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ABSTRACT 

For plants as sessile organisms effective signaling mechanisms are essential. 
Plants utilize signaling networks to receive cues from the environment and 
signal between cells. Various proteins and protein families are involved in the 
signaling networks in plants including receptor-like kinases (RLKs) and their 
related receptor-like proteins (RLPs). RLKs are typically located in the plasma 
membrane and transfer signals from the apoplastic space to the interior of the 
cell. The domain of unknown function 26 (DUF26) is a cysteine-rich protein 
domain involved in signaling. DUF26-containing proteins are a plant-specific 
protein family containing both RLKs and RLPs, including cysteine-rich 
receptor-like kinases (CRKs), plasmodesmata-localized proteins (PDLPs) and 
cysteine-rich receptor-like secreted proteins (CRRSPs).   

To facilitate investigation of the functions of DUF26 proteins, 
comprehensive phylogenetic and evolutionary analyses were combined with 
broad phenotypic analyses of crk mutants and structural investigation of two 
PDLPs from the model species Arabidopsis thaliana. These analyses revealed 
that DUF26-containing genes have a complex evolutionary history, including 
several steps of domain rearrangements and differential expansion and 
contraction patterns in different groups of plants and between different groups 
of CRKs, PDLPs and CRRSPs. CRKs were found to be involved in stress 
responses and development based on their loss-of-function phenotypes. The 
crystal structure of the AtPDLPs revealed a close structural homology between 
the DUF26 domain and fungal lectins, suggesting that DUF26 could be a 
carbohydrate-binding unit in plants. 

Annotation quality is crucial for virtually any type of sequence-based 
analysis, including phylogenetic estimation of relationships between genes, 
proteins and species. For this reason, the annotations of DUF26-containing 
genes were carefully curated in such a way as to facilitate the subsequent 
evolutionary analyses. Since most functional data is obtained from model 
species, only through thorough estimation of the relationships between 
proteins from different species we can reliably transfer information among 
species. In the future, as more functional information becomes available, the 
knowledge gained from this study will be applied in translational research 
between model species and crop species. 
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1 INTRODUCTION 

The genetic information of organisms is encoded in their nuclear and 
organellar genomes. Genomes consist of non-coding and coding regions. 
Information in genomic DNA encodes different types of RNA molecules, like 
non-coding RNA (including transfer RNA and ribosomal RNA) and genes, 
which store protein-coding information. Eukaryotic genes are comprised of 
exons and introns which are flanked by regulatory sequences in 5’ and 3’ 
untranslated regions (UTRs). Exons contain the coding information for the 
amino acid sequence of the protein. Introns are spliced out during the process 
by which a gene is transcribed into messenger RNA (mRNA) and further 
translated into protein (Figure 1). Alternative splicing of exons and introns can 
produce different variants of proteins and provides flexibility that increases 
the adaptation potential in organisms (Lewin, 2008). 

 

 

Figure 1 Eukaryotic gene and mRNA structure. The promoter region is located in 5’ direction 
from the gene. The transcribed region contains 5’ UTR, exons (E), introns (I) and 3’UTR. After 
transcription the primary mRNA is capped at the 5’ end and a poly-A tail is added to the 3’ end. 
Then the introns are spliced out. Start and stop codons define the coding region (CDS) which 
contains information on the amino acid sequence of the coded protein from exons. 

1.1 SPECIFIC FEATURES OF PLANT GENOMES 

 
Plants are sessile organisms and are therefore exposed continuously to 
external challenges to a different extent compared to mobile organisms, for 
example animals. This means that plants have to be able to adapt to the 
changes that occur at the location where they grow. Many features of plant 
genomes, like their large number of duplicated genes, repeats and 
transposable elements, and the modularity of protein domains, have been 
hypothesized to be linked to the need for rapid adaptation (Kersting et al., 
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2012; Niu et al., 2019). Polyploidy is also relatively common among plants. 
Approximately 31% of speciation events occured in ferns and 15% in 
angiosperms are estimated to be accompanied by an increase of the ploidy 
level (Wood et al., 2009). When compared to the frequency of polyploidy 
today, ancient whole genome duplication (WGD) events are rare (Van de Peer 
et al., 2009; Van de Peer et al., 2017). In plants, two main paleopolyploidy 
events have taken place, one shared across angiosperms approximately 192 
million years ago, and an older one which is common to all seed plants 
occuring about 319 million years ago (Jiao et al., 2011). Over the course of 
evolution following the polyploidy event, polyploids evolve into diploids by a 
process called diploidization (Van de Peer et al., 2009). Notably, plants can be 
autopolyploids, if polyploidy arises within a single species, or allopolyploids, 
if polypoidy results from hybridization between species. It is interesting and 
important to note that an individual plant species can also include both diploid 
and polyploid populations, for example Arabidopsis arenosa comprises 
populations of diploids and autopolyploids  (Arnold et al., 2015). Mixed-ploidy 
species provide an oppotunity to study the effects of polyploidization towards 
fitness and survival (Kolar et al., 2017). 

1.2 GENE FAMILIES AND THEIR EVOLUTION 

Genes, and their products, proteins, can be categorized on the basis of various 
physiological and molecular functions, cellular localization, domains and 
expression patterns. Different systems have been created for the purpose of 
categorization like Gene Ontology (GO) for gene functions and subcellular 
locatization (Ashburner et al., 2000; The Gene Ontology Consortium, 2019), 
as well as PFAM for defining protein domains (El-Gebali et al., 2019; 
Sonnhammer et al., 1997).  

One method that has traditionally been used to group genes, is based on 
their ancestry and evolutionary relationships, which can be estimated 
according to their sequence similarity. Genes which share similar sequences 
and ancestry are often grouped into so-called gene families. In plants, the 
overwhelming majority of genes are members of gene families (Guo, 2013). 
Gene families consist of two or more genes which share the same ancestry. 
Gene families can be shared between species but they can also be specific to 
certain species or groups of species (Martinez, 2011). The members of 
multigene families are recognized based on the similarities in their sequences 
and consequently, they often have similar domain compositions. Gene families 
can frequently be clustered into the superfamilies that share one or more 
domains of single ancestry. The receptor-like kinases (RLKs) in plants (Shiu 
and Bleecker, 2001b; Shiu et al., 2004) and the olfactory receptors (ORs) in 
vertebrates (Gaillard et al., 2004; Olender et al., 2008) are prominent 
examples of such superfamilies. However, it is important to note that the 
definition of a gene family is strongly context dependent. 
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1.2.1 BIRTH AND DEATH MECHANISMS 
Over evolutionary timescales, gene families grow and shrink in size. These 
evolutionary events can take place in several different ways among different 
genomes. Small-scale duplications (SSDs) affect only small areas of a genome 
and emerge through various mechanisms (Panchy et al., 2016). One or few 
genes can be locally duplicated by an unequal crossing-over event on a 
chromosome resulting in a tandem duplication. Duplicated gene pairs, that are 
not located in tandem repeats, can originate from transposon-mediated 
duplication or retroduplication where mRNA is reverse-transcribed into DNA 
and inserted into the genome.  In addition, small parts of a genome can be 
copied into other parts of the same or a different chromosome. This kind of 
duplication is referred as segmental duplication. The precise mechanisms 
behind segmental duplications are not well understood in plants. Small-scale 
duplications can produce duplicates of full-length genes, but alternatively 
partial duplications can occur resulting in truncated genes. Such partial 
duplicates can produce non-functional proteins but occasionally they lead to 
the evolution of new genes with novel functions (Katju and Lynch, 2006). 
Partial duplicates can also recruit sequences from other genes or surrounding 
genomic sequences which can increase the potential for new functions (Katju 
and Lynch, 2006; Zhou et al., 2008). Genes resulting from tandem 
duplications are more likely to diverge fast and be retained in the genome than 
the genes originating from multiplication of the whole genome (Qiao et al., 
2019). 

