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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 CLE40. 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 (SlLYK3) set itself apart as a particularly 

interesting candidate for further study. A bioinformatic analysis found that orthologs of SlLYK8 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 III – was previously assumed to have representatives 

in only two closely-related species, and further analysis has found them throughout diverse Rosid 

species. 
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2 Zusammenfassung 
Während des letzten Jahrhunderts haben fortgeschrittene quantitative Methoden es ermöglicht, 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 ermöglicht. Die in dieser Dissertation beschriebene 

Arbeit ist eine Anwendung mathematischer Modelle und evolutionstheoretischer Analysen auf 

Netzwerke von Zelloberflächenrezeptor-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 ermöglichte Einsichten 

in das Netwerk von Transkriptionsfaktoren und Peptiden, welche Zellschicksal-Entscheidungen 

regulieren. Die Modelle basierten auf experimentellen Ergebnissen über Wildtyp-Pflanzen und etlichen 

Mutanten sowie Überexpressions-Linien. Das erste Modell, welches eine einzige Zelle ohne 

Kommunikation mit anderen Zellen simulierte, war dazu gedacht, Zellschicksale vorherzusagen wenn 

anfängliche Konzentrationen der folgenden Zellschicksal-Regulatoren gegeben waren: WOX5-

abgeleitetes Signal und Peptid CLE40. Dieses Modell konnte nicht die drei Zellschicksale beschreiben. 

Die Tatsache dass ein zweites Modell, welches eine Säule von Columella-Zellen simulierte, die 

experimentellen Ergebnisse wiedergeben konnte, hebt die Wichtigkeit interzellulärer Kommunikation 

zur Erlangung robuster Muster von langlebigen Stammzellen hervor. Nachdem ein neues Experiment 

durchgeführt worden war, welches zeigte dass WOX5 und das abgeleitete Signale nicht notwendig für 

das Erhalten des Stammzellschicksals notwendig ist, wurde ein Drittes Modell erzeugt. Dieses zeigte die 

Plausibilität der Existenz eines weiteren Stammzellschicksal-Regulators, der eine ähnliche Rolle wie 

WOX5 annimmt. 

Statistische Modelle zur Beantwortung populationsgenetischer Fragen wurden benutzt, um die Effekte 

verschiedener Arten natürlicher Selektion in den Sequenzen wilder Tomatenpflanzen zu untersuchen, 

insbesondere von LysM-RLKs (LYKs/LYRs). Die Gene in dieser Familie kodieren für Rezeptoren, die eine 

Schlüsselrolle sowohl für die Pflanzenabwehr als auch für Symbiose spielen. Durch phylogenetische 

Analysen, Tests auf natürliche Selektion und einem Maß für die Varianz in verglichenen Gruppen von 

Sequenzen, stach Solanum lycopersicum LYK3 (SlLYK3) als ein besonders interessanter Kandidat für 

weitere Untersuchungen hervor. Eine bioinformatische Analyse zeigte, dass Orthologe von SlLYK8 eine 

intakte Kinasedomäne in zwei Spezies wilder Tomaten haben, obwohl diese in kultivierten Tomaten 

verkürzt ist. Eine phylogenetische Analyse von drei Kladen von LysM-RLKs löste die mehrdeutige 

Beziehung, die zwischen den Kladen in bisherigen Phylogenien gefunden worden war. Von der dritten 
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Klade – Gruppe III – 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 position1[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 yield 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 protein2 [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. 𝜋, 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 𝜋  for synonymous and non-synonymous differences (𝜋𝑠 and 𝜋𝑎 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 𝜋𝑎 is less than 𝜋𝑠, 

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 

(or less-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 𝜋𝑎 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. 
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than 𝜋𝑠 , 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 𝜋𝑎/𝜋𝑠 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 χ2 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 phylogeny1. 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 

