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General Introduction

General Introduction

History of plant-herbivore interactions

Dispersed fossils provide the earliest evidence for plant-(arthropod) herbivore
interactions. Since the first land plants appeared ca. 450 million years ago, plant and
herbivores formed one of the earliest terrestrial communities. That plants have been
intensively consumed by herbivores since their arrival on land is shown in fossils with
herbivory-damaged plant structures, e.g. spores, stems, leaves, roots and seeds (Labandeira,
1998; Wellman and Gray, 2000). Maximizing fitness — contributing as many grandchildren
as possible to following generations — is the ecological goal of both plants and herbivores
(and all other organisms); however, herbivore attacks increase plant mortality and decrease
plant growth and reproduction, and plant defense mechanism increase herbivore mortality
and decrease herbivore growth and reproduction. This antagonistic relationship has formed
the basis for strong natural selection pressure and spurred the evolution of new species of
both plants and herbivores. Herbivores have co-evolved with plants, overcome their
defenses and even utilizing defense compounds, while plants have evolved to increase their
resistance against herbivore attack (Ehrlich and Raven, 1964; Berenbaum and Zangerl,
1998)

However, not all plant-herbivore interactions are equal. Among plant species and
populations, there are different types of herbivory and levels of damage can be limited by
geographic availability, structure, mechanical characteristics (physical barriers such as
trichomes, thorns, resine, etc.) and chemical components (toxic compounds, €.g. nicotine,
glucosinolates, phenolic compounds, etc.) of plants (Ehrlich and Raven, 1964). Around
90% of herbivores are specialized to feed on a limited number of plants families (less than
three different plant families) based on plant defense responses; these are known as
specialist herbivores. Some herbivores can feed on a wide-range of plants and we usually

refer to them as generalist herbivores (Futuyma and Gould, 1979; Meijden, 1996).

Plant defense responses
Plants are frequently exposed to various abiotic and biotic stresses such as high

light, water deficit, salinity stress, variable temperature, lack of nutrients, pathogen and
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Chapter 1

herbivore attack. To survive in a multitude of harmful environmental conditions, plants
have evolved sophisticated defense systems which can be categorized into two major types:
direct defense and indirect defense. These can be either of constitutive or induced character

(Kessler and Baldwin, 2002; Wu and Baldwin, 2010; Meldau et al., 2012).

Direct defense vs. indirect defense

Direct defense is a local mechanism that negatively affects herbivore growth and
reproduction. It is mainly represented by mechanical defenses (physical structures) and
chemical defenses (Schardl and Chen, 2001; Kessler and Baldwin, 2002). Mechanical
defenses can be defined as various morphological or anatomical trait that leads to a fitness
advantage for the plant by directly deterring herbivore feeding, for example sharp prickles,
spines and thorns (spinescences), trichomes, resins, lignins and silica (Fordyce and
Agrawal, 2001; Hanley et al., 2007; Konno, 2011). Chemical defenses are secondary
metabolites which increase plant fitness in the face of herbivory by deterring herbivore
performance, such as protease inhibitors (PIs) that can affect insect digestive enzymes in
the gut (Jongsma et al., 1995; Zavala et al., 2004b; Hartl et al., 2010), toxic compounds
(e.g., glucosinolates, alkaloids, terpenoids, phenolics) which are directly poisonous to
herbivores, and generally any compounds which lead to appetite suppression, stupor, or
death in herbivores (Duffey and Stout, 1996; Pichersky and Lewinsohn, 2011; Mithoéfer and
Boland, 2012).

Indirect defenses do not directly affect herbivore performance, but attract natural
enemies of herbivore such as predators and parasitoids that remove herbivores from plants
(Halitschke et al., 2000; Kessler and Baldwin, 2002; Kessler and Heil, 2011). Release of
volatile organic compounds (VOCs) from plants acts as a guide for natural enemies to
reveal the location of feeding herbivores (Paschold et al., 2006; Dicke, 2009; Allmann and
Baldwin, 2010). VOCs can also act as direct defenses by repelling ovipositing herbivores
and thus avoiding infestation a single tobacco hornworm larvae requires several host plants
to complete development (Kessler and Baldwin, 2001). Apart from VOCs, plants provide
nutrients such as extrafloral nectar to attract natural enemies of herbivores (Heil et al.,

2004; Choh et al., 2006).
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Constitutive defense vs. induced defense

Plant defense responses can be categorized into two groups according to the timing
of the presence of physical and chemical defensive compounds in plants. If these traits are
expressed constantly, they are categorized as constitutive defenses. Defenses that are
expressed only after herbivore attack are called induced (inducible) defense (Howe and
Jander, 2008). Induced defense responses are very common compared to special cases of
constitutive defense (Karban and Myers, 1989; Karban et al., 1997). For plants, it is
important to minimize the cost of defenses because they have limited resources; in case of
constitutive defense, (1) plants have to always allocate a certain amount of their resources
to defense and consequently these resources are never available for growth and
reproduction, and (2) plants have to produce many kinds of defensive metabolites to cope
with unpredictable environment. In the case of induced defense responses, plants only need
to allocate resources to defense when herbivore attack occurs. Although inducible defense
mechanisms save on costs compared to constitutive defenses, induced defenses have one
substantial disadvantage, which is the time lag between the first attack and the actual
activation of the defense. In other words, plants have to cope with herbivores for hours or
even days until defenses can be activated.

This has long been a matter of intense discussion: why are induced defenses found
so commonly in the more than 110 studied plant-herbivore interactions? Some
experimental evidence suggests that some metabolites toxic to herbivores can be also toxic
to plants. To avoid this negative effect, plants constitutively express the inactive form of
toxic compounds, and quickly activate them only after herbivore attack. Also, plants are in
unpredictable environments; constitutive defense has no lag time, but is inflexible, whereas
induced defenses allow plants to respond to different types of damage, in different locations
within an individual plant. In addition, previous studies showed that plants can remember
certain herbivory patterns and develop priming and/or vaccination strategies to quickly
respond to herbivores (Baldwin, 1998; Agrawal, 1999; Kessler and Baldwin, 2002;
Cipollini et al., 2003; Kessler and T. Baldwin, 2004; Voelckel and Baldwin, 2004; Zavala
et al., 2004a; Frost et al., 2008; Steppuhn and Baldwin, 2008; Mithofer and Boland, 2012).
Interestingly, Karban and Baldwin (Karban and Baldwin, 1997) suggested that plants may

have originally evolved only induced defense systems to respond to unpredictable
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environmental variability, and constitutive defenses may have come later under particular

conditions in some plants.

Jasmonic acid: important phytohormone for plant growth, development and defense

Jasmonic acid (JA) is an oxylipin (oxygenated fatty acid) synthesized from
membrane-derived fatty acids (16:3 or 18:3) via the well-characterized octadecanoid
pathway in chloroplasts and peroxisomes (reviewed in (Schaller and Stintzi, 2009)). JA can
be metabolized to several other derivatives — collectively referred to as jasmonates — such
as methylated JA (MeJA; methyl jasmonic acid) by methyltransferases or it can be
conjugated to amino acids (JA-Ile, JA-Leu, JA-Val, etc.) by jasmonate resistant (JAR)
enzymes. Jasmonate biosynthetic and metabolic pathways are highly conserved in mosses,
fungi, gymnosperms and angiosperms.

Jasmonates are important plant hormones known to regulate plant growth,
development and defense against abiotic and biotic stress. Processes influenced by
jasmonate signaling include root growth (Staswick et al., 1992), trichome initiation (Li et
al., 2004; Qi et al., 2011), fruit ripening (Pérez et al., 1997; Fan et al., 1998), anthocyanin
accumulation (Shan et al., 2009), senescence (Parthier, 1990; He et al., 2002; Shan et al.,
2011), pollen and flower development (McConn and Browse, 1996; Stintzi and Browse,
2000; Li et al., 2004; Mandaokar et al., 2006), and defense in response to wounding
(Glauser et al., 2008), herbivore attack (Halitschke and Baldwin, 2003; Glazebrook, 2005;
Zavala and Baldwin, 2006; Browse and Howe, 2008) and pathogen infection (Vijayan et
al., 1998). These data suggest that jasmonates are the crucial natural integrators of plant
defense and development (reviewed in (Wasternack, 2007; Balbi and Devoto, 2008; Howe
and Jander, 2008)). To date, jasmonate-synthesis- or perception-deficient plants have been
used to conduct many advanced functional studies of jasmonates, revealing their ubiquitous

function in plants’ defense and development.

Negative regulators of Jasmonate signaling, Jasmonate ZIM domain proteins, and their
interaction partners

Jasmonate ZIM domain (JAZ) proteins belong to the previously characterized
family of ZIM (Zinc-finger protein expressed in Inflorescence Meristem) proteins. They

were identified as key regulators of jasmonate signaling that are ubiquitously found in
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many plants species including Arabidopsis, rice, tomato, and tobacco plants (Chini et al.,
2007; Thines et al., 2007; Shoji et al., 2008; Ye et al., 2009; Seo et al., 2011; Sun et al.,
2011; Ismail et al., 2012; Oh et al., 2012). JAZ proteins are characterized by two highly
conserved motifs, TIF[F/Y]XG (or its variant) (Shikata et al., 2004; Vanholme et al., 2007)
and Jas (S-L-X(2)-F-X(2)-K-R-X(2)-R) (Yan et al., 2007; Melotto et al., 2008), required
for the regulation of jasmonate-responsive genes. These conserved motifs are essential for
functional jasmonate signaling: the TIFY motif is typically located in the N-terminal part of
the protein and is involved in homo- and heteromeric interactions among JAZ proteins
(Chini et al., 2009; Chung and Howe, 2009) as well as it interactions with the JAZ/co-
repressor NINJA-TPL complex (Pauwels et al., 2010). The Jas motif is typically located in
the C-terminus of JAZ proteins and is required for binding of several core- (SCF°"
complex, MYC2/3/4) and co-regulatory proteins (EIN3/EIL1, MYB21/24, TT8/GL3/EGL3
and DELLA) that induce or control downstream processes in jasmonate signaling
(reviewed in (Browse and Wager, 2012)). The Jas motif has also been shown to contribute
to the stability of JAZ proteins via a yet-unknown mechanism (Yan et al., 2007; Chung et
al., 2009).

JAZ-mediated jasmonate signalling

Since the discovery of core components in jasmonate signalling: the CORNATINE
INSENSITIVEI (COI1) protein, an F-box protein acting as a receptor of jasmonates (Feys
et al., 1994; Xie, 1998; Devoto et al., 2005; Katsir et al., 2008; Paschold et al., 2008; Yan et
al., 2009; VanDoorn et al., 2011; Ye et al., 2012), Jasmonate ZIM domain (JAZ) proteins
identified as negative regulators of jasmonate signaling (Chini et al., 2007; Thines et al.,
2007; Shoji et al., 2008; Ye et al., 2009; Seo et al., 2011; Sun et al., 2011; Ismail et al.,
2012; Oh et al., 2012) and the bioactive jasmonate (+)-7-iso-JA-L-Ile (JA-Ile) (Fonseca et
al., 2009; Suza et al., 2010; Koo et al., 2011), knowledge of jasmonate-mediated plant
responses is dramatically expanding. In the presence of the active hormone JA-Ile, JAZ
proteins are degraded by the action of the SCF°"'-E3 ubiquitin ligase complex and 26S
proteasome, releasing jasmonate-induced transcription factors (e.g. MYC2/3/4) from
repression, and triggering expression of jasmonate-dependent genes (reviewed in (Kazan
peot

and Manners, 2008)). While upstream jasmonate signaling pathways (JA-Ile-SC

complex-JAZ interactions) apparently share many common features and retain a high
5



Chapter 1

degree of conservation in higher plants, downstream jasmonate signaling is significantly
more variable, with various kinds of interacting partners involved. Recently, significant
progress has been made in the identification of co-regulators of the core complex (JA-Ile-
SCF " complex-JAZ), target transcription factors, and proteins downstream of jasmonate

signaling in plants.

Co-regulators of JAZ proteins to repress downstream transcriptional events

JAZ proteins are generally known to act as transcriptional repressors; however, it is
still unclear how JAZ proteins repress transcription of target transcription factors at the
molecular level. Recent studies have uncovered interacting proteins and small molecules:

(1) InsPs (inositol pentakisphosphate) was found via mutant screening to act as a co-
receptor of COI1-JAZ by interacting with amino acid residues of COIl. The Arabidopsis
ipkl-1 mutant, which has more InsPs showed elevated expression of the wound- and
jasmonate-induced genes AtWRKY70 and AtAOS, stronger root growth inhibition and
reduced performance of caterpillars compared to WT plants (Stevenson-Paulik et al., 2005;
Sheard et al., 2010; Mosblech et al., 2011).

(2) JAZ proteins recruit a co-repressor, the TPL(TOPLESS)-NINJA(Novel
Interactor of JAZ) complex, which contains the EAR (ERF-Associated Amphiphilic
Repression) motif (LxLxLx or DLNxxP) well known to function in gene repression
(Kazan, 2006; Szemenyei et al., 2008). These proteins therefore play a crucial role in
repression of multiple jasmonate responsive genes and pathways in Arabidopsis (Pauwels
et al., 2010). Interestingly, a subgroup of JAZ proteins (AtJAZS, AtJAZ6, AtJAZT and
especially, AtJAZS8) contains highly conserved EAR (LELRL) or EAR-like (DLNEPT)
motifs, allowing the recruitment of TPL protein without NINJA assistance to repressed
jasmonate signaling such as root growth through MYC2 in Arabidopsis (Shyu et al., 2012).

(3) DELLA proteins are important repressors of gibberellic acid (GA) signaling that
promote growth and repress defense-related gene transcript accumulation, proposed to be
essential for fully elicited jasmonate-mediated responses (Hou et al., 2010; Wild et al.,
2012). DELLA proteins can directly interact with C-terminus of JAZ1 and JAZS proteins in
Arabidopsis and they repressed interaction of JAZ and MYC2, which led to increased

ability of MYC2 to activate defense-related gene expression and inhibit root growth.
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Notably, DELLA proteins play an antagonistic role to the NINJA-TPL complex in JAZ-

mediated jasmonate signaling.

Transcription factor targets of JAZ repressors

The bHLH transcription factor (TF) MYC2 was the first identified repression target
of JAZ proteins in Arabidopsis. MYC2 is known to regulate the majority of jasmonate-
responsive genes after wounding and herbivore attack, as well as jasmonate-mediated root
growth inhibition (Boter et al., 2004; Lorenzo et al., 2004; Chung et al., 2009). MY C2-like
genes have been identified in many other plant species: MYC2 regulates nicotine
biosynthesis in Nicotiana spp. (Todd et al., 2010; Shoji and Hashimoto, 2011) and
tolerance to drought stress in rice (Seo et al., 2011). In addition, bHLH-type TFs in
Arabidopsis (AAMYC3 and AtMYC4) and N. tabacum (NtMYC2a, NtMYC2b and
NtMYC2c) were identified; these new genes showed both redundant and specific functions
in the regulation of jasmonate-responsive genes (Fernandez-Calvo et al., 2011; Niu et al.,
2011; Zhang et al., 2012).

Recently, the R2ZR3-MYB transcription factors MYB21 and MYB24, and the WD-
repeat/bHLH (GL3, EGL3, TT8)/MYB75 complex were identified as targets of JAZ
proteins in Arabidopsis: MYB21, MYB24, and the WD-repeat/bHLH (GL3, EGL3,
TT8)/MYB75 complex directly interact with the C-termini of JAZ proteins; MYB21 and
MYB24 regulate male fertility in flowers by controlling pollen maturation, anther
dehiscence, and filament elongation, and the WD-repeat/bHLH (GL3, EGL3, TT8)/MYB75
complex controls jasmonate-regulated anthocyanin accumulation and trichome initiation
(Qietal., 2011; Song et al., 2011).

Ethylene (ET) and jasmonates are also known to synergistically regulate plant
development and defense responses (Robert-Seilaniantz et al., 2011). Recently, Zhu et al.
(2011) demonstrated that AtJAZ directly interacts with EIN3/ EIL1 transcription factors,
which are positive regulators of jasmonate/ET-responsive defense-related genes and
jasmonate-induced root hair development, but not fertility or pigment metabolism (Zhu et
al., 2011). They showed that AtJAZ directly interacts with EIN3/EIL1 transcription factors
and represses their transcriptional activity together with the co-repressor HDR6 that

modulates de-acetylation of histones.
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Diversity and specificity of JAZ proteins in N. attenuata plants

In chapter 3, I identified 12 novel JAZ protein family members in the native
tobacco Nicotiana attenuata, and conducted a functional study of NaJAZh protein in plant
defense against herbivores and plant development, both in the glasshouse and in the native
habitat of N. attenuata (Great Basin Desert, Utah, USA). We demonstrate that silencing
NaJAZh deregulates a subset of inducible direct defense compounds: trypsin proteinase
inhibitors (TPIs) and 17-hydroxygeranyllinalool diterpene glycosides (HGL-DTGs), and
indirect defense compounds, volatile organic compounds (VOCs) such as GLVs and
volatile terpenes. In contrast, silencing of NaJAZh suppressed the accumulation of nicotine
in irJAZh transgenic plants. This shows an unexpected but very interesting crosstalk in JAZ
regulation in tobacco plants. We suggest that control of nicotine biosynthesis may be
separate from the other inducible defense metabolites in tobacco. In addition, we found
that NaJAZh-silenced plants develop necrosis on their leaves which shows several
hallmarks of programmed cell death. My work demonstrates the first clear example of
jasmonate-regulated defense functions mediated by one particular JAZ gene.

In chapter 5, I described the function of NaJAZd in defense and flower
development in Nicotiana attenuata plants. In contrast to NaJAZh, NaJAZd has only minor
role(s) in plant defense against herbivores. We suggest that NaJAZd is a weak negative
regulator (or redundant regulator) of nicotine biosynthesis or transport in N. attenuata
plants. In contrast to defense responses, NaJAZd silencing strongly affected the lifetime
production of seed capsules, which was associated with enhanced flower abscission in late
flower developmental stages. This is likely due to the impact of NaJAZd on JA and JA-Ile
as well as the transcript abundance of the master flower regulator MYB305 in N. attenuata
flowers. Our data suggest that NaJAZd counteracts flower abscission by regulating
hormone levels and/or expression of the NaMYB305 gene in N. attenuata, thus regulating

seed production.

Roles of R2R3-MYB transcription factors in plant

The MYB protein family is one of the largest and most highly diverse gene families
represented in all eukaryotes, and most MYB proteins function as transcription factors.
MYB proteins are divided into different classes depending on the number of tandem repeats

of 50 amino acids (R1, R2 and R3), and generally three and two repeats are found in
8
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animals and plants (R2R3-MYB class), respectively (Rosinski and Atchley, 1998; Stracke
et al., 2001). In the last decade, numerous functional studies of R2R3-MYB proteins in
many plant species have been conducted, demonstrating their roles in various plant-specific
processes: (1) metabolism: primary and secondary metabolites such as flavonoid
(anthocyanin, tannin, phenylpropanoid, etc.) accumulation, cell wall construction (lignin
biosynthesis, lignin, cellulose, and xylan deposition), and biosynthesis of glucosinolates;
(2) morphogenesis: determination of cell fate and identity such as trichome and root hair
initiation, extension, and patterning, control of petal shape, and cell differentiation; (3)
development: developmental processes such as anther and pollen development, axillary
meristem formation, side shoot formation, and lateral organ separation; and (4) stress:
response to abiotic and biotic stresses such as hypersensitive cell death program against
pathogen attack, systemic resistance against fungi and bacteria, regulation of stomata
movements in response to drought stress and disease resistance, cold tolerance, and
phosphate starvation (reviewed in (Dubos et al., 2010)).

Recently, the R2R3-type MYB305 transcription factor (homologue of AtMYB21/24
and PhEOBII) was identified and shown to function as a major flower regulator in petunia
and tobacco plants. It controls phenylpropanoid volatile production in flowers, flower
anthesis (opening), floral nectar production, and nectary maturation (Liu et al., 2009;
Spitzer-Rimon et al., 2010; Colquhoun et al., 2011; Liu and Thornburg, 2012)

In chapter 4, we described the function of EOBII and MYB305 in petunia and M.
attenuata, respectively. EOBII (MYB305)-silenced petunia and N. attenuata flowers failed
to enter anthesis and showed premature senescence of closed buds, resulting in extreme
difficulty for these silenced plants in sexual propagation. In this study, we proposed that
PhEOBII (NaMYB305) has a dynamic function in flowers, especially in flower anthesis
(opening) in both petunia and N. attenuata. We suggest that the function of PhEOBII
(NaMYB305) is highly conserved in angiosperms.

Nicotiana attenuata as a model plant

Nicotiana attenuata (N. attenuata; Solanaceae) is a wild tobacco species found as a
summer annual native plant to Southwestern North America (Figure 1A). N. attenuata
seeds germinate in nitrogen-rich soils after being exposed to smoke-related cue(s) in post-

fire environments (Baldwin and Morse, 1994; Preston and Baldwin, 1999). As mentioned
9
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above, maximal fitness is general goal for all plants. However, the synchronized post-fire
germination behavior of N. attenuata creates intense intraspecific competition within
populations, and these plants tend to allocate many of their resources to rapid growth and
increased lifetime seed production. However, as a pioneer plant in a post-fire environment,
N. attenuata is also exposed to unpredictable herbivore communities (Figure 1B-1F), for
example the piercing-sucking herbivores Tupiocoris notatus (mirid) and Empoasca spp.
(leathopper), the chewing herbivores Epitrix spp. (flea beetles), Spodoptera spp.
(armyworm) and larvae of the specialists Manduca sexta (tobacco hornworm) and
Manduca quinquemaculata (tomato hornworm). Because N. attenuata is native to the Great
Basin Desert of the southwestern USA, plants also experience high UV irradiance, high and
variable , N. attenuata plants have to balance and strictly allocate their resources to growth,
reproduction, and defense to adapt and survive in complex environments, leading to
development of sophisticated strategies (Baldwin, 1998; Baldwin, 2001).

In summary, N. attenuata plants have synchronized post-fire germination behavior
which produces low interspecific and high intraspecific competition, complex defense
systems to make them highly successful in stressful environments, an unpredictable
herbivore community, short generation time, and are self-compatible but opportunistic
outcrossers. It is relatively easy to manipulate gene expression in N. attenuata via stable
transformation and virus-induced gene silencing (VIGS). All these properties make N.
attenuata an excellent a model plants for ecological and molecular studies of plant defense

responses against herbivores in nature.
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Figure 1. The ecological model plant Nicotiana attenuata and its native herbivores in the
Great Basin Desert, Utah, USA. (A) N. attenuata is a wild annual tobacco species native to
Southwestern North America. (B) - (F) native herbivores of N. attenuata: the piercing-
sucking herbivores Tupiocoris notatus (mirid, B) and Empoasca sp. (leathopper, C) and the
chewing herbivores Epitrix hirtipennis (flea beetle, D), Spodoptera sp. (armyworm, E), and
Manduca quinquemaculata (tomato hornworm, F; the tobacco hornworm M. sexta is also a

native herbivore).
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Overview of Manuscripts

Manuscript I

NaJAZh regulates a subset of defense responses against herbivores and spontaneous

leaf necrosis in Nicotiana attenuata plants

Youngjoo Oh, Ian T. Baldwin, Ivan Galis
Published in Plant Physiology 2012, 159(2):769-788

In manuscript I, I identified 12 novel putative Jasmonate ZIM domain (JAZ)
proteins in the native tobacco, Nicotiana attenuata. Here 1 show that NaJAZ genes display
temporal and spatial differences in their expression after simulated herbivory. Among these
genes, | further characterized NaJAZh, which was highly induced after simulated herbivory
using reverse genetic approaches. I show that NaJAZh negatively regulates a subset of
direct (HGL-DTGs and TPIs) and indirect (volatiles) defense responses and also suppresses
ROS (reactive oxygen species) accumulation in N. attenuata. This is the first experimental
evidence that a single JAZ protein can regulate a specific part of jasmonate signaling in

plants.

Youngjoo Oh designed and performed the experiments, analyzed the data and wrote the
manuscript. lan T. Baldwin designed the experiments, helped perform field experiments,
and wrote the manuscript. Ivan Galis designed and coordinated the experiments and wrote

the manuscript.
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Manuscript II

EOBII controls flower opening by functioning as a general transcriptomic switch

Thomas A. Colquhoun, Michael L. Schwieterman, Ashlyn E. Wedde, Bernardus C.J.
Schimmel,Danielle M. Marciniak, Julian C. Verdonk, Joo Young Kim, Youngjoo Oh, Ivan
Galis, Ian T.Baldwin and David G. Clark

Published in Plant Physiology 2011, 156(2):974-984

In manuscript II, we characterized EOBII (a homologue of NaMYB305) and
demonstrated that it controls a highly dynamic process fundamental to sexual reproduction
in petunia, P. x hybrida ‘Mitchell Diploid’ (MD), and Nicotiana attenuata plants. Both
petunia and N. attenuata plants strongly silenced in the expression of EOBII or MYB305,
respectively, displayed non-opening and prematurely abscised flower phenotypes, which
were partially recovered when PhEOBII- or NaMYB305-deficienct plants were made
ethylene-insensitive through crossing with ethylene-insensitive transgenic line or when
treated with an ethylene inhibitor, 1-MCP. This manuscript shows the functional
conservation of PhEOBII (NaMYB305) in an angiosperm system. Although I only partially
contributed to this manuscript, it allowed deeper interpretation and crucial progress in the
understanding the function of the NaJAZd protein described in the next chapter, and was

therefore included as part of my thesis dissertation.

This manuscript included two groups of collaborators: (1) researchers working with
petunia in the University of Florida, Gainesville, U.S.A., and (2) researchers using N.

attenuata in the Max Planck Institute for Chemical Ecology in Jena, Germany.
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Thomas A. Colquhoun, Michael L. Schwieterman, Ashlyn E. Wedde, Bernardus
C.J. Schimmel, Danielle M. Marciniak, Julian C. Verdonk and Joo Young Kim contributed
to the research on EOBII in petunia. They designed, performed the experiments and wrote
the part of the manuscript regarding the work on petunia. Youngjoo Oh, Ivan Galis, and Ian
T. Baldwin contributed to the study of NaMYB305 (a homologue of PhAEOBII) in V.
attenuata. Youngjoo Oh designed and performed the experiments, analyzed data, and wrote
the manuscript. Ivan Galis designed and coordinated the experiments and wrote the

manuscript. lan T. Baldwin designed the experiments and wrote the manuscript.
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Manuscript II1
Jasmonate ZIM-domain protein NaJAZd regulates floral jasmonic acid levels and

counteracts flower abscission in Nicotiana attenuata plants

Youngjoo Oh, Ian T. Baldwin, Ivan Galis
Submitted to PLoS One (22-Oct-2012)

In manuscript 111, I characterized the functions of NaJAZd protein in both plant
development and defense responses against herbivore attack. NaJAZd plays minor roles in
plant defense responses and may possibly be involved in nicotine biosynthesis or transport
together with an unknown co-regulator or redundant JAZ proteins. Apart from its function
in defense responses, NaJAZd has an important role in the control of flower abscission in
later stages of flower development, which eventually affects the lifetime seed capsule
production in N. attenuata; this is most likely due to the regulation of the phytohormones
jasmonic acid (JA) and jasmonic acid-isoleucine (JA-Ile) levels, and/or expression of
NaMYB305 gene in N. attenuata flowers. I provide a novel insight into the function of JAZ
regulators in flower and seed development. This finding supports the widely discussed
hypothesis of functional specialization of JAZ proteins in both defense and development in

plants.

Youngjoo Oh designed and performed the experiments, analyzed the data and wrote the
manuscript. lan T. Baldwin designed the research and wrote the manuscript. Ivan Galis

designed and coordinated the research and wrote the manuscript.
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Manuscripts I — Functional study of NaJAZh

NaJAZh Regulates a Subset of Defense Responses
against Herbivores and Spontaneous Leaf Necrosis
in Nicotiana attenuata Plants/CIWIOAI

Youngjoo Ch, Ian T. Baldwin, and Ivan Galis*

Department of Molecular Ecology, Max Planck Institute for Chemical Ecology, Jena D-07745, Germany

The JASMONATE ZIM DOMAIN (JAZ) proteins function as negative regulators of jasmonic acid signaling in plants. We cloned
12 JAZ genes from native tobacco (Nicotiana attenuata), including nine novel JAZs in tobacco, and examined their expression in
plants that had leaves elicited by wounding or simulated herbivory. Most JAZ genes showed strong expression in the elicited
leaves, but NaJAZg was mainly expressed in roots. Another novel herbivory-elicited gene, NaJAZh, was analyzed in detail. RNA
interference supptession of this gene in inverted-repeat (ir)JAZh plants deregulated a specific branch of jasmonic acid-dependent
direct and indirect defenses: iffJAZh plants showed greater trypsin protease inhibitor activity, 17-hydroxygeranyllinalool
diterpene glycosides accumulation, and emission of volatile organic compounds from leaves. Silencing of NaJAZh also
revealed a novel cross talk in JAZ-regulated secondary metabolism, as iffJAZh plants had significantly reduced nicotine
levels. In addition, fJAZh spontaneously developed leaf necrosis during the transition to flowering. Because the lesions
closely correlated with the elevated expression of programmed cell death genes and the accumulations of salicylic acid and
hydrogen peroxide in the leaves, we propose a novel role of the NaJAZh protein as a repressor of necrosis and /or programmed

cell death during plant development.

Jasmonic acid (JA) is an important plant signal that
regulates the defense of plants against biotic stress. In
addition, JA exerts control functions in plant devel-
opment, such as root growth, senescence, pollen and
flower development, tuber formation, and tendril
coiling (for review, see Wasternack, 2007). JA rapidly
accumulates in mechanically wounded tissues, after
attack by herbivores or after infection of plants by
necrotrophic pathogens (Farmer et al,, 2003; Glazebrook,
2005; Browse and Howe, 2008; Glauser et al.,, 2008;
Howe and Jander, 2008; Wu and Baldwin, 2010). It is
produced from membrane lipids in a well-characterized
octadecanoid pathway compartmentalized in two
plant organelles, chloroplasts and peroxisomes (for
review, see Schaller and Stintzi, 2009).

In response to JA, plants accumulate a variety of
defense metabolites that reflect the extreme chemical
diversity of terrestrial plants. For example, Arabi-
dopsis (Arabidopsis thaliana) plants use glucosinolates
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(amino acid derivatives) for defense (Rask et al., 2000;
Mewis et al., 2006; Shroff et al., 2008), whereas tobacco
(Nicotiana spp.) plants produce nicotinic alkaloids to
ward off attack from feeding herbivores (Baldwin
et al., 1997; Wink and Roberts, 1998; Shoji et al., 2000;
Steppuhn et al., 2004). In addition, most plants pro-
duce protease inhibitors in response to herbivory,
which inhibit proteolysis and negatively affect the di-
gestibility of ingested plant material in insect guts
(Jongsma et al., 1994, 1995; Koiwa et al., 1997; Zavala
et al., 2004a; Habib and Fazili, 2007; Hartl et al., 2010).
Green leaf volatiles (GLVs) and volatile organic com-
pounds (VOCs) constitute another important plant
defense mechanism to attract predators of herbivores;
this strategy is also known as indirect plant defense
(Halitschke et al.,, 2000; Kessler and Baldwin, 2001;
Baldwin et al.,, 2002; Allmann and Baldwin, 2010).
Despite the large diversity found in downstream JA-
regulated defense responses, the main components of
the JA signaling pathway are conserved between plant
species. A central component in JA signaling is the
CORONATINE INSENSITIVEL (COI1) protein that
was found and functionally analyzed in several plant
species (Feys et al., 1994; Xie et al., 1998; Devoto et al.,
2002, 2005; Li et al.,, 2004; Paschold et al., 2008). The
F-box protein COI1, as part of the JA receptor complex,
contributes to the binding of a bicactive JA derivative,
(+)-7-iso-jasmonoyl-L-isoleucine (JA-Ile; Thines et al.,
2007; Katsir et al, 2008; Fonseca et al., 2009). In the
presence of JA-Ile, COIl interacts with JASMONATE
ZIM DOMAIN (JAZ) repressors that are subsequently
ubiquitinated and degraded by the 26S proteasome
(Chini et al., 2007; Thines et al., 2007; Yan et al., 2007).
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Because the Jas domain in JAZ is known to bind
MYC2-class transcription factors (TFs) that control the
expression of a majority of JA-inducible genes (Boter
et al., 2004; Lorenzo et al., 2004; Chini et al., 2007;
Cheng et al., 2011, Ferndndez-Calvo et al., 2011; Niu
et al,, 2011; Shoji and Hashimote, 2011; Zhang et al.,
2012), the degradation of JAZ repressors by the SCF-
complex leads to the active transcriptional status of
JA-dependent genes. In contrast, the accumulation of
JAZ proteins, which interact with an EAR domain-
containing NINJA protein, represses JA-mediated
responses, as EAR binds a strong plant transcriptional
corepressor protein, TOPLESS (Pauwels et al., 2010).

The transcriptional activity of MYC2 and MYC2-like
TFs, and several additional JA-regulated TFs, therefore,
depends on their release from JAZ-imposed repres-
sion. The JAZ proteins, typically present as protein
families in plants, contain two important functional
domains, ZIM and Jas (for review, see Pauwels and
Goossens, 2011). The ZIM demain (Shikata et al., 2004;
Vanholme et al., 2007) with the TIF[F/Y]XG motif (or
its variant), located in the N-terminal part of JAZ pro-
teins, mediates the homomeric and heteromeric inter-
actions between JAZ proteins (Chini et al., 2009; Chung
and Howe, 2009) and the binding of the NINJA pro-
tein, a strong interactor of the TOPLESS corepressor
mentioned above (Pauwels et al., 2010). The Jas do-
main (Yan et al, 2007) is required for the JAZ/COIl
interaction and the binding of MYC2 TFs. It is charac-
terized by an S-1-X(2)}-F-X(2)-K-R-X(2)-R core, delimited
by a conserved N-terminal Pro and a C-terminal PY se-
quence. Two positively charged amino acid residues,
Ala-205 and Ala-206, in the Jas domain of the AtJAZ1
protein were shown to be essential for the JAZ/COI1
interaction (Melotto et al., 2008).

Recently, it has been reported that Arabidopsis
AtJAZS lacks a typical degradation sequence (degron)
in its Jas motif that is required for the sealing of JA-Ile
in the binding pocket at the COI1-JAZ interface (Sheard
et al, 2010; Shyu et al, 2012). In contrast, AtJAZS
contained an EAR sequence at the N terminus, sug-
gesting that AtJAZ8 may be directly binding the
TOPLESS corepressor and repressing TFs without the
help of NINJA adaptor proteins (Shyu et al., 2012).

Since the identification of JAZ proteins, much effort
has focused on the functional characterization of JAZ
complexes, such as the binding of JA-Ile in the cor-
eceptor structure (Melotto et al., 2008; Yan et al., 2009;
Sheard et al., 2010), interactions among and splicing of
individual JAZ preteins (Chini et al, 2009; Chung
et al.,, 2009, 2010), and interaction of JAZs with various
TFs in plants (for review, see Pauwels and Goossens,
2011). To demonstrate the regulatory function of JAZ
proteins, Jas-truncated or alternatively spliced forms of
JAZ proteins were efficiently used (Chini et al.,, 2007;
Thines et al., 2007; Shoji et al., 2008; Chung et al., 2010).
Such proteins may interfere with the degradation of
other JAZ proteins, as previously shown for the jai3-1
mutant using in vitro degradation assays (Chini et al.,
2007), thus causing the wide-ranging dominant JA-
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insensitive phenotypes observed in transgenic or mu-
tant plants, including male sterility and resistance to
JA in root growth bioassays.

