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Abstract
The Mildew resistance locus o (Mlo) is a plant-specific gene family that encodes a protein with seven-transmembrane (TM) 
domains that play an important role in plant resistance to powdery mildew (PM). PM caused by Podosphaera xanthii is a 
widespread plant disease and represents the major fungal threat for many Cucurbits. The recently reported Cucurbita maxima 
genome sequence data provides an opportunity to identify and characterize the MLO gene family in this species. A total of 
twenty genes designated CmaMLO1 to CmaMLO20 have been identified using an in silico cloning method with the MLO 
gene sequences of Cucumis sativus, Cucumis melo, Citrullus lanatus, and Cucurbita pepo as probes. These CmaMLOs were 
evenly distributed on 15 of the 20 C. maxima chromosomes without any obvious clustering. Multiple sequence alignment 
showed that common structural features of MLO gene family, such as TM domains, a calmodulin-binding domain, and 30 
important amino acid residues for MLO function, were well conserved. Phylogenetic analysis of the CmaMLO genes and 
other plant species revealed seven different clades (I through VII); however, clade IV is specific to monocots (rice, barley 
and wheat). Expression analysis showed that four of the five CmaMLO genes that belonged to clade V were up-regulated in 
pumpkins infected with P. xanthii. Phylogenetic and expression analysis provided preliminary evidence that these five genes 
could be susceptibility genes that are important for PM resistance. This study is the first comprehensive report on MLO genes 
in C. maxima to our knowledge. These findings will facilitate the functional analysis of MLOs related to PM susceptibility 
and are valuable resources for the development of disease resistance in pumpkin.

Keywords  Bioinformatics · Mildew resistance locus o (Mlo) · Phylogenetic relationship · Powdery mildew · Susceptibility 
genes

1  Introduction

Powdery mildew (PM) caused by Podosphaera xanthii is 
a widespread plant disease and considered to be a major 
fungal threat for cucurbits (McGrath and Thomas 1996). 
Since resistance (R) genes confer specific resistance to dis-
eases in plants (Hammond-Kosack and Jones 2000; Taler 
et al. 2004), dominant R genes are generally used to breed 
crops resistant to diseases. However, the effect of R genes 
is limited due to the emergence of virulent pathogen strains 
that can rapidly overcome resistance over time (Pessina 
et al. 2014). An alternative strategy for improving host plant 
resistance is the repression of susceptibility (S) genes, whose 
loss-of-function gives long-term and broad-spectrum resist-
ance in plants (Pavan et al. 2010). The most well known 
examples of S-gene loss-of-function alleles are the barley 
mlo mutants, which displayed near complete resistance to 
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the powdery mildew pathogen, Blumeria graminis f.sp. 
hordei (Bgh) and those mutants carried recessively inherited 
loss-of-function mutations in the gene Mildew resistance 
locus o (MLO) (Acevedo-Garcia et al. 2014).

The mildew resistance locus O (MLO) is a plant-specific 
gene family that encodes a protein that contains seven trans-
membrane (TM) domains, a unique intracellular C-terminal 
calmodulin-binding domain (CaMBD), and an extracellular 
N-terminus (Buschges et al. 1997; Devoto et al. 1999; Kim 
et al. 2002a). Members of the MLO gene family participate 
in various developmental pathways and response against for-
eign biotic and abiotic stresses in plants (Deshmukh et al. 
2014). The MLO gene was first identified as a loss-of-func-
tion mutation that causes lasting broad-spectrum resistance 
to the barley PM pathogen, Blumeria graminis f. sp. hordei 
(Bgh) (Buschges et al. 1997; Devoto et al. 1999; Kim et al. 
2002a). The inactivation of specific MLO protein family 
homologs is associated with the enhancement of exocytic 
defense pathways at plant-pathogen interaction sites, which 
might contribute to the prevention of fungal penetration of 
host cells (Assaad et al. 2004). Initially discovered in bar-
ley, mlo resistance has been later discovered in other mono-
cots including OsMLO3 in rice (Devoto et al. 2003) and 
TaMLO_A1 and TaMLO_B1 in wheat (Devoto et al. 2003; 
Várallyay et al. 2012. Such genes have also been identified 
in dicots; AtMLO2, AtMLO6 and AtMLO12 in Arabidopsis 
(Consonni et al. 2006), SlMLO1 in tomato (Bai et al. 2008), 
PsMLO1 in pea (Humphry et al. 2011), CaMLO2 in pepper 
(Kim and Hwang 2012; Zheng et al. 2013), LjMLO1 in lotus 
(Humphry et al. 2011), MtMLO1 in barrel clover (Humphry 
et al. 2011), and CsMLO1 in cucumber (Nie et al. 2015). 
The inactivation of MLO susceptibility genes has become 
an alternative resistance model for breeding approaches for 
several cultivated species affected by PM disease (Dangl 
et al. 2013; Pavan et al. 2010).