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. 
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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 

data is 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 
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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 
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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 PTI 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) domain1 (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 I 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 
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.  
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domains, and they have 10-12 exons (translated sections of the gene, which are separated by 

untranslated parts of the gene called introns). Group II genes have several mutated and presumably 

non-functional kinase domains [26]; each Group II 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 III 

genes have a combination of these features: they have fewer exons like the genes in Group II, but they 

have classically conserved kinase domains like those in Group I [26]. Genes belonging to Groups I and II 

are found throughout diverse land plant species, but Group III 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 III LysM-RLKs in M. truncatula have 

suggested that Group III may have arisen from the fusion of a gene region containing the LysM domains 

of a Group II 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 III, 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 III, however, have not 

had strong bootstrap support for the closer relationship between Group II and Group III 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) 
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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. 
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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) a network 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) a versatile 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. 
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6 Summary of the obtained results 

6.1 Publication I 

To gain insight into primary root meristem genetic regulation, I 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 I 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 SlLYK3 orthologs: unlike most SlLYK 

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 SlLYK3 

(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 SlLYK8 orthologs was found to have 

undergone purifying selection, which was a surprising result due to the presumed lack of functionality 

of SlLYK8. Further analysis revealed that, unlike SlLYK8, 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 III and Group II clades of LysM-RLKs very likely share an ancestor that is more recent than 

those between Group I and Group II. A BLAST search of the four previously known Group III LysM-RLKs 

identified a further 88 protein sequences from 24 genera as putative Group III 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 

SlLYK3 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 SlLYK3 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 III LysM-RLKs are more 

closely related to Group II LysM-RLKs than to Group I LysM-RLKs. Additionally, it recommended SlLYK3 

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 II, the bootstrap values of the LysM-RLK whole protein 

sequence phylogeny were a convincing piece of evidence that Group III LysM-RLKs are more closely 

related to Group II 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 

SlLYK8 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 SlLYK3 extracellular domain as a likely conserved, distinct, 

and important perceiver of microbial signals, a prime candidate for further exploration. 
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under the Creative Commons CC BY license. 
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Abstract: 

Background: The LysM receptor-like kinases (LysM-RLKs) 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 LYK8 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 SlLYK3, 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 Eucalyptus 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, SlLYK3 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 

CERK1 (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-

RLKs 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-RLKs 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 SlLYK3 orthologs show evidence of strong purifying selection, and, 

although the kinase domain of SlLYK8 is truncated in cultivated tomato, we find that this is not the 

case for orthologs in wild tomato species.  

 

Results 

Group III LysM-RLKs 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-RLKs 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 et 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-RLKs 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 III 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 II. 

 

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, MtLYR5, and MtLYR6) 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 

QGGY 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.  

 

SlLYK3, AtLYK3, LjLYS4, and LjLYS5 LysM domains are distinct from those 

of other LysM-RLKs 
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 

SlLYK3, 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 SlLYK3, AtLYK3, LjLys4, and LjLYS5 and another group 

OsLYK1, SlLYK14, 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 SlLYK3 Orthologs Have Undergone Purifying and Possibly 

Directional Selection 
To evaluate the evolutionary history of the LysM-RLKs 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% (LYK6) in S. chilense and 0.08% (LYK3) to 1.4% (LYK6) in S. peruvianum. The synonymous 

nucleic polymorphism at the LysM-RLK genes ranged from 0.64% (LYK8) to 2.5% (LYK6) in 

S. chilense and 0.87% (LYK8) to 2.4% (LYK6) 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 (𝜋𝑎) and synonymous (𝜋𝑠) pairwise differences is often used to gauge the 

impact of natural selection on sequences. For most genes, 𝜋𝑎/𝜋𝑠 was higher in the extracellular 

domain than in the intracellular/kinase domain. Orthologs of SlLYK3 stand out as the only set of 

LysM-RLK genes in our analysis with comparable or lower  𝜋𝑎/𝜋𝑠 in their extracellular domain 

sequences than those of the intracellular domain. This indicates that the sequences coding for the 

SlLYK3 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, SlLYK1, SlLYK3, and SlLYK8, the McDonald-Kreitman 

test indicated deviations from the neutral expectation in several comparisons (Table 2). For the 

SlLYK3 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 Šidák correction [31] requires a p-value of 0.0023 or less for a 

5% significance threshold. The lowest p-value for an individual test – SlLYK3 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 SlLYK3 orthologs 

have undergone directional selection between S. peruvianum and S. ochranthum. 

