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Abstract

as0005 Growth and development of multicellular organisms are coordinately regulated by var-
ious signaling pathways involving the communication of inter- and intracellular com-
ponents. To form the appropriate body patterns, cellular growth and development are
modulated by either stimulating or inhibiting these pathways. Hormones and second
messengers help to mediate the initiation and/or interaction of the various signaling
pathways in all complex multicellular eukaryotes. In plants, hormones include small
organic molecules, as well as larger peptides and small proteins, which, as in animals,
act as ligands and interact with receptor proteins to trigger rapid biochemical changes
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and induce the intracellular transcriptional and long-term physiological responses. Dur-
ing the past two decades, the availability of genetic and genomic resources in the
model plant species, Arabidopsis thaliana, has greatly helped in the discovery of plant
hormone receptors and the components of signal transduction pathways and mecha-
nisms used by these immobile but highly complex organisms. Recently, it has been
shown that two of the most important plant hormones, auxin and abscisic acid
(ABA), act through signaling pathways that have not yet been recognized in animals.
For example, auxins stimulate cell elongation by bringing negatively acting transcrip-
tional repressor proteins to the proteosome to be degraded, thus unleashing the gene
expression program required for increasing cell size. The “dormancy” inducing hor-
mone, ABA, binds to soluble receptor proteins and inhibits a specific class of protein
phosphatases (PP2C), which activates phosphorylation signaling leading to transcrip-
tional changes needed for the desiccation of the seeds prior to entering dormancy.
While these two hormone receptors have no known animal counterparts, there are also
many similarities between animal and plant signaling pathways. For example, in plants,
the largest single gene family in the genome is the protein kinase family (approximately
5% of the protein coding genes), although the specific function for only a few dozen of
these kinases is clearly established. Recent comparative genomics studies have revealed
that parasitic nematodes and pathogenic microbes produce plant peptide hormone
mimics that target specific plant plasma membrane receptor-like protein kinases, thus
usurping endogenous signaling pathways for their own pathogenic purposes. With bio-
chemical, genetic, and physiological analyses of the regulation of hormone receptor
signal pathways, we are thus just now beginning to understand how plants optimize
the development of their body shape and cope with constantly changing environmen-
tal conditions.

s0005 1. INTRODUCTION

p0005 Unlike animals, plants live their entire life at the place where they are

first anchored. Thus, they have evolved mechanisms to adapt to their envi-

ronments by creating unique body patterns and/or continually adjusting

their growth rate. To do so, plants utilize ligand–receptor systems that per-

ceive environmental changes and initiate various types of immediate

responses. The first chemical compound that was proposed to be a growth

stimulatory hormone found in plants many decades ago was an indole deriv-

ative, auxin (indole-3-acetic acid, IAA). IAA was first isolated from human

urine then subsequently identified from plant extracts (references in

Enders & Strader, 2015). Auxin induces changes in body pattern develop-

ment in response to sunlight to maximize capturing the light energy and

optimize growth and reproduction. After the subsequent discovery of other

key small molecule plant hormones such as cytokinins (an adenine
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derivative), ethylene (a gas molecule), gibberellin (diterpenoid), and abscisic

acid (ABA) (synthesized from carotenoid pathway), plants were tradition-

ally, for over several decades, believed to regulate cell physiology by synthe-

sizing and transporting only small organic hormone-like molecules. These

plant-specific signaling compounds were found to initiate signal transduc-

tion by interacting with their receptor proteins localized in the cytoplasm,

nucleus, or endomembranes, instead of the more commonly known plasma

membrane-bound receptor kinases found at the cell surface of animal cells. It

is only last 15 years or so that plant scientists realize that like animals, plants

use a wide variety of peptides and small protein growth factors as extracel-

lular signals that interact with cell-surface protein kinases, to regulate

growth. The notion that plants use peptide-based signals as important reg-

ulatory pathways that alter protein phosphorylation is consistent with the

fact that receptor-like kinases (RLKs) are encoded by a very large gene fam-

ily in all plants. In the best-characterized model plant, Arabidopsis thaliana,

there are over 1000 genes encoding protein kinases, out of a total of over

25,000 protein coding genes in the genome. About half of the protein

kinases in plants are membrane-bound receptor-like protein kinases which

contain a single transmembrane domain with an extracellularly located

ectodomain where signalingmolecules bind. Among those RLKs, biological

functions have been defined for only a few dozen based largely on the phe-

notypes observed with genetic knockout mutants. Since there are only a

handful of pairs of ligand–receptors with known roles in the regulation of

plant growth and development, there is a rich opportunity for future

research to reveal many previously unknown pathways. For this goal, our

lab has been developing and applying modern genomic technologies,

including mass spectrometric-based tools that quantify changes in protein

phosphorylation on a proteome-wide scale.

s0010 2. NOVEL AND UNIQUE PLANT SIGNALING PATHWAYS

s0015 2.1 Cytokinin
p0010 In contrast to animals, plant cell division is restricted to a small group of cells

at the very tip of the root and shoot, called a meristem. At the meristem, cells

are maintained undifferentiated and primarily function to produce daughter

cells. Once new cells are produced, they expand in size, which contributes to

organ growth. This cell division is stimulated by cytokinin, a plant hormone

that is a modified adenine derivative. Kinetin is a naturally occurring cyto-

kinin that was first isolated and characterized at the University of
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Wisconsin-Madison by Miller and Skoog (Miller, Skoog, Okumura, Von

Saltza, & Strong, 1956). It is important to note that this plant growth sub-

stance is completely different from the better-known class of proteins called

“cytokines” that are involved in many aspects of animal physiology includ-

ing immune system, growth, and maturation.

p0015 Cytokinin acts through a family of receptors called histidine protein

kinases, one of which was first isolated in plants via a genetic screen that

identified cytokinin-insensitive plants, leading to the identification of the

gene as encoding a histidine protein kinase, cre1 (cytokinin response 1)

(Inoue et al., 2001). Histidine protein kinases are unique in plants, fungi,

and bacteria and have not yet been found to play a role in animals. Cytokinin

signals are thought to be perceived in the sensor domain of the receptor and

transmitted to a kinase domain, in which the conserved histidine residue is

phosphorylated. The phosphate group is then transferred to the aspartate res-

idue of response regulator proteins, as first described in the osmosensorEnvZ

of bacteria (Mahonen et al., 2006; West & Stock, 2001). Affinity measure-

ments of a naturally occurring cytokinin, zeatin, as well as a synthetic analog,

N 6-benzyladenine, to the receptors indicate that AHK3 appears to have the

highest affinity (1.3 nM equilibrium dissociation constant) among histidine

kinase receptor members (Romanov, Lomin, & Schmulling, 2006).