Multiplications of whole genomes are far less common than SSDs; that take 
place frequently in the genome. The most common type of whole genome 
multiplication (WGM) is WGD which doubles the chromosomes and 
subsequently the gene number. WGM are often followed by rapid gene loss 
(Inoue et al., 2015). Gene loss following WGM is called fractionation (Sankoff 
et al., 2015).  Genome rearrangement events may also increase after WGM, 
but rearrangement rates vary among species (Hufton and Panopoulou, 2009; 
Semon and Wolfe, 2007). 

Closely related genes that are present in multiple species, but only with a 
single copy in each species, are called single-copy genes. Single-copy genes are 
under strong selection against copy number variation in the genome and 
usually duplicates are removed after WGM (De Smet et al., 2013). This is likely 
related to their essential functions, e.g. maintaining genome stability and 
proper functions of organelles (Li et al., 2016a). Proteins with conserved 
functions can also belong to protein interaction networks where changes in the 
copy-number of interacting proteins can cause stoichiometric imbalances of 
the protein complexes leading to deregulation of signaling mechanisms and 
thus be selected against. This phenomena is called dosage balance (Veitia, 
2005). The outcome of the dosage balance depends on the duplication mode, 
SSDs usually duplicate only part of interaction genes and thus, the duplicates 
are removed. After WGD, all the members are duplicated in then the loss of 
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one member is unadvantageous and the duplicates are retained in the genome 
for longer evolutionary times than other genes (Birchler and Veitia, 2012).  

Duplicates from SSDs and WGMs that are kept in the genome can retain 
part of their ancestral function (subfunctionalization) or acquire novel 
functions (neofunctionalization). For example in fish, neofunctionalization 
has been detected in a receptor protein (Braasch et al., 2006) and 
subfunctionalization in the transcription factor PAX6 (Kleinjan et al., 2008), 
both duplicated in WGD. Sub- and neofunctionalization can both take place in 
the same duplicated gene, and subfunctionalization has been hypothesized to 
serve also as transition state to neofunctionalization (Rastogi and Liberles, 
2005). Regulatory changes in gene expression can precede or indicate neo- 
and subfunctionalization. Gene expression data from Arabidopsis thaliana 
indicates that 30% of duplicates originating from WGD and 38% of tandemly 
duplicated genes are neo- or subfunctionalized based on divergence on their 
gene expression (Liu et al., 2011). Duplicates can also turn into nonfunctional 
pseudogenes or can be lost with a fragment deleted from the genome. 

Several different models of gene family evolution have been suggested. 
These models include divergent evolution, concerted evolution and the birth-
death model (Eirin-Lopez et al., 2012; Nei and Rooney, 2005). Divergent 
evolution is oldest model of the gene family evolution and was based on the 
evolutionary patterns observed from hemoglobin α, β, γ, and δ chains and 
myoglobin (Ingram, 1961). It assumes that genes diverge gradually after 
duplication and gain new functions. When the gene family of ribosomal RNA 
was found to contain tandemly duplicated genes that were more similar within 
species than between species the model of concerted evolution was proposed 
(Arnheim et al., 1980; Coen et al., 1982). In concerted evolution, duplicated 
genes are kept similar by gene conversion which involves non-reciprocal 
recombination of a segment of DNA from the donor gene to the recipient gene 
(Nei and Rooney, 2005). Neither convergent nor concerted evolution models 
were able to explain all the features of gene family evolution and they were 
followed by the birth-death model (Ota and Nei, 1994). The birth-death model 
represents the gene gain and loss events in the gene family and the 
hallmarking features include the presence of pseudogenes and interspecific 
gene clusters in phylogenetic tree (Eirin-Lopez et al., 2012). 

1.2.2 DOMAIN COMPOSITION CHANGES 
Proteins can be considered to be operational units in a cell. However, many 
proteins can be further subdivided into protein domains. A protein domain is 
a part of the protein sequence that can be defined based on a conserved amino 
acid composition or structural region (Kelley and Sternberg, 2015). Proteins 
can consist of several domains, but there are also some proteins for which no 
domains have been defined to date. The domain composition of members of a 
single gene family is frequently similar, but domain swaps, gains and losses 
can occur, leading to the emergence of proteins with novel domain 
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compositions (Moore et al., 2008). These new domain compositions may 
produce proteins with novel physiological or biochemical functions. Partial 
duplications can result in loss of the domains. Partial duplications and genome 
rearrangements can also lead to exchanges of domains (domain swaps) and 
the acquisition of novel domains (domain gains). Domains within genes can 
also multiply by internal duplication, resulting in several copies of a domain 
within a single protein (Nacher et al., 2010). The exact mechanism producing 
internal duplications is not known, but the exon shuffling by nonhomologous 
recombination is one possible cause (Björklund et al., 2006).  

Novel domains may appear as the consequence of accumulated mutations 
over evolutionary time. As mutations accumulate, the similarity between 
domains decreases and new domains may be defined. However, novel domains 
can also arise de novo from previously non-coding genome sequences 
(Klasberg et al., 2018). This way of domain appearance is similar to the de 
novo appearance of novel genes. The exact mechanism behind the de novo 
origin of genes is not well understood, but it has been suggested that they 
evolve from non-coding sequences through a transitory protogene period 
(Carvunis et al., 2012). DNA sequences coding novel protein domain usually 
integrate at the terminal ends of genes, and can subsequently migrate to 
different positions resulting in different domain compositions according to a 
study analyzing insect genomes (Klasberg et al., 2018). In plants, the largest 
emergence of novel protein domains has taken place in the lineage leading to 
Embryophytes (Kersting et al., 2012). This could correlate with anatomical 
and physiological adaptations which enabled plants to conquer land and may 
have allowed ancestral plants to conquer new habitats and adopt new survival 
strategies.  

1.2.3 SELECTION AND GENETIC DRIFT 
Selection affects gene families at the gene but also at the genome level. 
According to the neutral theory (Kimura, 1983), most of the genetic changes 
contributing to sequence divergence between and within species are neutral or 
slightly deleterious. The theory assumes that most of these neutral or nearly 
neutral mutations may be fixed or lost via random genetic drift. The 
deleterious mutations happen, but they are removed by natural selection.  
Thus, in genes coding proteins with conserved protein structure and function, 
a major selective mechanism is purifying selection which acts against changes 
that would negatively affect the structure or the function (Cooper and Brown, 
2008). In contrast to this, positive directional selection is a rare but necessary 
step towards neo- or subfunctionalization and is critical for evolutionary 
change on the genetic, biochemical and physiological level. In particular, genes 
in tandem repeats are known to typically evolve first under positive selection 
before their fixation and conservation (Persi et al., 2016). Based on theoretical 
model, the recently duplicated gene, excluding genes under dosage balance, 
produces a weak selective advantage and can be positively selected and thus 
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retained in the genome (Rodrigo and Fares, 2018). The copy number variation 
of the gene family, via both gain and loss of the genes, can increase the adaptive 
potential of the species and be therefore positively selected (Katju and 
Bergthorsson, 2013). Similar to the point mutations with neutral effect, also 
copy number variation of the gene family can have so mild effect that the 
fixation of copies in the genome is dependent on the random genetic drift 
(Moore and Purugganan, 2003).   

