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ABSTRACT. Mildew resistance locus o (MLO) is a plant-specific 
seven-transmembrane (TM) gene family. Several studies have revealed 
that certain members of the MLO gene family mediate powdery mildew 
susceptibility in three plant species, namely, Arabidopsis, barley, and 
tomato. The sequenced cucumber genome provides an opportunity to 
conduct a comprehensive overview of the MLO gene family. Fourteen 
genes (designated CsMLO01 through CsMLO14) have been identified 
within the Cucumis sativus genome by using an in silico cloning 
method with the MLO amino acid sequences of Arabidopsis thaliana 
and rice as probes. Sequence alignment revealed that numerous features 
of the gene family, such as TMs, a calmodulin-binding domain, peptide 
domains I and II, and 30 important amino acid residues for MLO 
function, are well conserved. Phylogenetic analysis of the MLO genes 
from cucumber and other plant species reveals seven different clades 
(I through VII). Three of these clades comprised MLO genes from A. 
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thaliana, rice, maize, and cucumber, suggesting that these genes may 
have evolved after the divergence of monocots and dicots. In silico 
mapping showed that these CsMLOs were located on chromosomes 
1, 2, 3, 4, 5, and 6 without any obvious clustering, except CsMLO01. 
To our knowledge, this paper is the first comprehensive report on 
MLO genes in C. sativus. These findings will facilitate the functional 
characterization of the MLOs related to powdery mildew susceptibility 
and assist in the development of disease resistance in cucumber.
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INTRODUCTION

Mildew resistance locus o (MLO) proteins belong to a unique plant-based family of 
seven-transmembrane domain (TM) proteins that contain a C-terminal calmodulin-binding 
domain (CaMBD) and an extracellularly located N-terminus (Devoto et al., 1999; Kim et al., 
2002a). Recessive mutations in the MLO gene confer durable broad-spectrum resistance to 
all known isolates of the barley powdery mildew (PM) fungus Blumeria graminis f. sp hordei 
(Bgh) (Buschges et al., 1997). Naturally occurring broad-spectrum resistance to Bgh was first 
observed in Ethiopian barley landraces (Jørgensen, 1992; Piffanelli et al., 2004).

Although MLO genes were first described in grasses, some members of this family 
are also inferred to play a role in modulating host response to the phytopathogenic PM fungus 
in dicots. For example, in Arabidopsis, the AtMLO2 gene shows significantly reduced sus-
ceptibility to Golovinomyces orontii. Two other closely related Arabidopsis genes, AtMLO6 
and AtMLO12, are also mutated, along with AtMLO2, to achieve complete PM resistance 
(Consonni et al., 2006). Subsequently, the absence of MLO genes (SlMLO) was demonstrated 
to be the cause of PM resistance in tomato (Bai et al., 2008). Recently, Pavan et al. (2011) 
demonstrated that pea PM er1 resistance is associated with loss-of-function mutations at an 
MLO-homologous locus. A biologically active MLO may be a general requirement for PM 
pathogenesis in both monocotyledonous and dicotyledonous plants.

The interaction between MLO genes and PM may have a special mechanism. Never-
theless, knowledge of the precise action mechanism of MLO proteins is limited. The function 
of MLO genes from plants and bacteria in the signal transduction process may be identified 
for determining the precise MLO mechanism. MLOs are calmodulin-binding proteins, and 
calmodulin binding promotes the susceptibility of barley to PM (Kim et al., 2002b). Moreover, 
pharmacological studies suggest that the influx of Ca2+ ions is important for this MLO function 
(Kim et al., 2002a). Therefore, Ca2+ may be a candidate signal because plant cells generate a 
transient Ca2+ signal in response to pathogen attack (Jabs et al., 1997; Xu and Heath, 1998). 
According to a previous report, two genes, ROR1 and ROR2, are required for complete MLO-
mediated resistance (Freialdenhoven et al., 1996; Peterhansel et al., 1997), whereas MLO-
mediated defense suppression might likely involve one or several small GTP-binding proteins 
of the ROP family (Schultheiss et al., 2002). Consequently, Bhat et al. (2005) suggested that 
MLO, ROR2, and, potentially, additional proteins might form a novel pathogen-triggered mi-
crodomain at biotic stress sites.

