissa et al., 2014) and the phytohormones abscisic acid (ABA),
gibberellin (GA) ,and jasmonate are known to activate anthocyanin biosynthesis (Hattori et al.,

105



1992; Jiang et al., 2007; Loreti et al., 2008). The phytohormone jasmonate (JA) is a key elicitor of
anthocyanin biosynthesis (Feys et al., 1994; Loreti et al., 2008). JA signaling occurs through a
CORONATINE INSENSITIVE 1 (COI1)-JASMONATE ZIM-DOMAIN (JAZ) coreceptor complex which
bind JA (Chini et al., 2007; Thines et al., 2007). In the presence of JA, the F-box protein COI1
interacts with JAZ, leading to polyubiquitination of JAZ and degradation via the 26S proteasome
(Chini et al., 2007; Thines et al., 2007). The JA coreceptor (COI1) has impaired anthocyanin
accumulation (Feys et al., 1994). Furthermore, the JAZs repressors interact with GL3, EGL3, and
TT8 inhibiting transcription of anthocyanin biosynthetic genes freeing GL3, EGL3, and TT8 for
activation of the late anthocyanin pathway (Qi et al., 2011). Anthocyanin biosynthesis is further
induced by JA upregulation of PAP1, PAP2, and GL3 expression (Shan et al., 2009).

Mediator is a 25+ subunit complex which interacts with chromatin modifiers and
transcription factors to recruit RNA POLYMERASE Il complex to gene promoters. Identification of
the Mediator complex in plant revealed several additional subunits not present in yeast or
metazoan (Backstrom et al., 2007). Studies of the plant Mediator have revealed multiple subunits
function in growth, development and defense (Dhawan et al., 2009; Kidd et al., 2009; Xu and Li,
2011; Sundaravelpandian et al., 2012; Xu and Li, 2012; Zhang et al., 2013; Zheng et al., 2013; Lai
et al.,, 2014; Zhu et al., 2014). In Arabidopsis, the Mediator complex has been implicated in
regulating natural product biosynthesis and accumulation; however, much remains unknown
(Stout et al., 2008; Kidd et al., 2009; Bonawitz et al.,, 2014). Double mutants of MEDIATOR
COMPLEX SUBUNIT 5b (MED5b) and MED5a, also called REDUCED EPIDERMIS FLUORESCENCE
(REF4) and REF4-RESEMBLING 1 (RFR1) respectively, were found to have increased accumulation
of early phenylpropanoids (Bonawitz et al., 2012). A semidominant mutant of MED5b (REF4P)
severely reduces plant growth and phenylpropanoid accumulation (Stout et al., 2008).
Overexpression of PAP1 in the REF4° mutant revealed compromised accumulation of
anthocyanins, suggesting that PAP1 probably functions through MED5b (Bonawitz et al., 2012).
More recently, the med5a/b double mutant was shown to partially reduce the compromised
lignin accumulation and dwarf phenotypes of the ref8, a mutant p-COUMAROYLSHIKIMATE 3’-
HYDROXYLASE (Besseau et al., 2007; Bonawitz et al., 2014). Levels of flavonoids are also reduced
in med5a/b ref8 triple mutants, suggesting that flavonoid hyperaccumulation in the ref8 mutant
is not due to metabolic overflow (Bonawitz et al., 2014). MED?25, also known as PHYTOCHROME
FLOWERING TIME 1, has been reported to positively regulate jasmonate signaling and
anthocyanin accumulation in Arabidopsis (Kidd et al., 2009). While expression of PHENYLALANINE
AMMONIUM LYASE 1 (PAL1) expression is down regulated in a med25 mutant (Kidd et al., 2009),
the exact mechanism regulating the accumulation of anthocyanins has not been elucidated.
Collectively, these studies suggest a role of the Mediator complex in regulation of anthocyanin
biosynthesis and accumulation.

Previous work has implicated MED25 in regulating anthocyanin accumulation by an
unknown mechanism. My work indicates MED25 is a master regulator of jasmonate induced
anthocyanin biosynthesis in Arabidopsis, affecting the expression of early and late portions of the
pathway. | find that MED25 interacts with the jasmonate regulated transcriptional activator GL3,
a component of the MBW complex important for activation of late anthocyanin pathway genes.
Furthermore, | find that MED25 can interact with JAZ1, presumably limiting Mediator activation
of plant defenses, including genes for flavonoid biosynthesis.
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Results
MED25 Regulates Anthocyanin Accumulation in Response to Jasmonate and Sucrose

Previous reports indicate that the med25 mutant is impaired in jasmonate signaling and
accumulates less anthocyanin (Kidd et al., 2009). To confirm these finding | first measured the
jasmonate response using the previously reported med25-2 null mutant (Figure 4.1A, Kidd et al.,
2009). As previously reported the growth of med25 seedlings roots, with or without jasmonate
added to the media, was increased compared to WT (Figure 4.1B). However, root growth while
exposed to jasmonate indicated only a slight insensitivity of mutant seedlings. Accumulation of
anthocyanin in response to jasmonate induction was reduced in med25 mutant seedlings after 1
day of induction (Figure 4.2A). Differences in anthocyanin accumulation were detected with 10,
but not 25 puM JA. Given this information, | suspected that med25 mutants may eventually
accumulate anthocyanin levels similar to WT when grown for a longer time under induction
conditions. However, results show that even after 9 days of induction the 10 uM JA concentration
still showed reduced anthocyanin accumulation (Figure 4.2C).

As high sucrose levels also induce anthocyanin accumulation in Arabidopsis seedlings
(Teng et al., 2005; Solfanelli et al., 2006) | sought to quantify root growth in response to sucrose
in med25 seedlings. Similar to jasmonate treatment | found anthocyanin levels were decreased
in med25 mutants after induction with 6% sucrose and constant light treatment for 24 hr (Figure
4.2C). Conversely, exposure of med25 seedlings to high sucrose for 9 days resulted in WT
anthocyanin accumulation (Figure 4.2D). These results indicate that for a short time the med25
mutant has reduced anthocyanin accumulation in response to high sucrose.

Microarray Analysis Reveals Possible Regulation of Anthocyanin Biosynthesis Genes

To identify the role of MED25 in regulating the accumulation of the anthocyanin pathway
| sought to use publicly available microarray data to investigate which genes may be miss-
regulated. Two microarray datasets are available for the med25 mutant, one in response to
Fusarium oxysporum infection, GSE15236, and another for temperature regulation of gene
expression, GSE37014, (Kidd et al., 2009; Iiigo et al., 2011). A two-way Analysis of Variance of
was conducted on normalized data using the Multiexperiment Viewer (MeV) software (Saeed et
al., 2003). As neither experiment was specifically designed for analyzing the anthocyanin pathway
directly a significance level of 0.05, without application of a false discovery rate, was used as a
cutoff. Inthe Fusarium and temperature array 2761 and 1338 genes were differentially expressed
between the WT and med25 genotypes, respectively. Comparing the datasets revealed 208
shared genes. A hypergeometric distribution analysis was applied to determine the statistical
significance between the control datasets. There was a statistically significant (p-value = 0.00069)
between datasets. Unsurprisingly, differences were abundant as 2553 and 1130 genes were not
shared between the arrays.

In Arabidopsis, anthocyanin accumulation occurs in response to pathogen infection
(Veronese et al., 2003; Kidd et al., 2011). Infection with F. oxysporum induced the expression of
PAL1, PAL2, PAL3, PAL4, CHS, DFR, F3’H, F3’5’H, and UF3GT, accounting for at least half of the
biosynthetic steps necessary for anthocyanin synthesis. F. oxysporum infections differentially
regulated the anthocyanin transcriptional regulators MYB12, TTG1, PAP1, and PAP2. Contrary to
reports for PAL1 (Kidd et al., 2009), analyzing the Fusarium experiment microarrays revealed
expression of PAL2 was significantly up regulated in the med25 mutant. Conversely, there was a
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significant down regulation of DFR, a key gene for jasmonate regulation of anthocyanin
accumulation (Figure 4.3). The transcriptional regulators TTG1, MYB113, and EGL3 were found to
be significantly up regulated in the med25 mutant.

Anthocyanin accumulation is also affected by temperature, with low and high
temperature stresses promoting and suppressing pigmentation, respectively (Rowan et al., 2009;
Catala et al., 2011). Microarray analysis of gene expression at 16°C and 23°C, low and optimal
temperatures respectively, revealed effects on nearly all biosynthetic enzymes involved in
anthocyanin formation. Only LDOX was not significantly up-regulated by low temperature. Low
temperature significantly up-regulated the expression of MYB12, PAP1, TT8, and EGL3. At both
16°C and 23°C, the med25 mutation significantly down-regulated expression of PAL1, PAL2, PAL4,
C4H, 4CL3, CHS, CHI, FLS1, and F3H (Figure 4.3). Expression of the MYB12 transcriptional regulator
was down regulated in the med25 mutant at both 16°C and 23°C. According to the microarray
analysis, no biosynthetic genes or transcriptional regulators displayed increased expression in the
med25 mutant at either temperature. Collectively, these results suggest MED25 may affect the
expression of most anthocyanin biosynthetic genes and several transcription factors involved in
regulating the pathway.