Although originally thought to be localized at the cell surface, it is now

accepted that cytokinin perception by the receptor is occurring in the endo-

plasmic reticulum and the membrane-bound receptor then relays its phos-

phorylation signal to the nucleus and activates or inhibits responsive genes

leading to the regulation of cell division (Lomin, Yonekura-Sakakibara,

Romanov, & Sakakibara, 2011; Wulfetange et al., 2011).

s0020 2.2 Auxin
p0020 After new cells are produced at the meristem, they start to expand and some-

times differentiate, which promotes organ growth and development. Many

growth changes during plant body development are mediated by asymmet-

rical cell expansion rates across the organs. Early descriptions of experiments

performed by Charles Darwin led him to postulate that aerial parts of plants

bent toward light, a phenomenon known as phototropism (Darwin &

Darwin, 1880). Along with geotropism and other asymmetrical growth

responses, tropism is thought to be mediated by unequal rates of auxin

transport down the different sides of the organ, in this case, promoting cell
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elongation in the shaded side of a shoot and inhibiting cell elongation in the

irradiated side of the shoot. This results in the shoot bending toward the

direction of the light source. Plant sensitivity to auxin is context dependent;

root growth is inhibited at 100 nM IAA, a naturally occurring auxin, and

shoot growth is promoted at the same concentration when exogenously

applied.

p0025 Because cell expansion is fundamental to plant organ growth and devel-

opment, auxin is involved in many aspects of plant life, including flower

development, lateral root initiation, and embryogenesis. Forward genetic

screens of Arabidopsis mutants to isolate seedlings resistant to an auxin trans-

port inhibitor drug identified an F-box motif protein, transport inhibitor

response 1 (TIR1) (Ruegger et al., 1998). Its sequence similarity to a com-

ponent of E3 ubiquitin ligase complex subsequently revealed that auxin and

the receptor complex are subject to movement into the proteasome and

thus, targeted for degradation (Gray, Kepinski, Rouse, Leyser, & Estelle,

2001). Auxin-TIR1, a ligand–receptor pair forms a protein complex with

transcriptional repressors, Aux/IAA protein family and a cofactor, inositol

hexakisphosphate (InsP6), and this association causes a degradation of the

repressor proteins, resulting in increased expression of auxin responsive

genes. The tir1 receptor mutant is also insensitive to auxin or its synthetic

analogs such as 2,4-D (2,4-dichlorophenoxyacetic acid), because the recep-

tor mutant cells are not able to respond a higher level of auxin accumulated

in the cells when its transport out of the bottom of each cell and down the

stem is inhibited.

p0030 Arabidopsis mutants which lack four members of TIR1 auxin receptor

genes show severely impaired growth and insensitivity to exogenous applied

auxin (Dharmasiri et al., 2005). Consistent with this, the induction of an

auxin responsive marker is completely absent in the roots of a triple receptor

mutant (Scheitz, Luthen, & Schenck, 2013). However, the shoot of the qua-

druple mutant is still capable of responding to auxin-induced growth stim-

ulation (Schenck, Christian, Jones, & Luthen, 2010). Since there are six

members of TIR F-box receptor family and 29 Aux/IAA coreceptor pro-

teins in the Arabidopsis genome, combinatorial interaction of F-box recep-

tor and coreceptor proteins likely account for differential sensitivities of

roots and shoots to exogenously applied auxin (Calderon Villalobos et al.,

2012). A membrane-bound receptor kinase system is also implicated in

auxin perception (Xu et al., 2014), but the structural and regulatory basis

for this function has yet to be clearly established.
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s0025 2.3 Brassinosteroid
p0035 The cell elongation rate clearly influences overall plant height since cell divi-

sion is restricted to a small portion of the shoot and roots. Some Arabidopsis

mutants that show severe dwarfism due to reduced stem length were found

that were caused by the reduced production of brassinosteroids including

brassinolide (Choe et al., 1999; Noguchi et al., 1999). This compound is

a steroid that was initially isolated from Brassica napus pollen and is capable

of inducing tissue enlargement (Grove et al., 1979). A collection of Ara-

bidopsis mutant alleles responsible to brassinosteroid-insensitive phenotype

were isolated by genetic screens (Clouse, Langford, &McMorris, 1996; Li &

Chory, 1997). BRI1 (Brassinosteroid-insensitive 1) encodes a leucine-rich

repeat receptor-like protein kinase that was shown to interact with

brassinosteroid (Wang, Seto, Fujioka, Yoshida, & Chory, 2001). BRI1 uses

a coreceptor BAK1 (BRI1-associated kinase 1) which involves trans-

phosphorylation of the two receptor kinases at the plasma membrane

(Nam & Li, 2002; Russinova et al., 2004; Sun et al., 2013; Wang et al.,

2008). However, brassinosteroid-induced phosphorylation of BRI1

reported to date is occurring in the time scale of 60–120 min after treatment

with the ligand, which appears to be much slower than the typical ligand-

regulated phosphorylation responses reported with other receptor kinases

such as EGFR whose phosphorylation by EGF treatment increases within

1 min and starts decreasing after 5–10 min (Curran, Zhang, Ma, Sarkaria, &

White, 2015; Oh, Wang, Clouse, & Huber, 2012; Olsen et al., 2006;

Tang et al., 2008; Wang et al., 2005).

p0040 Consistent with genetic evidence showing that many critical amino-acid

residues for BRI1 function are localized within the extracellular island

domain, structural analyses demonstrated that brassinolide interacts with

the binding pocket found in this island domain (Hothorn et al., 2011;

She et al., 2011). This BRI1 receptor kinase signaling for plant steroid signal

is perceived much different from animal steroid hormone receptor system,

which takes place within the nucleus and directly regulates gene expression

(Hall, Couse, & Korach, 2001; Shao & Brown, 2004). Despite the clear

importance of the BRI1 receptor derived from genetic ablation, there is

no clear evidence that brassinosteroids are differentially transported or

metabolized during any aspect of plant life (Symons, Ross, Jager, & Reid,

2008). In this characteristic, brassinosteroids may be different from other

plant hormones, and perhaps acting more like a cofactor than a hormone,
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which perhaps is a reflection of the fact that the plasmamembrane is the most

sterol rich membrane in the cell. Moreover, unlike other membrane-bound

receptors which respond to their ligands, BRI localization, turnover, and

ubiquitination are shown to be independent of brassinolide (Geldner,

Hyman, Wang, Schumacher, & Chory, 2007; Martins et al., 2015).

s0030 2.4 Abscisic Acid
p0045 A critical role for protein phosphorylation in regulating plant growth is clear

in the case of the ABA receptor system. ABA, first identified from abscising

(a form of cell localized cell death) cotton tissue and sycamore trees, is

known to be involved in a broad range of stress responses, water usage reg-

ulation, and seed desiccation/dormancy processes (Finkelstein, 2013).