Cucumber PM [Sphaerotheca fuliginea (Schlecht.) Poll] is a major disease that affects 
cucumber yield and quality. Several genes resistant to PM have been identified, namely, Pm-1, 



6567

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 12 (4): 6565-6578 (2013)

Genome-wide analysis of MLO genes in cucumber

Pm-2, Pm-3, Pm-4, and Pm-H. The involvement of more than one gene in PM resistance in 
several cucumber accessions has been reported in several studies (Pierce and Wehner, 1990). 
Several linkages between the PM resistance locus and markers have also been reported (Fa-
nourakis and Simon, 1987; Walters et al., 2001; Zhang et al., 2007). Moreover, a correlation 
exists between the presence of genes and resistance to PM as well as downy mildew (DM) (Van 
Vliet and Meijsing, 1977; Pivovarov, 1988). Linkage analysis studies indicate that the DM and 
PM genes are located either at the same locus or in closely linked loci (Fanourakis, 1984). The 
first quantitative trait loci (QTLs) for PM resistance in cucumber were identified by Sakata et al. 
(2006) who mapped 5 QTLs in four linkage groups on an unsaturated linkage map.

Apart from the reports of barley and tomato MLOs in PM pathogenesis, only a few 
references were available for other MLO genes. Thus, an in-depth analysis of the whole MLO 
family in plants is necessary. In 2009, the cucumber genome was sequenced by Chinese re-
searchers working on the “Chinese Long” inbred line 9930 (Huang et al., 2009). The resulting 
genome sequence provides an opportunity to conduct a comprehensive overview of the MLO 
gene family in this species. We identified 14 MLO genes in the cucumber genome in this study, 
analyzed their structural features, assessed the phylogenetic relationship between MLOs from 
cucumber and other plants, and performed in silico mapping of the MLO genes on the chromo-
somes. The role of epigenetics in the evolution of these MLO genes has also been discussed.

MATERIAL AND METHODS

Sequence database search and domain detection

MLO protein sequences in Cucumis sativus were identified through MLO sequences 
from other plant species by using the Basic Local Alignment Search Tool (BLAST) of the 
Cucumber Genome Browser (http://cucumber.genomics.org.cn/page/cucumber/index.jsp) 
provided by Institute of Vegetables and Flowers, Chinese Academy of Agricultural Sciences 
(Huang et al., 2009). The query sequences were from previously published data on Arabi-
dopsis thaliana and Oryza sativa (Devoto et al., 2003; Liu and Zhu, 2008). In addition, select 
MLO genes from barley (Hordeum vulgare), maize (Zea mays), wheat (Triticum aestivum), 
pea (Pisum sativum), and tomato (Solanum lycopersicum) were also included to understand 
the phylogenetic relationship of MLO genes in plants. Sequence of MLO proteins from these 
plant species was downloaded from various databases. A. thaliana MLO proteins reported 
by Devoto et al. (2003) were retrieved from The Arabidopsis Information Resource (TAIR) 
(http://www.arabidopsis.org/browse/genefamily/mlo.jsp). The sequences of the rice MLO 
proteins reported by Liu and Zhu (2008) were retrieved from the National Center for Biotech-
nology Information (NCBI) (http://www.ncbi.nlm.nih.gov/). Select MLO protein sequences 
from the remaining five plant species were retrieved from the GenBank database. Finally, all 
the MLO protein sequences were submitted to the PFAM database to verify the presence of 
the MLO domain.

