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Abstract 
 

Mulberries are important trees crops for orchards and agroforestry systems, which are plagued by many phytopathogenic fungal 

species. Leucine rich repeats (LRRs) receptor-like serine threonine kinases (LRR-RSTK) subfamily plays an important role in plant 

defense-related reactions against fungal attacks. In the present study, we mined this subfamily on Morus notabilis, a mulberry species 

whose relevant annotated genome assembly has recently become publicly available. Our aim was to decipher in silico the expansion 

and phylogeny of these genes, their homology relationships against their orthologous in woody angiosperm plant species, and the 

existence of positive selective pressures acting upon their LRRs. This subfamily was found to be quite abundant and diverged, 

comprising by 142 annotated gene members and containing a range of conserved functional domains in their C-termini, whilst their 
LRRs number ranged from one to 17 repeats. A phylogenetic investigation revealed 12 distinct clades based on their diverse 

structural profiles, mainly as a result of the fused functional domains at their C-termini. The interspecific expansion of these M. 

notabilis LRR-RSTKs has been investigated by a homology analysis across 12 other woody angiosperm species, showing that the 

highest proportion of homologous best BLAST hits observed primarily in Prunus persica, Malus domestica and Theobroma cacao. 
Using a series of maximum likelihood analyses, extensive episodes of positive selective pressures acting across the LRRs were 

observed. This overall evidence supports a potential crucial role of this diverged LRR-RSTK subfamily as a surveillance mechanism 

of M. notabilis against fungal attacks by providing rapidly evolving ligand-binding specificities. 

 
Keywords: disease resistance; genomics-assisted breeding; leucine-rich repeat receptor-like serine threonine kinase (LRR-RSTK); 

phylogenetic analysis; positive selection. 

Abbreviations: LRR_leucine rich repeat; MCL_markov cluster algorithm; NBS_nucleotide-binding site domain; 

PAML_phylogenetic analysis by maximum likelihood; PAMP_pathogen associated molecular pattern; RAxML_randomized 
accelerated maximum likelihood. 

 

Introduction  

 
Mulberry (Morus L.) is a genus of fast growing deciduous 

and outbreeding tree species which is belonging to the 

Moraceae family (Clement and Weiblen, 2009). At present, 

mulberries, such as M. alba and M. nigra are systematically 
cultivated in Europe and other parts of the world as valuable 

orchard and agroforestry species (Vijayan, 2010), since they 

are easily adopted in various local environments and are 

considered rather naturalized species (Singhal et al., 2010). 
Their fruits are consumed either as fresh or as industrial 

derivatives such as jams, marmalades, juices and wines 

(Vijayan, 2010). In spite of their high commercial 

importance, mulberry molecular breeding has been limited 
mainly due to absence of genomic resources. Recently, He et 

al., (2013) reported the first annotated genome assembly 

(http://www.ncbi.nlm.nih.gov/genome/17692) of a mulberry 

species (M. notabilis), with an estimated genome size of 357 

Mb and 29,338 protein-coding genes to being predicted 

across its 14 chromosomes.  

Fungal diseases are a crucial limiting factor in mulberry 

cultivation worldwide. Among the most destructive are the 
powdery mildew (Phyllactinia corylea (Pers.) P. Karst), leaf 

spot (Cercospora moricola Cooke), leaf rust (Cerotelium fici 

(Castagne)) and red rust (Aecidium mori) (Srivastava and 

Mehra, 2004). The development of fungal resistance cultivars 
through genomics-assisted breeding is an important 

determinant towards the establishment of efficient disease 

breeding strategies (Lalli et al., 2005), especially in mulberry 

where it is time consuming to select for fungal resistance.  
Molecular recognition of phytopathogenetic fungi is 

mediated mainly by PAMPs at infection sites, a first crucial 

step of defense reactions in plants. It is commonly mediated 

by a plethora of rapid-evolving receptors, many of which are 

mailto:antbio@yahoo.gr
http://www.ncbi.nlm.nih.gov/genome/17692


320 
 

containing ligand-binding domains, such as Leucine-Rich 

Repeats (LRRs) (Diévart et al., 2011; Matsushima and 

Miyashita, 2012). These LRRs domains evolve novel ligand-

binding specificities through a wealth of various mechanisms, 
such as point mutations at variable residues, variations in 

their repeat numbers, tandem gene duplications and 

conversions events, unequal crossing-over and other short 

rearrangements (Friedman and Baker, 2007; Meyers et al., 
2003; Yang et al., 2008; Zambounis et al., 2012). Therefore, 

the evolution patterns of plant LRRs-containing genes 

appears to be rather a complex process (Sekhwal et al., 2015; 