Despite cutrent progress in the general understanding
of JAZ proteins as repressors of JA signaling, the func-
tions of individual JAZ proteins in plants remain largely
unknown (see final section in Pauwels and Goossens,
2011). To extend the current JAZ repertoire in plants, we
cloned 12 full-length JAZ genes from native tobacco
(Nicotiana attenuata) and subsequently initiated a func-
tional screen of JAZ proteins in this ecologically relevant
plant model. Here, we show that silencing the NaJAZh
gene results in a dramatic shift in the regulation of JA-
dependent responses in N. attenuata. In addition, the
NaJAZh-deficient plants developed spontaneous ne-
crotic lesions on the leaves, a novel phenotype asso-
ciated with JA signaling in plants.

RESULTS
Identification of Novel N. attenuata JAZ Proteins

We identified 12 JAZ proteins in N. attenuata based on
the assembly of tobacco JAZ sequences available in
public EST databases, focusing on the presence of char-
acteristic conserved domains, ZIM and Jas, in these pro-
teins. Primers flanking the coding regions of putatively
assembled tobacco JAZ genes (Supplemental Table S3)
were then used in PCR with leaf- and/or root-derived
cDNAs from N. affenuata. The obtained PCR-amplified
fragments were cloned and sequenced to yield 12 distinct
N. attenuata JAZ genes named NaJAZa, -b, -c, -d, ¢, -, -3,
-h, -, -k, -, and -m (which include nine novel JAZ genes in
tobacco). In two cases, we retrieved ¢DNA clones of
variable length that most likely belonged to the same
JAZ gene (NaJAZc.1/NaJAZc.2 and NaJAZk.1/NaJAZk.2;
Supplemental Fig. S1), suggesting that alternative splic-
ing may occur in the processing of specific N. attenuata
JAZ transcripts.

When we performed a phylogenetic analysis of full-
length NaJAZ proteins, together with JAZ proteins
from Arabidopsis (AtJAZ1 to -12; Chung et al., 2008),
tomato (Solanum lycopersicum; SIJAZ1 to -12; Sun et al.,
2011), rice (Oryza sativa; OsJAZ1 to -12; Seo et al,
2011), and three already identified JAZ proteins from
Nicotiana tabacum (NtJAZ1 to -3; Shoji et al., 2008), JAZ
proteins clustered into five main subgroups (I-V; Fig.
1; Supplemental Text S1). Four of those contained the
members from all plant species (I, III, IV, and V),
whereas branch II did not contain any sequence from
the monocet rice.

NaJAZ Genes Are Differentially Expressed in Shoot and
Root Tissues

Using a previously reported microarray data set
(Kim et al,, 2011), the expression of 10 individual N.
attenuata JAZ genes was examined. The rosette leaves
of N. attenuata plants were untreated, elicited with
wounding (punctured with a fabric pattern wheel and
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supplied with water [W+W]), or treated with simu-
lated herbivory (wounds treated with diluted oral
secretions from Manduca sexta larvae [W+OS]). In ad-
dition to expression in the elicited leaf, we also ex-
amined expression in the young untreated leaves and
roots to monitor systemic induction of JAZ genes. As
shown in Figure 2, NaJAZc, NaJAZe, and NafAZk genes
were similarly expressed in the leaf and root tissues.
In contrast, NaJAZa, NaJAZb, Na]AZd, Na]AZf, Na]AZh,
and NaJAZj genes were strongly induced by wounding
in the leaves but showed very limited expression in the
roots (note the variable y axis scales in the graphs in
Fig. 2). NaJAZg was mainly expressed in roots, show-
ing very low and noninducible expression in leaves.
Furthermore, some N. aftenuata JAZ genes differed in
their response to W+W and W+0S treatments. Whereas
most JAZ genes were highly up-regulated by W+0S
treatment in locally elicited and systemic leaves, NaJAZc
was expressed constitutively across all conditions. In-
terestingly, NuJAZe was more induced by W+W com-
pared with W+05 in the local leaves 1 h after elicitation,
suggesting that elicitors in the oral secretion may have
suppressed the wound-induced expression of this gene.
These differential patterns of expression directly sup-
port the previously proposed functional specialization
of JAZ genes in the defense and growth of plants (Howe
and Jander, 2008).
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Silencing of NaJAZh Alters the Expression of Other
JAZ Genes

A subgroup I NaJAZh gene (Fig. 1) with transcripts
strongly accumulated in response to W+OS in local
and systemic leaves (Fig. 2) was selected for detailed
functional analysis. This phylogenetic subgroup also
contained Arabidopsis AHAZ5/6 genes, suggesting a
possibly conserved function of these proteins. We trans-
formed N. atfenuata plants with the inverted-repeat (ir)
RNA interference construct of NaJAZh (Supplemental
Fig. 52) and suppressed its expression in planta. Three
efficiently silenced lines (90%-95% reduction of tran-
scripts in W+OS-elicited plants; Fig, 3A) that contained a
single T-DNA insert (Supplemental Fig. S3) were se-
lected for the functional analysis conducted in this pa-
per (irJAZh-264, -267, and -368).

The expression of 11 NaJAZ genes was examined in
control (untreated) and 1-h W+OS-elicited leaves of
irJAZh plants by quantitative PCR (qPCR; Fig. 3B).
NaJAZg, which could not be reliably detected by qPCR
in the leaves, was analyzed together with NaJAZh in
the roots of rosette leaf W+0S-induced plants (Fig.
3C). In addition to the strongly reduced accumulation
of NaJAZh transcripts in both root and leaf tissues of
irfJAZh plants, compared with identically treated tis-
sues of wild-type plants, we found a higher expression
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Figure 2. Basal and induced expression of indi- Local Systemic Root
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of NaJAZf (approximately 2-fold) and moderately re-
duced expression of two additional genes, NaJAZe
(approximately 1.8-fold) and NaJAZm (approximately
2-fold), in irJAZh tissues. However, the NaJAZh si-
lencing construct did not share any obvious similarity
with NaJAZe and NaJAZm genes, and there was no
continuous sequence homology of 21 nucleotides (or
longer) between NaJAZe, NaJAZm, and our inverted
repeat construct (Supplemental Text S2) that would
suggest the possibility of a cosilencing effect. In addi-
tion, the increased expression of NaJAZf could not be
explained by cosilencing mechanisms. The expression
of this gene 2 h after oral secretion elicitation of leaves,
analyzed in an independent microarray experiment,
was approximately five times higher in irfJAZh com-
pared with wild-type leaves (Supplemental Fig. 54).
The reduction in NaJAZe transcripts was not observed
in this experiment, possibly due to the analysis of
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plants at a later time point after elicitation (2 h) relative
to the qPCR experiment (1 h; Fig. 3B). The NaJAZm
probe was not on the microarray chip, and data for this
gene could not be compared. Overall, consistent
changes in NaJAZf expression in irJAZh plants support
the existence of a mutual regulatory network among
individual JAZ repressors in JA signaling, which is
further supported by the presence of G-boxes that bind
the MYC2 TF in promoter regions of most Arabidopsis
JAZ genes (Chini et al., 2007).

NaJAZh Silencing Suppressed the Performance of a
Specialist Herbivore without Changing JA-Ile Levels

To examine if W+OS-responsive NaJAZh could
regulate defense against herbivores, we performed

Plant Physiol. Vol. 159, 2012
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herbivore performance bioassays using the specialist
herbivore M. sexta and irJAZh plants. Because JAZ
proteins likely repress defense genes, their absence
should result in strong constitutive defense responses
in JAZ-silenced plants. To examine the behavior of
young as well as older irfJAZh plants (showing necrotic
symptoms, as described later), we placed one M. sexta
neonate per leaf on 20 and 10 replicates of rosette and
flowering stage, respectively, ifJAZ and wild-type
plants. The mass of caterpillars was first determined at
5 d and then every 2 d until 13 d (Fig. 4). NaJAZh si-
lencing strongly suppressed the performance of M.
sexta specialist herbivores, both in young and older
plants; however, the growth of larvae was retarded to
a greater degree on mature irJAZh plants. These re-
sults suggested that irJAZh plants are better defended
against specialist herbivores, presumably due to the
high levels of defense metabolites in these plants.

Plant Physiol. Vel. 159, 2012

Before analyzing the levels of direct defense me-
tabolites, we determined if changes in upstream JA
and JA-Tle accumulations and/or metabolism could be
responsible for the extraordinary defense properties of
irfJAZh plants. The levels of JA, JA-lle, abscisic acid
(ABA), and salicylic acid (SA) were measured in W
+OS-elicited leaves of rosette stage irfJAZh-264, -267,
and -368 plants and wild-type plants at 0,1, 2, and 3 h
after oral secretion elicitation (Fig. 5). Whereas the
content of JA was significantly higher in irfJAZh plants
compared with wild-type plants at 1 h post elicitation,
JA-Ile levels in irf AZh leaves did not differ from those
in wild-type plants. Similar to JA-Ile, the levels of SA
and ABA did not differ significantly between irfJAZh
and wild-type plants. Because JA-Ile is the active form
of JA in the signaling process, we assumed that higher
JA levels would not be directly responsible for the
strongly elevated resistance of irfJAZh plants.
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Figure 4. The performance of larvae of the specialist herbivore M.
sexta is strongly suppressed on irJAZh plants. The performance of M.
sexta larvae was observed on the wild type (WT) and Na)JAZh-silenced
lines at two stages of development. A, M. sexta neonates were placed
on rosette-stage leaves of wild-type and ilAZh-368 plants. The mean
fresh mass (FM) = st of irffAZh-368 caterpillars (n = 20) was signifi-
cantly smaller at all time points as determined by Student’s ttest (* P =
0.05, ** P=0.01, *** P=0.001). B, M. sexta performance (n = 10} on
early-flowering-stage wild-type plants and three independent JAZh-
silenced lines (ir)AZh-264, -267, and -368) that developed necrotic
lesions during the experiment. Significant differences between geno-
types were determined at each time point by ANOVA (* P = 0.05).

Silencing of NaJAZh Shows a Differential Effect on Direct
Defenses in N. attenuata

To evaluate if the substantially elevated herbivore re-
sistance of irfJAZh plants was due to higher levels of toxic
defense metabolites in these plants, we examined trypsin
protease inhibitor (TPI) activity (Jongsma et al., 1994,
1995; Habib and Fazili, 2007) and the accumulation of
the secondary metabolites nicotine (Shoji et al., 2000;
Steppuhn et al., 2004) and 17-hydroxygeranyllinalool
diterpene glycosides (DTGs; Jassbi et al., 2008; Heiling
et al., 2010) in W+O6S-elicited irJAZh and wild-type
plants (Fig. 6). The basal levels of TPI activity in irJAZh
plants were already six to 10 times higher compared
with wild-type plants, and these levels remained ap-
proximately five times higher in 72-h W+OS-elicited
irfJAZh leaves (Fig. 6A). The pooled DTG levels in
irJAZh plants, determined by HPLC, showed accu-
mulation patterns similar to TPI activity (Fig. 6B). In
particular, the constitutive levels of DTGs in unin-
duced irJAZh plants were dramatically higher com-
pared with wild-type plants. Both constitutive and
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induced levels of nicotine in leaf tissues were surprisingly
reduced in irfJAZh compared with wild-type plants al-
ready at constitutive uninduced levels (Fig. 6C). When
we checked the root expression of N. attenuata putrescine-
N-methyltransferase (NaPMT) involved in nicotine bio-
synthesis, and nicotine levels in the roots, they were
not significantly different between roots of uninduced
wild-type and irfJAZh plants (Supplemental Fig. 55). We
also examined the levels of other potentially important
defense-related secondary metabolites, including dicaf-
feoylspermidine (DCS) and caffeoylputrescine (CP) in
irJAZh plants (Kaur et al, 2010). Whereas CP levels
appeared higher at 72 h in W+OS-elicited irJAZh plants,
DCS levels were not significantly different between wild-
type and irfJAZh plants (Supplemental Fig. S6).

A shift from core to dimalonylated DTGs after
herbivore attack is a typical JA-regulated (and COI1-
dependent) process in N. attenuata plants (Heiling
et al., 2010). To see how DTGs are regulated in irfJAZh
plants, we measured DTG levels by a more sensitive,
high resolution liquid chromatography-electrospray
ionization-tandem mass spectrometry (LC-ESI-MS/
MS) method (Fig. 7) that allowed relative quantifica-
tion of individual DTGs subdivided into precursor,
core, single-malonylated, and dimalonylated groups
(listed in the putative order of biosynthesis; Heiling
et al., 2010). Interestingly, the irJAZh plants showed
very high basal levels of precursor and core DTGs (Fig. 7;
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Figure 5. NaJAZh silencing does not alter JA-lle levels induced by
simulated herbivory. Rosette-stage plants (the wild type [WT] and
NaJAZh-silenced lines irfJAZh-264, -267, and -368) were treated with
simulated herbivory (W+0S) and harvested before and 1, 2, and 3 h
after elicitation. Mean = st levels of JA, JA-lle, ABA, and SA (n = 3)
were determined by LC-ESI-MS/MS using internal deuterium-labeled
hormone standards. JA levels were significantly higher at 1 h after
elicitation in irf]JAZh lines, but other hormones showed no significant
differences compared with wild-type plants. Asterisks indicate signif-
icant differences among the wild type and independent iflAZh lines
determined by ANOVA (* P = 0.05). FM, Fresh mass.
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Figure 6. NaJAZh silencing enhanced constitutive and inducible levels
of TPIs and DTGs but suppressed nicotine accumulation. Rosette-stage
plants (the wild type [WT| and NaJAZh-silenced lines iJAZh-264, -267,
and -368) were treated with simulated herbivory (W+0S), and treated
leaves were harvested before and 24, 48, and 72 h after elicitation.
Mean = st levels of TPIs determined by radial diffusion assay (A) and
DTGs determined by HPLC (B) were significantly higher at each time
point in irJAZh compared with wild-type plants. Mean * st levels of
nicotine (C) determined by HPLC were significantly lower in irflAZh
compared with wild-type plants at every time point (ANOVA; * P =
0.05, ** P = 0.01, *** P = 0.001; n = 3). There were no significant
differences found in metabolite content when three independent ir]AZh
lines were compared. FM, Fresh mass.

0-h time point), which quickly declined after W+OS
elicitation of the plants. Subsequently, W+OS treat-
ment increased the single-malonylated and dimalo-
nylated DTG levels, both in irfJAZh and wild-type
plants; however, the levels in irfJAZh were dramati-
cally higher. These results suggest that although
ir]JAZh plants can constitutively accumulate a large
amount of DTG precursors, another JA-dependent
signal(s) may be required for their conversion to
malonylated and dimalonylated forms during herbi-
vore attack.
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To further examine the role of NaJAZh in the regu-
lation of secondary metabolism under real herbivory
attack, we analyzed the leaves from wild-type and
irfJAZh plants that were exposed to M. sexta feeding for
5 d. The accumulation of total DTGs and nicotine was
consistent with the previous W+OS elicitation results,
showing significantly higher levels of DTGs and lower
nicotine levels in herbivore-attacked leaves of irJAZh
compared with wild-type plants (Supplemental Fig. 57).

irJAZh Plants Release More Volatile Compounds

The releases of GLVs and VOCs are typical herbivory-
induced responses in N. attenuata plants (Halitschke
et al.,, 2000; Kessler and Baldwin, 2001; Baldwin et al.,
2002; Paschold et al., 2006). To determine if NaJAZh also
regulates volatile emissions, we collected GLVs and
VOCs released from the leaves of if] AZh and wild-type
plants over 24 h, both before and after W+OS elicitation
(Fig. 8). The irJAZh plants released more GLVs (e.g. cis-
3-hexenylacetate and cis-3-hexenylbutyrate); however,
the most remarkable differences were found in terpenoid
emissions (VOCs) of these plants. For example, the ses-
quiterpenes trans-a-bergamotene and trans-B-farnesene
were strongly elevated, especially in the case of W+OS-
elicited irfAZh plants. These data suggest that NaJAZh,
apart from regulating the accumulation of direct defense
metabolites like TPIs and DTGs, also regulates the vol-
atile emissions that are known to function as an indirect
defense against herbivores in N. alfenuata plants.

Global Transcriptional Changes Associated with NaJAZh
Silencing in N. attenuata

As we have shown above, NaJAZh silencing strongly
altered defensive metabolite profiles in N. attenuata
leaves. To gain more insight into the mechanisms (and
genes) involved in defense against herbivores, we
compared global gene expression by microarrays us-
ing irJAZh-368 and wild-type leaf samples 2 h after
W+OS elicitation. NaJAZh silencing altered the ex-
pression of a large number of genes (188 out of 43,503
microarray probes were at least 3-fold up-regulated
[97 genes] or down-regulated [91 genes] in irfJAZh
plants compared with wild-type plants). As predicted
from the strong defense profile of irfJAZh plants, a
number of the 58 functionally annotated up-regulated
genes could be assigned to volatile emission or
defense-related functional categories (Supplemental
Table S1). For example, the six-domain trypsin inhib-
itor precursor (3.9-fold), 5-epi-aristolochene synthase
(5.2-fold), and y-thionin-defensin-like protein (30.1-fold)
were strongly up-regulated after W+OS treatment in
irfJAZh compared with wild-type plants. Furthermore,
the primary metabolism and signal transduction genes
(nitrate transporter, 5.2-fold; A. thaliana chlorophyllase2,
3.3-fold; basic helix-loop-helix family protein, 4.6-fold)
were among the strongly regulated targets of the NaJAZh
repressor. Similar to previous qPCR analysis (Fig. 3),
NaJAZh silencing modulated the expression of several
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Figure 7. NaJAZh silencing strongly affects the
accumulation and structural modification of
DTGs in transgenic plants. Rosette-stage plants in
the glasshouse were treated with simulated her-
bivory (W+OS) and harvested before and 24, 48,
and 72 h after elicitation. Mean = s relative
amounts of individual DTGs were determined by
LC-ESI-MS/MS. The malonylated DTGs (rows 3
and 4) strongly accumulated after treatment in all
three independent irfJAZh lines (ir]AZh-264, -267,
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and -368) compared with wild-type (WT) plants, ZéCore DTGs
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other JAZ genes (NaJAZf, up 4.6-fold; NaJAZj, up 3.6-fold;
Supplemental Fig. S4).

NaJAZh silencing also resulted in the repression of 52
functionally annotated genes in irJAZh plants com-
pared with wild-type plants (greater than 3-fold change;
Supplemental Table S2). As expected, NaJAZh was
among the strongly suppressed genes (3.4-fold). In-
terestingly, NaJAZh silencing resulted in the down-
regulation of genes from similar categories, as already
found in the up-regulated gene list (e.g. monoterpene
synthase 2, 8.3-fold), consistent with a complex meta-
bolic reconfiguration and possible redirection of met-
abolic fluxes within the same metabolic pathways
during defense (e.g. monoterpene versus sesquiterpene
biosynthesis).

NaJAZh Silencing-Induced Leaf Necrosis at Late
Developmental Stages

NaJAZh silencing did not affect the growth and
development of N. attenuata plants until the elonga-
tion stage, when the strongly silenced irJAZh lines
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displayed spontaneous necrotic lesions on the leaves.
This necrotic phenotype was observed in five inde-
pendent irJAZh transgenic lines, therefore excluding
the possibility that it was the consequence of the ran-
dom insertion of a NaJAZh-silencing construct into
another independent gene in the N. attenuata genome.

The symptoms first appeared as small necrotic spots
on cotyledons that gradually spread to older leaves,
after the development of the leaves (Fig. 9). Late in
development, all leaves but not flowers or seed cap-
sules of irJAZh plants were typically engulfed by the
necrosis in strongly silenced irJAZh lines (Fig. 9). To
a large extent, the degree of necrosis was dependent
on the transgenic line used in the experiment (with
the strongest symptoms observed in irfJAZh-368), and
the necrotic symptoms were completely lost when the
irfJAZh-267 plants (showing strong necrosis in irfJAZh
homozygous plants) were crossed with the wild type
to create a hemizygous cross (Supplemental Fig. S8).
We interpret these results to mean that a low threshold
level of NaJAZh expression can possibly counteract the
development of necrotic symptoms. Although not ad-
dressed in this work, the hypothesis that accumulations
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of some toxic intermediate in nicotine biosynthesis,
shown to be impaired in itJAZh plants, could be re-
sponsible for the lesions in older leaves should be thor-
oughly examined.

Reactive Oxygen Species Accumulation
in Wounded Leaves

Reactive oxygen species (ROS) are common markers
of programmed cell death (PCD) and necrosis in plants
(Allan and Fluhr, 1997; Desikan et al., 1998; Beers and
McDowell, 2001; Houot et al., 2001; Mittler et al., 2004;
Cheeseman, 2007). To determine if the necrotic lesions
in irJAZh plants could be due to the activation of ec-
topic PCD in irfJAZh plants, we first analyzed the
hydrogen peroxide (H,0,) levels in leaves of two in-
dependent NaJAZh-silenced lines (irfJAZh-267 and
-368) and compared them with wild-type H,0O, levels.
We used presymptomatic unwounded leaves as well
as puncture-wounded leaves detached from mature
plants and stained them with the H,0,-sensitive indi-
cator diaminobenzidine (DAB); the leaves were floated
on staining solution overnight in darkness and de-
stained the next day in a clearing solution to visualize
the brown precipitate of oxidized DAB (Fig. 10A). A
stronger DAB staining in the unwounded leaves of
itJAZh compared with wild-type plants was readily
observed. Although the wound-induced accumula-
tion of H,0, appeared as dark brown circles around
puncture wounds on the leaves, these circles were
significantly more intense in irJAZh compared with
wild-type leaves, suggesting that itffJAZh plants are
subjected to strong oxidative stress due to the high
ectopic accumulation of H,O, in their leaves.

Because DAB staining requires a long incubation of
the leaves in the staining solution, which may have
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Figure 8. NaJAZh-silenced plants emit higher
amounts of VOCs and GLVs. Volatiles were col-
lected from the head space of wild-type (WT) and
b i) AZh (iAZh-267 and -368) leaves for 24 h after
connecting the volatile trap units to locally trea-
ted leaves 3 h after W+OS elicitation; contrel
plants were collected in parallel but remained
untreated. Samples were analyzed by gas chro-
matography-mass spectrometry with tetraline as
an internal standard. Bars indicate normalized
45 relative emissions of volatiles per em? of leaf area
=+ st (n = 5). Different letters (a—c} indicate sta-
tistically significant differences in  emissions
among genotypes (the wild type versus two in-
dependent irJAZh lines) and treatments deter-
mined by ANOVA (P = 0.05). n.d, Not detected.
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caused some artifacts in observed H,O, accumulation
patterns, we also quantified the H,0, accumulation in
wounded leaves using the more sensitive Amplex Red
kit, which allows more precise determination of the
immediate levels of H,O, (Fig. 10B). In addition to
significantly higher basal levels of H,0, found in the
irfJAZh leaves (Fig. 10B; 0 h), we detected a strong
burst of H,O, after wounding that occurred only in
irfJAZh plants. We conclude that the NaJAZh protein is
essential for the suppression of both basal and wound-
induced ROS in mature N. attenuata leaves.

Gene Expression during Necrosis in itfJAZh Leaves

To further examine the possible mechanisms involved
in leaf necrosis in irJAZh plants, we measured the ex-
pression of NaJAZh and three known PCD markers
in tobacco (harpin-inducedl [Hinl], hypersensitivity-
related203 [Hsr203], and N. affenuata vacuolar process-
ing enzyme361 [NaVPE361]) using a time-resolved kinetic
of leaf samples from irfJAZh and wild-type plants (Fig.
10C). In this experiment, we first labeled one rosette
leaf growing at the —1 node (one position younger
than the leaf undergoing the source-sink transition) of
34-d-old irJAZh and wild-type plants, well before the
development of necrotic symptoms on irfJAZh plants
was observed. Subsequently, we kept collecting sets of
labeled leaves in 2-d intervals until necrotic lesions
appeared on labeled leaves of itJAZh plants. As ex-
pected, ffJAZh plants showed low expression of
NaJAZh throughout the experiment, consistent with
the stable silencing genotype of these plants. Interest-
ingly, whereas wild-type plants showed a relatively
constant expression of the NaJAZh gene, the transcript
levels suddenly increased at 50 d post germination,
when the full necrosis phenotype was observed in
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irdAZh

Rosette

Elongated

Flowering

Figure 9. Elongated and mature ifJAZh plants develop spontaneous
necrosis on leaves. Necrotic spots on leaves of ilAZh plants (indicated
by red arrows) appeared in a strict developmental sequence as iJAZh
plants started to elengate and transitioned into the flowering stage of
growth. Symptoms were first detected on cotyledons of idAZh plants
and gradually spread to the next developed but still fully green leaves.
Necrotic lesions were not detected on flowers or capsules of the iAZh
plants. In contrast to irf]AZh plants, wild-type (WT) plants developed
natural senescence that was characterized by yellow color of the old
leaves and necrosis of the yellow senescent leaves in the final stages of
development.

irfAZh leaves (Fig. 10, C and D; the arrows depict the
first day when the labeled irfJAZh leaves showed visible
necrotic spots on their lamina). At the same time, the
expression of the PCD marker genes Hinl, Hsr203, and
NaVPE361 spiked in irfAZh plants but not in wild-type
plants. Because VPE genes are involved in the vacuole
collapse that triggers hypersensitive cell death in plants
(Hatsugai et al, 2004; Hara-Nishimura et al, 2005),
NaJAZh, directly or indirectly, contributed to the sup-
pression of cell death in mature N. atfenuata leaves.
Next, we examined if the necrotic symptoms could
be associated with the unbalanced phytohormone
levels in irJAZh leaves, using the same set of samples
used in gene expression analysis. Although JA and
ABA levels were fairly normal in irfJAZh plants, we
found a strong increase in SA levels that coincided
with the development of necrosis on irfJAZh leaves
(Fig. 10D). However, it was not clear if the accumulation
of SA was the cause or consequence of PCD in ir]AZh
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leaves. As necrotic symptoms on irJAZh plants always
spread in a strictly ontogenetic order, affecting the
oldest leaves found on the plant, the possibility of a
senescence-related origin of PCD in irfJAZh plants
seemed very likely, a hypothesis examined next.
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Figure 10. irAZh plants accumulate ROS and express PCD markers
during leaf necrosis. A, For DAB staining, leaves were detached from
plants and either punched with a cork borer te wound (bottom panel)
or leaves remained unwounded {top panel). The entire leaf was floated
in DAB staining solution overnight in the dark and destained to visu-
alize the brown DAB precipitate. B, For the Amplex Red assay, leaf
extracts prepared from wounded leaves of iJAZh-368 and wild-type
(WT) plants were incubated with Amplex Red reagent. Amplex signal
intensity was determined by measuring sample fluorescence at excitation/
emission = 530/590 nm. Mean * st levels of H,O, {n = 3) were calcu-
lated using H,O, external calibration curves, and significant differences
between wild-type and ir]AZh plants were determined by Student’s ¢ test
at every measured time point (* P = 0.05). C, Mean relative transcript
abundances * st of NafAZh and PCD marker genes (Hinl, Hsr203, and
VPE361) in developing N. attenuata plants (34-50 d post germination;

= 4). D, SA levels determined by LC-ESI-M$MS in developing
N. attenuata plants (34-56 d post germination; 1= 4). Arrows in Cand D
indicate the date of the first appearance of necrotic symptoms of a leaf
that during early rosette-stage growth {34 d post germination) occupied
a node one position younger than the source-sink transition leaf (—1).
Asterisks in C and D indicate significant differences between wild-type
and ifAZh plants determined by Student's ttest {* P = 0.05, ** P= 001,
P < (3,001). FM, Fresh mass.
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Necrotic Lesion Symptoms in iffAZh Plants Are
Suppressed by High Nitrogen Availability in Soil

If the necrosis was a result of exaggerated natural
senescence in irfAZh plants, we assumed that a delay
in senescence should slow or even prevent the devel-
opment of necrosis on irJAZh leaves. Therefore, we
planted irfJAZh and wild-type plants in soil as before
and supplied (in watering solution) one group of the
plants with 50 mL of 20 mm ammonium nitrate solu-
tion every 2 d to delay the senescence process in these
plants. As expected, the treatment resulted in dark
green leaves in the nitrate-supplied group of both
irfJAZh and wild-type genotypes (Fig. 11A), and
greening of irfJAZh plants strongly suppressed the
appearance of necrotic symptoms observed on 45-d-
old irJAZh plants, when the control group of irfAZh
plants displayed a clear necrotic phenotype. In later
stages of development, although necrosis also devel-
oped on nitrate-supplied irfAZh plants, it was signif-
icantly milder compared with plants grown under a
normal glasshouse fertilization regime. Interestingly,
watering with nitrate solution applied to mature elon-
gated plants in soil could stop the spread of already
initiated necrosis on the irJAZh leaves, leading to re-
covery and normal growth of the leaves. Rejuvenation
of irfJAZh plants was capable of counteracting the leaf
necrosis, suggesting that an out-of-control senescence
process could be responsible for the necrotic phenotype
of irJAZh plants. When we measured the chlorophyll
content in selected resette leaves starting from 35 d
post germination until the development of necrosis on
irJAZh leaves (approximately 50 d post germination;
Fig. 11B), the chlorophyll content started to decline in
both wild-type and irJAZh plants just before the first
necrotic symptoms in irJAZh plants. We assume that
plants may initiate the natural senescence process at this
point, which is tempered by the function of the NaJAZh
gene in wild-type plants.

Performance and Metabolism of NaJAZh-Silenced Plants
in Nature

Lastly, we wanted to know if the unbalanced de-
fense of irJAZh plants could influence the performance
of these plants when grown in the native habitat of N.
attenuata in the Great Basin Desert of Utah. Although
the silencing efficiency and the main metabolic fea-
tures of irfJAZh plants were preserved in the field
(Supplemental Figs. 59-512), damage inflicted by na-
tive herbivores on irfJAZh plants was not significantly
different from the empty vector (EV) plants that were
planted in a paired size-matched design with the
ifJAZh plants in the field (Supplemental Fig. S13).
Similar to “naive” glasshouse plants (Fig. 7), field-
grown irffJAZh plants also accumulated much more of
the core, single-malonylated, and dimalonylated DTGs,
but not the DTG precursor lyciumoside I. This suggests
that exposure to natural herbivory in the field may have
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Figure 11. Rejuvenation of ir)AZh plants delays the development of
necrosis on the leaves. A, The extent of necrotic lesions was docu-
mented in wild-type (WT) and ilAZh (ir)AZh-267 and -368) plants at
45 and 53 d post germination. Plants were cultivated either under the
normal glasshouse fertilization regime (Peters Allrounder and Borax;
left panel) or under high nitrogen supply rates (supplied with an ad-
ditional 50 mL of 20 mm NH,/NO, every 2 d starting at 30 d post
germination [DAC]; right panel). Arrows indicate the leaf that during
early rosette-stage growth (34 d post germination) occupied a node
one position younger than the source-sink transition leaf (—1) and was
used to measure chlorophyll contents. B, Mean *+ st chlorophyll
content (1 = 5) in wild-type and iAZh (ifAZh-267 and -368) leaves
determined between 35 and 43 d post germination. The arrow indi-
cates the date of the first visible necrotic symptoms on the labeled leaf.
Chlorophyll content started to decline when the first necretic symp-
toms appeared on irJAZh plants grown under the normal glasshouse
fertilization regime; compared with 39 d, the chlorophyll content at 41
d post germination significantly decreased in all plants grown under
the normal fertilization regime (determined by Student’s ¢ test; P =
0.01). [See cnline article for color version of this figure. ]

shifted the DTG pools in irfJAZh plants toward mod-
ified forms on account of precursor lyciumoside [
(Supplemental Fig. S11). We also observed some dif-
ferences in volatile profiles of irfJAZh plants under
field and glasshouse conditions. Whereas the trans-
a-bergamotene content was still substantially ele-
vated as in glasshouse irfJAZh plants (Fig. 8), the field
plants did not release elevated amounts of trans-
B-farnesene (Supplemental Fig. S12). H,O, accumulation
in the leaves was still higher in itJAZh compared with
EV plants (Supplemental Fig. 514), but necrotic lesions
never developed under field conditions (Supplemental
Fig. 515). We assume that the levels of JAZh silencing
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determined in the field (Supplemental Fig. 59) were be-
low the threshold levels required for tissue damage and
lesion formation. Alternatively, field plants that were
grown under approximately twice the photosyntheti-
cally active radiation levels of glasshouse-grown plants
may have activated stronger antioxidant protection that
restricted necrosis in irfJAZh plants.

DISCUSSION

Since the recent discovery of JAZ proteins as repres-
sors of JA signaling, functional characterization of JAZ
genes has mainly been performed in Arabidopsis. How-
ever, the phenotypes associated with the silencing of in-
dividual JAZ genes in Arabidopsis have rarely been
reported (for review, see Pauwels and Goossens, 2011).
When we silenced a newly identified JAZh gene in N.
attenuata, a strong derepression of direct (TPIs and
DTGs) and indirect (volatile emissions such as terpe-
noids) defense responses was observed, whereas the
accumulation of another defense metabolite, nicotine,
was reduced. In addition, irfJAZh plants displayed
an unexpected necrotic lesion phenotype during late
growth and maturation. Although the silencing of
NaJAZh strongly deregulated defense responses in N.
attenuata, it still remains to be determined which of
the phenotypes observed in irJAZh plants are directly
controlled by the NaJAZh repressor and which result
from the regulatory function of JAZh over the other
JAZ proteins in N. attenuata.

Identification and Expression of JAZ Genes in N. attenuaia

Seven novel JA-inducible genes containing the ZIM
domain, previously implicated in the regulation of
transcription in Arabidopsis (Shikata et al., 2004), were
identified by microarrays of methyl jasmonate (MeJA)-
treated plants and, as a consequence, were classified as
anovel JAZ protein family (Thines et al., 2007). Using a
sequence homology search, five additional JAZ pro-
teins were identified in the Arabidopsis genome, based
on the presence of characteristic structural motifs, ZIM
and Jas (Thines et al., 2007, Yan et al., 2007). In this
report, using a similar strategy, we found 12 putative
JAZ genes in N. attenuatn that complement three pre-
viously identified proteins, JAZ1, JAZ2, and JAZ3,
from N. tabacum (Shoji et al,, 2008). All NaJAZ genes
were expressed in aboveground and/or belowground
tissues after W+W or W+OS treatment (Fig. 2) or even
without treatment. Qur results, summarized in Figure
2, are consistent with previous studies showing that
the expression of most JAZ genes is inducible by local
wounding and/or herbivore feeding (Chung et al.,
2008; Shoji et al., 2008; Koo et al., 2009), which prop-
agates to systemic uninduced leaves, similar to AHAZ5
and AtfAZ7 genes (Koo et al., 2009).

Alternative splicing of JAZ genes was proposed to
play an important role in JAZ/COI1 interactions and
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JA signaling in Arabidopsis (Chung and Howe, 2009;
Chung et al., 2010). Two differentially spliced forms
of the AtJAZ10 protein show differential binding af-
finity to SCFO™, suggesting that alternative splicing of
JAZ genes may be contributing to the fine-tuning of
JA-dependent responses. During the cloning of N.
attenuata JAZ genes, we also retrieved ¢cDNA clones
with variable lengths in at least two cases, NaJAZc and
NaJAZk. While NaJAZc proteins differed in the pres-
ence of an internal 32-amino acid sequence (NaJAZc.1
and NaJAZc.2), NaJAZk occurred in two forms, one
that completely lacked the Jas motif (NaJAZk.2) and
another that contained an incomplete Jas sequence
(NaJAZk.1; Supplemental Fig. S1). Further analysis of
alternatively spliced forms of tobacco JAZ proteins and
completion of the tobacco genome will be required to
understand the function of these modifications in the
regulation of JA signaling.

