ABSTRACT

DIGENNARO, PETER M. Genomic and Structural Analyses of Root-Knot Nematode and
Plant Signaling. (Under the direction of Dr. David McK. Bird.)

The study of complex symbioses can be facilitated by considering the mutual
constraints imparted by each interacting system. Presented here is the dissection of the Root-
Knot Nematode (RKN; Meloidogyne spp.) and plant host interactome based on these mutual
constraints. RKN is a sedentary obligate parasite of virtually all vascular plant roots, and
causes severe crop loss. At the heart of this interaction is the RKN-induced formation of
specialized and dedicated nematode feeding sites from host root tissue. To accomplish this
degree of plant developmental regulation, RKN must communicate at a level of host biology
that is universal to its cosmopolitan range. Concomitantly, the plant signals and pathways
utilized by RKN are likely critical to normal plant development. These hypotheses not only
allow for a directed dissection of RKN biology, but of plant biology, through the lens of
RKN parasitism. Supporting these investigations is a suite of computational tools, as well as
completed RKN and host genome sequences. Here, | present evidence consistent with the
model that RKN parasitism is based upon communicating with, and responding to, normal
host developmental programs at the level of plant signal mimicry, and that host biology is

central to our understanding of RKN pathology.
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CHAPTER 1

Introduction

The pace of plant-parasitic nematology can be described as ‘slow.” Antiquated research is
still not only relevant, but relatively accurate. This is not for lack of interest, indeed a large
body of literature concerning plant parasitic nematodes (PPN) exists; nor is it for lack of
scientific merit, as PPN cause billions in agricultural losses worldwide every year (Chitwood,
2003). Rather, the lack of transformational research is the result of the refractory nature of
basic PPN biology, specifically for the major obligate sedentary parasite of roots, root-knot

nematodes (RKN: Meloidogyne spp.).

Begin the genome sequencing era: The completion of the RKN genome (Opperman et al.,
2008) permits comprehensive investigations into the genetic armory available to initiate and
maintain complex symbioses with host plants. This dataset provided the basis for the research
presented here and was able to reconcile previous hypotheses within the field. It is my
opinion that, among few others (e.g. the M. hapla genetic map (Opperman et al., 2008)), the
completion of this data set constitutes the largest advance in accelerating the rate of
transformational PPN research. To understand the implications of an available genome and
its impact on my research, a brief expose of RKN and host biology and the molecular basis

for PPN parasitism is required.



Meloidogyne spp. probably parasitize the roots of all species of higher plants, and possibly
lower plants as well such as ferns. In terms of economic importance, RKN infection has been
estimated reduce up to 5% of global crop yield pre-harvest (Sasser and Carter, 1985). This
impact is at least partly the result of the nematodes cosmopolitan range and high fecundity.
Each RKN female may lay up to 1,000 eggs which can persist in the soil and most of which
likely infect the same plant. Eggs hatch in the soil as developmentally arrested second stage
juveniles (J2, or L2) and have been speculated to be analogous to Caenorhabditis elegans
dauer larvae. Mechanical and enzymatic penetration of host root, typically near the root
apical meristem by J2 begins the endoparasitic stages, where the nematode will complete the
rest of its life cycle. Importantly, all nematode life stages post- plant penetration occur in the
host apoplast. Once the nematode has migrated to the vascular cylinder, it becomes
sedentary, losing its somatic musculature and its vermiform shape. Vascular parenchyma
cells near the head of the nematode then undergo developmental reprogramming, finally
becoming nematode feeding sites known as Giant Cells (GC). GC are large cells with
numerous nuclei, the result of multiple rounds of karyokinesis without cytokinesis.
Thickened cell walls and an increased number of organelles are also classical characteristics
of GC. In addition, the cortical cells surrounding the inflicted vascular tissue become swollen
from hyperplasia. This mass of cell division creates the visible galls, or knots, characteristic
of RKN infection. Multiple plant pathways appear to be involved in a successful RKN
infection; generally, they are assumed to be i) avoidance and/or inhibition of host defense
responses, ii) generation of feeding sites from vascular tissue (GC) and iii) induction of

cortical cell hyperplasia.



Also mentioned intermittently throughout the body of this dissertation are the genera
Heterodera spp. and Globodera spp., collectively known as the cyst nematodes (CN).
Although there are many superficial similarities between CN and RKN, here the important
distinctions will be discussed as they pertain to the dissection of PPN-host interactions. CN
are of great agricultural importance, although have a much restricted host range compared to
RKN. Like RKN, CN are sedentary obligate plant parasites that induce the formation of
feeding sites from host tissue. CN feeding sites form from the coalescence of multiple
adjacent pericycle cells, this is distinct from RKN feeding site precursors (vascular
parenchyma) and development. In addition, although CN reside in the host apoplast, they
migrate through plant cells. Electron microscopy and immunochemistry have been used to
demonstrate stylet puncturing of syncytial cells (Wyss and Zunke, 1986) and direct secretion
of nematode proteins into host cells through the stylet (Elling et al., 2007). Yet, as with RKN,
the molecular basis for parasitism remains largely unknown. Once assigned a close
phylogenetic relationship with Meloidogyne spp. (previously classified as Heterodera
marioni), more comprehensive phylogenetic analyses indicated an ancient divergence event
between CN and RKN (Holterman et al., 2008). Thus, the superficial similarities between
these genera (e.g. juvenile morphology, feeding behavior) are likely the result of convergent
evolution. Indeed, plant parasitism by nematodes is surmised to have independently arisen at
least three times (Baldwin et al., 2004; Meldal et al., 2007). This should caution against
assuming the dialog between parasite and host during compatible interactions is similar

between these distinct genera. On the other hand, a major theme throughout this work is that



host biology places constraints on parasitic ability, which likely restricts the effective armory

of PPN.

Understanding the nature of, and mechanisms by which RKN manipulate plant cell
development to form feeding sites has been the focus of concerted efforts for over a century.
First postulated by Linford in 1937, nematode secretions have been at the center of these
investigations. Since then, a large amount of effort has been concentrated on the nematodes
esophageal gland cells and their secreted proteins. The gland cells’ presumptive role in
feeding site formation is not without basis (Bird and Suarer, 1967), yet many of the putative
secreted proteins remain to be experimentally confirmed, and functional classifications
remain lacking. Targeting esophageal gland cells for possible signals involved in feeding site
formation requires the preconceived notions that these glands are the principal source of
signals, and that they are secreted by traditional pathways and contain an amino-terminal
secretion signal sequence. To date, the majority of molecules attributed to the host-parasite
relationship have been individually cloned by elegant but laborious methods following this
hypothesis (Ding et al., 1998; Smant et al., 1998; de Boer et al., 1999; Rosso et al., 1999;
Gao et al., 2002; Huang et al., 2003; Qin et al., 2004; Huang et al., 2006a). To characterize a
single gene’s function, previous approaches have included targeted gene silencing by RNAI
(Hewezi et al., 2008, 2010; Hamamouch et al., 2012), localization of gene products in situ
and in planta (most recently and notably, Elling et al., 2007 and Jaoannet et al., 2012), and
yeast-two hybrid analyses (Huang et al., 2006a). Together, these methods may provide some

insight into a single gene’s function, although the entire picture is certainly not represented



due to limitations on each of the technologies. Specifically, RNAI is not robust in all RKN
species, and certainly fails in the face of large functionally redundant gene families; in situ
and in planta localization of nematode gene products is often marred by contrived constructs
and lack of proper controls for non-specific immunochemistry; and yeast-two hybrid
analyses can be fraught with false-positives. As each of these technologies and strategies
evolve, they will certainly become more fruitful and robust and will continue to provide

novel insight into the molecular basis of RKN parasitism.

No meaningful hypothesis is made without some preconceived notion of the system being
studied. Instead of focusing on parasite biology, viz. RKN esophageal gland cells and their
products, | focused on the current understanding of plant biology and cell development.
Assuming RKN parasitism of plants is constrained by the host’s ability to recognize
nematode products, an understanding of normal plant development may guide the

investigations of the signals used by RKN to establish feeding sites.

An abundance of literature exists detailing the interplay of the secondary metabolite plant
hormones (abcisic acid, auxin, brassinosteroid, cytokinin, ethylene, gibberellic acid, jasmonic
acid, nitric oxide, salicylic acid, and strigolactone), their roles in plant cell development, as
well as their perturbation by RKN and CN. The most notable hormones with obvious roles in
normal plant development and PPN interactions are auxin, cytokinin and ethylene. Changes
in host auxin level are one of the earliest responses to nematode infection. This may be due to

localized host defense responses (Phillips et al., 2007), or, more likely, due to changes in the



host’s auxin perception and sensitivity. Support for the later comes from the demonstration
that expression of the general transcription factor WRKY23 is rapidly induced upon nematode
infection, independent of auxin; WRKY23 contains four auxin-regulatory elements
(Grunewald et al., 2008). This spike in expression may be the result of a nematode signal
usurping host gene expression to augment host hormone levels and thus cellular
development. Low molecular weight CN compounds have been shown to stimulate
proliferation of tobacco protoplasts in the presence of auxin, which is indicative of a
heightened sensitivity to this and other plant hormones. Ethylene levels are also responsive to
PPN invasion, although once considered a biotic stress response (Glazer et al., 1983; Glazer
et al., 1985). Functional analyses of ethylene production and signalling pathways later
revealed the hormone to be essential to nematode feeding site formation (Goverse et al.,
2000; Wubben et al., 2001). Ethylene has also been implicated in the formation of CN
feeding sites, specifically, cell wall modifications permitting solute exchange between the
feeding site and the surrounding vascular tissue (Goverse et al., 2000). There is also a fair
amount of intrigue around the role of cytokinin in the PPN interaction. Its role in normal
plant cell development, particularly cell cycle regulation and division, has certainly aided its
continual relevance to investigations into RKN and CN parasitism. Direct application of
exogenous cytokinin has failed to show an influence on RKN infection (Dropkin et al.,
1969), but does result in the loss of RKN resistance conferred by the Mi gene in tomato. The
main intrigue around cytokinin lies around the study that demonstrates RKN producing
biologically active cytokinin (Bird and Loveys, 1980; De Meutter et al., 2003). The role of

this activity in the parasitic interaction remains unclear. During the initial stages of RKN



feeding site development, endogenous cytokinin levels are increased, which likely map to the
vascular parenchyma cells destined to become GC (Lohar et al., 2004). Indeed, the resistance
conferred by the cytokinin sensitive Mi gene is restricted to the initial period of GC induction

(Dropkin et al., 1969).

In addition to these classic lipophilic hormones, plant peptide hormones (pph) have recently
been recognized as significant plant cell developmental regulators. Interrogation of plant
genomes reveals large numbers of trans-membrane receptor-like kinases (RLK) and receptor-
like proteins (RLP) that represent potential targets for hormone ligands. At least 235 leucine-
rich repeat RLK are encoded within the Arabidopsis genome (Sharma et al., 2003), implying
numerous opportunities for peptide signaling to regulate the many diverse aspects of plant
development attributed to pph. However, deducing the role of pph in plant tissue and cell
development is not straightforward. Over-expression analyses and bioassays often provide
contradictory results, which include (but are in no terms limited to) pleiotropic phenotypes
(Strabala, 2008). This may be due to ectopic applications and peptide concentrations that
lead to neomorphy (new function), hypermorphy (exaggerated function) or antimorphy
(opposing function). These results may be due to sensitive and concentration dependent

kinetics of the potent ligands (Strabala, 2008).

The RKN-host system provides a valuable to tool to investigate plant biology; primarily
because RKN perturb normal plant cell development. It was first proposed by Dropkin and

Boone in 1966 and then formalized by Bird in 1996 that the signals employed by RKN to



modulate host pathways may be mimics of host regulatory molecules. In addition, there are
likely indirect levels of communication, such as plant circadian and diurnal patterns that
influence growth and development, which may be responsive to, and affect nematode
biology. Here, I assume that the evolutionary arms race between plant and parasitic nematode
has reached a point where nematode signals and the targeted endogenous pathways are
intertwined such as to be indistinguishable. To advance the state of plant parasitic
nematology, | used available tools to investigate plant developmental regulation through the

lens of RKN pathology as it pertains to RKN pathology.



CHAPTER 2

Structure of a plant peptide hormone and a pathogen-encoded mimic

ABSTRACT

CEP regulatory peptides influence root development and architecture in vascular plants.
Plant-parasitic root-knot nematodes (RKN; Meloidogyne spp.) also manipulate root
architecture to establish feeding sites. Genome analysis revealed candidate CEP genes
encoded within RKN genomes. Ergo, we hypothesize that CEP play a role in RKN
pathogenesis. We used genome-mining, expression analysis and bioassays to establish RKN
encode functional CEP-like mimics. NMR-deduced tertiary structures and molecular
dynamic simulations were used to investigate the role of CEP in RKN pathology. M. hapla
variably expresses a genome-compartmentalized 12-member family of CEP-like peptides.
Application of synthetic RKN-encoded CEP peptides to host roots suppresses lateral roots
and induces galls, which is a hallmark of RKN pathology. NMR structural analysis revealed
shared features implicated in general and specific receptor binding; these findings were
augmented by molecular dynamic simulations. M. hapla encode and express biologically
active CEP-mimics that share structural features with host CEP. Based on molecular dynamic
simulations, we depict plant CEP acting in multiple tissues and pathways compared with the
more rigid and compact nematode CEP, which likely acts in the singular niche of the RKN

feeding site. Our analyses implicate CEP as a core signal in the plant-nematode interaction.



INTRODUCTION

Like all organisms, plants interact dynamically with their biotic environment, which includes
attack by highly adapted pathogens. Amongst the most sophisticated of such pathogens are
plant-parasitic nematodes, which collectively cause as much as $125 billion in annual crop
loss worldwide (Koenning et al., 1999; Chitwood, 2003). Much of this damage is caused by
sedentary endoparasitic forms, particularly the ~80 species of root-knot nematode (RKN:
Meloidogyne spp.). RKN hatch in the soil as second-stage larvae and are attracted to roots
(Bird, 1959; Riddle and Bird, 1985), which they penetrate near the tip. Inside the root, RKN
migrate within the apoplast (Wyss and Grundler, 1992) to the vascular cylinder where the
development of a novel plant cell type, termed a Giant Cell (GC), is induced. GC are the
essential and, apparently, sole nutritive source for the nematode (Bird and Loveys, 1975). GC
formation, coupled with expansion and proliferation of adjacent plant pericycle and cortical
cells results in the characteristic root-knot. More than 2,000 plant species are documented as
being RKN hosts, although individual isolates may have a more restricted range (Sasser,
1980). All RKN elicit stereotypic GC, implying that the parasite interacts with its host at a

level of plant developmental control that is broadly conserved across vascular florae.

