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1 Summary
Over the past century, advanced quantitative methods have provided ways to organize and evaluate

ever-increasing amounts of data in various scientific fields, including Evolution and Genetics.
Bioinformatic tools have become vital in the age of genomics, and mathematical modeling approaches
have enabled detailed descriptions of complex biological systems. The work detailed in this thesis is an
application of mathematical models and evolutionary analyses to networks of cell-surface-receptor-

mediated genetic regulation and their components.

At the tip of the main root in model plant Arabidopsis thaliana lie cell layers characterized as having
different fates: QC cells, columella stem cells, and columella cells. A series of mathematical models of
these cell fates was able to provide insights into the network of transcription factors and peptides
regulating cell fate decisions. The models were based on outcomes of experiments on wild type plants
and various mutants and overexpression lines. The first model, simulating a single cell with no
communication with other cells, was meant to predict cell fate when given initial concentrations of
known cell fate regulators: WOX5-derived signal and peptide CLE4O0. It failed to capture the three cell
fates. The fact that a second model, simulating a cell column, was able to capture the experimental
results highlighted the importance of intercellular communication in achieving robust patterning of
long-lived stem cells. After a new experiment was conducted and showed that WOX5 and its derived
signal were not strictly necessary to maintain these stem cells, a third model was generated and showed

the plausibility of the existence of another cell fate regulator fulfilling a similar role to WOX5.

Statistical models developed to answer population genetics-related questions were used to infer the
effects of different kinds of natural selection on wild tomato sequences, specifically those of LysM-RLKs
(LYKs/LYRs). This family of genes code for key receptors important to both plant defense and symbiosis.
Through phylogenetic analyses, tests of natural selection, and measures of conservation between
compared groups of sequences, Solanum lycopersicum LYK3 (SILYK3) set itself apart as a particularly
interesting candidate for further study. A bioinformatic analysis found that orthologs of SILYK8 have
intact kinase domains in two wild tomato species, though the kinase is truncated in cultivated tomato.
A phylogenetic analysis of the three clades of LysM-RLKs resolved the ambiguous relationships reported
in previous phylogenies. The third clade — Group Ill — was previously assumed to have representatives
in only two closely-related species, and further analysis has found them throughout diverse Rosid

species.



2 Zusammenfassung
Wahrend des letzten Jahrhunderts haben fortgeschrittene quantitative Methoden es erméglicht, in

diversen wissenschaftlichen Disziplinen kontinuierlich zunehmende Datenmengen zu organisieren und
zu bewerten, eingeschlossen der Evolutionsforschung und Genetik. Bioinformatische Methoden sind im
Zeitalter der Genomik unersetzlich geworden, und mathematische Modelle haben die detaillierte
Beschreibung komplexer biologischer Systeme ermdglicht. Die in dieser Dissertation beschriebene
Arbeit ist eine Anwendung mathematischer Modelle und evolutionstheoretischer Analysen auf

Netzwerke von Zelloberflachenrezeptor-gesteuerter Genregulation und deren Komponenten.

An der Spitze der Hauptwurzel im Modellorganismus Arabidopsis thaliana befinden sich Zellschichten,
die entsprechend ihrer Zellschicksale eingeteilt werden: QC Zellen, Columella-Stammzellen und
Columella-Zellen. Eine Reihe von mathematischen Modellen der Zellschicksale erméglichte Einsichten
in das Netwerk von Transkriptionsfaktoren und Peptiden, welche Zellschicksal-Entscheidungen
regulieren. Die Modelle basierten auf experimentellen Ergebnissen Gber Wildtyp-Pflanzen und etlichen
Mutanten sowie Uberexpressions-Linien. Das erste Modell, welches eine einzige Zelle ohne
Kommunikation mit anderen Zellen simulierte, war dazu gedacht, Zellschicksale vorherzusagen wenn
anfdngliche Konzentrationen der folgenden Zellschicksal-Regulatoren gegeben waren: WOX5-
abgeleitetes Signal und Peptid CLE40Q. Dieses Modell konnte nicht die drei Zellschicksale beschreiben.
Die Tatsache dass ein zweites Modell, welches eine Sidule von Columella-Zellen simulierte, die
experimentellen Ergebnisse wiedergeben konnte, hebt die Wichtigkeit interzellularer Kommunikation
zur Erlangung robuster Muster von langlebigen Stammzellen hervor. Nachdem ein neues Experiment
durchgeflihrt worden war, welches zeigte dass WOX5 und das abgeleitete Signale nicht notwendig fur
das Erhalten des Stammzellschicksals notwendig ist, wurde ein Drittes Modell erzeugt. Dieses zeigte die
Plausibilitdat der Existenz eines weiteren Stammzellschicksal-Regulators, der eine ahnliche Rolle wie

WOX5 annimmt.

Statistische Modelle zur Beantwortung populationsgenetischer Fragen wurden benutzt, um die Effekte
verschiedener Arten natlrlicher Selektion in den Sequenzen wilder Tomatenpflanzen zu untersuchen,
insbesondere von LysM-RLKs (LYKs/LYRs). Die Gene in dieser Familie kodieren fur Rezeptoren, die eine
Schlisselrolle sowohl fur die Pflanzenabwehr als auch fir Symbiose spielen. Durch phylogenetische
Analysen, Tests auf natirliche Selektion und einem MaR fir die Varianz in verglichenen Gruppen von
Sequenzen, stach Solanum lycopersicum LYK3 (S/ILYK3) als ein besonders interessanter Kandidat fur
weitere Untersuchungen hervor. Eine bioinformatische Analyse zeigte, dass Orthologe von S/LYK8 eine
intakte Kinasedomane in zwei Spezies wilder Tomaten haben, obwohl diese in kultivierten Tomaten
verkdrzt ist. Eine phylogenetische Analyse von drei Kladen von LysM-RLKs |6ste die mehrdeutige

Beziehung, die zwischen den Kladen in bisherigen Phylogenien gefunden worden war. Von der dritten



Klade — Gruppe Ill — war vorher angenommen worden, dass sie nur Vertreter in zwei eng verwandten

Spezies hatte, aber weitere Analysen haben sie auch in diversen Rosiden-Spezies nachgewiesen.
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4 Introduction

4.1 Indicators of Neutrality and Natural Selection

Biodiversity and adaptation exist due to mutations accrued by living organisms and passed down to
their offspring. When a mutation happens at a single nucleotide within a DNA sequence, it is called a
point mutation[1 p.25]. Evidence of their occurrence can frequently be found between sets of closely-
related sequences, such as those of corresponding (orthologous) genes from different individuals of
the same species. Point mutations are the driving force behind single nucleotide polymorphism (SNP),
the variation within a set of sequences that occurs at one nucleotide position[2]. The positions (or
sites) of SNPs are called segregating sites [3 p.2], and, for the work presented here, each unique
sequence in a set of orthologous genes is defined as a haplotype. Systematic analyses of the SNPs
throughout a set of orthologous gene sequences can vyield a great deal of information about the
evolutionary relationships of the individuals that supplied the sequences and about the pressure natural

selection has exerted on the sequences.

Genes are sequences of DNA that form a blueprint for something that serves a function, such as a
protein. In this case, the gene’s DNA is transcribed into mRNA, which is then translated into an amino
acid sequence, which then results in a functional protein? [4 pp.306,309]. Some point mutations change
the DNA sequence of a gene but not the resulting protein’s amino acid sequence (synonymous
substitutions) [5 p.10]. The protein encoded by the DNA then remains unchanged, though the mRNA
and the codon (the 3-letter code used to translate from mRNA to protein) does change. Alternatively,
non-synonymous mutations do result in a change in the amino acid sequence [5 p.11]. When a change
happens at the protein level, it is more likely to cause a significant change to protein function, which in
turn is more likely to have consequences for the organism [1 p.119]. Consequently, relationships
between the frequencies of non-synonymous and synonymous polymorphisms can provide indications
for certain kinds of selection in some circumstances. 1, the nucleotide diversity, is a standard measure
of the polymorphism within a set of sequences [1 p.59]; it can be calculated for all polymorphisms at
once or separately for synonymous and non-synonymous polymorphisms. If a gene or gene region has
an equal measure of m for synonymous and non-synonymous differences (g and , respectively), it
implies that the amino acid changes are neutral [5 p.51]; they cause neither harm nor benefit and occur
at the same rate as polymorphisms that do not change the amino acid sequence. If i, is less than g,
this indicates that the change to the protein is more likely to be harmful; this happens e.g. when the
structure of a protein is important for function and depends heavily on the amino acid sequence. This
kind of selection is called purifying selection, because the individuals that possessed the non-functional
(orless-functional) proteins have been weeded out through natural selection, and the non-synonymous

mutations that ocurred are now missing from the data based on living individuals [5 p.51]. If , is larger

1: SNPs are often defined to occur in at least 1% of the population, but no arbitrary cut-off is implied here. >

2: Small proteins are called peptides. The (somewhat arbitrary) cutoff is around 50 amino acids.



than mg, that indicates that the non-synonymous mutations are beneficial (adaptive selection); this
happens during adaptation, when changes in a protein make it more efficient or give it a new purpose
[5 p.51]. The further the ratio w4 /7 is away from one, the more confident one can be that purifying or
adaptive selection has ocurred. All of these results rely on the idea that synonymous mutations are
neutral. But these kinds of mutations can increase or decrease fitness (e.g. some codons are rare and
less efficient in translation for highly expressed genes) [5 p.13]. Use of these principles must be
accompanied by either a caveat or an assurance that the condition of synonymous mutation neutrality

is met.

Another method that relies on the neutrality of synonymous mutations is the McDonald-Kreitman test,
which tests for violation of the hypothesis of neutral evolution by comparing sequences from two
populations (perhaps two different species or individuals from the same species living in two separate
places) [6]. The segregating sites are sorted according to whether they are fixed differences (the two
populations do not have the same nucleotides in common at a site) or polymorphisms (the differences
occur within a population). The fixed differences and polymorphisms are then further sorted into
synonymous or non-synonymous differences, and these are tallied. A G-test (similar to a x* test) or
similar statistical test can then be used to determine if the ratios of non-synonymous to synonymous
fixed differences are significantly different from the ratio of non-synonymous to synonymous
polymorphisms. These ratios are expected to be equal for genes which have evolved under neutral
conditions. If the fixed difference ratio is higher, this implies that one of the populations has undergone
adaptive evolution (or that both populations have, but in different ways). If the polymorphism
difference is higher, this can be result of balancing selection, where the presence of two or more
variants of a gene and the resulting high probability of heterozygosity are beneficial (as in the case of
gene variants responsible for both malaria resistance and sickle cell anemia) [7]. Like nucleotide
diversity analysis, this test should be used with caution; violation of the test’s assumptions can lead to

false positives [8].

4.2 Phylogenetics
Phylogenetic trees (or phylogenies) are a common way to explore and present the evolutionary history

of genes or other sequences in terms of their relationships to one another. On an accurate phylogeny,
genes which shared a common ancestor more recently and are therefore more similar are grouped
closer together in the phylogeny!. A standard method of inferring phylogenies is the maximum
likelihood method, which attempts to find the phylogeny that fits the following condition: assuming the
phylogeny is correct, the probability of the sequence data occurring is maximized[1p.198;9]. The
probability of the sequence data occurring depends on substitution matrices, organized collections of

mutation probabilities from one nucleotide or amino acid to another[5 pp.27-28,35]. These

6 1: Before an assessment of similarity is made, a process called alignment is often necessary. Sections of

related sequences can sometimes be deleted or inserted over time, and alignment creates spaces in the
sequences so that related nucleotides or amino acids are placed at the same positions.



probabilities are not necessarily equal. For instance, a mutation from amino acid Aspartic acid (DNA
sequence: GAT or GAC) to Glutamic acid (GAA or GAG) requires only one amino acid change in the third
position, while a mutation from Aspartic acid (GAT or GAC) to Arginine (AGG or AGA) requires all three
nucleotides to change. The first mutation is much more likely, and this must be taken into account when
calculating the probability of the sequence data occurring. Various methods exist to find these
probabilities, because there are different models of mutation, and some models fit better than others

depending on species or sequence type [5 p.29].

Once the tree that best describes the data has been found, it can then be tested for reliability using a
sampling method called bootstrapping. Bootstrapping involves using a subset of the positions from the
alignment to make new trees referred to as bootstrap replicates [1 p.209]. If two genes are virtually
identical along their entire sequence, they will group together on each of the bootstrap trees. If,
however, there are three genes with the first sharing parts of its sequence with a second and other
parts with a third, the sampling will result in the first gene sometimes being paired with the second
gene and other times with the third. In this case, some bootstrap replicates will group genes one and
two together while others will group genes one and three together. The results of the bootstrap analysis
are summarized in the bootstrap values: numerical labels on each branch showing what percentage of
the bootstrap trees match the original tree [1 p.209]. The higher the bootstrap value and number of

bootstrap replicates calculated, the more sure one can be that the original tree is correct [1 p.211].

4.3 Mathematical Modeling of Genetic Regulatory Networks
In addition to providing a blueprint for protein production, genes are part of a complex network of

interactions called gene regulatory networks. Within these networks, gene products — proteins or
mRNA transcripts — affect the expression of other genes. Mathematical models of the networks can
identify processes leading to optimization of functions controlled by the network or incomplete or false
hypotheses. The models are typically derived from principles of chemical interactions or based on
simplifications of those principles or already-existing models. When the models are solved, they provide
the concentrations or activity of the gene products. A standard method derives ordinary differential
equations (ODEs) from Michaelis-Menten kinetics and conservation laws to provide a system of
nonlinear ODEs; changes in gene product concentration over time are given by Hill functions in the
simplest cases [10,11 p.13]. Solving these equations can be labor-intensive, with time required to find
a solution depending on precision and network size. Both simpler and more complicated approaches
have been used regularly, the simpler ones for larger networks where the labor cost is unacceptable or
datais scarce and the complicated ones when it is known that stochastic effects may make a substantial

difference and every interaction needs to be modelled separately [12]. The ODE approach is suitable



when some detail is desirable and the time taken to solve the equations is acceptable, which is more

often the case with small networks.