Although there were several earlier reports of genes encoding proteins that

had characteristics of an ABA receptor, none of these proteins proved to be

the actual receptor(s). The great difficulty in isolating putative ABA recep-

tors via genetic screens hinted that ABA receptors might be members of a

large redundant gene family that individually mask the phenotype, thus fail-

ing to identify receptor mutants from screens of single gene mutations. The

use of a chemical genetic screen, involving small chemicals termed pyr-

obactins acting as a tissue-specific analog of ABA, enabled the isolation of

the first bona fide ABA receptor mutants. A family of soluble ABA receptor

proteins, the pyrobactins, PYRs, binds to ABA in a stereospecific manner

and the bound form of PYRs can physically interact with and inhibit a spe-

cific group of protein phosphatases, PP2C. This inhibition causes the

increase of phosphorylation in the activation domain of specific protein

kinases, the SnRKs (Ma et al., 2009; Park et al., 2009). SnRK activation trig-

gers phosphorylation of other target proteins including ABA-responsive

transcription factors (Umezawa et al., 2013). A higher order of pyr receptor

mutants, quadruple- or sextuple mutants, were produced and revealed rel-

evant phenotypes (Gonzalez-Guzman et al., 2012). Consistent with ABA

roles in plants as a stress hormone, pyr receptor mutants exhibit defects in

the regulation of stomatal pore closing in response to drought stress. The

use of a modified version of the PYR receptors also rendered plants able

to withstand drought stress, implicating a powerful new means of modulat-

ing plant physiology via editing hormone receptor function (Park

et al., 2015).
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s0035 2.5 Ethylene
p0050 During the seedling growth phase at which a root and shoot first emerge and

extend from a seed, growth and development are carefully coordinated.

A seed deposited in soil experiences darkness and thus undergoes etiolation:

elongated hypocotyl (the first stem of a seedling), shorter root, small and pale

leaves, and folded cotyledonary leaves (the first leaves of a plant, which were

stored in the embryo). As a plant develops, the cotyledonary leaves open, an

apical hook unfolds, hypocotyl elongation ceases, and the root elongates.

During this transition, a gas known as ethylene plays important roles. Treat-

ment of germinating seedlings with ethylene causes the well known “triple

response,” i.e., a curved apical hook, short and thick hypocotyl, and reduced

root elongation. Genetic screens identified a mutant which does not show

the triple response and the gene encoding this mutation was identified as an

ethylene receptor, ETR1, a protein distantly related to the receptor protein

for cytokinin (Bleecker, Estelle, Somerville, & Kende, 1988; Chang, Kwok,

Bleecker, &Meyerowitz, 1993) (see the above). Heterologous expression of

the ETR1 receptor protein in yeast confirmed that ethylene directly binds to

ETR1 (Schaller & Bleecker, 1995).

p0055 Binding of ethylene to ETR1 at the endoplasmic reticulum causes inac-

tivation of both the receptor and its downstream protein, CTR1 (constitu-

tive triple response), a Raf-like serine threonine kinase. These events then

signal to EIN2 (ethylene insensitive 2), a transmembrane protein. The

C-terminal end of EIN2 is then cleaved and translocated from the ER to

the nucleus to induce activation of the EIN3 family of ethylene responsive

transcription factors (Qiao et al., 2012).

s0040 2.6 Gibberellin
p0060 Stem elongation is regulated by complex signaling pathways involv-

ing various hormones, including auxin, brassinolide, and gibberellin.

A diterpenoid compound, gibberellin, was first discovered from a fungus

due to its effect on rice causing elongated stem. This compound was later

shown to be an endogenously synthesized hormone that regulates stem

cell elongation. Gibberellin acts through its nucleus-localized receptor,

GID1 (Gibberellin-Insensitive Dwarf1), and like auxin, this binding

induces degradation of transcriptional repressor proteins, DELLA which

have a characteristic conserved motif Asp-Glu-Leu-Leu-Ala, at the amino

terminus (Ueguchi-Tanaka et al., 2005). Mutations in gene sequences
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involved in gibberellin signaling or biosynthesis cause the production of

dwarf plants, due to a reduction in stem cell length. In these mutants with

shorter stems, energy from photosynthesis is diverted to grain production

instead of to stem growth and this has contributed to increased crop yield

responsible for the Green Revolution, for which the Nobel Peace Prize

was awarded in 1970, and subsequent research demonstrated that the

mutations were localized in gibberellin synthesis and receptor signaling

components.

s0045 2.7 Jasmonic Acid
p0065 Previously, plant growth and development were thought to be regulated by

five classical hormones, auxin, cytokinin, gibberellin, ethylene, and ABA

(see the above). More recent studies now are acknowledging other small

molecules, including jasmonic acid and strigolactones (see later) as either

growth regulatory substances or plant hormones involved in cell-to-cell

communication. Jasmonic acid, a volatile chemical derived from linolenic

acid, is involved in senescence (biological aging), defense responses, and

growth inhibition. The jasmonic acid biosynthesis via cyclic reaction from

this fatty acid is often compared with the mammalian compound, prosta-

glandin, a hormone-like compound, which acts during inflammation and

vasodilation (widening blood vessels), and is biosynthesized from

arachidonic acid. Despite similarity in chemical structure, clearly jasmonic

acid and prostaglandin share no similarities in their downstream biological

response.

p0070 Jasmonic acid synthesis is induced by mechanostress and induces the

expression of genes involved in defense responses. Methyl jasmonate, a vol-

atile derivative, also diffuses into the air and induces defense responses in

neighboring plants (Farmer &Ryan, 1990). Coronatine is a synthetic analog

of jasmonic acid used to study jasmonic acid function and signaling in plants.

A coronatine insensitive 1 (coi1) mutant that was also resistant to jasmonate was

shown to have a mutation in a gene encoding an F-box protein which shows

a sequence similarity to TIR1, an auxin receptor (Sheard et al., 2010;

Xie, Feys, James, Nieto-Rostro, & Turner, 1998). Three-dimensional anal-

ysis of the jasmonic acid receptor, COI1, revealed that COI1 can bind to a

conjugated form of this hormone, jasmonate-isoleucine, a coreceptor JAZ

protein, transcriptional repressors, and a cofactor, inositol pentakisphosphate

(Sheard et al., 2010).
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s0050 2.8 Strigolactone
p0075 Overall plant body shape at maturity is influenced by shoot branching pat-

terns. Branch development is controlled by genetic and environmental fac-

tors, which integrate hormone transport and action, leading to the

emergence and elongation of lateral branches. For example, maize (corn)

and its ancestor, teosinte, are dramatically different in shoot branching pat-

terns, presumably due to the genetic selection derived from domestication

by humans over thousand years. Teosinte branched1 (TB1), encoding a

transcription factor, suppresses the bud growth (Doebley, Stec, &

Hubbard, 1997). An important role for TB1 as a key genetic component

of branching pattern was supported by the identification of an Arabidopsis

gene related to TB1. Thus, the teosinte branched 1-like 1 gene was identi-

fied and its knockout mutant exhibits a hyperbranching phenotype

(Finlayson, 2007).