Pumpkin (Cucurbita maxima), an economically impor-
tant crop belonging to the Cucurbitaceae family; it is com-
monly known as winter squash and its mature fruits con-
sumed as vegetables in most of the world, especially in Asia 
(primarily China and India) and Africa (Zhang et al. 2015). 
Powdery mildew is one of the major diseases that reduce 
the yield of susceptible pumpkins (McGrath and Thomas 
1996). However, there are very limited genetic resistance 
resources available in C. maxima against PM, unlike other 
cucurbits such as cucumber, melon watermelon, C. pepo, 
and C. moschata, for which several putative disease resist-
ance genes (R-genes) (Xu et al. 2016, 2017; Adeniji and 
Coyne 1983) and susceptibility genes (S-genes) (Schouten 
et al. 2014; Garcia-Mas et al. 2012; Lovieno et al. 2015) 
have been identified. Recently, a high-density genetic map 
and whole genome sequence data became available for C. 
maxima Duch. (Zhang et al. 2015) and have provided power-
ful tools for the genetic and genomic exploration of powdery 

mildew resistance-related genes for pumpkin. No member of 
the pumpkin MLO gene families has been isolated to date; 
however, loss-of-function mutations in barley (HvMLO) and 
pea (PsMLO1) have been successfully employed in barley 
and pea breeding for long time, suggesting the same might 
be possible for pumpkin. In this study, we identified the cor-
responding MLO family genes in C. maxima and analyzed 
their structural features, homology, and distribution to evalu-
ate the phylogenetic relationship between MLOs from C. 
maxima and other plant species. Moreover, we examined 
the expression patterns of CmaMLO genes in clade V to 
investigate their response to the PM fungus Podosphaera 
xanthii. This study facilitates the functional characterization 
of the MLOs related to PM susceptibility and contributes 
to molecular breeding approaches that could introduce PM 
resistance using reverse genetics strategies.

2 � Materials and methods

2.1 � Identification and annotation of C. maxima 
MLOs

In order to identify the MLO gene family in C. maxima, we 
performed BLAST searches using MLO sequences from var-
ious species in the Cucurbitaceae family against C. maxima 
genome sequence data provided by “The International C. 
maxima Genome Initiative” (http://www.icugi​.org/cgi-bin/
ICuGI​/genom​e/maxim​a.cgi). Sequences of MLO encoding 
proteins for these species were downloaded from various 
databases. Cucumis melo MLO proteins were retrieved from 
the Melonomics melon genomic database (http://melon​
omics​.net). The sequences for Cucumis sativus and Citrul-
lus lanatus MLO proteins were retrieved from the Cucurbit 
Genomic Database (http://www.icugi​.org/cgi-bin/ICuGI​/
index​.cgi). Sequences from Cucurbita pepo MLO proteins 
were reported by Lovieno et al. (2015) and retrieved from 
the C. pepo scaffolds (http://cucur​bigen​e.upv.es/genom​
e-v3.2/). All potential C. maxima MLO sequences were sys-
tematically validated with BLAST on the C. maxima genome 
sequence data using Geneious v 9.1 (http://www.genei​ous.
com; Kearse et al. 2012). The full length CDS and encoded 
protein sequences for C. maxima MLOs were predicted 
with the Fgenesh using the “Cucumis melo gene model” 
(http://www.softb​erry.com/berry​.phtml​?topic​=index​&group​
=progr​ams&subgr​oup=gfind​). Each C. maxima MLO pro-
tein sequence was submitted to the Pfam database (the pro-
tein families database) to verify the presence of an MLO 
domain and retrieve conserved MLO domain sequences in 
the Pfam database (ID: PF03094). Chromosomal locations 
for each C. maxima MLO gene were determined according 
to chromosomal information from the C. maxima genome 
sequence database.