In any case, all models have parameters, values that are not necessarily interesting to the researcher
but that are required by the model. The variables in the ODE models mentioned above are the
concentrations of the gene products as a function of time: these are generally the desired values and
what the solution to the ODE system provides, but those values depend on the parameters, such as
maximum production rates and degradation rates [11 p.13]. If these values are not known, they must
be measured with biochemical experiments, inferred from known concentrations of the gene products,
or guessed. The values of these parameters can have drastic effects on the solution or virtually none at
all. Typically, any given model has some important parameters and some unimportant ones [13]. Since
a model can make large errors in solving for gene concentration when the more important parameters
are badly estimated, it is important to perform a sensitivity analysis to determine which variables need
special attention. Sensitivity analyses measure how sensitive the model is to change in any given
parameter, in other words, how much the model’s solutions change when a parameter takes on a
different value. A very simple sensitivity analysis can be done by picking a fixed set of values for the
parameters and then changing each parameter’s value one at a time (local analysis), which works well
if the parameters are already known with some precision. Ideally, the parameters should be changed
together in groups as well so that combinatoric effects are not overlooked, and several fixed sets of
parameter values should be used to cover the entire plausible range of the parameters (global analysis)
if the parameters are not known [14]. How the model reacts to changes in parameter values will depend
on the nature of the model, with negative feedback loops lending stability to the network and positive

feedback loops causing instability [15].

4.4 Plant-Microbe Interactions
Plants are bombarded by an assortment of other organisms, some of which can infect and harm them.

Some fungi, bacteria, nematodes, and oomycetes penetrate the plant’s outer surface and use the plant
for nourishment, either by colonizing it to take resources or by killing the plant’s cells and ingesting the
degrading plant matter [16,17]. The plant’s first line of defense is to prevent further intrusion by
strengthening cell walls [18], closing channels between cells [19], or producing toxins [20]. Different
modes of defense work better on some invaders than others, so the plant should recognize the
offending microbe and cue an appropriate response. Fortunately for plants, these microbes often shed
recognizable compounds — or molecular “patterns” - such as chitin, that the plant can then detect
through extracellular receptors [16], often receptor-like kinases (RLKs) [21]. This defense response is
appropriately named pattern-triggered immunity (PTI) [22]. Infection and defense, however, are

categorized by some researchers [23] as an orderly arms race, and some pathogens have evolved to



prevent the PTI responses through the use of secreted molecules called effectors [22]. In yet another
step in these interactions, plants have developed ways to recognize the effectors. The resulting
response, called effector-triggered immunity (ETI), is considered generally more extreme than PTl and

can involve hypersensitive response and induced cell death [22].

Not all microbes that try to enter a plant are necessarily harmful, however. Under certain conditions,
some plants can benefit from hosting a symbiont. Plants are sometimes colonized by mycorrhizae or
rhizobia, fungi and bacteria respectively, that can aid the plant in the uptake of nutrients [21]. In this
case, rather than strengthening defenses and sacrificing cells to cut the microbe off, the plant is better
off if it aids the symbiont in its colonization. But this approach also requires recognition of the symbiont

and triggering of the appropriate response, just like in the case of pathogens [16].

Further complicating the situation, some organisms are difficult to classify neatly into any described
category. Even organisms classified as symbionts can “cheat” in their symbiosis and become more like
pathogens to their host [24]. For this reason, it may be more realistic to describe microbes as having a
position on a spectrum from pathogenic to symbiotic [16], depending on the effect they have on plant
fitness. This effect and resulting classification on the spectrum can be different for individuals within a
species or even for the same individual over time and in diverse circumstances [24]. Because they need
to deal with these complications, plants have undergone a great deal of pressure to develop a complex
network of receptors that cue the appropriate response after processing information about what is

attempting to gain entry [21].

4.5 LysM-Receptor-like Kinases
The RLKs are a major class of receptors used by plants in PTI and symbiosis initiation [16,25]. RLKs are

proteins with an extracellular domain (that detects e.g. the molecular “patterns” given off by
pathogens), an intracellular (or kinase) domain! (which passes signals to the interior of the cell), and a
transmembrane domain (which passes through the cell membrane to connect the other domains)
[16,25]. The extracellular region detects the molecular “patterns” when they bind to them, and this
induces signaling between the kinase domain and regulators of defense and symbiosis within the cell.
The LysM-RLKs (LYKs and LYRs) are RLKs containing three LysM motifs [26] (short recurring sequences)
within their extracellular domains. Members of this gene family are known to be involved in several
processes in both PTI and symbiosis [25]. Some of the individual genes are known to serve multiple

roles, regulating both defense and symbiosis [27].

LysM-RLKs have been described with three major clades on phylogenies of their sequences [26]. Genes

in Group | have kinase domains which share conserved amino acids with known functional kinase

1: Note that “kinase domain” is an ambiguous term; it can refer to most of the intracellular part of the 9
protein sequence, or to a highly conserved sequence covering a small portion of this larger sequence.

Each whole intracellular domain contains several of these highly conserved, smaller sequence regions.

The meaning of “kinase domain” must be determined from context.



domains, and they have 10-12 exons (translated sections of the gene, which are separated by
untranslated parts of the gene called introns). Group Il genes have several mutated and presumably
non-functional kinase domains [26]; each Group Il LysM-RLK in model plant Arabidopsis thaliana and
cultivated tomato Solanum lycopersicum, for instance, is missing its Glycine-rich loop [28]. Their kinase
domains may not be active as described above [26]. In addition, they have one or two exons. Group llI
genes have a combination of these features: they have fewer exons like the genes in Group I, but they
have classically conserved kinase domains like those in Group | [26]. Genes belonging to Groups | and Il
are found throughout diverse land plant species, but Group Ill has only been previously described in
Lotus japonicus [29] and Medicago truncatula [26], two closely related species within the Order Fabales
(a clade of the dicots) [30]. Researchers who discovered the Group Il LysM-RLKs in M. truncatula have
suggested that Group lll may have arisen from the fusion of a gene region containing the LysM domains
of a Group Il LysM-RLK with a gene region containing the kinase domain of a protein outside of the
LysM-RLK family; M. truncatula LYR5 and LYR6, both members of Group Ill, are 59% identical to WAK-
like proteins from A. thaliana [26]. The group that discovered them in L. japonicus has the same
hypothesis [29]. Phylogenies of the LysM-RLKs which include members of Group lll, however, have not

had strong bootstrap support for the closer relationship between Group Il and Group lll genes [26,29].

S. lycopersicum (cultivated tomato) has especially little genetic variation, and applied geneticists are
regularly trying to unravel the effects of wild tomato genes on phenotype to develop methods for
controlling disease and pathogen resistance in cultivated tomato [31]. The availability of new mapped
transcriptomes of several wild tomato species [32] provides an opportunity to mine information about
the evolutionary history of orthologs to known LysM-RLKs using population genetic techniques and
phylogenetics and make suggestions about which genes have been instrumental in the evolutionary

history of wild tomato species’ defensive tactics.

4.6 The WOX5/CLE40 Columella Stem Cell Regulatory Network
Some effectors of plant parasites mimic regulatory elements of plant development to proliferate cell

types beneficial to them and increase their supply of nutrients, as in the case of nematodes secreting
mimics of members of the development-regulating CLE gene family [16,33]. CLE40, a member of this
family, produces a peptide that signals through an RLK ACR4 to encourage differentiation (cell
specialization) in the primary (main) root tip of A. thaliana. It has a mutually antagonistic relationship
with a transcription factor (protein controlling the expression of another gene) WOX5. WOX5 and CLE40
expression is known to affect columella cell (CC) and columella stem cell (CSC) fate. CCs, which lie at
the root tip, help to detect gravity and provide protection for the rest of the developing part of the
root. The CSCs divide to provide a source for these cells (fully differentiated CCs do not divide). The

source of the CSCs themselves is a small, undifferentiated group of cells called quiescent center (QC)

10



cells. These cells divide, and their progeny form each of the different kinds of tissues in the root. There
is typically one layer of columella stem cells between the QC and CCs, although variation does occur.
The consistent occurrence of this layer of stem cells is referred to as stem cell homeostasis. WOX5 is
expressed in the QC and is thought to be necessary and sufficient for CSC maintenance, but there has
been doubt about whether or not WOX5 itself travels to the CSCs to keep them from differentiating
into CCs. In either case, the actual regulator of CSCs would be a WOX5-dependent signal, either WOX5
itself or some mobile protein or regulator of CSC fate that requires WOX5 for its production or activity.
In contrast to WOX5, CLE40 is expressed in the CCs and encourages the CSCs to differentiate into CCs.
In summary, WOX5 is expressed from the QC and its signal encourages CSCs to remain CSCs, while

CLE40 is expressed from the CCs and encourages CSCs to differentiate instead [34].

A mathematical model has been successfully applied to the corresponding developmental system in
the above-ground parts of the plant. It highlighted the robustness of the network to signaling noise, the
need for spatial separation of the cell layers, and the usefulness of a combination of positive and
negative feedback loops in maintaining the stem cell patterning in spite of parameter value fluctuations
[35]. In addition, root growth has been extensively modeled as a function of auxin regulation [36,37].
Mathematical models have yielded insights into the field of developmental genetics, but they have not

yet been applied to the WOX5/CLE40 network.

11



5 Aims of this thesis

Intercellular signaling through cell-surface receptors permeates every major interaction plants have
with their surrounding environment and controls many aspects of the coordination of cell activity
within the plant. Studies concerning this kind of signaling are abundant, but knowledge about
interaction partners and other details is known to be missing. The research included in this thesis was
done in order to synthesize what is known about different kinds of signaling pathways and to provide
insight and suggestions for future research obtained using a variety of modeling, bioinformatic and
other advanced quantitative methods. To this end, select components of two intercellular signaling

pathways involving cell-surface receptors were studied:

1) anetwork composed of CLE40 and WOX5-dependent signal, which affects columella stem cell
homeostasis, to determine which characteristics of the network result in long-lived stem cells.

2) aversatile family of cell-surface receptors, the LysM-RLKs, to determine the effects of natural
selection and sequence differences on their ability to detect pathogenic and symbiotic

organisms and elicit immunological and host responses in wild tomatoes.

12



6 Summary of the obtained results

6.1 Publication I

To gain insight into primary root meristem genetic regulation, | employed mathematical models of
known processes governing columella stem cell fate. The aim of the research was to discover principles
of regulation (such as feedback loops and robustness) in this network and provide suggestions that

would help experimentalists to discover new proteins or other regulators affecting stem cell fates.

Using stem cell layer counts as a proxy for mutant phenotype, several models were conceived,
evaluated, and rejected or verified, revealing important aspects of columella stem cell regulation. The
first model, that of a single cell with fate governed by a WOX5-dependent signal and CLE40 alone, failed
to capture the three distinct fates (QC,CSC,CC) found in nature, indicating that multi-cell coordination
and diffusion of regulatory proteins may play a vital role in the process of cell fate determination. This
model performed as a switch between one or two cell fates, and the number of fates was highly
sensitive to some of the parameters. A second model, which included a cell column through which the
proteins could freely diffuse, fared better; diffusion provided a limited stabilizing effect, and this model
was able to capture the phenotypes of each of the previously published wox5 and cle40 mutants as well
as WOX5 and CLE40 overexpression lines. However, results from a new experiment with wox5/cle40
double mutants could not be explained by this model due to the crucial role thought to be played by
WOX5 in stem cell fate. It had previously been assumed that long-lived stem cells were entirely
dependent on WOX5: if WOX5 was not functional, there would not consistently be a layer of columella
stem cells. The wox5/cle40 double mutants showed that this was not the case, since they lacked WOX5
functionality and had, on average, one layer of stem cells. Taken together, this established that the
hypothesis used to inform this model was wrong, and that some other regulator(s) of stem cell fate
remains undiscovered. A new model, which included another regulator of stem cell fate playing a similar
role to WOX5, was able to describe all of the mutant phenotypes and overexpression lines (double
mutants included), indicating that such a regulatory network could plausibly be acting on the columella

stem cells.

The work | contributed to this research highlighted the importance of intercellular signaling in stem cell
homeostasis and verified the possibility of another WOX5-like protein affecting columella stem cell fate.
It also supported the general principle of positive feedback loops and their resulting instability being an

important part of a cell fate decision-making.
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6.2 Publication II
RLKs play many vital roles in cellular signaling. To learn more about the evolutionary history of those

involved in extracellular signal perception, a key group of RLKs involved in plant-microbe interactions
—the LysM-RLKs — was selected for analysis. Recently sequenced transcriptomes of wild tomato
species provided an excellent resource for sequence data and enabled population genetic analyses of
the LysM-RLKs for these species. The aim of this research was to perform population genetic analyses
and uncover aspects of the evolutionary history of these genes, with a focus on genes from Solanum

species.