p0080 Characterization of bushy mutants of Arabidopsis revealed that they

contain reduced concentrations of strigolactone, indicating that this may

be a new type of plant hormone. Application of this compound to plants

inhibits shoot branching (Umehara et al., 2008). A strigolactone-insensitive

plant, d14 (Dwarf14), isolated from rice produces increased side shoots

(tillers) (Arite et al., 2009). D14 of rice and its orthologs, AtD14 of

Arabidopsis and deceased apical dominance 2 (dad2) of petunia are strigo-

lactone receptors, which are members of the α/β-hydrolase enzyme super-

family and distantly related to a gibberellin receptor, GID (Hamiaux et al.,

2012). Interaction of strigolactone with the receptor causes hydrolysis of

the ligand, which promotes the ligand–receptor complex interacting with

MAX2, an F-box protein, leading to proteasome-mediated degradation

of target proteins (Wang et al., 2013). The Arabidopsis mutant, max2,

shows increased shoot branching and the gene encoding this protein is

involved in the signaling of seed germination promoted by another lactone

compound found in smoke, karrikin (Nelson et al., 2011; Stirnberg, van De

Sande, & Leyser, 2002). Although it is well known that some plant seeds

require smoke for germination and appear to be involved in the changes

in floral species found within a forest after fires, there is no evidence for this

compound derived from forest fire smoke to be naturally synthesized in

planta to date.

p0085 In conclusion, the half dozen or so small molecules described earlier are

critical growth regulators during plant growth and development. Until

�20 years ago, it was believed that plants use only small molecules for reg-

ulating growth and development. However, the presence of a large family of
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orphan plasma membrane receptor-like kinase genes in the plant genome

(but few or no G protein-coupled receptors), suggest that plant cells could

be perceiving many undiscovered ligands at the plasma membrane via these

kinases, perhaps to help coordinate growth and development during the

many discrete steps of differentiation and function that occur at various parts

and times in plant life.

s0055 3. PLASMA MEMBRANE AS THE SITE OF PEPTIDE
LIGAND SENSING BY RECEPTORS

p0090 In animals, the plasma membrane sodium pump (Na+/K+-ATPase)

provides the membrane potential and sodium gradient utilized by ion chan-

nels and cotransporters. In plants (and fungi), a plasma membrane proton

pump plays a similar role in creating the primary electrochemical gradient

that drives all of the channels and cotransporters. In this case, the gradient

created by the pump is a much higher membrane potential (minus

250 mV resting potential) and a chemical gradient of protons. In fact,

sodium is an unessential element in plants and plays no critical role in any

specific plant process. Despite this important difference in fundamental

energetics of the plasma membrane, changes in the cytoplasmic concentra-

tion of calcium are universal signaling events in both animals and plants.

Mechanostimuli, neurotransmitters, and peptide growth factors all induce

a cytoplasmic calcium transient as a second messenger, and this is often asso-

ciated with phospholipid alterations and rapid changes in protein phosphor-

ylation initiated at the plasma membrane. Although plants do not have

neurons, they do exhibit rapid signal propagation via calcium waves at

the organismal level in response to environmental stimuli such as abiotic

stresses (Choi, Toyota, Kim, Hilleary, & Gilroy, 2014). Furthermore, the

presence of many small open reading frame (ORF) genes with predicted

secretion signal sequences in the genome clearly supports the idea that

hormone-like peptides may play diverse physiological roles to activate intra-

cellular signaling.

p0095 In order to biochemically identify such peptide ligands, we set up a high-

throughput assay for endogenous peptides that induce a cytoplasmic calcium

transient in Arabidopsis. Using a high-resolution reverse phase HPLC col-

umn, we fractionated all of the small proteins and peptides derived from a

soluble extract and purified and sequenced a few micrograms of the peptide

responsible for one of the major peaks of activity. The sequence of this pep-

tide revealed that it was a homolog of RALF (rapid alkalinization factor) a
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5000-Da peptide previously identified on the basis of its ability to cause alka-

linization of the cellular medium upon bathing plant cells and predicted to

interact with a receptor complex composed of 120 and 25 kDa proteins

(Pearce, Moura, Stratmann, & Ryan, 2001b; Scheer, Pearce, & Ryan,

2005). In addition to its ability to induce cell wall alkalinization and cyto-

plasmic calcium transients, this peptide also suppresses cell elongation in

roots when applied to plants. In order to obtain new information on the sig-

naling pathway induced by RALF1, we performed a mass spectrometry-

based quantitative analysis of the plasma membrane phosphoproteome in

Arabidopsis seedlings. We observed that within 5 min of RALF treatment

of Arabidopsis seedlings phosphorylation of a serine residue (S899) in the

carboxy terminal regulatory tail of the Arabidopsis plasma membrane H+-

ATPase 2 (AHA2) was increased over fourfold without altering overall

AHA2 protein level. In the same dataset of RALF-induced changes in

the plasma membrane phosphoproteome, we identified and quantified

�600 phosphopeptides and the largest change (10- to 20-fold) in pho-

sphopeptide abundance was observed in the FERONIA receptor kinase

within two phosphopeptides located at the regulatory carboxy terminus.

Based on this observation and by analogy to mammalian epidermal growth

factor or insulin-induced increases in the phosphorylation of cognate tyro-

sine receptor kinases, we hypothesized that RALF acts through FERONIA

to downregulate root growth.We tested this hypothesis using reverse genet-

ics to study the effect of the absence of FERONIA on RALF sensitivity and

also, via direct biochemical studies of RALF binding to FERONIA (Haruta,

Sabat, Stecker, Minkoff, & Sussman, 2014). A recent study examining

RALF-induced rapid FERONIA phosphorylation and ABA-induced

FERONIA phosphorylation as a long-term response (i.e., 1–4 h incubation)
suggests that FERONIA is also involved in abiotic stress responses (Chen

et al., 2016).

s0060 4. FERONIA AND ITS GENE FAMILY IN PLANT GROWTH
AND DEVELOPMENT

p0100 The FERONIA receptor kinase was first identified with a genetic

mutant, feronia (or Sirene) inwhich the pollen tube does not stop its elongating

growth when it reaches the ovule of female gamete, thus causing pollen tube

overgrowth, reduced fertility, and semisterile phenotype (Escobar-Restrepo

et al., 2007; Huck, Moore, Federer, & Grossniklaus, 2003; Rotman,
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Gourgues, Guitton, Faure, & Berger, 2008; Rotman et al., 2003). The gene

was named after the fertility Goddess, FERONIA from an Etruscan legend

of ancient Italy. FERONIA is located at the surface of the synergid cells

supporting the egg cells within the ovule and was thought to recognize

an unknown signal molecule, presumably localized at the pollen tip. Once

FERONIA interacts with signals from the pollen tube, the synergid cells

undergo programmed cell death and the pollen tube bursts to release the

sperm nuclei, resulting in gamete fusion. The extracellular domain of

FERONIA is distantly related to malectin, a protein found in the endoplas-

mic reticulum of mammalian cells. Malectin is involved in protein glycosyl-

ation and interacts with a diglucose moiety (Schallus, Feher, Sternberg,

Rybin, & Muhle-Goll, 2010; Schallus et al., 2008). Because of a small

amount of sequence similarity of the ectodomain of FERONIA to mamma-

lian malectin, it was speculated that FERONIA ectodomain may interact

with sugar or other carbohydrate-like molecules present in the cell wall

(Boisson-Dernier, Kessler, & Grossniklaus, 2011).