It is a long-standing hypothesis that nematode secretions are directly involved in the parasitic
interaction (Linford, 1937), and, as recently reviewed (Hewezi and Baum, 2013), the identity
of numerous individual proteins in RKN pharyngeal glands and secretions has been
established (Ding et al., 1998; Smant et al., 1998; de Boer et al., 1999; Rosso et al., 1999;

Gao et al., 2002; Qin et al., 2004; Huang et al., 2006a; Xue et al., 2013). Apart from the well-
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studied pharyngeal glands, other Meloidogyne cells, including amphidial neurons, have been
observed to secrete proteins in planta, directed into the host apoplast (Vieira et al., 2011).
Intriguingly, included in the RKN and cyst nematode catalogs of secreted proteins are
peptides similar to the CLAVATA-like element (CLE) class of plant peptide hormone (Wang
etal., 2001; Gao et al., 2001, 2003; Huang et al., 2003). As secreted peptides (12 to 13 amino
acids), CLE execute short and long-range communication between plant cells and tissues
(Saur et al., 2011; Mortier et al., 2012). Perception of peptide hormones like CLE occurs in
the apoplast, and activates a signal transduction cascade in the receiving cell, often invoking
different cell developmental programs depending upon the nature of the cell and receptor
(Lee and Torii, 2012). Elegant studies have demonstrated that the cyst nematode-encoded
CLE is biologically active in planta, and functions as a bona fide hormone that appears to
play a mechanistic role in establishing the syncytial feeding sites induced by cyst nematodes,
signifying a true ‘mimic’ (Wang et al., 2005; Mitchum et al., 2008; Replogle et al., 2013).
However, the situation in RKN is less clear. To date, one molecule exhibiting sequence
similarity to a plant peptide hormone has been reported, namely, the M. incognita 16D10
protein (Huang et al., 2003; Huang et al., 2006a). The 12-amino acid, secreted domain of
16D10 sequence is similar to that of CLAVATA-3. Interestingly, the authors who first
described 16D10 later argue that it functions via direct interaction with a plant transcription

factor (Huang et al., 2006b).

Although the biochemistry of only a small number of plant peptide hormones and their

receptors has been described in detail, computational sweeps of plant genomes have revealed
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numerous candidate peptide hormone families (Matsubayashi et al., 2011). Genetic analysis
of RKN infection of Lotus japonicas (Lohar and Bird, 2003) had implicated a role for
receptors of CLE-ligands in the RKN-plant interaction, and the discovery in plant-parasitic
nematodes of genes encoding secreted peptides with striking similarity to CLE motivated us
to interrogate the M. hapla genome for genes with deduced sequence similarity to other plant

peptide hormones.

Extensive genomic resources have been developed for M. hapla, including the complete 54
Mb diploid genome (Opperman et al., 2008) with annotation supported by more than a billion
mapped Illumina RNA-Seq reads (unpublished data). The deduced secreted (Bellafiore et al.,
2008) and total (Mbeunkui et al., 2010) proteome has been confirmed in part by mass
spectrometry. Collectively, these resources make M. hapla a robust candidate for structure—
function comparisons. Because of their role in regulating root cell fate, we focused on the
plant peptide hormone family ‘CEP’ (C-terminal Encoded Peptide). Using mass
spectrometry, CEP were originally described as a family of Arabidopsis secreted peptides
(Ohyama et al., 2008). Expression studies revealed distinct spatial and temporal profiles
within the CEP family (Ohyama et al., 2008) and endogenous application of synthetic CEP
(14-15 amino acids) was found to influence root growth (Ohyama et al., 2008). Transgenic
over-expression of AtCEP1 resulted in shortened roots, the result of a reduction in root
meristem cells. Our previous work established that GC have regulatory overlap with primary

and lateral root meristems (Koltai et al., 2001; Lohar and Bird, 2003; Lohar et al., 2004;
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Weerasinghe et al., 2005). Collectively, these data suggested the hypothesis that CEP play a

role in the host-parasite interaction.

A detailed analysis of CEP function in normal plant development and physiological
processes is described elsewhere (Imin et al., 2013; also see Ohyama et al., 2008), and points
to possible roles for nematode-encoded CEP as mimics of the endogenous hormones.
Unfortunately, a number of technical barriers restrict some of the obvious approaches. For
instance, it is not yet possible to transform M. hapla. Consequently, the strategy of
expressing tagged CEP in the nematode as an approach to identify the specific plant receptor
is not feasible. Similarly, a precise method of targeted gene knock-out, such as one based on
the TALEN system (Li et al., 2011), remains elusive for M. hapla. As an alternative, gene
knockdown based on RNAI has been successfully used in RKN (reviewed in Lilley et al.,
2012). However, when the target gene is a member of an interactive multi-gene family, in
which the individual members differ by only a limited number of residues, interpretation of
RNAI phenotypes is confounded by three variables, viz., 1) the degree of genetic
redundancy, and hence cross-reactivity (such as competition for a receptor), of individual
family members, 2) antagonistic/agonistic interactions between the genes/proteins, and 3) the
degree to which each gene responds to the RNAI knockdown (i.e., penetrance). Without
being able to measure or even estimate these parameters, interpretation of the knock-down
experiments is problematic. Similarly, immuno-localization of nematode secreted peptide

mimics in planta is likely confounded by the lack of unique, nematode-specific epitopes,

13



such that an antibody would not be able to distinguish nematode from plant encoded peptide

ligand.

Prerequisite for specific function of ligands is that the various peptides exhibit a defined
tertiary structure. A defined structure is a structure that exhibits stable inter-residue bonds
that precludes it as an unfolded and random coil. With these assumptions, differences in the
primary structure (i.e., the sequence and post-translational modifications) ought to be
manifest as changes in that tertiary structure. Correlating that structure with biological
activity thus leads to a powerful predictive tool. Consequently, | have undertaken such a
structural approach. | focused the analyses on the model legume Medicago truncatula and
root-knot nematode Meloidogyne hapla. Both have extensive genomic resources and both are
of agricultural importance. Importantly, and unlike Arabidopsis, Medicago A17 is a robust
host for Meloidogyne species (including M. hapla); certain other Medicago ecotypes carry
resistance to RKN. Based on expression data and peptide sequence, we chose two CEP
proteins: CEP1 from M. truncatula (MtCEP1) and CEP11 from M. hapla (MhCEP11) for
structural analysis. Despite spanning just 15 amino acids, we discovered that both peptides
exhibit defined structures, signifying specific function. We discuss how CEP mimics and

structure pertains to root-knot parasitism.
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MATERIALS AND METHODS

Identification of CEP genes: Genome resources for the root-knot nematodes M. hapla and M.
incognita, the free living model nematode Caenorhabditis elegans, and the cyst nematodes
Globodera rostochiensis, and Heterodera glycines were obtained from public repositories,
including GenBank and WormBase. Genome assemblies for the migratory endoparasites
Pratylenchus coffeae, and Radopholus similis were kindly made available by Dr. C. H.
Opperman. A draft assembly M. chitwoodi was prepared from sequence in house. Using
these genome resources, | extracted the six-frame translations to discover open reading
frames between 30 and 150 amino acids, from ATG to stop, using the program getorf from
the EMBOSS package (Rice et al., 2000). SignalP 3.0 (Bendtsen et al., 2004) was then used
to search for secretion signal sequences in all resulting ORFs, using both neural network and
Hidden Markov Model modes (Nielsen et al., 1997; Bendtsen et al., 2004). Any remaining
ORFs that contained >5 cysteine residues were removed from further analysis to exclude
peptides with multiple intramolecular disulfide bonds, consistent with previous small peptide
mining procotols (Ohyama et al., 2008). A custom-made database of ORFs with an
identifiable signal sequence was created and searched for the pattern “xfrPTxpGxSPGxGx”
developed from the five initial Arabidopsis CEP encoding genes reported by Ohyama el al.
(2008) using a double-affine Smith-Waterman algorithm (Smith and Waterman, 1981) as
implemented in an accelerated TimeLogic hardware environment (TimeLogic DeCypher
systems). Resulting matches were hand-curated for conservation of CEP domains as

compared to CEP domains found in A. thaliana.
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RKN CEP gene expression: RKN induced galls were isolated from Medicago truncatula cv.
Jemalong A17 three weeks after inoculation with M. hapla J2 and immediately frozen in
liquid nitrogen. Total RNA was isolated from M. hapla and M. truncatula tissue using the
RNeasy Mini Kit (Qiagen) and was processed for sequencing using standard Illumina
protocols. Following similar protocols, RNA was also collected from M. hapla egg, J2 and
whole root tissue of M. truncatula containing RKN 1, 2, 4, 5, and 7 days post inoculation
with J2. TopHat (Trapnell et al., 2009) and Bowtie (Langmead et al., 2009) were used to
align reads to the M. hapla genome. M. hapla CEP expression was then measured as a
percentage of all M. hapla CEP reads mapped, or as the percentage of all M. hapla reads.
Quantitative RT-PCR was used to confirm expression for those MhCEP genes for which

unequivocal primers could be designed, namely MhCEP4 and MhCEP10.

Peptide synthesis for NMR and bioassays: The active 15 amino acid ligand domains for
MhCEP11 (AFRPTAPGHSPGVGH) and MtCEP1 (AFQPTTPGNSPGVGH) were deduced
from the appropriate genome sequence, and synthesized to >98% purity with the known
modifications of hydroxylation of Pro4 and Prol1, determined by mass-spectrometry
(Ohyama et al., 2008) and confirmed for full peptide function (Imin et al., 2013). Syntheses
were performed by ChiScientific (Boston, MA, USA), and by the Biomolecular Resource
Facility at Australian National University. Synthetic peptide purity was validated by mass-
spectroscopy and HPLC. Peptide function was assayed on M. truncatula, cv. Jemalong A17

plants using standard methods (Ohyama et al., 2008).
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NMR spectroscopy: Structure experiments used a 16.4 T spectrometer at controlled
temperature (298.15 + 0.1 K) on a Bruker Avance 700 MHz equipped with a TCI cryogenic
probe. Samples at 4 mg/ml peptide were dissolved in 90% H,0, 10% D,0 (v/v). DSS (4,4-
dimethyl-4-silapentane-1-sulfonic acid) was used as an internal reference standard. Two-
dimensional natural abundance **N-heteronuclear single-quantum coherence (HSQC), **C-
HSQC, *H-H total correlation spectroscopy (TOCSY) (Bax, 1969) and *H-'H nuclear
Overhauser effect spectroscopy (NOESY) (Withrich, 1986) spectra were recorded with
standard pulse sequences. The mixing times for *H-'H TOCSY were 30 and 80 ms and the
'H-'H NOESY spectra were collected with mixing times of 50 and 300 ms with a 3.0's
recycling delay. In all experiments, the water peak was suppressed by presaturation. All the
NMR spectra were processed with NMRPipe (Delaglio et al., 1995) and analyzed with the

NMRViewJ program (Johnson, 2004).

Peptide structure determination: NMRViewJ software was used to integrate NOE cross-
peaks (Johnson, 2004). Using default parameters, ARIA (Ambiguous Restraints for Iterative
Assignment - version 2.3) was used to perform structure calculations (Habeck et al., 2004;
Linge et al., 2003). The 20 lowest energy structures from each iteration were used for NOE
assignment and used for each subsequent iteration. After eight iterations, the 20 lowest
energy structures were refined by a molecular dynamics step in explicit solvent (water). From
this, the 10 structures with the lowest energy were considered as accurately characterizing the
peptide structures and are presented. Representation and quantitative analysis of the

calculated structures were performed using PyMOL (Version 1.5.0.4 Schrodinger, LLC).
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Molecular dynamics simulation: Molecular Dynamic (MD) simulations were performed with
the GROMACS 4.4.5 software package using the AMBER 99sb-ildn force field and the
flexible SPC water model. The initial structure was immersed in a periodic water box of cube
shape (1 nm thickness) and neutralized with 3 and 1 Cl- counterions for MhCEP11 and
MtCEP1, respectively. Electrostatic energy was calculated using the particle mesh Ewald
method. Cutoff distances for the calculation of the Coulomb and van der Waals interaction
were 1.0 and 1.4 nm, respectively. After energy minimization using a steepest decent
method, the system was subject to equilibration at 300 K and normal pressure for 100 psec
under the conditions of position restraints for heavy atoms and LINCS constraints for all
bonds. The system was coupled to the external bath by the Parrinello-Rahman pressure and
temperature coupling. The final MD calculations were performed under the same conditions
except that the position restraints were removed and the simulation was run for a full nano
second solely to characterize the peptides’ structures. The results were analyzed using the

standard software provided by the GROMACS package; g_hbond and g_gyrate.

RESULTS

Root-knot nematodes encode CEP-like proteins: Mining public genomic and in-house
datasets revealed that the CEP 15 amino acid motif (Fig. 1) is restricted to vascular plants,
with one notable exception; the obligate plant-parasitic root-knot nematodes encode a family
of proteins with striking sequence similarity to plant CEP (Fig. 1). In no instance, including
soybean- and potato-cyst nematode (Heterodera glycines and Globodera rostochiensis), the

migratory plant parasitic nematodes (Radopholus similis and Pratylenchus coffeae) or the
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free living C. elegans, were CEP genes detected. | numbered the 12 M. hapla CEP in the
order they appear in the genome, rather than based on the extent of the sequence similarity to
plant peptide hormones. In M. hapla, MhCEP1-9 are tightly linked together at one locus on
contig 363, while MhCEP10-12 were clustered together nearby on contig 368; all MhCEP
genes are located within 140kb on chromosome 9 (www.hapla.org). Both CEP clusters occur

in an otherwise gene-poor region of an otherwise compact genome.

Comparison of the deduced CEP-like proteins encoded by RKN and Medicago revealed, in
addition to the CEP domain, a well-defined secretion signal sequence. In nematodes the
signal sequence is immediately adjacent (MhCEP3, MhCEP6 and MhCEP7) or within a few
amino acids of the putative ligand domain. This is in contrast to plant CEPs which encode an
obvious pro domain between the signal sequence and the ligand domain. As is the case for
plant CEP, some RKN-encoded CEP have additional amino acids carboxyl to the 15mer

active ligand (Fig. S1).

CEP genes are expressed in RKN, and the peptides they encode are biologically active: In
the absence of prior spatio-temporal data on the expression of MhCEP genes, we designed
two complimentary experiments to broadly sample RKN transcriptional space before and
after penetration of host plants. First we undertook a highly replicated RNA-Seq study of
mMRNA isolated from the knots present on M. truncatula roots 3 weeks after inoculation with
M. hapla. Under our conditions, this time-point captures the nematode actively feeding from

established GC, but before the onset of egg-laying. Independently sequencing the 115
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biological replicates yielded more than 4.4 billion reads that could be mapped onto either the
Medicago or Meloidogyne genomes. Within this data set, transcripts from all 12 MhCEP
were detected, although at 3 weeks post inoculation, expression of MhCEP4, 6, and 9
accounted for 18.6, 43.2 and 19.3% respectively, of the total CEP reads. To minimize false
positives, we scored only sequence reads which uniquely mapped to a CEP coding region.

Each RKN CEP gene consists of a single exon with an average length of 174bp.