1.2.4 PHYLOGENETIC RELATIONSHIPS 
The evolutionary relationships between different members of gene families or 
genes sharing common domains can be studied using phylogenetic 
approaches. Phylogenetic estimation is based on the similarities and 
differences between the subjects compared. In modern molecular biology the 
relationships between genes, individuals or species is frequently defined based 
on sequences or variable sequence based genetic markers like single 
nucleotide polymorphisms (SNPs) or restriction sites. In the case of genes this 
estimation can be done using either DNA or amino acid sequences. 

Phylogenetic trees illustrate evolutionary distances between species, which 
can be estimated in different ways. For genes and proteins the distances are 
estimated from the sequence alignments. The different methods for 
constructing phylogenetic trees utilize distance matrices, parsimony, 
maximum-likelihood and Bayesian approaches (Yang and Rannala, 2012). 
Phylogeny construction for large datasets is a so-called NP-hard problem; 
meaning that the computation of the correct tree is close to impossible with 
the current means. Thus, a phylogenetic tree representing the evolutionary 
relationships across a large dataset is an estimate. The reliability of this 
estimate can be evaluated using different methods, including testing the 
reproducibility of the tree by bootstrapping (Felsenstein, 1985) or using a 
different algorithm to estimate the tree. Estimating trees using different 
subsets of the data can also shed light on the reliability of a particular 
phylogenetic tree.  

Once a phylogenetic tree for a gene family is constructed, the relationships 
between gene family members can be interpreted. Comparison of a phylogeny 
of the species, which were included in the phylogenetic gene family tree, and 
the phylogeny of gene family members, will help to infer the origin of the 
genes. Between species, gene family members can be defined as orthologs or 
paralogs based on their origin (Koonin, 2005). Orthologous genes derive from 
the same ancestral gene and have been separated to different species due to 
speciation. Orthologs often retain similar functions in different species 
(Jensen et al., 2003). Recognizing orthologs is essential for functional studies 
where gene functions in one species are inferred and extrapolated based on 
findings in another species.  The molecular functions of genes are mainly 
known in model species like Arabidopsis thaliana or rice (Oryza sativa) and 
the available data can be transferred to other species when common orthologs 
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are known. Paralogs are genes originating from duplication events within 
species. They may also have similar functions, depending on the definition of 
function as physiological or biochemical: however, because the duplicates can 
sub- or neofunctionalize, the more time that has passed since a duplication 
event the more likely it is that the function of paralog has changed. 

1.3 RECEPTOR-LIKE KINASES AND RELATED 
PROTEINS 

Receptor kinases are a large gene family in plants. The genome of the model 
plant species Arabidopsis thaliana contains almost 950 kinases, close to 600 
membrane-bound kinases (RLKs) and almost 400 soluble kinases (Zulawski 
et al., 2014), and monocots also contain similar numbers (Dardick et al., 
2007). The existence of so many plant RLKs is possibly related to the sessile 
nature of plants. Protein kinases are involved in the very precise transduction 
of a plethora of signals through protein phosphorylation in plant cells but also 
most other eukaryotes (Cock et al., 2002; Stone and Walker, 1995). Plant RLKs 
are related to animal kinases, producing a superfamily containing the serine-
threonine-tyrosine kinases (Shiu and Bleecker, 2001b).  

Plant RLKs usually contain a signal peptide (SP), an ectodomain, a 
transmembrane region (TMR) and an intracellular region. Genes encoding 
receptor kinases usually contain a signal peptide in the beginning of the coding 
region. This part is cleaved off during synthesis and is not present in the 
mature protein. Most RLKs are localized to the plasma membrane and the 
ligand-binding ectodomain resides outside of the cell membrane in the 
extracellular space of the plant cell, commonly referred to as the apoplast. The 
TMR of the protein is the region which resides within the cell membrane. The 
intracellular region containing the kinase domain is located in the intracellular 
space of the plant cell.  

All RLKs have an intracellular protein kinase domain (Hanks et al., 1988). 
The main function of any protein kinase is phosphorylation of a substrate 
protein. Phosphorylation adds a phosphoryl group, which carries negative 
charge, to target protein (Stone and Walker, 1995). In plants, the amino acids 
phosphorylated by protein kinases, including RLKs, are mostly serines and 
threonines, but also tyrosines (Klaus-Heisen et al., 2011; Oh et al., 2009). 
Phosphorylation of the target protein can lead to structural rearrangements, 
changes in enzymatic activity, subcellular relocalization, protein stability or 
control of protein-protein interactions. Phosphorylation is a cost-effective way 
to initiate signalling as one ATP makes one signal. A kinase is commonly 
classified as active, if it contains all catalytic sites needed for phosphorylation, 
or inactive, if it has lost one or more of its residues required for activity in its 
catalytic sites due mutations (Kornev et al., 2006). Notably, protein 
phosphorylation is one of the most researched post-translational 
modifications and has been studied for over a century (Pawson and Scott, 
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2005). Yet, despite all the research effort the complexity of signal transduction 
by protein phosphorylation still provides a plethora of questions for 
researchers. 

 The different types of RLKs are related by their kinase domains. The 
kinases are connected to various different ectodomain types containing 
different domains which are typically used to group RLKs into smaller 
subfamilies (Shiu and Bleecker, 2003). Usually RLK subfamilies are named 
according to their ectodomain region. The most abundant RLK families in the 
plant genomes are leucine-rich receptor-like protein kinases (LRR-RLKs) (Liu 
et al., 2017; Torii, 2004). Kinases have fused to different ectodomains at 
different evolutionary different times, for example some LRR-RLKs were 
already present in algae (Liu et al., 2017), but CRKs are only present in 
vascular plants (I). 

There are proteins in plant genomes that resemble the ectodomains of 
several of the RLK subfamilies. These proteins are referred as receptor-like 
proteins (RLPs) (Shiu and Bleecker, 2003). RLPs are related to the RLK group 
and may either share their ancestry with a protein that originally fused with 
the kinase domain, or result from the loss of the kinase domain. In addition to 
RLPs there are receptor-like cytoplasmic kinases (RLCKs), which lack the 
ectodomain, but can function as co-receptors for RLKs (Liang and Zhou, 
2018). 