Zhou et al., 2004), where signatures of positive selective 
pressures acting upon them are often quite evident (Khan et 

al., 2015). Positive selection is defined as the rapid fixation of 

beneficial non-synonymous mutations and is an important 

evolutionary force for a number of defense-related genes 
towards their functional diversification, which may be 

selectively favored in plants under intensive biotic pressures 

(Delph and Kelly, 2014). Even, the location of positively 

selected amino acid residues is crucial for obtaining novel 

gene functions (Mondragon-Palomino et al., 2002); Thus, 

previous studies have reported that solvent-exposed regions 

of the LRRs repeats are under strong positive selection. Such 

evidence has been interpreted as an additional sign of the 
involvement of these regions in fungal pathogens recognition 

(Khan et al., 2015; Parniske et al., 1997; Zambounis at al., 

2012).   

In plants, the receptor-like kinase (RLK) gene family is 
being involved in signal perception under fungal attacks and 

is being commonly subjected to positive selective pressures, 

particularly upon their LRRs domains (Fischer et al., 2009; 

Lefti-Shiu et al., 2009; Zan et al., 2013). Therefore, RLKs 
appear to play a crucial role in signaling pathways during 

pathogen recognition and the subsequent activation of plant 

defense reactions (Afzal et al., 2008). This family is 

subdivided into three main subfamilies according to their 
different substrate specificities of kinase domains, such as the 

receptor tyrosine kinases (RTK) that are involved in the 

phosphorylation of tyrosine residues, the receptor 

serine/threonine kinases (RSTK) that phosphorylate serine 
and threonine residues and the histidine kinases that are 

implicated in the phosphorylation of histidine residues 

(Becraft, 2002). 

Our study focuses on members of the LRR-containing 
RSTK subfamily which interact with other proteins 

influencing a wide array of processes ranging from disease 

resistance reactions and developmental regulation of 

recognition (Diévart et al., 2011). The major group of these 
proteins contains members belonging to the NBS (nucleotide-

binding site)-LRR class, which is quite abundant in plant 

genomes (Dangl et al., 2013) covering resistance across a 

wide range of phytopathogenic fungi (Wan et al., 2010). 
These evidence underlie the basis of the present survey in 

order to decipher and gain insights into: (i) the expansion and 

phylogeny of LRR-RSTK-coding genes in the genome of M. 

notabilis, (ii) the homology relationships of the above genes 
across their orthologous in woody angiosperm plant species 

with annotated genomes, and (iii) the existence of positive 

selective pressures with their signatures acting upon LRRs of 
these genes.  We hypothesize, by assessing the evolutionary 

profiles upon these LRRs repeats that successive episodes of 

positive selection might contribute to the acquisition of novel 

pathogens recognition repertoires at these LRR-RSTK genes 
in M. notabilis. Such results might provide a foundation for 

the overall ongoing disease resistance breeding efforts in 

mulberries at the future (Aravanopoulos et al., 2015). 

 

Results  

 

Expansion and phylogenetic analysis of LRR-RSTK gene 

subfamily in M. notabilis 
 

An ample number of LRR-RSTKs were mined from the 

genome of M. notabilis in line with their common abundance 

in other plant genomes (Zan et al., 2013). The overall 
structure of these proteins was typical for the LRR-RSTK 

protein subfamily. It consisted of conserved LRRs regions at 

the N-terminus comprising of up to 17 (such as in 

XM_010102302) tandem LRR repeats arranged in a single 
continuous block, which were downstream linked to various 

conserved functional regions with homologies mainly to the 

Pkinase domain. The LRRs domain mediates the 

establishment of ligand-specific interactions, whilst the 
RSTK domains are involved in signal transductions (Zan et 

al., 2013). Most of these proteins gave a match at their N-

terminus with the Pfam profile LRRNT_2 (PF08263), a 

conserved region often found in LRRs-containing proteins. 