To obtain a more global view of RKN CEP expression, and to confirm our findings from the
3-week analysis, we examined the expression of MhCEP genes during multiple nematode life
stages. Independent sequencing runs yielding 6.19E+07 M. hapla RNA-Seq vreads, were
conducted on RNA from M. hapla eggs, pre-penetration J2, and post-penetration stages
sampled at time points up to 7-days post-inoculation. Normalizing the mapped CEP reads to
the total number of M. hapla reads for each tissue type gave an approximation of the
abundance of each CEP transcript for that time point. Reflecting that, whole infected root
tissue was collected for RNA sequencing, only 4.5% of all reads were unambiguously
mapped and attributed to M. hapla gene expression, with the remainder mapping to the host
plant. Despite this dilution, the results are consistent with what we had observed at 3 weeks.
Expression of MhCEP9 at 3 weeks, was confirmed at earlier time points as well. Expressed
as a percentage of total M. hapla reads mapped, MhCEP9 was expressed in egg (2.20E-05%),
J2 (4.09E-05%) and 2 (1.68E-03%), 4 (2.24E-04%), 5 (1.33E-02%), and 7 days post-
inoculation (1.87E-03%). Most other MhCEP genes are not expressed or more likely,

expressed below the level of detection of this biological sample. Quantitative RT-PCR was
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conducted on M. hapla CEP encoding genes for which unequivocal, specific primers could
be designed (MhCEP4, MhCEP10), these results verified CEP expression during the parasitic

interaction (Fig. S2).

We chose MhCEP11 for further bio-activity and structural analysis based on several criteria.
First, it exhibits highest sequence similarity with Medicago truncatula MtCEP1. MtCEP1 is
the presumptive ortholog of the canonical CEP from Arabidopsis (AtCEP1). Second, because
of its status there is a disproportionate abundance of functional and expression data on
MtCEP1. Third, although the steady state transcript levels of MhCEP11 are relatively low at
3 weeks (0.13% of all MhCEP mapped reads), MhCEP11 is expressed by the nematode prior
to host invasion, consistent with a role in the host-parasite interaction. Specifically,
expression in eggs and J2 was 1.32E-05% and 4.5E-05% M. hapla reads mapped,

respectively.

High purity peptides (>95%) were synthesized for use in bioassays to investigate the role
RKN-encoded CEP ligands might play in the host-parasite interaction. Strikingly, Medicago
truncatula seedling roots treated with the nematode peptide (MhCEP11) exhibited a
reduction in lateral root number and gall-like root swellings (Fig. 1); this confirmed RKN

CEP functional activity and validated RKN CEPs as mimics of the endogenous ligands.
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NMR spectroscopy of nematode and host encoded CEP ligands: The NMR chemical shift
assignments were made through a use of the natural abundance >NHSQC, *CHSQC, *H-
'HTOCSY, and 'H-'HNOESY experiments. Near complete proton backbone resonances for
HN (100%), Ha (93%) and HP (100%) were assigned including 100% of NMR assignable
side-chain for MhCEP11 (Table 1). For MtCEP1, near complete backbone resonances for
HN (100%), Ha (100%), and HB (100%) were assigned including 100% of NMR assignable
side-chain for MtCEP1 (Table 2). The peptide’s structural quality and validation are shown
in Table 3. The solved structures were obtained from a total of 50 or greater NOEs, have no
NOE violations greater than 0.3 A and display root mean square deviations of ~1.5 A over all
backbone atoms. Each peptide was characterized by nearly the same amount of inter-residue
NOEs as intra-residue NOEs, ~25-30. Furthermore, both peptides have Ramachandran space

for each residue >90% in generously allowed space or better.

The peptides display amide (HN) chemical shifts centered around 8.4 ppm (Fig. 2). In the
presence of 10% D0, both peptides retained HN resonances, indicating the HN atoms are
involved in interactions that preclude them from exchanging with the D,0 in the NMR
solvent (Fig. 2). When comparing the TOCSY and NOESY spectrum for each peptide there
are observable inter-residue interactions taking place (Fig. 3). Fig. 2 displays an overlay of
the 80ms TOCSY (black peaks) and 300ms NOESY (red peaks) spectrum for each peptide.
There are inter-residues interactions observed throughout the full spectrum (0-12 ppm; red
peaks do not exactly overlay black peaks) which lead to the >50 NOEs assigned for the

structures.
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The NOEs used to characterize the structures are summarized in Fig. 4a,b. The NOEs are
observed throughout the sequence of both peptides, not just within the core of the peptide.
Furthermore, there are NOEs observed to the N- and C-terminus. For MhCEP11 there are a
total of 11 NOEs in the termini (residues 1-2 and 14-15) 5 of which are inter-residue, while
for MtCEP1 there are a total of 8 NOEs in the termini (residues 1-2 and 14-15) 3 of which

are inter-residue.

The MhCEP11 peptide ensemble has a clearly defined alpha-helical character between
residues 9-12 (Fig. 4). In comparison, MtCEP1 contains several beta-turns (residues 1-4, 6-9,
and 10-13), and a perceived propensity of resides 8-13 to form alpha-helix (Fig. 4 and Fig.
S3). The solution structures of both peptides reveal residue side-chains that are quite dynamic
(Fig. 4, Table 3). The flexibility in the side chains is most evident in the amino- and
carboxyl-terminal residues of each peptide. When these residues are removed from the root
mean square difference (r.m.s.d) calculations, the r.m.s.d is reduced from 1.7 A to 1.1 A for

MhCEP11 and from 1.2 A to 1.0 A for MtCEP1.

Molecular dynamics simulations of solved CEP structures: Molecular dynamics simulations
(MD) were run to further characterize the peptides structure and determine hydrogen bonds
and compactness. The 1 nanosecond MD simulations were run to solely characterize the
solved peptide structures and define hydrogen bonding patterns and compactness which are
used to implicate relative functional plasticity or rigidity. Longer simulations are required to

be able to describe the peptides dynamics, which is beyond the scope of this study.
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Analyzing the hydrogen-bonding pattern over the simulation revealed 11 and 2 hydrogen
bonds existing for MhCEP11 (for hydroxylated Pro11 and hydroxylated Pro4, respectively)
and 6 and 8 hydrogen bonds existing for MtCEP1. There were a total of 37 hydrogen bonds
over the life of the simulation for MhCEP11 and 48 for MtCEP1 (Fig. 5a,b). A pattern for the
peptides’ structures is evident when looking at the most populated hydrogen bonds. For both
peptides, there are hydrogen bonds throughout the sequence, owning to the observed HN
resonances as these atoms are involved in interaction that preclude the exchange of D,O (Fig.
2). Furthermore, MhECP11 and MtCEP1 have hydrogen bonds from amides to side chain
groups within each sequence. The radius of gyration (i.e., compactness of the structures) of
the peptides was also determined (Fig. 5¢). Both peptides have a level of compactness
mitigated by a series of hydrogen bonds, salt bridges and hydrophobic interactions.
MhCEP11 has an average radius of gyration of 0.55 A. MtCEP1’s compactness is slightly

less than MhCEP11 at an average of 0.65 A.

DISCUSSION

Here we demonstrate that the plant parasitic root-knot nematode uniquely encodes and
expresses bioactive mimics of a plant peptide hormone family during the parasitic interaction
with a host plant. Further, based on our structural comparisons, we have revealed novel
insights into the functional equivalence of endogenous hormones and RKN encoded mimics.
In a system largely recalcitrant to genetic manipulation, we show that structural
determinations and comparisons offer a supplement to genomic interrogations, particularly

for non-model organisms.
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CEP are unique to RKN and vascular plants: CEP were first described as a family of
bioactive peptide hormones in Arabidopsis (Ohyama et al., 2008). Our mining of the now
much larger genomic datasets confirms that observation, with the one notable exception of
CEP-like genes encoded within the RKN genomes (Fig. 1; Fig. S1). Although the complete
genome sequence of the diploid RKN species, M. hapla, predicts approximately 14,500
genes (Opperman et al., 2008), the CEP-like loci had not been predicted by the gene-finding
algorithms, likely a consequence of their compact nature and small (15 amino acid) query.
Because of the absence of prior annotation of CEP in the RKN genome, we carefully
examined the available genome resources for other obligate plant parasitic nematodes, using
the very conservative Smith-Waterman algorithm. In no other available nematode genome
were CEP-like genes detected. Apart from RKN, extensive bioinformatic analysis detected
credible CEP genes in vascular plants only. The absence of credible CEP genes in the cyst
nematodes is especially striking, because like RKN, they are sedentary, root endoparasites,

and share other parasitism functions with RKN.

RKN bioactive CEP mimics are expressed during the nematode-host interaction: In
Arabidopsis CEPs are translated as pre-pro-proteins. Cleavage of the pro domain in the
apoplast is necessary for activity, presumably serving as an additional regulatory check on
the activity of these potent peptides (Ni et al., 2011). By contrast, RKN CEP-like proteins
lack an obvious pro domain and are predicted to be secreted directly into the host apoplast as
fully active ligands, circumventing host regulatory machinery. Due to limited available

epitopes and high sequence similarity to endogenous peptide hormones, direct in planta
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detection of RKN CEP is currently not possible. Some RKN CEP-like proteins encode
additional amino acids carboxyl to the 15mer active ligand (Fig. S1). These residues either
have little influence on function, or more likely, are proteolytically removed by the host (Guo
et al., 2011). Multiple independent RNA-Seq analyses of M. hapla at various life stages
confirmed transcriptional activity of MhCEP. Different family members probably exhibit
different steady state levels of transcript, and multiple expression profiles can be envisioned
for members of the RKN CEP gene family including host specificity and dependence upon

environmental conditions (Imin et al., 2013).

Given the similarity of RKN CEP-like ligands to plant CEP, | hypothesized that the
nematode peptides may play a role in the developmental transitions that occur during
infection of plants. The original report on CEP function in plants demonstrated arrested root
growth attributed to a reduction in root meristematic cell number (Ohyama et al., 2008).
Additional reports demonstrated gall-like root swellings from over-expression of Medicago
truncatula CEP1 (MtCEP1) and exogenous application of a synthetic peptide (Imin et al.,
2013). Strikingly, roots treated with the nematode peptide (MhCEP11) exhibited both a
reduction in lateral root number and gall-like root swellings (Fig. 1). Due to the functional
equivalence of RKN encoded CEP and endogenous CEP ligands, we describe RKN encoded
CEP as mimics. It is important to note that a characteristic of parasitism by RKN is
hyperplasia of cortical cells surrounding the GC formation of a gall. Intriguingly, MhCEP9

expression is highest at five days post inoculation, concurrent with the emergence of visible
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RKN-induced root galls. The root-assays recapitulate those obtained in parallel experiments

on Medicago exposed to MtCEP1 and detailed elsewhere (Imin et al., 2013).

Host and RKN CEP 15mer mimics have defined structures: To investigate and compare
structure function relationships, we determined the well-defined tertiary structures of
MtCEP1 and MhCEP11 using NMR. Superficially, the structures of MtCEP1 and MhCEP11
peptides appear to be quite different. However, they do share several similar features, such as
beta turns at the amino- and carboxyl-termini as well as a structured core. Specifically both
peptides occupy similar volumes, indicative of well-defined structures. These peptides also
have similar arrangements of hydrophobic residues/patches, partial positive, negative and
charged regions (Fig. 6). Collectively, these conserved features may point to general receptor

recognition properties for this family of peptides.

The MhCEP11 peptide ensemble has the unique structural feature of a clearly defined alpha-
helical character between residues 9-12. In comparison, MtCEP1 contains several beta-turns
(residues 1-4, 6-9, and 10-13), and a perceived propensity of resides 8-13 to form alpha-helix
(Fig. 4); the presence of which would likely limit the peptide’s ability to sample
conformational space. Like other small peptides, the MtCEP1 and MhCEP11 solution
structures reveal quite dynamic residue side-chains. The flexibility in the side chains is most
evident in the amino- and carboxyl-terminal residues. When these residues are removed from
the r.m.s.d (root mean square difference) calculations, the r.m.s.d is reduced from 1.7A to

1.1A for MhCEP11 and from 1.2A to 1.0A for MtCEP1. Thus, while the cores of each
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peptide exhibit a stable backbone conformation, the ability to sample conformational space is
retained by the flexible side chains. The general recognition properties garnered through
similar backbone structural motifs allow the side chains to position themselves in
arrangements that allow for dynamic movement and could lend themselves to specific

functions.

Post-translational modifications have implications for structure and function: Results from

in vitro bioassays implicate hydroxylation of the proline residues 4 and 11 (on the y position)

as an absolute requirement for full functionality for these peptides (Imin et al., 2013). From
the structures we obtained, it is clear these residues are exposed to the solvent which points
to a role in receptor binding. However, the conformation of the hydroxyl atoms is distinct for
each peptide. While the hydroxyprolines are structurally adjacent in both peptides, they are
pointing in opposite directions in MhCEP11, and towards one another in MtCEP1. One
possible conclusion to be drawn from the distinct arrangements of these residues is that
hydroxylation of either Pro4 or Prol1 is not strictly necessary for function of the peptides. In
fact, mass spectrometry of intrinsic AtCEP1 revealed that hydroxylation of Pro4 in planta is
variable, with non-hydroxylated residues constituting a significant amount of detected
peptide (Ohyama et al., 2008). This precludes the hydroxylation of Pro4 as being a
prerequisite for correct proteolytic processing of the pro-domain in endogenous peptides
(Ohyama et al., 2008). Interestingly, the lack of a pro-domain in CEP mimics encoded by

RKN might suggest functional plasticity, indicating that RKN make more ‘general’ ligands,
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presumably reflective of the nematodes extensive host range. Additionally, mutagenesis of
select amino acids showed that removal of the hydroxyl group on Pro4 of MtCEP1 impairs,

but does not eliminate the gall-inducing function of the peptide (Imin et al., 2013).

In the initial description of CEP in Arabidopsis, the expression patterns of these genes
suggested that the peptides function in diverse tissues (root versus shoot). This is also true for
MtCEP1. Using the publically available Medicago truncatula Gene Expression Atlas
(mtgea.noble.org) | examined MtCEP1 (accession Mtr.7265.1.S1_at) expression in various
tissue types (Fig. S4). MtCEP1 is expressed both in roots and above ground tissue,
suggestive of a role in multiple plant developmental pathways. The variable hydroxylation of
Arabidopsis CEP Pro4 might serve to enhance such functional promiscuity. Alternatively, it
may function as a ‘dial’ of peptide potency during ligand-receptor binding. Aside from
mediating receptor recognition, post-translational modifications on peptide hormones are also
speculated to function in regulating transport, resistance to enzyme degradation and storage

(Matsubayashi et al., 2011).