Multiple sequence alignment and phylogenetic tree construction

Multiple alignments of full amino acid sequences of cucumber MLOs were performed 
using the CLUSTAL_X feature in the BioEdit software (Thompson et al., 1997). The phylo-
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genetic tree was constructed by aligning all the MLO protein sequences of tomato (Bai et al., 
2008) and Arabidopsis (Devoto et al., 2003) and select proteins from barley, maize, wheat, 
pea, and tomato with the ClustalX Version 1.83 program by using the neighbor-joining algo-
rithm implemented in the Molecular Evolutionary Genetics Analysis (MEGA) software, ver-
sion 5.0 (Tamura et al., 2011). Bootstrapping (1000 replicates) was used to evaluate the degree 
of support for a particular grouping pattern in the phylogenetic tree.

Protein structure analysis

The features of these putative MLO proteins (membrane spanning helices) were pre-
dicted using the online transmembrane helix prediction server, TMHMM, version 2.0 (www.
cbs.dtu.dk/services/TMHMM/). The motifs were generated using MEME (http://meme.sdsc.
edu/meme4_6_1/cgi-bin/meme.cgi) and visualized with Logo (http://weblogo.berkeley.edu/
logo.cgi). MEME was run from the web server with the minimum and maximum parameters 
of 6 and 50 amino acids, respectively, for each motif. The maximum number of motifs was 15.

Chromosomal locations of MLO proteins

Information on the chromosomal location of CsMLO genes in cucumber was collected 
from the Cucumber Genome Browser. Chromosomal locations were determined according to 
chromosomal information from the said database above.

Expression profile investigation of CsMLO genes

To reveal the expression profiles of CsMLO genes in different tissues, the Cucurbit 
Genomics Database (http://www.icugi.org/) was searched using the identified CsMLO genes. 
In this database, expressed sequence tag (EST) sequences of two species (cucumber and 
melon) were included. The nucleotide BLAST (BLASTn) program was used to search these 
EST sequences corresponding to the CsMLO genes.

RESULTS

Identification of CsMLO gene family members

Homology searches of the published genome sequence of the cucumber against known 
MLO sequences from the plants mentioned above were performed to establish the number of 
MLO genes in the cucumber 9930 genome. Fifteen genes were identified as possible members 
of the MLO gene family. However, the nucleotide sequence of Csa026261 was identical to that 
of Csa014225. Therefore, the latter was excluded in the following analysis. Totally, 14 MLO 
genes were obtained from the cucumber 9930 genome and were named CsMLO01 through 
CsMLO14 (Table 1). Recently, a cucumber gynoecious inbred line (Gy14) was also sequenced 
de novo using an appropriate mixture of random shotgun and paired-end shotgun reads se-
quenced with 454-XLR technology (Cavagnaro et al., 2010). The extent of variability between 
cucumber GY14 and 9930 for MLO genes was assessed using known MLO-like genes from 
9930 and other plants in a BLAST search against the GY14 genome sequences (http://genome.
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jgi-psf.org/cucumber/cucumber.home.html). The same number of MLO genes in cucumber 
GY14 was identified (Table S1). The comparison of 9930 and GY14 cucumber MLO genes 
showed that most of these genes are highly homologous (Table S2).

Gene	 Cucumber	 Group	 TMb	 Genome position	 ORF length (bp)	              Deduced polypeptide c