Besides, high variation and divergence was observed 

regarding the composition and numbers of tandem LRR 

repeats among these proteins; four different LRR repeats 

[LRR_1 (PF00560.30); LRR_4 (PF12799.4); LRR_6 
(PF13516.3); LRR_8 (PF13855.3)] were revealed usually in 

various combinations. A notable number of proteins (30 out 

of the 142) exhibited only the LRRs domains in their 

structure profiles, without any apparent sequence homology 
to any known conserved functional domain towards their C-

terminus. 

The Pfam matches at the C-termini for the 142 LRR-

RSTKs are showed in Table 1. The most abundant functional 
domains were these of Pkinase (60 times) and of the 

Pkinase_Tyr (51 times); in addition, Malectin and 

Malectin_like domains were also predicted 24 times in total. 

Remarkably, these 142 LRR RSTKs were extremely diverse 
in terms of functional domains fusions towards their C-

termini (Table 1). Pkinase_Tyr domain was found to be 

mostly fused with Malectin and Malectin_like domains, eight 

and seven times, respectively. 
In order to gain insights into the origin of the expansion of 

these LRR-RSTKs, a RAxML-based phylogenetical analysis 

was conducted at their amino acid level (Stamatakis, 2014). 

A significant portion of the phylogenetic clades (five out of 
the 12) contained only a few genes (ranging from two up to 

five), while the backbone topology of the tree was adequately 

resolved. The tree consisted of 283 branches, reflecting a 

series of consecutive gene duplications at its terminal 
branches (Fig 1). The overall pairwise identity among the 142 

amino acid sequences was 13.3%, indicative of a rather high 

degree of divergence.  

The proteins comprising our dataset were grouped in 12 
clades (I - XII) as a consequence of their significant variation 

both in their LRRs number at their N-termini and the 

substantial divergence of the conserved functional domains in 

their C-termini (Fig 1). The majority (75.35%) of LRR-
RSTKs were sub-grouped in five clades (I, V, VI, XI and 

XII). The 60 LRR-RSTKs which were contained primarily 

the Pkinase domain grouped mainly in clades I and V, whilist 
these ones harboring the Pkinase_Tyr domain were clustered 

in clades I, V, VII and VIII. Finally, the LRR-RSTKs which 

were contained the Malectin and the Malectin-like functional 

domains grouped in the XI (or in the XII) and in the VI 
clades, respectively. 
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Table 1.  Pfam matches of the 142 LRR-RSTKs at their C-terminus, Pfam IDs, and their occurrences along with the combinations of 

integrated functional domains fusions.  

Functional domains at C-terminus Pfam IDs 
No of indivindual 

occurences 

Combinations of fused functional domains 

Pkinase Pkinase_Tyr 

Pkinase PF00069.22 60 
  

Pkinase_Tyr PF07714.14 51 2 
 

Malectin PF11721.5 15 5 8 

Malectin_like PF12819.4 9 2 7 

Peptidase_S10 PF00450.19 2 1 
 

2OG-FeII_Oxy  PF03171.17 2 1 
 

Atx10homo_assoc PF09759.6 1 1 
 

DUF4216 PF13952.3 1 
  

Ribosomal_L14 PF00238.16 1 
 

1 

 

 
 

Fig 1. RAxML-based phylogenetic relationships of the 142 M. notabilis LRR-RSTKs amino acid sequences, which were aligned 
using the Muscle program. Clades in different colors are corresponding to LRR-RSTKs sequences being grouped to these 12 distinct 

clades (I-XII). 

 

Table 2. Parameters of the evolutionary analysis upon the 458 LRRs which were calculated by employing the MEGA 5 and 
CODEML software. 