1.3.1 FUNCTIONS OF RLKS 
Plants use receptors to sense extracellular signals. In RLKs the ectodomain 
perceives signal in the apoplast leading to RLK activation and subsequent 
signal transduction events in the cytosol. RLKs have roles in many central 
processes including plant development, stress responses and hormone 
perception (De Smet et al., 2009; Osakabe et al., 2013; Shiu and Bleecker, 
2001a; Tör et al., 2009). Some of the best studied functions of RLKs in stress 
responses are related to the innate immunity of plants (Greeff et al., 2012; Wu 
and Zhou, 2013). The RLKs and RLPs can function as pattern recognition 
receptors (PRRs) that can recognize pathogen-originated or pathogen induced 
molecules, so-called microbe-associated molecular patterns (MAMPs) or 
damage-associated molecular patterns (DAMPs) (Boutrot and Zipfel, 2017; 
Couto and Zipfel, 2016; Ranf, 2017). One of the best known examples of such 
PRR is FLS2 that perceives flagellin (Gómez-Gómez and Boller, 2000). Often 
the receptor does not function alone. FLS2 also requires the co-receptor BAK1 
for ligand-induced activation (Chinchilla et al., 2007; Sun et al., 2013). 
Actually, various ectodomain-mediated interaction networks of different LRR-
RLKs have evolved for specific responses to different extracellular cues 
(Smakowska-Luzan et al., 2018). 
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1.4 DUF26-CONTAINING PROTEINS 

The domain of unknown function 26 (DUF26) is defined by a conserved 
cysteine motif (C-8X-C-2X-C) in its core (Chen, 2001). The domain is also 
referred to as stress-antifung domain, Gnk2-domain and is identified by the 
PFAM code PF01657. Genes containing this domain can be categorized into 
three main groups: cysteine-rich receptor-like secreted proteins (CRRSPs), 
plasmodesmata-localized proteins (PDLPs) and cysteine-rich receptor-like 
protein kinases (CRKs) (Figure 2).  

CRRSP contain a signal peptide (SP) followed by one or two DUF26 
domains. CRRSPs containing a single DUF26 are referred as sdCRRSPs. The 
best know example of an sdCRRSP is the GNK2 protein from the gymnosperm 
tree Ginkgo biloba. It has antifungal properties in vitro and the crystal 
structure of the protein has been resolved (Miyakawa et al., 2009). GNK2 
functions as a mannose-binding lectin (Miyakawa et al., 2014). CRRSPs from 
maize with a configuration of two DUF26 domains (ddCRRSPs) have recently 
been found to exhibit similar mannose-binding properties to GNK2 (Ma et al., 
2018) and may be involved in its response to pathogen infection. In addition, 
a rice CRRSP has been associated with the response to salt stress (Zhang et al., 
2009). 

PDLPs contain a single transmembrane region (TMR) in addition to SP and 
two DUF26 domains. They are found to localize to the plasmodesmata (Lee et 
al., 2011; Thomas et al., 2008), which are pore structures connecting the 
cytoplasm of plant cells through cell walls. The functions of PDLPs are likely 
to be related to the regulation of plasmodesmata and plasmodesmal 
permeability (Brunkard and Zambryski, 2017; Cui and Lee, 2016; De Storme 
and Geelen, 2014; Lee et al., 2011; Lim et al., 2016; Thomas et al., 2008).  

CRKs contain a SP, in most cases two DUF26 domains, TMR and a cytosolic 
protein kinase domain. A group of CRKs, which is unique to Selaginella 
moellendorffii, contains only a single DUF26 domain. Those Selaginella CRKs 
are referred to as sdCRKs (I). In addition, there are a few examples of CRKs 
with three or four DUF26 domains in the extracellular domain. The functions 
of CRKs are related to plant development and stress responses in Arabidopsis 
thaliana (Acharya et al., 2007; Burdiak et al., 2015; Chen et al., 2003; Chen et 
al., 2004; Hunter et al., 2019; Idänheimo et al., 2014; Lee et al., 2017; Tanaka 
et al., 2012; Wrzaczek et al., 2010; Xu et al., 2019; Yadeta et al., 2017; Yeh et 
al., 2015), Oryza sativa (Chern et al., 2016) and Hordeum vulgare 
(Rayapuram et al., 2012). CRKs encoding only the intracellular part of CRK 
(i.e. mainly kinase domain) are called cysteine-rich receptor-like cytoplasmic 
kinases (CRCKs) (Figure 2).  
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Figure 2 Main domain compositions of the DUF26 proteins. The CRKs have a typical RLK 
domain composition including the ectodomain (in case of CRKs it contains DUF26 domains), 
transmembrane region (TMR) and kinase domain. CRCKs have only the intracellular kinase 
domain. PDLPs contain the ectodomain and TMR and CRRSPs contain only one or two DUF26 
domains. Signal peptides are present in gene sequences but cleaved of from the mature 
proteins. 

1.5 GENE ANNOTATION 

1.5.1 GENE MODELS 
When a genome is sequenced, the sequence information, the reads, are 
assembled into contigs and pseudochromosomes and subsequently the coding 
portion of the genome is identified and annotated (Dominguez Del Angel et 
al., 2018). Protein coding genes are annotated as gene models. Based on the 
genome assembly, ab initio annotation programs (e.g. Augustus (Stanke et al., 
2008), GeneMark (Ter-Hovhannisyan et al., 2008), Glimmer (Delcher et al., 
1999)) can predict the most likely exon-intron structure and regulatory regions 
of a gene. The ab initio models and evidence from expressed genes, i.e 
transcripts and known genes from other species are combined using combiner 
programs, e.g. MAKER (Cantarel et al., 2008), thereby generating a predicted 
gene model. The gene model is an estimate of the likely gene structure and may 
not always be a correct representation of the real gene. The exon-intron 
structure can be verified by sequencing the mRNA product of the gene.  

One gene can be represented by more than one gene model as many genes 
have splice variants. This means that when mRNA is produced the exon-intron 
structure can be utilized in more than one way by alternatively splicing 
together different exons. This offers more variability to protein products from 
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one gene and may allow faster adaptation to different conditions. Thus, 
databases can contain more than one splice variant for one gene. These models 
are usually ranked according to evidence from the transcriptome so that the 
most prominent splice variant is called the primary transcript. Sometimes the 
longest transcript is named as primary, if no information is available about the 
presence of different transcripts is not available.  

1.5.2 AUTOMATED AND MANUAL ANNOTATION 
Gene models can be annotated either manually or produced by automation. 
Manual annotation involves a person searching for potential coding regions 
and annotating genes based on the available evidence manually themselves or 
by using a software program to help define exon-intron borders. Automated 
annotation in principle works the same way using a pipeline of programs and 
evidence defined by the user. Nowadays, genomes are annotated automatically 
as manual annotation would be far too time consuming. Even though the 
annotation programs are constantly improving, incorrectly annotated gene 
models are still present in databases. It is good practice to verify annotation 
quality by comparison with well-known sets of conserved genes or by manually 
verifying a subset of automatically annotated genes.  

Several types of evidence are used to support the process of automated 
annotation. The evidence used may be data from RNA sequencing, expressed 
sequence tags (ESTs) or existing gene models from related species. The quality 
of automated gene annotationof the genomecan be checked using a few well 
known gene sets of conserved single-copy genes:  ‘Benchmarking Universal 
Single-Copy Orthologs’ (BUSCO) (Simao et al., 2015) and ‘Core Eukaryotic 
Genes Mapping Approach’ (CEGMA) (Parra et al., 2007). This approach 
reflects the success of annotation of the orthologs of well-known single-copy 
genes and the quality of those annotations in terms of full-length versus partial 
annotation. This approach does not tell us about the quality and annotation 
coverage of the gene families. In plant genomes, the presence of a gene family 
can be compared to that of a set of known core gene families, to get an estimate 
of the annotation quality of the gene families (Li et al., 2016a; Veeckman et al., 
2016). 