An analysis of synonymous and non-synonymous mutations in intracellular and extracellular domains
separately revealed an interesting phenomenon in wild tomato S/LYK3 orthologs: unlike most S/ILYK
orthologs, its extracellular domain was subject to at least as strong purifying selection as its
intracellular domain. This implies that the extracellular part of the amino acid sequence of S/LYK3
(which detects ligands shed by pathogens or symbionts) is more important to its function than those
of the other LysM-RLKs. In addition, the intracellular domain of SILYK8 orthologs was found to have
undergone purifying selection, which was a surprising result due to the presumed lack of functionality
of SILYK8. Further analysis revealed that, unlike S/ILYK8, some of its orthologs in wild tomatoes have
intact intracellular domains. To place the evolution of Solanum LysM-RLKs in a broader context and
match phylogeny to known functions, evolutionary analyses were performed on LysM-RLKs from

S. lycopersicum, A. thaliana, O. sativa, M. truncatula, and L. japonicus. These analyses revealed that
the Group lll and Group Il clades of LysM-RLKs very likely share an ancestor that is more recent than
those between Group | and Group Il. A BLAST search of the four previously known Group Il LysM-RLKs
identified a further 88 protein sequences from 24 genera as putative Group Ill LysM-RLKs. An
evolutionary analysis of the individual LysM domains of each LysM-RLK gene from S. lycopersicum,

A. thaliana, O. sativa, M. truncatula, and L. japonicus revealed that the first two LysM domains of
SILYK3 belong to clades of closely-related LysM domains which do not align well with the other
domains. The other genes whose domains belong to these clades cover a wide range of genera and
are also closely related according to the evolutionary analysis of whole LysM-RLK genes. This result
implies that SILYK3 and its close relatives have distinct LysM domains that have been preserved on a

long timescale.

My work on this research provided support for the hypothesis that Group Il LysM-RLKs are more
closely related to Group Il LysM-RLKs than to Group | LysM-RLKs. Additionally, it recommended S/LYK3
as an especially interesting candidate for further study, due to characteristics of its extracellular

domain.
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7 Conclusions
There are plenty of opportunities to apply advanced quantitative methods to biological subjects, but

these tools are most useful when there is an abundance of information that cannot be easily
evaluated without a systematic quantitative method such as a model, statistical test, or phylogeny.
However, limitations in experimental measurements are the norm, and under some circumstances,
models can still be informative without much input. Sometimes they point out principles that seem
obvious once they are suggested. This was the case for the first model in Publication I. WOX5 and
CLE40 both repress each other’s expression; essentially, WOX5 expression is part of a positive
feedback loop. Each model was unsurprisingly (after the fact) sensitive to WOX5-derived signal
production and degradation rates, resulting in vastly different outcomes depending on these
parameters. Still, the single-cell model helped to connect the positive feedback instability
phenomenon to this particular network, and the C/W multi-cell model was falsifiable despite the
sensitivity of the model to unmeasurable parameters. Further, the C/W/X model was able to show the
plausibility of a hypothesis that another regulator of cell fate exists and promotes CSC fate. In the case
of the phylogenetic study in Publication Il, the bootstrap values of the LysM-RLK whole protein
sequence phylogeny were a convincing piece of evidence that Group Il LysM-RLKs are more closely
related to Group Il LysM-RLKs. This conclusion, based on 49 sequences with variation at nearly every
amino acid site, would have been impossible to achieve without a reliable phylogeny. And the ability
to pick the best fitting of a variety of substitution matrices using RAXML resulted in a much clearer
picture of this development than what was available before. The abundance of data generated from
several different wild tomato individuals allowed statistical testing for selection on the intracellular
SILYK8 gene, which eventually led to the conclusion that some wild tomato orthologs had significant
differences to their cultivated tomato relative in essential parts of their sequences. Statistical tests of
neutrality, phylogenies of individual LysM domains, and a method for organizing the results of many
alignments all pointed independently to the SILYK3 extracellular domain as a likely conserved, distinct,

and important perceiver of microbial signals, a prime candidate for further exploration.
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8 Publications associated with this thesis

8.1 Publication I: Mathematical modelling of WOX5- and CLE40-mediated columella stem
cell homeostasis in Arabidopsis.

Authors: Sarah Richards, Rene Wink, Ridiger Simon.
This article was published in the Journal of Experimental Botany in the year 2015.

Contribution of Sarah Richards:

Major
o conceived the models
o conducted the simulations
o drafted the manuscript
o created and edited all figures except Figure 7 and the root outline used in Figures 1, 6 and 9

Supplementary material can be accessed via the publisher’s website:

https://academic.oup.com/jxb/article/66/17/5375/541103

The article is reprinted here from the Journal of Experimental Botany (volume 66.17, pages 5375-5384)
under the Creative Commons CC BY license.
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Abstract

The root meristem of Arabidopsis thaliana harbours a pool of stem cells, which divide to give rise to the differentiated
cells of the various root tissues. Regulatory networks of inter-cellular signalling molecules control the homeostasis of
stem cell number and position so that both stem and differentiated cells are consistently available. This work focuses
on the transcription factor WUSCHEL-RELATED HOMEOBOX 5 (WOX5), the signalling peptide CLAVATA3/EMBRYO-
SURROUNDING REGION 40 (CLE40) and the feedback loops involving them, which maintain the columella stem cells
(CSCs). WOX5 signals from the quiescent centre (QC) to promote stem cell fate, while CLE40 is secreted from the
differentiated columella cells (CCs) to promote differentiation. Our analyses of mathematical models of this network
show that, when cell fate is controlled primarily by antagonistic factors, homeostasis requires a spatial component
and inter-cellular signalling. We have also found that WOX5 contributes to, but is not absolutely necessary for, CSC
maintenance. Furthermore, our modelling led us to postulate an additional signalling molecule that promotes CSC
maintenance. We propose that this WOX5-independent signal originates in the QC, is targeted by CLE40 signalling
and is capable of maintaining CSCs.

Key words: Columella cells, CLE40, gene regulatory networks, peptide signalling, root development, stem cell homeostasis,
WOX5.

Introduction

The root stem cell niche of Arabidopsis thaliana is a collec-
tion of undifferentiated cells which divide to give rise to the
many different root cell types. In the centre of the niche is the
quiescent centre (QC), a group of four cells which maintain
the identity of the stem cells and utilize marginal cell divi-
sion activity to replenish the stem cell supply. The stem cells
proximal to the QC are the vascular initials, and the stem cells
lateral to the QC are initials for the endodermis, epidermis
and lateral root cap. Those distal to the QC are the columella
cell initials, also called columella stem cells (CSCs). Their

descendants, the columella cells (CCs), are located distal to
the CSCs and they detect the direction of gravity, store energy
by accumulating starch and provide a protective layer for the
stem cell niche.

The stem cell niche is made up of the QC cells and one
layer of adjacent stem cells surrounding it. The cells in this
layer serve as initials for all of the cell types in the various
root tissues; when a stem cell divides, the cell in contact with
the QC remains a stem cell while the other enters a differen-
tiation pathway. The differentiated cell then fulfills particular

© The Author 2015. Published by Oxford University Press on behalf of the Society for Experimental Biology.
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tasks necessary for the plant’s development and function.
Stem cell homeostasis (a steady number of stem cells) is nec-
essary so that there is a supply of both the differentiated cells
and their stem cell initials (Stahl and Simon, 2005).

If the QC is ablated, the stem cells around it differentiate.
The QC then reforms in a location proximal to the original
QC site and a new stem cell niche is formed. This suggests that
the surrounding stem cells are maintained by short-range sig-
nalling from the QC (van den Berg er al., 1997). The number
and position of the CSCs are regulated by signals from both
the QC and CCs. The QC expresses the transcription factor
WUSCHEL-RELATED HOMEOBOX 5 (WOX35), which
promotes CSC fate, while the CCs express and secrete the sig-
nalling peptide CLAVATA3/EMBRYO-SURROUNDING
REGION 40 (CLE40) to encourage differentiation into CCs
(Sarkar er al., 2007; Stahl er al.. 2009). A typical wild-type
Arabidopsis root has one layer of CSCs in the first layer distal
to the QC (D1). The cells from D2 to the root tip have starch
granules, the trait used to distinguish between CC and CSC
identity (Fig. 1). It has been shown that constitutive expres-
sion of WOX5 results in massive accumulation of CSCs,
while wox5-1 loss-of-function mutants typically have starch
in the D1 layer. This suggested that WOXS is both necessary
and sufficient for CSC maintenance (Sarkar er al., 2007).

WOX5 is a homologue of the transcription factor
WUSCHEL (WUS) which is expressed in the organizing cen-
tre of the shoot apical meristem (Sharma er af., 2003; Sarkar
etal ,2007). WUS is a mobile protein which regulates cell fate
non-cell-autonomously and expression of WUS in place of
WOXS5 can functionally replace WOXS, suggesting that both
proteins perform very similar functions at opposite ends of
the plant (Yadav ez al., 2011). However, how WOX35 acts from
the QC to regulate CSC fate in the neighbouring distal cells
and whether WOX5 is also a mobile protein is not yet known.
It is assumed that either WOXY itself, or a gene transcription-
ally controlled by WOXS, gives rise to a signal that moves
from the QC to the CSCs to maintain their cell fate. This
WOX5-dependent signal (W) could be the WOXS protein

[ woxs signal

CLEA40 Peptide
N CLE40 mRNA
%, WOX5mRNA
D QC Cell
Ocsc

(Jec

we Starch Granules

Fig. 1. WOX5 signal and CLEA40 peptide locations and their effect on CSC
fate. WOX5 is expressed in the QC and signals to maintain CSCs distal to
the QC. CLE40 is expressed in CCs, the differentiating daughters of the
C8Cs, and secreted into the apoplast, where it can act through plasma
membrane-localized receptor-like kinases and inhibit the WOX5 signal.
CCs are identifiable by their stainable starch granules.
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moving from the QC through plasmodesmata to promote
stem cell fate in adjacent cells (as WUS does in the shoot), or
it could be a mobile signal generated by WOXS5 that diffuses
to the next cell layer (Sarkar et al., 2007).

Acting antagonistically to the WOXS5-mediated promo-
tion of CSCs, CLE40 is expressed in the CCs themselves to
promote differentiation. CLE40 is secreted into the inter-cel-
lular space and interacts with receptor-like kinases (RLKs)
ARABIDOPSIS CRINKLY4 (ACR4) and CLAVATALI
(CLV1), embedded in the plasma membrane of neighbouring
cells, to limit WOX35 expression. Intriguingly, both ACR4 and
CLV1 preferentially localize to plasmodesmata, where they
may directly regulate the mobility of QC-derived stemness
factors in a CLE40-dependent manner (Stahl ¢f al , 2013). In
cle40-2 mutants the WOXS5 expression domain is expanded,
while the differentiation of CSC descendants is delayed, often
resulting in the maintenance of two stem cell layers. The addi-
tion of synthetic CLE40 peptide (CLE40p) decreased the
number of stem cells in a dose-dependent manner. Addition
of CLE40p to wild-type roots promoted differentiation to
CCs. There is a substantial difference in the phenotypes of
wild type and wox5-1 mutants when sufficient CLE40p is
added; with the same dosage of CLE40p, the wox5-/ mutants
have a higher frequency of starch granules in the QC posi-
tion, These results together indicate that CLE40 promotes
differentiation via two pathways, one independent of WOXS5
and the other via WOXS5 (Stahl ef al., 2009).

WOX5 and CLE40 are part of a subnetwork within the
larger network of QC and CSC fate-governing factors.
WOXS expression is downstream of several pathways involv-
ing the auxin maximum around the QC (Ding and Friml,
2010). WOX5 expression also relies on a transcription fac-
tor SCARECROW (SCR), which, similarly to WOX3, is
expressed in the QC, specifies QC identity and maintains
stem cells. Both WOX5 and SCR can function redundantly to
maintain the cortex initials proximal to the QC (Sarkar et al.,
2007). Several other transcription factors have been reported
to control CSC abundance, including auxin response factors
(ARF) ARF10 and ARF16 (Wang et al.. 2005) and a regula-
tory feedback loop between the NAC-domain proteins FEZ
and SOMBRERO (SMB; Willemsen et al., 2008). Whereas
ARF10 and ARF16 were suggested to restrict CSC fate in
a parallel pathway to WOX35, it was hypothesized that SMB
could negatively regulate WOXS5 via the CLE40/ACR4 recep-
tor module (Bennett et al., 2014). The auxin responsive pro-
tein IAA17 was also shown to indirectly regulate CSC fate
through mediation of the auxin response in the QC, which is
crucial for WOXS5 activity (Tian ez al., 2014).

Here we used mathematical modelling to test whether the
current information available on WOX5 and CLE40 and
their known interactions can explain in sufficient detail the
observed cell fates in different mutant backgrounds and upon
experimental changes of the amount of individual compo-
nents. We have developed three mathematical models for the
CSC fate-governing regulatory network consisting of WOXS5
and CLE40. We determined that a single-cell model of this
network, which lacked signals from other cells, was incapable
of describing the observation of long-lived CSCs. Although



a first multi-cell model of the network was sufficient to simu-
late the majority of biological tests, only a modified multi-cell
model introducing an additional stem cell promoting factor
into our network was able to describe all experimental results.

Materials and methods

Model and simulations
All model equations were solved using Matlab function ode45, which
provides solutions for ODEs at discrete time points. Parameter val-
ues were scaled by hand.

For the multi-cell models, solutions were obtained for time ¢ from
0 to 100, where values of the variables were compared at =99 and
t=100. If the values differed by more than le-5, the simulations were
run for a longer time. The values of the variables at the last time
point were used to determine cell fate.