LRRs dataset 
LRRs 

sequences 

alpha (gamma 

shape parameter) 

log likelihood value (ℓ0) 
2Δℓs = 2(ℓ1- ℓ0), 

(df *= 1) 

Statistical 

significance 

Positive selection in 

branches ** one-ratio model free-ratio model 

LRR-1 41 0.5 -1028.54 -477.98 1101.12 P < 0.001 YES (0.08) 

LRR-2 204 0.5 -5360.05 -5787.19 854.28 P < 0.001 YES (0.012) 

LRR-3 213 0.5 -5581.29 -6053.72 944.86 P < 0.001 YES (0.014) 

* Degrees of freedom refer to difference in number of parameters between the two models. 
** The numbers in parentheses indicate the ratio of branches under positive selection.    

 
 

Fig 2. Distribution of the top BLAST hit of each of the 142 M. notabilis LRR-RSTK genes across the 12 woody angiosperm plant 

species in the Plaza Dicots 3.0 database. For each of the LRR-RSTK sequences, only homologue with the best BLAST hit, in means 
of e-value and identity, was retained and the corresponding target species was reported. The final number of homologues per species 

was consequently used to construct the pie chart. Over half of the LRR-RSTK homologous sequences (62%) identify matches to just 

four species, i.e. Prunus persica, Malus domestica, Theobroma cacao and Populus trichocarpa in descending order. 
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Fig 3. Heatmap of the 27 constructed clusters across the selected 12 woody angiosperm plant species, based on the number of M. 

notabilis homologues sequences identified in each participating genome. The rows of the heatmap correspond to the clusters, 

whereas the columns to the 12 plant species. Each cell (ci,j) represents the number of homologous sequences from species j that are 
members of cluster i, with actual values being color coded from green to dark red in ascending order. Both rows and columns have 

been independently and hierarchically clustered, and the corresponding trees are shown around the heatmap. 

 

 

 
 

Fig 4. RAxML phylogeny of the 458 LRRs amino acid sequences being identified among the 142 M. notabilis LRR-RSTK genes and 

which were aligned using the Muscle program. Phylogenetic clades in different colors are corresponding to the three distinct LRRs 

groups with their conserved motifs being depicted beside. With asterisks are indicated the locations of the 17 tandem LRRs from 
XM_010102302 LRR-RSTK which is containing the highest number of LRRs among all the 142 M. notabilis LRR-RSTKs genes.  

 

 

Homologies-based comparative genomics of the LRR-RSTK 

subfamily 

 

In order to investigate the evolutionary-based distribution of 

the LRR-RSTKs genes of M. notabilis across other woody 
angiosperm plant genomes, we performed a comparative 

genomic analysis using the 12 selected species listed in Fig 2 

as reference genomes. The reference sequence data were 

retrieved from the Plaza 3.0 Dicots database (Proost et al., 
2015). Aiming at the identification of the closest homolog for 

each of the 142 LRR-RSTKs, only the best BLAST hit in the 

reference database was retrieved using all-against-all blast(p) 

searches of the blast algorithm (e-value cutoff < 10-10), 

keeping all other parameters at their default values. A pie 

chart distribution of the best BLAST hits across the 12 

species is shown in Fig 2, providing a clear overview of the 

LRR-RSTKs participation in each genome. As it shown in 

Fig 2, the highest proportion of homologous genes was 
observed in Prunus persica (30%), in Malus domestica (16%) 

and in Theobroma cacao (14%). Astonishingly, top 

homologous BLAST hits were not observed in Lotus 

japonicas, whereas highly homologous genes were observed 
in Carica papaya (2%) and in Amborella trichopoda (1%), an 

indication of the significant expansion and diversity of these 

genes among the woody angiosperm species tested in this 

study. 
Furthermore, in order to bring forth the evolutionary-based 

distribution of these 142 LRR-RSTK sequences across the 

woody angiosperm genomes, the sequences were clustered 

through the MCL algorithm by a similarity cutoff of 45% and 

using all identified homologues, i.e. not only the best BLAST 

hits per sequence. This time, the 27 constructed clusters were 

consequently re-organized into coherent groups, using the 

maximum distance as the driving metric, and Ward.D2 as the 
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organizing hierarchical clustering method. Fig 3 clearly 

shows an internal organization of both the clusters, as well as 

the corresponding reference genomes that can be interpreted 

as the evolutionary-based distribution of the LRR-RSTK 
subfamily across the woody angiosperm plant species 

studied. 