Molecular dynamics simulations and roles of peptide hormones in plants: To understand the
implications of the defined CEP structures and how they might act in host apoplast, we
simulated the molecular dynamics (MD) of both peptides in explicit water. Analyzing the
hydrogen bonding pattern revealed 11 and 2 hydrogen bonds existing for MhCEP11 (for
Proll and Pro4, respectively) and 6 and 8 hydrogen bonds existing for MtCEP1. More

potential hydrogen bonding events implies the peptide is flexible and able to interchange
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hydrogen bonding pairs when in solution. The limited number of hydrogen bonds formed
with hydroxylated Pro4 in MhCEP11 is congruent with the hypothesis that it is not required
for full CEP function and structure. There were total of 37 hydrogen bonds over the life of
the simulation for MhCEP11 and 48 for MtCEP1. Taken together, MtCEP1 was observed to
have more hydrogen bonds in total, and of the hydrogen bonds involving hydroxylated
proline residues, they were more evenly split compared to those in MhCEP11. When
hydroxylated proline residues are not directly interacting, as is the case for MhCEP11,
hydrogen bonding between other residues is required to maintain a defined structure.
However, the extensive hydrogen bonding network within MtCEP1 implies a more compact
functional structure compared to MhCEP11. The radius of gyration, which reflects the
compactness of the structures, was also monitored. Both peptides appear to maintain a level
of compactness throughout the simulation, suggestive of a folded peptide maintaining its
structure through a series of hydrogen bonds and salt bridges. Yet, the two peptides have
differences in their overall compactness. The smaller radius of gyration for MhCEP11 is
indicative of a more compact structure; this is confirmed through visual inspection of the
peptide structures. MtCEP1 is less compact in comparison, which may be another indication
of functional plasticity. Considering MtCEPL1 is expressed within multiple plant tissues (Fig.
S4), it can be surmised that MtCEP1 has the capacity to act in multiple pathways; structural
flexibility would facilitates this promiscuity. As a precedent, the canonical CLE ligand,
CLV3 has multiple known receptor complexes, and ultimately the function of CLV3 is
dictated by the nature and location of the receptor (Gao et al., 2012). MhCEP11 action

however, is most likely restricted to the niche of M. hapla, viz., the root apoplast near

30



pericycle and cortical cells. The more rigid structures could possibly reflect an adaptation

that targets receptors specific to the limited niche of nematode parasitism.
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Table 1. "H NMR Chemical Shifts of MhCEP11 (Relative to DSS, ppm)

Residue HN Ha Hb other
Alal 8.082 4.014 1.473
Phe2 8.649 4614 3.041

Hg 1.574,1.630
Arg3 8.212 4571 1.738 Hd 3.156

Hg 2.016
Hyp4 4.589 2.357 Hd 3.756
Thr5 8.394 4.233 4.133 Hg 1.210
Alab 8.356 4.603 1.323

Hg 1.902,2.027
Pro7 4.401 2.283 Hd 3.654.3.797
Gly8 8.528 3.956
His9 7.961 4518 3.263,3.128
Serl0 8.502 4747 3.838,3.799

Hg 2.074
Hypll 461 2.351,2.342 Hd 3.867.3.861
Gly12 8.543 3.897
Vall3 8.009 4.129 2.074 Hg 0.893
Gly14 8.504
His15 8.327 4.739 3.183,3.252
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Table 2. "H NMR Chemical Shifts of MtCEP1 (Relative to DSS, ppm)

Residue HN Ha Hb other
Alal 8.024 4471 1.145
Phe2 8.627 4.605 3.073,2.346
Hg 1.986,1.852
GIn3 8.251 4.602 2.308 He 7.472,6.857
Hg 2.016
Hyp4 4.6 2.37 Hd 3.791,3.643
Thr5 8.445 4.345 4,186 Hg 1.207
Thr6 8.237 4.607 4.128 Hg 1.214
Hg 2.073,2.017
Pro7 4.401 2.275,1.905 Hd 3.858, 3.753
Gly8 8.536 3.951
Asn9 8.265 4.762 2.787,2.720 Hd 7.539, 6.891
Ser10 8.316 4.73 3.826,3.779
Hg 2.068
Hypll 4.589 2.313 Hd 3.851
Gly12 8.437 3.934
Vall3 7.984 4.124 2.081 Hg 0.889
Gly14 8.509 3.893
His15 8.005 4513 3.251,3.094
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Table 3. Details and statistics for quality assessment of peptide structures.

MhCEP11 MtCEP1
Total NOES 50 58
Intra-residue 24 26
Inter-residue 26 32
Unambiguous 43 43
Ambiguous 7 15
Average violations per
structure
> 0.5A 0 0
>0.3A 0 0
>0.1A 1.4 2.5

Energy (kcal mol-1)

van der Waals
electrostatic

Deviations from idealized

geometry

Bond lengths (A)

Bond angles (°)
Impropers (°)

Ramachandran Space

Core
Additionally
Generously
Disallowed

RMSD (A)
Backbone
Heavy atoms

-88.73 (+ 5.48)

-409.61 (+ 44.75)
0.0036 (+ 0.0001)
0.564 (+ 0.036)
1.47 (+0.23)
61.1%

34.4%

3.3%

1.1%

1.751 (+ 0.724)

2.437 (+0.621)

-86.51 (+ 4.54)
-515.14 (+ 16.55)

0.0041 (+ 0.0003)
0.630 (+ 0.042)
1.36 ( 0.52)

38.6%
50.0%
9.1%
2.3%

1.255 (+ 0.359)
1.959 (+ 0.637)
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Figure 1. RKN encode and expression bioactive CEP mimics

(a)Logo plots of the active 15mer ligand domains of the 12 M. hapla (top) and the 11 M.
truncatula CEP ligands (bottom). General chemical properties of amino acids are color
coded. (b, c) M. truncatula roots grown on vertical agar plates in the absence of CEP (b),
lateral roots are apparent while the addition of 1JuM MhCEP11 (c) suppresses lateral roots
and induces gall formation (graph; mean values and standard deviations were calculated from
six replicate samples). (d - f) Exogenous application of synthetic MtCEP1 (e) or MhCEP11
(f) to growing M. truncatula roots results in the periodic formation of galls and reduction in
lateral roots compared to no peptide control (d); scale bar size is 200uM. (g, h) Confocal
imaging of control root (g) and MhCEP11 induced root gall demonstrating gall is from

hyperplasia of cortical cells (f).
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Figure 2. NHSQC spectra of MhCEP11 and MtCEP1.
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The *H-""N Heteronuclear single quantum coherence (HSQC) spectra for the MhCEP11 and

MtCEP1 peptides are shown, respectively. The H-N peaks are labeled with the assigned

residues for clarity. Side chain NH2’s of MtCEP1 as denoted with a line connecting them in

panel (b). “*” denotes the possible side-chain HN of one of the Histidine residues in

MhCEP11 i

n panel (a).
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Figure 3. Total correlation and Nuclear Overhauser Effect spectra.

(a) MhCEP11 peptide’s total correlation spectrum collected at 80 msec (black) overlaid with
a Nuclear Overhauser effect spectrum collected at 300 msec (red).

(b) MtCEPI1 peptide’s total correlation spectrum collected at 80 msec (black) overlaid with a
Nuclear Overhauser effect spectrum collected at 300 msec (red). Inter-residue through space
connections contributing to the fold and structure of the peptides are shown as differences in
the spectra (within panel a and b, themselves) between black and red peaks (where the peaks
do not overlay on top of one another). Only the amide region is shown for clarity although

the aliphatic region displayed similar characteristics.
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Figure 4. Solution structures of MhCEP11 and MtCEP1.

(aand b) represent the lowest energy structures in cartoon format and depict the NOE
constraints for MhCEP11 and MtCEP1, respectively. The alpha helical character of the
backbone is shown in cartoon format while all atoms (main chain and side chain) are shown
in stick format. The yellow dashed lines denote the NOE connectivity (unambiguous and
most highly populated ambiguous assignment — Table 1). (c - f) display the chemical
characteristics of the peptide’s structures; hydrophobic residues are colored orange, hydroxy-
proline residues are colored green and positively charged residues of Arginine and Histidine
are colored blue. The 10 lowest energy structures for MhCEP11 (c), and MtCEP1 (d),
respectively. Panels E and F show the same orientation as panels (c) and (d) but with lines

drawn for the individual amino acids to show dynamics of the residues’ side-chains.
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Figure 5. Surface characteristics of the lowest energy structure of MhCEP11 (left) and
MtCEP1 (right).

(a - d) depict the peptide’s chemical characteristics surface format; hydrophobic residues are
colored orange, positively charged residues are colored blue, asparaginine residues are
colored light blue, proline residues are colored green and the hydroxylated site on the proline
is colored red. The peptide structures were aligned to one another based on peptide sequence

and the panels are consecutive 90 degree rotations.
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Figure 6. Molecular dynamics simulation.

(a ,b) depict hydrogen bond patterns for MhCEP11 and MtCEP1 during the MD simulation,
respectively. The Hydrogen Bond Index (y-axis) represents a particular hydrogen bond
formed. The highest populated hydrogen bonds observed are denoted to the side of the
figures for each peptide. (c) displays the radius of gyration of MhCEP11 (red) and MtCEP1
(black) and is shown as a function of the time in the MD simulation. The radius of gyration is

indicative of the level of compaction in the structure.
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CHAPTER 3
Structural comparisons of host plant CLE peptides and parasitic root-knot nematode

encoded mimics

ABSTRACT

The plant mechanisms appropriated by the parasite root-knot nematode (RKN; Meloidogyne
spp.) to establish feeding sites from host cells, and ultimately, to reduce crop yield, remain
largely unknown. Concurrently, identifying the signals and pathways responsible for normal
plant cell development is encumbered by large, functionally-redundant families of regulatory
molecules. Here | demonstrate that the RKN-host interaction offers a unique perspective, and
can be used to characterize the roles of endogenous signals and pathways. | hypothesized that
the identity of the RKN signals involved in communication with the host would mirror
endogenous signals; our mining of the completed RKN genomes revealed the occurrence of 7
plant CLE-like genes. In plants, CLE are peptide hormones that participate in many aspects
of plant cell development. Although there is an abundance of data on endogenous CLE
activity, the function of the small, typically 12 amino acid ligands, cannot be determined
solely by sequence or bioassay. Comprehensive expression analysis validated our gene
predictions and in vitro studies demonstrated the functional equivalence of RKN-encoded
CLEs with the endogenous ligands. To augment our genomic and functional analyses, |
solved and compared the tertiary structures of host (Arabidopsis) and RKN encoded CLE
peptides that have discrete functions. Molecular dynamics simulations and receptor docking

models supplemented our structural and biological analyses; further supporting roles for
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RKN encoded CLE mimics in the host-parasite interaction. These findings not only informs
roles for endogenous and RKN encoded CLEs, but provides evidence for the integration of

RKN parasitism with basic plant biology.

INTRODUCTION

The genus Meloidogyne (root-knot nematode; RKN) probably infects all seed plant species;
this causes a reduction in the yield of infected crops equating to an annual economic impact
approaching USD100 billion worldwide (Chitwood, 2003). Although multiple RKN gene
products implicated in plant parasitism have been identified (Hewezi and Baum, 2013), the
molecular basis behind nematode-plant communication remains ill-defined. As an obligate
parasite, RKN biology likely mirrors aspects of host biology, which can inform the roles of
endogenous pathways intrinsic to both host and parasitic biology. Importantly, all life stages
of the nematode within host plants occur within the apoplast; RKN migrates intercellularly
into the vasculature tissue of the host where copious amounts of protein, including cell-wall
degrading enzymes, are visibly secreted from the feeding stylet (Davis and Mitchum, 2005).
Within the apoplast of the vascular cylinder, RKN L2 manipulate up to ten vascular
parenchyma cells which subsequently undergo developmental reprogramming into a unique
cell type termed a giant cell (GC), which provide the nematode with nutrients. One model
(Bird, 1996) postulates that GC are a novel chimera of a partially differentiated xylem cell
and a transfer cell. Transfer cells form in response to a metabolic sink, which is provided by
the feeding nematode. RKN induced GC contain many polyploid nuclei, the result of

multiple rounds of nuclear division without cytokinesis, and have thickened cell walls and an
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increased number of organelles. Depending on the RKN species or isolate, tissue surrounding
GC undergoes variable degrees of hyperplasia, creating the noticeable galls (knots), which
are the distinctive root phenotype of RKN infection. The formation both of GC and the gall
suggest multiple plant cell developmental pathways are involved in RKN feeding site

formation.

Linford’s hypothesis (1937) that nematode secretions are involved in the parasitic interaction
remains relevant today, and as recently reviewed (Hewezi and Baum, 2013), the identity of
numerous individual proteins in RKN pharyngeal glands and secretions has been established
(Ding et al., 1998; Smant et al., 1998; de Boer et al., 1999; Rosso et al., 1999; Gao et al.,
2002; Qin et al., 2004; Huang et al., 2006a; Bellafiore et al., 2008; Xue et al., 2013).
Manipulation of plant cell development by RKN secretions is certainly constrained by the
repertoire of competent pathways available in the host. Much literature points to plant cell
growth and development being largely specified by the interplay of the classical secondary
metabolic hormones; and there is direct evidence that RKN and cyst nematodes (CN;
Heterodera spp., Globodera spp.) influence the levels of these phytohormones (reviewed by
Goverse and Bird, 2011) although the specific mechanisms are generally unknown. Over the
past decade however, peptide hormones have been recognized as significant plant cell
development regulators. Whole genome analysis has revealed that vascular plants also
encode large numbers of trans-membrane, receptor-like kinases (RLK) and receptor-like
proteins (RLP) that represent potential targets for peptide hormone ligands. Arabidopsis

encodes at least 235 leucine-rich repeat RLK, including such members such as CLAVATA-
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like element receptor and TDIF receptor (Sharma et al., 2003; Hirakawa et al., 2008; ten
Hove et al., 2011). Collectively, this implies numerous opportunities for peptide signaling to
regulate many diverse aspects of plant development, including parasitic nematode feeding
sites. Indeed, included in the secretion catalogs for cyst nematodes were peptides similar to
the CLAVATA-like element (CLE) class of hormones (Wang et al., 2001; Gao et al., 2001,
2003; Huang et al., 2003). Functional analysis has shown that the cyst nematode-encoded
CLE hormone mimic(s) are biologically active in plants, rescue CLE knockout mutation
phenotypes (Wang et al., 2005; Huang et al., 2006b; Mitchum et al., 2008) and appear to play

key roles in establishing the feeding site (Replogle et al., 2013).