Plant accessions

Arabidopsis thaliana ecotype Columbia (Col-0) was used as wild type.
Col-0 was the background for all mutant seeds. wox5-I mutant seeds
(SALK_038262) were obtained from the Nottingham Arabidopsis
Stock Centre (NASC, UK) and were described in Sarkar er al
(2007). cle40-2 mutants were previously described (Stahl er al.,
2009). Homozygous cle40-2/wox35-1 double mutants were generated
via crossing and verified by genotyping.

Plant growth conditions

Plant growth conditions were previously described in Stahl er al
(2009).

Starch staining and microscopy

Starch granules were stained with the mPS-PI method described in
Truernit ef al. (2008) and imaged with a Zeiss LSM 510 confocal
microscope.

Results and discussion

Spatial protein distribution is important for CSC
patterning

The analysis of a network with several components and rela-
tionships requires at least some known parameter values.
While a mathematical model can be used to predict the values
of variables (e.g. concentration of CLE40), parameters are
set ahead of time and remain constant throughout simula-
tions. Examples of parameter values include production and
degradation rates of CLE40. A model may exhibit very dif-
ferent behaviours based on small changes in the value of a
parameter. It is possible to fit a model of a network to data
and determine likely values of some of the parameters from
the fitting (Gutenkunst ez a/., 2007). To model CSC regula-
tion, it would be useful to find the concentrations of WOX35,
CLE40 and the other factors affecting CSC fate, but meas-
uring the concentrations of WOXS5 and CLE40 in vivo has
proven to be a technical challenge. Consequently in this case,
it would be best to use the simplest model with the fewest
possible regulatory factors to elucidate the roles of WOX5
and CLEAQ in cell fate determination. This way, the number
of parameters is manageable, and it is possible to analyse the
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model output for many different sets of parameter values.
This leads to knowledge about the model’s general behaviour
and, consequently, a possibility of insight into the function of
the network emulated by the model.

To that end, we first developed a simple single-cell model,
where the fate of a cell is controlled entirely by the interac-
tions and different concentrations of a WOX5-derived signal
(W) and the signalling peptide CLE40 (C). To keep the model
simple, we assumed that everything necessary for the function
of W and C (e.g. RLKs necessary for signal transmission)
was abundant. In order to incorporate QC, CSC and CC fates
into a mathematical model, numerical representatives of cell
fate were required. These representatives could then be used
to specify production rates of the two factors W and C, allow-
ing us to require C to be produced by CCs, but not by CSCs or
the QC. The representatives could also determine the fate of
a cell, so that cells with insufficient concentrations of W dif-
ferentiate into CCs as they do under experimental conditions.
We designated variables Fc and Fqc as the representatives,
with high values of Fq¢ representing CC fate and high values
of Fqc representing QC fate. Both Fc and Foc vary between
0 and 1 (Fig. 2) as a function of W. Parameters W, and W,
are the half-maximum values of Fec and Fgc, respectively.
The value of Fqc increases with W concentration, simulating
the WOX5-dependent aspects of QC fate. A cell with W>W,
would be categorized as a QC cell. Low values of W yield
higher values of Fc¢, simulating differentiation to CC fate
when W concentration is insufficient for CSC maintenance.
We would categorize a cell with W<W, as having CC identity
and a cell with any value of W between W, and Wy, as having
CSC identity.

1.5

Foc

1.0
0.5

0.0

CC GSC QC

Fig. 2. Values of W determine cell fate, represented by Fe and Fee. The
numerical representatives of CC and QC fate (Frs and Fee respectively),
were modelled as Hill functions dependent on W. Parameters W, and
W,, determine their half-maximum values. Cells with values of W<W,,

W, <W<W,, and W>W, would be classified as CC, CSC and QC cell,
respectively.
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Fqc as the representative of QC fate determines the pro-
duction rate of W. To simulate production of W only in QC
cells, the W production rate increases as Fqc increases (blue
in Figs 3 and 4). Likewise, F ¢ determines the production rate
of C. The production rate of C increases as F¢c increases to
simulate CLE40 being produced only in CCs (teal in Figs 3
and 4). A network diagram of the interactions is shown in
Fig. 3 with the corresponding equations.

A table of parameter symbols and definitions can be found
in Table 1. The parameter values have units, but the individual
parameter values are not reliable for comparison with meas-
urements. Determining appropriate parameter values would
require numerical data, and the experimental results used to
calibrate the model are qualitative in nature.

To explore what would happen to cells with various ini-
tial values of W and C, the model given by the equations in
Fig. 4 was implemented in a Matlab program (Supplementary
File S1). It includes a graphical user interface so that a user
can easily edit the parameter values, give initial values for
W and C in the cell and see the model output. We compiled
several results from different sets of initial values (Fig. 4A).
The same was done for a different set of parameter values
(Fig. 4B), which illustrates how the model predictions can
change when parameter values are altered. The solutions are
shown on top of a vector diagram. The vectors in the vector
diagram point in the direction of change of W and C. Values
of W and C start at the given initial value (blue squares in
Fig. 4) and change over time in the direction of the arrows
until they reach a stable fixed point (black dots in Fig. 4). The
stable fixed point comprises the coordinates of W and C val-
ues at a stable equilibrium solution (i.e. cell fate). The results
of this model yield at most two stable fixed points (or fates)
for the cell, one with no W and a fixed amount of C (CC fate),
and another with a small amount of C and a large amount of
W (QC fate). When these two stable fixed points are present,
there is always an unstable fixed point as well within the CSC
domain (grey dot in Fig. 4A). However, we do not count the
unstable fixed point as CSC fate. In order for a fixed point to

aw _
dt
dC

dt

W
Fee Foc

FQC

represent a cell fate, values of W and C must be able to set-
tle on that fixed point. Unlike the stable fixed points, which
have arrows pointing toward them, unstable fixed points only
have arrows pointing away; solutions that start close to a
fixed point always flow away from it over time, never toward
it (green box in Fig. 4). Therefore, it is highly unlikely for a
solution to settle on an unstable fixed point, because only a
cell with initial values of W and C exactly on that fixed point
would remain there over time. A cell with values of W and
C even slightly different from those values (or upon random
fluctuations, which have not been integrated into the model)
would settle instead on one of the stable fixed points. In sum-
mary, there are three fixed points including one representing
CC fate, one representing QC fate and one that is unstable
and cannot represent a cell fate; CSC fate is therefore not rep-
resented by our single-cell model.

A C/W multi-cell model achieves stem cell
homeostasis

A regulatory network like the one involving W and C, where
there are two network components acting antagonistically
to each other, is called a switch. A switch forces a decision
between two states, because it causes an increase in concen-
tration of one component to result in a decrease in the other,
with the eventual outcome that one of them wins (Alon,
2007). In a single cell, this network forces a decision between
two cell fates, and it cannot maintain stem cell homeostasis
(which requires three cell identities). This behaviour is evident
in the solutions of the single-cell model, where there is a fine
line between the values of W and C that lead to differentia-
tion and those that lead to a QC fate with no stable region for
CSCs between (green box in Fig. 4). This behaviour is funda-
mentally different from the more robust behaviour of models
of the shoot network, because a negative feedback loop con-
trols WUS expression through CLV3, while a mutual repres-
sion acts between WOXS5 and CLE40 (Brand et al., 2000;
Schoof et al., 2000; Stahl et al., 2009; Yadav et al., 2011).

—awW (1)

= BeFec —acC ()

Fec = 3)

Wm

“werwp @

Fig. 3. Graphical and mathematical presentation of the relationships between C, W, F¢¢ and Fqc. Equations (1) and (2) determine the rate changes of
W and C values, respectively, while equations (3) and (4) detail the Hill functions governing cell fate dependence on W. C inhibits W (green), while W
promotes production of Foc (yellow) and represses Fec (orange). Foc provides positive feedback to W (blue), and Fec promotes C (teal). W and C are
degraded at a constant rate (grey). B,,, K., a,, B, 8, W, Wy, m and n are parameters.
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iCSC Qc

W

Fig. 4. Vector diagram of single-cell model results. (A) Fixed points are represented by black and grey filled circles, stable and unstable respectively.
Solutions (blue lines) over time were obtained from various initial values (blue squares). Initial values chosen close to the unstable fixed point (like the
initial value in the pink box) yield solutions that flow away from that fixed point. The basin of attraction for the CC fixed point at coordinates (0, 3) is
shown in grey, and the basin of attraction for the QC fixed point close to (13, 0) is shown in white. Two initial values close to one another but lying in
separate basins of attraction (green box) lead to different solutions over time. Vertical yellow lines mark changes in cell fate (where W=W, and W=W,)). (B)
A different set of parameter values (identical to the values used to produce Fig. 1A, but with decreased maximmum production rate of W) yields only one
fixed point (black dot), which is stable. All values of W and C are within its basin of attraction (grey).

Table 1. Parameter, variable, and index symbols and definitions

This is a comprehensive list for all models presented in this paper, so
specification of which model uses each parameter, variable and index
is provided in the Models column.

Symbol Definition Models

W, W, Concentration of WOX5-derived signal, All
concentration of W in cell i

C, G Concentration of CLE40 peptide, All
concentration of C in cell i

X Concentration of X in cell i W/C/X

Fee. Fec Numerical representative of CC fate, Frg All
incelli

Fac Numerical representative of QC fate Single-cell

S Sum of W, and X; W/C/X

B, Be, Bx Maximum production rates of W, C, and X All

ay, ag, 8y Degradation rates of W, G, and X All

Kew Value of C where W production rate is All
halved

Kex Value of C where X production rate is halved W/C/X

W, Value of W between CC and CSC fate All

Wi, Value of W between CSC and QC fate Single-cell

S, Value of S, needed to maintain CSC fate W/C/X

n Hill co-efficient which controls steepness of All
S, curve

m Hill co-efficient which controls steepness of Single-cell
S, curve

D.is Doy Dy Proportional to diffusion rate of W, C, X Multi-cells
between celli-1 and cell i

Duwis1s Deists Dyt Proportional to rate of diffusion of W, C, X Multi-cells
between celli and cell i+1

i Cell index Multi-cells

Despite the inability of this model to capture all three
cell fates, we wanted to keep the model as small as pos-
sible and refrain from adding regulatory components until
we had exhausted other options. We were also interested
to see if a network with only W and C was capable of

describing cell fate. We therefore considered the possibility
that this network could still describe stem cell homeosta-
sis if it were implemented in several cells. Each cell could
make a cell fate decision as in the single-cell model, but the
spatial component could result in a CSC habitable zone
where the constant flow of W and C from other cells would
result in a tie for W and C regardless of the switch-like
nature of the regulatory network. Sophisticated models of
the shoot have used 2- and 3-D templates for shoot archi-
tecture (Heisler and Jonsson, 2007), as observation of the
WUS maximum at the centre of the meristem requires at
least two dimensions. In the root, the WOXS5, CLE40 and
cell fate gradients run in one dimension along the prox-
imal-distal axis. This may make it possible to describe
the 3-D effects of WOXS5 and CLE40 on cell fate using a
one-dimensional model.

To determine if the single-cell model implemented in
several cells could describe experimental results, a modi-
fied version of the model was implemented in a virtual
cell column, with the most proximal cell defined as the
W-producing QC cell and the rest allowed to take on
either CSC or CC fate. The fate of each cell would still
depend on W via F¢ asin the single-cell model. With this
C/W multi-cell model, W and C could diffuse through
the cells, emulating inter-cellular communication. The
value of C at the QC determines the production rate of
W. The network diagram for the C/W multi-cell model
is shown in Fig. 5. We also implemented an alternative
model (Supplementary File S1), where values of C at
each cell decreased the mobility of WOX5 through that
cell, and the results of the alternative model matched
the results of the C/W multi-cell model distal to the QC.
The alternative C/W multi-cell model, where C regulates
W mobility rather than production, is described by the
following equations, where the By term in equation 11
(shown in Fig. 8) only applies in the QC (cell i=1). The
equation for Fec; is identical to equation 7 shown in
Fig. 5.
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Parameter values were adjusted by hand, and solutions were
obtained for time values until equilibrium was reached.
The values of W and C at equilibrium were used to evalu-
ate cell fate in terms of Fc. Parameter values were changed
to simulate wild-type roots as well as wox5, cle40, and wox5/
cle40 full loss-of-function mutants, constitutively expressed
WOX35, and externally applied CLE40p to wild-type roots.
For example, to simulate wox5 mutants, the production rate
of W was set to 0. To simulate constitutive WOXS expression,
the production rates of W in every cell were set to the user-
defined maximum W production rate. Addition of CLE40p
was simulated by keeping the value of C at a user-defined
constant at the QC, where C has its effect on W production.
Since CLEA4O0p is applied ectopically and usually in relatively
large doses so that the root is flooded, a constant supply of C
is more realistic than an increase in production or diffusion
rate for C. We assume that the user specifies a high enough
number that the level of C at the QC is significantly higher
than wild type.

Several initial values of W and C in each cell were tested
with the multi-cell models, and this did not change the equi-
librium values for any of the realistic parameter sets (all pro-
duction rates should be greater than or equal to zero, all other
parameter values should be greater than 0; m and n should be
1 or greater; and W, should be less than W,).

C/W multi-cell model predictions are shown in Fig. 6. It
was possible to find a range of parameter values that emu-
lated the most common phenotypes of wild type, wox5 and
cle40 mutants, WOXS5 constitutive expression, and addition
of CLE40p to wild type.