In particular, two main groups of clusters were observed; 

clusters 1 and 27 were the most conserved in hits abundance 
among the 12 plant species (Fig 3). These species were 

classified into three main sub-groups. The largest number of 

hits (69.04%) was matching to Malus domestica, Eucalyptus 

grandis, Populus trichocarpa, Citrus sinensis, and 
Theobroma cacao.  

 

Conserved motifs, phylogeny and maximum likelihood 

evolutionary analysis of LRRs 

 

We identified by keyword searches 458 LRRs distributed 

among the respective LRR domains of the 142 LRR-RSTKs 

in order to evaluate whether positive selection is acting upon 

the core sequences of these LRRs. We identified 453 unique 

LRRs, whilst there were 25 LRRs duplicates being 

distributed among both identical and different LRR-RSTKs 

genes. These LRRs were distributed in tandem repeats with a 
maximum number of 17 of such repeats per gene in case of 

XM_010102302.  

The phylogenetic RAxML-based reconstruction revealed 

that these 458 LRRs in their amino acid level were grouped 
along three distinct clades with an overall pairwise identity of 

53%, implying a rather high diversity among them. An 

important finding was the totally gene-independent 

phylogenetical distribution of these repeats; for example, the 
17 LRRs repeats of the XM_010102302 gene were 

distributed across both the three clades of the phylogeny (Fig 

4).  

The Multiple EM for Motif Elicitation (MEME) motif 
detection software (Bailey et al., 2006) was used for the 

identification of LLRs conserved motifs at each of their 

clade. Three LRRs-related motifs for each clade were 

identified (Fig 4): LT[YF]LDLSSN[QR]L (LLR-1), 
LQXLDLSNN[NS]L (LLR-2) and LXXLDLSXNQL (LLR-

3). Except of the five highly conserved amino acids (Leu at 

positions 1,4,6,11 and Asn at position 9), the most conserved 

amino acid residues were: (i) for the LRR-1 motif, Asp at 
position 5 and Ser at position 7, and (ii) for the LRR-2 and 

LRR-3 motifs, Ser at position 7. Furthermore, Ser or Asn at 

position 8, as well Gln or Arg at position 10 were being often 

substituted each other in the LRR-1 motif, whereas Asp or 
Asn at position 5 for the LRR-2 and LRR-3 motifs, 

respectively (Fig 4). 

Finally, we investigated whether accelerated evolution and 

particularly signatures of positive selection might have also 
contributed to the LRRs divergence of the LRR-RTSKs in M. 

notabilis. Analyses were performed separately for the three 

LRRs datasets (LRR-1, LRR-2, LRR-3) (Table 2), each 

containing the LRRs sequences from each of the three 
phylogenetic clades (Fig 4). The average codon-based 

evolutionary divergence was calculated over all sequence 

pairs for each dataset, using the MEGA 5 software (Tamura 
et al., 2011). In all instances, the average numbers of 

synonymous nucleotide substitutions per site (dS) mutations 

over all sequence pairs were below the value of 2.00, the cut-

off  above which the corresponding sequences would have to 
be excluded from CODEML analyses, in order to bypass any 

saturation effects based on nucleotide substitutions effects 

(Yang and Nielsen, 2000). 

Subsequently, all three LRRs datasets were subjected to 

successive tests of positive selection using the CODEML 

program implemented in the PAML version 4.8 package 

(Yang 2007). Statistically significant (P<0.001) evidence of 
positive selection with omega (ω) ratios [non-synonymous 

(dN) per synonymous (dS) nucleotide substitution mutations] 

higher than 1.00 being observed in numerous branches at the 

respective evolutionary trees in all the three datasets (Table 
2). These selective signatures were spreading across the 

entire trees topologies and were evident both in the terminal 

and in the ancient branches. Thus, CODEML analysis allows 

us to confirm that recent episodes of positive selection were 
overlapping similar more ancient events towards the 

evolution of these LRRs sequences in the LRR-RSTK 

subfamily at the M. notabilis genome. 