 

SlLYK8 orthologs with intact kinase domains exist in wild tomatoes 
In our analysis of intracellular and extracellular 𝜋𝑎/𝜋𝑠, we observed possible strong purifying 

selection in the partial kinase domains of wild tomato SlLYK8 orthologs. This would be inconsistent 

with the SlLYK8 orthologs having a truncated kinase like SlLYK8 itself, which is missing vital 

sequences within its kinase domain and is presumably not functional. In that case, SlLYK8 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 SlLYK8 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 SlLYK8 orthologs in de novo assemblies [30], which are not based on 

S. lycopersicum. To this end, SlLYK8 and the corresponding positions of SlLYK9 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 SlLYK8 and SlLYK9, no single sequence was assigned to 

both queries. Amino acid translations of sequences which extended beyond the position of SlLYK8 

truncation in S. lycopersicum were aligned, and this alignment was used to build a rooted maximum 

likelihood tree (Fig. 5). Three sequences matched SlLYK8 better than SlLYK9 and had kinase 

domains extending past the position of SlLYK8 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 SlLYK8’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-RLKs are more closely related to Group II LysM-RLKs 

than Group I LysM-RLKs. Group III LysM-RLKs are present in diverse Rosid species. SlLYK3 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 SlLYK orthologs. SlLYK3 wild tomato orthologs also 

show some indication of directional selection. Further, complete kinase domains are present in several 

SlLYK8 wild tomato orthologs. 

It is still unclear whether all wild tomatoes have SlLYK8 orthologs with intact kinase 

domains, but its presence in both S. peruvianum and S. chilense shows that some wild tomatoes do. 

Other SlLYK8 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. lycopersicum genome due to bottlenecks 

introduced by selective breeding makes this a more likely scenario [32]. 

Overall, our study suggests that SlLYK3 is an especially interesting candidate for further 

study. There is currently no data on the functionality of SlLYK3, but its close relative in A. thaliana 

AtLYK3 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 SlLYK3 orthologs in S. chilense, coupled with the 

distinctness of its LysM domains, it is an interesting candidate for further exploration of its ligands. 

Like AtLYK3, 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. truncatula 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 I. Newly identified Group III 

LysM-RLKs were found in a variety of species in the Rosids. The kinase domain of SlLYK8 

homologs is intact in at least some species. We suggest that SlLYK3 is a prime candidate for ligand-

binding and functional analysis, owing to its close relationship to the multi-functional AtLYK3, 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 SlLYK8 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: 

◦ 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 LA2930 were excluded from analyses of the SlLYK8 

homologs, due to evidence of likely mismapping of sequences from SlLYK9 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 8; 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 SlLYK8 homologs 
Two nucleotide BLAST searches [25] were performed against the de novo transcriptomes from 

Beddows et al. [30]: one with SlLYK8 as the query and one with the corresponding positions of 

SlLYK9 as the query. Percent identity was used to measure the quality of the hits to SlLYK8 and 

SlLYK9. All hits with at least 1000 nucleotides and 97% or greater identity to either SlLYK8 or 

SlLYK9 were used for further analysis. The sequences were translated in six frames and aligned 

together with SlLYK8 and SlLYK9. Translations which covered more than 40% of the SlLYK8 

domain and extended past the position of SlLYK8 truncation were included in the alignment. 