Expression of Anthocyanin Biosynthetic Genes Are Reduced in med25 Mutants

To demonstrate the role of MED25 in governing anthocyanin biosynthesis | focused on
jasmonate induction of the flavonoid pathway. Expressions of regulatory genes were investigated
before and after jasmonate treatment. Treatment of Arabidopsis seedlings with JA successful
induced accumulation of JAZ1 transcripts (Figure 4.4A), a marker gene for JA response. Although
JAZ1 transcripts were induced in response to jasmonate treatment in the med25 mutant,
transcript levels were less than control plants. This finding suggests a disruption of endogenous
jasmonate signaling in the med25 mutant. To show jasmonate induced expression of the
anthocyanin pathways | measured DFR transcript levels. DFR expression was induced 8 h after
jasmonate treatment (Figure 4.4B).

In addition to DFR, | performed a comprehensive gene expression analysis of the flavonoid
biosynthetic pathway to further elucidate the targets by which MED25 regulates anthocyanin
accumulation. Surprisingly, the mutation of med25 negatively affects the expression of almost
all flavonoid pathways genes, both before and after JA induction. The general (PAL1, C4H, and
4CL), the early (CHS, CHI, F3H, F3’'H, and F3’'5'H) and late (DFR, LDOX, and UF3GT)
phenylpropanoid pathways were all affected either before and/or after JA treatment (Figure
4.4C). Only CHI and F3’H were unchanged at a basal level in med25 mutants. The basal levels of
CHS and LDOX were down-regulated more than 2 fold. After JA induction for 8 h PAL1, C4H, 4CL,
CHS, CHI, F3H, DFR, LDOX, and UF3GT are down-regulated (Figure 4.4D). Interestingly, expression
of F3’H and F3’5’H significantly increased in the med25 mutant upon JA induction. Similar to the
basal expression level, JA induction of LDOX was suppressed by 2 fold in the med25 mutant.

MED25 Affects the Expression of Transcription Factors Regulating the Anthocyanin Pathway

As multiple biosynthetic genes were miss-regulated in the med25 mutant | sought to
identify the transcription factors which were connected to these disruptions. To address this
issue, | started by measure transcription factor expression at 0 and 8 h. Expression of TTG1 and
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EGL3 remained unaffected either before or after JA treatment (Figure 4.5A and B). In contrast
TT8 was not affected at a basal level but its induction by JA was impaired in the med25 mutant
(Figure 4.5B).

To further investigate regulatory effects on the anthocyanin pathway several TFs were
with known JA-induced expressions were more thoroughly investigated with 0, 2, 4, and 8 h time
points (Figure 4.5C-E). GL3, PAP1, and PAP2 were significantly up-regulated by JA treatments as
has been previously reported (Qi et al., 2011). GL3 expression did not differ between med25 and
WT at any of the times measured (Figure 4.5C). Conversely, expression of PAP1 and PAP2
displayed reduced expression beginning around 2 h after JA treatment and that was significantly
different by 4 h after treatment (Figure 4.5D and E). These findings suggest that miss-regulation
of anthocyanin accumulation in the med25 mutant is due to down-regulation of select
anthocyanin regulatory TFs.

MED25 Interacts with GLABRA3

As multiple regulatory and biosynthetic genes of the anthocyanin pathway were down
regulated in med25 | decided to test possible interactions with known regulators of anthocyanin
biosynthesis. MED25 and potential transcription factor targets were tested with a yeast-2 hybrid
system. The ACID domain, amino acids 551-681, of MED25 is important for interaction with
transcription factor targets (Elfving et al., 2011; Ou et al., 2011; Cevik et al., 2012). The MED25
ACID domain (BD-MED25%%%1) and potential interacting factors were fused with the GAL4
binding and activation domains, respectively. Five mM 3-amino-1,2,4-triazole (3-AT) was used to
reduce the strong autoactivation observed with the BD-MED25%%%81, No interaction with BD-
MED252%-%81 was found for AD-TTG1%34!, AD-PAP112%, AD-PAP2Y2%°, AD-TT8'18, or AD-EGL3'>%
(Figure 4.6A). However, AD-GL3®¥ interacted with BD-MED252%8! on triple selection plates in
the presence of 10 mM 3-AT but not on quadruple selection plates (Figure 4.6A), indicating a weak
interaction between these factors. Surprisingly, despite the high identity, AD-EGL3>% and AD-
GL3¥%¥interacted with BD-MED25%%8! differently.

To further characterize the interaction of GL3 with MED25 | dissected GL3 into five parts
consisting of the different TF domains. AD-GL32%°, AD-GL329040° AD-GL3%%%4% and AD-GL3%52:5%7
consisted of the MIR, AD, bHLH, and ACT domains respectively. Furthermore, AD-GL340%-6%7
consisting of the bHLH and ACT domains was also constructed. The middle and ACID domain
section of MED25 was used as the binding domain, BD-MED25%2%%!, Only AD-GL3%%%%37 and BD-
MED25%%%81 were found to interact (Figure 4.6B). Notably, the bHLH, AD-GL3%%%%%, or ACT, AD-
GL3%2%7 domains alone were not sufficient to allow detectable MED25 binding.

A protoplast-based transactivation assay was performed to validate the interaction of GL3
with MED25 in vivo. The middle and ACID domain region of MED25 was fused to the GAL4
domain. GL3 was expressed under the 35S promoter. MED25-GAL4, significantly increased
protoplast activity, indicating this domain is functional in vivo (Figure 4.6C). Activity was further
increased by the addition of GL3. In yeast, EGL3 did not interact with MED25 (Figure 4.6C). Due
to the sequence similarity between EGL3 and GL3 | sought to determine whether a key factor is
missing from yeast or if no interaction occurs in vivo. The addition of EGL3 or PAP1 did not
increase activity beyond the background level induced by MED25 alone (Figure 4.6D). These
results suggest that MED25 specifically interacts with GL3 in vivo.
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JAZ1 Interaction with the ACID Domain of MED25

| speculated at the possibility of MED25 interacting with JAZ proteins. As MED25 interacts
with MYC2, MYC3, MYC4, (Cevik et al., 2012; Chen et al., 2012) along with GL3, and these proteins
are known target of JAZ proteins, | sought to investigate the possibility of MED25 directly
interacting with JAZ proteins. | tested the interaction of the same MED25 middle and ACID
domains, BD-MED25%2%%81 ith full length JAZ1, JAZ2, JAZ8, and JAZ10 as a representatives of the
JAZ protein family which can interact with GL3 (Qi et al., 2011). Full length JAZ1, JAZ2, JAZS8, and
JAZ10 were cloned into the activation domain vector forming AD-JAZ1%253, AD-JAZ2Y%%°, AD-JAZ8Y
131 and AD-JAZ10%'7 respectively. Interestingly, only AD-JAZ1'%3 consistently interacted with
BD-MED252%%%81 (Figure 4.7A). Colonies only grown on the HLT plate, suggesting a weak
interaction between MED25 and JAZ1.

To validate the interaction between MED25 and JAZ1 in vivo | conducted a protoplast-
based transactivation. As with GL3 (Figure 4.7B), | used only the middle and ACID domain of
MED25 fused to GAL4 binding domain for transactivation. To insure repressor function
independent of additional cofactors (NINJA and TPL), | fused JAZ1 with the SRDX repressor
domain. To demonstrate functional activity of the SRDX domain | fused it to GL3. Both JAZ1-SRDX
and GL3-SRDX were expressed using the 35S promoter. As expected GL3-SRDX did not
transactivate the luciferase promoter in the presence of MED25 (Figure 4.7B), indicating a
functional SDRX domain. Expression of JAZ1-SRDX with MED25 resulted in a slight decrease in
luciferase activity (Figure 4.7B). These results further substantiate the in vivo interaction of
MED25 with JAZ1 and GL3.

Localization of MED25

As a necessary component of transcription Mediator is expected to localize to the
nucleus. However, no studies have validated this assumption for MED25. GFP was fused to the
C-terminal end of a full length MED25. The GFP-MED25 plasmids was transfected into tobacco
protoplast and observed under the microscope. As expected, GFP-MED25 primarily localized to
the nucleus (Figure 4.7C). Possibly due to slow nuclear transport, minor fluorescence was
observed in the cytosol and around the cell wall.

Microarray Analysis Reveals Overlap between GL3 and MED25 Regulated Genes

To support the interaction of MED25 with GL3 | compared genes overlapping between
publicly available microarrays of med25 and g/3 mutant plants. Two array are available for the
med25 (Kidd et al., 2009; Iiiigo et al., 2011) mutant and three for g/3 (Jakoby et al., 2008;
Morohashi and Grotewold, 2009). As the microarray experiments were conducted
independently, | normalized and analyzed each array in context of the initial study to identify
genes differentially regulated. Then, only data relating to genotypic differences was used to
determine the overlap between MED25 and GL3 target genes. A hypergeometric distribution
analysis was used to determine if a statistically significant overlap of target genes occurred.
Significant overlap between MED25 and GL3 genotypes occurred in five of the six array
combinations (Figure 4.8). Gene ontology (GO) analysis was conducted to identify shared target
gene functions. Genes shared between the MED25 GSE12536 and GL E-GEOD-12522 revealed an
enrichment for cellular amino acid derived metabolic process. Flavonoid biosynthetic processes,
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intracellular transport, response to organic substances and defense response were GO categories
enriched for genes shared between the MED25 GSE37014 and GL3 E-GEOD-12551 arrays. Other
combinations did not reveal an enrichment for any GO category. Genes occurring in more than
one array combination included ABCI18, CER1, CYP79B3, JAV1, LOX5, PMEPCRF, UMAMIT2S,
AT2G45520, AT3G06450, AT3G10930, AT5G04310, and AT5G16990. The significant overlap
between MED25 and GL3 target genes further supports their physical interaction.