NaJAZh Controls a Subset of Direct and Indirect
Defense Responses

Because JAZ proteins repress JA-dependent re-
sponses, plants lacking JAZ function should be dis-
playing stronger and constitutive accumulation of
anthocyanins or should have altered pollen develop-
ment, senescence, and root responses (Mandaokar
et al., 2006; Balbi and Devoto, 2008; Howe and Jander,
2008; Browse, 2009; Reinbothe et al., 2009; Shan et al.,
2009; Qi et al,, 2011; Song et al., 2011). When Thines
et al. (2007) examined the effect of several single JAZ
knockouts or ectopically overexpressed JAZ genes
in Arabidopsis, no strong phenotypic changes were
observed in these lines, revealing a functional redun-
dancy of JAZ proteins in plants. In contrast, Jas domain-
truncated (dominant negative) forms of JAZ proteins
produced several of the expected phenotypes, includ-
ing male sterility and insensitivity to JA in root inhi-
bition assays (Chini et al., 2007; Thines et al., 2007;
Chung and Howe, 2009). A higher sensitivity to JA
resulting in stronger suppression of root growth was
also observed in transgenic lines with reduced AfJAZ1
(Grunewald et al., 2009) and AtJAZ10 (Yan et al., 2007;
Demianski et al., 2012) expression. In addition, a
knockdown line of AtJAZ10 became more susceptible
to Pseudomonas syringae DC3000 infection (Demianski
et al., 2012).

Previously, a dominant negative form of Ni{JAZ1
and NtJAZ3 proteins, equivalents of NaJAZd and
NaJAZa, respectively, repressed the MeJA-induced
accumulation of nicotine and related alkaloids in to-
bacce hairy roots and cell cultures (Shoji et al.,, 2008);
however, no other defense metabolites were reported
in these experiments. In this report, irJAZh transgenics
silenced in the expression of a single JAZ gene in N.
attenuata accumulated and released abnormally high
levels of constitutive direct (and indirect) defense me-
taboelites, which was further amplified by oral secre-
tion elicitation. While irfJAZh plants were deficient in
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nicotine accumulation, cross talk among individual JAZ-
regulated defense responses in tobacco was revealed.
The reduced nicotine contents in irfAZh plants and the
generally negative role of JAZ in nicotine accumulation
(Shoji et al., 2008) suggests a branched regulation of JA-
mediated defense metabolites in tobacco controlled by
separate JAZ proteins.

Cross Talk in the JAZ Regulatory Network

NaJAZh silencing resulted in profound changes in
direct and indirect defense prefiles of N. affenuata
plants. We first suspected that such a broad phenotype
could be the result of nonspecific cross-silencing of
other JAZ genes by the itfJAZh construct. Nevertheless,
we rechecked the expression of NaJAZ genes in wild-
type and NaJAZh-silenced plants (Fig. 3B; determined
by qPCR). Two genes, NaJAZe and NaJAZm, showed
reduced gene expression, together with NaJAZh at 1 h
after W+0S elicitation. However, no other JAZ gene
except for NaJAZh was found to be significantly re-
duced in irfJAZh plants at 2 h after W+OS treatment,
which was determined by an independent microarray
approach (Supplemental Fig. 54). In addition, we ob-
served the induction of NaJAZf expression at 1 h after
W+OS in irfJAZh plants, which persisted even at 2 h
after W+OS elicitation. Therefore, it is very likely that
NaJAZh silencing directly or indirectly affected the
expression of other JAZ genes, which was not the
result of a cross-silencing effect. In Arabidopsis, pro-
moter regions of many JAZ genes contain G-box se-
quences, a known target sequence of MYC2 proteins
(Chini et al., 2007), which provides a possible mecha-
nism for cross talk and the mutual regulation of JAZ
genes in JA signaling. Subsequently, some of the ob-
served phenotypes associated with NaJAZh silencing
could be attributed to the function of other JAZ genes
that were deregulated by silencing of NaJAZh.

The results of our transcriptional studies were fur-
ther supported by the reduction of nicotine levels in
irJAZh plants. Because nicotine is synthesized in the
roots and subsequently transported to leaves through
the xylem stream (Baldwin et al., 1997; Wink and
Roberts, 1998), we assume that nicotine biosynthesis
is regulated independently from defense metabolites
that are directly expressed in the leaves (TPI, DTGs,
and volatiles). Recently, increased root expression of
AtJAZ1, AtJAZ2, and AtJAZ9 genes was reported in
Arabidopsis after local wounding (Hasegawa et al.,
2011; Sogabe et al., 2011). Possibly, a subset of JAZ
proteins may have a specific function in the root tis-
sues. Because the NaJAZf gene was up-regulated after
W+0S induction in irJAZh plants, we speculate that
this gene could be involved in the control of the bio-
synthesis and/or transport of nicotine in tobacco
plants. The most likely targets of this JAZ would be the
root-expressed MY(C2-like genes in tobacco and/or
AP2/ERF TFs reported as positive regulators of nico-
tine biosynthesis in tobacco (Shoji et al., 2010; Shoji and
Hashimoto 2011; Zhang et al., 2012).
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The irfJAZh Phenotype Is Robust But Not Beneficial for
Field-Grown Plants

A number of previous studies demonstrated that
plants use inducible defense as a resource-saving
strategy (Cipollini and Bergelson, 2001; Strauss et al.,
2002; Cipollini et al., 2003; Zavala et al., 2004b).
However, the time delays required to accumulate de-
fensive quantities of metabolites could be a significant
drawback of the inducible deployment of defenses.
Because irJAZh plants expressed high constitutive
and stronger inducible defenses compared with wild-
type plants, we were curious whether these “super-
defenders” would perform better in the native habitat
of N. attenuata in the Great Basin Desert, an envi-
ronment characterized by its extremely variable and
stressful conditions. However, in two field seasons, we
did not observe any evidence for higher anti-herbivore
defense in irJAZh plants that were planted together
with EV control plants in the field plot (Supplemental
Fig. 513). This suggests that, under natural conditions,
constitutively higher TPI and DTG levels did not
provide any real advantage to irJAZh plants compared
with BV plants (mainly dependent on their inducible
defenses). In other words, the Utah ecotype of N.
attenuata used in this study may have already been
equipped with the most efficient defense system, and
the time lags associated with defense deployment do
not significantly compromise the plant’s ability to de-
fend against herbivores in nature. In addition, several
alternative hypotheses need to be examined, such as
whether the lower nicotine levels in irJAZh plants or
the priming of EV plants by natural herbivores in the
field (Kessler and Baldwin, 2004; Steppuhn et al., 2004;
Frost et al., 2008) could be responsible for the equal
performance of BV and irJAZh plants under natural
conditions.

NaJAZh and Plant Development

As already introcuced in this paper, jasmonate sig-
naling regulates several non-defense-related plant re-
sponses. In N. attenuata, JAZh silencing had no visible
effects on plant growth and/or development until
elongation and the transition to flowering. Although
flowers developed normally and seeds were produced
as in wild-type plants, strongly silenced glasshouse-
cultivated irfJAZh plants developed visible necrotic
lesions on their leaves (Fig. 9). This process resembled
the PCD> in plants that occurs during the hypersensi-
tive response induced by pathogens; however, in
irfAZh, it occurred spontaneously. PCD is closely as-
sociated with the accumulation of ROS in plant cells
during the hypersensitive response (Allan and Fluhr,
1997; Desikan et al.,, 1998; Houot et al., 2001, Mittler
et al., 2004; Cheeseman, 2007; Quan et al., 2008), which
is known to inhibit the growth of biotrophic pathogens
in plants. PCD also occurs in response to wounding,
ozone and UV exposure, and cold and high-light stress
(Pennell and Lamb, 1997; Buckner et al., 2000; Rao
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et al,, 2000a, 2000b; Beers and McDowell, 2001; Pasqualini
et al., 2003). In addition, PCD is associated with plant
growth and development; it occurs during senescence,
pollen development, and vascular tissue differentiation
(Wang et al., 1996; Pennell and Lamb, 1997; Calderon-
Urrea and Dellaporta, 1999; Buckner et al., 2000; Wu and
Cheun, 2000; Lee and Chen, 2002).

In our experiments, the NaJAZh gene appeared to be
directly (or indirectly) responsible for the ectopic ac-
cumulation of H,0, in N. attenuata leaves, which cor-
related with the elevated expression of several PCD
marker genes in irfJAZh plants. Previously, it has been
shown that MeJA treatment induces ROS production
in plants (Orozco-Cardenas et al., 2001; Hung and Kao,
2007; Reinbothe et al., 2009), and it was shown that
Atrboh (a respiratory burst oxidase homolog) D and F
genes were required for COIl-dependent H,O, pro-
duction in Arabidopsis leaves treated with MeJA
(Maruta et al., 2011). In particular, H,O, accumulation
was essential for the induction of JA-dependent genes
such as vegetative storage profeinl (VSP1) and Arabi-
dopsis NAC domain-containing transcription factors
ANACO019 and ANAC055, suggesting that JA-controlled
ROS is playing an active role as a secondary messenger
in various physiological and defense-related processes
in plants. Therefore, if NaJAZh works as an actual
suppressor of ROS, some of the NaJAZh-silencing phe-
notypes could be attributed to the ectopic ROS accu-
mulation that occurred even in the absence of JA in
itJAZh plants.

From our data, we surmise that NaJAZh exerts a
controlling function over the senescence process in
mature tobacco leaves, possibly by controlling ROS
levels in these leaves. A number of previous studies
suggested that JA signaling intersects with senescence
in plants (Weidhase et al., 1987; Parthier, 1990; He
et al., 2002; Kong et al., 2006; Balbi and Devoto, 2008,
Shan et al., 2011). Therefore, in the absence of a
NaJAZh repressor, the leaves could enter a premature
and/or exaggerated senescence precess, as observed in
irJAZh plants. However, the role of JA in the senes-
cence process was recently questioned in the literature,
by showing that JA-induced senescence differs from
natural age-related senescence processes. Because none
of the known JA signaling and biosynthetic mutants in
Arabidopsis showed obvious senescence-related phe-
notypes (Schommer et al., 2008; Seltmann et al., 2010),
additional research is required to understand the exact
role of endogenous JAs and JAZ proteins in the regu-
lation of this developmental process.

CONCLUSION

In this paper, we show that a single JAZ gene con-
trols a suite of JA-dependent defense responses in a
native tobacco (Fig. 12). Furthermore, our results point
to a novel type of cross talk among individual JAZ
proteins, which is demonstrated by the positive regu-
latory function of a NaJAZh repressor in nicotine
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accumulation in N. attenuata plants. Finally, a novel
role for a JAZ protein in controlling ROS levels is
demonstrated. However, despite current progress and
the analysis of individual JAZ genes, much work is still
required to fully understand the complex regulatory
network of JAZ proteins. In particular, the identity of
downstream TFs interacting with, and directly re-
pressed by, JAZ repressors needs to be identified in
order to connect JAZ proteins and downstream phys-
iological responses occurring during stress exposure
and/or development in plants.

MATERIALS AND METHODS
Plant Material and Growth Conditions

The 31st inbred generation of Nicotiana attenuata seeds (originally collected
in Utah) was used for all experiments and the generation of transgenic plands.
Seeds were germinated as described previously by Kriigel et al. (2002), and
approximately 10 d after germination, the seedlings were transferred into
Teku plastic pots (Poppelmann; hitp:/ /www.poeppelmann.com) containing
peat-based substrate (Tonsubstrat; Klasmann-Deilmann; http:/ /www.Klasmann-
deilmann.com). The plantlets were maintained in the growth chamber under

Herbivore NaJAZh Ubi
attack
NaJAZh

S NauAzem
NaJAZf, j, b
NaMYCx,
ROS (H,0,)
Field
“growth

Necrosis
PCD

GLVs
VOCs

DTGs
TPI activity

Direct defense

Indirect defense

Figure 12. Summary of JAZh function in N. attenuata plants. NaJAZh
is a major repressor of JA-dependent defense responses, including di-
rect (DTGs and TPI activity) and indirect {GLVs and VOCs) defenses. It
is proposed that NaJAZh regulates nicotine accumulation via interac-
tion with other JAZ genes in N. attenuata. Furthermore, NaJAZh is
required for direct or indirect repression of ROS, $A, and PCD during
plant development in the glasshouse; necrosis (PCD) is prevented by
an unknown environmental factor in the field. The black lines indicate
interactions established in this paper; gray dashed lines show predicted
components of the JAZ signaling pathways.
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a 16-h-light/8-h-dark regime at 26°C. After an additional 10 to 12 d, the plants
were transplanted into individual 1-L pots with the same substrate and
maintained in the glasshouse (16 h of natural daylight supplemented by
Philips Master Sun-T FIA Agro 400-W or 600-W sodium lights, temperature of
23°C25°C, and 45%—55% relative humidity/8 h of dark, 19°C-23°C, 45%-55%
relative humidity). The plants were supplied daily with water containing
nutrients (0.5 g L™* Peters Allrounder fertilizer [Scotts] containing nitrate,
potassium, kalium, and magnesium + 0.1 g L~} Borax; nutrient levels were
adjusted weekly by checking the conductivity of the watering solution and
resupplying nutrients) using an automatic glasshouse watering system. Unless
stated otherwise, experiments were conducted with fransient leaves (i.e. leaves
undergoing the source-sink transition; node —1) of approximately 35-d-old
rosette-stage N. atfenuata plants.

The release of transgenic plants was carried under Animal and Plant Health
Inspection Service notification 06-242-3r-a3, and the seeds were imported to the
United States under permit number 10-004-105m. For field releases, we ger-
minated the seeds on Gamborg’s B5 medium as described previously; ap-
proximately 15 d after germination, the seedlings were tansferred to
prehydrated 50-mm peat pellets (Jiffy 703; http:/ /www jiffypot.com), and the
seedlings were gradually adapted to the high light and low relative humidity
of the habitat over a 2-week-period. Finally, preadapted rosette-stage plants
were transplanted into a field plot and watered daily for approximately 2
weeks until the roots had established and the plants were able to grow
without water supplementation.

Plant Transformation

To generate irfAZh plants, we cloned a 240-bp fragment of the NaJAZk gene
(Supplemental Fig. $2A) as an inverted repeat into the pSOLS transformation
vector containing a hygromycin (hp#ll) resistance gene as selection maker
(Supplemental Fig. S2B). N. attenusta plants were transformed using the
LBA4404 strain of Agrobacterium tumefaciens and the transformation method
described by Kriigel et al. (2002). Homozygous fransgenic lines were selected
by screening of T2 generation seeds that showed hygromydin resistance, and
T-DNA insertions were confirmed by Southern-blot hybridization using ge-
nomic DNA from selected lines and a *P-labeled PCR fragment of the hpfll
gene as hybridization probe (Supplemental Fig. 53). Real-time qPCR was used
to select the best silenced single-insert-containing transgenic lines, irf]AZh-264,
irJAZh-267, and irJAZh-368, which were used in further experiments.

Cloning of N. atfenuata JAZ Genes

To clone N. atfenuata JAZ genes, we first searched public EST databases
using two conserved ZIM and Jas motifs of JAZ genes known from other plant
species, including Arabidopsis (Arabidopsis thaliang) and tobacco (Nicotiana
tabacumy), to obtain a pool of tobacco-specific JAZ-related EST sequences. The
sequences were then assembled into putative tobacce [AZ genes using the
publicly available CAP3 Sequence Assembly Program (hitp://deepc2.psi.
iastate.edu/aat/ cap/cap.html). Obtained assemblies were reblasted against
the EST database to extend the initial JAZ sequences overlapping with Jas and
ZIM domains. By repeating the process, we obtained 12 putative tobacco JAZ
assemblies, presumably representing individual JAZ genes in tobacco, and
designed 12 pairs of primers outside putative coding sequences to clone the
corresponding full-length sequences from N. atfenuafa. Because the non-N.
atteniata sequences were used for initial primer design (mainly N. tabacum and
Nicotiana benthamiana), if necessary, the primers were redesigned until a clear
PCR product of estimated length was amplified from the N. atfenuata cDNA
template in reverse transcription-PCR. Final and successful sets of primers are
provided in Supplemental Table S3. In specific cases, a variation of the stan-
dard protocol was used; nine of the N. attenuata JAZ genes were cloned by
direct PCR, whereas the three remaining genes (JAZd, JAZI, and JAZm) were
cloned by the 3' RACE method (3' RACE System for RACE kit; Invitrogen).
All genes were cloned from N. atfenuata leaf cDNA samples, except for
NafAZg, which was only amplified when N. atfenuatz root cDNA was used.
All 12 PCR products were cloned into pJET1.2/blunt Cloning Vector (Fer-
mentas) using T4 ligase (nvitrogen) and transformed to Escherichia coli TOP10
electro-competent cells by a standard electroporation method. Plasmids con-
taining the correct size of inserts were sequenced after isolating plasmids by
the miniprep method (Nucleospin Extract IT). At least three or more inde-
pendent clones were fully sequenced for each type of insert.
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Sequence Alignments and Construction
of a Phylogenetic Tree

The translated putative protein full-length sequences of NafAZ genes were
aligned with other JAZ proteins using the ClustalW program, and a phylo-
genetic tree was built using bicinformatics software MEGA 5.056 (www.
megasoftwarenet) and the maximum likelihood bootstrap method (1,000
replicates).

Real-Time qPCR

Total RNA was extracted from approximately 100mg of frozen leaf tissues
with Trizol reagent as recommended by the manufacturer (Invitrogen). The
RQ1 RNase-Free DNase was used to treat RNA following the manufacturer’s
instructions (Promega). The remaining DNase was removed by phenol ex-
traction and precipitated with the addition of 3 m sodium acetate (pH 5.2) and
pure ethanol. The cDNA was prepared from 1 pg of total RNA using
RevertAid H Minus reverse transcriptase (Fermentas) and oligo(dT) primer
(Fermentas). Real-time gPCR was conducted with synthesized cDNA using
the core reagent kit for SYBR Green 1 (Eurogentec) and gene-specific primer
pairs (Supplemental Tables S4 and S5) using Mx3005F PCR cycler (Stra-
tagene). Relative gene expression was calculated from calibration curves
obtained by an analysis of a dilution series of cONA samples, and the values
were normalized by the expression of the tobacco housekeeping gene NfEFal
(for N. tabacum elongation factor e-1). All reactions were performed using the
following gPCR conditions: initial denaturation step of 95°C for 305, followed
by 40 cycles each of 95°C for 30 s, 58°C for 30s, and 72°C for 1 min, followed
by melting curve analysis of PCR products.

Herbivore Bioassays in the Glasshouse

Specialist herbivore Mandrca sexta performance was conducted with the
wild type and two independent irJAZh lines (i AZh-267 and -368) during the
13-d time interval. Plants were grown in randomized spatial order on the same
table in the glasshouse until the rosette stage (approximately 30 d after ger-
mination) or the elongated stage (close to flowering; approximately 40 d after
germination). One freshly hatched M. sexte neonate was placed on the rosette
leaf of each plant. The larval fresh mass was measured on days 5, 7, 9, 11, and
13 after initial feeding,

Phytohormone Analysis

Approximately 100 mg of frozen leaf material was homegenized with twe
steel balls in a Genogrider 2000 (SPEX Certi Prep) at 1,200 strokes min} 30 s
after freezing the samples and cooling plastic racks in liquid nitrogen. Phy-
tohormones (JA, JA-lle, SA, and ABA) were exiracted by vortexing for 10 min
after the addition of ethyl acetate spiked with internal standard: 200 ng of
[PH,JJA and 40 ng each of JA-[BC e, PHLISA, and [PHJABA. The exiracted
samples were centrifuged at 16,100g at 4°C for 15 min, and the upper organic
phases were transferred into clean tubes. Samples were evaporated to near
dryness in a vacuum concentrator (Eppendorfy under reduced pressure.
Hormone extracts were reconstituted in 500 pL of 70% (v/v) methanol:water
for analysis with the Varian 1200 LC-ES[-MS/MS system as described by
Gilardoni et al. (2011). The phytohormones were detected in negative ESI
mode. Molecular ions [M-H]~ at mass-to-charge ratio (m/z) 209, 322, 137, and
263 (213, 328, 141, and 269), generated from endogenous JA, JA-Ile, SA, and
ABA (or their internal standards), were fragmented under 12-, 19-, 15- and 9-V/
collision energy, respectively. The ratios of ion intensities of the respective
product fons and internal standards, m/z 59 and 63, m/z 130 and 136, m/z 93
and 97, and m/z 153 and 159, were used to quantify endogenous JA, JA-lle, SA,
and ABA, respectively. The resulting amounts of hormones were divided by
the fresh mass of plant material used for the extraction of each sample.

Analysis of Secondary Metabolites by HPLC

The samples were extracted for a shared analysis of secondary metabolites
by HPLC and individual DTGs by LC-ESI-MS/MS with the extraction method
described by Heiling et al. (2010). Approximately 100 mg of frozen leaf ma-
terial was homogenized with two steel balls by Genogrider 2000 (SPEX Certi
Prep) at 1,200 strokes. min~?}, 45 s, twice with 1 mL of buffer A (60% solution 1;
2.3 mL L7 acetic acid, 3.41 g 17! ammonium acetate adjusted to pH 4.8, 1 M
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NEL,OH, and 40% [v/v] methanol) spiked with 120 ng of glycyrrhizinic acid as
an internal standard for the determination of individual DTGs. Supematants
were collected after 20 min of centrifugation at 16,100g at 4>C. One microliter
of particle-free supernatant (after additional centrifugation) was analyzed by
HPLC (Agilent-HPLC 1100 series) using a chromatographic column (Chro-
molith FastGradient RP18e, 50 % 2 mm; Merck) connected to a precohmn
(Gemini NX RP18, 3 pm, 2 X 4.6 mm; Phenomenex) with the column oven set
at 40°C. Separated samples were detected with photodiode array and evap-
orative light-scattering detectors (Varian). The mobile phase, comprising sol-
vent A (0.1% formic acid and 0.1% ammonium hydroxide solution in water
[pH 3.5]) and solvent B (methanol), was used in a gradient mode (time/con-
centration [min/%] for A: 0:00/100, 0.50/100, 6.50,/20, 10:00/20, 15:00,/100}
with a flow rate of 0.8 mL min~%. Under these conditions, nicotine eluted at a
retention time of 0.5 min (detected by UV A4,,) and CP, chlorogenic acid
(CGA), and DCS eluted at retention times of 2.6, 3.0, and 3.9 min, respectively
(detected at 320 nm). Rutin eluted at a retention time of 4.7 min and was
detected at 360 nm. The DTG peak pool eluting between retention times of 7.0
and 8.5 min was detected by evaporative light-scattering detection. The peak
areas were integrated using Chromeleon chromatographic software (version
6.5; Dionex), and the amount of metabolites in plant tissue was calculated
using an external dilution series of standard mixtures of nicotine, CGA, and
rutin. CP and DCS contents were estimated based on the external CGA cali-
brations and expressed as CGA equivalents in the figures.

Analysis of Individual DTGs by the
LC-ESI-MS/MS Method

Samples were prepared as described above for the secondary metabolite
analysis by HPLC. Before analysis of individual DTGs, particle-free extracts
were first diluted (1:50) with buffer B (10 diluted buffer A with 40% [v/v]
methanol:water), and 10 pL of diluted extract was analyzed by the Varian
1200 LC-ESI-MS/MS system as described previously by Heiling et al. (2010).

TPI Activity Assay

Tortal protein fractions were extracted from approximately 100 mg of frozen
leaf materials as described by Jongsma et al. (1994) with 300 L of cold extraction
buffer (0.1 M TRIS-HCI, pH 7.6, 5% polyvinylpolypyrrolidone, 2 mg mL? phen-
ylthiourea, 5 mg mL ™ diethyldithiocarbamate, and 0.05 v Na,EDTA). TPI ac-
tivity in plant extracts was determined by the radial diffusion assay as described
by Jongsma et al. (1993). Quantification of TPl activity in each sample was
conducted using a standard soybean trypsin inhibitor (Sigma-Aldrich) calibration
curve located on the same plate and normalized with total protein concentrations
in each plant extract.

Volatile Collection and Analysis

A single leaf growing at node —1 was enclosed immediately after W+0S
elicitation in a 50-ml. plastic container connected to self-packed Porapak Q
filters (20 mg of Porapak [Sigma-Aldrich] packed with silanized glass wool
and Teflon tubing in the cohumn bodies [Analytical Research Systems, Inc.,
Gainesville, FL] as described by Halitschke et al. [2000]). The ambient air was
pulled from the trapping container through the tubing connected to the Por-
apak Q filter by pressurized air at 2 to 3 bar (using a Venturi aspirator able to
create vacuum perpendicular to the direction of air flow). The air flow was
adjusted to 200 to 300 mL min " with individual valves attached to a custom-
made manifold, and the air flow of each outlet was kept constant over the
entire trapping period of 24 h. After trapping, Porapak Q filters were stored at
—20°C until elution of volatiles with 250 uI. of dichloromethane spiked with
320 ng of tetraline internal standard (Sigma-Aldrich) into a gas chromatog-
raphy vial containing a glass insert for small volume samples. The samples
were analyzed by the CP-3500 GC Varian Saturn 4000 ion-trap mass spec-
trometer (Varian) connected to a nenpolar ZB5 column (30-m X 0.25-mm id.,
0.25-jm film thickness; Phenomenex). One microliter of samples was injected
by a CP-8400 autoinjector (Varian) onto the column in splitless mode; the
injector was returmed to a 1:70 split ratio 05 min after injection through the
end of each run. The gas chromatograph was programmed as follows: injector
held at 250°C, initial column temperature at 40°C held for 5 min, then ramped
at 5°C min™ to 185°C, finally at 30°C min™ to 300°C, and held for 0.17 min.
Helium carrier gas was used, and the column flow was set to 1 mL min~?,
Eluted compounds from the gas chromatograph column were transferred
to a Varian Satum 4000 ion-trap mass spectrometer for analysis. The mass
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spectrometer was programmed as follows: transfer line at 250°C, trap tem-
perature of 110°C, ion source temperature of 200°C, manifold temperature of
50°C, and scan range from 40 to 300 m/z at 1.02 spectra s™* as described by
Schuman et al. (2009). Individual volatile compound peaks were quantified by
peak areas using Mass Spectrometer Workstation software (Varian) and nor-
malized by the peak area of the internal standard {tetraline) in each sample.
The identification of compounds was conducted by gas chromatography, and
retention times and mass spectra were compared with mass spectra database
libraries, Wiley version 6 and the National Institute of Standards and Tech-
nology.

For volatile trapping in the field, we used single-use charcoal traps (ORBO-
32 standard; Supelco) connected to self-made ozone scrubbers that contained
eight-ply of 65-mm-diameter MnO-coated copper gauze to prevent the oxi-
dation of terpenes and GLVs by ozone. A vacuum pump (DAA-V114-GB;
Gast) powered by a car battery pulled air through the containers in the field.
Treated plants were covered with open-ended transparent plastic cups to
enhance the collection efficiency of released volatiles after elicitation of the
leaves with W+0S (control plants remained untreated).

Microarray Analysis

Three biological replicates of node —1 leaves from wild-type and irJAZh-
368 rosette-stage plants 2 h after elicitation with W+0OS were used for the
microarray analysis. Total RNA was extracted as described by Kistner and
Matamoros (2005), and cDNA preparation and hybridization were performed
as described by Kallenbach et al. (2011). Agilent platform GPL13527 (sample
series GSE33681) deposited at the Gene Expression Omnibus (http:/ /www.
nebinlm nih.gov/geo/) was used for hybridizations. Raw microarray data
were processed by SAM software version 3.11 (Significance Analysis of
Microarrays; Stanford University; Tusher et al, 2001) after 75% percentile
normalization and log, transformation of the raw signal output values.
Changes in gene expression were considered significant when fold changes
(irJAZh versus the wild type) were larger than 3.0 or smaller than 0.33 and the
false discovery rate was less than 4.82%.

H,0, Measurements

H,0, in the leaves was determined by semiquantitative DAB staining and
by quantitative Amplex Red assays. For DAB staining, the leaves were incu-
bated overnight in 1 mg mL ™" DAB solution in the dark at room temperature.
To dear the stained leaves, we incubated them for 5 min in a 95°C water bath
with a prewarmed lactic acid:glycerol:ethanol (1:1:3) mixture and repeated this
procedure three to four times. The leaves were then transferred o a glycerol:
ethanol (1:1) mixture and incubated overnight. H,0, accumulation was de-
termined as brown DAB precipitate on leaves.

For quantitative H,0O, measurements, we used the Amplex Red Hydrogen
Peroxide/Peroxidase Assay Kit (Invitrogen). H,0, was extracted from ap-
proximately 100 mg of liquid nitrogen-frozen leaf material that was stored
under the same conditions. Liquid nitrogen-ground leaves were incubated on
ice for 10 min after mixing with approximately 50 mg of activated charcoal
and 200 pL of 25 mn HCl extraction buffer. The supernatants were transferred
to clean tubes after 20 min of centrifugation at 16,100 and 4°C. The super-
natants were used for H,O, determination with the Amplex Red kit as follows:
5 pL of each sample was mixed with 45 L. of reaction buffer and 50 pL of
working solution containing Amplex Red reagent and horseradish peroxidase
on 96-well plates and incubated in the dark for 30 min. F,O, content was
determined from the amount of oxidized Amplex reagent with a TECAN
Infinite M200 plate reader (Tecan) in fluorescence mode (excitation,/ emission —
530/590 nmm. The concentrations of H,O, in the samples were calculated from
external H,0, calibration curves measured on the same 96-well plate together
with the samples.

Chlorophyll Measurements

Chlorophyll content was determined in wild-type and irJAZh plants that
were supplied with or remained without exira nitrate (50m. of 20 mm NFH NO,
every 2 d) from 34 10 50 d after germination using a chlorophyll meter (SPAD-
502; Minolta). Averaged values of chlorophyll measured in three different
areas of the leaf were calculated.
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Field Bioassays

The field experiments were performed in the field plot at the Lytle Ranch
Preserve, Utah. Fifteen pairs of EV and irfAZh plants were planted and grown
in the field plot. One rosette leaf of each EV and irf AZh plant was treated with
W+0S and harvested for the analysis of secondary metabolites, phytohor-
mone, and gene expression at designated time intervals. Damage of plants by
natural herbivores was determined by estimating the percentage of leaf area
that was damaged by each herbivore relative to the total leaf area of the plant
(Noctuidae larvae, Spodoptera spp.; flea beetles, Epitrix species; mirids, Tupio-
coris notafs). A representative measurement conducted on June 2, 2011, is
shown in Supplemental Figure S11.

Statistical Analysis

Data were analyzed with StatView 50 software (SAS Institute) using
appropriate methods {(e.g. Student’s # test for pair comparisons and ANOVA
followed by Fisher's protected least significant differences for multiple samples).

Accession numbers are as follows: NtEFa1, D63396; Arabidopsis thaliana JAZ
(AtJAZ): AJAZ] (At1g19180), AHJAZ2 (Atlg74950), AJAZ3 (At3gl7860),
AtJAZ4 (ANlgd8500), AHJAZ5 (Atlgl7380), AtJAZ6 (Atlg72450), AHJAZ7
(A£2g34600), AJAZS (At1g30135), AJAZ9 (Atlg70700), AJAZ10 (At5g13220),
AfJAZ1] (At3g43440), AJAZ12 (At5g20900); Oryza sativa JAZ (OsJAZ):
OsJAZ1 (AKD61602), OsJAZ2 (AK073589), OsJAZ3 (AKO070649), OsJAZ4
(AK120087), OsJAZ5 (AKD61842), OsJAZ6 (AK065604), OsJAZT (AK108738),
OsJAZ8 (AKD65170), OsJAZ9 (AK103459), OsAZ10 (AK059441), Os[AZ11
(AK107750), OsJAZ12 (AK107003); Solanum lycopersicum JAZ (SIJAZ): SITAZ1
(Solyc07g042170), SIJAZ2 (Solyc12g009220), SIJAZ3 (Solyc03g122190), SJAZ4
(Solyc12g049400), SIJAZS (Solyc03g118540), SIJAZ6 (Solyc01g005440), SJAZT
(Solycl1g011020), SIJAZS (Solyc06g068930), SIJAZ9 (Solyc085036640), SIAZ10
(Solyc08g036620), SIJAZ11 (Solyc08g036660), SIAZ12 (Solyc01g009740); Ni-
cotigna tabacum JAZ (NHAZ): NiJAZ1 (AB433896), NJAZ2 (AB433897),
NJAZ3 (AB433898); and Nicotiana affenuata JAZ (NaJAZ): NaJAZa (JQ172758),
NaJAZb (JQ172759), NaJAZcl (JQ172760), NaJAZc2 (JQ172761), NaJAZd
(JQ172762), NaJAZe (JQ172763), NaJAZf (JQ172764), NaJAZg (JQ172765),
NaJAZh (JQ172766), NaJAZj (JQ172767), NaJAZk1 (JQ172768), NaJAZk2
(1Q172769), NaJAZ] (JQ172770), NaJAZm (JQ172771).
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Supplemental Figure S$1. Differential splicing of NaJAZ genes.
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Supplemental Figure $1 (continued)

(A) Primers outside differential sequences of NaJAZc and NaJAZk genes were
designed to show the existence and relative ratios of alternatively spliced cDNA
products. PCR products of differential length spanning the alternatively spliced regions
of NaJAZc and NaJAZk genes were obtained in PCR reactions using cDNA templates of
N. attenuata leaf samples. NaJAZc showed three bands of approximately the same
intensity; NaJAZk produced two bands with a much stronger signal detected in a larger
PCR product. (B) and (C) depict protein sequence alignments of the alternatively
spliced forms of NaJAZ¢ (NaJAZc.1, NaJAZc.2) and NaJAZk (NaJAZk.1 and NaJAZk.2)
found during the cloning and sequencing of N. attenuata genes. NaJAZc.2 has 32
amino acid missing upstream of TIFY domain compared to NaJAZc.1 (B); NaJAZk.1

contains only a partial Jas motif (*) while NaJAZk.2 lacks complete Jas domain (3).
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Supplemental Figure S2. NaJAZh sequence and vector used for plant transformation.
(A) Red letters show a 240bp region in the 3'UTR of NaJAZh that was used for gene

silencing. (B) The pSOLB8JAZH vector used for Agrobacterium tumefaciens-mediated

transformation of N. attenuata plants.
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Supplemental Figure S3. Southern blot and number of T-DNA insertions in genomes of
stable transgenicirJAZh lines. DNA gel blot of genomic DNA digested with BamHI
enzyme from 10 independent irJAZh lines, hybridized with a probe coding for the
hygromycin resistance gene located between right and left T-DNA borders of the
transformation vector pSOL8JAZH. The black boxes indicate single insertion lines that
were selected for further experiments: irdJAZh-264 (loaded sample #4), -267 (sample
#6) and -368 (sample #9).
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Supplemental Figure S4. Transcript levels of NaJAZ genes in irdJAZh plants
determined by microarrays. Fold changes (irdAZh-368/M/T) of 10 JAZ genes in irdAZh
leaves were determined by microarrays at 2 h after induction of the plants with
simulated herbivory (\WW+OS); bars indicate fold changes + SE of 75 percentile-
normalized microarrays signals (n=3) in a single color (Cy-3) hybridization setup.
Asterisks indicate significant differences between WT and irJAZh plants after W+0OS
treatment determined by Student’s t-test (*P=0.05, **P= 0.01, ***P = 0.001). NaJAZl and
NaJAZm were not represented on the current version of the Agilent GPL13527

microarray platform and their expression is not shown.
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Supplemental Figure S5. Nicotine levels and NaPMT gene expression in roots. (A)
Expression levels of N. affenuata putrescine-N-methyltransferase (NaPMT) involved in
nicotine biosynthesis and (B) nicotine content in roots of hydroponically-grown untreated
irdAZh and WT plants (n=4). Transcript abundances of NaPMT were determined by
gPCR; nicotine content was determined by HPLC-PDA. No statistically significant

differences were found between irJAZh and WT plants.
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Supplemental Figure S6. Content of secondary metabolites in WT and irJAZh plants in
the glasshouse. Rosette stage plants (WT; NaJAZh-silenced lines: irdAZh-264, -267 and
-368) were treated with simulated herbivory (W+QS8) and treated leaves were harvested
before and 24, 48, and 72 h after elicitation. Mean + SE levels of chlorogenic acid (CA),

rutin, caffeoylputrescine (CP) and dicaffeoylspermidine (DCS) were determined by

HPLC coupled to PDA (Photo Diode Array) detector (n=3). FM, fresh mass.
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Supplemental Figure $7. Secondary metabolite levels in M. sexta-fed leaves from WT
and irJAZh plants in the glasshouse. M. sexta neonates were placed on the leaf in the
same position of each rosette plant. The leaves were then covered with transparent clip-
cages to avoid caterpillar movement on the plant. After 5 days, M. sexta fed-leaves were
harvested and analyzed for secondary metabolites by HPLC coupled to a combination
of PDA/ELSD detectors; bars indicate level of secondary metabolites £+ SE (n=5).
Asterisks indicate statistically significant differences between WT and irdAZh plants after
W+0S treatment determined by Student’s t-test (**P< 0.01, ***P = 0.001). FM, fresh

mass.
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irJAZh irJAZh-267
W 267 X WT

Supplemental Figure S$8. Necrotic lesion symptoms of irdAZh plants were lost after
crossing of homozygous irdAZh-267 with WT plants. The hemizygous irJAZh plants
(right) do not show necrosis on their leaves compared to homozygous irJAZh-267

parents (middle) and resemble to WT plants (left); pictures of all plants were taken at 47
days after germination.
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Supplemental Figure S9. Silencing efficiency of NaJAZh in field-grown EV and irJAZh
plants. Transcript abundances of NaJAZh gene were determined by quantitative real
time PCR (qPCR) in untreated (control) and1 h W+OS-elicited (W+OS) leaves of EV
and irdJAZh plants (n=5). Asterisks indicate significant differences between EV and
irdAZh plants determined by Student’s t-tests (*P<0.05).
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Supplemental Figure $10. Secondary metabolite levels determined in field-grown
plants. (A) The activity of trypsin protease inhibitors (TPIs), content of (B) diterpene
glycosides (DTGs) and (C) nicotine were determined in W+0OS-elicited EV (empty
vector) and NaJAZh-silenced plants in the native habitat in Great Basin Desert, Santa
Clara, Utah, USA. Mean + SE levels of TPI activity and DTG accumulation in irdAZh
plants (n=5) were significantly higher compared to their levels in EV plants plantedin a
paired design in the same habitat. The levels of nicotine in irdAZh plants were
significantly lower compared to EV plants (n=5). Asterisks indicate significant differences
between EV and irdJAZh plants determined by Student'’s t-tests at each individual time
point of measurement (*P<0.05, **P< 0.01, ***P < 0.001). FM, fresh mass.
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plants grown in the native habitat in Great Basin Desert, Santa Clara, Utah, USA. Mean
* SE relative levels of individual DTGs (n=5) measured in the leaves in native
environment were consistently higher in W+0OS-elicited irJAZh plants compared to EV
plants (measured by LC-ESI-MS/MS). Asterisks indicate significant differences between
EV and irdAZh plants determined by Student’s t-test at each individual time point of
measurement (*P<0.05, **P< 0.01, ***P < 0.001). FM, fresh mass.
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Supplemental Figure $12. Volatile emission rates of EV and irdAZh plants grown in the
native habitat in Great Basin Desert, Santa Clara, Utah, USA. irJAZh plants emitted

larger amounts of volatile organic compounds (VOCs) and green leaf volatiles (GLVs) in
native environment: VOCs and GLVs were determined by GC-MS after 24 h field

trapping of volatiles from locally treated leaf (W+QOS) using charcoal filters with an open-

flow trapping system that pulled air from the headspace of the leaf through the trap with

a vacuum pump connected to a car battery.
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Supplemental Figure $10. (continued)

irJAZh plants emitted significantly larger amounts of the sesquiterpenes, beta-elemene,
epi-aristolochene and trans-alpha-bergamotene, but similar amounts of trans-beta-
farnesene as determined by GC-MS. Bars indicate the emission rates of volatiles + SE
that were normalized to the internal standard, tetralin, added at the beginning of
extraction process (n=9). Asterisks indicate significant differences between EV and
irJAZh plants determined by Student’s t-test (*P=<0.05, **P=< 0.01).
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Supplemental Figure $13. Herbivore damage inflicted by the native herbivore
community to EV and NaJAZh-silenced plants grown in N. affenuata’s native habitat in
Great Basin Desert, Santa Clara, Utah, USA. EV and irJAZh-368 plants were planted in
a size-matched paired- design in the field plot and natural herbivore damage was scored
throughout the 2011 field season. Mirid damage was determined as the % of chlorotic
damaged area of the total plant canopy caused by cell-damaging feeding of Tupiocoris
notatus mirid bugs, flea beetle damage as the % of leaf canopy damaged by the small
feeding holes that characterize flea beetle feeding; and Noctuidae damage as the % of

leaf canopy lost due to leaf consumption by these Lepidopteran larvae.