p0105 Although FERONIA was first discovered as a female determinant of

pollen-egg recognition, the FERONIA gene is widely expressed in all veg-

etative tissues and developmental stages except in pollen, suggesting that its

role is not limited to ovule fertilization (Lindner, Muller, Boisson-

Dernier, & Grossniklaus, 2012). A role of FERONIA as a plasma membrane

component involved in initiating cellular signaling in other cell types was

also evident from experiments showing its interaction with guanine nucle-

otide exchange factors (GEFs), ROP-GEF, during root hair development

(Duan, Kita, Li, Cheung, & Wu, 2010). The involvement of FERONIA

in cell growth and/or polarized cell growth was observed in feronia mutants

which display collapsed, burst, or arrested root hairs. The root hair is a single

cell extended from the epidermal cell in roots and thus is often considered to

share common “tip growth” regulatory mechanisms, including calcium ion,

reactive oxygen species, GTP exchange reaction, with pollen tube cell elon-

gation. Interestingly, a glycosylphosphatidylinositol (GPI) anchored protein,

LORELEI-LIKE GPI ANCHORED protein 1 (LLG1), whose homolo-

gous gene LORELEI functions in ovule fertilization in a similar manner

to FERONIA, is also reported to be required for root hair development.

The knockout plant containing a null mutation of llg1 showed defective root

hair development resembling to feronia mutant. A subsequent biochemical

experiment showed that LLG1 is a component of RALF1-FERONIA sig-

naling and was demonstrated to interact with RALF1 and its receptor pro-

tein kinase, FERONIA (Li et al., 2015).
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p0110 FERONIA belongs to a family of 16 receptor-like kinases known as

CrRLKs (Catharanthus roseus receptor-like kinase), since the first gene

encoding a member of this receptor kinase family was discovered from cell

cultures of C. roseus (Madagascar periwinkle) (Schulze-Muth, Irmler,

Schroder, & Schroder, 1996). A cDNA encoding this protein was expressed

as a truncated version containing a protein kinase domain and it was dem-

onstrated that the gene encodes an active protein kinase which

autophosphorylates at serine and threonine residues within the protein.

Another member of the CrRLK family, THESEUS, was reported in a study

of suppressor screens of a cellulose synthase (procuste1, prc1) mutant, which

showed defective hypocotyl elongation under dark conditions (Hematy

et al., 2007). Recessive mutations in theseus can suppress a shorter hypocotyl

phenotype seen with a cellulose synthase, prc1 mutant, but this mutation

does not affect the hypocotyl of wild-type plants. Thus, it was proposed that

THESEUS is a sensor for cell wall integrity, although the molecular or bio-

chemical definition for “cell wall integrity” remains unclear. One may also

speculate that the effect of theseus mutation is visible only when the con-

straint by a rigid cell wall is reduced in the cellulose synthase mutant. If

THESEUS is a negative regulator of cell expansion as is the case of

FERONIA, all of the observations also fit a model in which THESEUS

is normally restricting cell expansion at the plasma membrane and its knock-

out phenotype cannot be detected when the cell wall is restraining cell elon-

gation, in the wild-type plant.

p0115 The idea that CrRLK is involved in sensing changes in cell wall compo-

sition hinted that FERONIA may be also playing a role during

mechanosensing signal transduction. Plants naturally experience mechanical

stresses from the environments or load-bearing of their own tissue weights as

well as by touch from insects and fixed structures (e.g., peas wrapping their

tendrils around a pole), and thus, sense changes in tensile strain by rapid

changes in calcium concentration in the cytoplasm and pH in the cell wall.

During this process, feronia mutants show impaired calcium or proton ion

fluxes and reduced frequencies of penetrating into a high-density agar

(Shih, Miller, Dai, Spalding, & Monshausen, 2014). In addition to the rapid

changes in ion signaling, mechanical stimuli induce protein phosphorylation

(Piotrowski, Liss, & Weiler, 1996). The FERONIA receptor kinase, which

was shown to be an active kinase when expressed as a kinase domain in

Escherichia coli, may be involved in mechanosensing with its kinase function

since a kinase-negative mutant version of FERONIA showed a different

activity compared with wild-type FERONIA. This is an intriguing result
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since the role of FERONIA in the ovule fertilization does not seem to rely

on its kinase activity (Kessler, Lindner, Jones, &Grossniklaus, 2015); instead,

a cytoplasmic protein kinase may be involved in its phosphorylation signal-

ing downstream of the CrRLKs (Boisson-Dernier, Franck, Lituiev, &

Grossniklaus, 2015). It remains to be examined whether a kinase-negative

mutation of this cytoplasmic kinase affects its biological function.

p0120 Since the plasma membrane H+-ATPase is an essential protein involved

in all aspects of plant physiology (Haruta et al., 2010; Haruta & Sussman,

2012), RALF and FERONIA acting directly through changes in the cata-

lytic activity of the pump may contribute to the pleiotropic mutant pheno-

types observed with feronia knockout plants. Yu et al. observed that growth

of the feronia mutant is hypersensitive to the presence of ABA (Yu et al.,

2012). A genetic mutant screen of ethylene hypersensitive plants also iden-

tified feronia mutants (Deslauriers & Larsen, 2010). Although there is no

causal link established, FERONIA has also been reported to function by

directly interacting with a metabolic enzyme, glyceraldehyde-3-phosphate

dehydrogenase to inhibit starch accumulation (Yang et al., 2015), as well as

interacting with S-adenosylmethionine synthetase to suppresses ethylene

production (Mao et al., 2015).

p0125 Two other members of the CrRLK family, ANXUR1 and ANXUR2,

are collectively required for pollen tube elongation as a homozygous double

knockout for the two genes caused lethality due to pollen germination and

elongation defects (Boisson-Dernier et al., 2009; Miyazaki et al., 2009). The

mutant pollen grains with the haplotype anx1/anx2 can be formed, but the

pollen tube ruptures before they elongate. From the mutants’ phenotype, it

is possible that normal function of the ANXUR receptor kinase is restricting

pollen tube elongation. When restriction is removed in the double mutants,

a pollen tube bursts. It remains to be tested whether FERONIA and

ANXUR share the same ligands during fertilization functions.

s0065 5. ORGAN SIZE AND GROWTH ARE DETERMINED
BY STIMULATION AND INHIBITION BY SIGNALING
PATHWAYS IN PLANTS AND ANIMALS

p0130 In the first several days after seed imbibition starts, storage nutrients

support organ expansion until a plant enters a developmental stage in which

it is capable of photosynthesis. In this transition, changes in hormone metab-

olism occur to regulate growth and to optimally respond to the environment

(Bewley, 1997; Bhalerao et al., 2002; Fait et al., 2006). Young seedlings are

Comp. by: SNijam Stage: Revises1 Chapter No.: 224 Title Name: CTDB
Date:27/12/16 Time:17:39:18 Page Number: 15

15LigandReceptor-Mediated Regulation of Growth in Plants

ARTICLE IN PRESS

To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only
by the author(s), editor(s), reviewer(s), Elsevier and typesetter SPi. It is not allowed to publish this proof online or in print. This proof
copy is the copyright property of the publisher and is confidential until formal publication.