 

Discussion 

 

Trees crops in orchard and agroforestry systems are 

substantially decreased by harmful invading fungal pathogens 

both in terms of fruit yield and quality. In order to combat 

these pathogens, plant species generally rely on their innate 

immunity in order to deploy a wealth of intricate pathways to 

recognize the relevant signals of fungal infection (Perazzolli 
et al., 2014). Immune receptors are merely the onset of these 

complex signal transduction pathways to enable finally 

transcription of target defense-related genes (Sekhwal et al., 

2015). Plant genes members of the LRR-containing RSTK 
subfamily are involved both in disease resistance reactions 

and in the developmental regulation of recognition (Diévart 

et al., 2011). However, deciphering LRR-RSTK genes 

functions is complicated due to the functional redundancy 
between these receptors in plants. Arabidopsis has 216 LRR-

RSTK encoding genes, but only very few have been 

associated with defined biological functions (Afzal et al., 

2008). In our study, we focused on M. notabilis, a mulberry 
species whose relevant genome assembly has recently 

become publicly available (He et al., 2013). We mined the 

142 LRR-RSTKs-encoded sequences (Supp Table 1), which 

were grouped into 12 clades based on their structural and 
sequence similarities. The variations in motifs composition 

were analyzed in order to infer their phylogenetic 

relationships. The dispersal phylogeny pattern of these LRR-

RSTKs, which was indicative of potential divergence in their 
functions, prompted consideration of their role, assuming that 

LRR-RSTKs belonging to distinct clades perform different 

functions in a broad spectrum of defense interactions. 

According to Zan et al., (2013) the high abundance of the 
Populus LRR-RLK gene family is implying a great demand 

for these genes to participate in more complex transcriptional 

pathways in woody plant species, as it was also postulated by 

Lehti-Shiu et al., (2009).   Our results showed that there a 
fairly large number of LRR-RSTKs-encoding genes contained 

a functional domain named Malectin that presents a relatively 

novel functionality. This putative extracellular, C-terminus 

domain is likely involved in carbohydrate binding of maltose-
like glucose oligomers (Schallus et al., 2008). A similar 

Malectin-like LRR-RLK gene was found to contribute to 

downy mildew disease in Arabidopsis (Hok et al., 2011). 
Furthermore, we observed evidence of various functional 

domains fusions, predominantly at the C-termini of M. 

notabilis LRR-RSTKs, mostly integrated by the Pkinase_Tyr 

and the Malectin or Malectin-like domains. Recent studies 
demonstrated that LRR-containing proteins with non-typical 

domain architectures, mainly these that are including 

“integrated decoys”, play a crucial role in plant immunity 

with an integration re-occurring and an evolutionarily 
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conserved pattern being evident across numerous species 

lineages (Sarris et al., 2016). A previous survey (Cesari et al., 

2014) revealed similar and unique integrated domain fusions 

to LRR-containing proteins, commonly occurred in mosses 
and across numerous lineages of flowering plants, enabling 

by this way an efficient fungal recognition. According to 

Sarris et al., (2016) the most abundant group of domains 

fusions at LRR-containing proteins is involving the kinase 
domain found in receptor-like kinases that transducer PAMP-

triggered immunity in plants; these findings are in line with 

our results, as such integrated domains were quite frequent in 

our M. notabilis LRR-RSTK dataset. The primary genomic 
assembly of M. notabilis (He et al., 2013) does not include 

any assembled chromosomes or linkage groups (Li et al., 

2014), hence we could not test whether these genes are found 

at tandem clusters. Such a gene topology seems to be the 
main driving mechanism for the expansion of the RLK family 

in Oryza sativa, where such tandem duplications may result 

in gene fusions providing novel functionality (Shiu et al., 

2004). Furthermore, our study reveals that the highest 

proportion of homologous genes counterparts was found in 

Prunus persica, Malus domestica, Eucalyptus grandis, 

Populus trichocarpa, Citrus sinensis, and Theobroma cacao, 

which is indicative of the high expansion and diversity of 
these genes among the woody angiosperms. The LRRs 

domains are formed by the juxtaposition of up to 40 

individual repeats, while some of the variable amino acids 

between the structural leucine residues engage in specific 
interactions with other ligands (Matsushima and Miyashita, 

2012). In turn, the individual LRRs sustain their typical b-

sheet structures and are most often key components in 

acquisition of novel fungal recognition specificities 
(Zambounis et al., 2012). Since the repetitive structure of 

LRRs accounts for the rapid generation of new variants by 

duplications or deletions of entire repeats, the overall LRRs 

profiles of the M. notabilis LRR-RSTKs have been regarded 
as important parameter in order to reflect their evolutionary 

and functionality history. Our findings postulate also that 

LRRs of LRR-RSTKs exhibit signs of positive selection. 