59



Chapter 3

60

EV irdAZh-368

Supplemental Figure $14. Diaminobenzidine (DAB) staining in the leaves from field-
grown EV and irdAZh plants. NaJAZh-silencing induced higher accumulations of
hydrogen peroxide in the leaves of field grown plants. Leaves were subjected to a
standardized mechanical wound by puncturing leaves with a cork-borer immediately
prior to placing detached leaves in the DAB solution. irdAZh plants showed darker
brown circles around punctured areas; however the EV leaf staining was relatively
stronger compared 1o a similar experiments conducted in the glasshouse (compare with
Figure 10 in Text). Despite high levels of staining, neither EV nor irdAZh plants

developed necrotic symptoms in the field (see Supplemental Figure S13 online).
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EV plant irdAZh plant

Supplemental Figure $15. Leaves of irdJAZh and EV plants grown in native habitat of
Great Basin Desert, Utah (USA). Despite high levels of DAB staining, neither EV nor
irdAZh plants developed necrotic phenotype in the field. YWe planted 15 and 18 size-
matched pairs of irdJAZh and EV plants in the field in 2010 and 2011, respectively. Most
of the plants were maintained in the field until the early flowering stage or later
developmental stage (with periodically removed flowers); however, none of the leaves at

any developmental stage of field-grown irJAZh plants showed necrosis.
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Supplemental Table S1 Up-regulated genes in irJAZh plants compared to WT plants by microarray.

P Fold Bincode -
Classification Change (TAIR) Annotation Probe number ACC number
Cell wall. Degradation 3.29 10.6.2 Glycosyl hydrolase family 3 protein CUST_146896_P1422650789 NP_196618
Lipid metabolism 4.80 11.87 Putative trans-2-enoyl-CoA reductase CUST_75436_P1422650789 NP_566881
442 1.87 Putative trans-2-enoyl-CoA reductase CUST_33708_PI1422650789  NP_566881
432 11.9.21 Lipase class 3 family protein CUST_160928_P1422650789 NP_565701
4.13 11.8.8 Squalene synthase CUST_163980_PI422650788 AAM27472
3.81 11.3.7 Gamma-tocopherol methyltransferase CUST_112272_P1422650789 ABE41795
375 11.1.15 Acyl-[acyl-carrier-protein] desaturase CUST_41928_Pl422650789  P46253
3.57 11.9.21 Glycerolipase A1 CUST_160212_P1422650789 ACZ57767
333 11.8.1 Sphingolipid delta-8 desaturase CUST_80400_P1422650789 ABO31111
Amino acid metabolism 3.36 13174 Cyclase CUST_99572_P1422650789 AAS46038
Secondary metabolism 5.22 16.1.5 S-epi-aristolochene synthase CUST_48640_P1422650789  AAOB5555
4.01 16.1.5 5-epi-aristolochene synthase (EAS) CUST_34180_P1422650789 Q40577
3.86 16.1.5 Plastid 1,8-cineol synthase precursor CUST_12108_P1422650789 ABP88782
354 16.1.5 5-epi-aristolochene synthase 34 CUST_173668_PI422650780 AAP05761
Hormone metabolism 788 17.8.1 SAMT (salicylic acid methyltransferase) CUST_33280_P1422650789  AAWBE850
3.35 17.1.1.1.11 Short chain alcohol dehydrogenase CUST_42160_P1422650789 CAA11153
3.34 17.5.2 Ethylene responsive element binding factor 1 CUST_115772_P1422650789 BAA32418
Tetrapyrrole synthesis 325 19.99 ATCLH2; chlorophyllase CUST_94136_PI422650789  NP_199199
Stress 30.80 201 Gamma-thionin (Plant defensins) CUST_57516_P1422650789  AAS13436
1527 201 Gamma-thionin (Plant defensins) CUST_8140_P1422650789  AAS13438
4.58 20.1.76.1 Kunitz trypsin inhibitor CUST_14168_PI1422650789  ACL12055
3.88 20.1.78.1 6-domain trypsin inhibitor precursor CUST_9024_P1422650789 AAQS6588
3.78 201 Proteinase inhibitor I-B (PI-IB) CUST_11524_PI1422650789 Q03199
3.47 20.1.7.6.1 Kunitz trypsin inhibitor CUST_79416_P1422650789  ACL12055
3.35 20.1.76.1 Miraculin-like protein CUST_8752_P1422650789 ADKB2529
Miscellaneous 8.13 26.10 CYP71D5v3 CUST_103900_Pl422650789 ABC69398
enzyme families 459  26.10 CYP71D47v1 CUST_102016_PI422650789 ABC69394
4.02 26.10 Cytochrome P-450-like protein CUST_143016_PI422650788 BAB10537
3.70 26.8 FAD-binding domain-containing protein CUST_127228_P1422650789 NP_193818
3.42 26.2 UDP-glucoronosyl/lUDP-glucosyl transferase family protein  CUST_43496_P1422650789 NP_180576
3.21 26.28 GDSL-motif lipase/hydrolase family protein CUST_64232_P1422650789 NP_563774
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RNA. 513 27.3.27 ATNAC2 (Arabidopsis NAC domain containing protein 2) ~ CUST_14684_PI1422650789  NP_188170
Regulation of i " " . .
transcription 4.55 2736 Basic helix-loop-helix (bHLH) family protein CUST_157324_P1422650789 NP_567195
325 27.35 ARR4 (Arabidospsis regulation regulator 4) CUST_56432_Pl422650789 NP_172517
DNA.synthesis 3.75 28.1.3 Histone H1 CUST_32040_P1422650789  AAC41651
Protein. 6.07 2959 AAA-type ATPase family protein CUST_76132_PI1422650789  NP_200556
Degradation . - = - =
5.53 29.5 Putative metallocarboxypeptidase inhibitor precursor CUST_139476_Pl422650789 BAJ25782
5.03 29.5 Putative metallocarboxypeptidase inhibitor precursor CUST_31104_P1422650789  BAJ25782
4.50 29.5.11.4.3.2 F-box family protein CUST_88652_Pl1422650789  NP_566277
3.69 2951142 RING/U-box domain-containing protein CUST_21448_P1422650789  AAG43550
34 29.5 Putative metallocarboxypeptidase inhibitor precursor CUST_40216_P1422650789 BAJ25781
319 29.5.9 AAA-type ATPase family protein CUST_78344_P1422650789  NP_B49972
Cell.organisation 422 311 AtPP2-A11 (Phloem protein 2-A11) CUST_73344_P1422650789 NP_176497
Development 9.16 33.99 Tumor-related protein CUST_16488_P1422650789 BAA05479
6.07 331 Patatin homolog CUST_168304_P1422650789 AAB08428
4.01 331 Patatin CUST_1480_PI1422650789 AAB0B428
363 331 Patatin homolog CUST_81764_P1422650789  AABOB428
3.50 33.1 Patatin homolog CUST_142932_P1422650789 AAB0B427
327 33.99 Transducin family protein / WD-40 repeat family protein CUST_170740_P1422650789 NP_190535
Transport 6.61 34.9 Mitochondrial carrier protein CUST_124384_P1422650789 ABO36621
569 34.16 ATP-binding cassette transporter, putative CUST_87856_PI1422650783  XP_002525837
524 344 Nitrate transporter CUST_171856_P1422650789 BAC56815
4.83 34.16 WBC11 (White-Brown Complex homolog protein 11) CUST_163156_Pl422650789 NP_173228
Not assigned 5.84 35.1 Phosphorylase family protein CUST_71848_P1422650789  NP_567699
4.77 35.1 FAD-binding domain-containing protein CUST_37768_Pl1422650789 NP_196715
4.59 352 JAZ8 (Jsmonate ZIM domain protein 8) CUST_80752_P422650789  NP_5664349
3.59 352 JAZ3 (Jasmonate ZIM-domain protein 3) CUST_52900_P1422650789 BAGBBB5T
3.39 35.1.40 Glycine-rich protein CUST_69052_PI1422650789 BAA95941

* Microarray data is processed by SAM after 75% percentile normalization (FDR=4.82).

* Up-regulated genes were determined by a greater than 3-fold induction of normalized signals in their expression ratio (irTJAZh / WT) of Zh-WOS

treated leaves. The values are the average ratio of 3 biological replicates of the microarrays

* All changes in gene expression were statistically significant by t-test (P < 0.05)

* Gene annotation is processed by Blast X (E-value < le-5)

* Classification of genes is based on GO classification from TAIR (http://www.arabidopsis.org).
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Supplemental Table S2 Down-regulated genes in irJAZh plants compared to WT plants by microarray.

Fold

Bincode

Calssification Change (TAIR) Annotation Probe number ACC number
Photosynthesis 3.03 1122 Photosystem | P700 apoprotein A2 CUST_32628_P1422650789 ABB90040
3.33 122 Glycolate oxidase CUST_6068_P1422650789 ADM26718
Major Carbohydrates 3.03 22241 Alpha-amylase CUST_12856_P1422650789 ACZ26470
Lipid metabolism 10.00 11.31 Acyltransferase-like protein CUST_12976_PI422650789 BADY3693
6.25 11.3.1 Acyltransferase-like protein CUST_134584_P1422650789  BAD93693
Metal handling 4.00 15.3 Vacuolar iron transporter-like protein CUST_26436_P1422650789 NP_173538
3.03 15.1 Ferric-chelate reductase CUST_64152_P1422650789 AAP46144
417 15.2 Metallothionein-like protein type 2 CUST_144048_PI1422650789 CAC12823
Secondary metabolism 345 16.1.5 Sesquiterpene synthase CUST_166968_PI422650789 NP_001239041
12.50 16.1.5 Plastid 1,8-cineol synthase precursor CUST_44188_P1422650789 ABP88782
12.50 16.1.5 Plastid 1,8-cineol synthase precursor CUST_20468_P1422650789 ABPB88782
9.09 16.1.5 Plastid 1,8-cineol synthase precursor CUST_14120_PI422650789 ABP88782
8.33 16.1.5 Monoterpene synthase 2 CUST_165928_P1422650789  AAX69064
7.14 16.8.3 Terpene cyclase/mutase-related CUST_11104_P1422650789 NP_195062
Hormone metabolism 3.33 17.2.3 SAUR-like auxin-responsive protein CUST_59948_P1422650789 NP_187035
3.23 17.4.1 Cytokinin-O-glucosyltransferase 2 CUST_173124_P1422650789  NP_173656
417 17.5.2 ERF transcription factor 5 CUST_116820_PI422650789  AAU81956
Stress 3.57 20.23 Early dehydration inducible protein CUST_55152_P1422650789 AAR26237
3.57 20.2.3 Salt responsive protein 1 CUST_45184_P1422650789 ACG50003
3.23 20.1.7 CC-NBS-LRR putative disease resistance protein CUST_167984_PI422650789  ACB70404
3.13 20.2 Pathogenesis-related protein CUST_15548_P1422650789 BAD15090
Miscellaneous 3.85 26.10 Elicitor-inducible cytochrome P450 CUST_25520_P1422650789 AAKB2342
enzyme families 2.94 26.10 Elicitor-inducible cytochrome P450 CUST_06052_PI422650789  AAK62343
3.85 26.22 Short-chain dehydrogenase/reductase family protein CUST_122964_PI422650789  XP_002869743
4.55 26.32 Beta-galactosidase STBG5 CUST_18760_P1422650789 ADO34790
3.57 26.3.2 Beta-galactosidase STBG5 CUST_888_PI1422650789 ADO34790
3.85 26.10 CYP71D48v2 CUST_119780_PI422650789  ABC69401
RNA. 2.94 27.311  Zinc finger protein 4 CUST_73116_PI422650789  NP_176788
regulation of )
transcription 4.76 27.3.22  Class 2 knotted1-like protein CUST_139276_P1422650789  BAF95776
3.33 27.3.35  DbZIP transcription factor BZI-2 CUST_107720_P1422650789  AAK92213
417 27.36 Basic helix-loop-helix (bHLH) family protein CUST_56184_P1422650789 NP_181549
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3.33 27.36 Transcription factor style2.1 CUST_33216_PI422650789 ABX82930
3.33 27.1.19  Ribonuclease H-like protein CUST_79632_P1422650789 NP_172471
4.55 27.1.19  RNase H family protein CUST_121612_Pl422650789  ABI34372
3.23 273 Transcription factor style2.1 CUST_163752_PI422650789  ABX82930
Protein. degradation 3.85 295 Class S F-box protein CUST_152204_P1422650789  ABR18786
Signaling 3.03 30.5 Transducin/WD40 domain-containing protein CUST_21460_P1422650789 NP_199823
3.03 30.3 Calcineurin B-like protein CUST_107040_PI422650789  ABQ23353
Development 3.28 333 Squamosa promoter-binding-like protein 12 CUST_109112_P1422650789  NP_191562
4.00 33.99 Nodulin MtN21 family protein CUST_29984_P1422650789 NP_181622
4.00 33.99 Senescence-associated protein-related CUST_6080_P1422650789 NP_564160
3.03 33.99 Fruitfull-like MADS-box protein CUST_42876_P1422650789 ABF82231
2.94 33.99 NAC domain protein CUST_81900_P1422650789 AAU43923
4.00 33.99 Putative gag polyprotein, identical CUST_81856_P1422650789 AAT39964
4.55 33.99 Ripening regulated protein DDTFR18 CUST_97944_P1422650789 AAG49032
Transport 3.13 344 Nitrate transporter (NTL1) CUST_131240_P1422650789  AAG52554
3.45 34.12 Metal transporter CUST_159740_P1422650789  AAP21819
Not assigned 3.13 35.1 Oxidoreductase family protei CUST_25856_P1422650789 NP_193468
4.00 352 Transducin family protein / WD-40 repeat family protein CUST_54908_PI1422650789 NP_196176
3.33 35.2 Jasmonate ZIM-domain protein 1 CUST_40368_P1422650789 BAGE8655
3.03 35.2 GC-rich sequence DNA-binding factor CUST_122872_PI422650789 NP_196472
3.85 35.2 Serine-threonine protein kinase, plant-type, putative CUST_171656_P1422650789  XP_002532616

* Microarray data is processed by SAM after 75% percentile normalization (FDR=4.82).

* Down-regulated genes were determined by a greater than 3-fold repression of normalized signals in their expression ratio (irJAZh / WT) of 2h-WOS

treated leaves. The values are the average ratio of 3 biological replicates of the microarrays

* All changes in gene expression were statistically significant by t-test (P < 0.05)

* Gene annotation is processed by Blast X (E-value < le-5)

* Classification of genes is based on GO classification from TAIR (http://www.arabidopsis.org).
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Supplemental Text S1. Protein sequence alignment used to build phylogenetic tree in

Figurel.
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Supplemental Text S2. Nucleotide sequence alignment of NaJAZ genes that are regulated by

silencing of NaJAZh against sequence of inverted repeat (ir) construct used in irJAZh plants.

A. Sequence alignment of NaJAZe and ir-construct of NaJAZh
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TTATGGGTTTGACTCATCATGTGAAGCAAGAAGTAATTGAAGAACATATAGATCCAGCAC

CTCTGAGAAGTTCAGCAATGCAGTGGTCATTCTCGAACAACATCTCGACTCATCCTCAAT

ACCTCTCTTTCAAGGGTGCTCAAGAGGATAGGCTGAAAACTGGTTTTGATTCACTTGCAT

CAACTGGATTGGTGACTATAACCACAACTGAAGCTGTCGACTCAAGTCATCGACCGTACT

CTGGTGTCACACAGAATAATATGATGCTTGAAAAGCAAGGTGGAACGCACTACACGTCGA

CAACTTTCTCTCCTCATCACTATGATGCTCACTCCGTGCATCGATCTCATGGAGTCAGAG

TGCTCCCAGTTTCCAACCTAGCAAATCAGATTTCTGTATCTATGACTATGCCTGGTCATA

AGTCCTTTGTTTCTCCTCTTGGACAGAATCCAGTTGCTAGCCCCATTTCAGCTGTTCCAA

CTAACAGCGCTGTCGTGGGCACAACTGATTTAAGGGGTGCTCCGAAAACTCCCCCAGGTC

CTGCTCAGTTGACCATCTTTTATGGTGGTTCCGTCTGTGTTTATGATAATGTTTCGCCAG
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TCTA T A C CCA C A GC GC A C AA TTC TGTT TC
--TCTATTGCACCACCACAACAAAAGCAGC----AGCAAA--—----— TTCATGTT---TC-

TTTGTTGTAAATCAGTCCCACAACACAA--CA-CCTACTCTTC--CCA-GCC-CCATTTC
TT T GTAAA AGT C CAAC CAA CA TA
-TTATAGTAAA--AGTGAC-CAACTCAAGCCAGGGTATAATTCTGCTACGCCGCAAGTAC

TIC CAGCCCATC

TATAACATCTCATTGTGGATCTCAATCTGCTGGAGTGTCTAGTAATACAAATGGAG--TA

T ACAC TGT AT T T CT AGT CTAGTAA AC AT AG TA

TGCAGCAGCAGCTAGTCCATGT----— TTCT--AGTA-CTAGTAAAACTGAT-CAGCTTA

A-CTATTATCAAATCAACTGGGGTCCTACCATCTCCTTCT-AATAA-AGCAGGACTTTCC

ACAT ATCAACT TC T TCT C TC AA AA AGCAGGA C

AGCCAGT----- ATCAACT----TC-T----TCTGCGTCGCAAAAACAGCAGGA----GC

AA-ATTTTCCAGTTCCATAGGATCTGTTCCTGCCACCTTTGTTCCATCAGCTGTACCGCA

AA AT CAG CAAG CGT CGCACCT G C A CAGCT CGA

AACAT----CAG---CAAACG--CAGTCACAGACACCTG-GAACTAGCAGCT---CTG-A

GGCACGCAAGGCATCATTGGCTCGGTTCTTGGAGAAGCGCAAAGARAGGGTAATAAGTGC

ATCACCTTACGACACCAGCAAGCAATCCCCAGAATGTAGCACTCTTGGATATGGAAGCAG

AAGTTTCGCTAAATATTCTTTAGGCTCTTGTCCTCCCCAAGTAATCAATTTGGTCAAGGA

GACGTGAAGTGCCAACGGTGGCAAAATAATGTAGACACAAGATGAAGACTGTACCAGATT

AGATTATTAAAGCTAAATTGGTGTTCATTTTGACTTCAATACTTCAGTTCTCTCTTAGAT

GCGATATATTATTCTAGGTTGTTTTCCTTGTAATTGTGATCAGAGCCTTTT 1294
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B. Sequence alignment of NaJAZm and ir-construct of NaJAZh
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TACAACGCACAAGCTGGAGAATGTGATATATCTGAAGTGCAGGCCTTAGCCATCTTATGG

CATGCAAGACAAGTAAAATATAATAATGGGCTGTCCCTGAGAAAATCCCTACAGAGGT--

TTCTGCA-AAAGAGAAGAGAAAGGAGGATTCAAGCAGCTAATCCAT-—-—-——-—. ACTAGCT
T TGCA A A AA A AAAG C AGCAGC AAT CAT A TAG T

TATTGCACCACCACAACA-AAAG———-———- C-AGCAGCAAATTCATGTTTCTTA-TAG-T

AAAAG----- AA-——————— ATGATATGATGTTGGTGATA-GGCGAATTCAGAATTG---

AAAAG AA AGTATA TT TG TA G CG A AG ATG

AAAAGTGACCAACTCAAGCCAGGGTATAA--TTC-TGCTACGCCGCA---AGTACTGCAG

-AGAATTTAGT----- TATCTAGAATGTGTATGATTTTGTGATATGCGGATAGGTCACTA
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C. Sequence alignment of NaJAZf and ir-construct of NaJAZh
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AAAGATTGCACTACGACCCCTTACTTCTCCATGAGGGATAACCAGGGCACAGAAGAGAAG
CA GCAC A A BAA
---------------------------------------- TCTATTGCACC-ACCACAA-

CAACAGCAGCAGCTAACAATATTCTACAATGGAAAAGTTGTGGTTTCTGATGCTACA--—

CAA AGCAGCAG CAA ATTC AT GTTTCT AT TA A

CAAAAGCAGCAG----CAA-ATTC----AT-----———-—--— GTTTCTTATAGTAAAAGT

GAGCT--TCAGGCGAAAGCAATAATATAT-CT----CGCAAGTAGAGAAACGGAGGAG--
GA C TCA GC A G ATAAT T T CT CGCAAGTA G A G AG AG
GACCAACTCAAGC-CAGGGTATAAT-TCTGCTACGCCGCAAGTACTGCA--GCAGCAGCT

AATACAAAGACTTC-ATCACCAATTTCAGAATCATCATCACCATTGTTA---CAAACTCA
ATCA G TICA ACAT A AACTAICA C TTA CA TCA
AGTCCA-TGT-TTCTAGTACTAGT---AAAA-C-TGATCAGC----TTAAGCCAGTATCA
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EOBII Controls Flower Opening by Functioning
as a General Transcriptomic Switch!(CIWl

Thomas A. Colquhoun, Michael L. Schwieterman, Ashlyn E. Wedde, Bernardus C.J. Schimmel?
Danielle M. Marciniak, Julian C. Verdonk®, Joo Young Kim, Youngjoo Oh, Ivan Gilis,
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Chemical Ecology, Department of Molecular Ecology, D-07745 Jena, Germany (Y.O., LG., LT.B.)

R2R3-MYB transcription factors (TFs) are involved in diverse aspects of plant biology. Recently an R2R3-MYB was identified in
Petunia x hybrida line P720 to have a role in the transcriptional regulation of floral volatile production. We propose a more
foundational role for the RZR3-MYB TF EMISSION OF BENZENOIDS II (EOBII). The homolog of EOBII was isolated and
characterized from P. x hybrida "Mitchell Diploid” (MD) and Nicotiana attenuata. For both MD and N. attenuata, EOBII transcript
accumulates to high levels in floral tissue with maxitum accurmulation at flower opening. When EOBII transcript levels are
severely reduced using a stable RNAI (ir) approach in MD and N. attenuata, ir-EOBII flowers fail to enter anthesis and
prematurely senesce. Transcript accumulation analysis demonstrated core phenylpropanoid pathway transcripts and cell wall
modifier transcript levels are altered in ir-EOBII flowers. These flowers can be partially complemented by feeding with a
sucrose, t-cinnamic acid, and gibberellic acid solution; presumably restoring cellular aspects sufficient for flower opening.
Additionally, if ethylene sensitivity is blocked in either MD or N. attenuata, ir-EOBII flowers enter anthesis. These experiments
demonstrate one R2ZR3-MYB TF can control a highly dynhamic process fundamental to sexual reproduction in angiosperms: the

opening of flowers.

Regulation of gene transcription is essential for
numerous aspects of biology. Transcription factors
(TFs) are one way to regulate transcription. To be con-
sidered a TF, a protein must bind DNA in a sequence-
specific manner (Latchman, 1997). ATF can function to
activate or repress the transcription of specific genes
(Lee and Young, 2000). Because TFs are essential for
the regulation of transcription, TFs are found in all
living organisms. The number of TFs per genome fol-
lows the power law; the larger the genome the greater
the number of TFs (van Nimwegen, 2003).
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In plants, an important and relatively large family of
TFs is the RZR3-MYB TF family, which in Arabidepsis
(Arabidopsis thaliana) consists of 126 R2ZR3-MYB genes
(Stracke et al., 2001). R2ZR3-MYBs have been associated
with a large number of divergent plant processes such
as primary and secondary metabolism, cell fate and
identity, and biotic and abiotic stress response (for
review, see Dubos et al., 2010). Recently, a Petunia x
hybrida line P720 (P720) R2R3-MYB transcript se-
quence, EMISSION OF BENZENOID II (PhEOBII),
was reported to be involved in floral volatile produc-
tion during open flower stages of development (Spitzer-
Rimon et al.,, 2010). The autheors demonstrate that a
PhEOBIL:GFP fusion protein localizes to the nucleus in
leaf mesophyll cells, transcript accumulation of PAEC-
Bl is flower specific and coincides with floral volatile
emission from P720, and ectopically expressed PhEO-
BII can activate phenylpropanocid-related gene pro-
moters. Also, upon a transient reduction of PhEOBII
transcript levels, reduced levels of emitted and inter-
nal volatile benzenoid/phenylpropanoid compounds
are detected from the P720 flower. PhEOBII shares
high amino acid similarity to the seemingly redun-
dant Arabidopsis MYB21 and MYB24 (AtMYB21/24),
which belong to R2R3-MYB subgroup 19 (Stracke
et al., 2001).

AtMYB21/24 function is associated with the regu-
lation of jasmonate signaling during stamen and pol-
len development in an Arabidopsis flower (Mandaokar
et al.,, 2006). Both AtMYB21/24 transcripts accumu-
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late to high levels in floral tissue of Arabidopsis,
and AtMYB21/24 are involved in the activation of
phenylpropanoid-related genes (Shin et al., 2002;
Yang et al., 2007). Reduction in AtMYB21/24 tran-
script (T-DNA insertion lines) results in floral devel-
opmental defects like failure of anther dehiscence and
flower opening; the latter was an observation and
not the focus of experimentation (Mandaokar et al.,
2006). Another putative homolog of EOBII in orna-
mental tobacco (Nicotiana langsdorffii x Nicotiana sand-
erae; NIxNsMYB305) has been characterized through
stable RNAi silencing, and the authors reported on
floral developmental defects (Liu et al., 2009). Among
which were nectary formation and a failure of flower
petals to expand at anthesis, which again, the latter
was an observation and not the focus of experimenta-
tion. Lastly, EOBII homologs from Antirrhinum majus
(AmMYB305 and AmMYB340) and Pisum sativum
(PsMYB26) have been reported as flower specific
and involved in phenylpropanoid pathway regula-
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tion (Sablowski et al., 1994; Uimari and Strommer,
1997).

In a P. x hybrida "Mitchell Diploid’ (MD) flower, an
R2R3-MYB TF termed ODORANTI (PhODO1; 27.5%
amino acid identity with PhEOBII) is involved with
regulating genes in primary and secondary metabolism
beginning at anthesis, resulting in the indirect regula-
tion of floral volatile benzenoid /phenylpropanoid
(FVBP) biosynthesis throughout open flower stages
(Verdonk et al., 2005). Since FVBPs can function as
pollinator attractants (Hoballah et al., 2005), it is log-
ical that FVBP production in petunia (P. x hybrida) is
turned on (Verdonk et al., 2003; Colquhoun et al.,
2010b) when the sexual organs are receptive to polli-
nation, which occurs at anthesis (Hoekstra and Weges,
1986; Weiss et al., 1992; Wang and Kumar, 2007).

During flower development in petunia, the biosyn-
thesis of phenylpropanoids is a tightly controlled
process. Pigment biosynthesis, anthocyanins and fla-
vonoids, occurs during the first stages of flower de-
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Figure 1. An unrooted neighbor-joining tree of PhEOBII-like amino acid sequences. TREEVIEW (Win32) software version 1.6.6,
nearest-joining method, was used to create the resulting phylogenetic tree. Scale bar represents distance as the number of
substitutions per site (i.e. 0.1 amino acid substitutions per site). An asterisk denotes the PhEOBII sequence.
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Colquhoun et al.

velopment (Weiss et al., 1992). Petunia corolla growth
starts with a slow growth phase during which cell
division occurs followed by a phase of rapid growth
that mostly results from cell expansion (Ben-Nissan
and Weiss, 1996). The phytohormone, gibberellin (GA)
is important during the first stages of petunia flower
development. GA is necessary to induce anthocyanin
biosynthesis and the initiation of rapid cell elongation,
but it is not necessary for their maintenance (Weiss
et al., 1992; Weiss, 2000). GA is likely synthesized in
the anthers, which is then transported to the corolla
(Weiss et al., 1993). At the later stages of petal growth,
after the transition to rapid elongation, the corolla is
no longer dependent on the anthers or GA for growth
and pigmentation. In fact, transcription of the genes
associated with anthocyanin production is down-
regulated at the onset of anthesis by an unknown
mechanism, and the application of GA is insufficient
to prevent the decline in transcripts because the floral
tissue has become insensitive to GA (Weiss, 2000).
These results suggest that, in petunia, GA is not in-
volved in the process of anthesis itself.

The transition phase of the flower, anthesis, has not
been well defined from a molecular and genetic pro-
spective. In MD, flower opening occurs after several
days of bud elongation when the flower bud is ap-
proximately 65 mm from the base of the receptacle to
the tip of the corolla (Colquhoun et al, 2010b). In
petunia, flower opening is irreversible; the flower
stays open until senescence, when the corolla wilts
and abscises from the receptacle (Negre et al., 2003;
Underwood et al., 2005; Colquhoun et al., 2010b). It
is assumed that the opening of the flower occurs due
to cell elongation and expansion, and is controlled
by phytohormones such as auxin, GAs, cytokines,
ethylene, and /or brassinosteroids (for review, see van
Doorn and Van Meeteren, 2003).

Here, we have examined EOBII function in MD
flowers. We propose that PREOBII functionality is dy-
namic in the MD flower, and ultimately controls flower
opening (anthesis). In MD, PREOBII transcript accu-
mulation peaks at anthesis, and a severe reduction
of PhEOBII transcript using a stable, reverse-genetics
approach results in a failure to enter anthesis. Addi-
tionally, the transgenic phenotype can be complemen-
ted by hormone sensitivity manipulation without
complimenting FVBP emission. EOBIT amino acid se-
quence is highly conserved throughout multiple or-
ders of angiosperm species, and the MD PhEOBII
functional characterizations can be replicated in Ni-
cotiana species, which provides support for a conser-
vation of function among angiosperms.

RESULTS
Identification of PREOBIT

Our initial aim was to isolate transcriptional regu-
lators associated with the FVBP gene network in P. x

976

hybrida MD. Colquhoun et al. (2011) assembled MD
R2R3MYB-like transcript sequences, and one of these
Contig 4, since named PREOBII, was chosen for further
analysis based on the similarity to Arabidopsis MYB21
and MYB24. The predicted protein sequence of PhEO-
BII is 197 amino acids in length with a predicted
nuclear localization (WoLF PSORT). When aligned
with putative homologs, orthologs, and paralogs (Sup-
plemental Table S1) a conserved, N-terminal R2R3-
MYB domain (Stracke et al., 2001) and a C-terminal
transactivation (W /Y-MDDIW) domain (Li et al., 2006)
are obvious (Supplemental Fig. S1). The transactiva-
tion domain appears highly conserved through 12
orders and 38 species of angiosperms. Three amino
acids in particular (Trp-183, Asp-187, and Trp-189) are
conserved in every sequence analyzed (one mismatch

>

Relative Quantity

Relative Quantity

1234567891011

Figure 2. qRT-PCR transcript accumulation analysis of PhEQBII from
MD plants. A, Spatial analysis used total RNA from root, stem, stigma,
anther, leaf, petal (P.) tube, petal (P.) limb, and sepal tissues collected at
4 pw (mean * sg; n = 3). B, Floral developmental analysis used total
RNA from staged flower tissues collected at 4 pv of the same day (mean =
se; n = 3). Stage 1 represents a 1-cm floral bud from the base of the
receptacle to the tip of the emerging corolla tissue. Each stage is devel-
opmentally separated by approximately 1 d, except for stages 10 and
11, where 3 d separates the stages (adapted from Colquhoun et al.,
2010hb). All histograms are representative of multiple experiments with
multiple biological replicates.
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for Asp-187). After placing the extensive list of se-
quences in an unrooted neighbor-joining tree, the
family and genus members group together with the
compaciness of the tree easily identifiable (Fig. 1).