MED25 Regulates Trichome Development

To further validate that MED25 interacts with GL3 | reasoned that med25 and g/3 mutant
plants should display similar phenotypes. GL3 is known to function in the regulation of trichome
formation (Payne et al., 2000; Bernhardt et al., 2003), therefore | first sought to quantify the
number of trichomes on the med25 mutant stems. The basal 2.5 cm of inflorescence stem were
section and found to have less trichomes (Figure 4.9A and B). Furthermore, there were
significantly less branched trichomes, as has also been reported for g/3 plants (Figure 4.9C). As
further validation, | quantified the number of trichomes on the 3™ and 4 leaves of med25
compared to WT. The total number of trichomes was not significantly different between med25
and WT (Figure 4.9D and G). As expected, there were no difference in single or bifurcated
trichomes, but significantly less triradiate trichomes in the med25 mutant (Figure 4.9E-G).

To further investigate the cause of reduced trichome number and branching | analyzed
expression from trichome regulatory and developmental genes TRIPTYCHON (TRY), CAPRICE
(CPC), SIAMESE (SIM), and ENHANCER OF TRY AND CPC 1 (ETC1). The TF MYC2 is known to interact
with MED25 (Cevik et al., 2012; Chen et al., 2012). As with GL3, there is a significant overlap
between MYC2 and MED25 regulated genes (Figure 4.10A). To determine if trichome
development occurs specifically through GL3, | compared the med25 mutant with g/3 and myc2
lines. Expression of TRY, CPC, SIM, and ETC1 was slightly elevated in the med25 mutant, but did
not differ significantly from WT seedlings (Figure 4.9H-K). However, expression of TRY, CPC, and
ETC1 were significantly increased in both the myc2 and g/3 mutants (Figure 4.9H-K). SIM
expression was also significantly higher in the myc2 mutant (Figure 4.9J). Thus, MED25 regulation
of trichome genes likely requires both GL3 and MYC2.

MED25 Affects the Accumulation of Proanthocyanins in Arabidopsis Seeds

The MBW complex regulates the production of seed coat mucilage and proanthocyanidins
(Baudry et al., 2004). To test the impact of genetic mutations on seed mucilage | stained seed
with ruthenium red. No differences were readily distinguishable between WT, med25, g/3, and
myc2 lines (Figure 4.11A).

Expression of TT8 was decreased in the med25 mutant (Figure 4.5B). | investigated the
possibility of differential accumulation of proanthocyanidins in the seed coat. As MYC2 has also
been implicated in regulating flavonoid production (Dombrecht et al., 2007) | included the myc2
mutant to differentiate any potential proanthocyanidin phenotypes. Visual inspection revealed
slightly more pigmented seed coats in the MED25 overexpressor (MED25 OX) line and less in the
mutant (Figure 4.11B). Both g/3 and myc2 has slightly lighter brown seeds coats similar to the
med25 line. To further quantify the difference in seed coat color, | extracted proanthocyanidins
from the seeds of med25, g/3, myc2, and WT lines. Proanthocyanidins were divided into soluble
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and insoluble fractions. After extraction, soluble and insoluble proanthocyanidins were acid
decomposed into anthocyanidins and the absorbance at 530 nm was quantified. Soluble
proanthocyanidins were significantly higher in the MED25 OX line (Figure 4.11C). In contrast,
seeds of med25 and myc2 lines accumulated significantly higher levels insoluble
proanthocyanidins (Figure 4.11C). These results indicate MED25 impacts accumulation of
proanthocyanidins in Arabidopsis seeds, potentially through the MYC2 TF.

To further investigate the proanthocyanidin phenotype of med25 mutant | analyzed the
expression of TT8. Expression of TT8 in med25 seedlings was down both before and after
induction with JA (Figure 4.11D). Both myc2 and g/3 also displayed reductions in TT8 expression
under both conditions (Figure 4.11D). Thus, visual pigmentation reduced in med25, g/3, and myc2
mutants may be due decreased expression of the MBW complex subunit TT8.

Interactions between MEDIATOR Subunits and the MBW Complex

As both the MEDIATOR and MBW complex contain multiple subunits, | suspected
additional protein-protein interactions may occur between these two complexes. A Y2H assay
was conducted to determine interactions of the MBW complex with MED5, also called MED33,
MED16, and CDK8. Due to endogenous restriction sites the MED5a, MED5b, and MED16
sequences, these genes were divided into four, three, and three pieces, respectively. MED16 was
divided into BD-MED16Y?°, BD-MED16%*18%, and BD-MED16%°128, pProtein fragments for MED5a
were BD-MED5a!?%, BD-MED5a??%%¢, BD-MED5a%%'°"8, and BDMED5a%’°13%, The three protein
MEDS5b fragments included BD-MED5bY%°, BD-MED5b?%%718, and BD-MED5b’1%-1276, BD-CDK847°
spanned the full length CDK8 protein.

MED16 has been shown to interact with MED25 (Yang et al.,, 2014). Thus, due to
proximity, | investigated the possibility that MED16 interacts with subunits of the MBW complex.
However, neither BD-MED16%%%°, BD-MED16%*%%%° and BD-MED16%%28 interacted with AD-
TTG13%, AD-PAP11-2%8, AD-PAP2Y24 AD-TT81°18, AD-GL3'%%7 or AD-EGL3>%,

MED25 also interacts with CDK8 (Zhu et al., 2014). | hypothesized association of CDK8
with MED25 would also place it in close proximity to the MBW complex. Thus, | also investigated
the possible interactions of CDK8 with MBW complex components. Surprisingly, similar to
MED25, BD-CDK847° also interacted with AD-GL3%%%7. As MED25 also interacts with JAZ1 | tested
the interaction between CDK8 and JAZ1. The presence of yeast colonies on the HLT plate
indicated the interaction of BD-CDK8#° and AD-JAZ1%2>3 (Figure 4.12A).

The relationship between MED5 subunits and MED25 remains poorly defined. As the
REF4P mutant represses anthocyanin accumulation of a PAP1? mutant (Bonawitz et al., 2012) |
investigated the possibility of MEDS5 interactions with MBW complex components. No
interactions between BD-MED5a*??’, BD-MED5a?%%-°¢0, BD-MED5a>%*’8, or BDMED5a°”°13%° and
AD-TTG1%3* AD-PAP1%2%8, AD-PAP2%2%° AD-TT8>'8 AD-GL3%%” or AD-EGL3'°% were observed.
Similarly, no interactions between, BD-MED5b?*718 or BD-MED5b71%1276 with AD-TTG1%3%!, AD-
PAP1Y2%8  AD-PAP212% AD-TT8'°® AD-GL3'% or AD-EGL3%°%® occurred. However, a weak
interaction between BD-MED5b*% and AD-PAP2Y%* occurred on the HLT plate (Figure 4.12B).
Collectively, these interactions suggest multiple Mediator subunits interact with the MBW
complex.
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Discussion

Prior studies have indicated a potential role of MED25 in regulating anthocyanin
production(Kidd et al., 2009). However, the mechanism by which this process occurs has not been
elucidated. Here | characterize the role of the Mediator subunit MED25 in regulating biosynthesis
of anthocyanins and proanthocyanidins. The med25 mutant plants display a reduction in
anthocyanin accumulation in response to sucrose and JA. Importantly, | found MED25 is a master
regulator of anthocyanin biosynthesis. In Arabidopsis, all biosynthetic genes from PAL to UF3GT
were down-regulated in the med25 mutant. Analysis of regulatory genes revealed reduced
expression of PAP1, PAP2, and TT8 in the med25 mutant. MED25 was found to directly interact
with GL3 and JAZ1 in yeast. JAZ1 interaction with MED25 revealed a new mechanism by which JA
controls gene expression.

Anthocyanin Accumulation Is Regulated by the MEDIATOR Complex Through MED25

A prior report indicated anthocyanin accumulation is affected by MED25 (Kidd et al.,
2009). These authors induced anthocyanins by culturing detached seedlings in water for three
weeks. To validated the role of MED25 in regulation of anthocyanins, | used a more traditional
approach by using JA and sucrose treatments. Minor, but significant and repeatable differences,
were observed in JA or sucrose treated med25 and WT seedlings (Figure 4.2). Kidd et al. (2009)
reveal a more pronounced difference between MED25 genotypes and WT plants. The contrast
may be due to a combination of larger seedlings, treatments, and environmental conditions.
Conditions used by Kidd et al. (2009) would elicit nutrient starvation, including nitrogen. The
MBW complex needs GL3 to induce anthocyanins in response to nitrogen deficiency (Nemie-
Feyissa et al., 2014). In contrast, GL3 displayed a more limited role for inducting anthocyanin
accumulation in response to JA. Thus, the interaction between MED25 and GL3 could explain
stronger phenotype in the report by Kidd et al. (2009).