The C/W multi-cell model fails to explain wox5-1/
cle40-2 double mutants

The predictive capabilities of a model can be assessed by a
validation experiment, a test to see if the model will predict
the outcome of an experiment that was not considered in the
derivation of the model. To assess the reliability of the C/W
multi-cell model, we performed an experiment on wox5-1/
cle40-2 double mutants and compared the results to the
model prediction for wox5/cle40 double mutants.
Surprisingly, a partial rescue of the wox5-1 phenotype
was observed in the wox3-1/cle40-2 double mutants (Fig. 7).
Since the C/W multi-cell model assumes that W, a WOX5-
dependent signal, is necessary for CSC maintenance, it is
impossible for the model to correctly predict this result; if
there is no WOX35, there is no W, and according to the model
there are no CSCs present. The failure of the model indicates
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that a basic assumption was wrong: WOXS5 is not absolutely
necessary for CSC maintenance.

Since loss of CLE40 restores CSC fate in wox5-1 mutants,
CLE40 must have an effect on CSC fate that is independent
of WOX35. Since biologically active CLE40 is localized to the
intercellular space, it cannot directly regulate the processes
in the nuclei of target cells to affect their fate; there must be
at least one additional component in the CSC regulatory
network that affects stem cell fate and is affected by CLE40.
Since CLE40 represses CSC fate through this unknown
component X, there are two possibilities: either CLE40 pro-
motes expression of X while X represses CSC fate, or CLE40
represses expression of X while X promotes CSC fate from
the QC. Neither hypothesis contradicts any experimental
results, but the second is simpler. For the first possibility, an
ablated QC would result in less WOX35, more differentiation,
more CLE40, more X, and further repression of CSC fate
by X. If the second possibility were the case, an ablated QC
would result both in less WOXS5 and less X. Since the latter is
the simpler explanation, we tested it further.

A C/W/X multi-cell model is plausible

We designed another model, the C/W/X multi-cell model,
where X was included with the same role and relationships
as W in the C/W multi-cell model (Fig. 8). This C/W/X multi-
cell model is able to describe the most common outcomes
of all of the experimental results to which we have access,
including that of wox5-1/cle40-2 mutants (Fig. 9). We then
used the C/W/X model to predict the phenotype of wox5/x
mutants. Since the model assumes that either W or X is neces-
sary to maintain CSC fate, those roots are expected to have
no CSCs. The model predicts that the number of CSC lay-
ers would depend on the rate of WOX5 expression, so that
increasing the rate of W production while still keeping W
expression restricted to the QC would result in more stem cell
layers due to a higher flux of W to distal cells. In the C/W/X
multi-cell model, X functions redundantly with WOXS5, per-
haps protecting the pluripotent nature of the QC and keep-
ing it from differentiating when WOXS5 levels are low. The
phenotypes of wox5-1 mutants suggest that X should be
less abundant or less effective at CSC maintenance than the
WOXS5-dependent signal (W) in the presence of CLE40, since
wox5-1 mutants have less CSCs than wox5-1/cle40-2 mutants.
We simulated this in the model by making the production rate
of X less than that of W. Despite the smaller direct effect of
X on CSC fate, it had a significant impact on sensitivity of
the model to changes in parameters controlling W (Table 2).
Due to the buffering activity of X, the model was less sensi-
tive to the production and diffusion rates of W. We conclude
that the activity of X allows the network controlling CSC fate
to be more robust to perturbations in the levels of WOXS5.
Starch granules can be found in the QC infrequently in wox35-
1 mutants, but frequently when a substantial amount of syn-
thetic CLE40p is added to wox3-I mutants. The model would
suggest that the CLE40p is negatively affecting X in this case.

We now conclude that the roles of WOX5 and CLE40,
given their mutually antagonistic nature, are to function as
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Fig. 6. Representation of C/W multi-cell model predictions of CSC fate and W and C localization. The number of expected CSC rows, based on
experimental results is shown in parentheses. The model is capable of emulating the results of root phenotypes of wild-type roots, woxb mutant roots
cle40 mutant roots, roots with additional synthetic CLE40 (CLE40p) added, and roots expressing WOX5 in all cells through constitutively expressed
WOX5 with inducible WOX5 function (WOX5). Results of a wox5/cle40 double mutant phenotype were also predicted so that the model could be tested

later for predictive ability.

triggers for switches in cell fate. Their interaction does not
maintain the robustness of CSC patterning, but discour-
ages cells from staying in a state between CSC and CC fate.
As evident from the results of the single-cell model, CSC
fate may not be possible without the inter-cellular signal-
ling conducted by WOXS5 and CLE40. This result parallels
that of the model of the shoot meristem by Yadav ef al.
(2011), which showed the importance of WUS mobility and
its resulting gradient to the regulation of stem cell num-
ber. Furthermore, it was previously suggested that WOXS

was necessary for CSC fate, so that in wox5 mutants, CSCs
could exist only transiently just after a QC cell division
(Sarkar er al., 2007). Using the results of an experiment on
wox5-1/cle40-2 mutants and the inability of the C/W multi-
cell model to emulate those results, we have determined
that stem cells can be maintained without WOXS5 in the
absence of CLE40 signalling and, equivalently, that WOX5
is not absolutely necessary for CSC homeostasis. Using the
C/W/X multi-cell model, we determined that the existence
of another stem-cell promoting factor within the WOXS5/
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W, X and C. (C) Equations 8, 9, 10, and 11. The production terms of W and X in the yellow box only apply in the QC cell and production of W and X is
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CLEA40 regulatory network of CSC maintenance is plausi-
ble. In the C/W/X model, stem-cell promoting X functions
redundantly with WOXS5. It would be interesting to see if
CLEA40 affects SCR expression. Like X, SCR expression is
independent of WOXS5. SCR is known to function redun-
dantly with WOXS35 in stem cell maintenance, though to date
this has only been demonstrated in the initials proximal
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to the QC; lack of CSCs is a phenotype of scr-/ mutants,
but this can be explained by lack of WOXS (Sarkar et al..
2007). Whether X can be found among already-known com-
ponents of the root stem cell regulatory network (Bennett
et al., 2014) like SCR, or among known transcriptional tar-
gets of CLE40 (Pallakies and Simon, 2014) remains to be
experimentally determined.
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Fig. 9. Representation of C/W/X multi-cell model predictions of CSC fate
and C/W/X localization. Gradients of W as predicted by the model are
shown on the left sides of roots, while X gradients are shown on the right.
Expected number of CSC rows, based on experimental results, is shown
in parentheses, while those based on model predictions are shown next to
the root diagram. The model outcomes can emulate the expected number
of rows for wild type, woxb mutants, cle40 mutants, wox5/cle40 double
mutants, constitutively expressed WOX5 (i(WOX5), and the addition of
sufficient amounts of CLE4Op (+CLE40p). We have also used the model to
predict results of experiments that have not yet been completed to aid in
later validations of this model. Tripling the W production rate (3x WOX5) is
expected to yield more layers of stem cells. In the case of these parameter
values, it is expected to result in two layers.
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Table 2. Parameter values used for simulations

Dashes indicate where a parameter was absent from a particular
model. Parameters can be perturbed by the amount specified (with

all of the others held at the given value), without changing the number
and stability of fixed points for the single-cell model or the number of
rows of CSCs in each experimental condition for the multi-cell models.

Parameter 1-cell Cc/wW C/W/X
B, 13+31% 34+35% 34 +47%
B. 3+67% 30£67% 45+67%
B, - - 25+60%
Kow 2+50% 2+50% 2+50%
Kex - - 2+50%
ay 1+£50% 2+16% 2+13%
a. 1+50% 2+25% 2+25%
ay - - 2+13%
n 10+90% 2+50% 2+50%
m 10+90% - -

W, 2+75% 1+£25% -

W, 6+58% - -

S, - - 1+20%
Dy, - 1.2+8% 1+£50%
D, - 1+50% 1+25%
D, - - 1+50%

=

Supplementary data

Supplementary data is available at JXB online.

Supplementary File S1. Text file containing a Matlab pro-
gram and instructions for its use. The program displays a
graphical user interface (GUI), where parameter values can
be adjusted and representations of the model output can be
acquired.

Supplementary Files S2-S6. Image files required to run the
Matlab program.
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Abstract:

Background: The LysM receptor-like kinases (LysM-RLKSs) are vital to both plant defense and
symbiosis. Previous studies described three clades of LysM-RLKs: LysM-I/LYKs (10+ exons per
gene, conserved classical kinase domains), LysM-II/LYRs (1-5 exons per gene, lacking conserved
kinase domains), and LysM-III (two exons per gene, conserved classical kinase domains unlike other
LysM-RLK kinase domains, restricted to legumes). LysM-II gene products are presumably not
functional as conventional receptor kinases, but several are known to operate in complexes with other
LysM-RLKs. The first aim of our study was to utilize recently mapped wild tomato transcriptomes to
uncover evidence of natural selection on LysM-RLKs in wild tomato populations. The second was to
put this information into a functional context using a combination of phylogeny and known functions
of better-studied LysM-RLKs.

Results: We discovered new genes within the LysM-III clade in diverse Rosid species, including
Eucalyptus grandis. Our maximum likelihood phylogeny of LysM-RLKs from diverse plant species
supports a previously postulated closer relationship between LysM-II and LysM-III clades. We found
intact kinase domains in Solanum lycopersicum LYKS orthologs in two wild tomato species. A small
clade within LysM-I has distinct LysM domains that do not align well with those of other LysM-
RLKs. The clade includes SILYK3, whose orthologs in wild tomatoes showed signs of strong
purifying selection in the extracellular domain (where the LysM domains are found), unlike the other
wild tomato LysM-RLK orthologs.

Conclusions: The LysM-III genes originated before the divergence of Fucalyptus from other Rosids.
Due to evidence of selection, its position in a clade of LysM-RLKs with distinct LysM domains, and
its close phylogenetic relationship to the versatile Arabidopsis thaliana LYK3, SILYK3 is an
especially interesting candidate for further study.

Key Words:
phylogenetics, population genetics, Solanum, plant immunity, symbiosis

Background

Plants are regularly targeted for colonization by organisms ranging from pathogenic to
symbiotic. Pathogenic organisms infect the plant and use it for nourishment, eventually causing
damage or reduced host fitness. Pathogens often cause changes in the host plant’s genetic regulation
to maximize the amount of nutrients that can be accessed and to avoid detection and subsequent host
defense responses. Symbiotic organisms also use the host plant for nourishment but offer benefits for
the plant in exchange (e.g. better uptake of water and nutrients). Plants that can differentiate between
the two improve their chances of survival and reproduction. Detection of the presence of these
organisms involve extracellular receptors, often receptor-like kinases (RLKs), which bind proteins or
other molecular “patterns” produced by the colonizing organisms and trigger phosphorylation and
downstream signaling cascades within the cell [1,2]. The signaling cascades then cue the appropriate
defense or symbiosis response [2].

Genes containing the LysM motif, including the family of LysM-RLKs, have been implicated
in the detection of both plant-symbiotic and -pathogenic organisms. In the case of symbiotic
organisms, some LysM-RLKs are an integral part of the signaling necessary for the plant’s
cooperative activity with the symbiont to allow and encourage colonization. Other LysM-RLKs are
necessary for the detection of pathogens and signaling for defense responses, which involves
detection of molecules, such as chitin, which are shed by the invading pathogen [3]. LysM-RLKs
sometimes function together as heterodimers, with the presence of the colonizing pathogen or
symbiont detected by the extracellular region of one LysM-RLK, and the symbiotic or defense
response mediated by the kinase domain of another [3,4]. Some LysM-RLKs, such as Oryza sativa
CERKI1 (OsCERK1), also function as dual-purpose detectors of both pathogenic and symbiotic
organisms [5].
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Shiu et al. describe two main clades of LysM-RLKs: LysM-I and LysM-II [6], with LysM-
RLKSs in Group II lacking conserved kinase domain sequences; the Glycine-rich loop is missing from
the kinase domains of all Arabidopsis thaliana and Solanum lycopersicum LysM-RLKs in Group II
[7,8]. In addition, LysM-I RLKs have ten or more exons, while LysM-II RLKs typically have one or
two [8]. A group of two LysM-RLK genes each from Medicago truncatula and Lotus japonicus,
which contain two exons and classically conserved kinase domain sequences, cannot be classified
easily into either Group I or Group II, and their clade has been named Group III [9,10]. Phylogenetic
analyses of LysM-RLKs have been conducted on a wide variety of plant species, but comprehensive
phylogenetic analyses of this family have not included genes from tomato, and much has been
discovered in the meantime about the functions of many individual LysM-RLKs.

Here we synthesize the currently known information about function and phylogenetic
relationships of LysM-RLKs, including those from tomato, and show a closer relationship between
Group II and Group III LysM-RLKSs than was previously shown. Our work is based on maximum
likelihood analysis of entire sequences and results in higher bootstrap support than previously
published phylogenies. Newly discovered Group III LysM-RLKs are present outside of M. truncatula
and L. japonicus. Wild tomato SILYK3 orthologs show evidence of strong purifying selection, and,
although the kinase domain of SILYKS is truncated in cultivated tomato, we find that this is not the
case for orthologs in wild tomato species.

Results
Group III LysM-RLKSs reliably cluster with Group II LysM-RLKs

Plants and colonizing microbes evolve together with LysM-RLKs functioning as key
regulators of microbe detection. We aimed to uncover new insights from the synthesis of sequence
and functional data. To this end, we constructed a phylogeny of LysM-RLK protein sequences from
A. thaliana, S. lycopersicum, L. japonicus, O. sativa, and M. truncatula and combined it with the
known functions of the proteins (Fig. 1) [4,7,10-24]. We differentiated between function implicated
by gene regulation and function implicated by mutant phenotype, since — as in the case of LjLYS11 —
it is possible for a gene to be regulated by symbiosis or defense without the gene necessarily playing a
role in symbiosis or defense [22]. While we do recover multiple small clades of closely related
sequences reported to fulfill similar functions, in most cases, major clades do not appear to be strictly
associated with a specific form of microbe discrimination, suggesting that orthologs of the same gene
can function differently in different organisms. However, it should be mentioned that most of the
genes have not been tested for each of the functions listed, and functions in the best-studied functional
process - Rhizobia symbiosis — dominate the tree. This bias in functional characterization may limit
our power to detect a correlation between the type of microbe recognition and phylogenetic position.