PHEOBII Transcript Accumulation Analysis and
Promoter Sequence Features

PREQOBII transcript accumulation has been exam-
ined from whole plant, a flower developmental series,
and over a time course in flowers of P720 (Spitzer-
Rimon et al., 2010). Since PAODO1 transcript accumi-
lates differentially between petunia lines (Verdonk
et al., 2005), we chose to examine PhEOBII transcript
accumulation in MD utilizing quantitative reverse-
transcriptase PCR (qRT-PCR). From a spatial context,
high levels of PREOBII transcripts were detected in the
stigma, petal tube, and petal limb tissues with a
relatively low detection of transcript in anthers (Fig.
2A). To investigate the transcriptional profile of PAEO-
BII in MD further, staged flowers from a 1-cm bud to
the end of the floral life cycle (detailed in Colquhoun
et al., 2010b) were used to examine PAEOBII transcript
accumulation over the course of floral development.
The results resembled a bell curve with a maximum at
stage six, which is anthesis (Fig. 2B). PhEOBII tran-
script was not detected in stage 1 MD flower buds, and
accumulation was reduced to comparatively very low
levels in senescing flower tissue (Fig. 2B).

The specificity of PREOBII transcript accumulation
in MD flowers led us to clone approximately 1.25 kb of
DNA sequence upstream of the PAEOBII translational
start codon in the MD genome, via GenomeWalker.
Utilizing the plant cis-acting regulatory DNA elements
database (Higo et al., 1999), putative cis-acting regu-
latory elements were identified including the abun-
dant eticlation induced, light regulated, Dof binding,
enhancers, basic helix-loop-helix, and WRKY binding
motifs. Less-abundant elements include: ethylene re-
sponsive, GA induced, jasmonic acid (JA) responsive,
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a plastid responsive, and a prolamine box element
(Wu et al., 2000).

Functional Characterization of PhEOBII

A 3’ segment of the PREOBII transcript (Supple-
mental Fig. 52) was used to create approximately 50
independent TO i-PhEOBII (stable RNAI, inverted
repeat) plants. These transgenic plants were generated
in the MD genetic background by leaf-disc transfor-
mation (Jorgensen et al., 1996; Underwood et al., 2005;
Dexter et al., 2007; Colquhoun et al., 2010a). A striking
phenotype was visually observable when the ir-PhEO-
BII plants were grown to a mature, reproductive stage;
flowers from multiple independent transgenic events
failed to enter anthesis (Fig. 3) and prematurely
senesced as closed buds. PREOBII transcripts are not
detected in a stage 1 MD flower (Fig. 2B), so a phys-
iological study was conducted by tagging stage
1 flower buds and measuring the floral growth rate
from TO plants and MD (Fig. 3A). Flowers from MD
and ir-PhEOBII-1 (a transgenic plant with a wild-type
[Fig. 3B] flower opening) developed at an equivalent
rate, entering anthesis between the sixth and seventh
stage with an almost exponential growth curve be-
tween stage 4 and 7. In contrast, floral bud growth
from the ir-PhEOBII-5 and ir-PREOBII-12 plants (com-
plete nonopening floral phenotype; Fig. 3D) diverged
from that of MD between the fourth and fifth stage,
and resembled more of a linear function between stage
4 and 7 (Fig. 3A). A representative of an intermediate
phenotype, ir-PhEOBII-3 floral growth rate bisected
the difference between MD and the complete non-
opening lines (Fig. 3A). The ir-PhEOBII-3 flowers
opened but they failed to completely expand the petal
limb tissue (Fig. 3C).

Twelve T0 plants showing the nonopening pheno-
type and a reduction of PhEOBII transcript during an
initial semiquantitative (sq)RT-PCR screen (Supple-
mental Fig. 53) were chosen for further analysis and

Figure 3. Phenotypic growth comparison of MD and TO ir-PhEOBI! flowers. Shown are representatives from transgenic plants
showing a wild type (i PREOBII- 1), an intermediate (ir-PREOBII-3), and two strong floral phenotypes (ir-PREOBI-5 and 12). A,
All flower buds were tagged at a 1-cm bud and followed threugh development (mean * sg; n = 12). B to D, Pictures of the
ir-PREOBI phenctype. B, An entire open MD flower. C, A semiopening flower from an intermediate line, ir-PREOBIE3. D, A
nenopening flower from a strong phenotype line, ir-PhEOBH-5. [See online article for color version of this figure.]
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Table I. Phenctypic characterization of the vegetative growth of T1 ir-PhEOBII RNAI lines
Measurements of three independent plants were made; averages and s& were then calculated.
Significant differences from MD (£ < 0.01) were not found except for the field marked with an asterisk.

Plant Aspects MD ir-3 ir5 ir12
No. of branches 12.7 £ 0.82 11.3 = 041 12.0 £ 0.71 13.0 £ 0.71
No. of subbranches 27.0 = 3.74 11.3 £ 8.44 24.0 + 8.86 21.7 £1.78
No. of nodes per branch 162 + 0.32 16.4 = 0.84 16.1 + 0.98 18.6 = 1.08
No. of flowers or buds 1163 £ 1457 61.0 £22.26 1487 £ 6.1 107.3 £ 19.8
Aerial fresh weight (g) 2203 £ 18 248.3 £ 96.65 3259 £ 2853 353.6 £ 15.27*
Total branch length {cm) 381.0 = 54.55 507.7 £ 71.37 715.7 £ 63.25% 835.7 = 87.37%

Average branch length (cm)  60.6 £ 2.7 45.1 = 7.51 59.5 £ 2.19 64.3 £ 5.74

self pollinated by cutting the corolla open of an ap-
proximately 3-cm flower bud, allowing the anthers to
dehisce, and pollinating an adjacent mechanically
opened flower bud. Segregating T1 populations were
used for gross physiological and more intricate floral
measurements such as: the total number of branches
per plant, the total number of flowers per plant, and
the average branch length per plant (Table I); or petiole
length, sepal length, and stigma length (Table II). The
only per plant measurement that demonstrated a
significant difference (P < 0.01) between MD and
both nonopening transgenic lines was total branch
length, where ir-PhEOBII-5 and ir-PhEOBII-12 plants
demonstrated a longer total branch length than MD
(Table I). Comparative floral measurements between
MD and the two nonopening lines illustrated signifi-
cant differences in petiole length, stigma length, and
anther filament length (Table II). Note, no difference
was measured for sepal length between MD and
transgenic flowers. All T1 populations segregating in
a Mendelian fashion were self pollinated as previously
described, and a T2 homozygous ir-PREOBII line (ir-5,
name originated from TO number) was produced and
used for further analysis (Fig. 4B). When flowers from
MD and -5 were tagged, developmentally staged,
and visualized photographically, the nonopening phe-
notype was evident (Fig. 4).

The development of an ir-5 flower is disconnected
from that of a MD flower (Figs. 3 and 4). To normalize a
targeted transcript accumulation analysis, we com-
pared ir-5 flowers to MD flowers staged over time
(Fig. 4). One-centimeter flower buds were tagged and
allowed to progress through what would be stage 7 in
MD flowers. Again, qRT-PCR was utilized, but a two-

step reaction was preferred to eliminate any PhEOBII
RNA expressed from the transgene (Colquhoun et al.,
2011). PREOBII transcripts were severely reduced (ap-
proximately 82% reduction at floral developmental
stage 5) in ir-5 flowers compared to MD flowers (Fig.
5A). A petunia transcript very similar to a rose (Rosa
hybrida) AQUAPORIN necessary for flower petal ex-
pansion in rose, RiPIP2;1 (Ma et al., 2008), was unal-
tered between MD and #r-5 flowers (Fig. 5B). AtMYB21,
NIxXNsMYB305, and PhEOBII can positively regulate a
PHENYLALANINE AMMONIA-LYASE (PAL) promoter
in the respective species (Shin et al., 2002; Liu et al.,
2009; Spitzer-Rimon et al., 2010). In MD, two PhPAL
transcripts accumulate to high levels around anthesis,
but no increase in transcript accumulation was ob-
served for the two PhPALs in ir-5 flowers (Fig. 5C). As
expected from the nonopening phenotype (Fig. 4) and
the lack in up-regulation of the PAPALs (Fig. 5C), ir-5
flowers do not emit FVBPs (Supplemental Fig. S4).
Petunia sequences very similar to xyloglucan endo-
transglycosylases/hydrolases (cell wall modifiers)
PhXTR6 and PhXTR7 (Yokoyama and Nishitani, 2007)
were also altered in ir-5 flowers compared to MD (Fig.
5D). Whether PREOBII directly or indirectly regulates
the PhPALs and the PhXTRs has yet to be determined,
however, we conclude when levels of PREOBII are
reduced in MD, these transcripts (associated with di-
vergent biological processes) are altered and may col-
lectively contribute to the nonopening phenotype.

Complementation of i+-PhEOBII Phenotype

PREOBII has a wide-ranging effect on the develep-
ment of a petunia flower, e.g. slowed corolla growth to

Table Il. Phenotypic characterization of the floral organs of T1 it-PhFOBIf RNAI lires
Measurements of five independent flowers at stage 8 were made; averages and s were then calculated.
Significant differences from MD {P < 0.01) are marked with an asterisk. In reference to anthers, d1 denctes

tube segment attachment.

Flower Aspects MD ir-3 ir5 ir12
Petiole length (cm) 447 £ 026 3.63 £ 0.20 3.28 £ 0.13* 3.26 £ 0.14%
Sepal length (cm) 1.12 £0.03 1.10 = 0.02 113 +0.03 1.13 £ 0.02
Ovary length (cm) 047 £0.02 0.48 + 0.02 048 £ 0.02 0.52 = 0.02
Stigma length (cm) 4,10 = 0.04 3.98 £ 0.06 2.73 = 0.08* 2.80 £ 0.11%
Anther filament length {cm) 4.35 = 0.06 4.31 = 0.06 3.02 + 0.08* 322 + 0.01%
Anther attached [d1] (cm) 1.77 = 0.07 1.80 = 0.03 147 + 0.67* 1.50 £ 0.04*
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the failure to enter anthesis (Fig. 3, A and D), or
phenylpropanoid metabolism to cell wall modification
(Fig. 5, C and D). We hypothesized that the supple-
mentation of downstream compounds from the ef-
fected molecular steps would rescue the transgenic
nonopening phenotype (Fig. 4). After investigating
numerous chemicals and combinations, petiole feed-
ing with a Suc, {-cinnamic acid, and GA (STG) solution
resulted in an increased bud elongation of the ir-5
flowers compared to flowers in water (Fig. 6). Addi-
tionally, the ir-5 flowers in the STG solution enter
anthesis; however, complete limb expansion was not
observed (Fig. 6, inset picture). JA feeding resulted in a
hypersensitive response (bud growth impairment was
exacerbated) from ir-5 flowers, which was abolished in
the presence of the STG solution (Fig. 6).

The nonopening, transgenic flowers senesce prema-
turely (Fig. 4). Therefore, we hypothesized the phyto-
hormone ethylene was responsible for the premature
senescence of the ir-5 flowers. The ethylene-insensitive
P. x hybrida MD line 44568 (Wilkinson et al., 1997),
which displays an increased floral longevity pheno-
type (Wilkinson et al., 1997; Colquhoun et al., 2010b),
was utilized to cross pollinate with the ir-5 flowers.
The 44568 X ir-5 flowers did not senesce early com-
pared to MD. The F1 generation 44568 X ir-5 flowers
displayed a partial complementation by entering an-
thesis on the same day the ir-5 flowers displayed signs
of senescence (Fig. 7). Again, anthesis was not com-
plete, but the petal limb did expand further than the
mechanical complementation (Fig. 6). The premature
senescence of the closed ir-5 flower bud is most likely
attributed to the ethylene senescence program. Also, if
the ethylene signal is not perceived, anthesis is trig-
gered by an unknown mechanism.

Conservation of PAFOBII Function

To test the functional conservation suggested by
amino acid conservation through many angiosperm

3 Days

1 Day

Figure 4. Relation of MD floral development and a T2 ir-PhEOBI!
homozygous line. A, Developmentally staged MD flowers from a small
bud, stage 1; 1 cm, to a senescing flower, stage 11 {adapted from
Colquhoun et al., 2010b). B, Developmentally staged flowers from the
ir-PhEOBII-5 (ir-5) homozygous line. Approximately 1 d separates each
stage except for stages 10 and 11 from MD flowers, where these stages
are separated by 3 d. [See online article for color version of this figure.]
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Figure 5. Comparative transcript accumulation analysis using MD and
ir-5 flowers. A to D, Developmentally staged flowers {an abbreviated
staging since ir-5 flowers initial ly differs from MD between stage 4 and
5) were collected on one day at 4 pm. qPCR was carried out with 10
times diluted ¢cDNA samples and run with the AACt method wsing
PhFBP1 as an internal reference. Histograms are representative of two
biclogical replicates {mean * s5; 1 = 3).

species, the PhEOBII homolog from the ecological
model system Nicofiana attenuata (Baldwin, 1998) was
isolated (NaMYB305) and cloned. NaMYB305 tran-
script accumulation in a developing N. attenuata
flower is very similar to PREOBII in MD (Figs. 2 and 8).
Much like in petunia, a stable RNAi approach was
used to reduce the NaMYB305 transcript accumulation
in N. attenuata, which resulted in 14 independent TO
plants with flowers that failed to enter anthesis, sen-
esced prematurely, and were reduced in NaMYB305
transcript levels compared to wild-type N. attenuata
(Fig. 9A). The ir-NaMYB305 plants displaying the non-
opening phenotype were extremely difficult to sexu-
ally propagate because the closed flower buds would
drop if mechanically manipulated as was done for the
MD ir-PREOBII flowers.

Of interest was the phenotypic complementation by
ethylene insensitivity in petunia (Fig. 7). When the ir-
NaMYB305 plants were treated with 1-methylcyclo-
propene (MCP; an ethylene receptor blocker), a partial
complementation was observed (Fig. 9B). However,
the frequency (flowers/plant) of complementation
was low. Regardless, the results obtained from exper-
imentation with N. attenuata resemble that of MD, and
further support a conservation of function for EOBII
between these two genuses.

DISCUSSION

Since we were interested in FVBP biosynthesis reg-
ulation, we initially isolated the Contig 4 nucleotide
(nt) sequence (Colquhoun et al., 2011) from MD be-
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Elongation (mm)

MD ir-5 MD ir-5 MD ir-5 MD ir-5

H,0 JA STG STG-JA

Figure 6. Feeding experiments with excised MD and ir-5 flowers. All
flowers were excised at 3 cm and placed in solutions indicated: water,
50 um JA, and STG. Growth was measured every 24 h in millimeters
{mean = sg n = 15). Inset pictures are representative of the /-5 flowers
used in this experiment after four days of feeding. [See online article for
color version of this figure.]

cause it was most similar to AIMYB21 and AtMYB24,
of which AIMYB21 can positively regulate the AtPALI
promoter (Shin et al., 2002). During our time of exper-
imentation with P. x hybrida MD, another group pub-
lished quality results communicating a floral volatile
function for PhEOBII in an open flower of a commer-
cially available P. x hybrida line P720 (Spitzer-Rimon
et al., 2010). This group used a virus-induced gene
silencing-based system to illustrate that upon reduc-
tion of EOBII transcript a concomitant reduction of
emitted and internal levels of FVBP compounds were
measured from open flowers. A nonopening pheno-
type was not reported (Spitzer-Rimon et al., 2010). A
double T-DNA insertion line for Arabidopsis EOBII
homologs (AtMYB21 and AtMYB24) was generated
and a nonopening flower phenotype was observed,
but no further analysis was conducted (Mandaokar
et al., 2006). Additionally, a stable RNAi-based ap-
proach was used to reduce the transcript of another
EOBII homolog in ornamental tobacco N. langsdorffii
x N. sanderae, NIxNsMYB305, and the authors reported
on a “failure of the flower petals to expand at anthe-
sis,” with no further analysis conducted (Liu et al,,
2009, p. 2682). We have demeonstrated through a stable
RNAIi approach that a drastic reduction of EOBII
transcript in MD and N. attenuaia plants results in a
nonopening floral phenotype (Figs. 3, 4, and 9), and
that EOBII function is highly dynamic (Figs. 3, 5-7,
and 9).

A floral volatile function for EOBILin an open flower
is acknowledged (Spitzer-Rimon et al., 2010). Indi-
rectly our experimentation supports for a similar
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conclusion. In the MD genetic background, the non-
opening phenotype of ir-5 was partially complimented
by ethylene insensitivity (Fig. 7), but the lack in
emission of FVBPs was not complemented (Supple-
mental Fig. S4). This result implies the petal limb
tissue can transition into and partially through the
physical processes of opening, but induction of the
FVBP pathway is not necessary for that complemen-
tation. In contrast, EOBII may be necessary for the
induction of the FVBP pathway.

The EOBII gene is an R2R3-MYB TF that is expressed
in flowers at high levels in genus like Pefunia, Arabi-
dopsis, Antirthinum, Nicotiana, and Pisum (Figs. 2A and
8, Sablowski et al.,, 1994; Uimari and Strommer, 1997;
Shin et al., 2002; Schmid et al., 2005; Liu et al., 2009;
Spitzer-Rimon et al.,, 2010). Interestingly, EOBII tran-
scripts accumulate to relatively high levels in the petal
tube tissue of MD (Fig. 2A), but in P720 and Antirrhi-
num very little transcript was detected in petal tube
tissue (Sablowski et al., 1994; Spitzer-Rimon et al., 2010).
Also noteworthy, PhEOBII transcript was not detected
in sepal tissue of MD (Fig. 2A) and sepal development
was not affected in the i-PhEOBI plants by our obser-
vation (Table II), which suggests the functionality of this
transcript is regulated after organ identity (Coen and
Meyerowitz, 1991) has been established.

The primary amino acid sequence of EOBII is well
conserved at the R2R3 domain and the transactivation
domain through 12 orders of eudicots (Fig. 1; Sup-
plemental Fig. S1). Work carried out in the afore-
mentioned plant species indicates the EOBII protein
can activate promoter regions of genes like PALI,
PAL2, ISOEUGENOL SYNTHASE1, ODO1, NECTAR-
IN1, and NEC5. Therefore, EOBII has been established
to have multiple target genes, and with evidence
like protein sequence and functional conservation, ap-
pears conserved in many angiosperms. The N. attenuata
experimentation was an initial attempt to test the
conservation of function in an angiosperm system that

1 Day

Figure 7. Complementation of the ir- PhEOBH phenotype by ethylene
insensitivity. Shown are developmentally staged ir-5, and 44568 X ir-5
flowers, from a small bud (stage 1, 1 cm) te a senescing flower (stage
11). Approximately 1 d separates each stage except for stages 10 and 11
in the 44568 X ir-5 line, where 10 and 11 are separated by approx-
imately 6 d. [See online article for color version of this figure.]
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Figure 8. Transcript accumulation of the PhFOBIH homolog in N.
attenuata, NaMYB305. gPCR analysis of NaMYB305 transeript accu-
mulation through the developmentof a N. atienuata flower (mean * sg;
n=3). The level of NaMYB305 transcript in floral tissue is set relative to

the level in leaf tissue. [See online article for color version of this
figure.]

was accessible (Figs. 8 and 9), which resulted in a con-
servation of function down to the ethylene insensi-
tivity complementation (Fig. 9).

Our results indicate that a more foundational role
for PREOBII exists, which is the control of flower
opening. The concept of TFs affecting different num-
bers of promoters at differing protein concentrations
is not novel, e.g. the morphogen gradient model
from Drosophila melanogaster or haploinsufficiency in
Homo sapiens (Deutschbauer et al.,, 2005; Ashe and
Briscoe, 2006). However, various other explanations
exist such as: necessary coregulators produced at
differing developmental stages effecting different tar-
get pathways, or cascades of factors with different
developmental timing. Intriguing though, is that one
gene (PhEOBII), through a developmental stimulus of
some sort (floral developmental stage 2; Fig. 2B),
controls divergent aspects of flower biology (phenyl-
propanoid metabolism to cell wall meodifications) to
set forth a different cellular paradigm (FVBP bicsyn-
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thesis). This model resembles that of a trans-epigenetic
state (Bonasio et al., 2010).

CONCLUSION

In petunia, Nicotiana, and Arabidopsis EOBII func-
tion is required for sexual reproduction. That is not to
say in all cases of severe EOBII deficiency the sexual
organs are defective. The tissue that encases develop-
ing sexual organs and later may attract potential
pollinators (the corolla in general) is most likely af-
fected in secondary metabolite production, cell wall
medifications, turgor pressure manipulation, and phy-
tohormone response. Together, these biological limita-
tions result in a failure to display sexual organs to the
environment by undergoing anthesis. Whether EOBII
has a direct role in all these systems, or EOBII is a
central member of a cascade of molecular events, all
culminating in the dynamic process of flower opening,
is not clear. However, if the molecular mechanism of
anthesis is conserved among most angiosperms, ex-
pleitation of EOBII expression in genetically modified
angiosperm crops may aid in reducing the risk of
outcrossing for particular applications.

MATERIALS AND METHODS
Plant Material

Inbred Petunia x hybrida MD plants were used as a wild-type contrel in all
experiments (Mitchell et al., 1980). The homozygous ethylene-insensitive
cauliflower mosaic virus 355:etrl-1 line, 44565, generated in the MD genetic
background (Wilkinson et al., 1997), was used as a negative control for
ethylene sensitivity (Underwood et al, 2005; Dexter et al, 2007, 2008;
Colquhoun et al., 2010a, 2010b, 2011} and in cross pollinations to the MD
ir-PREOBIH lines. All petunia (P, x hybrida) plants were grown in glass green-
houses as previously described (Dexter et al, 2007). Nicotiana attenuata (30th
inbred generation) seeds, originally collected from a native population from a
field site located in Utah, were used for all described experiments. Wild-type
and i#-NaMYB305 RNAi plants were grown in glass greenhouses as previ-
ously described (Kaur et al, 2010).

Identification of EOBII

Sequences with similarity to Arabidopsis (Arabidopsis thaliana) R2R3-MYB TFs
(AfMYBs) were gathered using the National Center for Biotechnology Infor-

Figure 9. A reduction of NaMYB305 transcript
levels in N. attenuata by RNAi. A, Transcript
accumulation of NaMYB305 levels in represen-
tative TO i=NaMYB305 lines compared to wild-
type N. attenuata (mean * sg n = 3) with pheno-
typic pictures and descriptions included. B, Com-
plementation study using MCP to block ethylene
sensitivity in N. attenuata and ir-NaMYB305 with
a magnified inset picture of an i-NaMYB305 that
has entered anthesis. [See online article for coler
version of this figure.]
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mation, Sol Genomics Network, and the 454 petunia databases (www.ncbinlm.
nih.gov, http:/ /solgenomics.net, and http://140.164.45.140 /454petuniadb). The
resulting sequences were used to construct a petunia nt alignment (ContigFx-
press module, Vector NTI Advance 11, Invitrogen Corp., hitp:/ /invitrogen com)
representing the MD PREOBY, and sequence-spedific primers (PREOBII forward
primer 5'-TCCCTATCCCATCTCTTTCTCTCTCCCTCT-3';  PREOBIT reverse
primer 5’-CACTCATGACATGGTTCAATCTAGGG-3', ordered through Inte-
grated DNA Technologies) were designed approximately 80 to 100 nt 5" and 3’
of the deduced 5%4-nt coding region (GenBank accession number: F. x hydrida
MD NON-OPENING 1 [PENON1], EU374207). Replicates of the expected,
approximate 700-nt product were amplified using Advantage 2 pelymerase
mix (Clontech Laboratories Inc., hitp:/ /www.clontech.com) from gene transcript
pools of MD flower tissue, and purified using QlAquick spin columns (Qiagen,
hitp:/ /giagen.com). Amplicons were ligated into pGEM-T-easy vector (Promega
Corp., hitp:/ /promega.com), transformed into One Shot Mach1-T1® chemically
competent Escherichia coli (Invitrogen Corp,, http://invitrogen.com), multiple
clones were isolated and sequenced (Big Dye V1-2; University of Florida Se-
quencing Core Facility, http://wwwbietech.ufl edu) to at least a 4% coverage to
check for errors.

nt sequence of NaMYB305 was assembled from 109 individual reads (size
400450 bp) obtained from 454 GS FLX titanium series sequencing of N.
attenuata cDNAs (vertis Biotechnologie AG; hitp:/ / www.vertis-biotech.com/).
Individual 454 reads were assembled by the PAVE program for assembling
and viewing ESTs (Soderlund et al, 2009). Gene-specific primers were
designed to amplify NaMYB305 gene fragments that were ligated into
pGEM-T-easy vector (Promega Corp., http://promega.com) and sequenced
using a standard sequencing method. The sequence of NazMYB305 was
deposited in GenBank under accession number: N. atfemuata MYB305
(NaMYB306), Na_454_02248.

Promoter Cloning and Motif Scan

Approximately 1.25 kb of the MD ECBII promoter was cloned witha gene-
specific primer 5-ACGTTTGAGACCAGCAGATTTAGCTAAGG-3" and a
nested specific primer 5-TTCTTCCATAGTCCAAGGTCCTITCC-3' using
the GenomeWalker kit and protocol according to the manufacturer’s instruc-
tions (Clontech Laboratories Inc., http:/ /www.clontech.com). Plant cis-acting
regulatory DINA elements, Signal Scan Search, an online database of nt
sequence motifs found in plant cis-acting regulatory DNA elements was used
to screen the PEEOBII promoter sequence (www.dna.affrc.go.jp).

Generating Transgenic PREOBII RNAi Plants

To directly test the gene function of MD PREOBII, stable RNAi-based gene
silencing was utilized. A 283t sequence at the 3° end of the PREOBN
transcript was developed as the RNAi-inducing fragment (PAEOBII forward
primers: 5'-GCTCTAGAGCACATTAAGCAAGCAGA-3’, 5-CGGGATCCG-
CACATTAAGCAAGCAGA-3'; and reverse primers: 5-GGAATTCAGAT-
GGTTCAATCTCAGG-3’, 5’-GGAATTCATAGGCACCTCCATGCAT-3"). The
corresponding nt region in the most similar petunia sequence is 65.6%
identical. Also, when the 283-nt PREOBII RNAI trigger is fractionated into
22- to 25-nt fragments, then used as queries for Blast analysis on the petunia
EST databases, the only identical sequences that return belong to EOBHI
petunia sequences. Additionally, the corresponding nt region in AtMYB24 is
60.9% and 46.1% identical to the two closest Arabidopsis sequences (AtMYB21
and AtMYB57, respectively). In planta expression of this fragment is driven by
a constitutive promoter, pFMV. Fifty independent PREOBIY RNAi (ir-PREOBII,
inverted repeat) plants were generated in the MD background by leaf disc
transformation {Jorgensen et al., 1996). Further details of the technical cloning
have been previously described (Underwood et al., 2005; Dexter et al., 2007).

At least 12 TO plants showing a transcriptional (sqRT-PCR) and physio-
logical phenotype were self pollinated by cutting the corolla epen of an
approximate 3-cm flower bud, allowing the anthers to dehisce, and pollinating
an adjacent, mechanically opened flower bud. The T1 generation was ana-
lyzed for a 3:1 segregation based on the presence of the transgene and the
observable phenotype. Segregating T1 lines were self pollinated as before, and
T2 generation was examined for nonsegregating lines with the phenotype. In
this manner, a T2 homozygous ir-PREOBI! line (ir-5) was produced.

An RNAi approach was utilized to reduce the NeMYB305 transcript
accumulation, resulting in 30 independently transformed ir-NaMYB305
plants. An RNAi-inducing 161-bp long fragment of NaMYB305 coding se-
quence was introduced into N. aftenuata plants using Agrobacterium tumefi-
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ciens-mediated plant transformation method as previously described (Kriigel
et al, 2002). PCR-amplified inverted repeat of NaMYB305 gene (forward
primers: 5’ -CTGCAGCAGAAAACATGAATGGACAA-3’, 5’ -GAGCTCGCA-
GAAAACATGAATGGACAA-3'; and reverse primers: AAGCTTGTTTCAG-
TGAGAAAAGGTC, CTCGAGTTTCAGTGAGAAAAGGTC) was cloned into
HindIIT/Pstl and Sacl / Xkol restriction sites of pSOLS (512) as inverted repeat
to generate transformation vector pSOLSMYB3.

RNA Isolation, Tissue Collection, and Treatments

In all cases, total RNA was extracted as previously described (Verdenk
et al, 2003) and subjected to TURBO DNase treatment (Ambion Inc.) followed
by total RNA purification with RNeasy mini protocol for RNA cleanup
{Qiagen). Total RNA was then quantified on a NanoDrop 1000 spectropho-
tometer (Therme Scientific) and 50 ng/ uLL dilutions were prepared and stored
at —20°C. Generation of cDNA samples used 2 pg of total RNA with
SuperScript reverse transcriptase I (Invitrogen Corp., hitp://invitrogen.
com) and was conducted more than three imes for technical replications.

The physiological study was performed by tagging newly emerging flower
buds of #-PREOBII and MD plants at stage 1: a bud 1 cm from the base of
receptacle to corolla tip. Buds were measured in length of the corolla limb for
11 d. ir-PREOBII were self pollinated by slicing open approximate 3-cm flower
bud corolla, allowing the anthers to dehisce, and pollinating an adjacent,
mechanically opened, emasculated flower bud.

The feeding experiments were performed using the compounds: Gle, Fru,
Suc, sorbitol, auxin, JA, GA, salicylic acid, abscisic acid, the ethylene precursor
T-aminocyclopropane-1-carboxylic acid, Phe, f-cinnamic acid, and benzoic
add. Excsed ir-PREOBII flowers were harvested at 3 cm and exogenously fed
designated solutions and water as a control. Elongation was measured every
24 h in millimeters from the original 3-cm flower bud.

All petunia tissue collections were done as previously described
{Colquhoun et al., 2010b). The spatial franscript accumulation analysis con-
sisted of total RNA isolated from petunia root, stem, stigma, anther, leaf,
petal tube (stage 8), petal limb (stage 8), and sepal tissues from multiple
greenhouse-grown MD plants harvested at 4 pn. The developmental transcript
accumulation analysis used total RNA isolated from whole (from the base
of the receptacle up) petunia flowers (MD, 44568, ir-5, and 44568 X ir-5)
collected at 11 consecutive stages beginning at a small bud to floral senescence
from multiple greenhouse-grown plants at 4 . For all tissue collechions,
individual samples consisted of three flowers. All samples were frozen in
liquid N, and stored at —80°C. Total RINA was then isolated from all samples,
with multiple biological replicates included.

RNA extractions, cDNA synthesis, and qRT-PCR analyses of transcript
abundances of NaMYB308 gene were performed essentially as described in
Kaur et al. (2010). The developmental transcript accumulation analysis used
whole N. attenuata flowers collected at five consecutive stages beginning at a
small bud to floral senescence from multiple greenhouse-grown plants at 1 pat.
Rosette leaf samples were collected and analyzed to compare expression
levels of NaMYB305 in reproductive and vegetative tissues. Silencing effi-
ciency of NaMYB305 gene relative to wild-type levels was determined in four
independently transformed #-NaMYB305 lines and wild type using floral
buds at F2 stage of development.

To inhibit ethylene perception, we grew isolated branches of i-NaMYB305
plants with F1-F2 stage flower buds in 0.1 Murashige and Skoog salt solution
and exposed them to ethylene receptor antagenist 1-MCP vapors: 10 mg of
SmartFresh (3.3% 1-MCP; AgroFresh; Rohm and Haas) was dissolved in 1 mL
of alkaline solution {0.75% KOH + NaOH in a 1:1 ratio) to release the active
volatile substance, 1-MCPF. Alkaline solution without 1-MCP was used in
control experiment. The branches with flower buds were maintained in closed
containers during whole treatment (6 d); once a day the containers were fully
opened and new vial with freshly activated 1-MCP solution or alkaline
solution alone were inserted before closing.

Transcript Accumulation Analysis

All transcript accumulation analyses were conducted multiple times with
multiple biological replicates and equivalent results were observed. sqRT-PCR
was performed using a Qiagen one-step RT-PCR kit (Qiagen Co.) with 50 ng
total RNA. To visualize RNA-loading concentrations, samples were amplified
with Ph183 primers (forward primer 5'-TTAGCAGGCTGAGGTCTCGT-3;
reverse primer 5'-AGCGGATGTTGCITTTAGGA-3') and analyzed on an
agarose gel. The following primers were designed and utilized for the
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visualization of the mRINA levels corresponding to PhEOBII (forward primer
5'-TCCCCCATATATGTGAGTTAAGTG-3'; reverse primer 5'-CCATAGG-
CACCTCCATGCAT-3") AACt. gRT-PCR was performed and analyzed using
a StepOnePlus real-time PCR system (Applied Biosystems). Power SYBR
green RNA-to-Ct 1 and 2-step kits (Applied Biosystems) were used to amplify
and detect the products according to the manufacturer’s protocol. The
following gRT-PCR primers were constructed in Primer Express software
v2.0 (Applied Biosystems): PREOBII forward primer, 5'-CATTTGCCTGGAA-
GAACAGA-3’; PHEOB!! reverse primer, 5’ -TGCTTGTCCATTCATGGTTT-3;
PRFBPI, forward primer, 5-TGCGCCAACTTGAGATAGCA-3'; PhFBP1
reverse primer, 5-TGCTGAAACACTTCGCCAATT-3’; PhPIP2;1, forward
primer, 5'-TGCTGGTCTCAAACGTACCG-3'; PhPIP2;1 reverse primer
5-GGACATCAGGCCGGAGATAA-3"; SGN-U207589 (PhXTR6), forward
primer, 5’ -GCATCTTCTACTTCTGCCAGAA-3'; SGN-U207589 (PhXTRS), re-
verse primer 5'-TCTGCACCCATTTCATCCTT-3’; SGN-U207700 (PhXTR?7),
forward primer, 5-GCAAATCCCAATTCTCAGATG-3’; SGN-U207700
(PEXTR7), reverse primer 5-GGAAAACCCTGTGGAAACCT-3": PhCM1I,
forward primer, 5'-CCCTGATGAGCACCCATTC-3'; PhCM1, reverse primer
5’-ACTGCATGGGTGGCAACAC-3’; PRPALI, forward primer, 5'-GCTAGG-
CGGTGAGACGCTAA-3’; PHPALT reverse primer 5-CTCGGACAGCTGC-
ACTGTCA-3'; PHPALZ, forward primer, 5'-ACTGGCAGGCCTAATTCCAA-3';
PHPAL? reverse primer 5 -GCGAAACGCTTCTTCAGCAT-3'. Optimization of
primers was conducted and demonstrated gene specificity during melt curve
analysis.

A gPCR core kit for SYBR green I (Eurogentec; http:/ /www.eurogentec.
com) was used following the manufacturer’s instructions on a Stratagene
Mx3005P real-time PCR system (http://www.stratagene.com) to determine
relative expression of NaMYB305 gene. Relative expression was calculated
using the elongation factor-1 housekeeping gene (GenBank accession number:
Nicotigna tabacum, D63396) as an endogenous reference. NaMYB305 gene-
specific primers were used: forward primer 5-ATGCTAAGTGGGGAAA-
CAG-3" and reverse primer 5'-GCAATTGCATGGACCAGA-3'.

Volatile Emission

For all volatile emission experiments, emitted floral volatiles from excised
flowers were collected at 6 M and quantified as previously described
(Underwood et al., 2005; Dexter et al., 2007). All samples consisted of three
flowers per sample with at least three biological replicates.

GenBank Accession Numbers

PHODO1, AY705977; PRECBII (P720), EU360893; PhECBI (MD), EU374207;
promPREOBII (MD), HQ450382; NINsMYB305, EU111679; REPIP2;1,
EUS72717; AfMYB21, AT3G27810; AftMYB24, AT5G40350; PHPALI,
AY705976; PEPAL2, CO805160; AtXTR6, AT4G25810; ALXTR7, AT4G14130;
and NaMYB305, Na_454_02248.
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The following materials are available in the online version of this article.