MED25 Is a Potential Master Regulator of Flavonoid Biosynthesis

The flavonoid pathway is divided into early, middle, and late stages of anthocyanin
biosynthesis. Each sector of the flavonoid pathway is mediated by a unique set of TFs. The early
portion of the pathway is primarily controlled by factors involved in lignin biosynthesis (Didi et al.,
2015), although the MBW component PAP1 also contributes (Bhargava et al., 2010). Although
functioning in distinct tissues, MYB11, MYB12, and MYB111 regulate the middle section of the
pathway and synthesis of flavonols (Mehrtens et al., 2005; Stracke et al., 2010). The MBW
complex is a key regulator of late stages of the flavonoid pathway (Patra et al., 2013). The late
steps of the flavonoid pathway lead to production of anthocyanins and proanthocyanidins (Patra
et al., 2013).

Analysis of publicly available microarrays suggested MED25 may target multiple sections
of the flavonoid pathway (Figure 4.3). Gene expression analysis supported this hypothesis
(Figures 4). Indeed, all core early, middle, and late flavonoid biosynthetic genes are down-
regulated in the med25, either before or after JA induction. Basal level expression of PAL1, C4H,
4CL, CHS, F3H, F3’H, LDOX, and UF3GT was significantly reduced in med25 seedlings. Basal
expression of CHI and F3’5’H remained unchanged. Upon JA induction PAL1, C4H, 4CL, CHS, CHI,
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F3H, DFR, LDOX, and UF3GT expression was reduced relative to WT. In contrast, expression of
F3’H and F3’5’H was induced in response to JA.

To determine the cause for anthocyanin biosynthetic gene down-regulation | measured
expression of MBW complex transcription factors. Basal level expression of TTG1, EGL3, GL3, TTS,
PAP1, and PAP2 remained unchanged compared to WT (Figure 4.5). Upon induction with JA, the
expression of TT8, PAP1, and PAP2 was significantly reduced versus the control (Figure 5B, D and
E). Thus, the strong reduction in PAP1 and PAP2 gene expression likely explains the decreased
levels of late stage anthocyanin biosynthetic genes. Reduction of PAP1 and PAP2 transcript, and
presumably the corresponding TF proteins, would limit formation of a fully functional MBW
complex. With impaired MBW complex formation, maximum transcriptional activation of late
stage anthocyanin biosynthetic genes may not be achieved (Gonzalez et al., 2008).

In addition to anthocyanins, MED25 affects accumulation of proanthocyanidins. TT8 is
the bHLH component of the MBW complex for primary responsible for proanthocyanidin
biosynthesis in the Arabidopsis seed coat (Nesi et al., 2000). The reduction of pigmentation in the
med25, g/3, and myc2 mutant testa may be explained by decreased expression of TT8. Indeed,
expression of TT8 was decreased in these lines both before and after induction with JA (Figure
4.11). | found that MED25 OX and med25 mutant lines had increased levels of soluble and
insoluble proanthocyanidins, respectively (Figure 4.11C). The opposite role of overexpressor and
mutant MED25 suggests it affects a proanthocyanidins polymerization. It is possible soluble and
insoluble proanthocyanidins produce a darker and lighter testa color, respectively. Alternatively,
as g/3 did not display significantly altered proanthocyanidin levels, the visible testa color may be
determined by one or more specific proanthocyanidin compounds. Medicago truncatula hairy
roots overexpressing MtMYB5 or MtMYB14 accumulated more soluble and insoluble
proanthocyanidins, leading to darker roots (Liu et al., 2014). However, analysis of Mtmyb5 or
Mtmyb14 seeds had lower levels of soluble proanthocyanidins but displayed a darker seed coat
(Liu et al.,, 2014). In soybean (Glycine max), different combinations of anthocyanins and
proanthocyanidins result in yellow, brown, or black seed coats (Todd and Vodkin, 1993; Kovinich
et al.,, 2011). These studies suggest testa color is likely a complex trait resulting from multiple
metabolites. More work is needed to understand the mechanisms by which MED25 governs this
process.

Evidence for the in vivo Interaction between GL3 and MED25

As a component of the MBW complex, GL3 regulates anthocyanin biosynthesis as well as
root hair and trichome development (Payne et al., 2000; Bernhardt et al., 2003; Feyissa et al.,
2009). In Arabidopsis, root hair development is also regulated by MED25 (Chandrika et al., 2013;
Raya-Gonzélez et al., 2014), suggesting a possible connection with GL3. Using a yeast-two hybrid
assay, | identified MED25 interacting with GL3 (Figure 4.6A). Dissecting the MED25 and GL3 genes
revealed the ACID domain and C-terminal end were responsible for the interaction (Figure 4.6B).
In tobacco cells, functional activity of the truncated MED25 ACID domain was illustrated through
increased basal expression of the luciferase reporter. When combined with GL3, the MED25 ACID
domain significantly induced luciferase expression (Figure 4.6C). When fused with the SRDX
repressor domain and coexpressed with MED25, GL3 could no longer full induce transactivation
of the reporter construct (Figure 4.7B). Combined with MED25, enhanced and repressed
transactivation by GL3 and GL3-SRDX in tobacco protoplast, respectively, provide evidence for
their interaction in planta.
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Furthermore, support for the GL3 and MED25 interaction occur through their shared
phenotypes. Both med25 and g/3 mutants displayed similar visual reductions in seed coat
coloration. Although med25 exhibited increased insoluble proanthocyanidins whereas g/3 did
not, this effect may occur through the MYC2 TF (Figure 4.11C). Additionally, mutation of g/3
disrupts leaf trichome development (Payne et al.,, 2000; Zhang et al., 2003). Leaves of g/3
seedlings possess similar number of trichomes a WT plants, but display a reduced number
triradiate branched trichomes (Payne et al., 2000). Mutant med25 plants also displayed disrupted
trichome development. Stems of med25 plants possessed fewer trichomes which had less
branching (Figure 4.9). In contrast, young med25 leaves did not have a significant reduction of
total trichomes. Further study revealed the number of triradiate trichomes was significantly
reduced (Figure 4.9F and G). Thus, the phenotypes of med25 and gi/3 seedlings agree, suggesting
GL3 recruits MED25 for transcription of its target genes. GL3 activates the expression of CPC,
ETC1, TRY, and SIM (Morohashi et al., 2007; Morohashi and Grotewold, 2009). The R3 MYBs (CPC,
ETC1, ETC2, ETC3, MYBL2, and TRY) interact with bHLH factors of the MBW complex to suppress
trichome development and anthocyanin biosynthesis while enhancing root hair formation (Kirik
et al., 2004; Kirik et al., 2004; Dubos et al., 2008; Matsui et al., 2008; Zhu et al., 2009). Increased
TRY, CPC, and ETC1 expression occurred in the g/3 mutant (Figure 4.9H, |, and K). However,
expression of TRY, CPC, ETC1, and SIM were not significantly different in med25. GL3 may regulate
the expression of these genes independently of MED25. As GL3 also interacts with Mediator
component CDKS8 (Figure 4.12A), the regulation of TRY, CPC, and ETC1 could occur via this subunit.
Using publicly available microarray data | compared genes miss-regulated between med25 and
g/3. This identified 13 to74 genes common between both microarray datasets. This overlap was
significant despite the cultural and environmental conditions differences between array datasets.
Overall, these experiments provide strong evidence for the interaction of GL3 with MED25 in vivo.

Integration of MED25 into the Anthocyanin Regulatory Network

Here, | showed GL3 interacts with MED25. MED25 also interacts with the JA master
regulator MYC2 (Cevik et al., 2012; Chen et al., 2012). | used the g/3 and myc2 mutants to help
dissect MED25 regulation of anthocyanin accumulation. When a glucocorticoid receptor fused to
GL3 was induced with dexamethasone PAP2, but not PAP1, expression increased (Gonzalez et al.,
2008). Addition of cycloheximide revealed GL3 induction of PAP2 occurred indirectly. MYC2 has
been implicated in regulation of PAP1 gene transcription (Dombrecht et al., 2007). Thus, | sought
to determine if either GL3 or MYC2 were responsible for the reduced JA induced PAP1 transcript
accumulation in the med25 mutant. Although statistically not significant, induction of PAP1
expression was impaired in the g/3 mutant (Figure 4.10B). In contrast, mutation of myc2 did not
affect the induction of PAP1 transcripts in response to JA. GL3 transcripts accumulate in response
to JA induction (Figure 4.5C) (Shan et al., 2009). Under JA elicited conditions, the accumulation
of GL3 proteins presumable increases interaction with MED25. Thus, disruption of GL3 interaction
with MED25, may partially explain the reduced JA induction of PAP1 transcripts. However, GL3 is
also targeted at the protein level by UBIQUITIN PROTEIN LIGASE 3 (UPL3) (Patra et al., 2013).
Thus, an increase in GL3 transcript levels does not necessarily equate to more protein available
to interact with MED25. The role of JA on UPL3 regulation of GL3 warrants further study.