Such a selective mode is promoting a rapid alteration of gene 
sequences in different alleles or species by a non-directional 

mode without altering the main functions, which in cases of 

fungal attacks, often increases the reservoir of the ligands that 

can be recognized in these interactions (Delph and Kelly, 
2014).Positive selection on NBS-containing gene families in 

plants and especially among their LRRs domains, were 

reported in various studies (Chen at al., 2010; Perazzolli et 

al., 2014; Khan et al., 2015), supporting the view that 
selection upon them for durable disease resistance might be a 

crucial component of nearly all plant breeding programs 

(Mace et al., 2014). Comparative analyses among Rosaceae 

trees species regarding their resistance (R) genes have 
revealed that solvent-exposed residues of the LRRs domains 

are hyper-variable, with intensive positive selective pressures 

acting on them (Perazzolli et al., 2014). Similar results were 

constantly observed in a range of plant species (Li et al., 
2010; Zambounis et al., 2012; Yang et al., 2013; Khan et al., 

2015). We hypothesize that these positive selective pressures 

acting upon LRRs of the LRR-RSTK subfamily in M. 
notabilis might being associated mainly with a continual 

selective demand for their functional diversification in terms 

of increasing fungal disease resistance. 
 

Materials and methods 
 

Genes mining, structures and phylogenetic reconstruction 

of LRR-RSTKs genes in M. notabilis genome  

 

Based on keyword searches, both the transcript and the 

protein sequences of the 142 LRR-RSTK annotated genes 

from the genomic assembly (ASM41409v2) of M. notabilis 

(http://www.ncbi.nlm.nih.gov/genome/17692) were mined. 
All amino acid sequences contained valid structures and were 

searched against the Pfam database 

(http://pfam.sanger.ac.uk/search#tabview=tab1) to assess 

their functional domains predictions (Table 1). 
The phylogenetic relationships among these LRR-RSTK 

genes were revealed by performing a Muscle alignment 

(Edgar, 2004) and a tree reconstruction, using the RAxML 

program (Stamatakis, 2014) with  default parameters (Fig 1). 
All the above analyses were performed using the Geneious 

R7 platform (Kearse at al., 2012). The 12 clades (I-XII) that 

were revealed in the phylogenetical analysis were further 

validated using the following criteria for each clade: (i) 
overall similarity throughout the majority of the coding 

sequences, (ii) no or few (up to four) gaps across the aligned 

sequences, and (iii) at least 50% amino acid average identity.  

 

Comparative analysis of LRR-RSTKs among woody 

angiosperm plant species 

 

Given the functional and phylogenetical relationships of the 
LRR-RSTKs and in order to investigate their evolutionary-

based distribution across other woody angiosperm plant 

genomes, we performed a comparative genomic analysis 

against 12 selected species listed in Fig 2 as reference 
genomes. All the reference sequence data were retrieved from 

the Plaza 3.0 Dicots database (Proost et al., 2015).  

Initially, aiming at the identification of the closest 

homologous for each of the 142 LRR-RSTKs, only the best 
BLAST hit in the reference database was retrieved using the 

blast(p) algorithm with the default parameters. The sequences 

were consequently clustered using the MCL (Markov Cluster 

Algorithm) approach with an inflation value of 2.00 (Enright 
et al., 2002). The clustering process utilized the identity 

column of the all-against-all blast(p) output as a distance 

metric, using the default values for any of the tool options. A 

pie chart distribution of the best BLAST hits across the 12 
woody angiosperm species is shown in Fig 2, providing a 

clear overview of the LRR-RSTKs participation in each 

genome. 