Supplemental Figure S1. Predicted amino acid sequence alignment of
putative, homologous EOBII proteins.

Supplemental Figure S2. Schematic representation of the PREOBII gene
model.

Supplemental Figure 83. sqRT-PCR transcript accumulation analysis in
floral tissues of independent TO i-PEEOBII lines and MD plants.

Supplemental Figure S4. Floral volatile emission analysis of representa-
tive plants from MD, ir-5, and 44568 X ir-5.

Supplemental Table $1. Accession numbers and respective identifiers of
sequences used for the phylogenetic comparisons.
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Figure S2. Schematic representation of the
PhEOBII gene model as shown in Vector NTI
Advance™ 11. Depicted are the highly
conserved R2R3-MYB domain, the coding
sequence, and the location for primers used in
constructing the RNAi plasmid.
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Figure S3. sqRT-PCR transcript accumulation
analysis in floral tissues of independent T
ir-PhEOBII lines and MD plants. Gene
specific primers for PhEOBII were used with
26 cycles of amplification. PAUBIQUITIN
primers were used as a loading control with
18 cycles used, and 50 ng of total RNA was
used in each reaction.
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Figure S4. Floral volatile emission analysis of
representative plants from MD, ir-5, and
44568xir-5. Developmentally staged flowers
(what would be stage 8 in MD) were used to
collect FVBP emission at 18:00 h (mean + se;
n = 3). Shown are four major FVBP com-
pounds with all measurements ng/g fresh
weight/hour.
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SUPPORTING DATA

TABLES

Table S1. Accession numbers and respective identifiers of sequences used for the phylogenetic
comparisons. Sequences identifiers given generally follow established terms. Unnamed
sequences were given default names according to Arabidopsis nomenclature. Additionally, a

family abbreviation was added to the beginning of each name.

PhEOBII Homolog  NCBI Accession
AsterCeMYB24 FL359998.1
AsterCiMYB24 EH701388.1
AsterCmMYB24.1 EH741019.1
AsterCmMYB24.2 EH749972.1
AsterCmMYB24.3 EH743134.1
AsterCsMYB24 EH789579.1
AsterCtMYB24.1 EL402561.1
AsterCtMyb24.2 EL400467.1
AsterGhMYB24.1 AJ751525.1
AsterHaMYB24.1 GE522594.1
AsterHcMYB24 EL414154.1
AsterHpMYB24.1 EL491532.1
AsterHpMYB24.2 EL490232.1
AsterSchMYB24.1 C0O553429.2
AsterSchMYB24.2 DY659178.1
AsterScMYB24.1 DY661292.1
AsterScMYB24.2 DY662068.1

BrasAtMYB21 NM 113696.2
BrasAtMYB24 NM 123399.4
BrasBnMYB24 GR440457.1
BrasBrMYB24 GR724986.1
BrasCpMYB24 EX292075.1
EricAdMYB24 FG428833.1

FabaGmMYB24.1 EV266129.1
FabaGmMYB24.3 FG989549.1
FabaPsMYB26 Y11105.1
LamiAmMYB305 P81391.1
LamiAmMY B340 P81396.1
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LamiShMYB24 FS446813.1
MalpPtMYB24.1 XM 002298498.1
MalpPtMYB24.2 XM 002323767.1

MalvGhMYB24 ES817664.1
MalvGrMYB24 CO113188.1
RosaMxdMYB24 GO506355.1
RosaRcMYB24 BI978095.1
SapiCcMYB24 X290217.1
SapiCsMYB24 CV885038.1
SapiCuMYB24 DC899681.1
SolaCaMYB24 GD094622.1
SolaNaMYB305 EU111679.1
SolaNIMYB305 EU111679.1
SolaNIxNsMYB24.3 EB694062.1
SolaNtMYB24.1 EB427455.1
SolaNtMYB24.3 FG630317.1
SolaPhEOBII EU360893.1
SolaSIMYB21 Al486576
SolaSmMYB24 FS083560.1
VitaVvM YB24 EE107959.1

SUPPORTING FIGURE LEGENDS

Figure S1. Predicted amino acid sequence alighment of putative, homologous EOBII proteins
from various species. Sequences were aligned using the AlignX program of the Vector NTI
Advance™ 11 software. Residues highlighted in: blue represent consensus residues derived from
a block of similar residues at a given position, green represent consensus residues derived from
the occurrence of greater than 50 % of a single residue at a given position, and yellow represent
consensus residues derived from a completely conserved residue at a given position. A red bar

underlines the C-terminal trans-activation domain of interest. * denotes the PhEOBII sequence.

Figure S82. Schematic representation of the PAFOBII gene model as shown in Vector NTI
Advance™ 11. Depicted are the highly conserved R2R3-MYB domain, the coding sequence, and

the location for primers used in constructing the RNAi plasmid.

Figure S3. sqRT-PCR transcript accumulation analysis in floral tissues of independent Tq ir-
PhEOBIT lines and MD plants. Gene specific primers for PAEOBIT were used with 26 cycles of
amplification. PRUBIQUITIN primers were used as a loading control with 18 cycles used, and 50

ng of total RNA was used in each reaction.

Figure S4. Floral volatile emission analysis of representative plants from MD, ir-3, and 44568 x
ir-5. Developmentally staged flowers (what would be stage 8 in MD) were used to collect FVBP

emission at 18:00 h (mean £ se; n = 3). Shown are four major FVBP compounds.
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Abstract

Jasmonic acid (JA) is an important regulator of plant growth, development and
defense. The Jasmonate-ZIM domain (JAZ) proteins are key regulators in JA signaling
ubiquitously present in flowering plants but their functional annotation remains largely
incomplete. Recently, we identified 12 putative JAZ proteins in native tobacco, Nicotiana
attenuata (N. attenuata), and initiated systematic functional characterization of these
proteins by reverse genetic approaches. In this report, N. attenuata plants silenced in the
expression of NaJAZd (irJAZd) by RNAi-mediated gene silencing were used to
characterize NaJAZd function. Although NaJAZd transcripts were strongly and transiently
up-regulated in the rosette leaves by simulated herbivory treatment, we did not observe
strong defense-related phenotypes, such as altered herbivore performance or the
constitutive accumulation of defense-related secondary metabolites in irJAZd plants
compared to WT plants, both in the glasshouse and the native habitat of N. attenuata in the
Great Basin Desert, Utah, USA. Interestingly, irJAZd plants produced fewer seed capsules
than did WT plants as a result of increased flower abscission in later stages of flower
development. The early- and mid-developmental stages of irJAZd flowers had reduced
levels of JA and JA-Ile, while fully open flowers had normal levels, but these were
impaired in NaMYB305 transcript accumulations. Previously, NaMYB305-silenced plants
were shown to have strong flower abscission phenotypes and contained lower NECI
transcript levels, phenotypes which are copied in irJAZd plants. We show that the NaJAZd
protein is required to counteract flower abscission, possibly by regulating JA, JA-Ile levels

and/or expression of NaMYB305 gene in N. attenuata flowers. This novel insight into the
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function of JAZ proteins in flower and seed development highlights the diversity of
functions played by JA and JAZ proteins.

Introduction

Plants are frequently exposed to various abiotic and biotic stresses such as high
light, water deficit, salinity stress, variable temperature, lack of nutrients, and attack from
pathogens and herbivores. Survival of plants in nature thus strongly depends on a balance
between growth and defense related processes, which is regulated by a complex
phytohormonal network [1-6]. In this network, jasmonic acid (JA) controls both growth and
defense responses in plants (reviewed in [7]). JA is synthesized from membrane-derived
fatty acids (18:3) via the octadecanoid pathway [8] and is known to activate transcription
factors (TFs) that trigger a large-scale transcription reprogramming of growth and
development, such as root growth and adventitious root formation, trichome initiation, fruit
ripening, anthocyanin accumulation, senescence, pollen and flower development, tuber
formation and tendril coiling, and defense against wounding, herbivore attack and pathogen
infection [9-13].

Recently, the mode of action and role of several core components in JA signaling,
COIl (CORNATINE INSENSITIVE1), JAZ (Jasmonate ZIM-domain), and (+)-7-iso-JA-
L-Ile (JA-Ile) were identified [14-18]. In the presence of the active hormone, JA-Ile, JAZ
proteins are degraded by the action of SCF“°"'-E3 ubiquitin ligase complex associated
with 26S proteasome that releases the positive regulators of JA signaling, MYC2/3/4
transcription factors and triggers the expression of JA-dependent genes in Arabidopsis
(reviewed in [19]). In addition, the function of several co-regulators of the core complex of
JA signaling, such as NINJA (Novel Interactor of JAZ) and TPL (TOPLESS) proteins,
InsPs (inositol pentakisphosphate), EIN3/EIL1 (ethylene-stabilized transcription factors),
R2R3-MYB transcription factors MYB21 and MYB24, WD-repeat/bHLH (GL3, EGL3,
TT8)/MYB75 complexes and DELLA proteins were elucidated [20-25].

JAZ proteins that are generally classified as negative regulators of JA signaling
contain two functionally conserved domains, ZIM with TIF[F/Y]XG motif (or its variant)
and Jas with S-L-X(2)-F-X(2)-K-R-X(2)-R motifs, both of which are essential for JA signal
transduction [26-29]. ZIM domains mediate the homo- and heteromeric interactions among

the JAZ proteins as well as their interaction with the co-repressor NINJA-TPL complex; the
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Jas domain is required for binding several core- (COIl, MYC2/3/4) and co- (EIN3/EIL1,
MYB21/24, TT8/GL3/EGL3 and DELLA) regulatory proteins that transduce downstream
signaling (reviewed in [19]). It was proposed that different combinations and interactions
between JAZ proteins and co-regulators can control specific subset of JA-mediated
response in plants [30,31] however, specific examples of such interactions remain rare.
Nevertheless, emerging JAZ interactome and the discovery of JAZ proteins in many plant
species are continuously expanding our knowledge of jasmonate signaling (reviewed in
[19]). Functional studies with genetically modified plants have provided evidence of the
direct involvement of JA and JAZ proteins in developmental processes such as secondary
growth (interfascicular cambium initiation) [32], phytochrome A-mediated shade responses
[33], anthocyanin accumulation and trichome initiation [24], stamen development [23],
flower induction [34], and defense responses against biotic [31,35-37] and abiotic [38-41]
stresses. However, additional experiments are required to better understand the complex
networking among JA, JAZ, and downstream responses in plants.

Previously, we cloned 12 novel JAZ genes from the native tobacco plant N.
attenuata and reported unique roles for NaJAZh in defense and development [31]. Here, we
examine the function of NaJAZd, both in development and defense against herbivores. The
NaJAZd-silenced plants had normal levels of defense-related phytohormones and only
slightly altered defense metabolic profiles in the leaves. In development, irJAZd plants had
significantly impaired seed production which is one of the most important fitness
parameters in N. attenuata plants. We show that NaJAZd is involved in the regulation of
flower abscission which in turn is associated with reduced jasmonate levels and impaired
expression of genes (NaMYB305, NaNECI) known to be important for flower

development.

Results

NaJAZd transcript accumulation is strongly induced by wounding and herbivory
Previously, we reported 12 JAZ genes in N. attenuata [31], including the NaJAZd

gene characterized in this study. First, we examined NaJAZd expression in the rosette

leaves of N. attenuata plants after wound and water treatment (puncturing leaves with a

fabric pattern wheel and supplying with 20 pL of water; W+W), simulated herbivore attack

(wounds treated with 20 pL of 1:10 diluted oral secretions isolated from specialist
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herbivore Manduca sexta (M. sexta) larvae; W+0OS), and in untreated leaves by quantitative
real-time PCR (qPCR). While both treatments strongly increased NaJAZd transcript
accumulations compared to the levels in untreated leaves, W+OS-treatment dramatically
amplified these increases (Figure 1A). The gene transcripts rapidly returned to basal levels
within 3 h after treatment. To further explore the function of NaJAZd, we generated the
inverted-repeat (ir) RNAi-mediated NaJAZd-silenced plants (irJAZd; Figure S1A and S1B)
and selected the three best silenced lines (irJAZd-4, -8, and -10; Figure 1B) for functional
analysis. A single copy T-DNA insertion status of each line was confirmed by Southern
blot analysis (Figure S1C).

While measuring the silencing efficiency of NaJAZd by RNAi, we also examined
the expression of other NaJAZ genes (NaJAZa, c, e, f, h, i, ], k, [, and m) in irJAZd plants to
identify possible cross-silencing effects and/or crosstalk among J4Z genes. In contrast to
our previous study with NaJAZh-silenced plants [31], we did not find any strong evidence
of NaJAZd-mediated changes in expression of other JAZ genes in N. attenuata except for a
slight but significant down-regulation of NaJAZh transcript accumulation in response to
W+OS-elicitation (Figure S2). This suggests that NaJAZd may be required for a full up-
regulation of NaJAZh expression after herbivore attack.

NaJAZd-silencing weakly affects JA-dependent defenses

To determine the role of NaJAZd in defense, we carried out performance assays
with the specialist herbivore, M. sexta, with rosette stage WT and irJAZd plants. We placed
a freshly hatched M. sexta neonate on the leaves of each 20 replicates of WT and irJAZd-4
and -8 plants and determined the mass of caterpillars after 4, 6, 8, 10, and 12 d of feeding
on the plants (Figure 2A). NaJAZd-silencing did not affect the performance of M. sexta
caterpillars as on both irJAZd genotypes and WT plants the larvae had similar growth rates.

To further test the hypothesis that NaJAZd is not a major player in defense against
herbivores, we examined the levels of herbivore-induced phytohormones, JA-Ile (Figure
2B), jasmonic acid (JA), salicylic acid (SA) and abscisic acid (ABA; Figure S3) in rosette
stage WT and irJAZd-4, -8, and -10 plants at 0, 1, and 2 h after W+OS treatment. The
levels of JA-Ile (Figure 2B), and of other phytohormones (JA, SA and ABA; Figure S3) in
irJAZd transgenic plants were similar to those in WT at all examined time points,

confirming that NaJAZd-silencing alone does not significantly alter the leaf levels of
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defense-related phytohormones, even though the transcript levels of NaJAZd were strongly
elicited by wounding and herbivory in the leaves (Figure 1A).

To gain additional insight in potential targets of NaJAZd, we analyzed several
defense-related secondary metabolites after W+OS treatment. Nicotine is a well-known
defense-related secondary metabolite in Nicotiana species [42,43]. In contrast to the
unaltered phytohormone levels, irJAZd leaves contained significantly more nicotine at 48
and 72 h after W+OS (Figure 2C), suggesting that NaJAZd may negatively contribute to
biosynthesis of nicotine and/or suppress its transport from the roots. The accumulation of
17-hydroxygeranyllinalool-diterpene glycosides (HGL-DTGs) [44,45] and trypsin protease
inhibitors (TPIs) activity [46-48] in W+OS-treated irJAZd-4, -8, and -10 plants were not
different from WT levels (Figure S4). Apparently, higher amounts of nicotine in irJAZd
compared to WT plants alone were not sufficient to alter the performance of a specialist

herbivore (Figure 2A).

NaJAZd-silencing does not alter the preferences of native herbivores in nature

In natural environments, plants are exposed to substantially more stresses compared
to their relatively safe containment in the glasshouse. We therefore examined if NaJAZd-
silenced plants could perform differently in high stress conditions characterized by high UV
irradiance, high and variable temperatures, low humidity and communities of voracious
native herbivores. In the 2010 field seasons, we planted empty vector-transformed (EV) and
irJAZd plants in a pairwise design in the native habitat of N. attenuata (Great Basin Desert,
Utah, USA) and compared herbivore damage to these plants (Figure 3). Field-grown
irJAZd plants showed similar levels of damage from native herbivores, mirids (Tupiocoris
notatus), flea beetles (Epitrix spp.), and noctuidae larvae (Spodoptera spp.) compared to
WT plants, providing additional evidence that NaJAZd has only a minor role in defense
against biotic and abiotic stresses. This prompted our intensive search for alternative

functions of this protein.

NaJAZd-deficiency causes increased flower abscission
NaJAZd-silencing only slightly affected defense responses. Considering the
extensively described role of JA in growth and development (reviewed in [9]), we decided

to carefully examine the growth and development of irJAZd plants. The irJAZd plants
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showed no obvious vegetative growth deficiencies: they had similar size of rosettes, leaf
shape, and stalk length (data not shown). However, in contrast to vegetative growth, their
reproductive fitness was significantly compromised. During the harvesting of seeds, we
noticed that irJAZd plants produced significantly less seed mass compared to WT plants.
When we carefully counted the number of mature seed capsules during entire reproduction
of WT and irJAZd-4 and -8 plants, both irJAZd lines had about 20% fewer capsules
compared to WT (Figure 4).

We hypothesized that NaJAZd was involved in flower initiation, which would
ultimately affect the lifetime seed capsule production in irJAZd plants. However, the
numbers of flower buds in irJAZd plants seemed comparable in WT and irJAZd plants and
flower parameters such as degree of flower opening, pollen maturation or length of pistils
were not visibly altered in irJAZd plants. In addition, we examined if self-pollination
ability was impaired in irJAZd flowers by hand pollination experiments using ripe pollen
from the same flowers by spreading pollen on stigma with fine brush (Figure S5). The hand
pollination, assuring that each stigma received sufficient amount of pollen in a timely
coordinated fashion, failed to recover the formation of seed capsules in irJAZd to WT
levels. These results suggested that irJAZd flowers have normal anthesis but another
problem in flower development. We therefore conducted another more detailed experiment
in which we quantified flower production distinguishing 4 categories: buds, elongated
flowers, fully opened flowers and abscised flowers, which were counted every 3 d starting
42 d after germination when the first buds and a few elongated flowers but no open flowers
were present on the plants (Figure 5). To prevent mixing of abscised flowers from different
plants, we placed each single plant in individual 30 x 52 cm plastic tray which captured all
abscised flowers. While irJAZd plants had similar or even higher number of buds and
elongated flowers, they produced significantly fewer open flowers on 48, 51, and 63 d-old
plants and correspondingly higher numbers of abscised flowers at these and additional time
points. Notably, the abscised flowers were all fully open flowers; abscission of younger
stages or flower buds was not occurring. These data suggested that the function of NaJAZd
is to prevent flower abscission in the later stages of flower development that directly affects
lifetime production of seed capsules and fitness of N. attenuata. Whether this was mediated

by direct function of NaJAZd in flowers was examined next.
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Phytohormones and gene expression in V. attenuata flowers

To elucidate the molecular mechanisms involved in NaJAZd-regulated flower
abscission, we analyzed the levels of phytohormones and flower-related gene expression at
four different developmental stages of flowers in WT and irJAZd plants: buds (F1), early
elongated flowers (~ 10 mm length, F2), fully elongated flowers (still green and completely
closed corollas, F3) and open flowers (completely opened white corollas, F4). First, we
determined the expression of NaJ4Zd in WT and irJAZd flowers to examine if (1) NaJAZd
is expressed in stage-specific manner, and (2) to evaluate the efficiency of gene silencing in
irJAZd flowers by RNAI. In WT plants, the gene showed comparably high transcript levels
during F1-F3 stages but its expression declined in the F4 stage. NaJAZd transcript level was
strongly reduced in irJAZd flowers compared to WT levels (Figure 6A).

Ethylene is known to be one of the important signals controlling flower abscission
in plants (reviewed in [49]). The analysis of nearly 300 plant species showed that flower
abscission in plants is highly sensitive to ethylene [50]. We therefore investigated the levels
of ethylene and its possible role in enhanced flower abscission in irJAZd plants. Ethylene
emissions increased in a stage dependent manner; however, we found no significant
differences between WT and irJAZd flowers at all examined developmental stages (Figure
6B). These data suggest that enhanced flower abscission in irJAZd plants is independent of
ethylene concentrations in irJAZd flowers.

Because JA is also known to regulate flower development in plants, we analyzed JA
and JA-Ile levels using entire homogenized flowers. Interestingly, at three developmental
stages (F1, F2, and F3) irJAZd flowers had significantly reduced levels of JA and JA-Ile
compared to WT flowers (Figure 6B). It suggested that NaJAZd may be regulating flower
abscission process via the regulation of JA and JA-Ile levels and/or JA-Ile-mediated
signaling process. How a putative negative regulator NaJAZd contributes to the
accumulation of JA remains to be elucidated.

Finally, we examined the expression of several flower development-related genes.
The R2R3-MYB transcription factors are known to regulate stamen maturation, flower
opening and nectar production (reviewed in [51]). Recently, the function of MYB305 gene
in controlling flower opening and floral nectar production in petunia, N. tabacum and N.
attenuata was reported [52,53]. The N. attenuata plants strongly silenced in the expression

of MYB305 showed premature flower abscission in early flower developmental stages
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because their flowers failed to enter anthesis and eventually, these plants could not produce
any seed capsules due to a lack of self-fertilization. Although irJAZd flowers did not show
anthesis-related phenotypes as described in the previous section, premature flower
abscission phenotype strongly resembled those of irMYB305 plants but the abscission was
shifted to later stages in flower development. To examine a possible relationship between
NaMYB305 and NaJAZd, we analyzed NaMYB305 expression at four different stages of
WT and irJAZd flowers (Figure 6C). In both WT and irJAZd flowers, NaMYB305
expression gradually increased from F1 to F3, corroborating previous studies [52].
However, the irJAZd flowers contained significantly fewer NaMYB305 transcripts than did
F4 stage WT flowers, suggesting that NaJAZd might be required for maintaining the
appropriate levels of NaMYB305 in open stage flowers. Because fully silenced
irNaMYB305 plants lost all their flowers, it is likely that moderate reductions in
NaMYB305 levels observed in this study could be responsible for the abscission of a certain
portion of flowers in irJAZd plants.

To further examine the NaMYB305 deficiency, we analyzed the expression of
NaNECI (nectarine 1) and NaCHAL (chalcone synthase) genes (Figure 6C) which are
located downstream of MYB305 regulator in petunia and tobacco [52,54,55]. Consistent
with NaMYB305 expression, NaNECI was similarly down-regulated in F4 stage flowers in
irJAZd plants compared to WT flowers. However, NaCHAL expression was not
significantly different between WT and irJAZd flowers (Figure 6C), showing an expression

pattern which tracked flower ethylene emissions (Figure 6B).

Global transcriptional changes associated with NaJAZd-silencing in V. attenuata

leaves

Because NaJAZd gene was strongly induced by W+OS treatment in the leaves, we
conducted an additional microarray experiment focused on global leaf gene expression 2 h
after W+OS-treatment. NaJAZd-silencing down-regulated a large numbers of genes (10321
of 43504 microarray probes) but it up-regulated only a relatively small number (38) of
genes. The list of more than 3 times up- and down-regulated genes in irJAZd plant
compared to WT plants was annotated and categorized according to established GO

categories (Table S1 and S2). Interestingly, several primary metabolic genes, such as sugar
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transporter SWEET3 (4.93-fold), unknown glycosyltransferase (4.17-fold), fructokinase
(3.76-fold), putative beta-1, 3-glucan synthase (3.76-fold) and 6-phosphofructokinase 4
(3.7-fold) were strongly down-regulated in irJAZd leaves compared to WT leaves. These
results suggest that, apart from direct changes in flowers caused by NaJA4Zd-silencing, the
enhanced flower abscission phenotype in irJAZd plants could be due to a reduced nutrient
availability in the flowers as leaves are providers of all essential nutrients required for
successful flower development. Previous studies suggested that JA signaling may regulate
sink-source relationship by regulating expression and accumulating vegetative storage
proteins (VSPs) in soybean plants [56,57]. Further experiments are required to elucidate the

emerging pleiotropic roles of NaJAZd in plant metabolism, development and defense.

Discussion
NaJAZd is a minor defense regulator in V. attenuata

Previously, a dominant negative truncated forms of NtJAZland NtJAZ3 proteins
from N. tabacum, a close homologues of N. attenuata NaJAZd and NaJAZa, respectively,
repressed the MeJA-induced nicotine and related alkaloid accumulations in cultivated
tobacco cells [35]. However, truncation of JAZ proteins affects the overall JAZ-mediated
signaling so the plants become completely “deaf” to JA signaling. In other words,
experiments with truncated JAZs can only tell us that certain metabolites, such as nicotine,
are indeed JAZ-regulated but cannot pinpoint the causative JAZ protein(s) involved. In
contrast, targeted gene silencing is more useful but such analyses are frequently
confounded by redundancy of gene function, and/or the lack of sophisticated, ecologically-
realistic phenotypic screens. Despite predicted and/or observed redundancy in the function
of JAZ proteins [16,17,58], we reported that NaJAZh alone is able to suppressed the
accumulation of two herbivore-induced defense metabolites, HGL-DTGs and TPIs in N.
attenuata. In addition, silencing of NaJAZh by RNA1 strongly reduced the performance of
M. sexta larvae on these plants [31]. In these follow up experiments, we therefore used gene
silencing to examine the function of NaJAZd.

Overall, our data suggest that NaJAZd protein is another negative JAZ regulator
involved in defense, particularly in nicotine accumulation. NaJAZd-silencing allowed
higher accumulation of nicotine in simulated herbivory-treated plants at 48 and 72 h

(Figure 2C). Regulation of nicotine levels by NaJAZd was specific to this alkaloid as other
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defensive secondary metabolites such as HGL-DTGs or TPIs, previously shown to be
controlled by NaJAZh [31], were not altered. However, the control of NaJAZd over
nicotine levels was marginal as irJAZd plants did not contain constitutively increased
nicotine levels as would be expected if NaJAZd was a master repressor of nicotine
biosynthesis. Previously, silencing of NaJAZh, a master repressor of HGL-DTGs and TPIs
caused significant increase in basal levels of these otherwise inducible metabolites in
irJAZh plants [31]. Eventually, the changes in nicotine levels in NaJAZd-silenced plants
were not sufficient to affect growth of a specialist herbivore M. sexta feeding on irJAZd
plants in glasshouse (Figure 2A) and several natural herbivores of N. attenuata in native
habitat of this plant (Figure 3).

Our initial data suggested that NaJAZd may not be a major player in defense. We
therefore searched for alternative functions of this protein, finding an independent, fitness-
related role of NaJAZd. The expression of NaJAZd was required for WT-level retention of
flowers in the N. attenuata inflorescences, a finding not unsurprising as JA is known to
control various aspects of flower development. Furthermore, functional specialization of
JAZ proteins in both defense and growth has already been proposed by other authors
[10,30,31].

NaJAZd affects JA signaling in flowers and counteracts flower abscission

The irJAZd plants were not different from WT in their vegetative growth; however,
more irJAZd flowers abscised compared to WT, which significantly reduced the number of
mature seed capsules (Figure 4 and 5). Ethylene is known to be a critical regulator of
flower abscission (reviewed in [49]), but in follow up analyses, ethylene emissions were
found not to be altered in irJAZd flowers compared to WT (Figure 6B). Plants blocked in
ethylene perception (efr/ mutants) show a typical flower corolla retention phenotype and
corollas remain attached to even ripe capsules [59-61], demonstrating that perception of the
post-pollination ethylene burst triggers corolla abscission after successful pollination [61-
63]. However, in irJAZd plants, whole flowers are abscised after separation of pedicels
from inflorescences, a distinctly different process from that of the ethylene-mediated
corolla abscission.

In contrast to ethylene, the patterns of JA and JA-Ile accumulation are altered in

irJAZd flowers compared to WT (Figure 6B), which re-connects NaJAZd to its expected
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function as an endogenous regulator of JA signaling, albeit in flowers. It has been widely
reported that JA affects flower development [23,64,65], but JA function has been typically
associated with male sterility. For example, defects in pollen maturation and pistil
elongation disabled efficient self-pollination in COIl mutant plants [14,66,67]). Here, our
data provide a novel insight into JA function in flower development. This phenotype is
likely a combined effect of reduced JA and JA-Ile levels and/or impaired JA signaling due
to silencing of NaJAZd repressor in the flowers. At present, no other JA-deficient M.
attenuata plants, including irAOC (strongly silenced in expression of allene oxide cyclase)
and irCOI1 (silenced in expression of coronatine insensitive 1) plants have been reported to
show similar flower abscission phenotype. Whether the effect of NaJAZd is on the enzymes
that degrade JA or promotes JA biosynthesis in the flowers by suppressing a putative
negative regulator of biosynthetic genes, remains to be determined. From our data and the
expression of the key flower regulator NaMYB305, we propose that the function of
NaJAZd is to maintain optimal levels of JA throughout flower development, which in turn,
provides sufficient expression and function of MYB305 transcriptional regulator.
Previously, plants silenced in expression of NaMYB305 gene were completely sterile due to
a complete abscission of buds and early elongated flowers [52]. The silencing of
NaMYB305 in N. attenuata was partially counteracted by inhibiting ethylene perception
with 1-MCP treatments, and it is therefore possible that the lack of NaJAZd and
dysfunction of MYB305 may be caused by an exaggerated sensitivity to otherwise normal
levels of ethylene in irJAZd flowers.

The homologues of NaMYB305 in petunia and N. tabacum regulate flower-specific
flavonoid biosynthetic genes (phenylalanine ammonia-lyase; PAL, chalcone isomerase;
CHI, and chalcone synthase; CHS) and two nectarines (nectarinl; NECI, nectrainS; NECY).
Nectarines, in particular, are known to be involved in direct flower defense which may
reconnect NaJAZd function back to defense. Previously, NEC1 has been shown to control
the production of hydrogen peroxide (H»O;) in nectar together with NEC3 and NEC 5
proteins and high levels of antimicrobial H;O, (up to 4 mM) are thought to protect the
gynoecium and developing ovules from invading microorganisms [55,68,69]. Recently,
MYB305 has been also shown to mediate additional functions in the maturation of the

tobacco nectary by controlling the expression of several starch metabolic genes [53].
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Although we found altered JA levels and direct changes in flower gene expression,
it should not be forgotten that NaJAZd is strongly regulated by herbivory stress in N.
attenuata leaves. The regulatory role of NaJAZd over several primary metabolic genes in
leaves during simulated herbivory, as revealed by microarray analysis of the leaves, offers
an alternative mode of action for NaJAZd via control and/or redistribution of nutrients,

which then might indirectly affect flower and capsule development in N. attenuata.

Conclusions

Increased flower abscission in NaJAZd-silenced plants points to a novel function of
JAZ proteins in plants. The absence of NaJAZd negatively affected the fitness of plants as
the production of seed capsules (and seeds) in irJAZd plants were reduced by around 20
percent. Our data suggest that NaJAZd is required for a proper accumulation and/or
maintenance of NaMYB305 transcript levels in developing flowers, revealing a new
function and requirement of NaMYB305 in flower retention during later stages of flowering

that can optimize fitness and seed production in plants.

Materials and Methods
Plant material and growth conditions

All experiments were conducted with 31% inbreed generation of N. attenuata. Seeds
were germinated and grown in the glasshouse as previously described in Kriigel et al. [70].
Plants were maintained under 16 h daylight supplemented by Philips Master Sun-T PIA
Agro 400 W or 600 W sodium lights at 23-25 °C and 8 h dark at 19-23 °C, 45 to 55 %
relative humidity.

To generate inverted repeat (ir) JAZd plants, we cloned a 303 bp fragment of
NaJAZd gene (Figure S1A) as an inverted repeat into pSOLS transformation vector [71]
containing hygromycin (hptll) resistance gene as plant selection maker (Figure S1B).
Agrobacterium tumefaciens-mediated plant transformation was conducted essentially as
described in Kriigel et al. [70]. The best NaJAZd-silenced, single T-DNA insertion
transgenic lines (irJAZd-4, -8, and -10) were selected on hygromycin and subjected to
Southern blot (Figure S1C) and quantitative real-time PCR (qPCR) analyses as described in
Oh et al. [31].
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Experiments were conducted with transition leaves (i.e., leaves undergoing the
source-sink transition at node -1) using approximately 30-d-old rosette-stage N. attenuata
plants. Four different developmental stages of flowers were collected from approximately

57-d-old flowering N. attenuata plants.

Quantitative real-time PCR

Total RNA was extracted from approximately 100 mg of frozen leaves or flower
tissues ground in liquid nitrogen using Trizol reagent as recommended by manufacturer
(Invitrogen). Total RNA was treated with RQ1 RNase-Free DNase (Promega), phenol
extracted and precipitated by addition of 3M sodium acetate (pH 5.2) and 100% ethanol.
First strand cDNA was synthesized from 1 pg of RNA using oligo-dT primer (Fermentas)
and RevertAid™ H Minus reverse transcriptase (Fermentas) following manufacturer’s
protocol. Quantitative real-time PCR (qPCR) was conducted with the core reagent kit for
SYBR Green I (Eurogentec) and gene-specific primer pairs (Table S3) using Mx3005P
PCR cycler (Stratagene). Relative transcript abundances were calculated from dilution
series of standard curves and normalized by NtEF 1o gene (N. tabacum elongation factor

la) expression.

Herbivore performance in the glasshouse
To determine herbivore performance, freshly hatched specialist herbivore M. sexta
neonates were placed on selected rosette leaves of 20 each WT and 2 independent irJAZd

line plants (irJAZd-4 and -8). The larval fresh mass was measured on 4th, 6th, 8th, IOth, 12" d

after initial feeding.

Phytohormone analyses

To determine JA, JA-lIle, SA and ABA levels in WT and irJAZd plants,
phytohormones were extracted from approximately 100 mg frozen leaves or flowers. Plant
tissues were homogenized with 1 mL of internal standard (200 ng of [*H,]JA, and 40 ng
each of JA-[*C¢]lle, [*H4]SA and [2H6]ABA)-spiked ethyl acetate and 2 steel balls in a
Genogrider 2000 (SPEX Certi Prep) at 1000 strokes per minute for 10 min. The extracts
were centrifuged at 16,100 g at 4 °C for 15 min, and the upper organic phases were

transferred and dried in vacuum concentrator (Eppendorf) at 30 °C. The residues were
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resuspended in 500 pL (for leaf) or 200 pL (for flowers) of 70 % (v/v) methanol: water and
centrifuged. 10 pL of particle free supernatant was analyzed in Varian 1200 LC-ESI-
MS/MS system (Varian) as described in Oh ef al. [31].

Ethylene emissions were measured with a photoacoustic spectrometer (INVIVO;
https://www.invivo-gmbh.de) as described in von Dahl et al. [72]. irJAZd and WT plants
were grown in the glasshouse until flowering stage and 5 flowers were collected from each
stage of flowers and used for ethylene measurements in 250 mL flasks. Flowers were
incubated for 5 h to accumulate ethylene in the flasks and accumulated ethylene in the head
space was flushed with a 130 to 150 mL/min flow of purified air into spectrometer and
measured against known amount of ethylene standard. The results were normalized by

fresh mass of flowers used in each measurement.

Analysis of secondary metabolites by HPLC

Plants materials (~100 mg) were homogenized with 1 mL of acetate buffer (60 %
buffer A; 2.3 mL/L of acetic acid, 3.41 g/L ammonium acetate adjusted to pH 4.8 with 1 M
NH4OH, and 40 % (v /) methanol) and analyzed by HPLC (Agilent-HPLC 1100 series)
coupled with PDA (Photo Diode Array, Agilent) and ELS (Evaporative Light Scattering,
Varian) detectors as described in Oh et al. [31].