These proofs may contain colour figures. Those figures may print black and white in the final printed book if a colour print product
has not been planned. The colour figures will appear in colour in all electronic versions of this book.



not photosynthetically active and their growth relies on the preserved nutri-

ents in the seed endosperm. Thus, during the seedling stage at which plants

establish photosynthetic capability, plants have sensitive sensor mechanisms

to perceive light intensity and to modify growth and development.

A seedling that is growing faster than necessary under a condition in which

there is not enough light available, would result in deleterious consequences

by using up the reserved nutrients. Plants have growth regulatory mecha-

nisms to actively “ratchet” down the growth rate and reduce the rate of cell

elongation. In the authors’ previously described discovery of RALF-

FERONIA, a peptide ligand and receptor kinase pair, acting as a negative

regulator of cell elongation, fit into this model (Haruta et al., 2014). The

primary action of this peptide–receptor signaling is to inactivate plasma

membrane H+-ATPase that provides energy to the plasma membrane, so

that they can import the nutrients required for cell growth (Fig. 1).
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Fig. 1f0005 Model for rapid RALF-FERONIA-regulated cell growth. RALF binding to the
ectodomain of FERONIA receptor kinase induces a rapid phosphorylation at regulatory
Ser residues at the carboxy terminus. RALF-induced activation of FERONIA either directly
or indirectly increases the level of phosphorylation of AHA2 at Ser899. This results in
inhibition of proton efflux, a rise in cell wall pH and suppression of cell growth. In
the long term (e.g., 30 min), RALF modulates the expression of genes involved in cell
elongation. Transcripts for genes encoding proteins involved in growth stimulatory
mechanisms are reduced by RALF action.
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p0135 Signaling mechanisms by which cells actively suppress growth and devel-

opment are also essential in mammalian systems. Organismal growth in ani-

mals is mediated by cell proliferation, growth, and migration. Failure in

appropriate regulation of such inhibitory mechanisms causes organ over-

growth or cancer development. For example, loss-of-function mutations

in Hippo serine/threonine kinase of fruit fly result in organ overgrowth that

disrupt eye and wing pattern development (Harvey, Pfleger, & Hariharan,

2003). Another example is kinase-mediated inhibition of cell migration.

A deletion of ERK8 (extracellular signal-regulated kinase, also known as

MAPK15, ERK7) causes twofold faster cell migration in Hela cells (Chia,

Tham, Gill, Bard-Chapeau, & Bard, 2014). Moreover, ERK8 is known

to induce degradation of the estrogen receptor and a loss of its expression

is correlated with increased progression of breast cancer (Henrich et al.,

2003).

s0070 6. RALF FAMILY AND FUNCTION IN PLANT GROWTH
AND DEVELOPMENT

p0140 With the completion of many plant and microorganism genomes,

bioinformatic analyses identified a family of RALF-like sequences through-

out the plant kingdom. In the Arabidopsis genome, there are 34 RALF-like

sequences. The widespread expression profiles of RALF-like sequences

were also evident from some earlier mRNA sequencing analyses obtained

by the expression sequence tags approach from the reproductive tissue of

tomato plants (Germain, Chevalier, Caron, & Matton, 2005). A loss-of-

function study of a tomato RALF (Solanum chacoense RALF3, ScRALF3)

revealed that silencing this gene caused a reduction in seed production

due to defective development of the embryo sac (Chevalier, Loubert-

Hudon, & Matton, 2013). Female gamete development, referred to as

megagametogenesis, involves a series of meiotic cell divisions, cell death,

and mitosis to produce eight nuclei. Since our Arabidopsis RALF1/

FERONIA peptide hormone receptor kinase cognate pair model predicts

that RALF1 suppresses cell growth by inactivation of AHA2, the phenotype

seen with ScRALF3-silenced tomato plants is consistent with this hypothesis

that growth termination is a necessary process during female gametogenesis.

p0145 The involvement of RALF peptides in pollen tube elongation was exam-

ined by an in vitro assay using a tomato system. Application of SlRALF
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(Solanum lycopersicum RALF) inhibits pollen tube elongation, but does not

affect pollen grain hydration, with sequence specific and pH-dependent

effects (Covey et al., 2010). Additional evidence that RALF-like peptides

play roles in pollen function was observed in a transcriptome study via

RNA sequencing. RALF-like 8 and 9 transcripts are among those most

abundant and rank at 7th and 11th, respectively, among the 33,614 genes

in pollen (Loraine, McCormick, Estrada, Patel, & Qin, 2013). RALF-like

8, which is expressed at a very low level in seedlings in the normal growth

condition, was shown to be transcriptionally induced in Arabidopsis seedlings

when exposed to consecutive stresses by a challenge with parasitic-nematode

infestation, followed by water-deficit condition (Atkinson, Lilley, & Urwin,

2013). Overexpression of RALF-like 8 gene under a constitutive promoter

resulted in shorter roots with excessive root hair production. The RALF-

like 8 overexpressor is also more susceptible to drought stress. The effects

of RALF peptide overexpression were also reported with RALF1 and

RALF-like 23, both resulting in semi-dwarf phenotypes (Matos, Fiori,

Silva-Filho, & Moura, 2008; Srivastava, Liu, Guo, Yin, & Howell, 2009).

The dwarfism seenwithRALF1 overexpressors was dependent on processing

of the prepro-RALF precursors into the mature peptides since mutating the

predicted protease recognition site of the RALF precursor abolished the

dwarf phenotype.

p0150 Whereas the phenotypes observed with gene overexpression experi-

ments require caution in interpretation due to possible indirect effects, gene

knockout or silencing experiments provide more reliable clues on biological

function of RALF peptide. Wu et al. reported that tobacco appears to have a

smaller RALF gene family than Arabidopsis and that tobacco plants in which

RALF expression is silenced showed reduced root hair development and a

longer root (Wu et al., 2007).

s0075 7. RALF-LIKE PEPTIDES ARE NOT ONLY PRODUCED
BY PLANTS BUT ALSO BY PATHOGENIC MICROBES

p0155 Plants in nature are continuously exposed to microbes, some of which

are beneficial for normal growth and development (symbiosis) or some that

are not (pathogenic infection). Both plants and symbiotic or pathogenic

microbes secrete signaling molecules. Recent studies have identified genes

encodingRALF-like peptides in the genome of a pathogenic fungus,Fusarium

oxysporum (Masachis et al., 2016). The fungal-derived RALF peptide

(f-RALF) was shown to act in a similar manner to endogenous plant RALF
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peptide and was found to be capable of inducing extracellular alkalinization

in tomato suspension cells and inhibition root elongation in tomato seed-

lings. More importantly, a feronia knockout plant which is insensitive to

growth inhibition by Arabidopsis RALF1 is also insensitive to f-RALF pep-

tide. Based on these observations, it was proposed that the fungus is

suppressing plant cell growth to increase infection efficiency. In agreement

with this idea, the feroniamutant, which does not respond to fungal RALF, is

resistant to the pathogenic infection. Also consistent with this model is the

observation that a deletion mutant of F. oxysporum, which lacks a gene

encoding the f-RALF peptide infected tomato plants with a much reduced

efficiency compared with the wild-type F. oxysporum strain.