Only a few anthocyanin factors regulate multiple sectors of the flavonoid pathway.
MYBL2 function to bind bHLH factors of MBW complex, repressing its activity (Dubos et al., 2008).
However, overexpression of MYBL2 represses expression of both middle and late steps of the
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flavonoid pathway (Dubos et al., 2008; Matsui et al., 2008). ELONGATED HYPOCOTYL5 (HY5)
regulates the expression of middle and late steps of anthocyanin biosynthesis by targeting MYB12
and PAP1, respectively (Stracke et al., 2010; Shin et al.,, 2013). HY5 also function to induce
anthocyanin accumulation through repression of MYBL2 (Wang et al., 2016). MED25 genetically
interacts with HY5 to regulate light signaling and sulfate metabolism (Klose et al., 2012; Koprivova
et al., 2014). Therefore, it is possible MED25 functions through the action of HY5 to regulate the
entire flavonoid pathway.

In addition to MYBL2 and HY5, other regulators more specifically target components of
the MBW complex. Overexpression of LBD37 or LBD38 results in suppression of anthocyanin
accumulation and down-regulation of PAP1 (Rubin et al., 2009). TCP3 binds to MBW complex
MYBs in addition to MYB12 and MYB111 involved in flavonol regulation (Li and Zachgo, 2013).
SPL9 binds PAP1 to suppress activity of the MBW complex (Gou et al., 2011). Accumulation of the
SPL9 TF is negatively regulated by the microRNA miR156. While SPL9’s role appears limited to
binding the MBW complex MYBs, miR156 overexpression affects both middle and late genes of
flavonoid biosynthesis (Gou et al.,, 2011). Notably, SPL9 and miR156 function to regulate
anthocyanin accumulation to nitrogen deficiency, a condition which requires GL3 (Feyissa et al.,
2009; Rubin et al., 2009). The Mediator complex subunits MED17, MED18, and MED20a are
required for microRNA accumulation (Kim et al., 2011). It is possible MED25 is also involved in
this process. Future research will address the MED25 regulation of PAP1 and PAP2

JAZ1 Interaction with MED25 Provides a New Mechanism for Controlling JA Response

JAZ factor elicit key mechanistic controls over the JA signaling pathway. JAZ repressors
bind regulators of JA signaling (Sasaki-Sekimoto et al., 2013). Anthocyanins are induced by
jasmonate treatment (Loreti et al., 2008; Shan et al., 2009). Furthermore, activators of
anthocyanin biosynthetic pathway, EGL3, GL3, PAP1, and TT8, are targets of JAZ (Qi et al., 2011).
Presumably upon JA induction, JAZ releases these factors which can then form a functional MBW
complex to activate transcription. | noted that JAZ repressors binding GL3, MYC2, MYC3, and
MYC4, which are all TF targets of MED25. This led us to test for a possible interaction between
JAZ factors and MED25 (Figure 4.7A). Indeed, JAZ1 was found to directly interact with MED25 in
yeast and in planta (Figure 4.7B). This lead us to develop a new model for regulation of
anthocyanin biosynthesis (Figure 4.13).

The interaction of JAZ1 with MED25 indicates a new mechanism for JA regulation of gene
expression. Zhang et al. (2015) reported that JAZ9 competes with MED25 for binding MYC3. This
study also demonstrated the structural change that occurs when JAZ9 binds the MYC3 TF. Thus,
structural conformation changes and direct competition for target TFs are two mechanisms by
which JAZ repressors exert their function. The interaction of JAZ1 with MED25 expands the
repertoire of JAZ repressive mechanisms. TFs are known to interact with MED25 occurs through
the ACID domain (Figure 4.6 and Figure 4.7) (Ou et al., 2011; Cevik et al., 2012; Chen et al., 2012).
By binding directly to the ACID domain, JAZ1 likely physically obstructs TFs interaction with MED25
when no JA signal is present. Upon JA perception, JAZ is degraded by the 26S proteasome (Chini
et al., 2007; Thines et al., 2007). JAZ degradation, in combination with releasing TFs to recognize
and bind DNA promoter cis-elements, permits access to the ACID domain of MED25. Interaction
of TFs with MED25 and the remaining Mediator complex can then recruit RNA Polymerase Il to
initiation target gene transcription. Expression of JAZ1 by MYC2 (Chini et al., 2007; Grunewald et
al., 2009) leads to JAZ1 protein accumulation to fine tune gene expression. In advent of aberrant
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accumulation of JA response regulators, such GL3 or MYC2, JAZ1 bound MED25 blocks TF
recognition and in turn prevents downstream gene activation. As JA signaling diverts plant
resources from growth to defense, a tight control of signaling is needed to optimize plant survival
(Yang et al., 2012). Interestingly, expression of JAZ1 is also induced by auxin (Grunewald et al.,
2009). In addition to JA signaling, MED25 also functions to regulate auxin signaling (Raya-
Gonzalez et al., 2014). The role of MED25 in auxin signaling remains ambiguous and my results
implicate a connection with JA response. Overall, my result further emphasizes the fine control
of plant hormone signaling networks and continues to expand the diverse roles JAZ factors
contribute to this process. Better understanding mechanisms regulating JA signaling are
necessary for genetically engineering crops with improved defenses or increased production of
specialized metabolites.

Materials and Methods
Arabidopsis Growth Conditions

Arabidopsis seedlings were sterilized using 70% ethanol for 1 minute followed by 10
minutes in 30% bleach with several drops of Tween20. Seeds were rinsed then chilled at 4°C for
3 days. Seedlings root growth and anthocyanin assays were grown on % MS media for 4 days in
16:8 day:night growth chamber then transferred to treatment conditions. Seedlings for root
growth assays were transferred to JA plates then grown an additional 7 days under 16 h long days
prior to measuring final root length. Trichome number and branching were determined using a
dissecting microscope. Trichomes were counted on third and fourth leaves of seedlings and stems
of mature inflorescences.

Anthocyanin and Proanthocyanidin Accumulation

For anthocyanin assays, seedlings were transferred to 10 or 25 uM JA or 6% sucrose plates
and then grown for a specified time under constant light. Five seedling per sample were combined
and weighted. Anthocyanin was extracted overnight using 1% HCl in methanol. Absorbance at
530 and 657 nm was recorded. Absorbance of anthocyanins was calculated according to the
equation A=As3 - ¥%(Aes7) as previously described (Teng et al., 2005).

Seeds for the proanthocyanidin accumulation assay were collected from mature soil
grown plants. Extraction of proanthocyanidins was modified from Routaboul et al. (2006) and
Pourcel et al. (2005). To extract proanthocyanidins, | weighted 7.5 mg of seed for each sample.
Each sample was ground in 500 uL of 75 acetonitrile:25 H,0. Once ground another 500 plL of 75%
acetonitrile:25% water was added followed by a 1 h extraction on a plate shaker. Samples were
centrifuged for 5 min. at 13,200 rpm. Supernatant was collected and stored at 4°C. The pellet
was resuspended in 1 ml of 75% acetonitrile:25% water and placed on the plate shaker overnight
to extract any remaining soluble proanthocyanidins. After centrifugation, samples of soluble
proanthocyanidins were pooled and dried using a rotary evaporator. Each sample was dissolved
in 100 puL of 75% acetonitrile:25% water. To decompose soluble proanthocyanidins into
anthocyanidins, 95 plL of 95% methanol: 5% concentrate HCl was added to 30 uL of each sample.
Samples were incubated at 99°C for 20 min. in a thermocycler. Absorbance was measured at Asso
using a Nanodrop photospectrometer. For insoluble proanthocyanidins, the pellet was dried with
a rotary evaporator. To each sample was added 105 uL of a 95% methanol: 5% concentrate HCI
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solution. Samples were transferred to PCR tubes then incubated at 99°C for 20 min. in a
thermocycler. Samples were spun down for 5 minute at 13,200 rpm in a microcentrifuge. Another
105 pL of 95% methanol: 5% concentrate HCl solution was added and samples were incubated
again for another 20 min. at 99°C. Samples were pool and the absorbance at 530 nm was used to
quantify insoluble proanthocyanidins.

Yeast-2 Hybrid Assay

Mediator subunits were cloned into the pBD-GAL4 plasmid. As with prior studies, the
MED25 ACID domain was sufficient for interaction with TFs (Elfving et al., 2011; Ou et al., 2011;
Cevik et al., 2012). Further analysis only used the middle and ACID domains fragment (BD-
MED25%%%81) " Due to size and number of endogenous restriction sites, MED16, MED5a, and
MED5b were broken into 3 (BD-MED16%?°, BD-MED16%**%% and BD-MED168%°-12%9) 4 (BD-
MED5a’?%’, BD-MED5a%?%°%°, BD-MED5a>%!°’%, and BDMED5a°’%13%), and 3 (BD-MED5b' %%, BD-
MED5b?°7%8 and BD-MED5b’1%127%) fragments, respectively. The full length CDK8 gene was
cloned into pBD-GAL4 plasmid (BD-CDK8¥*7°). Components of the MBW complex (AD-TTG113%,
AD-PAP1%2%8 AD-PAP22% AD-TT8'°8, AD-GL3%% or AD-EGL3'°%) and JAZ proteins (AD-JAZ1"
253 AD-JAZ212%, AD-JAZ8'131, and AD-JAZ10*'%7) were cloned into the pAD-GAL4 plasmid. All
MBW and JAZ clones were full length genes.