 

BLAST Procedure for Group III LysM-RLK homologs 
LjLYS20, LjLYS21, MtLYR5, and MtLYR6 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 

Sl: Solanum lycopersicum 
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Tables 

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

Short 

name 

NCBI non-redundant protein sequence 

EgLYK1 gi|1091493514|ref|XP_010026290.2| PREDICTED: wall-associated receptor kinase-like 10 

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

EgLYK3 gi|1091501059|ref|XP_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 

EgLYK5 gi|629092723|gb|KCW58718.1| hypothetical protein EUGRSUZ_H013631, partial 

EgLYK6 gi|629092727|gb|KCW58722.1| hypothetical protein EUGRSUZ_H01368 

EgLYK7 gi|629092728|gb|KCW58723.1| hypothetical protein EUGRSUZ_H01369 

EgLYK8 gi|629093021|gb|KCW59016.1| hypothetical protein EUGRSUZ_H01642 

EgLYK9 gi|629093022|gb|KCW59017.1| hypothetical protein EUGRSUZ_H01643, partial 

EgLYK10 gi|629093024|gb|KCW59019.1| hypothetical protein EUGRSUZ_H01646 

EgLYK11 gi|629093026|gb|KCW59021.1| hypothetical protein EUGRSUZ_H01648 

EgLYK12 gi|629093027|gb|KCW59022.1| hypothetical protein EUGRSUZ_H01649 

EgLYK13 gi|702436539|ref|XP_010070126.1| PREDICTED: wall-associated receptor kinase-like 10 

EgLYK14 gi|702453754|ref|XP_010026289.1| PREDICTED: protein LYK5 

EgLYK15 gi|702510373|ref|XP_010040652.1| PREDICTED: wall-associated receptor kinase-like 1 

Group III LysM-RLKs LjLYS20, LjLYS21, MtLYR5, and MtLYR6 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. 

Seqs 

No. 

Sites 

Haplotypes π(non,syn,silent) 𝝅𝒂/𝝅𝒔  S MK 

p-value 

LYK1  1881      

chil v ochr 17 v 1  13 0.0027 (0.0016, 0.0059, 0.0059) 0.28 19 0.062 

chil  v lyco 17 v 1   0.0027 (0.0016, 0.0059, 0.0059) 0.28  0.026 

peru v ochr 17 v 1  15 0.0049 (0.0026, 0.0118, 0.0117) 0.22 43 0.185 

peru v lyco 17 v 1   0.0049 (0.0026, 0.0118, 0.0117) 0.22  0.146 

LYK3  1992        

chil v ochr 17 v 1  16 0.0046 (0.0011, 0.0160, 0.0159) 0.07 37 0.036 

chil  v lyco 17 v 1   0.0046 (0.0011, 0.0152, 0.0151) 0.07  0.718 

peru v ochr 16 v 1  15 0.0056 (0.0008, 0.0211, 0.0209) 0.04 51 0.005 

peru v lyco 16 v 1   0.0056 (0.0008, 0.0215, 0.0214) 0.04  0.822 

LYK4  1938        

chil v ochr 15 v 1  15 0.0080 (0.0061, 0.0138, 0.0137) 0.44 51 0.510 

chil  v lyco 15 v 1   0.0080 (0.0061, 0.0138, 0.0137) 0.44  0.760 

peru v ochr 16 v 1  16 0.0089 (0.0054, 0.0202, 0.0201) 0.26 80 0.275 

peru v lyco 16 v 1   0.0089 (0.0054, 0.0202, 0.0201) 0.26  0.336 

LYK6  1599        

chil v ochr 15 v 1  13 0.0151 (0.0119, 0.0246, 0.0246) 0.48 108 0.108 

chil  v lyco 15 v 1   0.0151 (0.0119, 0.0245, 0.0245) 0.48  0.069 

peru v ochr 8 v 1  8 0.0161 (0.0135, 0.0244, 0.0244) 0.55 87 0.118 

peru v lyco 8 v 1   0.0161 (0.0135, 0.0244, 0.0244) 0.55  0.064 

LYK8  1149        

chil v ochr 13 v 1  12 0.0048 (0.0044, 0.0064, 0.0064) 0.69 34 0.025 

ceru v ochr 17 v 1  16 0.0052 (0.0042, 0.0087, 0.0087) 0.47 55 0.026 

LYK9  1890        

chil v ochr 17 v 1  17 0.0073 (0.0042, 0.0174, 0.0176) 0.24 74 0.818 

chil  v lyco 17 v 1   0.0073 (0.0042, 0.0174, 0.0176) 0.24 73 0.604 

peru v ochr 17 v 1  17 0.0068 (0.0045, 0.0135, 0.0146) 0.33 79 0.813 

peru v lyco 17 v 1   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-/ 

Intracellular 

No. 