This phylogeny generally agrees with previously published phylogenies based on entire
coding regions or kinase domains only, including the separation of the LysM-RLKSs into two major
clades: Group I and Group II and one smaller one: Group III. Group I is separated into two clades, in
which the L. japonicus gene placements agree with Lohmann ef al.’s findings [10] of the existence of
a microexon in one clade and not in the other. Interestingly, the Group III LysM-RLKs are within a
clade containing the Group II LysM-RLKs in all of the 500 bootstrap replicates. Furthermore, Group I
LysM-RLKs formed a separate clade from Group II and III LysM-RLKSs in every bootstrap replicate.
This indicates that the sequences in Group II and III share strong sequence similarity. We further
observed that Group III LysM-RLKs are grouped together in each of the bootstrap replicates, but the
45% bootstrap value on the branch subtending Group II LysM-RLKs makes it clear that the entire
Group 11 clade often clusters within the Group II clade. A review of the bootstrap replicates shows
that the Group III clade has no consistent placement at a specific place on the tree. Taken together,
this strongly supports a closer relationship between Group II and Group III LysM-RLKs than either
clade has with the Group I LysM-RLKs, and it does not support the idea that Group III forms its own
clade outside of Group IL

Group III LysM-RLKs exist in diverse Rosid species
Previous publications report Group III LysM-RLKs only in L. japonicus and M. truncatula. To
elucidate the evolutionary history of the Group III LysM-RLKs, we found putative homologs to the
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known Group III LysM-RLKs (LjLYS20, LjLYS21, MtLYRS, and MtLYRG6) using BLAST searches
[25] of each of these genes against NCBI’s non-redundant protein sequences database [26]. The group
of putative homologs is well-represented in the Rosids, and a phylogeny of the genes generally agrees
with major clades, with genes from Fabids and Malvids grouped largely according to their species’
evolutionary history [27] (Fig. 2 and Figure S1). The notable exceptions are the genes from species
within the Malpighiales order. These species share a closer relationship with the Fabids than the
Malvids, but their LysM-RLKs were grouped with low bootstrap support with the Malvids in our
phylogeny, indicating an ambiguous relationship.

This analysis resulted in two to five potential homologs per species, with one exception:
Eucalyptus grandis (E. grandis), whose sequences form their own clade of fifteen members distinct
from all of the other putative homologs, matching the species phylogeny (Fig. 2). Some of these
sequences are isoforms of the same gene, while others, reported under different naming schemes (see
Table 1), have high similarity to other conspecific sequences. This may indicate detection of different
isoforms of the same gene by different gene-finding algorithms. With four to five duplicate pairs of
genes in the set of sequences, this would mean that E. grandis has ten or eleven unique genes
represented here. One whole genome duplication occurred in the Eucalyptus lineage that did not occur
in the Citrus and Theobroma lineages [28], so we would expect E. grandis to have four to ten putative
homologs (double the two to five found in the other species). This makes the larger number of
putative E. grandis homologs consistent with what would be expected.

The E. grandis putative homologs had approximately 55% identity to the query sequences,
which was lower than the identity found for putative homologs in other species. It was possible that
these E. grandis genes were a more distantly-related set of genes, and that they do not belong to
Group III. To verify the E. grandis genes’ position, we constructed a new tree from the E. grandis and
LysM-RLK sequences described above from S. lycopersicum, A. thaliana, L. japonicus,

M. truncatula, and O. sativa (Figure S2). The E. grandis sequences are included with strong bootstrap
support within the Group III clade, just outside of the L. japonicus and M. truncatula Group III LysM-
RLKs. In addition, all of the E. grandis sequences possess the Glycine-rich loop. Theirs are, however,
distinct from and more varied than the glycine rich loops of the Group III LysM-RLKs from

L. japonicus and M. truncatula. L. japonicus and M. truncatula Group III LysM-RLKs all have
QGQGY as their Glycine-rich loop, while the E. grandis sequences have EGGF, HGGF, or QGGF. The
most-numerous, QGGF, is also common in Group I LYKs. We conclude that these E. grandis genes
and the rest of those in our BLAST search are Group III LysM-RLKs.

SILYK3, A:(LYK3, LjLYS4, and LjLYS5 LysM domains are distinct from those

of other LysM-RLKSs

The ability of a LysM-RLK to detect ligands depends on its three extracellular LysM domains, and
relationships between LysM-RLKs with similar functions may be better revealed by a phylogeny of
their LysM domains than by a phylogeny of only their kinase domains or entire sequences. To
reconstruct the history of the LysM domain sequences, we constructed a maximum likelihood tree of
the individual LysM domain sequences (LysM1, LysM2, and LysM3) from each known LysM-RLK
gene of S. lycopersicum, A. thaliana, L. japonicus, M. truncatula, and O. sativa (Fig. 3 and Figure
S3). The small sequence lengths and substantial variation between the individual LysM domain
sequences led to a generally unreliable tree featuring many bootstrap values in the single digits. Since
the three-LysM-domain structure is ancient [3], we expected a tree with three distinct clades
consisting of sequences from the first, second and third domains. However, this phylogeny did not
show three monophyletic clades according to domain position as expected. Instead, there is substantial
mixing of the first and third domain sequences, which is unlikely to represent the true evolutionary
history of these sequences. Further suggesting potential problems with the phylogeny, branches
leading to some groups of domains are long compared to the rest. Four sequences stand out with all
three sets of LysM domains clustered together with bootstrap values near 90%. The LysM domains of
SILYK3, AtLYK3, LjLys4, and LjLYS5 are found grouped together with long branches leading to
clades of their first two LysM domains, indicating that these sequences are substantially different
from the rest, but similar enough to each other to warrant reliable clustering based upon only the 40-
66 nucleotides of sequence used to build the alignment and phylogeny.
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We suspected that the long branches subtending this clade could indicate a problem with the
alignment and tree, and that these sequences may have been difficult to align with the rest of the
LysM-RLKs. A GUIDANCE [29] analysis of first, second, and third domains separately showed that
the third domain sequences were generally aligned similarly regardless of alignment method. In
contrast, the low-scoring sequences — the first domains of all of the proteins as well as the second
domains of the previously described group SILYK3, A7L.YK3, LjLys4, and LjLYSS5 and another group
OsLYK1, SILYK14, LjLYS3, and MtLYK10 - aligned unreliably, with bias in the alignment method
strongly affecting the alignment and the trees upon which they are based. This means that the long
branches we noted in the domain tree were caused by the nature of the sequences, and they probably
do not accurately reflect the evolutionary history of those sequences. Logos of LysM domains of the
two groups of problematically-aligned sequences as well as the rest of the LysM-RLKs shown
separately demonstrate the issue visually (Fig. 4). Sequence similarity at conserved amino acids is
clearly visible between these two groups and the rest of the genes in their third domain sequences,
while these sets of sequences are simply very distinct in the first and second domains. The phylogeny
of entire proteins (Fig. 1) shows that the two groups of proteins share a close relationship. They group
together in 99% of the 500 bootstrap replicates.

If the analysis includes only the sequences which can be robustly aligned, more reliable
inferences can be made about the sequences that remain (Figure S4). The bootstrap values are higher;
there are no long branches leading to small clades; and the domains form monophyletic clades
according to domain position. The last point is, however, trivial, since there are no longer first domain
sequences included in the phylogeny.

Wild Tomato SILYK3 Orthologs Have Undergone Purifying and Possibly

Directional Selection

To evaluate the evolutionary history of the LysM-RLKSs on a finer scale, we investigated the
patterns of polymorphism and divergence in LysM-RLK genes in Solanum chilense and Solanum
peruvianum, two recently-diverged wild tomato species. We first calculated standard population
genetic summary statistics for these genes (Table 2) in the species of interest, using LysM-RLK
sequences from Solanum ochranthum and Solanum lycopersicoides as outgroups. After a stringent
filtering step for coverage, we retained allelic sequences of the orthologs of six LysM-RLKs. The
non-synonymous nucleic polymorphism at the LysM-RLK genes ranged from 0.11% (LYK3) to
1.19% (LYK®6) in S. chilense and 0.08% (LYK3) to 1.4% (LYK®6) in S. peruvianum. The synonymous
nucleic polymorphism at the LysM-RLK genes ranged from 0.64% (LYKS) to 2.5% (LYKS6) in
S. chilense and 0.87% (LYKS) to 2.4% (LYKS®6) in S. peruvianum. These values are consistent with
the overall non-synonymous (0.18%) and synonymous (1.27%) rates of polymorphism in S. chilense
and non-synonymous (0.22%) and synonymous (1.69%) rates of polymorphism in S. peruvianum
[30]. To determine whether selection had differential effects on the intracellular or extracellular
domains, we calculated the summary statistics for each of these domains separately (Table 3). The
ratio of non-synonymous (1, ) and synonymous (7s) pairwise differences is often used to gauge the
impact of natural selection on sequences. For most genes, m, /s was higher in the extracellular
domain than in the intracellular/kinase domain. Orthologs of S/ILYK3 stand out as the only set of
LysM-RLK genes in our analysis with comparable or lower m,/m  in their extracellular domain
sequences than those of the intracellular domain. This indicates that the sequences coding for the
SILYK3 orthologs’ extracellular domains have undergone strong purifying selection relative to those
of other LysM-RLKs.

We then applied two standard tests of neutrality to determine if the pattern of genetic variation
deviated from neutral expectations. According to Tajima’s D, no deviation from neutrality could be
detected at these six genes. For three loci, SILYK1, SILYK3, and SILYKS, the McDonald-Kreitman
test indicated deviations from the neutral expectation in several comparisons (Table 2). For the
SILYK3 analysis comparing S. peruvianum and S. ochranthum, the ratio of non-synonymous to
synonymous fixed differences was higher than that of the polymorphisms, indicating directional
selection. However, after correcting for multiple testing, the corrected p-value exceeded a significance
threshold of 0.05. After 22 tests, the Sidék correction [31] requires a p-value of 0.0023 or less for a
5% significance threshold. The lowest p-value for an individual test — SILYK3 with p=0.00507 - is
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equivalent to a 10-11% p-value after this correction. This is a weak indication that S/[LYK3 orthologs
have undergone directional selection between S. peruvianum and S. ochranthum.

SILYKS orthologs with intact kinase domains exist in wild tomatoes

In our analysis of intracellular and extracellular 7, /g, we observed possible strong purifying
selection in the partial kinase domains of wild tomato S/ILYKS orthologs. This would be inconsistent
with the SILYKS orthologs having a truncated kinase like S/LYKS itself, which is missing vital
sequences within its kinase domain and is presumably not functional. In that case, SILYKS and its
wild tomato orthologs might be expected to evolve as pseudogenes. However, selection pressure and
the visibility of its hallmarks in the partial kinase domain would be more likely if the wild tomato
orthologs had an intact kinase domain which is lacking in S. lycopersicum.

We therefore investigated whether SILYKS orthologs in wild tomatoes also had truncated
kinases. The transcriptome sequences, which were based on reads aligned to S. lycopersicum, would
not show sequences that did not already exist in S. lycopersicum. Therefore, it was necessary for us to
check for kinases trailing S/ILYKS orthologs in de novo assemblies [30], which are not based on
S. lycopersicum. To this end, SILYKS and the corresponding positions of SILYK9 were used as query
sequences in a nucleotide BLAST search against the de novo assembled transcriptomes. After filtering
by sequence length and percent identity to SILYKS8 and S/LYK9, no single sequence was assigned to
both queries. Amino acid translations of sequences which extended beyond the position of SILYKS
truncation in S. lycopersicum were aligned, and this alignment was used to build a rooted maximum
likelihood tree (Fig. 5). Three sequences matched S/LYKS better than S/LYK9 and had kinase
domains extending past the position of SILYKS truncation. Further inspection of the sequences
revealed that each has an intact kinase including all positions of domains required for activity. One of
the sequences was found in S. chilense and two were from S. peruvianum, which suggests that the
truncation of SILYKS’s kinase happened after the divergence between lineages leading to
S. lycopersicum and the wild tomato species included here.

Discussion

We have found that Group III LysM-RLKSs are more closely related to Group II LysM-RLKs
than Group I LysM-RLKs. Group III LysM-RLKs are present in diverse Rosid species. SILYK3 is a
member of a Group I clade with distinct first and second LysM domains, and its wild tomato
orthologs have been subject to especially strong purifying selection on both their extracellular
domains when compared to other wild tomato S/ILYK orthologs. SILYK3 wild tomato orthologs also
show some indication of directional selection. Further, complete kinase domains are present in several
SILYKS8 wild tomato orthologs.

It is still unclear whether all wild tomatoes have S/ILYKS orthologs with intact kinase
domains, but its presence in both S. peruvianum and S. chilense shows that some wild tomatoes do.
Other SILYKS8 orthologs with kinases may have been below our cutoffs for percent identity or
sequence length or not sufficiently expressed at the time samples were taken. If intact kinase domains
are found in diverse wild tomato species, it would suggest that the truncation of the kinase is unique to
S. lycopersicum. The potential for genetic drift in the S. /ycopersicum genome due to bottlenecks
introduced by selective breeding makes this a more likely scenario [32].