Yeast (Saccharomyces cerevisiae) Y2H Gold strain (Clontech, http://www.clontech.com)
cultures were grown overnight in YPDA media. YPDA media was prepared with 4 g peptone, 2 g
yeast extract, 3 mL 0.2% adenine hemisulfate (prepared in 0.1 M NaOH), and 187 mL water, then
autoclaved. After autoclaving 10 mL 40% filter sterilized glucose was added. Cultures were
diluted to 0.2 optical density at 600 nm (ODsoo) in YPDA. Yeast cultures were then grown for 3 to
3.5 huntil 0.4 ODgg. Samples containing 500 ng AD plasmids and 500 ng BD plasmid were brought
up to 50 pL volume with sterile water. Twenty mg of salmon sperm DNA was dissolved in 10 ml
TE  buffer [10 mM  tris(hydroxymethyllaminomethane (TRIS) and 1 mM
ethylenediaminetetraacetic acid (EDTA)] then denatured for 5 min at 95°C. Cell cultures were
spun down at 5000 rpm for 6 min to remove YPDA. Cells were resuspended in 20 mL sterile water
then spun down at 5000 rpm for 6 min to remove water. Yeast cells were then resuspended in 1
mL 0.1 M lithium acetate (LiAc) and transferred to 1.5 mL microfuge tubes. Samples were washed
by spinning down 30 s at 13,000 rpm in a microcentrifuge, removing the LIAC, then resuspending
in 1.5 mL of 0.1 M LiAc. In preparation for transformation, 100 pL cell culture in LiAc, 240 pL of
filter sterilized 50% polyethylene glycol 3350, 36 pL of 1 M LiAc, 25 pL denature salmon sperm
DNA (2 mg/mL), and 50 uL plasmid DNA was sequentially added together in a 1.5 mL microfuge
tube. Samples were vortexed for 15 s using medium speed then incubated 30 min at 30°C.
Samples were then heat shocked for 20 min at 42°C. Then samples were spun down for 30 s at
7000 rpm to remove supernatant. The pellet was resuspended in 300 pL of sterile water. Next,
150 pL was used to spread yeast on synthetic dropout (SD) media lacking leucine and threonine
(SD-LT). Plates were grown for 3 d at 30C, then individual colonies restreaked on SD plates
deficient in amino acids -HLT or -AHLT. Colony grew for 3 to 5 d. SD media consisted of 3.35 g SD
yeast nitrogen base without amino acids, 320 mg supplement amino acids, 475 mL water and 7.5
g agar which was adjusted to pH 5.8. After autoclaving, 25 mL filter sterilized glucose was added
to the media. When needed, 3-Amino-1,2,4-triazole (3AT) was used to suppress autoactivation
stimulated colony growth on -HLT plates.
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Transient Protoplast Assay

Gene interaction in vivo was tested using tobacco (cultivar Xanthi) cell suspension
cultures. Cells grew in Murashige and Skoog’s media with minimal organics supplemented with
KH,PO4 (24 mg/L), pyridoxine HCI (0.5 mg/L), 2,4-dichlorophenoxyacetic acid (2,4-D; 0.2 mg/L),
kinetin (0.1 mg/L) at pH adjusted to 5.8. Cells were collected by spinning down cultures for at
1100 rpm 4 min. Supernatant was removed and replaced with 30 mL enzyme solution (0.75%
cellulose and 0.075% pectinase dissolved in MMC solution). On a shaker in the dark, cells were
incubated at 26°C for 2 h. Cells were centrifuged at 1100 rpm for 3 min and then the supernatant
removed. Protoplasts were washed using 20 mL of a MMC solution [mannitol (91.1 g/L), 2-
morpholinoethane sulfonic acid (MES; 1.95 g/L), and CaCl,-2H20 (1.47 g/L), pH 5.6]. Protoplasts
were then resuspended in 10 mL MMC solution then layered on top of a sucrose solution [25%
sucrose, MES (1.95 g/L) and CaCl,-2H20 (1.47 g/L), pH 5.6] then centrifuged at 1100 rpm for 4
min. The ring of protoplast formed was removed then transferred to a new tube for resuspension
in electroporation buffer [mannitol (91.1 g/L), KCI (5.21 g/L), and MES (975 mg/L), pH 5.6].
Samples were prepared by transferring 750 ulL along with 5 pg of reporter (a modified pKYLX80
plasmid containing 5 tandem repeats of the GAL responsive element with minimal CaMV 35S
promoter controlling a firefly luciferase gene) and effector plasmids (a modified pBlueScript
plasmid where the TF is fused to GAL4 DNA-binding domain and controlled by a mirabilis mosaic
virus promoter) into an electroporation cuvette (0.4 cm gap, 200 V, 950 uF; Bio-Rad, Hercules,
CA). Samples were transferred to a new tube, centrifuged for 3 min at 1100 rpm, and the
supernatant removed. Each sample was resuspended in 1 mL of protoplast culture medium
[mannitol (91.1 g/L), MES (1.95 g/L), CaCl>-:2H20 (1.47 g/L), KH,PO4 (27 mg/L), KNOs (101 mg/L),
MgS0, (120 mg/L), KI (2 mg/L) and sucrose (30 g/L) at pH 5.6] then moved to an agarose-coated
25 mm petri dish. Plates were coated by using 1 mL of an agarose solution (9 g mannitol, 1 g low-
melting agarose, in 100 mL water). Samples were then cultured for 20-22 h at 26°C.

Protoplasts were collected and placed in 1.5 mL tubes. Samples were centrifuged at 3000
rom for 3 min and the supernatant removed. Activity was measured using a luciferase assay
system according to directions (Promega, Madison, WI). One hundred pL of 1X lysis buffer was
added to each tube. Samples were vortexed for 30s to lyses cells. Supernatant was transferred
to a new tube after centrifugation for 2 min at 13,200 rpm. Finally, 10 pL cell lysate was added to
50 uL luciferase assay reagent and fluorescence measured using a luminometer (model no.
TD2020; Turner Designs, San Jose, CA).

Microarray analysis

Microarray data was downloaded from NCBI and EMBL-EBI Array Express. Arrays were
normalized using RMAExpress (Bolstad et al., 2003). Using the MeV software data were analyzed
with a Two-way ANOVA with a p-value of 0.05 (Saeed et al., 2003). Probes corresponding to
known anthocyanin regulatory and biosynthetic pathway genes were identified. Overlap between
microarrays was calculated using a hypergeometric distribution analysis.

Gene Expression

Gene expression from three independent experiments were collected and analyzed.
Samples were grown on % MS plates for 2 week under a 16:8 day:night photoperiod growth
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chamber set at 22C. RNA was extracted using a RNeasy ® Plant Mini Kit (Qiagen, Hilden, Germany)
according to the manufactures instructions. ¢cDNA was synthesized as previously described by
Schluttenhofer et al. (2014). Each sample was quantified using three technical replicates. At least
three biological replicates were used for each experiment.

Statistical Analyses

Statistical analyses of gene expression consisted of Student’s T-test calculated in
Microsoft Excel. For mutli-time point gene expression experiments, data was analyzed using
ANOVA according to the GLM procedure of SAS version 9.3 (SAS Institute, Cary, NC).
Hypergeometric distribution analyses determining significant overlap between microarray
datasets were calculated using Microsoft Excel.