http://www.icugi.org/cgi-bin/ICuGI/genome/maxima.cgi
http://www.icugi.org/cgi-bin/ICuGI/genome/maxima.cgi
http://melonomics.net
http://melonomics.net
http://www.icugi.org/cgi-bin/ICuGI/index.cgi
http://www.icugi.org/cgi-bin/ICuGI/index.cgi
http://cucurbigene.upv.es/genome-v3.2/
http://cucurbigene.upv.es/genome-v3.2/
http://www.geneious.com
http://www.geneious.com
http://www.softberry.com/berry.phtml?topic=index&group=programs&subgroup=gfind
http://www.softberry.com/berry.phtml?topic=index&group=programs&subgroup=gfind
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2.2 � Protein structure analysis and motif prediction

The deduced amino acid sequences for the potential MLO 
proteins from C. maxima were subjected to several predic-
tion programs, including the online transmembrane helix 
prediction sever TMHMM v2.0 (www.cbs.dtu.dk/servi​ces/
TMHMM​/), the consensus prediction of membrane protein 
topology TOPCONS (http://old.topco​ns.net/), and InterPro-
Scan5 (http://www.ebi.ac.uk/inter​pro/searc​h/seque​nce-searc​
h) to determine their sub-cellular localization and protein 
topologies. To highlight the conserved amino acid residues 
in the seven TM domains, a TM domain sequence logo was 
generated via the online logo tool WebLogo (http://weblo​
go.berke​ley.edu/logo.cgi) (Crooks et al. 2004). The con-
served motifs were generated using the Multiple Expectation 
Maximization for Motif Elicitation (MEME) online program 
(http://meme.sdsc.edu/meme/intro​.html). The optimized 
parameters of MEME were set as a maximum of 10 motifs 
with a motif width between 10 and 50 residues.

2.3 � Multiple sequence alignments 
and phylogenetic analysis

Multiple protein sequence alignments were performed with 
multiple sequence comparisons by log-expectation (MUS-
CLE) multiple alignment using the conserved MLO domain 
sequences of C. maxima as inputs in Geneious v 9.1. Phy-
logenetic analysis was performed using newly identified 
CmaMLOs containing at least 50% of the full-length MLO-
Pfam domain. In addition, to understand the phylogenetic 
relationship of MLO genes in plants, we included the whole 
Arabidopsis (Arabidopsis thaliana) MLO protein family and 
the MLO proteins previously reported with PM susceptibil-
ity in barley (Hordeum vulgare), rice (Oryza sativa), wheat 
(Triticum aestivum), pea (Pisum sativum), tomato (Solanum 
lycopersicum), barrel clover (Medicago truncatula), lotus 
(Lotus japonicus), and pepper (Capsicum annuum). All of 
these sequences were extracted from the NCBI database 
(http://www.ncbi.nlm.nih.gov). Phylogenetic relationships 
between MLO proteins were inferred using the maximum 
likelihood method based on the Whelan and Goldman model 
in the MEGA7 software (http://www.megas​oftwa​re.net). 
Bootstrapping of 1000 replicates was used to evaluate the 
degree of support for a particular grouping pattern in the 
phylogenetic tree (Felsenstein 1985). A full-length multiple 
alignment was conducted to identify the conserved amino 
acids and motifs using 20 C. maxima MLO proteins and 12 
reference MLO proteins characterized in other plant species.