Like the CN CLE peptide mimics, an M. incognita protein designated 16D10 was initially
isolated as a secreted protein (Huang et al., 2003) and later computationally identified as
having sequence similarity to the CLE motif (Huang et al., 2006a). Transgenic over-
expression in planta of 16D10 gave a root developmental response. However, it was found
that the nematode ligand bound to two host SCARECROW-LIKE (SCL) proteins, in part
from a yeast 2-hybrid assay (Huang et al., 2006a). SCL are members of the GRAS class of
transcription regulators, which play central roles in root meristem specification and also are
central to rhizobial nodulation (Hirsch et al., 2009), which is a process with many molecular
and developmental similarities to RKN giant cell induction (Bird, 2004; Weerasinghe et al.,
2005). The finding that 16D10 binds cytoplasmic SCL, and not an extracellular receptor has

led to its dismissal as a CLE mimic (Mitchum et al., 2008).
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In Arabidopsis, the CLE ligand hormone family constitutes 32 members (Kinoshita et al.,
2008). Given the number of CLEs and also the large number of transmembrane receptors in
plants, opportunities for CLE-type regulation are large. Adding to the complexity of this
system, the activation of signal cascades, primarily understood as kinase cascades, can differ
depending on the receptor a single CLE ligand binds (Betsuyaku et al., 2010). Recent
developments in the understanding of native plant peptide hormone action have illuminated
possible endogenous mechanisms exploited by plant parasitic nematodes including RKN and
CN. Functional analyses of plant CLE have defined multiple classes. A-type CLE, which
includes Arabidopsis CLE10, promote cell differentiation at the meristem by antagonizing
the transcription factor WUS and aborting root growth. B-type CLEs, which includes
Arabidopsis CLE44, do not promote cell differentiation at the meristem, but rather inhibit
cell differentiation in Zinnia elegans tracheary elements. The action of the two CLE classes
are not necessarily in opposition, more accurately, they are described as being agonistic,
where A-type potentiate the activity of B-type CLEs (Whitford et al., 2008). This is
demonstrated within the development of the vascular system of plants as the phloem and
xylem are separated by the procambium/cambium which gives rise to both of these tissues on
either side. To form this complex system, there must be a degree of communication able to
balance proliferation with differentiation. Similar balances may be functioning to initiate and
maintain RKN and CN feeding sites. This is especially apparent with RKN GC which may be

partially differentiated xylem progenitors (Bird, 1996).
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Placing the role of a single nematode secreted protein into the context of parasitism is
hampered by many genus-specific technical barriers, especially when considering peptides
with high sequence identity between parasite and host. Importantly, controlling for possible
cross reactivity when using monoclonal antibodies to localize CLE peptide function in planta
is confounded by limited number of available epitopes for a dodeca peptide; similarly
designing specific RNAI constructs is restricted by sequence parology in large multigene
families. Currently, data indicate the presence of SCN secretions within host cell cytoplasm
(Wang et al., 2010); it is important to stress that no such data exists for any RKN effectors,
although there are published reports that RKN secreted proteins localize to GC nuclei
(Jaounnet et al., 2012; Lin et al, 2012). Recently, the variable domain within CN CLE
(Heterodera glycines; HgCLE) has been implicated in the transportation of HJCLE from the
host cytoplasm to the apoplast where it may act through innate pathways (Wang et al., 2010).
However, GFP-tagged antibodies raised against HJCLE possibly indicate localization to
syncytia cytoplasm. In the same report, evidence derived from the transient over-expression
of protein fusions in plants and subsequent bioassays indicates an apoplastic mode of action.
Fusion proteins were constructed by switching the variable domains of native CLEs and
HgCLEs. Based on phenotypic analysis of root development, the variable domains between
HgCLE and native CLEs are reported as interchangeable, despite the contradicting ascribed

functions (Wang et al., 2010).

Plant parasitic nematode encoded CLE peptide mimics have been previously described with

demonstrated expression and secretion during the parasitic interaction. Here, we describe
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RKN CLE peptide mimics and augment these previous studies with well-defined NMR
deduced tertiary structures. Further, we model RKN CLE mimic binding with receptors
against genetically established plant CLE-receptor pairs. The relevance of CLE function to
RKN feeding site development and pathology is discussed as well as the implications these

findings have to plant biology.

MATERIALS AND METHODS

RKN CLE gene expression: Medicago truncatula cv. Jemalong A17 was inoculated with
Meloidogyne hapla second stage juveniles. Three weeks post infection, RKN-induced galls
were isolated and immediately frozen in liquid nitrogen. Total RNA was isolated from M.
hapla and M. truncatula tissue using the RNeasy Mini Kit (Qiagen). Messenger RNA was
processed for sequencing using standard Illumina protocols. Following similar protocols,
RNA was also collected from M. hapla egg, J2 and whole root tissue of M. truncatula
containing RKN 1, 2, 4, 5, and 7 days post inoculation with J2. TopHat (Trapnell et al., 2009)
and Bowtie (Langmead et al., 2009) were used to align reads to the M. hapla genome.

Expression of M. hapla genes is illustrated as total read counts

Peptide synthesis for NMR and bioassays: The active 12-14 amino acid ligand domains for
AtCLE44 (HEVPSGPNPISN); AtCLE10 (RLVPSGPNPLHN); MhCLE4
(HEVPSGPNPSSN); MhCLE5 (RKVPTGSNPQKN) and MhCLEG6/7
(HQVPSGPNPLHNKK) were deduced from the appropriate genome sequence, and

synthesized to >98% purity, as validated by mass-spectroscopy and HPLC. Syntheses and
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purity analysis were performed by ChiScientific (Boston, MA, USA). Peptide function was

assayed on Arabidopsis thaliana plants using standard methods (Ohyama et al., 2008).

NMR spectroscopy: NMR spectroscopy follow established protocols detailed in Chpater 2 of
this work. Briefly, a 16.4 T spectrometer at controlled temperature (298.15 + 0.1 K) on a
Bruker Avance 700 MHz equipped with a TCI cryogenic probe was used for all structure
experiments. Peptide samples (4 mg/ml) were dissolved in 90% H,0, 10% D,0 (v/v). DSS
(4,4-dimethyl-4-silapentane-1-sulfonic acid) was used as an internal reference standard.
Standard pulse sequences were recorded with two-dimensional natural abundance **N-
heteronuclear single-quantum coherence (HSQC), **C-HSQC, *H-H total correlation
spectroscopy (TOCSY) (Bax, 1969) and *H-'H nuclear Overhauser effect spectroscopy
(NOESY) (Wiithrich, 1986) spectra. The mixing times for *H-'H TOCSY were 30 and 80 ms
and the 'H-"H NOESY spectra were collected with mixing times of 50 and 300 ms with a 3.0
s recycling delay. In all experiments, the water peak was suppressed by presaturation.
NMRPipe (Delaglio et al., 1995) was used to process all of the NMR spectra, which were

then analyzed with NMRViewJ (Johnson, 2004).

Peptide structure determination: NMRViewJ software was used to integrate NOE cross-
peaks (Johnson, 2004). ARIA (Ambiguous Restraints for Iterative Assignment - version 2.3;
under default parameters) was used to perform structure calculations (Habeck et al., 2004;
Linge et al., 2003). The 20 lowest energy structures from each iteration were used for NOE

assignment and used for each subsequent iteration. After eight iterations, the 20 lowest

48



energy structures were refined by a molecular dynamics step in explicit solvent (water). From
this, the 10 structures with the lowest energy were considered as accurately characterizing the
peptide structures and are presented. Representation and quantitative analysis of the

calculated structures were performed using PyMOL (Version 1.5.0.4 Schrodinger, LLC).

Molecular dynamics simulation: The MD simulations were performed with the GROMACS
4.4.5 software package using the AMBER 99sb-ildn force field and the flexible SPC water
model. The initial structure (average energy minimized structure from the ARIA output
anaylsis) was immersed in a periodic water box of cube shape (1 nm thickness) and
neutralized with CI- counterions. Electrostatic energy was calculated using the particle mesh
Ewald method. Cutoff distances for the calculation of the Coulomb and van der Waals
interaction were 1.0 and 1.4 nm, respectively. After energy minimization using a steepest
decent method, the system was subject to equilibration at 300 K and normal pressure for 100
pS under the conditions of position restraints for heavy atoms and LINCS constraints for all
bonds. The system was coupled to the external bath by the Parrinello-Rahman pressure and
temperature coupling. The final MD calculations were performed under the same conditions
except that the position restraints were removed and the simulation was run for 50 nS. The

results were analyzed using the standard software provided by the GROMACS package.

Three-dimensional structure prediction and dock modeling of CLE receptors: The extra-

cellular domain of Arabidopsis CLV2 (At1g65380) and TDR (At5961480) were

computationally identified using SignalP-HMM (Nielsen and Krogh, 1998) and TMHMM
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(Krogh et al., 2001) to exclude secretion signals and transmembrane domains, respectively
from the ecto-domain containing ligand binding sites. Three-dimensional protein structures
and docking models were predicted as described by Meng and Feldman (2010). Briefly,
homology modeling was used to construct the three-dimensional model of CLV2 and TDR
using template amino acid sequences of plant steroid receptors for which X-ray crystal
structures are available. Template sequences homologous to the CLV2 and TDR sequences
were retrieved using a BLAST search in the PDB. The X-ray crystal structure of the plant
steroid receptor BRI1 ectodomain was identified as the best choice based on sequence
BLAST of the PDB for homology modeling (PDB code: 3R1Z) (PubMed: 21666665). An
amino acid multiple sequence alignment of CLV2 or TDR and the BRI1 ectodomain
template was generated using ClustalW (PMID: 12824354 and 10964570). CLV2 and TDR
homology models were generated using Modeller 9 version 7 (Eswar et al., 2006).
Stereochemical analyses of the refined models were carried out using Ramachandran plots by
MolProbity website (Chen et al., 2010). Dock modeling of CLE ligands with CLVV2 and TDR
receptors was conducted using PatchDock and refined with FireDock (Schneidman-Duhovny

et al. 2005; Mashiach et al. 2008).

RESULTS

Root-knot nematode express bioactive mimics of CLE peptide hormones: Our computational
screen revealed 7 genes throughout the M. hapla genome with coding potential for secreted
CLE-like peptides, summarized in the LogoPlots (Figure 1). The available genomes of

migratory plant parasitic nematodes (Radopholus similis and Pratylenchus coffeae) or the
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free living nematode C. elegans were also screened and in no instance were CLE-like genes
detected. The M. hapla CLE-like genes are dispersed throughout the genome without any
obvious grouping and were numbered by the order of the spanning contig; lower numbered
MhCLEs are contained within lower numbered contigs. MhCLE6 and MhCLE7 are identical
at the nucleotide level through the entire coding region, rendering them indistinguishable by
expression studies and bioassays; therefor these genes were annotated as MhCLEG6/7. All
seven MhCLE genes are encoded as single exons with an average size of 145 nucleotides.
Examination of M. hapla CLE sequences by SignalP4.0 revealed well-defined secretion
signal sequences with a cleavage site directly amino to the canonical CLE ligand domain. In
most cases (excluding MhCLE1 and MhCLEZ2), M. hapla CLE-like proteins terminate
directly after the conserved CLE ligand domain and do not contain any additional amino

acids on the carboxyl-terminus (Figure S1).

To establish the validity of the computationally identified RKN CLE-like genes, we
conducted two complimentary RNA-Seq experiments that sampled the M. hapla
transcriptome at various time points reflecting multiple stages of RKN parasitism. First, 115
independent biological replicates were sequenced representing M. hapla induced knots three
weeks post infection with L2. This experiment yielded over 4.4 billion high quality Illumina
generated reads that could be mapped to the complete M. hapla genome or host Medicago
truncatula. This data set revealed expression of all 7 M. hapla CLEs, with drastically
variable expression levels. The genes most highly expressed, MhCLEG6/7, accounted for

almost 88% of all MhCLE mapped reads. Of interest to this research, MhCLE4 and MhCLE5
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mapped reads accounted for 7.8% and 0.17% of all MhCLE reads. In addition to this data set,
a longitudinal RNA-Seq experiment confirmed MhCLE expression in egg and pre-infective
J2. MhCLE4 was expressed at 2.64E-05% and7.36E-05% of all EST reads for egg and L2,
respectively. These expression analyses were not devised to determine differential
expression; rather, they were used to confirm the expression of M. hapla CLE genes during

the parasitic interaction.

Based on a BLAST analysis of MhCLE ligand domains against Arabidopsis CLE ligands, it
was possible to bin M. hapla encoded CLEs into multiple classes, including Arabidopsis
type-A CLEs (e.g. AtCLV3, AtCLE9/10) and type-B CLEs (e.g. AtCLE41/44). A standard
root growth bioassay was used to determine RKN CLE bioactivity and to distinguish and
validate RKN CLE functional equivalence. As shown in Figure 1, Arabidopsis seedlings
respond to exogenously applied CLE peptides whether the sequence is from an Arabidopsis
gene or a RKN gene. Synthetic M. hapla CLEs predicted to be type-A based on primary
structure, elicit the anticipated phenotype of stunted root growth (MhCLE3 and MhCLEG6/7);
and those predicted to be M. hapla B-type CLEs (MhCLEB4) do not, with one exception
(MhCLES). Importantly, the magnitude of the change is the same as the Arabidopsis control.
MhCLEDS has highest sequence similarity to the A-type Arabidopsis CLE20 (At1g05065) yet

did not elicit the expected root stunting in our assay.
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Plant encoded CLE peptides and RKN mimics have defined structures: To augment our
genomic and bioactivity | used NMR to determine the tertiary structures of RKN encoded
and endogenous CLE peptides (Figure 2). Previous reports detailing endogenous CLE ligand
biochemistry allows for comparative analysis between host CLE and RKN CLE mimics. |
focused on MhCLE4, MhCLES, MhCLE®6/7 and Arabidopsis thaliana encoded CLE44
(AtCLE44; At4g13195) and CLE10 (AtCLE10; At1g69320) based on expression studies and
activity in bioassays. The sequence similarity between endogenous and RKN encoded CLE is
most apparent within the core, residues 3-9, with the sequence of 3-VP(S/T)G(P/S)NP-9 is
seen in all peptides for which three dimensional structures were determined. The core is
composed of 5 (out of 7) identical residues at positions 3, 4, 6, 8 and 9. Positions 5 and 7 are
strongly (S vs T) and weakly (P vs S) similar, respectively (Figure 3). The NMR determined
structures for the carboxyl-terminal active domains of and Meloidogyne hapla encoded CLE
mimics MhCLE4, MhCLES, and MhCLEG/7 as well as AtCLE10 and AtCLE44 are well
defined with good structural qualities for folded peptides (Figure 2, Table 1). Well-defined
structures are structures with high confidence and restraints that distinguish them from un-
folded proteins. The Ca root-mean-square deviation (r.m.s.d) values for all residues on the
backbone for AtCLE44, AtCLE10, MhCLE4, MhCLE5 and MhCLES/7 are: 1.05A, 1.88A,
1.24A, 2.09A and 0.92A respectively. The Ca r.m.s.d values for all heavy atoms for
AtCLE44, AtCLE10, MhCLE4, MhCLES and MhCLEG6/7 are; 1.85A, 2.83A, 2.11A, 3.49A,
and 1.84A respectively. Comparably larger heavy-atom r.m.s.d values indicate that the side-
chains are more dynamic and sample a larger conformational space compared to the

backbone atoms. The MhCLES structure is the most dynamic with backbone Ca r.m.s.d
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value of 2.09A and all heavy atom value of 3.49A. When the backbone r.m.s.d for MhCLES
is calculated using only residues 1-9, the value is reduced to 2.07 + 0.29A, which is more

comparable to the other peptides.

Ramachandran analysis for all the peptides revealed 90% or greater of the phi/psi angles
within generously allowed space or better. Two structures, AtCLE44 and MhCLEB4 reveal
the best Ramachandran space for phi/psi angles with no residues in disallowed space.
AtCLE10 has the greatest amount of disallowed residues in Ramachandran space with 10%.
The residues that are in this space are Val3 and Leul0, each contributing 3 residues in
disallowed space out of 10 possibilities each. The residues for all peptide structures that are
in disallowed space are located at the beginning and end of the core structure (Figure 2) and

in the termini.