Accessions

The med25-3, myc2 (jin1-9), and gI3- 4, lines have been previously characterized
(Anderson et al., 2004; Kidd et al., 2009; Patra et al., 2013). Overexpression and complement lines
were previously reported (Cerdan and Chory, 2003). Identification number for genes used in this
study are PAL1 (AT2G37040), C4H (AT2G30490), 4CL1 (AT1G51680), CHS (AT5G13930), CHI
(AT3G55120), F3H (AT3G51240), F3’H/CYP75B1 (AT5G07990), F3’5’H (AT4G12330), DFR
(AT5G42800), LDOX (AT4G22880), UF3GT/UGT79B1 (AT5G54060), PAP1 (AT1G56650), PAP2
(AT1G66390), GL3 (AT5G41315), EGL3 (AT1G63650), TT8 (AT4G09820), TTG1 (AT5G24520),
MED25 (AT1G25540), MED5a (AT3G23590), MED5b (AT2G48110), MED16 (AT4G04920), CDK8
(AT5G63610), JAZ1 (AT1G19180), JAZ2 (AT1G74950), JAZ8 (AT1G30135), and JAZ10 (AT5G13220).
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Figure 4.1. Validation of the med25 mutant. (A) Real-time polymerase chain reaction confirms

the med-3 line is a knock-out mutant. (B) Confirming previous results, med25 mutants are more
resistance to JA.
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Figure 4.2. MED25 impacts accumulation of anthocyanins. Anthocyanin production in wild-type
COL-0 and med25 was induced with 10 or 25 uM methyl jasmonate (JA), or 6% sucrose. One week
old seedlings were transferred to treatment media for 3 (A and B) or 9 days (C and D). * indicates

p-value < 0.05.
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Figure 4.3. The metabolic pathway for the synthesis of anthocyanins. Arrow indicate direction
genes changed in either of two publicly available microarray datasets. Metabolites are 1)
phenylalanine, 2) cinnamate, 3) p-coumarate, 4) p-coumaroyl-CoA, 5) naringenin, 6) naringenin,
7) dihydrokaempferol, 8) dihydroquercetin, 9) leucocyanidin, 10) cyanidin, 11) leucopelargonidin,
12) pelargonidin, 13) dihydromyricetin, 14) leucodelphinidin, and 15) delphinidin. Enzymes, listed
in bold are: PHENYLALANINE AMMONIUM-LYASE (PAL), (C4H), (4CL), CHALCONE SYNTHASE (CHS),
CHALCONE ISOMERASE (CHI), FLAVANONE 3-HYDROXYLASE (F3H), FLAVANONE 3'-
HYDROXYLASE/CYP75B1  (F3’H), FLAVANONE  3’5-HYDROXYLASE/CYP706A7  (F3’5’H),
DIHYDROFLAVONOL REDUCTASE (DFR), LEUCOANTHOCYANIN DIOXYGENASE (LDOX), UDP-
GLUCOSE:FLAVONOID 3-O-GLUCOSYLTRANSFERASE/UGT79B1 (UF3GT).
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Figure 4.4. Expression of anthocyanin biosynthetic genes are regulated by MED25. Gene
expression (A) of a jasmonate inducible control gene JASMONATE ZIM-DOMAIN PROTEIN1 (JAZ1),
DFR (B), and anthocyanin biosynthetic genes were measured in the wild-type and med25 mutant
(C) before and (D) after 8 hours of 100 uM JA treatment. Bars indicate standard errors of samples
performed with three biological replicates.
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Figure 4.5. Expression of anthocyanin regulatory genes is dependent upon MED25. Expression
of MYB-bHLH-WD40 complex members TTG1, TT8, and EGL3 in wild-type and the med25 mutant
were measured before (A) and after 8 hours (B) of JA induction. A JA induced time course
analysis of the jasmonate regulated genes GL3 (C), PAP1/MYB75 (D), and PAP2/MYB90 (E) was
performed in the wild-type and med25 mutant seedlings. Bars indicate standard errors of
samples performed with three biological replicates.
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Figure 4.6. MED25 interacts with GL3, but not other members of the MBW complex. The
interaction of MED25 with MBW complex subunits was tested using a yeast-2 hybrid system. (A)
MED25 was fused with the GAL4 binding domain (BD) and MBW transcription factors were fused
with the GAL4 activation domain (AD). (B) The region of GL3 which interacts with the MED25
ACID domain was identified using a Y2H system. (A and B) 10 mM 3-AT was included to suppress
autoactivation of colony growth caused by MED25. (C and D) MED25 was fused with the GAL4 BD
and was used to activate a luciferase reporter in tobacco protoplast. MBW complex subunits
were used without a GAL4 AD fusion. Bars indicate standard errors of samples.
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Figure 4.7. MED25 interacts with JAZ1. The interaction of MED25 with JAZ proteins was tested
using a yeast-2 hybrid system. (A) MED25 was fused with the GAL4 BD and JAZ factors were fused
with the GAL4 activation domain (AD). 10 mM 3-AT was included to suppress autoactivation of
colony growth caused by MED25. (B) MED25 was fused with the GAL4 BD and was used to activate
a luciferase reporter in tobacco protoplast. Both GL3 and JAZ1 were used without a GAL4 AD
fusion. The SRDX repression domain was fused to GL3 and JAZ1. (C) MED25 fused with GFP
revealed protein localization.
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Figure 4.8. MED25 and GL3 regulate common target genes. A hypergeometric distribution
analysis of med25 and g/3 regulated genes was performed using publicly available microarray
datasets. Identifiers of arrays used to identify MED25 and GL3 differentially expressed genes are
located at the top and left portions of the figure, respectively. Genes significantly different in
med25 and gl3 microarrays are indicated in blue and green, respectively. The number of gene
overlapping is depicted in the overlapping regions of circles. A population size of 21197 genes
was used. Microarray control probes were excluded from analysis. * and ** indicate significance
at p-value = 0.05 or 0.01, respectively.
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Figure 4.9. Regulation of trichome development by MED25. Stem trichomes of WT and med25
mutant plants (A). The number of total trichomes (B) and branched trichomes (C) on stems of WT
and med25 mutant plants. The number of total (D), single and bifurcated (E), and triradiate (F)
trichomes on third and fourth leaves of WT and med25 seedlings (G). Expression of trichome
development genes TRIPTYCHON (TRY), CAPRICE (CPC), SIAMESE (SIM), and ENHANCER OF TRY
AND CPC 1 (ETC1) in wild-type, med25, myc2, and gl3 mutants were measured (H-K). Bars indicate
standard errors of samples.
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Figure 4.10. MED25 and MYC2 regulate common target genes. (A) A hypergeometric
distribution analysis of med25 and g/3 regulated genes was performed using publicly available
microarray datasets. Genes significantly different in med25 and g/3 microarrays are indicated in
blue and green, respectively. The number of gene overlapping is depicted in the overlapping
regions of circles. (B) Gene expression of PAP1 was measured in WT, med25, myc2, and g/3
seedlings. Different letters indicate statistically significant differences at p-value = 0.05. Bars
indicate standard errors of samples performed with three biological replicates.
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Figure 4.11. Accumulation of mucilage and proanthocyanidins. (A) WT med25, myc2, and g/3
mutant seeds were imbibed for 1 h then stained with ruthenium red. (B) Visible differences in
testa color were observed between WT, MED25 OX, med25, myc2, and g/3 seeds. (C) Soluble and
insoluble proanthocyanidins were extracted and quantified from MED25 lines and related mutant
lines. (D) Gene expression of TT8 was measured before and 8 h after induction with JA. Bars
indicate standard errors of samples performed with three biological replicates.
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Figure 4.12. Interaction of the MBW and Mediator complex subunits. (A) Interaction of CDK8
and MBW complex subunits was test using a yeast-2 hybrid system. CDK8 was fused with the
GAL4 binding domain (BD), while MBW transcription factors and JAZ1 were fused with the GAL4
activation domain (AD). (B) Interaction of MED5b and MBW complex subunits was test using a
yeast-2 hybrid system. MED5b was fused with the GAL4 binding domain (BD) and MBW
transcription factors were fused with the GAL4 activation domain (AD).
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Figure 4.13. A model for the regulation of anthocyanins by MED25. | propose a mechanism
where GL3 and JAZ1 compete for the interaction with MED25 to regulate expression of
anthocyanin biosynthetic genes. Inthe absence of JAJAZ1 binds both MED25 and GL3, preventing
accidental induction of anthocyanin production. Upon JA induction, JAZ1 gets degraded by the
proteasome subsequently freeing both MED25 and GL3 which permits their physical interaction.
The MBW complex binds promoters of late stage anthocyanin biosynthetic genes. The Mediator
complex then recruits RNA Polymerase Il and associated general transcription factors (GTF) for
gene transcription.
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CHAPTER FIVE: SUMMARY AND FUTURE DIRECTIONS

Summary

Chapters two of this work has been published (Schluttenhofer et al., 2014). Additionally,
portions of the Introduction have been published in a prior review (Patra et al., 2013). Chapter
three is ready for submission. Several experiments remain to finish chapter four. Additionally,
future studies need to be conducted to help address further question raised by my research.

MED25 Regulation of Anthocyanins

To complete the MED25 work, several experiments need completed. Foremost, further
evidence is needed to validate the interaction of MED25 with JAZ1. | plan to accomplish this by
performing a GST pull-down assay in vitro and a pull-down assay in vivo. A pull-down assay will
also be conducted to further support the MED25 interaction with GL3. For the in vitro pull-down
assay using Escherichia coli, the GST will be fused to the N-terminal end of the MED25 ACID
domain. The HIS domain will be fused to the C-terminal region of the JAZ1 protein. The ACID-GST
protein will be bound to the column of glutathione containing beads and then washed to remove
excess protein. The prey protein (JAZ1-HIS) will be eluted through the column and washed to
remove unbound protein. The bound proteins will be eluted and run on an SDS-PAGE gel to reveal
protein interaction. For the in vivo pull-down assay eGFP and FLAG will be fused to the C-terminal
end of full length MED25 and JAZ1, respectively. Constructs will be infiltrated into Nicotiana
benthamiana leaves. M2 agarose gel will be used to bind the JAZ1-FLAG protein. Then, plant
protein extract containing MED25-eGFP will we run through the column. Bound protein will be
eluted and run on an SDS-PAGE gel to show the presence of both proteins. As a Y2H assay
indicated the interaction of CDK8 with GL3 and JAZ1, | plan to validate this interaction in vivo using
a protoplast-based transactivation assay. This will be performed by fusing the CDK8 to the GAL4
domain. Anincrease in background activation will be used to indicate a functional CDK8 protein
in vivo. As JAZ1 in combination with MED25 led to increased trans-activation, | will use the
construct where JAZ1 is fused with the SRDX repression domain. After cotransfection into
protoplast, a decrease in transactivation will indicate the interaction of CDK8-GAL4 and JAZ1-SRDX
in vivo. Similarly, the interaction between MED5b and PAP2 will be validated in vivo using the
protoplast-based transactivation assay system. As with MED25, MED5b will be fused with the
GAL4 domain. Cotransfection of MED5b with PAP2 should result in activation of the luciferase
reporter construct. For all protoplast-based transactivation assays, expression of the GUS
reporter will be used to normalize for differences in protein levels. Interaction of proteins in vivo
will further support the physical association of these factors.