2.4 � Plant materials and inoculation of pathogen

A PM susceptible C. maxima accession (SJ-1, South Korea) 
and a moderately resistant accession (PI 169404, Turkey) 

were grown in plastic pots in a greenhouse at Sejong Univer-
sity, Seoul, South Korea in the spring of 2017. Podosphaera 
xanthii was collected from naturally infected leaves of pump-
kin plants in the greenhouse at Asia Seed Co. (Icheon, Gyeo-
nggi-do, South Korea). We inoculated pumpkin seedlings 
at the three-leaf-stage by dusting and touching the plants 
with heavily infected pumpkin leaves. Control plants were 
not inoculated and maintained separately from the inocu-
lated plants in the same greenhouse. The inoculated plants 
were wrapped with polythene to maintain a high humidity 
level until the disease symptoms developed. The leaf sam-
ples were collected at 4 d post inoculation (dpi) for both the 
inoculated and uninoculated control plants and collection 
continued for 5, 6, and 8 dpi in the inoculated plants from 
both accessions. Three plants from each treatment were used 
as three independent replicates per time point. The collected 
samples were frozen immediately in liquid nitrogen and kept 
at − 80 °C for RNA isolation.

2.5 � RNA isolation and expression analysis

Total RNA was extracted from control and treated frozen 
leaf samples using the Plant RNA Purification Reagent 
(Invitrogen, Waltham, MA, USA). The RNA quality was 
determined using a Nanodrop ND-2000 spectrophotometer 
(Nanodrop Technologies, Waltham, MA, USA) and only 
high-quality RNA samples (A260/A230 > 2.0 and A260/
A280 > 1.8) were used for subsequent experiments. Then, 
first-strand cDNA was synthesized from 5 μg of the total 
RNA following the protocol for the ReverTra Ace qPCR RT 
Master Mix kit (Toyobo, Osaka, Japan). Real-time PCR was 
conducted on a CFX real-time system (Bio-Rad, Hercules, 
CA, USA) using THUNDERBIRD SYBR qPCR mix (Toy-
obo, Osaka, Japan). Samples were amplified in the following 
method: 95 °C for 5 min, followed by 40 cycles of 95 °C 
for 30 s, 59 °C for 30 s, and 72 °C for 30 s. Three technical 
replications were used per sample. The transcript levels were 
normalized against expression of the C. maxima actin gene 
(GenBank Accession no. KF831060). The actin reference 
sample was defined as a 1 × expression level and the rela-
tive expression in our experimental samples was defined as 
the fold increase in mRNA level over the reference sample. 
The gene specific primers used for this analysis are shown 
in Table 4.

3 � Results and discussion

3.1 � Identification of the MLO gene family in C. 
maxima

In order to identify MLO genes in C. maxima, 16 MLO 
sequences from C. melo, 14 from C. lanatus, 13 from 

http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://old.topcons.net/
http://www.ebi.ac.uk/interpro/search/sequence-search
http://www.ebi.ac.uk/interpro/search/sequence-search
http://weblogo.berkeley.edu/logo.cgi
http://weblogo.berkeley.edu/logo.cgi
http://meme.sdsc.edu/meme/intro.html
http://www.ncbi.nlm.nih.gov
http://www.megasoftware.net
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C. sativus, and 18 from C. pepo were used to query a 
BLASTn search on the C. maxima genome sequence 
data using Geneious v 9.1. As a result of this homology 
search, twenty genes were identified as potential mem-
bers of the CmaMLO family and designated CmaMLO1 
to CmaMLO20 according to their chromosomal location 
(Supplemental Data 1). As illustrated in Fig. 1, the 20 
CmaMLO genes were evenly distributed on fifteen chro-
mosomes of the twenty chromosomes that make up the 
C. maxima genome, but there were no CmaMLO genes 
on chromosomes 10, 11, 12, 14, and 19. Chromosomes 2, 
3, 4, 13, and 20 had two CmaMLO genes each, while the 
other remaining chromosomes have only one CmaMLO 
gene. We also validated the absence of conserved MLO 
domains on chromosomes 10, 11, 12, 14, and 19 using the 
NCBI conserved domain search program. The pumpkin 
MLO genes had a scattered distribution pattern across its 
chromosomes, which could have arisen through segmental 
duplication; a clustered occurrence, which can occur due 
to tandem duplication of gene families, was not observed 
(Schauser et al. 2005). The total number of MLO genes 
identified in the C. maxima was the highest number among 
the MLO family genes have been reported in other species 
of Cucurbitaceae, for which the number of MLO genes 
ranged between 13 and 18 (Zhou et al. 2013; Lovieno 
et al. 2015). This result is consistent with previous reports 

of genome-wide surveys that suggest the presence of a 
number of MLO homologs that can vary from 13 to 20 
in this plant family (Devoto et al. 2003; Feechan et al. 
2008; Pessina et al. 2014; Appiano et al. 2015b; Rispail 
and Rubiales 2016).