1.5.3 ANNOTATION ISSUES AND MANUAL CURATION 
Gene models can contain several types of annotation defects. Most common 
types of annotation errors in DUF26 proteins were partial gene models or gene 
models with additional sequences (I and III). Partial gene models lack full or 
partial exons. The most common reasons for such annotation errors are gaps 
or assembly problems in the genome sequence. Sometimes a sequencing error 
in a single base can introduce a premature stop codon in the genome sequence 
causing problems for annotation algorithms. In addition, the evidence used in 
annotation can be partial and thus resulting in a partial gene model. An 
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additional sequence, which does not really belong to the gene, can be 
introduced to a gene model over short distances to nearby genes or open 
reading frames. In particular, tandemly repeated genes which are close to each 
other can cause challenges for annotation programs; as shown in the case of 
AtCRK16 and AtCRK17 where in previous annotations in TAIR10 the 
ectodomain of AtCRK16 was annotated as part of the AtCRK17 (Figure 3A). 

In rare cases different combinations of exons from tandemly repeated 
genes can also lead to a gene model that looks like the correct gene, but is 
actually a fused gene model built from exons of two or more separate genes 
(Figure 3B). Thus, examination of the intron lengths and genomic region of 
the tandem genes might be necessary to find all gene models.  

Genes can also escape annotation entirely: there are examples of re-
annotations of gene families where a large number of previously unannotated 
genes have been found. For example, in the re-annotation of the NB-LRR 
genes from potato (Solanum tuberosum), 317 new gene models were identified 
(Jupe et al., 2013) and in genome-scale re-sequencing, and similarly 
annotation of the wild strawberry (Fragaria vesca) lead to identification of 
631 new gene models and corrections to 39.3% of the existing gene models (Li 
et al., 2017). 
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Figure 3 Specific issues in gene annotation on tandemly duplicated genes located close to 
each other. A) The beginning of CRK16 was annotated as part of CRK17 resulting a truncated 
gene model for AtCRK16 and falsely identifying additional domains in the gene model for 
AtCRK17. B) The gene model was composed of the exons from 3 different genes. C) Only 
some of the genes located in the tandem repeat were annotated. 
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2 AIMS OF THE STUDY 

The main aim of this study was to resolve the evolutionary history of DUF26-
containing genes, to be able to give functional analyses an evolutionary 
perspective, and provide future opportunities to transfer functional 
information from model species to other species. The evolution of DUF26 
genes in plant kingdom was analysed in I and connected to the functions of 
CRKs in Arabidopsis thaliana described in II.  To achieve these goals, it was 
essential to use data of high quality. Thus, the annotation and curation of the 
gene models for evolutionary analyses was carried out carefully and this 
process is described in III, with annotation quality issues highlighted in IV. 
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3 MATERIAL AND METHODS 

3.1 PLANT GENOMES 

Study species were selected to cover as broad a diversity of the plant kingdom 
as possible from available sequenced plant genomes. Phylogenetic 
relationships among the species are presented in the Figure 4. A few species 
were excluded from the further analyses based on poor annotation quality 
(Table 1). To specifically check, whether CRK2 orthologs are also found to be 
tandemly duplicated in the wild relatives of cultivated tomato (Solanum 
lycopersicum), the genomes of Solanum lycopersicoides (The Solanum 
lycopersicoides Genome Consortium) and Solanum penellii (Bolger et al., 
2014) were searched using BLAST and by verifying the found gene models. 

 

Figure 4 Species tree presenting plant and algal genomes analysed for DUF26 genes. 
Phylogenetic relationships are based on the definitions from NCBI. 
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Table 1. Plant and algae genomes analysed for DUF26 genes. DUF26 genes were not 
identified from the algal and charophyte species. DUF26 genes from the genomes of Betula 
pendula, Hordeum vulgare and Nelumbo nucifera were manually annotated as prior gene 
models did not exist at the time of the annotation. The annotation quality was defined as good, 
if less than 20% of the final dataset of annotated DUF26 genes needed curation or manual 
annotation (i.e. were erroneously annotated or missing from the genome annotation version 
mentioned in the table), modarate if less than 60% and poor if more than 60%. The species 
marked with gray were not included in the evolutionary analyses due to quality problems. 

Species name Genome 
annotation 
version 

Annotation 
quality of 
DUF26 genes 

Reference 

Amborella trichopoda v1.0 Moderate (Amborella Genome 
Project, 2013) 

Aquilegia coerulea v1.1 Moderate (Filiault et al., 2018) 

Arabidopsis lyrata v1.0 Moderate (Hu et al., 2011) 

Arabidopsis thaliana TAIR10 Good (The Arabidopsis 
Genome Initiative, 
2000) 

Betula pendula v1.0 Manually 
annotated 

(Salojärvi et al., 2017) 

Brachypodium 
distachyon 

v3.0 Good (Int Brachypodium 
Initiative, 2010) 

Capsella rubella v1.0 Good (Slotte et al., 2013) 

Chlamydomonas 
reinhardtii 

v5.5 No DUF26 genes (Merchant et al., 
2007) 

Coccomyxa 
subellipsoidea 

v2.0 No DUF26 genes (Blanc et al., 2012) 

Cucumis sativus v1.0 Moderate Unpublished 

Hordeum vulgare v2.2 Manually 
annotated 

(Mascher et al., 2017) 

Klebsormidium flaccidum v1 No DUF26 genes (Hori et al., 2014) 

Marchantia polymorpha v3.1 Good (Bowman et al., 2017) 

Medicago truncatula Mt4.0v1 Moderate (Tang et al., 2014; 
Young et al., 2011) 

Micromonas pusilla v3.0 No DUF26 genes (Worden et al., 2009) 

Nelumbo nucifera v1 Manually 
annotated 

(Ming et al., 2013) 
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Oryza sativa v7 Good (Goff et al., 2002) 

Ostreococcus lucimarinus v2.0 No DUF26 genes (Palenik et al., 2007) 

Physcomitrella patens v3.0 Good (Lang et al., 2018) 

Picea abies v1.0 Moderate (Nystedt et al., 2013) 

Populus trichocarpa v3.0 Moderate (Tuskan et al., 2006) 

Prunus persica v1.0 Moderate (International Peach 
Genome Initiative, 
2013) 

Selaginella 
moellendorffii 

v1.0 Poor (Banks et al., 2011) 

Solanum lycopersicum iTAG2.4 Moderate (Tomato Genome 
Consortium, 2012) 

Solanum melongena r2.5.1 Moderate (Hirakawa et al., 
2014) 

Solanum tuberosum v3.4 Moderate (Potato Genome 
Sequencing 
Consortium, 2011) 

Sorghum bicolor v2.1 Moderate (Paterson et al., 2009) 

Spirodela polyrhiza v1 Moderate (Wang et al., 2014) 

Theobroma cacao v1.1 Moderate (Motamayor et al., 
2013) 

Vitis vinifera Genoscope.12X Poor (Jaillon et al., 2007) 

Volvox carteri v2.0 No DUF26 genes (Prochnik et al., 2010) 

Zea mays AGPv3 Moderate (Schnable et al., 2009) 

Azolla filiculoides v1.1 Poor (Li et al., 2018) 

Salvinia cucullata v1.2 Poor (Li et al., 2018) 

Lotus japonicus v3.0 Poor (Sato et al., 2008) 

Pinus taeda v1.01 Poor (Zimin et al., 2014) 
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3.2 GENE ANNOTATION 

Gene annotation was carried out as described in I and III. The importance of 
the annotation quality for analyses utilizing gene model information is 
discussed in IV. 