	 genomics IDa

						      Length (aa)	 Mol wt (kDa)	 pI

CsMLO01	 Csa026261	 II	 7	 Scaffold_repeat033789	 1551	 516	 58.05	 9.04
CsMLO02 02	 Csa000519	 III	 8	 Chr6: 23874952-23879410	 1638	 545	 61.91	 9.21
CsMLO03	 Csa009424	 I	 6	 Chr4: 20507811-20514326	 1434	 478	 54.33	 8.77
CsMLO04	 Csa010789	 I	 6	 Chr5: 26196794-26203304	 1635	 544	 63.00	 8.86
CsMLO05	 Csa010846	 V	 7	 Chr5: 25234662-25238627	 1683	 560	 64.24	 9.31
CsMLO06	 Csa013199	 III	 7	 Chr6: 14086212-14090951	 1635	 544	 62.00	 8.97
CsMLO07	 Csa015734	 I	 9	 Chr3: 785255-789423	 1668	 555	 63.35	 8.54
CsMLO08	 Csa015766	 III	 8	 Chr3: 1120867-1124790	 1824	 607	 68.71	 8.53
CsMLO09 1010	 Csa015858	 I	 5	 Chr3: 14311254-14323456	 1842	 613	 70.11	 8.82
CsMLO10	 Csa017196	 VI	 1	 Chr1: 8903233-8903945	   513	 170	 19.16	 6.15
CsMLO11 12	 Csa017197	 VII	 3	 Chr1: 8894761-8903171	 1080	 359	 40.88	 7.32
CsMLO12 13	 Csa017252	 II	 5	 Chr2: 13500696-13505621	 1017	 338	 40.34	 8.61
CsMLO13 1414	 Csa019070	 V	 7	 Chr1: 8275566-8281375	 1749	 582	 66.91	 9.21
CsMLO1415	 Csa020079	 V	 7	 Chr6: 12426669-12431612	 1596	 531	 60.75	 9.17
aAvailable at [http://cucumber.genomics.org.cn/page/cucumber/index.jsp]. bNumber of transmembrance (TM) 
domains in the CsMLO proteins predicted by TMHMM transmembrance helix prediction software at the 80% 
probability level (www. cbs.dtu.dk/services/Tmhmm/). cLength (number of amino acids; aa), molecular weight 
(Mol wt; kiloDaltons), and isoelectric point (pI) of the deduced polypeptide.

Table 1. Members of the CsMLO gene family in cucumber ‘9930’ genome sequence.

Previous studies of the nucleotide-binding site/leucine-rich repeat (NBS-LRR) class 
of resistance genes from Arabidopsis and rice revealed that there are 149 and 480 resistant 
genes in these species, respectively (Meyers et al., 2003; Zhou et al., 2004). However, the 
number of MLO genes in the 2 plant genomes was 15 and 12, respectively (Devoto et al., 2003; 
Liu and Zhu, 2008), which was less than that of the NBS-LRR class of resistant genes. In this 
report, 14 MLO genes, which were similar to those from Arabidopsis and rice, were identified 
in the cucumber. Therefore, we infer that MLO genes are a relatively small family in plants 
compared with the NBS-LRR class of resistant genes.

The genomic location and predicted protein size for these CsMLO genes were further 
identified (Table 1) based on the data provided by the Cucumber Genome Sequence Database 
(Huang et al., 2009). Moreover, the molecular weight (kDa) and isoelectric point of these 
CsMLO-deduced polypeptides were also calculated (Table 1). The predicted nucleotide and 
amino acid sequences of all 28 CsMLOs from 9930 and Gy14 are provided in Table S1.

Structural features of CsMLO proteins

Previous studies have experimentally uncovered MLO as an integral plasma mem-
brane-resident protein with seven TM helices, an extracellularly located N-terminus, and a 
cytoplasmic C-terminus (Devoto et al., 1999). The TMs of the 14 CsMLO genes in this study 
were predicted with TMHMM. The proteins of these genes were found to have different num-
bers of TM domains, ranging from one (CsMLO10) to nine (CsMLO07) (Figure S1). Five 
CsMLO genes (CsMLO01, CsMLO05, CsMLO06, CsMLO13, and CsMLO14) were found to 