Overall, our study suggests that SILYK3 is an especially interesting candidate for further
study. There is currently no data on the functionality of SILYKS3, but its close relative in 4. thaliana
AfLYK3 has functions in fungal and bacterial defense [17] and is essential for recognizing Rhizobia
Nod factors [18]. Due to the indications of purifying selection on the extracellular domain and weak
indications of directional selection pressure of SILYK3 orthologs in S. chilense, coupled with the
distinctness of its LysM domains, it is an interesting candidate for further exploration of its ligands.
Like ArLLYK3, it may detect several ligands and fulfill multiple roles.

It was previously postulated that LysM-II and LysM-III clades shared a more recent common
ancestor than LysM-I and LysM-II due to both the lack of monocot genes in the LysM-III clade and
the exon/intron structure of each clade [10]. Our analysis supports this idea, with strong indication via
bootstrap support that LysM-II and LysM-III genes are more closely related to each other than either
clade is to LysM-I. Despite expanding the known number of species containing LysM-III genes, we
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still did not find any outside of the Rosids, a clade of the Eudicots. Zhang et al. noted that LysM-II
genes in both M. fruncatula and O. sativa lacked activation loops and conservation at residues
necessary for activity [8], and we note that the same is true for the Glycine-rich loop; this sequence is
missing in every LysM-II gene in our analysis, and multiple representatives of this clade occur in each
species. Taken together, these results suggest that the most recent common ancestor of LysM-I
diverged from the rest of the LysM-RLKs, and the LysM-III common ancestor originated prior to the
divergence of E. grandis from the other Rosids.

Conclusions

The LysM-RLKs are a diverse family of proteins with many functions in plant symbiosis and defense
and little correspondence between function and phylogenetic relationships. Here we provided an
overview of the functions and phylogenetic relationships and found that the Group III LysM-RLKs
share a closer relationship with those in Group II than those in Group 1. Newly identified Group III
LysM-RLKs were found in a variety of species in the Rosids. The kinase domain of SILYKS
homologs is intact in at least some species. We suggest that SILYK3 is a prime candidate for ligand-
binding and functional analysis, owing to its close relationship to the multi-functional A/LYK3, its
distinct LysM domains, and signs that the extracellular domain of its gene sequence has undergone
purifying selection in wild tomatoes.

Methods

Sources for Genomic Sequences
Amino acid sequences from A. thaliana, S. lycopersicum, L. japonicus, O. sativa, and
M. truncatula were obtained from the sources listed in Table 4.

Transcriptome Data and Coverage Selection Criteria
Reads mapped to S. lycopersicum LysM-RLK genes in wild tomatoes were obtained from
S. chilense, S. peruvianum, S. ochranthum, and S. lycopersicoides transcriptomes from Beddows et al.
[30], except SILYKS ortholog sequences, which were generated under the same conditions as the rest
from [30], but with a minimum read depth of 5 (Supplemental File 5). Sequences were included in the
population genetic analysis, provided they met the following conditions for sequence coverage:
o Individual sequences had <10% N-content (undetermined nucleotides) in the
coding region
° A minimum of 8 sequences from S. chilense were required to satisfy the above
condition in order for analysis to be done on the LysM-RLK orthologs from
S. chilense. This condition was likewise upheld for S. peruvianum.
Accession LA0752 was included in the S. chilense sequence set. Sequences from LA1274, an
accession described as Solanum corneliomulleri, were included in the S. peruvianum data set.
LA2750, LA2884, LA0752, and LLA2930 were excluded from analyses of the S/ILYKS
homologs, due to evidence of likely mismapping of sequences from S/LYK9 homologs to the
middle LysM2 domain.

Alignment Methods

Protein alignments were done in Mega7 [33] using the MUSCLE algorithm [34] with the following
parameters: gap open -2.9; gap extend -0.01; hydrophobicity multiplier 1.2; max iterations 8;
clustering UPGMB; lambda 24. Nucleotide alignments were done with the following parameters: gap
open -400; gap extend 0; max iterations §; clustering UPGMB; lambda 24.

Phylogenetic Analyses

Phylogenies based on protein sequences were built and tested in RAXML [35] with the protein
substitution model that best fit the data (found using the PROTGAMMAAUTO function) and 500
bootstrap replicates. For DNA sequences, the GTRGAMMA function was used, and 500 bootstrap
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replicates were generated. Seed values of 100 were chosen for reproducibility. Trees were rooted with
MAD [36].

Population Genetic Analysis

All population genetic tests were performed in DnaSP [37] on the first haplotype of each sequence
only. Significance for the McDonald-Kreitman test was determined by the G-test [38], except where
this was not possible; otherwise, Fisher’s exact test was used. Tajima’s D was calculated using the
total number of mutations [39].

BLAST Procedure for SILYK8 homologs

Two nucleotide BLAST searches [25] were performed against the de novo transcriptomes from
Beddows et al. [30]: one with S/ILYKS as the query and one with the corresponding positions of
SILYKO as the query. Percent identity was used to measure the quality of the hits to SILYKS and
SILYK9. All hits with at least 1000 nucleotides and 97% or greater identity to either SILYKS or
SILYKO9 were used for further analysis. The sequences were translated in six frames and aligned
together with SILYKS and SILYK9. Translations which covered more than 40% of the SILYKS
domain and extended past the position of SILYKS truncation were included in the alignment.

BLAST Procedure for Group III LysM-RLK homologs

LjLYS20, LjLYS21, MfLYRS, and MfLYR6 amino acid sequences were each used as queries in
separate online protein BLAST searches [25] against NCBI’s non-redundant protein sequences
database [26]. The first 100 hits from each were compiled, and duplicates were removed before
phylogenetic analysis.

List of Abbreviations

RLK: receptor-like kinase

LysM-RLK: lysin motif RLK

LYK: LysM-RLK with classically conserved kinase domain
LYR: LYK-related, or LysM-RLK without classically conserved kinase domain
LYS: LysM-RLKs in Lotus japonicus

CERK1: Chitin elicitor receptor-like kinase 1

At: Arabidopsis thaliana

Eg: Eucalyptus grandis

Lj: Lotus japonicus

Mt. Medicago truncatula

Os: Oryza sativa

SI: Solanum lycopersicum
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Tables

Table 1: Name conversions for Group III BLAST hits from Eucalyptus

Short NCBI non-redundant protein sequence

name

EglYK1 211091493514 |reflXP_010026290.2| PREDICTED: wall-associated receptor kinase-like 10

EgLYK2 £i|1091497044|ref]XP_010070127.2] PREDICTED: wall-associated receptor kinase-like 6

EglYK3 2i/1091501059|reflXP_018717605.1|| PREDICTED: wall-associated receptor kinase-like 10
isoform X1

EglYK4 gi|1091501061|ref]XP_018717606.1| PREDICTED: wall-associated receptor kinase-like 10
isoform X2

EgLYKS 21629092723|gb|[KCW58718.1| hypothetical protein EUGRSUZ H013631, partial

EgLYK6 £i/629092727|gb|KCW58722.1| hypothetical protein EUGRSUZ HO01368

EgLYK7 21/629092728|gb|KCW58723.1| hypothetical protein EUGRSUZ H01369

EgLYKS £1/629093021|gb/KCW59016.1] hypothetical protein EUGRSUZ H01642

EgLYK9 £1629093022|gb|KCW59017.1| hypothetical protein EUGRSUZ H01643, partial

EgLYKI10 | g£i629093024|gbl[KCW59019.1| hypothetical protein EUGRSUZ H01646

EgLYKI11 | gi[629093026|gb|[KCW59021.1| hypothetical protein EUGRSUZ HO01648

EgLYKI12 | gi/629093027|gb|KCW59022.1| hypothetical protein EUGRSUZ H01649

EgLYKI13 | gi|702436539|ref]XP_010070126.1] PREDICTED: wall-associated receptor kinase-like 10

EgLYK14 | gi702453754|ref]XP_010026289.1| PREDICTED: protein LYKS

EgLYK15 | gi702510373|ref]XP_010040652.1| PREDICTED: wall-associated receptor kinase-like 1

Group III LysM-RLKs LjLYS20, LjLYS21, MLYRS, and MfLYR6 were used as query sequences in

a BLAST search against NCBI’s non-redundant protein sequences database. There were fifteen hits in
Eucalyptus, some of them isoforms of the same gene or nearly identical sequences with different
naming schemes. The names given to these genes were shortened for Figure 2, and this table converts
the shortened names to the original names with gi numbers.
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Table 2: Summary statistics and tests of neutrality in wild tomato LYK orthologs

No. No. Haplotypes | m(non,syn,silent) T, /T S | MK
Seqs Sites p-value

LYK1 1881

chil v ochr 17v1 13 0.0027 (0.0016, 0.0059, 0.0059) 0.28 19 | 0.062
chil v lyco 17v1 0.0027 (0.0016, 0.0059, 0.0059) 0.28 0.026
peruvochr | 17v1 15 0.0049 (0.0026, 0.0118, 0.0117) 0.22 43 1 0.185
peru v lyco 17v1 0.0049 (0.0026, 0.0118, 0.0117) 0.22 0.146
LYK3 1992

chil v ochr 17v1 16 0.0046 (0.0011, 0.0160, 0.0159) 0.07 37 | 0.036
chil v lyco 17v1 0.0046 (0.0011, 0.0152, 0.0151) 0.07 0.718
peruvochr | 16vl 15 0.0056 (0.0008, 0.0211, 0.0209) 0.04 51 | 0.005
peru v lyco 16v1 0.0056 (0.0008, 0.0215, 0.0214) 0.04 0.822
LYK4 1938

chil v ochr 15v1 15 0.0080 (0.0061, 0.0138, 0.0137) 0.44 51 | 0.510
chil v lyco 15v1 0.0080 (0.0061, 0.0138, 0.0137) 0.44 0.760
peruvochr | 16v1 16 0.0089 (0.0054, 0.0202, 0.0201) 0.26 80 | 0.275
peru v lyco 16v1 0.0089 (0.0054, 0.0202, 0.0201) 0.26 0.336
LYK6 1599

chil v ochr 15v1 13 0.0151 (0.0119, 0.0246, 0.0246) 048 | 108 | 0.108
chil v lyco 15v1 0.0151 (0.0119, 0.0245, 0.0245) 0.48 0.069
peruvochr | 8v1 8 0.0161 (0.0135, 0.0244, 0.0244) 0.55 87 | 0.118
peruvlyco | 8v]l 0.0161 (0.0135, 0.0244, 0.0244) 0.55 0.064
LYKS8 1149

chil v ochr 13v]1 12 0.0048 (0.0044, 0.0064, 0.0064) 0.69 34 | 0.025
ceru v ochr 17v1 16 0.0052 (0.0042, 0.0087, 0.0087) 0.47 55 | 0.026
LYK9 1890

chil v ochr 17v1 17 0.0073 (0.0042, 0.0174, 0.0176) 0.24 74 | 0.818
chil v lyco 17v1 0.0073 (0.0042, 0.0174, 0.0176) 0.24 73 | 0.604
peruvochr | 17v1 17 0.0068 (0.0045, 0.0135, 0.0146) 0.33 79 |1 0.813
peru v lyco 17v1 0.0068 (0.0045, 0.0174, 0.0146) 0.33 77 | 0.649

Wild tomato orthologs for several LysM-RLK genes from Solanum lycopersicum were analyzed.
Wild tomato species included were Solanum chilense (chil), Solanum peruvianum (peru), Solanum
ochranthum (ochr), and Solanum lycopersicoides (lyco). Haplotypes apply to the first species listed.
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Table 3: Summary statistics and tests of neutrality on extracellular and intracellular domains