Furthermore, in order to bring forward the evolutionary-
based distribution of these 142 LRR-RSTKs across the 12 

woody angiosperm plant species genomes, the sequences 

were clustered through the MCL algorithm as above using all 

the identified homologues, in addition to the best BLAST 
hits, for each M. notabilis LRR-RSTK sequence. The 27 

constructed clusters were consequently re-organized into 

coherent groups, by performing a hierarchical clustering 

analysis both at the cluster level, as well at the target genome 
species level (Fig 3). The clustering processes employed the 

maximum distance between vectors as the driving metric, and 

Ward.D2 as the organizing method in order to produced 

meaningful groupings. 
 

Identification of LRRs, assignment of conserved motifs, 

phylogenetic and evolutionary analyses 

 

The core sequences (11 amino acids in length) of the LRRs 

were retrieved from all the 142 LRR-RSTK proteins by 

keyword searches using the LRRs typical LxxLxLxxNxL 
core sequence stretch (Matsushima and Miyashita, 2012). 

The phylogenetic relationships among the 458 identified 

LRRs sequences (Fig 4) were investigated as described above 

for the 142 LRR-RSTKs. In order to exhibit the structural 

ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF_000414095.1_ASM41409v2/GCF_000414095.1_ASM41409v2_rna.fna.gz
ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF_000414095.1_ASM41409v2/GCF_000414095.1_ASM41409v2_protein.faa.gz
http://www.ncbi.nlm.nih.gov/genome/17692
http://pfam.sanger.ac.uk/search#tabview=tab1
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divergence of these repeats across their three clades in their 

phylogenetic tree, the conserved amino acid motifs were 

detected using the Multiple EM for Motif Elicitation 

(MEME) motif software v.4.9.0 
(http://meme.sdsc.edu/meme/intro.html) (Bailey et al., 2006). 

The setting of maximum number of motifs was at 1.00 and of 

the minimum motif width at 11.00 with default values for all 

the other parameters. 
The 458 LRRs which were phylogenetically grouped in 

three distinct clades (Fig 4) and counting up to 41 LRRs per 

clade (Table 2) were assigned separately for positive 

selection signatures, using the CODEML program from the 
PAML version 4.8 package (Yang, 2007). We thus searched 

for evidence of positive selection on three independent LRRs 

datasets at a clade-dependent mode. Initially, any substitution 

saturation effects were estimated by calculating the dS rates 
between the aligned nucleotide sequences using the altered 

Nei-Gojobori (1986) method presented by Yang and Nielsen, 

(2000). Then, CODEML program was specifically inferred, 

separately in all three LRRs datasets, for investigating 

variable positive selective pressures among branches in the 

phylogeny by examining significant differences at ω ratios. 

Two evolutionary scenarios were assigned using the 

CODEML program: one presuming equal ω-ratio for all 
branches in phylogeny, and one (free-ratios model) 

permitting an independent ω-ratio along the different 

branches. The detailed methodology for these analyses is 

described in Zambounis et al., (2012). The log-likelihood 
values for each model were compared by a likelihood ratio 

test (LRT) assigning a P-value. Posterior Bayesian 

probabilities were estimated for codon substitutions in each 

branch. All datasets including alignments and outputs of the 
CODEML program are available upon request. 

 

Conclusion 

 
The number of genes members of the LRR-RSTKs subfamily 

was fairly abundant in M. notabilis genome. These genes 

were found to contain a range of conserved functional 

features and domains in their C-termini, whilst the number of 
LRRs ranged from one up to 17 repeats. According to their 

phylogenetic relationships, 12 distinct clades were observed, 

based mainly on their fused patterns of functional domains. 

Homology analysis revealed that the highest proportion of 
homologous best BLAST hits among the woody angiosperms 

studied, were observed primarily in Prunus persica, in Malus 

domestica and in Theobroma cacao. Extensive episodes of 

positive selective pressures acting across the 458 LRRs of 
these M. notabilis LRR-RSTKs were also postulated in the 

relevant LRRs lineages. This evidence is enriching the 

rationale regarding the crucial role and the engagement of 

these genes in specific interactions with other ligands, 
providing novel, rapidly evolving ligand-binding specificities 

and assigning them as a surveillance mechanism against 

fungal attacks. As the genomic resources of other mulberry 

species as M. alba increase, the interspecific validity of the 
above results, may form a notable component in mulberries 

molecular breeding towards fungal disease resistance. 
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