http://www.geneticsmr.com/year2013/vol12-4/pdf/gmr2655_supplementary.pdf
http://www.geneticsmr.com/year2013/vol12-4/pdf/gmr2655_supplementary.pdf
http://www.geneticsmr.com/year2013/vol12-4/pdf/gmr2655_supplementary.pdf
http://www.geneticsmr.com/year2013/vol12-4/pdf/gmr2655_supplementary.pdf
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have 7 TMs (TM1 through TM7), which is characteristic of barley MLO genes. However, 
sequence alignment further revealed that CsMLO05 lacked the TM2 domain and had an ad-
ditional TM domain between the TM3 and TM4 domains. CsMLO14 lacked two TM domains 
(TM4 and TM5) and had two additional TM domains between the TM3 and TM6 domains. 
Three CsMLO genes (CsMLO02, CsMLO7, and CsMLO08) not only contained all seven TMs 
but also had an additional one, two, and one TM domains, respectively. In the four remaining 
CsMLO genes, the seven TMs presented various degrees of conservation (Figure 1A). The TM 
domain sequence logo was generated via an online logo tool (Crooks et al., 2004) (Figure 1B 
and Table 2) to highlight the amino acid residues conserved in the seven TM domains. Most 
of the amino acid residues in six of the TM domains were highly conserved; TM7 showed a 
degree of variation.

Figure 1. A. Number and distribution of transmembrance (TM) domains in the CsMLO proteins predicted by the 
TMHMM transmembrance helix prediction software (www. cbs.dtu.dk/services/Tmhmm/). B. Seven TM sequence 
logos in the CsMLO genes.
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Sequence alignment and conserved motifs of CsMLO proteins

Multiple sequence alignment of 14 CsMLO and barley MLO proteins revealed 
the presence of seven TM domains and 30 amino acid residues that have been previously 
identified as invariable in 38 MLOs from various species (Elliott et al., 2005) (Figure S2). 
Twelve of these amino acid residues were located in six of the seven TM domains. We fur-
ther analyzed the conservation of these amino acid residues in each CsMLO. Six CsMLO 
proteins had all 30 amino acid residues conserved. Seven CsMLOs (CsMLO03, CsMLO04, 
CsMLO05, CsMLO10, CsMLO11, CsMLO12, and CsMLO14) lost one or more of the amino 
acid residues. Some amino acid residues of five CsMLOs (CsMLO05, CsMLO07, CsMLO10, 
CsMLO11, and CsMLO12) were mutated. However, most of the CsMLOs retained all four 
extracellular Cys residues (C86, C98, C114, and C367), which were demonstrated to be es-
sential for the function of barley MLO (Elliott et al., 2005) (Table 3).

Subsequently, we used MEME to search for motifs in the CsMLOs. Seven of the 10 
identified conserved motifs (Figure S3A) (motif 1 through motif 4 and motif 6 through motif 
10) were located in the seven TM domains and CaMBD. The corresponding seven TMs were 
highly conserved. The remaining three motifs were located in other regions. Amino acid resi-
dues of each motif were highly conserved (Figure S3B).

Phylogenetic relationship of MLO genes in cucumber and other plants

A phylogenetic tree containing 48 MLO genes from dicots and monocots was con-
structed to illustrate the phylogenetic relationships among the MLO gene family members 
in cucumber and other plants. Seven distinct clades (I through VII) were identified (Figure 
2). The designation of these clades was based on the classification by Devoto et al. (2003). 
Phylogenetic analysis showed that the CsMLO genes are distributed in six of the seven clades. 
Clades IV and V included some MLO genes from dicots and monocots that were previously 
identified to be involved in PM susceptibility (Jørgensen, 1992; Elliott et al., 2002; Kim et al., 
2002b; Consonni et al., 2006). In clade IV, HvMLO, which causes PM susceptibility, is or-
thologous to the rice (OsMLO02) MLO proteins (Elliott et al., 2002). Moreover, this clade has 
been previously identified as a monocot-specific group (Devoto et al., 2003). In clade V, three 
CsMLOs (CsMLO05, CsMLO13, and CsMLO14) were clustered with AtMLO02, AtMLO06, 
and AtMLO12 from Arabidopsis, SlMLO from tomato, and PsMLO from pea. Additionally, 
amino acid sequences of the identified MLO genes were aligned using the BioEdit software, 