Seqs 

No. 

Sites 

Haplotypes π(non,syn,silent) 𝝅𝒂/𝝅𝒔  S 

LYK1        

chil v ochr Extracellular 17 v 1 699 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 17 v 1 699 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 17 v 1 699 12 0.0063 (0.0042, 0.0129, 0.0129) 0.33 21 

 Intracellular  1101 15 0.0043 (0.0018, 0.0117, 0.0116) 0.16 21 

peru v lyco Extracellular 17 v 1 699 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 17 v 1 705 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 17 v 1 705 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 16 v 1 705 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 16 v 1 705 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 15 v 1 801 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 15 v 1 801 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 

peru v ochr Extracellular 16 v 1 801 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 16 v 1 801 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 15 v 1 780 12 0.0146 (0.0132, 0.0198, 0.0198) 0.66 29 

 Intracellular  741 13 0.0150 (0.0105, 0.0265, 0.0265) 0.39 31 

chil v lyco Extracellular 15 v 1 780 12 0.0146 (0.0132, 0.0198, 0.0198) 0.66 29 

 Intracellular  741 13 0.0150 (0.0105, 0.0265, 0.0265) 0.39 31 

peru v ochr Extracellular 8 v 1 780 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 8 v 1 780 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 

LYK8         

chil v ochr Extracellular 13 v 1 771 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 17 v 1 771 13 0.0038 (0.0032, 0.0058, 0.0058) 0.55 16 

 Intracellular*  300 9 0.0047 (0.0035, 0.0101, 0.0101) 0.34 11 

LYK9         

chil v ochr Extracellular 17 v 1 774 14 0.0086 (0.0068, 0.0145, 0.0145) 0.47 22 

 Intracellular  1038 14 0.0060 (0.0020, 0.0199, 0.0202) 0.10 22 

chil v lyco Extracellular 17 v 1 774 14 0.0086 (0.0068, 0.0145, 0.0145) 0.47 22 

 Intracellular  1038 14 0.0060 (0.0020, 0.0199, 0.0202) 0.10 22 

peru v ochr Extracellular 17 v 1 774 14 0.0053 (0.0040, 0.0092, 0.0092) 0.44 25 

 Intracellular  1038 17 0.0082 (0.0051, 0.0168, 0.0188) 0.30 32 

peru v lyco Extracellular 17 v 1 774 14 0.0053 (0.0040, 0.0092, 0.0092) 0.44 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 (lyco). 

Haplotypes apply to the first species listed. *: LYK8 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 
 

At3g01840 
 

[40] TAIR10 [41] 

AtLYK3 
 

At1g51940 
 

[40] TAIR10 [41] 

AtLYK4 
 

At2g23770 
 

[40] TAIR10 [41] 

AtLYK5 
 

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 MtNFR5 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] 

MtLYK5 
 

Medtr5g086090.1  [9] Mt4.0v2 [43] 

MtLYK6 
 

Medtr5g086040.1  [9] Mt4.0v2 [43] 

MtLYK7 
 

Medtr5g086030.1  [9] Mt4.0v2 [43] 

MtLYK8 
 

Medtr2g024290.1 
 

[9] Mt4.0v2 [43] 

MtLYK9 
 

Medtr3g080050.1 
 

[9] Mt4.0v2 [43] 

MtLYK10 
 

Medtr5g033490.1 
 

[9] Mt4.0v2 [43] 

MtLYR1 
 

Medtr8g078300.1 
 

[9] Mt4.0v2 [43] 