Molecular dynamics simulations recapitulate CLE peptide classes: To understand the
implications of the well-defined CLE structures, we simulated the molecular dynamics (MD)
of each average energy minimized peptide structure from the output of ARIA in explicit
water for 50 nano-seconds. All peptides reached equilibrium by 30 nano-seconds, for clarity
only the first 30 nano-seconds are show in each figure. The r.m.s.d and radius of gyration
(i.e. compactness of the structures) of the backbone of the peptides was monitored
throughout the molecular dynamic simulation (Figure 3, 4). All peptides experienced an
increase in the r.m.s.d compared to the structure at the start of the simulation indicative of

conformational flexibility. Peptides AtCLE44 and MhCLEB4 reach equilibrium with regard
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to their respective r.m.s.d values within the first 5 nano-seconds and average to a value of
0.44 and 0.52 nm. In contrast, AtCLE10, MhCLEBS and MhCLEG6/7 do not reach
equilibrium until 20 nano-seconds and average 0.21, 0.71 and 0.68 nm respectively (Figure
4A). All peptides display an inherent flexibility of the backbone; however AtCLE10
displayed the most restricted backbone flexibility while MhCLES and MhCLEG6/7 exhibited

the greatest backbone flexibility.

The radius of gyration for each peptide was also monitored throughout the MD simulation.
Peptides that maintain a constant radius of gyration throughout the simulation indicates a
folded peptide maintaining its structure through a series of changing stable interactions which
can include hydrogen bonding, salt bridges and van der Waals interactions. If a peptide were
to become unfolded during the simulation, the radius of gyration would continue to increase
throughout the experiment. All peptides retained a level of compactness over the course of
the simulation, mainly imparted by the core residues (3-9), while the termini residues were
more dynamic. However, not all peptides exhibited similar compactness (Figure 4B).
AtCLE10 and MhCLE4 demonstrated similar and relatively greater stability with radius of
gyrations at 0.59 nm and 0.57 nm. The radius of gyration for AtCLE44, MhCLE5 and
MhCLE®6/7 varied greatly, reaching equilibrium at 0.80 nm, 0.99 nm and 1.70 nm,
respectively. However, as with the r.m.s.d, AtCLE44 and MhCLE4 reached equilibrium
around 13 nano-seconds into the simulation while AtCLE10, MhCLES5 and MhCLEG6/7 reach

equilibrium together around 20 nano-seconds.
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Arabidopsis CLE receptor modeling and docking of RKN and host CLE peptides reveal
dynamic interaction: Using homology threading algorithms (Modeller; Eswar et al., 2006), |
determined the tertiary structures of the extracellular domains of Arabidopsis receptor-like
proteins (RLP) TDR (AT5G61480) and CLV2 (AT1G65380). Importantly, my model
structures improve upon their previously modeled structures presented in Meng and Feldman
(2010) due to additions to databases, which informs a more true structure. Both RLPs had the
highest sequence homology and were modeled with the x-ray crystallography solved BRI11
steroid receptor (She et al., 2011; Hothron et al., 2011). Arabidopsis CLE44 (At4g13195) has
been identified as interacting with AtTDR (Hirakawa et al., 2008), while CLE10
(At1g69320) has been shown to interact with AtCLV2 (Kondo et al., 2010). Using our NMR
determined structures of Arabidopsis CLE and RKN encoded mimics, | modeled the binding

interactions of CLE ligands with their respective receptors.

Our bioassays demonstrated that sequence similarity between RKN encoded CLE and
Arabidopsis CLE ligands could not completely and determinably distinguish type-A from
type-B CLEs. Here, we used docking models to further define the CLE ligand-receptor
complex and resolve sequence and bioassay discrepancies (Figure 5). Using PatchDock and
FireDock (Schneidman-Duhovny et al. 2005; Mashiach et al. 2008) to model ligand docking
and refine the receptor complex, respectively, AtCLE44 was shown to bind AtTDR with a
global binding free energy of -40.71. The negative free energy value is indicative of a
favorable interaction. RKN encoded CLE4 (MhCLE4) has the highest sequence similarity to

AtCLE44 and functions similarly in bioassays. When modeled with the AtTDR receptor,
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MhCLE4 interacts in the same binding site and relatively similar free energy (-29.62) as its
inate counterpart. AtCLE10 is known to interact with CLV2; this interaction was modeled
with a global free energy of -7.37. MhCLEG6/7 has the highest sequence similarity to
AtCLE10 and is functionally equivalent in bioassays. When modeled with CLV2, again the
RKN mimic binds the receptor at the same site and energy (-6.18) compared with the
endogenous ligand. However, MhCLES5, has a sequence similar to endogenous A-type CLEs,
yet did not inhibit root growth in bioassays. We modeled MhCLES5 docking with AtTDR and
AtCLV2. MhCLES5 demonstrated drastically different binding energies (-6.15) and sites
when modeled with AtTDR, a known B-type CLE receptor; but similar energies (-4.21) and

binding sites when modeled with CLV2, a known A-type CLE receptor (Figure 5).

DISCUSSION

An independent line of evidence for the role of RKN-encoded CLE has been demonstrated
by plant genetics; mutations in genes encoding CLE receptors exhibit RKN-related
phenotypes. Specifically, Har-1 encodes the Lotus japonicus ortholog of Arabidopsis CLV
receptors and mutations in the Har-1 gene result in plants that hyper-infect with RKN (Lohar
and Bird, 2003). Here we have described the occurrence, expression, bioactivity and tertiary
structures of CLE-like peptides encoded within RKN genomes, and discuss their relevance to

RKN parasitism and plant biology.

In plants, intrinsic CLEs are secreted into the apoplast as pro-proteins. Cleavage of the pro-

domain is necessary for activity, presumably serving as an additional regulatory check on the

57



activity of these potent ligands (Ni et al., 2011). In contrast, RKN CLEs are not predicted to
encode a pro-domain. Rather, the signal sequence is immediately adjacent to the ligand
domain. This likely permits RKN to directly secrete active peptides into the host apoplast,
where, akin to intrinsic peptides, they are recognized by trans-membrane receptor kinases
and initiate signal cascades, ultimately influencing plant cell development. A strikingly
different model has been proposed for cyst-nematode CLE mimics. CN translate CLE mimics
as pro-proteins, which, like endogenous CLE, contain a variable pro domain. It has been
demonstrated that this variable domain is not only required for CN CLE function in vivo, but
directs CN CLEs through host secretion pathways where they presumably bind
transmembrane receptors in the host apoplast. CN CLEs are initially secreted by the
nematode into host cytoplasm (Wang et al., 2010). Unlike RKN, cyst nematodes have a more
restricted host range, but one that includes many important crops. In the U.S., soybean cyst
nematode (Heterodera glycines) is a major problem. Although the feeding nematode also
resides in the apoplast, direct evidence shows that they have access to plant cytoplasm into
which they can inject proteins (Elling et al., 2007), and from which they presumably feed.
Although deceptively similar in appearance, cyst nematode feeding sites are quite different
from those induced by RKN. GC induced by RKN undergo multiple rounds of nuclear
division without cytokinesis, cyst nematode J2 induce formation of a syncytium via the
coalescence of numerous adjacent cells. Although once believed to be closely related, recent
phylogenetic analyses (Holterman et al., 2008) show an ancient divergence for the ancestors
of cyst and root-knot nematodes. These differences caution against assuming that the host

parasite interactions between RKN and the plant will be mechanistically similar to those
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involving cyst nematodes (including the role of CLE). On the other hand, because both
genera pervert normal plant development, host biology presumably places constraints on the
molecular nature of the interactions, demonstrated by the presence of CLE peptide mimics in

these genera.

Deducing the role of CLE in plant parasitic nematode interactions is not straightforward.
Over-expression analyses and bioassays are fraught with complications (Strabala, 2008);
these include, but are in no terms limited to pleiotropic (and often opposing) phenotypes.
This may be due to neomorphy, hypermorphy or antimorphy, a result of peptide
concentrations and ectopic applications pushing the ligands kinetics outside normal
physiological relevance (Strabala, 2008). These incongruences were observed in our
bioassays, which could not completely distinguish type-A from type-B CLEs alone.
Specifically, MhCLES, which is most similar in sequence to the A-type Arabidopsis CLE20
did not inhibit root growth as expected. However, we are able to exploit this unique host-
parasite relationship, to better understand CLE function. Since RKN encodes and expresses
mimics of host proteins, comparative peptide structural analyses are able to augment
expression analysis and bioassays. In addition, there is an abundance of functional and
genomic data on host CLE peptides from which to direct parasite-encoded CLE functional

investigations and which can inform CLE function in both RKN and host biology.

We used NMR to deduce the tertiary structures of Arabidopsis and M. hapla encoded CLE

peptides. Plant CLE peptide ligands are extensively modified post-transnationally
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(Matsubayashi, 2011), however, post-translational modifications are not required for CLE
activity and were omitted from our synthetic peptides (Meng et al., 2010). Aside from
mediating receptor recognition, post-translational modifications on peptide hormones have
been speculated to function in resistance to enzyme degradation, regulating transport, and
ligand storage (Matsubayashi, 2011). Some MhCLEs contain additional residues beyond the
conserved CLE domain, at the carboxyl-terminus. There is precedent that nematode encoded
CLE peptides are proteolytically processes by the host, specifically truncating residues
outside of the ligand domain (Guo et al., 2011). Unlike CN CLEs, carboxyl-terminal
extensions are relatively rare and seen in only 2 of the M. hapla CLE proteins (MhCLEL,

MhCLE?2).

Our structural and molecular dynamics analyses of the RKN and Arabidopsis encoded CLE
peptides revealed several unique aspects of their structural features, and potentially indicate
how these structural features relate to function. First the peptides do have defined structure
despite their small size (Figure 2), distinguishing them from unfolded random coils. Secondly
this defined structure is dominated by a core of residues found in each peptide, residues 3-9
(3-VP(S/T)G(P/S)NP-9). This core of residues may be a general receptor-recognition
structural motif found in this class of peptides that structurally defines this class of peptides;
the less conserved terminal residues may act to target specific receptors, and alter binding
kinetics. Arabidopsis CLV3 is produced as a 12 or 13 aa peptide and the binding affinity for
a CLV2-CRN complex is greater as a 13 aa peptide (Meng and Feldman, 2010).

Furthermore, from the solved structures shown in Figure 2, one can observe the potential for
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the residues outside the core residues to be quite flexible and sample a larger conformational
space. This is recapitulated in the molecular dynamics simulation which revealed that the
peptides retain the structural conformation of the core residues throughout the simulation
(Figure 3). However, the side chain residues and the termini of each peptide are quite
dynamic and are unique for each peptide with regard to the volume of conformational space

sampled.

The peptides also tend to cluster according to their behavior in solution. Peptides AtCLE10,
MhCLES5 and MhCLEG6/7 tend to have structures that tend to be a little more dynamic in
solution and do not settle into an equilibrated conformational space until about 20 ns into the
simulation (Figure 4 — red, blue, and orange, respectively). Interestingly, these peptides are
all classified as type-A CLEs based on sequence and/or bioassays. Peptides AtCLE44 and
MhCLE4 tend to achieve this equilibrated conformational space quite quickly in comparison
(~5-10 ns into the simulation — Figure 4 — black and green, respectively), again agreeing with
sequence similarity and function in bioassays as type-B CLEs. Our cumulative data suggests
that peptides AtCLE10, MhCLES and MhCLEG/7 are linked not only structurally but
functionally and that this function is distinct from AtCLE44 and MhCLE4 which are similar,

both structurally and functionally to one another.

Because genetically defined plant CLE ligand-receptor interactions are known, we were able

to model these interactions. Using homology threading algorithms, we deduced the tertiary

structures of the extracellular domains of Arabidopsis receptor-like proteins TDR and CLV2.
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Using PatchDock to model ligand docking and FireDock to refine the receptor complex,
AtCLE44 binds AtTDR with a global free energy of -40.71. The negative free energy value
is indicative of a favorable interaction. RKN encoded CLE4 (MhCLE4) has the highest
sequence similarity to AtCLE44 and functions similarly in bioassays. When modeled with
the AtTDR receptor, MhCLEA4 interacts in the same binding pocket and with a similar free
energy (-29.62) as its endogenous counterpart, consistent with this being a bona fide
interaction; we will test this hypothesis in future work. As shown in Figure 5, we have
repeated these analyses for a number of peptides and receptors. Collectively, we have
demonstrated that defined tertiary structures of CLE peptides and receptor-binding modeling
can clarify potential bioassay/over-expression discrepancies seen with members of this large,

often functionally redundant, yet tissue specific, gene family.

Although the receptor AtTDR contains a cytoplasmic kinase domain to relay extracellular
signals to the nucleus (presumably through a kinase cascade) that alters gene expression and
ultimately cell development, CLV2 lacks any defined cytoplasmic domain. Instead, CLV?2
consists of only a transmembrane anchor and extracellular receptor. For a ligand to conduct a
signal through CLV2, additional proteins are required to form hetero-complexes with CLV2.
Multiple signal transduction models for CLV2 have been proposed, often involving hetero-
multiplexes of multiple RLK and cytoplasmic kinases, and may be dependent upon tissue
type (Brand et al., 2000; Muller et al., 2008; Bleckmann et al., 2010; Guo et al., 2010;
Durbak and Tax, 2011). One model in particular has independent lines of supporting

evidence; CLV?2 requires the cytoplasmic-restricted CRN protein for localization in the
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plasma membrane and relay of extracellular signals (Muller et al., 2008; Bleckmann et al.,
2010; Meng and Feldman, 2010). Additonally, AtCLE14 and AtCLEZ20 were shown to
interact with a CLVV2/CRN hetero-complex (Meng and Feldman, 2010); docking models of
these interactions included CRN forming a hetero-complex with the extracellular domain of
CLV2. We did not include a cytoplasmic kinase domain in our CLV2 docking models; rather
our aim was to compare ligand binding of known receptor-peptide pairs with RKN peptide
mimics. Although our analyses indicate possible RKN CLE-receptor interaction, the
identification of the true receptors and possible cytoplasmic kinase domains involved in RKN

CLE function remains a continual goal.
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Table 1. Details and statistics for quality assessment of peptide structures.

AtCLE44  AtCLE10 MhCLE4  MhCLES MhCLE6/7

Total NOES 78 53 52 58 67
Intra-residue 46 35 29 38 49
Inter-residue 32 18 23 20 18
Unambiguous 52 42 38 48 46
Ambiguous 26 11 14 10 21

Average violations / structure
>0.5A 0 0 0 0 0
>0.3A 0 0 0 0.1 0.3
>0.1A 2.6 2.6 2.6 1.8 3.7

Energy (kcal mol-1)

van der Waals -74.34 + -78.53 + -65.96 + -76.44 + -102.48 +

1.65 3.00 2.47 3.00 4.40

electrostatic -275.14+  -291.13 + -341.03 + -326.32 + -367.44 +

27.18 33.86 37.67 28.36 38.77

Deviations from idealized geometry
Bond lengths (A) 0.0043 + 0.0035 + 0.0042 + 0.0037 £+ 0.0039 +

0.0002 0.0002 0.0003 0.0004 0.0002

Bond angles (°) 0.66 £0.05 0.55+0.07 0.63+£0.05 0.54+0.07 0.67=+0.04
Impropers (°) 1.53+£0.29 126+0.17 171031 126+0.25 1.74+0.23
RMSD (A)
Backbone 1.05+023 1.88+030 1.24+034 2.09+040 0.92+0.29
Heavy atoms 1.85+0.32 2.83+031 2.11+£036 349+044 1.84=+0.50
Ramachandran analysis

Core 16.7 333 60.0 38.6 31.2

Allowed 71.7 55.0 333 50.0 55.0

Generous 11.7 1.7 6.7 5.7 6.2

Disallowed 0 10.0 0 5.7 7.5
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Figure 1. RKN encode bioactive mimics of CLE regulatory peptides.