p0160 Thynne et al. also identified RALF-like sequences in the genomes of

26 phytopathogenic fungi (Thynne et al., 2016). A RALF-like peptide,

RALF-B from F. oxysporum f. sp. lycopersici, inhibits the growth of tomato

seedlings. However, in this study, the authors suggested that the RALF pep-

tide from F. oxysporum can influence pathogen virulence in only limited

conditions, e.g., when plants were grown in media with reduced levels of

nutrients.

s0080 8. OTHER ENDOGENOUS HORMONE-LIKE PEPTIDES AND
THEIR RECEPTOR PAIRS FOR PLANT GROWTH,
DEVELOPMENT, AND PHYSIOLOGY

p0165 Discovery of the first peptide acting as a hormone-like signal in plants

dates back to 1991 when an 18-amino-acid long peptide, systemin was bio-

chemically isolated as a factor capable of inducing a proteinase inhibitor pro-

tein from tomato leaves (Pearce, Strydom, Johnson, & Ryan, 1991). This

peptide was reported to interact with a 160-kDa receptor protein at the

plasma membrane and induced the downstream signals resulting in the

expression of an array of defense-related proteins (Scheer & Ryan, 1999).

This study opened up a paradigm of plant peptide signals, which are now

perceived as a critical part of plant signaling.

p0170 Plant cells have sensitive mechanisms for responding to extracellular sig-

nal molecules. Changes in transmembrane ion fluxes and protein phosphor-

ylation are observed very rapidly upon cellular recognition of signal

compounds (Boller, 1995). Peptide-based signal molecules including sys-

temin can elicit extracellular alkalinization of cultured cells (Felix &

Boller, 1995). Thus, monitoring pH changes in the medium of cultured cells

has been used as an assay to seek signal- or elicitor-like molecules which

Comp. by: SNijam Stage: Revises1 Chapter No.: 224 Title Name: CTDB
Date:27/12/16 Time:17:39:19 Page Number: 19

19LigandReceptor-Mediated Regulation of Growth in Plants

ARTICLE IN PRESS

To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only
by the author(s), editor(s), reviewer(s), Elsevier and typesetter SPi. It is not allowed to publish this proof online or in print. This proof
copy is the copyright property of the publisher and is confidential until formal publication.

These proofs may contain colour figures. Those figures may print black and white in the final printed book if a colour print product
has not been planned. The colour figures will appear in colour in all electronic versions of this book.



activate cellular signaling for the activation of defense responses or growth

regulation at the plasma membrane (Felix, Duran, Volko, & Boller, 1999;

Kunze et al., 2004). A 23-amino-acid peptide, AtPep1 (Arabidopsis thaliana

elicitor peptide1) was isolated using this alkalinization assay and shown to

induce pathogen defense in Arabidopsis through an leucine-rich repeat

(LRR) receptor-like kinase PEPR1, which forms a heterodimer with the

BAK1 receptor kinase (Huffaker, Pearce, & Ryan, 2006; Tang et al.,

2015; Yamaguchi, Pearce, & Ryan, 2006). The AtPep1 sequence shows

limited sequence conservation when compared with maize peptides, possi-

bly suggesting that this peptide–receptor pair may be functioning in a

species-specific manner (Huffaker, Dafoe, & Schmelz, 2011; Lori et al.,

2015).

p0175 As is the case of mammalian peptide growth factors or hormones, post-

translational modification of peptides appears to be a common mechanism

in plants. Phytosulfokine, a sulfated penta peptide isolated from aspar-

agus, which can induce cell proliferation in cultured cells, is produced

as a precursor protein and processed to a small biologically active peptide

(Matsubayashi & Sakagami, 1996). A receptor for phytosulfokine, PSKR1

was identified via photoaffinity cross-linking and purification, followed by

mass spectrometry sequencing. This peptide is recognized by a cell-surface

receptor, LRR receptor-like kinase whose knockout caused shorter roots

and overexpression caused longer roots and enhanced proliferation of cells

(Matsubayashi, Ogawa, Kihara, Niwa, & Sakagami, 2006; Matsubayashi,

Ogawa, Morita, & Sakagami, 2002). A crystal structural study revealed

that PSK ligand binds to the PSKR1 receptor, which causes allosteric activa-

tion of the receptor and allows the ligand–receptor complex to interact

with coreceptors known as somatic embryogenesis receptor-like kinases

(SERKs) (Wang et al., 2015). An additional search for sulfated peptides

resulted in the isolation of an 18-amino-acid tyrosine-sulfated glycopeptide,

PSY1 from the media of Arabidopsis cell culture (Amano, Tsubouchi,

Shinohara, Ogawa, & Matsubayashi, 2007). PSY1 stimulates root growth

through a family of PSKR1, which interacts with and activates a plasma

membrane H+-ATPase (Fuglsang et al., 2014). Posttranslational modification

of bioactive peptides was also reported with systemin-like peptides from the

Solanaceae family. Those peptides contain hydroxylated proline residues

and glycosylation composed of pentose units. Multiple peptides are pro-

duced from a single precursor preproprotein and bioactive peptides induce

wound-responsive genes, which function in antiherbivory defense responses

(Pearce,Moura, Stratmann, &Ryan, 2001a; Pearce&Ryan, 2003); however,
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receptor proteins for those systemin or systemin-like peptides remain to be

clearly identified.

p0180 Some peptide–receptor pairs have been identified via genetic studies and
later confirmed to directly interact using molecular biology techniques such

as coimmunoprecipitation or biochemical cross-linking assay. A pair of

CLAVATA3 (CLV3) ligand and CLAVATA1 (CLV1) receptor kinases is

required for the maintenance of meristem cells to balance cell proliferation

and differentiation, since insertion or point mutants of those genes cause

increased apical bud formation (Clark, Williams, & Meyerowitz, 1997;

Fletcher, Brand, Running, Simon, & Meyerowitz, 1999). The presence

of an active form of CLV3 peptide was identified by in situ MALDI mass

spectrometry (Kondo et al., 2006). A mass spectrum for the 12-amino-acid

peptide localized at the carboxy terminus of CLV3 precursor protein was

detected from Arabidopsis seedlings overexpressing the precursor protein.