 

3.3 EVOLUTIONARY ANALYSES OF DUF26 PROTEINS 

Sequence-based analyses of protein family evolution and adaptation processes 
are described in I. 

 

3.4 PHENOTYPING OF CRKS 

The phenotypes of Arabidopsis thaliana crk loss-of-function mutants were 
characterized as described in II. 

 
  
 



 

27 

4 RESULTS AND DISCUSSION 

4.1  ANNOTATION QUALITY 

Annotation quality is an important factor in all downstream analyses utilizing 
the annotated gene models (Stein, 2001). The annotation quality of analysed 
plant genomes varied considerably. Genomes with several annotation versions 
like Arabidopsis thaliana and Oryza sativa had overall high annotation 
quality but still few annotation errors were nevertheless present. At the other 
end of the annotation quality spectrum were genomes including Lotus 
japonicus and the ferns Azolla filiculoides and Salvinia cucullata: the quality 
of their genome assembly and annotation was insufficient for gene family 
analyses, therefore they were excluded from the further analyses (Table 1). 
Pinus taeda was excluded due to the unreliable high number of gene models 
for DUF26 genes (364) compared to the other conifer species Picea abies.  

The annotation quality issues, such as partial and missing annotations, of 
DUF26-containing genes were overcome by manual curation and re-
annotation of these genes in the analysed plant genomes (the annotation 
process described in detail in III).  The effects of the annotation errors have 
been described in detail in IV. In the phylogenetic analyses, the erroneous or 
missing gene models can lead to false interpretation of the relationships 
between the analysed genes. 

In the analysis of the DUF26-containing genes, a main challenge of the 
annotation was to separate different domain compositions as gene model 
looking like CRRSP could erroneously be annotated PDLP or CRK. To 
overcome this problem species-specific trees were produced to spot the 
CRRSPs located within CRK or PDLP clades and these gene models were still 
separately verified to be CRRSPs. Part of CRKs and CRRSPs are clustered in 
tandem repeats in the chromosomes and this easily leads to problems in the 
gene annotation.  

4.2 EVOLUTIONARY HISTORY OF DUF26 GENES 

4.2.1 DUF26 IS SPECIFIC TO LAND PLANTS ON THE SEQUENCE 
LEVEL 

The 36 plant and algal genomes were analyzed for DUF26 domains. Based on 
the amino acid sequence, the DUF26 domain is only present in land plants and 
not found from algae, charophytes, fungi or animals (I). This specificity to 
plants at the sequence level was verified by also querying fungal and animal 
genomes. The non-coding sequence was also analysed, but nothing that could 
be ancestral to DUF26 was identified from algae or charophyta species. The 
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most ancestral form of DUF26 genes are sdCRRSPs. They might be de novo 
genes and their short length supports this hypothesis. The main features of de 
novo genes are their short length, low expression and high diversification 
compared to other genes (Li et al., 2016b). Alternatively, they could have 
evolved from other genes or domains, but that would have involved a drastic 
change at the sequence level. One more option is horizontal gene transfer from 
other species (Soucy et al., 2015). sdCRRSPs from the moss Physcomitrella 
patens and liverwort Marchantia polymorha are different from each other 
and from other plants indicating high diversification in early forms of the 
DUF26 domain between species. This is in line with the hypothesis that young 
domains evolve in less constrained manner than evolutionary older domains 
(Toll-Riera and Alba, 2013). In lycophytes and the lineages leading to ferns, 
gymnosperms and angiosperms the main features of the DUF26 domain are 
clearly conserved at the sequence level, this could indicate that they have 
conserved structure and function. After the duplication of the DUF26 domain, 
the DUF26-A and DUF26-B forms can be separated from each others (Figure 
2d in I) even though they both are still recognized as the same PFAM domain. 
The divergence of the two DUF26 domains may be the result of their evolution 
towards different functions. 

4.2.2 ORIGIN OF DIFFERENT DOMAIN COMPOSITIONS 
In the global phylogenetic tree of the DUF26 genes, two main groups, named 
as α and β, were found. The more basal genes grouped to α group and recently 
expanded genes produced β-group that branches out from the α-group. The 
phylogenetic tree was rooted to the sdCRRSPs from Selaginella moellendorffii 
as the various domain compositions of DUF26-containing proteins 
(ddCRRSPs, CRKs, PDLPs) have arisen from these relatively simple 
sdCRRSPs. In addition to the sdCRRSPs, the α-group included basal type of 
CRKs (bCRKs) and PDLPs. Gymnosperm-specific CRKs also belonged to this 
group. They were named as variable CRKs (vCRKs) to separate them from the 
basal clade of the CRKs, which includes genes from all species that have CRKs. 
The β-group included vCRKs from monocots and dicots and ddCRRSPs. 

CRKs are already present in lycophytes, with one DUF26 domain, 
indicating the fusion of sdCRRSP with the TMR and kinase domain. Lycophyte 
genomes also encode the typical CRK configuration with two DUF26 domains 
in the extracellular region. It is likely that TMR and kinase originate from the 
same source, for example another type of RLK since intermediate domain 
architectures are absent from the moss or lycophyte genomes. In the case of 
CRKs with the double-DUF26-domain configuration, it remains unclear 
whether the duplication of the DUF26 domain occurred in CRRSPs prior to 
fusion with the TMR and kinase domain or whether this duplication took place 
after the appearance of sdCRKs. However, the genome of Selaginella 
moellendorffii does not contain CRRSPs with double DUF26 domains, 
suggesting that this duplication is likely to have taken place in CRKs.  
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PDLPs are present in the genomes of gymnosperms and angiosperms. They 
are likely to have evolved from ddCRKs by loss of the protein kinase domain. 
They group close to gymnosperm-specific vCRKs in phylogenetic trees which 
could indicate that they have emerged from those CRKs before the split to 
gymnosperms and angiosperms. They could already be present in ferns, but 
there is not enough evidence to definitively draw this conclusion. The only 
supporting evidence is the partial gene model from fern Marsilea quandrifolia 
and it unfortunately lacks the TMR region. The latest fern genomes do not 
shed any light on this issue as the quality of their DUF26 annotation is very 
low. 

The variable group of DUF26 genes contains CRRSPs and few sdCRRSPs 
which have emerged following loss of the TMR and kinase domains.  In the 
case of secondary sdCRRSP, one DUF26 is also lost. These losses may have 
happened once or in several steps: for example the kinase domain could have 
been lost prior the loss of TMR.  However, we did not find clear intermediate 
forms, which would suggest that losses mainly happened in one step. 