(Top) Logo Plot of Arabidopsis and RKN CLE CLE active ligand domains show high
sequence similarity, especially between the core residues 3 and 9. (Bottom) Standard root
growth assays with exogenously applied synthetic peptides. (green, plant CLE ligands; blue,

RKN CLE ligands).
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Figure 2. Structure overlay of the lowest 10 energy structures for plant and RKN CLE ligand
domains.

(A) AtCLE44, (B) AtCLE10, (C) MhCLE4, (D) MhCLES and (E) MhCLES. Structures are
shown in cartoon format with residues shown in line format. All hydrogen atoms are
removed for clarity, carbons are colored gray, oxygen atoms are colored red and nitrogen
atoms are colored blue. Structures are aligned to the conserved sequence (residue 3-9) of

VP(SIT)G(P/S)NP.
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Figure 3. Plant and RKN share similar core structural features.

The peptide sequences have a core of residues, residue 3-9 that are highly conserved
(VP(SIT)G(P/S)NP). This similar sequence is recapitulated as a similar structural motif
between the peptides. (a) The average energy minimized structures for AtCLE44, AtCLE10,
MhCLE4, MhCLE5 and MhCLEG6/7 are overlaid with respect to residues 3-9. (b) The
average structure from the highest populated cluster from the clustering analysis in gromacs
based on a Ca r.m.s.d of 2A. Shown on the left is the overlay with the proline residues
colored green and shown in stick format while the hydrophobic residues (Gly and Val) are
colored orange, Asn is colored cyan and Ser or Thr is colored red with line format drawn for
clarity. Show on the right is the exact same thing with the sticks and lines removed for

clarity.
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(b)

Time (ns)
Figure 4. Molecular dynamics simulation of defined plant and RKN CLE structures.

(@) The backbone r.m.s.d of (black) AtCLE44, (red) AtCLE10, (green) MhCLE4, (blue)
MhCLE5 and (orange) MhCLES6 is shown as a function of the time in the molecular
dynamics simulation. The r.m.s.d is a measure of the peptide’s conformational flexibility
compared to the starting structure of the molecular dynamics simulation. (b) The radius of
gyration of (black) AtCLE44, (red) AtCLE10, (green) MhCLE4, (blue) MhCLE5 and
(orange) MhCLEG6/7 is shown as a function of the time in the molecular dynamics simulation.
The radius of gyration is indicative of the level of compaction in the structure. Colored dotted

lines denote the final r.m.s.d and rg equilibrium points.
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Figure 5. Ligand-Receptor complex docking models.

Known interactions (AtTDR with AtCLE44; AtCLV2 with AtCLE10; top right and left) are
used as standards to compare possible RKN encoded CLE mimic receptor binding for both
binding site and global free energy (gfe). Black arrows indicate peptide (ball and stick

model) binding site. Receptors are shown as ribbon for clarity.
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CHAPTER 4

Invasion of roots by Root-Knot Nematode is Diurnally Biased

ABSTRACT

Root-knot nematode (RKN; Meloidogyne spp.) parasitize virtually all crop species and cause
extensive yield loss. Currently, there is a limited understanding of the intimacy between the
parasitic nematode and its host. These obligate parasites are likely aware of changes in host
biology and presumably respond accordingly. As many plant processes are regulated by, and
dependent on, the hosts plants light-driven circadian clock, we hypothesized that RKN
biology might be sensitive to these rhythms. Specifically, we investigated the influence plant
diurnal rhythms have on RKN invasion of host roots using quantitative PCR. Multiple time
points were examined, spanning the change from night to day using whole root tissue
collected 24 hours post inoculation with naive second stage M. hapla juveniles. Interestingly,
we determined RKN invasion to be diurnally biased with significantly more nematodes
invading host roots at night. The results of these assays shed light on RKN host perception
and further demonstrate host biology as a critical arbitrator of nematode parasitism and
emphasize the importance of considering host biology when studying plant parasitic

nematodes.
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INTRODUCTION

Plant parasitic nematodes inflict an enormous burden on world agriculture, with yield losses
possibly exceeding USD100 billion annually (Chitwood, 2003). Root-knot nematodes (RKN:
Meloidogyne spp) cause a significant amount of this economic damage by parasitizing roots.
Given the substantial crop yield losses attributable to RKN, controlling these pests is a major
agricultural priority. Current efforts focus largely on the development of general nematicides
and post-invasion control in the form of resistance (R) genes. However, the availability of
chemical pesticides is severely limited and host-resistance is not available for most crops.
What remains crucially limiting is a thorough understanding of the mechanisms underpinning
the nematode-plant interaction. While it is true that some components have been identified in
the form of single gene effectors, these pathways are employed post penetration, after the

nematode has hatched in the soil, and invaded a suitable host.

Here, we focus on pathways that may regulate RKN parasitism prior to host penetration.
Multiple events throughout the nematode lifecycle are influenced by the perception of the
host-, rhizosphere- and even nematode-derived signals. In particular, egg hatch, root-
attraction and penetration each have been demonstrated to be, at least partially, influenced by
external stimuli (Viglierchio and Lownsbery, 1960; Teillet et al., 2013). Novel control
methods may be realized with an increased understanding of the signals influencing these
events. Substantial interest and study has been placed on the signals regulating initial RKN
host perception and penetration; RKN have demonstrated responsiveness to different

chemical and molecular stimulants including salt ions, CO, and pH gradients (Riddle and
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Bird, 1985; Wang et al., 2009). Yet the exact mechanism arbitrating nematode attraction to

host roots has yet to be confirmed; for an extensive review see Curtis et al., (2009).

Plant biology is tightly linked to light, and is manifested as circadian and diurnal rhythms.
Circadian rhythms refer to periodicity around a 24 hour clock while diurnal rhythms are
directly linked to the presence or absence of light. Multiple plant metabolic, chemical, and
physiological changes are regulated in these manners, including leaf starch metabolism and
root growth (Yanzdanbakhsh et al., 2011), all of which can possibly influence nematode
competence. Other pathogens have been observed to have a relationship dependent upon
host’s perception of light and diurnal rhythms such that pathogenicity is optimized for certain
light-dependent host cues (Stone et al., 2012). There is also evidence that suggests nematodes
near host roots send out aggregation signals to further attract other nematodes to sites of
penetration (Wang et al., 2010). Here, we sought to determine if the plant signal(s) arbitrating
nematode invasion are dependent on host diurnal rhythms. We used qPCR to quantify
nematode penetration 24 hours post inoculation with naive second stage juveniles. Within the
24 hour timeframe, the nematode would have had to perceive the host, migrate to the site of
penetration, and successfully penetrate the host to be detected in our system. Although all
involved signals are of great interest (nematode, rhizoshpere and host derived), here we
focused on how changes in host biology, specifically alterations due to changes in light, alter

nematode host perception and ultimately, penetration.
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MATERIALS AND METHODS

Plant growth: Medicago truncatula cv. Jemalong A17 was used in all experiments. Seedlings
were scarified in concentrated H,SO,4 for 15 minutes or until dark spots appeared on the
seeds, which were then washed in sterile water until all residual H,SO,4 was removed. Seeds
were germinated in artificial soil for one week before being transplanted into sterile sand.
Fertilization was done three times a week with 0.5x Hoaglands solution (Hoagland and
Arnon, 1950). Host plants were maintained in a growth chamber set at constant humidity and
temperature of 24.5° C with an 18 hr day cycle. Three weeks after germination, seedlings

were inoculated with 1,000 second stage M. hapla VW9 juveniles (J2).

Nematodes: M. hapla lines used in all experiments were maintained on Tomato (cv. Rutgers)
in greenhouse conditions. RKN eggs were isolated using the standard bleach method and
purified on a 40% sucrose gradient as previously described (Byrd et al., 1966). Sterile eggs
were hatched in ‘hatcheries’ consisting of a small bowl containing a mesh screen supporting
multiple layers of lab tissue. Viable, hatched RKN J2 were collected after three days. RKN
J2 were kept naive in sterile water and were used in infect host plants to optimize

synchronous infection.

Root staining: To confirm RKN J2 host penetration 24 hours post inoculation, roots were
stained with acid fuchsin (Byrd et al., 1983). Briefly, isolated and washed root systems were
cleared with a 1% NaOCI solution for 4 minutes and rinsed multiple times in distilled water.

Acid fuchsin stain was prepared by dissolving 3.5 g of acid fuchsin in 250 mL of glacial
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C,H40, and diluting with 750 mL dH,0. This stock was used at 2% to cleared roots in 50
mL. The cleared root and stain were heated to just before boiling and allowed to cool to room
temperature before the roots were rinsed in tap water. The stained root systems were then
placed in acidified glycerol for de-staining and to increase stain contrast. The acidified
glycerol solution (few drops of 5M HCI in 30 mL glycerin) containing the root system was
brought to almost a boil and after the roots cooled to room temperature they were examined

under a dissecting microscope in acidified glycerol.

Nematode quantification using qPCR: The nematode sequence, referred to as MhC217 is
located at on MhA1_contig217:72348..72400 and when queried against the non-redundant
database returned no other significant BLAST results. The host sequence used for
normalization and control, referred to as MtUBQL1, (MtGI accession number TC161574) also
returned no other significant BLAST results when queried against the non-redundant
nucleotide database. The sequences were also selected based on constraints imposed for
optimal primer design, product length, GC content and use in SYBR Green qPCR reactions.
Primer sequences MtUBQ1 Forward: gaacttgttgcatgggtcttga, Reverse:
cattaagtttgacaaagagaaagagacaga; MhC217 Forward: atagttggtggcctctgtce, Reverse:
tggaatgtgctatttccaagggt). Quantitative PCR (QPCR) was conducted using the Applied
Biosystems StepOne machine in 96-well plates containing 20pL reactions consisting of
diluted sample DNA, 0.5uM of each primer and appropriate SYBR Green Master Mix. Time
points were selected to cover the change from night to day; dark time points are represented

by negative numbers as hours before daybreak and light time points are represented by
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positive numbers as hours after daybreak (t = -2, +1, +3, +5). Eight experimental replicates
were conducted with at least three plants each, yielding >24 whole root samples per time

point. No-template controls were included to account for non-specific primer amplification.

Statistics: To quantitate gPCR results, the returned and averaged C+ values of MtUBQL1 for
each time point was subtracted from each of the corresponding Ct values of MhC217 (ACt =
CMhe2l? _ o averaged MIUBQLO - Thjq \was done to account for, and to normalize any bias root
mass may have on nematode penetration of host roots. The inverse of this computation was
plotted to illustrate the representative quantification of nematode abundance in root systems
(Figure 2). ANOVA (Table 1) and student t-tests were used on all six possible pairwise
comparisons. Using the highly conservative Bonferroni multiple testing correction (SAS
software), significance was determined as p < 1.7E-2; see summary in Table 2. Specifically,

student t-test was conducted on the difference between normalized MhC217 C+ values

(AACT = ACMePOINtA_ A timepointBy “pelative fold differences were computed by 274,

RESULTS AND DISCUSSION

RKN penetrates host roots 24 hours after inoculation: The main goal of our experiment was
to determine if host diurnal rhythms influence nematode invasion. Previous reports
demonstrated RKN J2 penetrate M. truncatula after 24 hours (Dhandaydham et al, 2008).
This time frame allows J2 to perceive and penetrate host root systems while minimizing
developmental changes in the nematode that may alter subsequent invasions. We verified

nematode RKN invasion 24 hours post inoculation in our system by selectively staining
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nematodes within host root tissue using acid fuchsin (Figure 1). However, this method is
non-reproducible and limits the statistical support required for robust quantification, largely
due to the damage and loss of fragile root systems during staining and variations in root

densities attributed to differences in cell type and age.

RKN preferentially infect host root systems during the dark: We used the sensitive and
specific quantitative PCR reaction to determine RKN abundance in host root systems 24
hours after inoculation with second stage larvae. Our results indicate a diurnal bias in
nematode penetration that is greatest during the dark. At 24 hours post inoculation, the
nematode has perceived and migrated to a host root but has yet to feed or resume
development. This allows the use of gPCR to quantitate the relative abundance of nematodes
in host roots as the number of cells and nuclei per nematode will remain constant. Using a
homogenous mixture of naive J2 collected over three days after egg isolation and hatching
eliminates any penetration variance attributable to ‘age’ of J2, post hatch. The availability of
the complete genome sequence for RKN (Meloidogyne hapla, VW9) and its host (Medicago
truncatula) allowed for the selection of unique, single copy, genomic loci to be selected for
use in gPCR. To ensure the only variable was time of day, all other factors (temperature,
moisture, etc.) were accounted and controlled; we also accounted for differences in root mass
that may variably attract or otherwise facilitate nematode penetration by normalizing all
nematode gPCR results (MhC217) with the gPCR results of a unique M. truncatula sequence
(MtUBQ1). Normalization was done by subtracting the Ct values of MhC217 for a time

point from the averaged Cr value of MtUBQL for the same time point. gPCR was conducted
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on DNA isolated from whole root systems because, as expected, no discernible RKN-induced
root phenotypes could be associated with nematode presence after 24 hours. Without an
available DNA template, the primers did not amplify any appreciable and detectable
products. Nematode abundance was sampled over four time points spanning seven hours and
encompassing the change from night to day. ANOVA revealed significant differences within
the data set (Table 1) and student t-test with Bonferroni multiple testing correction (Table 2)
on the six possible pairwise comparisons revealed that there were consecutive significant
decreases in nematode abundance after daybreak, with the highest number of nematodes in
host roots to be at 2 hours before daybreak (t = -2; Figure 2). Figure 2 illustrates the
normalized relative nematode abundance for the four time points; for clarity, plotted are the
inverse C values of MhC217 normalized with MtUBQJ1. The largest relative fold difference

of 78.47x was seen between the time points of -2hrs and +5hrs, calculated as 27 2.

In order for a nematode to hatch and locate a host root, distinct signals must be perceived
from a myriad of stimuli emanating from micro niches most of which are present as
concentration gradients, and all of which can be expected to change drastically based on
temperature and water content (Prot, 1979; Robinson, 1994). There are multiple individual
root associated signals that have been implicated in both root attraction and repulsion. A
single root-attraction signal is unlikely, especially when considering RKNs expansive host
range. However, the comparably limited number of G-protein coupled receptors (GPCRS) in
RKN (147) to C. elegans (1,011) (Opperman et al., 2008) suggests a restricted range of

possible signals able to be perceived by RKN. The reduction of RKN GPCRs (or expansion
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in C. elegans) certainly reflects RKN sole niche, but may also suggest that a limited number
of general plant root associated signals are responsible for the root attraction phenotype.
Support for a general plant associated signal is demonstrated by the lack of significant
difference in RKN penetration when presented with a resistant or susceptible Medicago host

(Dhandaydham et al., 2008).