CLV3 peptide detected in situ contained two hydroxylated proline residues,

although the hydroxylation did not influence the biological activity of the

peptide. Photoaffinity labeling and a binding assay of CLV3 peptide inter-

acting with CLV1 receptor also showed that CLV1-related receptor kinases,

BAM1, 2, and 3 (Barely Any Meristem) are coreceptors for the CLV1–3
complex (DeYoung et al., 2006; Shinohara & Matsubayashi, 2015).

p0185 The Arabidopsis genome contains 26 genes encoding CLE peptides

(CLAVATA3/embryo-surrounding region related, ESR) (Cock &

McCormick, 2001). The CLE family shows the secretory signal sequence

at the amino terminus and �14-amino-acid conserved peptide sequence

at the carboxy terminus. Application of synthetic peptides corresponding

to the carboxy termini of CLV3, CLE19, or CLE40 caused shorter and thin-

ner roots and decreases in the number of root meristematic cells (Fiers et al.,

2005). Through biochemical search and purification, CLE41/44 peptide,

originally named “tracheary element differentiation inhibitory factor” was

found to be a factor that suppresses differentiation of mesophyll cells (cells

found within leaf ) into tracheary element (conducting cells in the vascular

tissue) (Ito et al., 2006). CLE-like sequences are also found in the nematode

genome and the precursor protein for the CLE-like peptide from potato cyst

nematode Globodera rostochiensis (GrCLE1) was correctly processed in plants

(Guo, Ni, Denver, Wang, & Clark, 2011; Wang et al., 2010). GrCLE1

inhibits root growth at the similar peptide concentration range as the endog-

enous peptide, CLV3. Moreover, GrCLE1 binds to Arabidopsis CLV2,

BAM1, and BAM2 receptor kinase proteins, supporting a model in which

the parasitic nematode uses GrCLE1 to mimic CLV3 peptide action.
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p0190 Another example of a peptide–receptor pair identified initially based on a
correlation of genetic mutant phenotypes is IDA (inflorescence deficient in

abscission) peptide ligand, which interacts with its receptor HAESA (Latin

word meaning to stick to) kinase and induces organ abscission (Butenko

et al., 2003; Jinn, Stone, & Walker, 2000). In both ida and haesa mutants,

floral organs including petal and stamens remain attached throughout silique

(seed pod) development due to the loss of activation of abscission signaling.

IDA interaction with HAESA induces the recruitment of SERKs and results

in transphosphorylation of the two receptor kinases (Meng et al., 2016).

Agreeing with this biochemical model, triple mutants of serks also exhibit

defective organ abscission. Crystal structural analyses demonstrated that

IDA dodeca peptide binds to HAESA with a weak affinity and SERK1 sta-

bilizes the ligand–receptor complex (Santiago et al., 2016).

p0195 The availability of many plant genome sequences and bioinformatics

tools has facilitated the identification of peptide ligands pairing with their

receptor proteins. Based on the hypothesis that extracellularly secreted pep-

tide signals are found in the genes encoding precursor proteins, small ORF

genes were computationally screened. With this approach, a novel

15-amino-acid peptide, CEP1 (C-terminally encoded peptide 1) was iden-

tified (Ohyama, Ogawa, & Matsubayashi, 2008). Photoaffinity labeling

assays performed with CEP1 peptide identified two LRR receptor kinases,

from an Arabidopsis receptor kinase expression library produced in tobacco

cells (Tabata et al., 2014). CEP-encoding genes were shown to be induced

by nitrogen starvation, and together with their cognate receptor kinases, this

family of peptides senses nitrogen availability in plants and regulates lateral

root development. Peptide ligands, for a receptor-like kinase protein,

known for regulating developmental pathways that produce or suppress

guard cell production were also identified via a bioinformatic screen

searching for small ORF genes. Peptides, named EPIDERMAL PAT-

TERNING FACTOR 1 (EPF1), were found to suppress stomatal develop-

ment by interacting with ERECTA receptor kinase (Hara, Kajita, Torii,

Bergmann, & Kakimoto, 2007). Interestingly, stomatal development is also

positively regulated by ERECTA interaction with another peptide,

stomagen (Sugano et al., 2010). A current model suggests that competitive

binding of stomagen and EPF1 onto the ERECTA receptor kinase deter-

mines stomatal density and patterning (Lee et al., 2015). EPF1 peptide

induces heteromerization of ERECTA and SERKs in planta and this asso-

ciation predicts that the two receptor kinases cause transphosphorylation of
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the proteins (Meng et al., 2015). This biochemical result is consistent with

the genetic evidence that serk quadruple mutant also showed increased sto-

matal production.

p0200 In addition to RALF and EPF1, other peptides with cysteine disulfide

bonds are involved in other cell-to-cell communications. A peptide related

to defensin, LURE acts as an ovule-secreted signal to attract the pollen tube.

LURE peptide, first identified based on gene expression profiling, was het-

erogeneously produced from E. coli and its function of guiding the pollen

tube to the ovule was demonstrated (Okuda et al., 2009). A family of RLKs

that are required for sensing LURE peptide in the pollen tube was identified

and some of them were shown to directly interact with the peptide

(Takeuchi & Higashiyama, 2016; Wang et al., 2016). Another example

for a peptide hormone with cysteine disulfide bonds is the peptide–receptor
pair for pollen perception by stigma (tip of the female structure) in the

Brassicaceae family including Arabidopsis. A genetic mapping study revealed

that this self-incompatibility locus contained the ligand and receptor genes.

The inability of self-fertilization in some species of the Brassicaceae family is

mediated by a peptide ligand, S-locus cysteine-rich protein (SCR) inter-

acting with its receptor, S-locus receptor kinase (SRK). Binding of an

incompatible SCR to SRK prevents pollen grain hydration, and thus, highly

polymorphic sequences of the ligands and receptors within the species con-

tribute to a higher degree of outcrossing (Kachroo, Schopfer, Nasrallah, &

Nasrallah, 2001; Schopfer, Nasrallah, & Nasrallah, 1999; Takayama et al.,

2001).

s0085 9. CONCLUSION AND FUTURE PERSPECTIVES

p0205 The development and growth of plants are regulated via the action of

various hormones mediating either stimulation or inhibition of cell growth.

The availability of Arabidopsis genetic and genomic resources has contrib-

uted greatly to revealing how plant hormones are perceived and act. Use of

novel new techniques including chemical genetics as well as functional

phosphoproteomic screens have made it possible to reveal the receptor pro-

tein identities for some important hormones. As we learn more about the

complexity of intersecting hormone signaling pathways, we realize the value

of a systems approach that includes profiling many different biomolecules,

including proteins and their posttranslational modifications. We now know

that some phytohormone receptors (e.g., auxin, GA, and jasmonate) are
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F-box proteins which act through the proteolysis of transcriptional repres-

sors. The Arabidopsis genome carries �700 F-box proteins, and moreover,

more than 5% of the genome encodes the proteins involved in the ubiquitin

proteasome system (Gagne, Downes, Shiu, Durski, & Vierstra, 2002;

Smalle & Vierstra, 2004). It is possible that there are many more small mol-

ecule growth regulators yet to be identified. Similarly, ligands for several

hundreds of membrane-bound receptor kinase proteins still remain to be

identified. Finally, due to the transient nature of protein interactions and

phosphorylated amino acids, the continued development of robust and

high-throughput biochemical assays will be helpful in order to reveal yet

to be known signaling components that lead to plant growth regulation.
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