Domain	 Motif	 Sequence

Transmembrance domain	 TM1	 TPTWAVAA/vVCT/fVIVL/aISI/LfT*
	 TM2	 LMLLGFISLLLTVgQxxIS
	 TM3	 HIFIFVLAVFHVlY/FS/CvLTmaLgxx
	 TM4	 HtYFWI/lS/aFIPliI/lI/lLL/aVG
	 TM5	 LxLIHFILFQxA/tF/Yff/aW
	 TM6	 GVxVQF/vLCSYS/iTLPLYALTQ
	 TM7	 FKvVVGI/vSxxxxxxxxxxxxxxxxxxxxxPPLWxF/sa/vV/il/xFLL/flNV

*If the bits value (See Figure 1B) of the amino acid at this position is smaller that 0.5, it is represented with x; 1 > 
bits ≥ 0.5, with lowercase; 2 > bits ≥ 1, with capital letter; 3 > bits ≥ 2, with bold capital; bits > 3, with underlined 
capital letter in bold.

Table 2. Major motifs in transmembrance domain within cucumber CsMLO genes.

http://www.geneticsmr.com/year2013/vol12-4/pdf/gmr2655_supplementary.pdf
http://www.geneticsmr.com/year2013/vol12-4/pdf/gmr2655_supplementary.pdf
http://www.geneticsmr.com/year2013/vol12-4/pdf/gmr2655_supplementary.pdf
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version 7.0.0 (Figure 3) to examine further the sequence conservation between the different 
genes from Arabidopsis, tomato, pea, and cucumber in clade V. In addition to the absence 
of the TM2 domain in CsMLO05, as well as the absence of the TM4 and TM5 domains in 
CsMLO14, all of the proteins showed a high degree of conservation at the position of the 
predicted TM domains (Devoto et al., 2003). Moreover, a CaMBD in the C-terminus of MLO 
proteins, which is conserved throughout the Arabidopsis MLO family (Kim et al., 2002a,b), 
was found to be highly conserved in 8 different members of the aforementioned plants that 
were analyzed. Additionally, in the C-terminus of MLO proteins, Panstruga (2005) also identi-
fied two other conserved regions (I and II) that play important roles in modulating PM infec-
tion. Peptide domain I is located approximately 15-20 residues downstream of the CaMBD 
and is characterized by conserved serine and threonine residues. Peptide domain II is located 
at the distal end of the C-terminus and contains the consensus sequence D/E-F-S/T-F. All eight 
MLOs had these two conserved domains within the C-terminus (Figure 3) in this study. The 
potential functional conservation of the MLO proteins that contain a CaMBD, as well as pep-
tide domains I and II, is indicated in all of these findings.

Figure 2. Phylogenetic relationship of CsMLO in cucumber and MLOs of other plant species including Arabidopsis 
(AtMLO), tomato (SlMLO), pea (PsMLO), maize (ZmMLO), barley (HvMLO), rice (OsMLO), and wheat (TaMLO). 
The unrooted tree was generated using the MEGA 5.0 software and the neighbor-joining method. Bootstrap values 
(above 50%) from 1000 replicates are indicated at each node.
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Locations of the MLO genes on the C. sativus chromosomes

Fourteen MLO family members have been identified in the cucumber genome. In sili-
co mapping of the genes showed that 13 MLO genes were localized on six of seven chromo-
somes. The remaining MLO gene, Csa026261 (CsMLO01), was assigned to the Scaffold_re-
peat033789. The distribution of MLO family members in the cucumber genome is depicted in 
Figure 4. Two CsMLO genes, Csa009424 and Csa017252, were positioned on chromosomes 