MtLYR2 
 

Medtr1g021845.1 
 

[9] Mt4.0v2 [43] 

MtLYR3 
 

Medtr5g019050.1 
 

[9] Mt4.0v2 [43] 

MtLYR4 
 

Medtr5g085790.1 
 

[9] Mt4.0v2 [43] 

MtLYR5 
 

Medtr7g079350.1 
 

[9] Mt4.0v2 [43] 

MtLYR6 
 

Medtr7g079320.1 
 

[9] Mt4.0v2 [43] 

MtLYR7 
 

Medtr3g080170.1 
 

[9] Mt4.0v2 [43] 

OsLYK1 
 

LOC_Os01g36550 
 

[40] TIGR7 [44] 

OsLYK2 
 

LOC_Os06g41980 
 

[40] TIGR7 [44] 

OsLYK3 
 

LOC_Os06g41960 
 

[40] TIGR7 [44] 

OsLYK4 
 

LOC_Os02g09960 
 

[40] TIGR7 [44] 
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OsLYK5 
 

LOC_Os03g13080 
 

[40] TIGR7 [44] 

OsLYK6 
 

LOC_Os11g35330 
 

[40] TIGR7 [44] 

SlLYK1 Bti9 Solyc07g049180.2.1 
 

[11] ITAG2.4 [45] 

SlLYK2 
 

Solyc02g094010.1.1 
 

[11] ITAG2.4 [45] 

SlLYK3 
 

Solyc03g121050.2.1 
 

[11] ITAG2.4 [45] 

SlLYK4 
 

Solyc02g089900.1.1 
 

[11] ITAG2.4 [45] 

SlLYK6 
 

Solyc12g089020.1.1 
 

[11] ITAG2.4 [45] 

SlLYK7 
 

Solyc02g089920.1.1 
 

[11] ITAG2.4 [45] 

SlLYK8 
 

Solyc09g083200.2.1 
 

[11] ITAG2.4 [45] 

SlLYK9 
 

Solyc09g083210.2.1 
 

[11] ITAG2.4 [45] 

SlLYK10 
 

Solyc02g065520.1.1 
 

[11] ITAG2.4 [45] 

SlLYK11 
 

Solyc02g081040.2.1 
 

[11] ITAG2.4 [45] 

SlLYK12 
 

Solyc02g081050.2.1 
 

[11] ITAG2.4 [45] 

SlLYK13 
 

Solyc01g098410.2.1 
 

[11] ITAG2.4 [45] 

SlLYK14 
 

Solyc06g069610.1.1 
 

[11] ITAG2.4 [45] 

SlLYK15 
 

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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Figures 

 

Fig. 1 LysM-RLK phylogeny and functions 

Maximum likelihood phylogeny and functions of LysM-RLKs from Solanum lycopersicum (Sl), 

Arabidopsis thaliana (At), 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 

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 (Sl), 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: AtLYK3, SlLYK3, LjLYS4, 

and LjLYS5. The second group is highlighted in black: OsLYK1, MtLYK10, SlLYK14, 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 AtLYK3, SlLYK3, LjLYS4, LjLYS5, MtLYK10, 

OsLYK1, LjLYS3, and SlLYK14 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 SlLYK8 and SlLYK9 orthologs with intact kinases 

This phylogeny includes SlLYK8 and SlLYK9 BLAST hits which extend past the point of SlLYK8 

truncation. Three sequences from Solanum peruvianum and Solanum chilense with intact kinase 

domains more closely match Solanum lycopersicum LysM-RLK SlLYK8 than SlLYK9 in terms of both 

phylogeny and percent identity. 
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Additional Files 

 

Additional File 1 Figure S1 Full tree of Group III 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 III Eucalyptus grandis 

sequences 

Phylogeny of Eucalyptus grandis (Eg) LysM-RLK amino acid sequences and known LysM-RLKs 

from Solanum lycopersicum (Sl), 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) 
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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 SlLYK8 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 SlLYK8 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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