Extra-/ No. No. Haplotypes | m(non,syn,silent) T, /T S
Intracellular Seqs Sites
LYK1
chil v ochr Extracellular 17v1 | 699 8 0.0026 (0.0025, 0.0032, 0.0032) 0.79 8
Intracellular 1101 9 0.0028 (0.0011, 0.0079, 0.0078) 0.14 | 10
chil v lyco Extracellular 17v1 | 699 8 0.0026 (0.0025, 0.0032, 0.0032) 0.80 8
Intracellular 1101 9 0.0028 (0.0011, 0.0079, 0.0078) 0.14 | 10
peru v ochr Extracellular 17v1 | 699 12 0.0063 (0.0042, 0.0129, 0.0129) 033 | 21
Intracellular 1101 15 0.0043 (0.0018, 0.0117,0.0116) 0.16 | 21
peru v lyco Extracellular 17v1 | 699 12 0.0063 (0.0043, 0.0130, 0.0130) 0.33 | 21
Intracellular 1101 15 0.0043 (0.0018, 0.0117,0.0116) 0.16 | 21
LYK3
chil v ochr Extracellular 17v1 | 705 12 0.0046 (0.0005, 0.0176, 0.0176) 0.03 | 13
Intracellular 1203 16 0.0044 (0.0009, 0.0158, 0.0156) 0.06 | 21
chil v lyco Extracellular 17v1 | 705 12 0.0046 (0.0005, 0.0155, 0.0155) 0.03 | 13
Intracellular 1203 16 0.0044 (0.0009, 0.0158, 0.0156) 0.06 | 21
peru v ochr Extracellular 16v1 | 705 13 0.0086 (0.0008, 0.0328, 0.0328) 0.03 | 24
Intracellular 1203 14 0.0042 (0.0008, 0.0155, 0.0153) 0.05 | 25
peru v lyco Extracellular 16v1 | 705 13 0.0088 (0.0009, 0.0349, 0.0349) 0.02 | 24
Intracellular 1203 14 0.0042 (0.0008, 0.0155, 0.0153) 0.05 | 25
LYK4
chil v ochr Extracellular 15v1 | 801 15 0.0089 (0.0074, 0.0136, 0.0136) 0.54 | 18
Intracellular 1053 14 0.0074 (0.0053, 0.0139, 0.0137) 0.38 | 31
chil v lyco Extracellular 15v1 | 801 15 0.0089 (0.0074, 0.0136, 0.0136) 0.54 | 18
Intracellular 1053 14 0.0074 (0.0053, 0.0139, 0.0137) 038 | 31
peru v ochr Extracellular 16v1 | 801 16 0.0106 (0.0087, 0.0161, 0.0089) 0.54 | 41
Intracellular 1053 11 0.0075 (0.0029, 0.0236, 0.0233) 0.12 | 33
peru v lyco Extracellular 16v1 | 801 16 0.0106 (0.0087,0.0161, 0.0161) 0.54 | 41
Intracellular 1053 11 0.0075 (0.0029, 0.0236, 0.0233) 0.12 | 33
LYK6
chil v ochr Extracellular 15v1 | 780 12 0.0146 (0.0132, 0.0198, 0.0198) 0.66 | 29
Intracellular 741 13 0.0150 (0.0105, 0.0265, 0.0265) 039 | 31
chil v lyco Extracellular 15v1 | 780 12 0.0146 (0.0132, 0.0198, 0.0198) 0.66 | 29
Intracellular 741 13 0.0150 (0.0105, 0.0265, 0.0265) 039 | 31
peru v ochr Extracellular 8vl 780 8 0.0152 (0.0149, 0.0166, 0.0166) 0.90 | 33
Intracellular 741 8 0.0188 (0.0127, 0.0397, 0.0397) 0.31 | 30
peru v lyco Extracellular 8vl 780 8 0.0152 (0.0149, 0.0165, 0.0165) 0.90 | 33
Intracellular 741 8 0.0188 (0.0127, 0.0397, 0.0397) 0.31 | 30
LYKS8
chil v ochr Extracellular 13vl | 771 9 0.0042 (0.0053, 0.0006, 0.0006) 9.1 9
Intracellular* 300 3 0.0022 (0.0000, 0.0116, 0.0116) 0.00 3
peru v ochr Extracellular 17v1 | 771 13 0.0038 (0.0032, 0.0058, 0.0058) 0.55 | 16
Intracellular*® 300 9 0.0047 (0.0035, 0.0101, 0.0101) 034 | 11
LYK9
chil v ochr Extracellular 17v1 | 774 14 0.0086 (0.0068, 0.0145, 0.0145) 047 | 22
Intracellular 1038 14 0.0060 (0.0020, 0.0199, 0.0202) 0.10 | 22
chil v lyco Extracellular 17v1 | 774 14 0.0086 (0.0068, 0.0145, 0.0145) 047 | 22
Intracellular 1038 14 0.0060 (0.0020, 0.0199, 0.0202) 0.10 | 22
peru v ochr Extracellular 17v1 | 774 14 0.0053 (0.0040, 0.0092, 0.0092) 044 | 25
Intracellular 1038 17 0.0082 (0.0051, 0.0168, 0.0188) 0.30 | 32
peru v lyco Extracellular 17v1 | 774 14 0.0053 (0.0040, 0.0092, 0.0092) 044 | 25
Intracellular 1038 17 0.0082 (0.0052, 0.0169, 0.0189) 0.30 | 32

Wild tomato orthologs for intracellular and extracellular domains of several LYK genes from
Solanum lycopersicum were analyzed. Wild tomato species included were Solanum chilense (chil),

Solanum peruvianum (peru), Solanum ochranthum (ochr), and Solanum lycopersicoides (1yco).
Haplotypes apply to the first species listed. *: LYKS has a truncated kinase domain
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Table 4: Sources for protein sequences used in LysM-RLK phylogeny analysis

Name Alt Name | Locus ID GenBank Source Database
AtLYK1 AtCERK1 | At3g21630 [40] TAIR10 [41]
AtLYK2 At3201840 [40] TAIR10 [41]
AtLYK3 At1g51940 [40] TAIR10 [41]
AtLYK4 At2g23770 [40] TAIR10 [41]
AtLYKS At2g33580 [40] TAIR10 [41]
LjNFR1 CAE02589.1 [10] [42]
LjNFR5 CAE02597.1 [10] [42]

LjLYS1 AB503681 [10] [42]
LjLYS2 AB503682 [10] [42]
LjLYS3 AB503683 [10] [42]
LjLYS4 AB503684 [10] [42]
LjLYS5 AB503686 [10] [42]
LjLYS6 AB503687 [10] [42]
LjLYS7 AB503688 [10] [42]
LjLYS11 AB503689 [10] [42]
LjLYS12 AB503690 [10] [42]
LjLYS13 AB503691 [10] [42]
LjLYS14 AB503692 [10] [42]
LjLYS15 AB503693 [10] [42]
LjLYS16 AB503694 [10] [42]
LjLYS20 AB503695 [10] [42]
LjLYS21 AB503696 [10] [42]

MtNFP MtNFRS Medtr5g019040.1 [9] Mt4.0v2 [43]
MtLYK1 Medtr5g086540.1 [9] Mt4.0v2 [43]
MtLYK2 Medtr5g086310.1 [9] Mt4.0v2 [43]
MtLYK3 Medtr5g086130.1 [9] Mt4.0v2 [43]
MtLYK4 Medtr5g086120.1 [9] Mt4.0v2 [43]
MtLYKS Medtr5g086090.1 [9] Mt4.0v2 [43]
MtLYKG6 Medtr5g086040.1 [9] Mt4.0v2 [43]
MtLYK?7 Medtr5g086030.1 [9] Mit4.0v2 [43]
MtLYKS Medtr2g024290.1 [9] Mt4.0v2 [43]
MtLYK9 Medtr3g080050.1 [9] Mt4.0v2 [43]
MtLYK10 Medtr5g033490.1 [9] Mt4.0v2 [43]
MtLYRI1 Medtr8g078300.1 [9] Mt4.0v2 [43]
MtLYR2 Medtr1g021845.1 [9] Mt4.0v2 [43]
MtLYR3 Medtr5g019050.1 [9] Mt4.0v2 [43]
MtLYR4 Medtr5g085790.1 [9] Mit4.0v2 [43]
MtLYRS5 Medtr7g079350.1 [9] Mt4.0v2 [43]
MtLYR6 Medtr7g079320.1 [9] Mt4.0v2 [43]
MtLYR7 Medtr3g080170.1 [9] Mt4.0v2 [43]
OsLYK1 LOC _0s01g36550 [40] TIGR7 [44]
OsLYK2 LOC_0s06g41980 [40] TIGR7 [44]
OsLYK3 LOC _0s06g41960 [40] TIGR7 [44]
OsLYK4 LOC_0s02g09960 [40] TIGR?7 [44]
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OsLYKS5 LOC_0s03g13080 [40] TIGR7 [44]

OsLYKG6 LOC Os11g35330 [40] TIGR7 [44]

SILYK1 | Bti9 Solyc072049180.2.1 [11] ITAG2.4 [45]
SILYK2 Solyc02g094010.1.1 [11] ITAG2.4 [45]
SILYK3 Solyc03g121050.2.1 [11] ITAG2.4 [45]
SILYK4 Solyc02g089900.1.1 [11] ITAG2.4 [45]
SILYKG6 Solyc12¢089020.1.1 [11] ITAG2.4 [45]
SILYK7 Solyc02g089920.1.1 [11] ITAG2.4 [45]
SILYKS Solyc09¢083200.2.1 [11] ITAG2.4 [45]
SILYK9 Solyc09g083210.2.1 [11] ITAG2.4 [45]
SILYK10 Solyc02g065520.1.1 [11] ITAG2.4 [45]
SILYK11 Solyc02g081040.2.1 [11] ITAG2.4 [45]
SILYK12 Solyc02g081050.2.1 [11] ITAG2.4 [45]
SILYK13 Solyc01g098410.2.1 [11] ITAG2.4 [45]
SILYK14 Solyc062069610.1.1 [11] ITAG2.4 [45]
SILYK15 Solyc11g069630.1.1 [7] ITAG2.4 [45]

All amino acid sequences analyzed in this study were obtained from publicly available databases as
indicated in the database column.
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Fig. 1 LysM-RLK phylogeny and functions

Maximum likelihood phylogeny and functions of LysM-RLKs from Solanum lycopersicum (SI),
Arabidopsis thaliana (Af), Lotus japonicus (Lj), Oryza sativa (Os), and Medicago truncatula (Mt).
Gene functions are indicated: defense against fungi (F), bacteria (B), and oomycetes (O) and
symbiosis with rhizobia (R) and myccorhiza (M). LysM-RLKs form three clades. Red and black arcs
indicate groups of proteins with distinct LysM domain sequences. Functions verified by mutation
phenotypes are indicated by check marks. Functions inferred by differential expression are indicated
by gray circles. Citations for sources of functional information are shown in brackets.
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Fig. 2 Condensed Group III LysM-RLK BLAST hit phylogeny and Order phylogeny

Homologs of known Group III LysM-RLKs are found in several species throughout the Rosids (R).
The vertical length of the triangles corresponds to number of genes found in the clade (e.g. three in
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the Malvales clade and two in the Cucurbitales clade). Each species had two to five BLAST hits each,

but fifteen were found in Eucalyptus grandis. Hits from Malpighiales and orders within the Malvids
(M) have an ambiguous relationship, and one sequence from Trema orientalis reliably groups with
genes from Momordica charantia, a species in a closely related order within the Fabids (F). Order

phylogeny is based on Sun et al. [27].
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Fig. 3 Unrooted phylogeny of individual LysM-RLK domains

Phylogeny of amino acid sequences of each of the three LysM-RLK protein domains from each of the
LysM-RLKs of Solanum lycopersicum (SI), Arabidopsis thaliana (At), Lotus japonicus (Lj), Oryza
sativa (Os), and Medicago truncatula (Mt). First, second, and third domain sequences generally
cluster in clades with others of the corresponding domain, but the first and third domains do not form
separate clades. Especially long branches lead to the first and second domains of two groups of genes
of interest. Domain sequences from the first group are highlighted in red: A/LYK3, SILYK3, LjLYS4,
and LjLYSS. The second group is highlighted in black: OsLYK1, MfLYK10, SILYK 14, and LjLYS3.
The third domain of OsLYK1 and first domain of LjLYS3 are separated from the corresponding
domains of the second group.
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Fig. 4 Amino acid logos of LysM-RLK domains

Logos of LysM-RLK LysM domains, with those of A7LYK3, SILYK3, LjLYS4, LjLYS5, MLYK10,
OsLYK1, LjLYS3, and SILYK14 logos computed separately. The third domains of both sets of
sequences share conserved amino acids, while first and second domains of the two sequence sets
share few conserved amino acids.
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Fig. 5 Phylogeny of wild tomato S/LYKS and S/LYK9 orthologs with intact kinases

This phylogeny includes S/LYKS and S/LYK9 BLAST hits which extend past the point of SILYKS
truncation. Three sequences from Solanum peruvianum and Solanum chilense with intact kinase

domains more closely match Solanum lycopersicum LysM-RLK S/ILYKS than SILYKO in terms of both
phylogeny and percent identity.
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Additional File 1 Figure S1 Full tree of Group IIIl BLAST hits

This phylogeny is identical to the Group III BLAST hit phylogeny in Fig. 2, but the sequence names
have not been condensed. Names of the genes’ species of origin have been appended to the original

names from NCBI, and special characters (spaces and colons) have been removed. (PNG)
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Additional File 2 Figure S2 Phylogeny of known LysM-RLKs and the Group Il Eucalyptus grandis
sequences

Phylogeny of Eucalyptus grandis (Eg) LysM-RLK amino acid sequences and known LysM-RLKs
from Solanum lycopersicum (SI), Arabidopsis thaliana (At), Lotus japonicus (Lj), Oryza sativa (Os),
and Medicago truncatula (Mt). The Eucalyptus grandis LysM-RLKs discovered in BLAST searches
with Group III LysM-RLK queries are most closely related to the Group III LysM-RLKs. (PNG)

52



Additional File 3 Figure S3 Phylogeny of LysM-RLK domains with all names visible

This phylogeny is identical to the phylogeny in Fig. 3, but all names are clearly visible. The
phylogeny is unrooted but is shown in rectangular format. (PNG)
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Additional File 4 Figure S4 Phylogeny of reliably aligned individual LysM-RLK domains

Phylogeny of amino acid sequences of the LysM-RLK LysM domains which scored 0.80 or higher
when evaluated with GUIDANCE. Each of the first domains scored poorly, and all were omitted. All
third domains were included. Second domains of genes highlighted in red and black were omitted.

The second and third domains of the sequences included form distinct clades. (PNG)

[included in the digital version of this thesis only]

Additional File 5 SILYKS ortholog sequences generated for this study

This is a fasta-formatted text file containing the sequences generated from reads from several wild
tomato species (Solanum peruvianum: peru, Solanum chilense: chil, Solanum lycopersicoides:lyco,
and Solanum ochranthum: ochr) which were mapped to the region corresponding to S/LYKS in
Solanum lycopersicum. Unlike the rest of the LysM-RLK orthologs obtained from [30], these
sequences were assessed with a minimum read depth of five sequences. The rest of the mapping

procedure was the same as that used for the other sequences.
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