Figure 3. Multiple sequence alignment constructed using the Clustal X software of CsMLO genes in clade V 
(Figure 1) with selected MLO proteins involved in PM susceptibility in pea (PsMLO) (Pavan et al., 2011), tomato 
(SlMLO) (Bai et al., 2008), and Arabidopsis (AtMLO02, AtMLO06, and AtMLO12) (Consonni et al., 2006). The 
positions of the seven TM domains (TM1 to TM7) inferred from the experimentally determined topology of 
HvMLO (Devoto et al., 1999) and the approximate position of the CaMBD (Kim et al., 2002b) are indicated by 
lines under the sequences. Two conserved domains identified by Panstruga (2005) within the highly polymorphic 
C-termini are highlighted using Roman numerals I and II.
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4 and 2, respectively. Csa010846 and Csa010789 were both located on chromosome 5. Each 
of the remaining chromosomes included three MLO genes. None of the CsMLO genes were 
localized on chromosome 7. The cucumber MLO genes showed a scattered distribution pattern 
on chromosomes.

Figure 4. Positions of CsMLO genes on the cucumber chromosomes. Chromosome numbers are indicated on top 
of the chromosome.

In silico analysis of CsMLO gene expression using EST libraries

The mass of sequences available from different EST libraries can provide valuable 
information for gene expression analysis in plant research. In this paper, to assess which genes 
have expression data, the Cucurbit Genomics Database was searched with the coding region 
sequences of the CsMLO genes using the BLASTn program. The results showed that 10 and 
12 CsMLO genes have EST data in cucumber and melon EST libraries, respectively (Table 
4). The remaining CsMLO genes were not detected in these two EST libraries. This indicated 
that these genes may have specific temporal and spatial expression patterns. In the cucumber 
EST library, a total of 129 EST matches were identified, with an average of 12.9 ESTs per 
expressed CsMLO gene. In the melon EST library, only 38 EST matches were obtained, with 
an average of 3.8 ESTs per expressed MLO gene.
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DISCUSSION

Sequence diversity of MLO family members in A. thaliana, their topology and sub-
cellular localization are reminiscent of the G-protein-coupled receptor (GPCR) superfamily in 
metazoans (Devoto et al., 1999). The roles of GPCRs in metazoans involve the transfer of ex-
tracellular stimuli into intracellular signaling events by activating heterotrimeric G-proteins. 
Several human pathogens exploit host GPCRs for successful infection, including the human 
immunodeficiency virus type 1 and the bacterium Streptococcus pneumoniae (Pease and Mur-
phy, 1998). These facts raise the question of whether MLO proteins in plants play a similar 
role during plant colonization by PM fungi.

Given that the putative functions of these MLOs in clade V were derived from Ara-
bidopsis, tomato, and pea, we infer that this clade is significant for cucumber because these 
genes are required for PM susceptibility (Consonni et al., 2006; Bai et al., 2008; Pavan et al., 
2011). This clade may thus be a dicot-specific group. Clades IV and V contain the monocot 
and dicot MLOs, respectively, that were previously described to be involved in PM suscepti-
bility (Jørgensen, 1992; Elliott et al., 2002; Kim et al., 2002b; Consonni et al., 2006). There-
fore, we infer that MLO genes associated with PM susceptibility in plants may have evolved 
after the divergence of monocots and dicots.

Previously, some studies have reported that several gene families could arise through 
tandem duplication of chromosomal regions, resulting in a clustered occurrence of family 
members, or through segmental duplication, resulting in a scattered occurrence of family 
members (Schauser et al., 2005). We assume that the expansion of the cucumber MLO gene 
family mainly resulted from segmental duplications rather than tandem duplication.

The ESTs were identified for most CsMLO genes in two EST libraries, and most of them 
were expressed in fruit, root, and leaf (Table 4). This indicated that these CsMLO genes may be 
involved in plant growth and development. Altogether, the large number of CsMLO genes with 
expression support provided very useful information for further experimental verification.

Supplementary material
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