Domain loss is more likely for domains located at the end of the gene 
(Weiner et al., 2006), as the C-terminal loss does not affect transcriptional 
regulation and the transcription starting site. Still, the CRCKs have emerged 
at least three times by losing the ectodomain region and TMR of CRKs. Most 
common of these CRCKs is the CRCK-I group shared across the angiosperms. 
They seem to be very strictly selected against duplications as they are present 
in angiosperms as a single copy gene. 

Fusion of CRRSPs with the TMR and kinase domain has taken place at least 
once. Based on their sequence similarity, the main kinase domain of CRKs 
shares the same ancestry as S-locus lectin and Leucine-rich repeat receptor-
like kinases from LRR clade 3 as defined in (Zulawski et al., 2014). However, 
grasses contain few CRKs that have a different protein kinase domain related 
to the kinase domain of Concanavalin-A RLKs and a different exon-intron 
structure compared to the majority of the CRKs (Figure 6b in I). This suggests 
that the kinase domain in this subgroup of CRKs has been exchanged with 
another kinase. Alternatively, the typical CRK kinase domain has been lost, 
followed by the subsequent fusion of ectodomain with a different kinase 
domain.  

Overall, the evolution of the domain compositions in DUF26-containing 
genes has been complex. It has included several domain fusions, losses, 
duplications and at least one domain swap (Figure 5). Domain rearrangements 
seem to be a continuous feature of this gene family, whereas the losses and 
internal domain duplications take place in more recently evolved genes. These 
modifications are likely to have provided material for adaptive evolution. 
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Figure 5 Domain composition rearrangements in DUF26-containing genes. DUF26 genes 
have undergone several domain fusion, loss, duplication and exchange events during their 
evolution. 



 

31 

4.3 FUNCTIONS OF THE DUF26 DOMAIN AND THE 
DUF26-CONTAINING PROTEINS  

The DUF26-containing proteins are involved in the regulation of plant 
development and stress responses. Least is known about the CRRSPs, but the 
few studies available associate them with defense against fungal pathogens 
(Ma et al., 2018; Miyakawa et al., 2014) and response to salt stress (Zhang et 
al., 2009). PDLPs have been described as localizing to the plasmodesmata, 
which is also the origin of their name. They are involved in the regulation of 
plasmodesmatal function for example via the control of callose deposition 
which controls plasmodesmal permeability (Cui and Lee, 2016). Thereby 
PDLPs participate in pathogen response (Caillaud et al., 2014) and symplastic 
intercellular signaling (Brunkard and Zambryski, 2017; Lim et al., 2016). They 
have also been identified as targets for viral movement proteins (Amari et al., 
2010). CRKs are perhaps the best characterized subgroup of DUF26-
containing proteins. Based on gene expression analysis, CRKs have been 
linked with stress responses and reactive oxygen species (ROS) signaling 
(Wrzaczek et al., 2010). The phenotypes of crk mutants support their 
involvement in stress signaling but also in the regulation of plant development 
(II). In particular, several CRKs have been linked to immunity. Those CRKs 
include AtCRK13 (Acharya et al., 2007), AtCRK5 (Chen et al., 2003), AtCRK4, 
AtCRK19 and AtCRK20 (Chen et al., 2004), AtCRK4, AtCRK6 and AtCRK36 
(Yeh et al., 2015), AtCRK28 and AtCRK29 (Yadeta et al., 2017), AtCRK36 (Lee 
et al., 2017), HvCRK1 (Rayapuram et al., 2012) and OsCRK6 and OsCRK10 
(Chern et al., 2016). Other CRKs have been connected to ROS signaling, like 
AtCRK6 and AtCRK7 (Idänheimo et al., 2014) and AtCRK5 (Burdiak et al., 
2015). They are also involved in the responses to abiotic stress, for example 
AtCRK36 (Tanaka et al., 2012) and AtCRK2 (Hunter et al., 2019), while 
AtCRK16 and AtCRK36 may be associated with adaptation to climate 
conditions (Xu et al., 2019). 

A comprehensive analysis of the functions of the Arabidopsis thaliana 
CRKs was carried out by large-scale phenotyping of a loss-of-function mutant 
collection (II). This study included most AtCRKs; with the exceptions of only 
the putative pseudogene AtCRK35, the truncated AtCRK9 and three other 
CRKs, AtCRK27, AtCRK34 and AtCRK44, for which no homozygous T-DNA 
insertion lines were identified. Different biotic and abiotic stress treatments 
were used to investigate the role of CRKs. Furthermore, parameters assessing 
stomatal regulation, plant development and also photosynthesis were 
collected and analyzed. Overall, crk mutants displayed phenotypes in the 
response to various treatments compared to wild type plants (Figure 2 in II).  
Out of all the CRKs, bCRK crk2 showed the most striking phenotypes in 
comparison to wildtype plants. Even under control conditions, without any 
treatments, crk2 exhibited a dwarf-sized phenotype. It was also the only crk 
mutant to flower later than wild type plants. CRK2 has also been shown to play 
a role in seed germination (Bassel et al., 2011) and salt stress tolerance (Hunter 
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et al., 2019). Based on the analyses in I, bCRKs evolved according to the dosage 
balance hypothesis and notably CRK2 is present as a single or double copy in 
most plant species with exception of species from the family Solanaceae; 
tomato (Solanum lycopersicum)  and potato (Solanum tuberosum), which 
contain five and nine copies of CRK2, respectively. The reason for its 
expansion in these species in unknown, but could be linked to adaptation or 
random duplication rather than domestication, as the expansion was not 
found from the eggplant (Solanum melongena) genome but is present in the 
wild relatives of cultivated tomato, Solanum penellii and Solanum 
lycopersicoides. It is hypothesized, that the proteins coded by genes evolving 
under dosage balance have essential functions and a high number of protein-
protein interactions. Thus, the loss-of-function mutants for these genes are 
predicted to show stronger phenotypes compared to mutants in other genes 
(Veitia, 2005). This was also the case for bcrk mutants when phenotypic data 
from the crk mutant collection (II) was re-analyzed based on the phylogenetic 
groupings in I (Figure 7e in I). Accordingly, the phenotypes of crk2 as bCRK 
support this hypothesis. 

Even though the DUF26 genes have been linked with different biological 
responses and processes including stress response and development, their 
biochemical and mechanistic functions are poorly understood. The CRKs 
possess an intracellular protein kinase domain which is predicted to 
phosphorylate a set of substrate proteins. However, the substrates for most 
CRKs have not been identified and the large number of CRKs and their high 
sequence similarity suggests that they may have strongly overlapping sets of 
substrates, which may further complicate substrate identification. Unlike the 
protein kinase domain, very little is known about the DUF26 domain. 
Previously, structural data has only been available for a DUF26 protein with a 
single DUF26 domain, the sdCRRSP GNK2 (Miyakawa et al., 2009). Unlike 
GNK2, most DUF26 proteins contain DUF26 domains in a tandem 
arrangement. The crystal structures of two PDLPs from Arabidopsis thaliana 
were resolved, facilitating functional analysis of the PDLP and CRK 
ectodomain (I). These two PDLPs belong to two different subclades of the 
PDLP-II main clade in higher plants and their structures have very high 
similarity. The individual DUF26 domains of both PDLPs also share strong 
structural similarity with GNK2. Unexpectedly, they also share strong 
structural similarity with two fungal lectins (i.e. carbohydrate-binding 
proteins) which on the sequence level were neither similar to each other nor 
with DUF26 proteins. This outcome can be result of convergent evolution 
producing similar structures and functions, or alternatively because they share 
a very ancient common origin but have since undergone a lot of changes in 
sequence level. 