Field bioassays

The field experiments were performed in the native habitat of N. attenuata, the
Lytle Ranch Preserve, Utah, Santa Clara, USA. The release of transgenic plants was carried
under APHIS notification 06-242-3r-a3 and the seeds were imported to USA under permit
number 07-341-101n. The seeds of EV and irJAZd-8 plants were germinated on the seeds
on Gamborg’s B5 medium as described in earlier section (Plant material and growth
conditions). About 15 d-old seedlings were transferred to pre-hydrated 50 mm peat pellets
(Jiffy 703, http://www jiffypot.com) and seedlings were gradually adapted to the high light
and low relative humidity of the habitat over a 2-week-period. Finally, pre-adapted rosette-
stage plants were transplanted on the field plot and watered daily until roots have
established, approximately 2 weeks, then plants were grown without watering. 15 pairs EV
and irJAZd-8 plants were planted and grown in the field plot and monitored for damage

from native herbivores. Damage of plants by natural herbivores was determined by
114



Manuscript III — Functional study of NaJAZd

estimating the percentages of total leaf area of plants, which was damaged by each
herbivore, Noctuidae larvae, Spodoptera spp.; flea beetles, Epitrix species; mirids,
Tupiocoris notatus. A result of representative measurement conducted on 15", May, 2010

is shown in the Figure 3.

Seed capsule and flower counts

The number of seed capsules and four different developmental stages of flowers
(buds, elongated-, open-, and abscised flowers) were counted in 3 d intervals from 42 d
until 63 d after germination that covered complete reproductive stage of N. attenuata
plants. Seed capsules were counted after complete maturation of plants. For counting
abscised flowers, the plants were placed in separate plastic trays (30 X 52 c¢m) and kept
apart to avoid mixing of abscised flowers. Every 3 d, buds, elongated- and open flowers on

the plants, and newly abscised flowers on each tray were counted.

Hand-pollination experiments

Plants were kept in the glasshouse until flowering stage (approximately 55 d after
germination) and all fully elongated but still green flowers of each WT, irJAZd-4 and
irJAZd-8 plants were labeled previous evening and half of the flowers were hand-pollinated
when the flowers opened next morning. Control half-set of the plants remained intact and
was allowed to self-pollinate only. Hand-pollinations were repeated 4-times with ripe
pollen from the same flowers by spreading pollen on stigma with fine brush and the
percentage of mature capsules resulting from hand- and self-pollinated flowers were

counted after 10 d period.

Microarray experiment

Untreated and W+OS-treated leaves of 30-d old WT and irJAZd-8 plants were used
for microarrays. Total RNA was extracted as described in Kistner and Matamoros, [73] and
cDNA preparation and hybridizations were performed as described in Kallenbach et al.
[74]. Raw microarray data were normalized by 75 percentile and log 2 transformed and
processed by SAM software version 3.11 (Significance Analysis of Microarrays; Stanford
University, USA; [75]). For selection and annotation of genes, false discovery rates (FDR)

< 2.09 % and greater than 3-fold signal changes (irJAZd vs. WT) were used. The genes
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were annotated after processing each entry by Blast-X program (E-value < 1-5e¢) and

classified into groups based on GO classification from TAIR (http://www.arabidopsis.org).

Statistical analyses
Data were analyzed with StatView 5.0 software (SAS institute) using appropriate
methods such as Student t-test for pair comparisons and ANOVA Fisher’s PLSD for

multiple samples.
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Figure legends

Figure 1. Regulation of NaJAZd transcripts and silencing efficiency in irJAZd plants.
(A) NaJAZd transcript abundances = SE were determined by quantitative real-time PCR
(qPCR, n=3) in samples from WT N. attenuata leaves treated with wounding and water
(W+W), wounding and M. sexta oral secretions (W+OS) harvested at 0, 1, 2, 3, and 24 h
after elicitation (control leaves remained untreated). (B) Transcript abundances = SE of
NaJAZd determined in untreated (control) and 1 h W+OS-treated leaves of three
independent inverted repeat (ir)-NaJAZd-silenced genotypes (irJAZd-4, -8, and -10) by
gPCR (n=3). Signals in A and B were normalized by house-keeping EFI [tfanscript
abundances determined by qPCR in the same samples. Different letters in B indicate
significant differences among the combination of genotypes (WT vs. independent NaJAZd
silenced lines, irJAZd-4, -8, 10) and treatments determined by one-way-ANOVA (P <
0.05).

Figure 2. Defense responses against specialized herbivore M. sexta are mostly
unaltered in irJAZd plants. (A) Herbivory performance of M. sexta on rosette leaves of
WT and two independent irJAZd lines (irJAZd-4 and -8) was determined by measuring
larval mass at 4, 6, 8, 10 and 12 d after placement of a freshly hatched neonate on the
plants. Mean fresh masses = SE of irJAZd-4 and -8-fed caterpillars (n=20) were not
significantly different from WT-fed caterpillars. (B) Mean + SE levels of JA-Ile (n=3)
determined by LC- ESI-MS/MS showed no significant differences in irJAZd compared to
WT leaves. (C) Mean + SE levels of nicotine (n=3) determined by HPLC coupled to PDA
(Photo Diode Array) detector were significantly higher at 48 and 72 h after W+OS
treatment of irJAZd plants compared to WT. Statistical differences in (A)-(C) were
determined by one-way-ANOVA (P < 0.05). Different letters in C indicate significant
differences among the different genotypes (WT vs. independent NaJAZd silenced lines,
irJAZd-4, -8, 10) at the same time points. FM, fresh mass.

Figure 3. Plant damage caused by herbivores in N. attenuata’s native habitat. EV and
irJAZd-8 plants were planted in a size-matched paired-design in their native habitat, Great
Basin Desert, Utah, USA and natural herbivore damage was scored throughout the 2010

field season. Herbivore damage was determined as the % of leaf canopy damaged by (1)
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cell-damaging feeding of Tupiocoris notatus mirid bugs (mirids), (2) the small feeding
holes that characterize flea beetle feeding, and (3) leaf chewing Lepidopteran larvae

(Noctuidae).

Figure 4. NaJAZd-silencing negatively affects seed capsule production. WT and two
independent of irJAZd lines (irJAZd-4 and -8) were grown in the glasshouse and their
capsules were counted at specified time points. irJAZd plants produced significantly fewer
seed capsules at 51, 54, 57, 60 and 63 d after germination compared to WT plants;
significant differences between genotypes were determined at each time point by one-way-
ANOVA (**P< 0.01, ***P < 0.001). There were no significant differences in number of
seed capsules between two independent irJAZd lines (irJAZd-4 and -8).

Figure 5. NaJAZd counteracts flower abscission in N. attenuata. Each individual plant
was placed in an individual plastic tray (30 x 52 cm) in the glasshouse to avoid mixing of
abscised flowers, and number of buds (A), elongated flowers (B), open flowers (C), and
abscised flowers (D) in each plant from 42 d to 63 d after germination was determined in 3
d intervals. Both irJAZd-4 and -8 plants had similar number of buds and elongated flowers
as WT plants but displayed significantly reduced numbers of open flowers (significant at
48, 51, 63 d) and higher numbers of abscised flowers (significant at most time points)
compared to WT plants. Significant differences between genotypes were determined

separately for each time point by one-way-ANOVA (*P< 0.05, **P<0.01, ***P < 0.001).

Figure 6. NaJAZd regulates phytohormone levels and flower development-related
genes. WT and irJAZd plants (irJAZd-4 and -8) were grown in glasshouse and 4 different
developmental stages of flowers (F1, F2, F3, and F4) were collected 57 d after germination.
(A) Transcript abundances of NaJAZd determined by qPCR in irJAZd flowers were
significantly lower compared to WT. (B) Mean JA and JA-Ile levels + SE determined by
LC-ESI-MS/MS and mean ethylene levels £ SE measured by photoacoustic spectrometer
using 5 flowers of each stage. (C) Transcripts abundances of flower development-related
genes, NaMYB305, NaNECI, and NaCHAL determined by qPCR: irJAZd-8 plants were
impaired in expression of NaMYB305 and NaNECIgenes in last stage of flower

development (F4) while NaCHAL transcripts remain unaltered in irJAZd-8 compared to
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WT flowers. Bars in (C) show EFI /nprmalized relative transcript abundances + SE
(n=4). Statistical differences in phytohormones, JA, JA-lle, (n=4) and transcript
abundances were determined by Student t-test, and differences in ethylene was determined
by one-way-ANOVA. Asterisks represent significant differences between WT and irJAZd
in same stage of flowers (*P<0.05, **P< 0.01, ***P<0.001). FM, fresh mass.

Supporting information

Figure S1. Generation of stable NaJAZd-silenced N. attenuata plants. (A) A 303bp
region in NaJAZd gene used for gene silencing is shown in red letters. (B) The pSOL8JAZd
vector containing inverted repeat of NaJAZd gene used for Agrobacterium tumefaciens-
mediated transformation and generation of stably silenced N. attenuata irJAZd plants. (C)
Southern blot analysis of 6 independently transformed irJAZd (irJAZd-1, -2, -4, -8, and -
10) lines and WT. The genomic DNA was digested with Xbal enzyme and hybridized with
a *?P-labeled probe coding for the hygromycin resistance gene located between right and
left T-DNA borders of the transformation vector pSOL8JAZd. The black boxes indicate
single T-DNA insertion lines selected for further experiments: irJAZd-4, -8 and -10.

Figure S2. Transcript abundances of other NaJAZ genes in irJAZd plants. Transcript
abundances of other NaJAZ genes were determined by qPCR in the leaves of irJAZd and
WT plants before and 1h after W+OS elicitation; bars indicate EF/ /mprmalized relative
transcript abundances + SE (n=3) and different letters indicate significant differences
among the combination of genotypes (WT vs. independent NaJA4Zd-silenced lines, irJAZd-
4, -8, 10) and treatments determined by one-way-ANOVA (P <0.05).

Figure S3. NaJAZd-silencing does not significantly alter basal or herbivory-induced
phytohormones levels. Rosette stage plants of WT and irJAZd (irJAZd-4, -8 and -10) were
treated with W+OS and harvested before, 1 and 2 h after treatment. Mean + SE levels of
JA, ABA and SA (n=3) were determined by LC- ESI-MS/MS using internal deuterium-
labeled phytohormone standards. Different letters indicate significant differences among
the different genotypes (WT vs. independent NaJAZd silenced lines, irJAZd-4, -8, 10) at
the same time points by ANOVA (P <0.05). FM, fresh mass.
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Figure S4. NaJAZd-deficiency does not affect levels of defense-related secondary
metabolites, HGL-DTGs and TPIs, in irJAZd plants. Rosette stage WT and irJAZd
(irJAZh-4, -8 and -10) plants were treated with W+OS and harvested before and 24, 48, and
72 h after treatment for determination of total HGL-DTGs levels and trypsin protease
inhibitors (TPIs) activity. (A) Mean + SE levels of total HGL-DTGs measured by HPLC
coupled to ELS (Evaporative Light Scattering) detector (n=3). (B) Mean + SE levels of
TPIs determined by radial diffusion assay (n=3). Different letters in A and B indicate
significant differences among the different genotypes (WT vs. independent NaJAZd
silenced lines, irJAZd-4, -8, 10) at the same time point determined by one-way-ANOVA (P
<0.05). FM, fresh mass.

Figure S5. Hand-pollination does not rescue seed capsule formation in irJAZd plants.
Plants were kept in the glasshouse until flowering stage (approximately 55 d after
germination) and, in the previous evening, all fully elongated flowers ready to open next
morning were labeled with color strings. In half of the plants, hand- pollination was
conducted while second half remained exclusively self-pollinated. Approximately 10 days
later, mature seed capsules resulting from labeled flowers in each group were counted and
percentage of capsules originating from self- and hand-pollination groups of WT and
irJAZd plants were determined (n=24). Different letters indicate significant differences
among the different genotypes (WT vs. independent NaJAZd-silenced lines, irJAZd-4, -8)
at the same condition determined by one-way-ANOVA (P < 0.05).

Table S1. Up-regulated genes in irJAZd plants compared to WT plants determined by

microarrays

Table S2. Down-regulated genes in irJAZd plants compared to WT plants determined by

microarrays

Table S3. Primer sequences used in quantitative real time PCR (qPCR)
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure S1.
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Figure S2.
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Figure S3.
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Figure S4.

136

B WT O irdAZd-4
A O irJAZd-8 B irJAZd-10
E 50000 -
o 40000
3
§ 30000 -
B 20000 | a8
5 10000 4 &
4
O 0 A
T 0 24 48 72
B
15 - a
;
>0 b
S92 10 ) b
e
T
T E
F o 0.5 1
=
0.0 + meec—r=1
0 48

Time after treatment (h)



Manuscript III — Functional study of NaJAZd

Figure S5.
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Table S1.

138

Table S1. Up-regulated genes in irJAZd plants compared to WT plants determined by microarrays

Fold

Bincode

Classification Change (TAIR) Annotation Gene ID ACC number
TCA / org. transformation. 430 83 Carbonate dehydratase Na_454_18630 P27141
Miscellaneous enzyme families 439 2812 Peroxidase Na_454_32590 Q9XIV8
RNA.regulation of transcription 411 27.35 ARR17 (ARABIDOPSIS RESPONSE REGULATCR 17) Na_454_26424  NP_567037
349 27399 Leucine zipper factor-related Na_454_15857 NP_563798
DNA.synthesis/chromatin structure 372 2813 Histone H1 Na_454_08010 AAC41651
Protein.targeting.nucleus 3.02 29.31 IMPORTIN ALPHA ISOFORM 2 Na_454_15992 ABMO05488
Protein.postranslational modification 3.05 294 Protein kinase Na_454_34744 CAA50374
Signalling.receptor kinases 350 30.2.26 CCR1 (ARABIDOPSIS THALIANA CRINKLY4 RELATED 1)  Na_454_31246  NP_187589
Table S1. (continued)
: " Fold Bincode "
Classification Change (TAIR) Annotation Gene ID ACC number
Not assigned 26.28 35.1 Carbon-nitrogen hydrolase family protein Na_454_20897 NP_196765
485 351 Carbon-nitrogen hydrolase family protein Na_454_17587 NP_196765
3.00 351 Glycosyl transferase family 1 protein Na_454_37011 NP_173105

* Microarray data is processed by SAM after 75% percentile normalization (FDR=2.09).
* Up-regulated genes were determined by a greater than 3-fold induction of normalized signals in their expression ratio (irJAZd / WT) of 2Zh-WOS

treated leaves. The values are the average ratio of 3 biclogical replicates of the microarrays.
* All changes in gene expression were statistically significant by t-test (P < 0.05)

* Gene annotation is processed by Blast X (E-value < le-5)

* Classification of genes is based on GO classification from TAIR (http://www.arabidopsis.org).
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Table S2.

Table S2. Down-regulated genes in irJAZd plants compared to WT plants determined by microarrays

Fold

Bincode

Classification Change (TAIR) Annotation Gene ID ACC number
Major CHO metabolism 386 2211 Fructokinase Na_454_08965 NP_001234206
Minor CHO metabolism 3.76 3860 Putative beta-1,3-glucan synthase Na_454_25961 AAK49452
Glycolysis 370 425 6-phosphofructokinase 4 Na_454_38726 NP_001032120
Cell wall 379 10.1.9 UDP-glucose 4-epimerase Na_454_18676  AAP42567
328 1052 Proline-rich protein Na_454_40169 AAF28387
Amino acid metabolism 502 13.1.3141 Asparagine synthetase 3 Na_454_21256 NP_001031864
319 13234 S-adenosyl-L-homocysteine hydrolase Na_454_21170 AAV31T754
Secondary metabolism 417 16.8.3 Glycosyltransferase Na_454_07441 ADI33725
299 16.4.1 Iron ion binding / oxidoreductase/ oxidoreductase protein Na_454_22715 NP_190233
Hormone metabolism 307 17712 Lipoxygenase (NaLOX1b) Na_454_37768  AAP83135
Stress.abiotic 367 20.21 DnadJ-like protein isoform Na_454_21360  ABI34703
Table S2. (continued)
. " Fold Bincode .
Classification Change (TAIR) Annotation Gene ID ACC number
of Xer 337 24.10 Glyoxalase 11 3 Na_454_20653 NP_564636
Miscellaneous enzyme families 318 26.10 Cytochrome P450, family 78, subfamily A, polypeptide 10 Na_454_31815  NP_177551
RNA regulation of transcription 813 27322 Class 2 knotted1-like protein Na_454_34641 BAF95776
RNA.RNA binding 3.64 2740 RNA recognition motif-containing protein Na_454_41880 NP_973888
Protein.synthesis 331 2923 Eukaryotic translation initiation factor SUI1-like protein Na_454_11378  NP_177291
Protein.postranslational modification 355 2940 Protein kinase family protein-like Na_454_17022 BAD61275
348 2940 O-methyliransferase Na_454_25230 AAA34088
947 2941 Putative serine/threonine protein kinase Na_454_15886  AAC69450
328 29441 MAP kinase, putative Na_454_21759  AAM20643
Protein.degradation 3.39 2951142 RING/U-box domain-containing protein Na_454_30344 NP_175132
320 2951142 E3 ubiquitin-protein ligase ATL41 Na_454_21141  NP_181765
371 2955 Serine carboxypeptidase-like 16 Na_454_04811 NP_566414
Signalling 395 30.11 PAR-1c (photoassimilate-responsive 1c) Na_454_25707  CAA58732
330 30.11 Phytochrome F Na_454_38145  AAC49301
296 30.2.99 Leucine-rich repeat-containing protein Na_454_03038  NP_188563
425 30.30 Calcium-binding EF-hand domain-containing protein Na_454_06154 NP_564623
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Table S2. (continued)

Fold

Bincode

Classification Change (TAIR) Annotation Gene ID ACC number
Development 536 33.99 Nodulin MtN3 family protein Na_454_41228 NP_200131
3.44 3399 NAC domain protein NAC2 Na_454_11638 ABKO6T797
3.06 33.30 Squamosa promoter binding-like protein Na_454_11778 ABHO7904
Transporter.sugars 493 3420 Bidirectional sugar transporter SWEET3 Na_454_16634  XP_002267886
Not assigned 11.02 35.20 Protein LURP-one-related 5 Na_454_11287 NP_178129
935 35.20 Jasmonate ZIM-domain protein 1 Na_454_02978 BAG6B8655
6.10 3520 Putative non-LTR retr reverse tr p Na_454_31619 AAD26953
465 3520 UDP-glycosyltransferase family protein Na_454_43115  NP_001190226
309 3520 Ninja-family protein AFP2 Na_454_29306  NP_563933
372 3510 Rho GTPase activation protein (RhoGAP) with PH domain Na_454_36722  NP_196776
364 3515 Pentatricopeptide repeat-containing protein Na_454_25757  XP_002273247

* Microarray data is processed by SAM after 75% percentile normalization (FDR=2.09).
* Down-regulated genes were determined by a greater than 3-fold repression of normalized signals in their expression ratio (irJAZd / WT) of 2h-WOS

treated leaves. The values are the average ratio of 3 biclogical replicates of the microarrays.
* All changes in gene expression were statistically significant by t-test (P < 0.05)

* Gene annotation is processed by Blast X (E-value < le-5)

* Classification of genes is based on GO classification from TAIR (http://www.arabidopsis.org).
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Table S3.

Table S3. Primer sequences used in quantitative real time PCR (qPCR)

Gene name Primer sequences

NaJAZa FP CAGTGAAAGCTGAGCAATTCTAGTACTC
NaJAZa RP AGCCTTAGACGAATTGAATACCTACAC
NaJAZc FP GGAAAGGGTGATGAACGCTGCA
NaJAZc RP TATGGCAATAGGCTGCCTTCAGAC
NaJAZd FP GCCTTGGCGTAACTGATGAAGTTG
NaJAZd RP GGCAGCCCAGTGCACTAAGC

NaJAZe FP CAATTTGGTCAAGGAGACGTGA
NaJAZe RP GGCTCTGATCACAATTACAAGG
NaJAZf FP CAAGTAGAGAAATGGAGGAG
NaJAZf RP GCTAGTGATGATATGGAGAAG
NaJAZh FP TTCTGCTACGCCGCAAGTACTG
NaJAZh RP GGTATGGCGCTCTAGCCGTTG
NaJAZj FP CATCATCACCAATTTCAGAGCCTTC
NaJAZj RP TCCAATTTTCCAATTTCTCCCAGCA
NaJAZk FP TCTATGGTGATGTGCCTGCTGAC
NaJAZk RP AACGGATATCCAAGCTAGCTGTTG
NaJAZl FP TTGCCAGAAGGAAATCCCTGAAGAG
NaJAZl RP TCCATCAAAAGCTAGCCCTACTTAGC
NaJAZm FP AGTGCGTCAAATTTGAGAGCACCA
NaJAZm RP GCTGCTTGAATCCTCCTTTCTCTTC
NaMYB305 FP ATGCTAAGTGGGGAAACAG
NaMYB305 RP GCAATTGCATGGACCAGA

NaNEC1 FP TGCTGTTTTTGCCGCTCCTT

NaNEC1 RP ACCACATCGTGGCACAGAGAGT
NaCHAL FP TTCACGTTTCAAGGCCCAA
NaCHALRP TGCTCCATCAGCGAAAAGG

NtEF1la FP CCACACTTCCCACATTGCTGTCA

NtEF1a RP CGCATGTCCCTCACAGCAAAAC
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Discussion

Despite the long history of plant-herbivore interactions (about 450 million years),
the first peer-reviewed scientific articles reporting that plants defense metabolites are toxic
to herbivores and affect herbivore performance and herbivore selection of host plants
according to their metabolites were published in early 1960s (Barnett, 1959; Farkas and
Kiraaly, 1962; Pringle and Scheffer, 1964). The observation of such interactions in the field
led to the hypothesis of the co-evolution of plants and herbivores, first proposed by Ehrlich
and Raven (Ehrlich and Raven, 1964). Our knowledge of plant-herbivore interactions has
greatly increased since those first papers, now including the effects of complex abiotic and
biotic factors on various plants and herbivore species (Whittaker and Feeny, 1971; McKey,
1974; Feeny, 1977; Berenbaum, 1983; Coley, 1988; Thompson, 1999; Cunningham et al.,
2001; Leimu et al., 2012). The accumulated observations of changes in morphology and
chemical composition of plants following stress or damage from herbivores led to the
proposal of optimal defense theory. Defense responses help plants to survive and propagate
in nature, but production of defense metabolites is costly (production, storage,
translocation, breakdown of functional compounds), while plants have only limited
resources to use. Plants allocate their resources to both chemical and mechanical
(structural) defense, depend on the optimized cost-benefit ratio for maximization of fitness,
considering the risk of attack (how often, what kind), how valuable plant parts are which
are being attacked, and what is the cost of defense production (McKey, 1974; Coley et al.,
1985; Karban and Myers, 1989; Zangerl and Rutledge, 1996; Ohnmeiss and Baldwin,
2000). Because plant tissues (e.g. young and old leaves, roots, flowers, etc.) have different
value depending on ontogeny, plants tend to allocate more resources to more valuable
tissues according to optimal defense. In other words, plants use different strategies of
defense to protect differently valuable tissues: (1) constitutive levels of defensive secondary
metabolites are typically much higher in reproductive, younger and developing tissues than
old tissues, (2) young tissues are more responsive to stress (herbivory) and show greater
and faster increases of induced metabolites compared to older tissues and (3) reproductive
organs such as flowers and developing seeds have the strongest defense responses, with
much higher constitutive levels of secondary metabolites compared than other organs.

Reproductive organs are obviously the most valuable tissues for annual plants because they
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bear the genetic information which will be passed on to the next generation, and attract
pollinators and seed dispersers to do so. The values of specific plant tissues can also change
over ontogeny: different developmental stages of plants respond differently to the same
type and strength of stress. Previous studies showed that younger stages of plants respond
more to stress compared to flowering stages, and the reduced responsiveness can be
recovered by removing flowers (Diezel et al., 2011). Optimal defense theory states that
tissue value and resource allocation are positively correlated in plants: it allows us to
understand herbivore behavior on the plants, their feeding patterns, and preferences for

particular stages of plants and tissue types (reviewed in (Meldau et al., 2012)).

Jasmonate signaling cascade in plants

Jasmonates are well known phytohormones that regulate defense against abiotic and
biotic stress, as well as growth and development of plants, as I described in my general
introduction. In response to jasmonates, plants accumulate a large variety of metabolites
that reflect the extreme chemical diversity of terrestrial plants. However, in contrast to the
well-characterized jasmonate biosynthesis pathway, many regulatory mechanisms of
jasmonate signaling still remain unclear. Although the jasmonate co-receptor, SCF"
complex; crucial negative regulators, JAZ proteins; and active hormone, JA-Ile, have been
discovered; precise functions of the individual JAZ proteins as repressors of jasmonate
signaling rarely have been reported (reviewed in (Kazan and Manners, 2012)). In this
dissertation, I identified a novel JAZ family (12 JAZ proteins) in the native tobacco
Nicotiana attenuata (N. attenuata), and examined the function of two individual JAZ
proteins, JAZh and JAZd, in both plant development and defense responses. In addition, I
identified a potential regulatory partner of NaJAZd, the NaMYB305 protein that is known

as a master regulator of flower development in plants.

Identification of a novel JAZ family in Nicotiana attenuata

In 2007, 12 novel jasmonate-inducible ZIM domain-containing proteins, Jasmonate
ZIM domain (JAZ) proteins, were identified by microarray analysis of methyl jasmonate
(MeJA)-treated plants (7 JAZs) and sequence homology search (5 additional JAZs) in
Arabidopsis (Chini et al., 2007; Thines et al., 2007). Following this report, JAZ proteins

were identified in many other plant species including N. attenuata. In chapter 3, we
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identified 12 putative JAZ proteins in N. attenuata that complemented three already known
JAZ1, JAZ2 and JAZ3 proteins from N. tabacum (Shoji et al., 2008). Similar to the JAZ
family discovered in Arabidopsis, all NaJAZ proteins contain two conserved domains, ZIM
and Jas, and are highly responsive to simulated herbivory. Interestingly, NaJAZ genes
showed spatially and temporally different transcript accumulation patterns in local and
systemic tissues induced by different stimuli, such as mechanical wounding, simulated
herbivory, and even in untreated tissues. These data are consistent with previous studies
which showed that wounding and herbivore feeding induced local and systemic JAZ gene
expression in Arabidopsis (Chung et al., 2008; Koo et al., 2009). In contrast to previous
studies focused on expression and systemic signaling in the leaves, I examined, apart from
the leaves, the expression and spread of systemic signals into roots. These data suggest that
a subset of JAZ proteins may actually play an important role in roots when herbivores
attack the leaves. Nicotine is a well-known defensive secondary metabolite in Nicotiana
spp. which is synthesized in roots after herbivore attack, then transported to locally
damaged leaves (Baldwin, 1989; Baldwin et al., 1997; Shoji et al., 2000; Steppuhn et al.,
2004). Accumulation of specific NaJAZ transcripts in the roots further supports the
hypothesis that JAZ proteins may have specific functions in herbivory-induced nicotine
biosynthesis and/or transport to the shoot in Nicotiana attenuata.

NaJAZ proteins can be categorized into different sub-groups according to their
structural features as described in chapter 3. It is already known that JAZ proteins have
quite diverse sequences except for the two highly conserved motifs, TIFY and Jas. Previous
studies showed that some of the J4Z genes may have alternative spliceoforms which could
play important roles in JAZ-SCF®" complex interactions and jasmonate signaling in
Arabidopsis: two spliceoforms of the AtJAZ10 protein showed differential binding
affinities to the SCF“®" complex (Thines et al., 2007; Chung and Howe, 2009; Chung et
al., 2010). I also found two cases of alternative splicing in N. attenuata: NaJAZc and
NaJAZk showed different spliceoforms (¢cDNA): while NaJAZc proteins differed in the
presence of an internal 32 amino acid sequence (NaJAZc.1 and NaJAZc.2), NaJAZk
occurred in two forms, one that completely lacked the Jas motif (NaJAZk.2) and another
which contained an incomplete Jas sequence (NaJAZk.1). Further analysis is required to
understand the exact functions of these different modifications in regulating JAZ-mediated

jasmonate signaling.
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Recently, Sheard et al. (2010) showed that JAZ proteins have a typical degradation
sequence (degron; LPIARR) in their Jas motif that is required for interaction with the
COllprotein (Sheard et al., 2010) and is therefore conserved in most AtJAZ proteins
(Chung et al., 2009). However, several AtJAZ proteins (AtJAZ 4, 5, 6, 7 and 8) have an
X3SMK sequence in the corresponding region of the degron sequence in Jas, and these JAZ
proteins are therefore unable to directly interact with SCF®"' complex (Pauwels and
Goossens, 2011; Shyu et al., 2012). N. attenuata JAZ proteins show a similar pattern: while
NaJAZa, -d, -h and -1 contain typical degron sequence, NaJAZf and -j contain the X3;SMK
sequence in the corresponding region of degron (Text 1, unpublished data). Additional
experimental evidence is required to demonstrate whether variation in the degron sequence

in NaJAZ proteins also plays an important role in interaction of NaJAZ-SCF!!

complex.
The expectation would be that degron sequence-containing NaJAZ proteins are able to
interact with NaCOI1, while this should not occur in X3SMK sequence-containing NaJAZ
proteins. Several questions arise from this assumption, such as the presence of alternative
COI proteins capable of interacting with non-degron-containing JAZ proteins, or the
intrinsic role and targets of non-degron JAZ proteins in jasmonate signaling.

The data in both Arabidopsis and N. attenuata suggest that a subgroup of JAZ

FO!' complex, or interact with

proteins require one or more co-factors to interact with SC
other adaptor protein(s), such as NINJA, to regulate distinct JAZ-mediated jasmonate
signaling. However, another subgroup of AtJAZ proteins contains LxLxL-type EAR (ERF-
associated amphiphilic repression) or DNLxxP-type EAR-like motifs in the N-terminus
region of the protein (Shyu et al., 2012). While most JAZ proteins recruit a NINJA-TPL
complex as a co-repressor of jasmonate signaling (Pauwels et al., 2010), these AtJAZ
(AtJAZS, -6, -7 and-8 ) can directly recruit TPL protein and repress downstream jasmonate-
responsive transcriptional events without the NINJA adaptor protein and its EAR motif.
Shyu et al. (2012) demonstrated that the EAR-motif is required for the AtJAZ8-mediated
response of jasmonate-dependent root growth inhibition, but not for regulation of
reproductive processes such as pollen development. In my work, I found that NaJAZf, -j,
-m and -l also contain their own LxLxL-type EAR motif, while NaJAZb contained a
DLNxxP-type EAR-like motif in its N-terminus (Text 1, unpublished data). This suggests
that these NaJAZ proteins are likely to recruit TPL protein and repress target gene

transcription without assistance from NINJA, but further experiments are required to
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confirm this hypothesis.

Alternative splicing, sequence variation, and distinct domain architectures in NaJAZ

proteins support the general theory proposed in several studies that different subgroups of

JAZ proteins have different regulatory functions with different co-regulator(s) and target

transcription factors, in order to fine-tune numerous jasmonate-controlled responses in

growth, development, and defense.

Text 1. The degradation sequence (LPIARR) and EAR (LxLxL- or DNLxxP-type) motif

in N. attenuata JAZ proteins

NaJAZe
NaJAZg
NaJAZc
NaJAzf
NaJAZj
NaJAZa
NaJAzZd
NaJAZh
NaJAZm
NaJAZ1l
NaJAZb
NaJAZk

NaJAZe
NaJAZg
NaJAZc
NaJAZf
NaJAZj
NaJAZa
NaJAzd
NaJAZh
NaJAZm
NaJAZ1l
NaJAZb
NaJAZk

NaJAZe
NaJAZg
NaJAZc
NaJAZf
NaJAZj

NaJAZa
NaJAzZd
NaJAZh
NaJAZm
NaJAzl
NaJAzZb
NaJAZk

DLNxxP-type EAR motif

MG---LTHHVKQEVIEEH-IDPAPLR-SSAMOWSFSNNISTHPQYLSFKGAQEDRLKTGF
MERDFMGLAVKQEIPEEQPTDPAMARISAILQRSFSN--KALPQYLSFKNAQGNTPKTGF
----- MGLNSKDSVVLVK-EEPVETCKDSGFRWPLSS-KVGIPHFMSLNSAQDEKP-—-—-—

———————————— MASS-EIVDSGKFSAGGGQKSHFSQTCNLLSQYLKEKKGSFGDLS~-~
------------ MGLS-EIVDSGKVT---GQKSQFSQTCNLLSQFLK-KKGSFGDLNN--
------------ MSNSQNSFDGGRRAGKAPERSNFVQTCNLLSQFIK-GKATIRDLN---
------------------------ MYCSSKVANNFLKIEKFNKNFDYQKQINESNLKG—
MDSSIIEIDFMDLNSRPQSEMAKQQTKASGMKWPFSSMANLATQAESRFFOQNYNSSP--~
------- MPPEESVSKSLLDKPLQQLTEDDISQLTREDCRRY LKLKGMRRPSWNKSQAIQ

DSLASTGLVTITTT-EAVDSSHRPYSGVTQNNMMLEKQGGTHYTSTTFSPHHYDAHSVHR
DSLASAGLVTITTSHEAVDSNYRPYTAVTQKNLMLEKQGITNY TMTTYPPHKIGTNSVQQ

-------- FKAQSAADGVDSCLKRQSGEIQN--=-=---=—===-=--———————-VHAMHL
------------------------------------------------------- MRRNC
———————————————————————————————————————————————————————— RKNC
-------- LGIHR----AG------TTTMDLFPMIEK-—~~------——------SGESN-
———————— LGIYRSFEPTGNQ--TTTTTMNLLPMIEK-—-------—-——----SGDSAE
———————— LGIAGKSEISGKSDVTEAATMDLLTIMEN---------—-------PSIETK
--------------------------------------------------------- MKH
———————— IGNNG-—========= === = e e~ ———SHRRMS
————————————————————————————————————————————————————— IVSSNSK
QVISLKALLETTPDSDAGTRKKLYIPRSDTKLHHVQRGK———----—————~~ NTDEEFI

LxLxL-type EAR motif

SHGVRVLPVSNLANQI SVSMT-MPGHKSFVSPLGON-———----————-~ PVASPISAVPT
SHEVRVLPVANQTHQI SVSTRNMHGRQPLI SPAGONLISI INQNPARGAQISSSISILPN
LHDVMMLPFNRSNPSYKTHFG-GTGQI SAAATMKQQLLG-~~~~——~ GIPVTAPHSILPS
NLELRLVPPCVSVSPKDCTTT ~ — === == = = = = = = = = = = oo
NLELRLMPPSFSFSPKSCTT == === === === === mmmm e e e
== PQKPMNLFPQ-~~TEAKS == = = = = = = = = = = = e e
KKSQKPMNLFPQEVI STTKS == === ==== === === === —m—— e
EQEQKSIDPVRQSAVTES SRD— === === = == == = = = m o oo e
RIGLQLFPLLSSSSSSEFHSS — === == m o oo o o e e e
ALELATLPGIKHDTQLPVLQR-——==========———m == e e mmm e
SSPLKSYKLTTKDSRKNSDHL === == == === === = e e e e e e
ELAEETVPDGRTLODKADLSG=-=—==—========————— === ————— DATPNL
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Text 1. (continued)