GL3 plays a key role in regulating induction of anthocyanins in response to nitrogen
deficiency (Feyissa et al., 2009). As MED25 function to regulate anthocyanin by its interaction
with GL3, but not EGL3, | suspect the anthocyanin phenotype will be more prominent under
nitrogen deficiency than induction by JA. Thus, | plan to compare the response of g/3 and med25
mutants, MED25 complemented, and MED25 OX lines to WT plants stressed by nitrogen
deficiency. | expect med25 and g/3 mutants will display an impairment of anthocyanin
accumulation under this condition. To further investigate this phenotype, expression of
anthocyanin and proanthocyanidin genes will be tested in both med25 and MED OX lines. This
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data will add to the list of phenotypes shared by med25 and g/3 mutants and provide further
support that interaction of these factors is needed for activation of flavonoid biosynthesis.

The expression of TT8 and PAP1 was reduced in med25 mutants. To determine if either
GL3 or MYC2 were involved in regulating these factors | tested TT8 expression in the respective
mutant lines. PAP1 expression was reduced in the myc2 mutant, although this was not statistically
significant. Additionally, TT8 expression was significantly reduced in both the g/3 and myc2
mutant. To validate the findings in mutant lines, | will clone the PAP1 and TT8 promoters as well
as the GL3 and MYC2 TFs. Using a transient transactivation assay | will test whether GL3 and MYC2
can activate the TT8 promoter. Similarly, | will test if MYC2 activates the PAP1 promoters. PAP1
and TT8 promoters will be cloned in front of the luciferase reporter. GL3 and MYC2 will be
expressed using the pBlueScript plasmid containing the GUS reporter which permits normalization
for variation in protein levels. Promoter and TF containing plasmids will cotransfected into
tobacco protoplasts. The activity of the GUS and luciferase reporters will be used to quantify gene
activation.

Future Projects

Despite the progress | have made here, many question regarding JA signaling and
regulation of specialized metabolism remain. For example, does MED25 function to regulate
other classes of specialized metabolites? How does JA signaling interact with other
phytohormone pathways to regulate TIA production? What other families of TF are involved in
regulating TIA production? Do orthologs retain a conserved function in regulating specialized
metabolism between species? If not, what causes orthologs to function differently? Ongoing and
future project will address these questions.

Here | demonstrated MED25 interacts with the TF GL3. The role for the MED25
interaction with GL3 may be to regulate anthocyanin accumulation and trichome production.
Future projects will include analyzing how MED25 affects the regulation, biosynthesis, and
accumulation of other specialized metabolites. Gene expression analysis of the phenylpropanoid
pathway suggests MED25 regulates flavonol and lignin biosynthesis. Flavonols contribute to
regulation of auxin signaling by suppressing polar auxin transport (Yin et al., 2014). Indeed, the
med25 mutant is altered in polar auxin transport (Raya-Gonzélez et al., 2014), but the causal
mechanism remains to be identified. Disruption of flavonol signaling in med25 could result from
decreased levels of endogenous flavonols, thereby increasing polar auxin transport. Enhanced
polar auxin transport would result in increased auxin response phenotypes, including longer
primary and lateral roots, as well as initiation of more adventitious and lateral roots. These
phenotypes occur in the med25 mutant (Raya-Gonzalez et al., 2014). How MED25 regulates
alkaloids and terpene also remains to be studied. As a factor important for JA signaling response,
the interaction of MED25 with Catharanthus TFs should reveal important insights into the TIA
regulatory network.

To date, most studies in Catharanthus have focused on JA signaling. However, other
phytohormones also impact TIA production (Pan et al., 2010). How does JA signaling interact with
other phytohormone pathways to regulate TIA production? Auxin has long been known to repress
TIA production (Goddijn et al., 1992; Gantet et al., 1997; Whitmer et al., 1998), yet it remains
poorly understood how this occurs. Particularly, how different phytohormones cooperate to
regulate TIA production remains unknown. Furthermore, it is possible inhibition of
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phytohormones which suppress the TIA pathway could boost metabolite yield. Several auxin
inhibitors are known, including the flavonol naringenin and the synthetic compound 2,3,5-
triiodobenzoic acid (TIBA). If either of these can induce TIA production remains untested.
Combining JA and TIBA could possibly enhance TIA biosynthesis and accumulation or one
hormone may override the other. In either circumstance, our knowledge of TIA regulation will be
enhanced.

With the recently sequence Catharanthus genome published (Kellner et al., 2015),
promoters for TIA biosynthetic and regulatory genes can now be easily acquired. Additionally,
this allows for the easy identification of whole TF families. This information can be used to address
the question, what other families of TF are involved in regulating TIA production? Analysis of
promoters will provide candidate gene families important for TIA pathway regulation.
Phylogenetic analysis of these important TF families can be used to identify orthologs of known
regulators of specialized metabolism occurring in other species. Recently, correlation of TFs with
pathway genes has proven a successful approach to identifying candidate regulators (Van
Moerkercke et al., 2015; Moerkercke et al., 2016). Correlation of an entire TF family with TIA
biosynthetic and regulatory genes can reveal uncharacterized candidate factors. Combining both
phylogenetic and correlative methods can provide promising candidate regulators for further
study. Characterization of candidate factors will establish the role of additional TF families in
regulating TIA production. Overall, identification of additional regulators will help clarify the
regulatory network governing TIA biosynthesis. Eventually, pathway specific master regulators
will be discovered that can be used for genetically engineering improved TIA production in
Catharanthus plants, hairy roots, or cell cultures.

Orthologs are genes evolutionarily descended from a common ancestral sequence but
occur in distinct species due to one or more speciation events. While not a formal part of the
definition, orthologs are believed to retain similar functions across species. Indeed, the process
of genome annotation inherently involves using orthologous relationships to predict gene
function. However, the role of orthologs in specialized metabolism remains unclear. Many plants
do not produce the same specialized metabolites (e.g. Arabidopsis does not produce TIA found in
Catharanthus). Yet, some components of phytohormone (e.g. MYC2) or other signaling pathways
are conserved across species. Do these orthologs retain a conserved function in regulating
specialized metabolism between species? If not, what causes orthologs to function differently?
Or do both conserved and non-conserved functions occur between orthologs? With the falling
cost of transcriptome and genome sequencing, the past several years have observed an increase
in genes of medicinal plants. This has been accompanied by increased identification of
biosynthetic genes and regulators in specialized metabolism. For some factors, there are now
enough orthologs to compare functions across species. And differences between orthologs are
already easily apparent. For example, consider the orthologous Arabidopsis and Catharanthus
MYC2 sequences. In Arabidopsis, MYC2 regulates the production of glucosinolate, flavonoids, and
sequiterpenes (Dombrecht et al.,, 2007; Hong et al., 2012), but in Catharanthus it regulates
expression of TIAs by targeting ORCA3 (Zhang et al.,, 2011). While both factors regulated
specialized metabolism, the regulators activating or repressing the pathways and biosynthetic
enzymes are vastly different. Furthermore, Arabidopsis does not have a clear ORCA3 ortholog.
Thus, while the MYC2 genes are orthologs and they even retain a conserved function in JA
response to elicit specialized metabolism, there must be considerable differences in the
transcriptional regulatory networks controlled by these factors. Comparison of orthologs
between medicinal species can thus provide information on how TFs retained or diverged
functions during plant evolution. From a metabolic engineering perspective, evolutionary
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differences between species is important. If the transferred gene does not have a conserved role
between species or the target pathway is not regulated by a similar network as the host factor,
then an unanticipated phenotype could result. On the other hand, use of functionally divergent
factors could potentially lead to ectopic biosynthetic gene expression and result in novel chemical
products.

Since their identification as valuable anti-cancer drugs in the 1960’s, researchers have
sought to improve vinblastine and vincristine yield. Five decades later and this goal remains
unaccomplished. However, the last two decades has seen rapid developments in understanding
JA signaling. Promisingly, during the last half decade important strides have been made in
understanding TIA biosynthesis and regulation. The rapid development of new research
technologies now allows studies which were once impossible. All the aforementioned future
projects are underway and should further improve our understanding of JA signaling and TIA
regulation. Armed with knowledge from these studies, perhaps a half century old goal will finally
be attainable, or at least one step closer to accomplishment.
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