GNK2 as well as two sdCRRSPs from maize have been described to bind 
mannose (Ma et al., 2018; Miyakawa et al., 2014). However, the tandem 
DUF26 arrangement found in AtPDLP5 and AtPDLP8 does not bind mannose 
in vitro (Supplementary Figure 13a in I). Even though the structures of 
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AtPDLP5 and AtPDLP8 are highly similar, the surface charges are very 
different (Figure 5b in I). This indicates that they could potentially bind 
different ligands. Many different carbohydrates or glycopeptides are present 
in the apoplast and PDLPs and accordingly DUF26-containing proteins, 
including CRKs, might bind a very diverse set of ligands. The specificity of a 
lectin is usually high (Iskratsch et al., 2009) and therefore identifying different 
ligands for all DUF26 proteins will be challenging. The situation is further 
complicated by recent reports that the RLK FERONIA, which contains 
malectin domains in its ectodomain, can bind peptide ligands (Haruta et al., 
2014; Stegmann et al., 2017) but also polygalacturonic acid, a carbohydrate 
and a key component of pectin (Feng et al., 2018). Taken together the evidence 
from structural analysis and known carbohydrate-binding of sdCRRSPs may 
suggest that the DUF26 domain functions as a lectin. However, this deduction 
will have to be verified in the future by detailed interaction studies. 

4.4 THE MODE OF EVOLUTION WITHIN DUF26 GENES 

In Arabidopsis thaliana, the CRKs were reported already by Shiu and Bleecker 
(2001b) as an extreme case of RLKs located in tandem repeats. These 
tandemly duplicated CRKs belong to vCRKs (I). Similarly, the AtCRRSPs are 
mostly located in tandem arrays. These tandem duplications are also lineage-
specific (Figure 3e in I). This indicates that more recently evolved genes in the 
β-group expand through lineage-specific tandem duplications. For example, 
Arabidopsis thaliana contains such an extremely recent CRRSP tandem 
repeat, that the genes within this region still have identical amino acid 
sequences. 

Genes in the α-group, sdCRRSPs, bCRKs, PDLPs and CRCK-Is, are of more 
ancient origin and typically distributed throughout the genomes. For the α-
group, WGDs are likely to be the main source of duplications with a few 
exceptions (for example CRK2 homologs in tomato and potato). They likely 
have more conserved functions and interaction partners and therefore evolve 
according to the dosage balance model. The duplicability of the genes 
belonging to gene family is also known to indicate their essentiality. The size-
conserved families, like the subgroups in the α-group, have lower evolutionary 
rates, a higher proportion of essential genes, higher expression levels and a 
higher proportion of broadly expressed genes, when compared to the members 
of families fluctuating in size (Chen et al., 2010). 

The different evolutionary modes of the α- and β-group of DUF26-
containing genes suggest that subfamilies within a single gene family can 
evolve in drastically different ways. This might be associated with the age and 
functional specialization of the genes involved. Older members of the gene 
family may have more specific functions and interaction partners, including 
ligands, substrates or co-receptors. This causes selective pressure to keep 
these proteins more similar and thus they evolve according to the dosage 
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balance model. More recently evolved genes are expanding through tandem 
duplications in a lineage-specific manner. Those genes have not yet diverged 
and likely overlap in their functions. During evolutionary time, these genes 
may acquire more specific functions which will subsequently drive them 
towards a dosage-balance mode of evolution. 
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5 CONCLUSIONS 

Adaptation and precise responses to environmental changes are absolutely 
necessary for plants as sessile organisms and therefore, specialized yet 
dynamic signaling networks are essential. As CRKs, PDLPs and CRRSPs all 
have important biological functions in plant stress signaling and development, 
their evolution reflects the need to adapt and further optimize signal 
transduction. The evolutionary patterns observed for the DUF26 genes were 
far more complex than anticipated. This study demonstrated that recurrent 
domain rearrangements within the DUF26 family provide ample material for 
adaptation. This study also revealed that different subgroups of the DUF26 
genes evolve differently depending on their age and consequently also their 
functional conservation. The more ancient genes with more conserved 
functions and likely conserved interactions with other proteins are typically 
not retained if they are tandemly duplicated. In contrast to this, the DUF26 
genes of more recent evolutionary origin are likely to possess partially 
redundant functions and tandem duplications in these genes might give origin 
to variation that enables neofunctionalization or subfunctionalization and 
facilitates adaptation of the plant.  

Despite the important biological functions of DUF26-containing proteins, 
their biochemical interactions with ligands, substrates or other proteins are 
poorly understood. The crystal structures of the ectodomains of AtPDLP5 and 
AtPDLP8 and their high structural similarity to fungal lectins, together with 
existing evidence, suggest that the DUF26 could function as a lectin domain.  
Their structural similarity with fungal lectins, without any sequence level 
similarity, is intriguing and allows several scenarios for the origin of the 
DUF26 domain. It could have emerged from non-coding DNA de novo and due 
to convergent evolution evolved to resemble fungal lectins. Alternatively, it 
could be the result of horizontal gene transfer between plant and fungal 
genomes. A third option is the common origin in the ancestor of plants and 
fungi that has diversified to a level, where sequence-level similarity is no 
longer high enough to identify homologs. Currently, there is insufficient data 
to determine the origin of the DUF26 domain, but in the future, as more high 
quality plant, algal and fungal genomes as well as more structural information 
about DUF26 and other lectin domains becomes available, it will likely be 
possible to identify the evolutionary origin of the DUF26 domain.  

The majority of information on the biochemical and physiological roles of 
signaling proteins has been obtained experimentally using model plant 
species. Therefore, it is central to provide a firm phylogenetic basis for the 
relationships in gene families, in order to identify orthologs to transfer this 
functional information from model species to crops. Thus, this field of 
research can be utilized in the crop breeding for productivity or to enhance 
stress tolerance, which is centrally important to human survival in a time of 
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anthropogenic climate change. To this end, high-quality gene family 
annotations allow identification of orthologs with high confidence. It is not 
usually possible to identify all orthologs in a protein family between distant 
plant species. In the case of the DUF26 proteins, it is possible to identify 
orthologs in the conserved and ancient α-group where tandem duplicates are 
rare. In the β-group, with its lineage-specific tandem duplications, ortholog 
recognition, especially between distant species, is frequently impossible in the 
absence of physiological and biochemical data. Thus, it is imperative to 
highlight, that genes with the highest sequence similarity are not necessarily 
orthologs. 

Finally, gene annotation quality is an important but underappreciated 
aspect which is critical for any sequence-based analyses involving gene models 
- especially now, as genome assemblies and gene annotations are still being 
continually improved. Annotation programs and sequencing techniques for 
genomes and transcriptomes are constantly improving. Better sequencing 
techniques will provide longer high-quality reads. This will lead to better 
assemblies and better transcriptome data and will eventually lead also to 
drastically improved gene annotations, which will facilitate even more detailed 
evolutionary and functional analyses. These analyses will subsequently 
provide more information for applied research on improving crop plants based 
on research in model species. 
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