NaJAZe NSAVVGTTDLRGAPKTPPGPAQLTIFYGGSVCVYDNVSPEKAQAIMLLAGNAPPV-TPSA
NaJAZg RNGVVGTTELRGAPKTSAGPAQLTIFYAGSVSVYDNISPEKAQAIMLLAGNAQPAGIPST
NaJAZc SGSVAGITEPWFNSKGSAAPAQLTIFYGGTVNVFDDISPEKAQAIMFLAGNGCVP--PNV
NaJAZf —-PYFSMR--DNQGTEEKQQQQLTIFYNGKVVVSD-ATELQAKAIIYLAS-——-————=—
NaJAZj —-—-PYFSMNREDKENTEEKEPQQLTIFYNGKLVVSD-ATELQAKAIIYLAS-———-——————
NaJAZa = = = =  ——==——==———————c ESEKAQMTIFYGGQVIVFNDFPADKAKEIMLMASC-—-——————~—
NaJAzd = = =  ———————————————- EPEKAQMTIFYGGQVIVFDDFPAAKANEIMKLASK-—-—-——————
NaJAZh MEVAVNEPSTSKEAPKEPKAAQLTMFYDGKVIVFDDFPADKARAVMLLASKGCPQSSFGT
NaJAZm = = = = @ —==————e—e DHSVACSSTRKHITIFYNAQAGECD-ISEVQALAILWHAR--========
NaJazl = = =  ——————————————- EKSESEQLTIFYAGIVHVYDNLPVEKAQSIMDFARE-————-—-———
NaJAZb = = =  —-——m—mmmmm———— RKPESTLTIFYMGEVHIFQDITPEKAELIMDLASKSTN-—-—-—--—
NaJAZk VAAIDKSAPSRTIGSVDTSAGQMTIFYSGKVNVYDDVPADKAQTIMRVASSS———-———--—
NaJAZe TSTLSPVQAPIPKSSSVDSFVVNQSHNTT--PTLPSPISITSHCGSQSAGVSSNT-—--—
NaJAZg TSTASPVQR-IPKSSSVDAFVGNKCHRTTS-PSFSSPIPITTHGASQSIGVSNNT----~
NaJAZc VQPRFQVQASTPKLAAVDGTCVNQTSNILPASGHSSPMSVSSHPIGQSAGNSGNK——--—-—
NaJAZf = ———-ccemmmmmmemeeem e RETEENTKTSSPISESSS—————==———=——=—===
NaJAZj = ===—ccccmmcccccccccoeo——o- REMEKKIKIRSPISESSSPISEPSS-——-————--—
NaJAZa = = = = ——————--————————————— AKGNNN----——--—-——— STTQIQ--————-————————=-=
NaJAZzd = = = = ——————-—mmmmmm———— KNNNNNKONLATNIFSYPMVNNQ-———=——===——==——
NaJAZh FHTTTIDKINTSATAAATASLTCNKTNQLKPSTVSIAPPQQOKQQQIHVSYSKSDQLKPGY
NaJAZm = = = = o m e e e QVKYNN-——-———=——————————
NaJAzZl = = = W —-——mmmmmmmm—m———— SSLFSGSTNVKFPPKEAEPNQKSQVP-—-—-————————————
NaJAZb = = @ ———mmmmmmm————e LHMTEILEKANKEKYEENKSEPSTPNASTN--—--—=—=—==——=
NaJAZk = = = = —-mmmmmmmmmmmm—m—m——— LCVPSETPLNATVAAQHSTCCLQVAN-———=-———==——=
XXXSMK

or LPIARR

NaJAZe = = =  ————————————- NGVTI-IKSTGVLP-SPSNKAGLSKFSSSIGSVPATFVPSAVPQARK
NaJAZg = = = = @ —==————mm———e NQITMSIRSIGVLTNSPSNKTEPSKVVRSQESHPPSHTLSAVPQARK
NaJAZe = ————————————- DDMKI-SKTANISVETPKIMTSLGPVGAS———--—-— TIMSAAVPQARK
NaJAZf = =  —mmmmmmm e PLLQT-QTGLSMK
NaJAZj = = = —mmemmme e PLLQSPASDISMK
NaJAZa = = = = —————————————- KTAESALDLVP—-—-—-———-—-——= QPIIS—-—-————————— GDLPIARR
NaJAzd = = = = ————mmmmmm——ee NSAESVTTNLT--—--—————~— QELRSRTHVPISQSSVADLPIARR
NaJAZh NSATPQVLQQQLVHVSSTSKTDQLKPVSTSSASQKQQEQHQQTQSQTPGTSSSELPIARR
NaJAZm = = = —m e e GLSLR
NaJAZl = = = e e e e FACKFQAELPIARR
NaJAZb = = = =  —mmmm e e e - YAKGALAMARR
NaJAZk =  ==—————ememmmmmemmmemem e em e TKLRPDSDMVLLPTIQTEAVENPSSRK

Jas motif

NaJAZe ASLARFLEKRKER-VISASPYDTSKQSPECSTLGYGSRSFAKYSLGSCPPQVINLVKET
NaJAzZg ASLARFLEKRKER-ILSASPYDNSKQSSQYSTPGSSSWSFFVNSSGSSTVLPATI----
NaJAZc ASLARFLEKRKER-VMNAAPYGLSKKSGECSTPESNGVGFSATSSVGTSPLIAGKET--
NaJAZf KSLORFLOKRKNR-IQETSPYHH--========—— - ———
NaJAZj RSLORFLOKRKNR-IQATSPYHR-—— == === === === —— e —————— e ———————
NaJAZa ASLTRFLEKRKDR-LIAKAPYQLSNTNKQAAVSE-NKAWLGLGAQF-PVKAEQF-——---
NaJAZd NSLTRFLEKRKDR-ITSTAPYQICNKNAASAKNEENKAWLGLGGKFVPVKTEQFF—-——-—
NaJAZh SSLHRFLEKRKDR-ATARAPYQVVHNNPLPSSSNNNGESSSKDCEDQLDLNFKL—-----
NaJAZm KSLORFLOKRRERRIQAANPY - ————————— === - - — e — e — e —————————
NaJAzZl KSLKRFFEKRHNR-IISKHPYASPVITQHEDECNDQSGNY SLKEKNS ~===========
NaJAZb ATLARFLEKRKHR-LITARPYQYGEKTPKFPFEMHQEEETASSSVHWES - ———-——————
NaJAZk ASVQRY LEKRKD R == = = = = = = e e e e e e e e e e e e e e
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Crosstalk in JAZ proteins family

I used targeted gene silencing by inverted repeat (ir)-mediated RNA interference
(RNAI) to study the function of individual JAZ proteins in N. attenuata. Targeted gene
silencing is very useful in studies of individual gene function, but it also carries a
considerable risk compared to insertion mutagenesis of non-specific cross-silencing for
genes that belong to large gene families with high sequence homology. This is especially
true in plant species with unknown or incomplete genome sequences. To be sure that the
phenotype of both NaJAZh- and NaJAZd-silenced plants described in chapter 3 and
chapter 5 was only caused by single gene silencing, | measured the accumulation of all 12
NaJAZ gene transcripts in WT vs. NaJAZh- and NaJAZd-silenced plants. Neither NaJAZh-
nor NaJAZd-silenced plants showed cross-silencing of the other non-target JAZ genes.
However, I observed an unexpected up-regulation of several J4Z genes in NaJAZh-silenced
plants: NaJAZb, -j, and -f transcripts were significantly higher after simulated herbivory in
NaJAZh-silenced plants compared to WT plants (Chapter 3), which suggested that NaJAZh
silencing can directly or indirectly affect the expression of other J4Z genes. This data were
further supported by the nicotine phenotype of JAZh-silenced plants. Unexpectedly,
NaJAZh silencing repressed nicotine accumulation in the leaves after simulated herbivory,
in sharp contrast to the resulting increase in other defensive secondary metabolites, HGL-
DTGs and TPI activity (Chapter 3). NaJAZh-silencing-mediated increases in NaJAZ
expression may affect nicotine biosynthesis or transport to leaves if these J4Z genes control
the accumulation of this metabolite. Recently, JA4Z expression (AtJAZI, AtJAZ2 and
AtJAZ9) in roots was also reported in Arabidopsis after local wounding (Hasegawa et al.,
2011; Sogabe et al., 2011), supporting the hypothesis that a subset of JAZ proteins may
have specific functions in the roots together with recently reported root-expressed MY C2-
like genes and/or AP2/ERF transcription factors reported as positive regulators of nicotine
biosynthesis in tobacco (Shoji et al., 2010; Shoji and Hashimoto, 2011; Zhang et al., 2012).
Based on my results, an active cross-talk among JAZ proteins may exist and play important
role in JAZ-mediated jasmonate-dependent plant responses. In addition, although very
weak relative to NaJAZh silencing by RNA1, I observed a slight but significant down-
regulation of NaJAZh transcripts after simulated herbivory in NaJAZd-silenced plants
(Chapter 5), suggesting that NaJAZd may be required for a full up-regulation of NaJAZh

expression after herbivore attack, and presenting another example of JAZ crosstalk.
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Although further studies are required to demonstrate the precise function of crosstalk
among the JAZ proteins in JAZ-mediated jasmonate signaling, we provided the first insight

into this phenomenon.

Functions of JAZ proteins in plant defense against herbivory

Plants accumulate a huge variety of defense metabolites to defend themselves
against herbivory such as glucosinolates (amino acid derivatives) in Arabidopsis (Rask et
al., 2000; Mewis et al.,, 2006; Shroff et al., 2008), nicotinic alkaloids and 17-
hydroxygeranyllinalool diterpene glycosides (HGL-DTGs) in tobacco (Baldwin et al.,
1997; Shoji et al., 2000; Steppuhn et al., 2004; Heiling et al., 2010), and protease inhibitors
(PIs) in most plants (Koiwa et al., 1997; Zavala et al., 2004; Habib and Fazil, 2007; Hartl et
al.,, 2010). These defense metabolites can reduce damage from herbivores by acting as
toxins or anti-digestive compounds. Since the discovery of JAZ proteins as negative
regulators of jasmonate signaling, much effort has been focusing on functional studies of
these proteins in plants. Shoji et al. (2008) showed that a dominant negative form of
NtJAZ1 and NtJAZ3 proteins repressed MeJA-induced nicotine accumulation and related
alkaloids in tobacco hairy roots and cell cultures. Demianski et al. (2012) showed that
JAZ10-silenced Arabidopsis is more susceptible to Pseudomonas syringae DC3000
infection, suggesting that AtJAZ10 is a negative regulator of disease symptom development
during Pseudomonas syringae DC3000 infection. Although jasmonates are known to be
important hormones in defense against herbivory (Browse, 2009), and JAZ proteins are
central switches in jasmonate signaling, the defense-related phenotypes associated with
silencing of individual JAZ have been rarely reported. The lack of phenotypes was mainly
considered to be functional redundancy of JAZ proteins in plants.

Nevertheless, in chapter 3 and chapter 5, I was able to demonstrate the individual
function of two N. attenuata JAZ proteins, NaJAZh and NaJAZd. I used inverted-repeat (ir)
RNAi-mediated NaJAZd- or NaJAZh-silenced plants to conduct functional studies of these

genes in jasmonate signaling and defense.

Direct (HGL-DTGs and TPIs) and indirect (VOCs) defenses against herbivory
NaJAZh silencing strongly reduced the performance of the specialist herbivore M.

sexta on NaJAZh-silenced plants compared with WT plants in the glasshouse. Correlated to
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herbivore performance, NaJAZh silencing strongly upregulated both constitutive and
inducible levels of secondary metabolites, HGL-DTGs and TPIs that act as direct defense
(see general introduction) as well as volatile organic compounds (VOCs such as GLVs,
sesquiterpenes) emissions serving as indirect defense (see general introduction) in N.
attenuata. In contrast to other defense metabolites described above, nicotine was
significantly reduced in NaJAZh-silenced plants compared to WT plants. This data
suggested that nicotine is most likely regulated by a distinct set of regulators (possibly
NaJAZf), while production of HGL-DTGs, TPIs and volatile organic compounds in M.
attenuata is connected to a communal regulatory defense node. It is also supported by
crosstalk among individual JAZ proteins described in the earlier section.

To examine the ecological relevance of NaJAZh function, I planted EV (control)
and NaJAZh-silenced plants in a paired design in the native habitat of N. attenuata, the
Great Basin Desert, Utah, USA. However, in two field seasons, I did not observe any
differences in damage from native herbivores between WT and NaJAZh-silenced plants,
leading to two hypothesises: (1) the Utah ecotype of N. attenuata used in this study may
already have the most efficient defense system, so additional defensive metabolites are not
advantageous to these plants, and (2) because nicotine is one of the most effective
metabolites against native herbivores in natural habitat of N. attenuata, lower nicotine
levels in NaJAZh-silenced plants counteracted the advantage gained from high levels of
TPIs and HGL-DTGs. Further experiments are required to understand the equally good
performance of EV and NaJAZh-silenced plants in nature. In chapter 3, I demonstrated
that NaJAZh is an important negative master regulator of a specific subset of JAZ-mediated
jasmonate-dependent defense responses, including both constitutive and inducible direct
(TPIs, HGL-DTGs) and indirect (VOCs) defense in N. attenuata. It remains to be
determined if this is a general case in plants or specific evolutionary trait acquired by N.

attenuata during its long and exceptionally intense interactions with herbivores in nature.

Nicotine biosynthesis and/or transport

In a follow-up study (Chapter 5), I used another transgenic ir-line silenced in the
expression of NaJAZd by RNAIi to examine the function of NaJAZd in N. attenuata.
NaJAZd-silenced plants displayed greater accumulation of nicotine after simulated

herbivory, but other defense metabolites, HGL-DTGs and TPIs that are known as typical
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defense related secondary metabolites in Nicotiana spp. remained unchanged. In addition,
increased nicotine levels in NaJAZd-silenced plants were not sufficient to affect the
performance of the specialist herbivore M. sexta in glasshouse as well as several native
herbivores of N. attenuata monitored in the native habitat of N. attenuata, the Great Basin
Desert, Utah, USA. Overall, the data suggest that NaJAZd is only a minor negative
regulator involved in defense against herbivory, particularly in nicotine biosynthesis and/or
transport to the leaves.

Despite predicted or observed redundancy in the function of JAZ proteins in
Arabidopsis (Chini et al., 2007; Thines et al., 2007; Chung and Howe, 2009), I was able to
show that silencing of a single JAZ gene can affect various jasmonate-dependent defense
responses, suggesting a branched regulation of jasmonate-mediated defense metabolites in

tobacco and their control by separate JAZ proteins (Chapter 3 and Chapter 5).

Functions of JAZ proteins in plant development

NaJAZ-silenced N. attenuata plants showed not only defense-related phenotypes but
also non-defense related phenotypes such as alteration of developmental processes. This
finding is not surprising as jasmonates are already known to regulate various aspects of
plant development apart from defense responses (reviewed in (Wasternack, 2007)). To
date, the lack of JAZ proteins in plants resulted in desensitization of jasmonate-induced
root inhibition, defects in pollen development, anthocyanin accumulation, and trichome

initiation in Arabidopsis (reviewed in (Browse and Wager, 2012)).

Control of ROS accumulation in leaves

In N. attenuata, NaJAZh silencing did not cause a strong growth phenotype until the
transition stage between vegetative growth and flowering, when the plants displayed visible
necrotic lesions on the leaves. These symptoms remained restricted to the leaves and did
not affect flowers and seed capsules (Chapter 3). The necrotic lesion symptoms first
spontaneously appeared as small spots on cotyledonary leaves, spreading to other leaves in
ontogenic order. Necrotic lesions resembled programed cell death (PCD) that occurs in
response to pathogen infection, wounding, ozone and UV exposure, cold and high light
stress (Pennell and Lamb, 1997; Rao et al., 2000a; Rao et al., 2000b; Beers and McDowell,

2001; Pasqualini et al., 2003; Hatsugai et al., 2004; Van den Burg et al., 2008). Apart from
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stress responses, PCD also occurs in plant growth and development during pollen
development, senescence and vascular tissue differentiation (Wang et al., 1996; Calderon-
Urrea and Dellaporta, 1999; Buckner et al., 2000; Wu and Cheung, 2000; Lee and Chen,
2002). However, the NaJAZh-silencing-induced necrotic lesion symptoms not related to
stress because they occurred spontaneously in NaJAZh-silenced plants. PCD is also closely
associated with accumulation of ROS (reactive oxygen species; e.g. hydrogen peroxide,
superoxide anion, hydroxyl radicals, singlet oxygen and nitric oxide) that leads to oxidative
damage and/or apoptotic death of plant cells (reviewed in (Quan et al., 2008)). In chapter
3, NaJAZh-silenced plants showed higher accumulation of hydrogen peroxide (H,O,) as
well as transcripts of PCD marker genes (Hinl, Hsr203, and NaVPE361). From these data I
formulated two hypothesises: (1) the first hypothesis is that NaJAZh works as a suppressor
of ROS in N. attenuata. Previously, it has been shown that MeJA treatment induces ROS
production in plants (Orozco-Cérdenas et al., 2001; Hung and Kao, 2007; Reinbothe et al.,
2009), and it was shown that Afrboh (respiratory burst oxidase homolog) D and F genes
were required for COIl-dependent H,O, production in Arabidopsis leaves treated with
MeJA (Maruta et al.,, 2011). In particular, HO, accumulation was essential for the
induction of jasmonate-dependent genes such as VSPI, ANAC0I9 and ANACO0S5S5,
suggesting that jasmonate-controlled ROS is playing an active role as secondary messenger
in various physiological and defense-related processes in plants. (2) NaJAZh plays a role in
control of senescence process occurring in mature tobacco plants, possibly by controlling
ROS levels in the oldest leaves. A number of previous studies suggested that jasmonate
signaling is involved in senescence in plants (Weidhase et al., 1987; Parthier, 1990; He et
al., 2002; Shan et al., 2011). However, the role of jasmonates in senescence process
remains unclear because (1) jasmonate-induced senescence generally differs from natural
age-related senescence process and (2) no jasmonate signaling and biosynthetic mutant
plants showed obvious senescence-related phenotypes (Schommer et al., 2008; Seltmann et
al., 2010). Although further research is required to establish the role of jasmonates in ROS
accumulation in plants, my work addressed a novel function of JAZ proteins: NaJAZh
plays an important role in accumulation of H,O; and transcripts of PCD marker genes in M.

attenuata.
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Flower abscission and seed capsule production

By connecting two originally independent parts of my project, I demonstrated that
JAZd counteracts flower abscission in N. attenuata plants via control of a master regulator
of flower development, NaMYB305 (Chapter 5). Similar to NaJAZh-silenced plants,
NaJAZd-silenced plants did not show any strong growth phenotypes until flowering and
seed production when they showed significantly fewer seed capsules (reduced by ~20%
compared to WT level) caused by increased premature flower abscission in later flower
developmental stages. I examined the function of NaJAZd in four different developmental
stages of flowers using WT and NaJAZd-silenced plants. Interestingly, NaJAZd-silenced
flowers showed no difference in ethylene emissions compared to WT flowers, although
ethylene is well known to regulate flower abscission (reviewed in (Klee and Clark, 2010)).
In addition, NaJAZd-silencing-mediated flower abscission occurred in pedicels of
inflorescences that is different from ethylene-mediated corolla abscission and separation of
sepals in plants (Patterson and Bleecker, 2004; Cho et al., 2008). My data therefore
suggested that NaJAZd-mediated flower abscission 1is independent of ethylene
concentrations.

In contrast to ethylene, NaJAZd-silencing significantly repressed JA and JA-Ile in
early- and middle developmental stages of flowers which re-linked NaJAZd to its expected
function in jasmonate signaling. Altered JA and/or JA-Ile levels, or jasmonate signaling,
caused by NaJAZd silencing likely affects flower abscission rates in late flower
developmental stages in N. attenuata. However, other jasmonate-deficient N. attenuata
plants such as irAOS (silenced in the expression of allene oxide synthase) and irCOIl
(silenced in the expression of coronatine insensitive 1) plants do not show similar flower
abscission phenotypes. Therefore, the question of how NalJAZd-regulated jasmonate
signaling actually controls flower abscission remains to be determined. Nevertheless, the
phenotype caused by NaJAZd silencing and described in chapter 5 provides another novel
insight into jasmonates’ function in plants and flower development. Until now, known
jasmonate-mediated regulation of flower development was limited to male sterility caused
by defects in pollen development, such as short pistil length (Feys et al., 1994; McConn and
Browse, 1996; Xie, 1998; Mandaokar et al., 2006; Paschold et al., 2008; Song et al., 2011).
Interestingly, the premature flower abscission phenotype in NaJAZd-silenced plants closely

resembled NaMYB305-silenced plants that I described in chapter 4. MYB transcription
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factors are key components in regulatory networks controlling development, metabolism
and responses to abiotic and biotic stresses in all eukaryotes (reviewed in (Dubos et al.,
2010)). R2-R3-type MYB transcription factors regulate several flower developmental
processes including flower opening, floral nectar production, and nectary maturation ((Liu
et al., 2009; Liu and Thornburg, 2012) and chapter 4). The plants silenced in expression of
the NaMYB305 gene showed premature flower abscission in the early flower
developmental stage: they fail to enter anthesis and later did not produce any seed capsules
or seeds required for propagation. In the case of NaMYB305-silenced plants, the flower
abscission phenotype was partially recovered by treatment with the ethylene inhibitor, 1-
MCP, which produced some open flowers but at a very low success rate. To study the
relationship between NaJAZd and NaMYB305 in flower abscission, I examined transcript
abundances of NaMYB305 in four different developmental stages of WT and NaJAZd-
silenced flowers (Chapter 5). Both WT and NaJAZd-silenced flowers showed gradually
increasing levels of NaMYB305 expression through the early- and middle developmental
stages, but the last stage (open flowers) of NaJAZd-silenced flowers showed significantly
lower transcript accumulation compared to WT flowers, suggesting that NaMYB305 may
play a role in regulation of flower abscission. I proposed that NaJAZd is required to
maintain optimal levels of JA and/or JA-Ile throughout flower development, which in turn
provides for the sufficient expression and function of the MYB305 transcriptional
regulator.

In addition, I examined global transcriptional changes in WT and NaJAZd-silenced
plants after simulated herbivory (Chapter 5). Remarkably, NaJAZd silencing repressed
several primary metabolic genes (e.g. sugar transporter, unknown glycosyltransferase,
fructokinase, putative beta-1, 3-glucan synthase, 6-phosphofructokinase 4 and several other
genes) in the leaves. It proposed an alternative hypothesis for NaJ4Zd-silencing-mediated
phenotype in flowering plants: NaJAZd-mediated control and redistribution of nutrients
that indirectly affects flower abscission and seed capsule development in N. attenuata.

Although potentially interesting, this hypothesis remains to be tested.
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Conclusions and future prospects in research of JAZ proteins

Many complex plant behaviors such as plant growth, development, and defense are
regulated by phytohormonal networks. JAZ proteins play important roles not only in
jasmonate signaling but also in hormone crosstalk. In this dissertation, I provided
experimental evidence of individual functions of N. atfenuata JAZ proteins, NaJAZh
(chapter 3) and NaJAZd (chapter 5) together with NaMYB305 (chapter4). My data
strongly support the hypothesis that JAZ proteins are functionally specialized in JAZ-
mediated jasmonate signaling in plants. Furthermore, I provided novel insights into JAZ-
mediated jasmonate signaling in plant developmental processes such as ROS accumulation,
PCD and flower abscission. It is already known that functions of jasmonate-mediated
defense responses are attenuated in the flowering stage of plants (Diezel et al., 2011),
suggesting a possible transition of jasmonate function from defense to reproduction
according to optimal defense theory. Each subgroup of JAZ proteins is likely to be involved
in different parts of jasmonate signaling in different developmental stages of plants to fine-
tune growth, development, and defense responses, leading to better survival in nature.

Our knowledge of mechanistic understanding in JAZ-mediated jasmonate signaling
is constantly expanding as many new signaling components and target transcription factors
are constantly reported; however, large unknown areas still remain to be clarified. (1)
Research needs to identify the remaining co-regulators and target proteins that moderate
pleiotropic downstream responses regulated by JAZ proteins. A growing number of
functional studies is conducted using genetically modified plants and increasing numbers of
plants species; JAZ proteins have been implicated in an increasing number of plant
developmental processes such as secondary growth (interfascicular cambium initiation)
(Sehr et al., 2010), phytochrome A-mediated shade responses (Robson et al., 2010), flower
induction (Kim et al., 2011), and defense responses against biotic (Shoji et al., 2008), (Sun
et al., 2011; Demianski et al., 2012; Oh et al., 2012) and abiotic (Ye et al., 2009; Seo et al.,
2011; Ismail et al., 2012; Zhu et al., 2012) stresses in plants; however, detailed mechanisms
and interactions involved in these regulatory processes remain unclear. (2) More functional
studies using different species of plants are clearly required. Although JAZ proteins are
ubiquitous in flowering plants, most current studies are exclusively performed in
Arabidopsis. However, plants have different ways to balance their growth, development

and defense according to their specific environments, so it is of high priority to investigate
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JAZ-mediated processes in alternative plant species with interesting physiologies and
ecologies. (3) The precise roles of individual JAZ proteins in JAZ protein family are still
largely unknown. Early studies of JAZ proteins proposed that JAZ proteins repress the
MYC2 transcription factor, leading to the repression of jasmonate-responsive genes, and
thus that JAZ protein function is highly redundant. However, more recent research has
demonstrated the existence and roles of several co-regulators and several target
transcription factors other than MYC2 in regulating downstream responses by different
stimuli (reviewed in (Browse and Wager, 2012; Kazan and Manners, 2012)). According to
these trends, we can expect to discover specificity and functional diversity of individual

JAZ proteins in various aspects of plants growth, development, and defense responses.
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Summary

Summary

Plants and herbivores formed one of the earliest terrestrial communities and co-
evolved in time, adapting to each other, both trying to maximize their own fitness. In the
early 1960s, the first studies demonstrated that plant defense metabolites produced after
herbivore attack can negatively affect herbivore performance via toxic or anti-digestive
mechanisms. These effects resulted in specialization of herbivores and selection of their
host plants according to species-specific spectra of defensive metabolites. To survive and
maximize fitness in nature, plants learned to cope with multitudes of harmful factors,
finding a proper balance between growth and defense that involves complex
phytohormonal regulatory networks. One group of hormones, jasmonic acid (JA) and its
derivatives, is known to control both growth and defense responses in plants. In the past

decade, several core components of jasmonate signaling: the receptor SCF<"

complex,
key negative regulators, JAZ (Jasmonate ZIM-domain) proteins, and the active jasmonate
hormone (+)-7-iso-JA-L-Ile (JA-Ile) were discovered and contributed to our current
understanding of regulatory mechanisms involved in jasmonate signaling. Nevertheless, it
remained to decipher specific roles of these multiple players. In particular, the functional
characterization of JAZ proteins remained unresolved, and I addressed this in my work.

In my dissertation, I identified 12 novel JAZ proteins in the native tobacco
Nicotiana attenuata, a summer annual plant native to southwestern North America. The
NaJAZ genes showed spatially and temporally resolved expression patterns characterized
by highly induced local and systemic accumulation of transcripts after stimulated
herbivory. To identify the function of individual JAZ proteins by reverse genetics, I used
two sets of transgenic plants that were silenced in the expression of either NaJAZd (irJAZd)
or NaJAZh (irJAZh), using inverted repeat (ir) RNAi constructs to stably silence the
specific JAZ genes. The silencing of either NaJAZd or NaJAZh strongly affected both plant
defense responses and development.

NaJAZh silencing altered the performance of the specialist herbivore Manduca sexta
by inducing both constitutive and induced levels of direct defenses (trypsin protease
inhibitors, TPIs and 17-hydroxygeranyllinalool diterpene glycosides, HGL-DTGs) and
indirect defenses (volatile organic compounds, VOCs) in N. attenuata. In contrast, NaJAZh

silencing repressed nicotine accumulation in leaves, which could be explained by a
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crosstalk of JAZ genes: NaJAZh silencing also up-regulated several other JAZ genes such as
NaJAZf, NaJAZj, and NaJAZb. In addition, I found that NaJAZh is required to repress
programmed cell death in the leaves by regulating ROS levels, especially levels of
hydrogen peroxide.

I found that in contrast to NaJAZh, the NaJAZd protein plays only a minor role in
defense, specifically in nicotine biosynthesis and/or transport. These changes, however,
were not sufficient to alter herbivore performance on these plants. In contrast, NaJ4Zd
silencing strongly affected the lifetime production of seed capsules by causing enhanced
flower abscission in late flower developmental stages. I found that NaJAZd silencing
significantly repressed JA and JA-Ile levels, but not ethylene, in flowers. Interestingly, the
NaJAZd silencing-mediated flower abscission phenotype resembled the phenotype of
NaMYB305 (homologue to PhEOBII)-silenced plants that I recently characterized as part of
my dissertation. NaMYB305 plays a major role in flower opening and its silencing caused
premature flower abscission. Notably, NaJAZd-silenced flowers had altered transcript
abundance of this master flower regulator at the last open stage of flowering. I propose that
NaJAZd may be required to maintain sufficient levels of MYB305 transcripts and prevent
premature flower abscission: NaJAZd thus counteracts flower abscission by regulating JA,
JA-lle levels and/or expression of NaMYB305 gene in N. attenuata, permitting seed
production in plants.

Current identification of core components of jasmonate signaling, JAZ, SCE?!
complex, and JA-Ile, significantly contributed to the understanding of jasmonate signaling,
and identification of the roles of several co-regulatory components and target transcription
factors. However, one of the major gaps in our knowledge — the role of individual JAZ
proteins — remained. In my dissertation, I showed for the first time that a single JAZ protein
can control specific jasmonate-dependent defense and developmental processes, which
lends more support to the hypothesis that JAZ proteins are functionally specialized both in
defense and development, proposed by several previous studies. Apart from defense, my
work provided several novel insights into the function of jasmonates and JAZ regulators in
plant development, including spontaneous necrosis, ROS accumulation, flowering and seed

development.
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Zusammenfassung

Pflanzen und Pflanzenfresser bilden eine der frithesten terrestrischen
Gemeinschaften. Sie entwickelten sich gemeinsam und versuchen durch gegenseitiges
aneinander Anpassen ihre eigene Fitness zu maximieren. Erste Studien in den frithen
1960er Jahren zeigten, dass pflanzliche Abwehrstoffe nach FraBattacken produziert werden
und in Form von Gift oder als verdauungshemmende Stoffe die Leistung von
Pflanzenfressern negative beeinflussen konnen. Diese Effekte fiihrten zu einer
Spezialisierung von Pflanzenfressern und der Auswahl ihrer Wirtspflanzen nach
artspezifischen Aspekten der Abwehrstoffe. Um zu iiberleben und die darwinsche Fitness
zu maximieren, haben die Pflanzen gelernt, mit einer Vielzahl von schddlichen Faktoren
umzugehen und ein ausgewogenes Gleichgewicht zwischen Wachstum und Verteidigung
mit Hilfe eines komplexen, regulatorischen Pflanzenhormonnetzwerkes zu finden. Eine
spezielle Gruppe der Pflanzenhormone, die Jasmonsdure (JA) und ihren Derivaten, sind
dafiir bekannt, dass sie sowohl das Wachstum als auch die Abwehrreaktionen in Pflanzen
regulieren. Im letzten Jahrzehnt wurden mehrere Kernkomponenten der Jasmonat-
Signalkette gefunden: der Jasmonat-rezeptor SCF“°"! Komplex, negative Regulatoren der
Jasmonat-Signalkaskade (JAZ, Jasmonate ZIM-Domain) und das aktive Jasmonat-Derivat
(+)-7-1s0-JA-L-Ile (JA-Ile), die dazu beigetragen haben, unser gegenwartiges Verstiandnis
der Regulationsmechanismen in der Jasmonat-Signalkette zu verstehen. Dennoch miissen
die spezifischen Rollen dieser Komponenten erst noch entschliisselt werden. In meiner
Arbeit befasste ich mich speziell mit der Rolle der JAZ Proteine und deren funktioneller
Charakterisierung, da diese Fragen bisher ungeldst blieben.

In meiner Dissertation identifizierte ich 12 neue JAZ Proteine im wilden Tabak
(Nicotiana attenuata), einer einjdhrigen Pflanze, die im siidwestlichen Nordamerika
heimisch ist. Die NaJAZ Gene waren durch ein rdumlich und zeitlich aufgelostes
Expressionsmuster durch stark induzierte lokale und systemische Akkumulation von
Transkripten nach Frall Attacke gekennzeichnet. Um die Funktion der einzelnen JAZ
Proteine mittels reverser Genetik zu identifizieren, verwendete ich zwei Sitze von stabilen
transgenen Pflanzen, die, mittels selbstkompatibler, sogenannter inverted repeat (ir) RNAi1

silencing-Konstrukte, entweder in der Expression von NaJAZd oder NaJAZh herunter-
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reguliert wurden. Das Silencing beider Gene, NaJAZd oder NaJAZh, zeigte starke
Auswirkungen auf die Abwehrreaktion und Entwicklung der betroffenen Pflanze.

In N. attenuata verdnderte NaJAZh silencing das Wachstum der Raupen des
Tabakschwéirmers Manduca sexta durch Erhohung von sowohl konstitutiven und
induzierbaren direkten Abwehrstoffen wie Trypsin-Protease-Inhibitoren (TPIs) und 17-
hydroxygeranyllinalool Diterpenglycoside (HGL-DTGS) als auch von indirekt zu
Verteidigung beitragenden Duftstoffen (volatile organic compounds, VOCs). Im Gegensatz
dazu zeigten ir-NaJAZh Pflanzen eine verringerte Akkumulation von Nikotin in den
Blittern. Diese Beobachtung konnte durch eine Vernetzung der JAZ-Signalkaskade erklért
werden, denn NaJAZh silencing fiihrte zu einer Hochregulierung mehreren anderen JAZ
Gene wie NaJAZf, NaJAZj und NaJAZb. Darliber hinaus konnte ich zeigen, dass NaJAZh
auch dafiir erforderlich ist, den programmierten Zelltod nach Verwundung in den Bléittern
durch Regulierung der Bildung von reaktiven Sauerstoffverbindungen (ROS) insbesondere
Wasserstoffperoxid zu unterdriicken.

In meiner Arbeit konnte ich auBlerdem zeigen, dass NaJAZd im Gegensatz zu
NaJAZh nur eine untergeordnete Rolle in der Verteidigung spielt, ndmlich bei der
Nikotinbiosynthese und/oder dem Nikotintransport. Diese Anderungen in ir-NaJAZd
Pflanzen reichten jedoch nicht aus, um die Raupen des Tabakschwirmers zu beeinflussen.
Nichtsdestotrotz fithrte NaJAZd silencing zu einer starken Beeinflussung der Dauer der
Samenkapselproduktion durch vermehrtes Abwerfen von Bliten in den spiten
Entwicklungsstadien. Ich fand heraus, dass NaJAZd silencing die Akkumulation von JA
und JA-lle in den Bliiten deutlich unterdriickt, nicht aber die Menge von Ethylen.
Interessanterweise dhnelte dieser ir-NaJAZd Bliitenabwurf dem Phénotyp von NaMYB305
(master flower regulator, homolog PhEOBII) gesilencten Pflanzen, die ich als Teil meiner
Arbeit charakterisierte. NaMYB305 spielt eine wichtige Rolle beim Offnen der Bliiten und
dessen Herunterregulierung verursacht ein vorzeitiges Abwerfen der Bliiten.
Bemerkenswerterweise zeigten ir-NaJAZd Pflanzen auch verdnderte Transkriptlevel von
MYB305 in offenen Bliiten. Dies induziert, dass NaJAZd mdglicherweise in der
Regulierung von MYB305 eine Rolle spielt und verhindert, dass Bliiten vorzeitig
abgeworfen werden: NaJAZd wirkt durch die Regulierung von JA und JA-Ile und/oder der
Expression von NaMYB305 dem Bliitenabwurf vor und ermdglicht die Samenproduktion

von N. attenuata.
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Die Identifikation von Kernkomponenten der Jasmonat -Signalkette (JAZ, SCF?!
Komplex und JA-Ile) als auch die Identifikation von mehreren Co-regulatorische
Komponenten und Transkriptionsfaktoren trug im Wesentlichen zum Verstindnis der
Jasmonat -Signalkette bei. Eine Frage blieb jedoch unbeantwortet - die funktionale Rolle
der einzelnen JAZ Proteine. In meiner Dissertation habe ich zum ersten Mal gezeigt, dass
ein einzelnes JAZ Protein spezifische Jasmonat-abhingige Verteidigungs- und
Entwicklungsprozesse kontrolliert, was die Hypothese anderer Studien unterstiitzt, dass
JAZ Proteine sowohl fiir Verteidigungs- als auch Entwicklungsprozesse funktionell
spezialisiert sind. Neben pflanzlichen Verteidigungsprozessen gibt meine Arbeit neue
Einblicke in die Funktion von Jasmonaten und JAZ-Regulatoren in der Pflanzen-
entwicklung, einschlieBlich spontaner Nekrose, ROS Akkumulation und Bliiten- sowie

Samenbildung.
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