The significant result that nematodes preferentially penetrate host root systems during the
dark has is supported in current literature and emphasizes the importance of host biology to
nematode parasitism. Previously, carbon dioxide (CO,) has been described as a potent host
root attractant signal (Robinson, 2004; Robinson and Perry, 2006). Meloidogyne spp. have
also demonstrated attractiveness to moisture gradients (Prot, 1979) cumulatively these data
may implicate dissolved CO; in the form of carbonic acid. The distinction between the gas
CO; and carbonic acid may be critical in explaining varying results in nematode attraction
assays (Bird 1962). Additionally, acidic pH was also shown to attract nematodes in media
(Wang et al., 2009). Dissolved CO; in the form carbonic acid is a direct output of carbon
metabolism and roots display diurnal growth patterns and sugar metabolism (Yanzdanbakhsh
et al., 2011). Specifically, root growth and respiration is greatest during the dark
(Yazdandkhsh et al., 2011), and our data implicate this diurnal cycle probably resulting in the
attractive signal CO, (probably as carbonic acid). It is logical that nematodes have developed
sensory mechanisms that detect fundamental plant signals in order to locate host root
systems, rather than specific phytochemical(s) that would limit the host range of these

cosmopolitan parasites. Interestingly, the majority of complex root-secreted phytochemicals
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are not influenced by diurnal rhythms; although two such chemicals have been reported to
demonstrate increased secretion during the transition from dark to light (Badri et al., 2010).
Additionally, multiple reports describe the increase of flavonoid root exudates during the
daylight (Watt and Evans, 1999; Hughes et al., 1999; Nagasaka et al., 2009). These
phytochemicals may be responsible for some of the repellent activity demonstrated by some
root exudates in previously reported nematode attraction assays (Diez and Dusenbery, 1988)
and further suggest a ubiquitous plant signal arbitrating nematode attraction. However, other
hypotheses deserve consideration, including phototaxis and maternally derived diurnal and/or
circadian rhythms. In the model nematode C. elegans, light-sensitive photoreceptor cells are
responsible for observed phototaxis, although like RKN, these nematodes supposedly exist in
natural environment void of light (Ward et al., 2008). As an obligate parasite, RKN biology
is certainly responsive to plant biology, and it is possible that the diurnally biased penetration
of host root systems is pre-conditioned and passed maternally from one generation from the

next.

The results presented here illustrate the importance of considering time and host biology

when investigating pathogen-host responsiveness as many plant metabolites and signals are

time dependent.
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Table 1. Analysis of variance (ANOVA) of normalized qPCR results of nematode

abundance
Df SumSq MeanSq F value Pr (>F)
Time 3 21.52 7.173 206.4 2.04e-12
Residuals 15 0.521 0.035

Table 2. Student T-test of averaged normalized gPCR results of nematode abundance
between time points. All pairwise comparisons are significant as determined using the
conservative Bonferroni multiple testing correction (p < 1.7E-2).

Pairwise p-value
7am - 11lam 1.33E-02
7am - 12pm 2.06E-04
7am - 2pm 4.35E-04

10am - 12pm 5.18E-06
10am - 2pm 7.78E-06
12pm - 2pm 4.11E-04
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Figure 1. Medicago truncatula root tip infected with acid-fuchsin stained Meloidogyne hapla

VW9 second-stage juveniles 24hours after inoculation.
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Figure 2. Box plot showing normalized relative nematode abundance as dC+. Lower Ct
values are indicative of more template DNA. Time points are relative to day break. (i.e. -2 is

2hours before day break and +1 is 1 hour after daybreak
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CHAPTER 5

Postface

The broad, working hypothesis that RKN establish feeding sites by appropriating plant
developmental pathways has been substantiated by the exploitation of integrated genetics,
genomics, structural biology and cell biology to define the RKN-encoded signals that lie at
the core of the parasitic interaction. RKN likely manipulates plant development at its most
fundamental level, and this describes the ability of RKN to form their stereotypic feeding
sites across vascular florae. Further, RKN likely maintain their feeding site by constantly

monitoring host biology and adapting their transcriptional behavior accordingly.

At the heart of these hypotheses is the search for the signals and pathways that are central to
compatible RKN-plant interactions. Although some of the components have been identified
(including those presented here), understating their role in the RKN parasitic interaction
remains a difficult task. The aforementioned substantial genetic system developed for RKN
has greatly aided the identification of these signals, yet attempts to understand specific gene
function through reverse genetics (mutagenesis, targeted gene knock-down, etc.) has yet to
prove informative. For instance, RNAI knockdown of putative nematode signals involved in
the host-parasite interaction has not fully blocked parasitic ability. This is in striking contrast
to the situation in other plant-microbe interactions, such as the rhizobia-legume interaction,
where point mutations in key receptors are sufficient to entirely block the association (Lohar

and Bird, 2003). This distinction may be a consequence of RKN interacting with multiple
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plant pathways or components that are either redundant, or which function in an additive
manner to confer full parasitic ability. It is therefore unlikely that any one single signal would

represent the linchpin to the interaction.

Despite the apparent differences between the parasitic and symbiotic symbioses, reflecting
upon the constraints of host biology, there are many molecular signaling similarities between
the beneficial symbiosis of legumes and rhizobia (nitrogen-fixing soil borne bacteria) with
RKN infections. For instance, both symbionts induce the formation of novel structures that
resemble meristems, likely by similar or identical processes. Indeed, the temporal and spatial
expression patterns of two mersitematic maintenance genes (PHAN and KNOX ) in the model
legume Medicago truncatula is similar in rhizobia-induced nodules and RKN feeding sites
(Koltai and Bird., 2000; Koltai et al., 2001). Many physiological similarities are also
apparent between nodules and feeding sites, particularly the presence of large polyploid cells,
which are consistent with the re-programming of endogenous developmental systems by
these symbionts (Weerasinghe et al., 2005). Further, the developmental differentiation of
nodules is regulated by ccs52, a regulator of division arrest in mitotic cycles, producing
multinucleate cells (Cebolla et al., 1999) and ENOD40 is a primary initiator of nodule
formation and cortical division. The presence of ccs52 and ENOD40 transcripts in giant cells
re-enforces the parallels between the distinct interactions (Koltai et al, 2001). Indeed, there
are many reports of gene expression similarities between GCs and nodules (Bird and Wilson,
1994; Koltai and Bird, 2000; Koltai et al. 2001; Lohar et al. 2004. Of note to the work

presented here, CLE and CEP ligands have been demonstrated to play roles in rhizobia
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interactions, the formation of root galls and the allocation of host energy resources (Okamoto
et al., 2009; Mortier et al., 2010; Imin et al., 2013), further supporting the analogous
interactions of RKN and rhizobia with plants. Specifically, ENOD40 and ccs52 are

upregulated in CEP overexpressing plants (unpublished data).

However, the apparent dissimilarities are not without basis, and as expected, lie at the core of
both the parasitic and mutually beneficial interactions. This is best conceptualized by
examining the carbon and nitrogen allocations between rhizobia and its host plant; as
rhizobia fix nitrogen for use by the host, carbon and essential nutrients are provided by the
host to rhizobia. Controlling the balance of this mutualistic symbiosis is a complex regulatory
mechanism known as Auto-regulation Of Nodulation (AON). AON can be thought of as a
communication network that regulates the requirements of the rhizobia symbiosis with the
reality of the plants energy allocations. The question then remains: Does the RKN-plant
interaction have a similar level of host regulation on available energy resources? As with
rhizobia interactions, there is evidence that RKN are sampling photosynthates transported
from the shoots. However, unlike rhizobia interactions, the impact on plant energy is more
dramatic and disproportionate to the energy requirements of the nematode, even when
accounting for obligate parasite biology (i.e., formation and maintenance of feeding site, and
inhibition or avoidance of host immune responses, etc.). In other words, the reduction in
plant yield cannot be completely accounted for by the direct requirements of the nematode
(e.g. biomass of worm, egg production and gall). Another question then arises: By what

mechanisms is RKN impacting plant resources? Nematodes have an estimated 60%
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assimilation efficiency (Powers and McSorley, 1993), but may be as low as 20%
(Melakeberhan and Ferris, 1988). On small grape plants, 3.4 kcal of energy were demanded
by an M. incognita population over a 59-day period. This amount was equivalent to 15% of
the energy assimilated by the plant (Melkakeberhan and Ferris, 1989). Yet, RKN is not a
considerable competitor for plant phosphorous, removing less than 10% of total plant P
(Dropkin and King, 1956). Although these data have begun to answer the questions
surrounding the energy impact of RKN parasitism, the underlying principles defining this

phenomenon remain unknown.

To begin investigating the mechanisms by which RKN parasitism induces drastic and
disproportionate crop loss, | have initiated multiple investigations which collected
comprehensive transcriptional profiles of both the host and RKN spanning time and space.
The power of completed parasite and host genomes is again realized as it permits the in silico
dissection of complex and multi-faceted tissue types, such as RKN feeding sites which
contain RKN and host tissue in various degrees and stages of development. Two general
approaches were taken; first, local transcriptional profiles of RKN induced knots were
assayed spanning a 24 hr period and capturing host diurnal and circadian patterns. Second,
global transcriptional profiles were collected from root and shoot tissue of infected and
uninfected plants, spanning the initiation of the post-penetration host-parasite interaction. In
short, transcriptional profiles for both RKN and the host were collected in such a way as to
acquire a broad picture of host and RKN pathways responsible and responsive to a

compatible interaction. These are large and complex data sets for which there are no current
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algorithms suited to define them; currently, new statistical models are being developed to
describe RKN pathology with these data. Here, | describe the current state of the data and

analyses for these two approaches.

Circadian transcriptional oscillations in RKN: As discussed in Chapter 4, many plant
processes are dependent the light-driven circadian clock, and | hypothesized that RKN
biology is responsive to the rhythms and that the hosts daily energy allocations are perturbed
by RKN parasitism. To examine how RKN respond to circadian rhythms, | designed an
experiment to quantify the RKN and host transcriptomes over a 24 hr period. If the feeding
nematode is responding transcriptionally to changes in host gene expression, this would
argue that the nematode must be monitoring its host. For the pilot experiment, plants were
arranged in a Complete Random Design in a growth chamber set for 18 hr days at 25°C.
Tissue was collected at six time points (4 replicates per time point, 24 total samples) over a
24 hour period. This tissue was immediately frozen in liquid nitrogen and mMRNA was
extracted for high-throughput sequencing. Multiplexing allowed the entire experiment (24
samples) to be run on a single lane. To account for any lane bias, each of the pooled 24
samples was run on each of the 7 available lanes in the flow cell. Seven lanes of GAIIx
illumina data were generated, yielding >165million, high-quality 68-mer reads. Using
TopHat, 97% of these reads were mapped onto the completed genomes of M. hapla (6.85%)
and M. truncatula (93.15%). Transcript abundance analysis revealed >1,000 differentially
expressed loci 147 of which correspond to RKN genes. | binned these genes into 9 broad

categories of expression profile (Figure 1, Appendix C). Differentially expressed plant genes
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are also of interest, and using the Gene Ontology and KEGG algorithms for example, these

loci can be computationally placed in the context of plant physiology.

Longitudinal and global transcriptional profiles: Also of interest are the transcriptional
events that accompany the developmental changes throughout the nematode lifecycle and the
subsequent host responses. To this end, M. truncatula was infected with M. hapla VW9 and
tissue from uninfected and infected shoot and roots was harvested over a time course (t =1, 2,
4,5, 7 days post inoculation) as well as M. hapla eggs and pre-penetration J2. RNA-seq data
was collected for each of the 22 samples yielding >1billion high quality raw reads consisting
of 4.37E+08 reads mapped to M. truncatula (86.5%) and 6.8E+07 mapped to M. hapla
(13.5%). Currently, this large and complex data-set is being examined to better chart spatio-
temporal transcriptional changes in nematode and plant. My preliminary results indicate the
large majority of differentially expressed RKN genes as being ‘pioneers’, which exemplifies

the need to develop tools to transgenically manipulate these parasites.

In the long-term the knowledge and insights gained from these works may lead to strategies
to protect yield in plants via either tolerance or resistance to RKN. Plant genes encoding
functions associated with resource allocation (metabolic/catabolic enzymes, transporters,

channels) might be ideal targets to modulate RKN-mediated yield loss.
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Figure S1. Complete RKN CEP gene sequences and plant CEP ligand domains

(@) Full M. hapla CEP mimic sequences; secretions signal domain (blue box) nearly adjacent

to active domain (green box). (b) An alignment of M. hapla (MhCEP), M. truncatula

(MtCEP) and A. thaliana (AtCEP) active domains reveals high sequence similarity, and

biochemical properties of individual residues.

102



0.0375

0.037

"

0.0365 -

[
8]
~ 0.036 -

“ 1

0.0355 -

0.035 -

0.0345 T
MhCEP4 MhCEP10

Figure S2. gRT-PCR validated RNA-Seq expression of MhCEP4 and MhCEP10.

Unique and specific primers could only be designed for MhCEP4 and MhCEP10. Plotted are
the inverse average Cr of 3 replicates, representing relative gene expression, with standard
deviation error bars. RNA was isolated from three-week post-inoculation RKN induced
knots. These results confirm the variable expression pattern observed between MhCEP4 and

MhCEP10 in the RNA-Seq data.
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Figure S3. Chemical Shift Indices for MhCEP11 and MtCEP1.

The chemical shift indicies are shown for MhCEP11 (A) and MtCEP1 (B) and indicate the
propensity for secondary structure within a sequence. Chemical shift indicies are based on
the chemical shifts of the HN atoms compared to a database of structures. Red dots denoted
alpha helical character, blue dots denote b-strand character while grey dots denote random
coil. The location of the dot on the vertical scale denotes the level of certainty. Clearly from
this figure, MhCEP11 (panel A) has a greater propensity to form alpha helical character

compared to that of MtCEP1.
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MEGEA: M. truncatula Gene Expression Atlas / Noble Foundation (http://mtgea.noble.org/v3)
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Figure S4. MtCEP1 is expressed in diverse tissues.

Examination of MtCEP1 (accession Mtr.7265.1.S1_at) expression using MtGEA

(mtgea.noble.org/) shows relatively high expression in roots and leaf tissues.
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Figure S1. Complete protein sequence of the seven M. hapla CLE mimics.

Blue box; conserved nematode secretion signal sequence. Yellow; predicted signal sequence

cleavage site. Green box; conserved CLE ligand domain.
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Figure 1. Expression profiles of M. hapla genes genes that are differentially expressed over a

24 hour period. Differentially expressed genes were binned into nine different expression

patterns. Time points A, B, C, D, E, and F represent 10:30 pm, 2:00 am, 5:00 am, 6:30 am,

2:00 pm and 9:00 pm respectively.
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