The genomic and the predicted protein size of CmaMLO 
genes were further identified (Table 1) using the Fgenesh 
automatic annotation (Solovyev et al. 2006). Large varia-
tion was detected in the sizes of MLO genes in C. maxima. 
The genomic length of CmaMLO genes varied from 2.97 to 
7.07 kb, and the length of their coding regions varied from 
1.07 to 1.76 kb with average of 9 to 16 exons. This is com-
parable to the mean genomic length (3.79 to 9.95 kb), the 
length of coding regions (1.32 to 1.82 kb), and the number 
of exons (11 to 17) in other Cucurbits including cucumber, 
melon, and watermelon (Lovieno et al. 2015; Schouten 
et al. 2014). Accordingly, the protein size predicted to be 
encoded by CmaMLO genes varied from 354 to 595 amino 
acids (41.28 to 68.56 kDa) and all CmaMLO genes except 
CmaMLO6 and CmaMLO20 had amino acid lengths com-
parable to the Arabidopsis AtMLO homologs, which range 
from 460 to 593 residues in length (Devoto et al. 2003). 
The predicted isoelectric points of the CmaMLO-deduced 
polypeptides showed basic residues, which are common 
features in MLO proteins (Chen et al. 2014).

1        2        3       4      5      6      7      8     9    10    11     12    13    14     15    16     17     18    19    20 

MLO2

MLO1

MLO3
MLO4
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MLO10

MLO11
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Fig. 1   Position of CmaMLO genes on C. maxima chromosomes. Chromosome numbers are indicated on top of the chromosome
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3.2 � Structural features of CmaMLO proteins

MLO proteins are characterized as an integral plasma mem-
brane protein with seven transmembrane (TM) helices, an 
extracellular N-terminus, and a cytoplasmic C-terminus 
(Devoto et al. 1999). The TMs of CmaMLO genes in this 
study were predicted with different prediction servers and 
the number of TMs varied between the prediction serv-
ers, ranging from two (CmaMLO6) to eight (CmaMLO9) 
(Table  1). Among the twenty CmaMLO genes, nine 
genes (CmaMLO1, CmaMLO3, CmaMLO7, CmaMLO8, 
CmaMLO12, CmaMLO13, CmaMLO15, CmaMLO18 and 
CmaMLO19) were consistently found to have seven TMs 
(TM1 through TM7), which is a unique characteristic of 
the MLO gene family. However, sequence alignment further 
revealed that CmaMLO18 lacked the TM2 domain and had 
an additional domain between TM3 and TM4 (Fig. 2a). A 
BLASTp search in NCBI showed that the additional TM 
domain in CmaMLO18 had high sequence similarity with 
CsMLO5 from C. sativus and CmMLO5 from C. melo. 
CmaMLO9 not only contained all seven TMs but also had 
an additional domain in front of TM1 (Fig. 2a). Moreover, 
the BLASTp search showed that the additional TM domain 
in CmaMLO9 had high sequence similarity with C. sati-
vus CsMLO2 and C. melo CmMLO6. The ten remaining 

CmaMLO genes showed various degrees of conservation of 
the seven TMs (Figs. 2a, 3). The TM domain sequence logo 
construction revealed that most of the amino acid residues 
of all seven TM domains were highly conserved (Fig. 2b).

3.3 � Sequence alignment and conserved motif 
analysis of CmaMLO proteins

To analyze the sequence characteristics of the CmaMLO 
proteins, a multiple alignment of the candidate proteins 
including the barley MLO protein was conducted using 
ClustalW in Geneious v 9.1. The results indicated the pres-
ence of seven TM domains and 30 invariable amino acid 
residues identified in 38 MLOs from various species (Elliott 
et al. 2005; Fig. 3). Thirteen of these amino acid residues 
were located in six of the seven TM domains. We further 
analyzed the conservation of these 30 important amino 
acid residues in each CmaMLO protein. Four CmaMLOs 
(CmaMLO3, CmaMLO9, CmaMLO13 and CmaMLO19) 
conserved all 30 amino acid residues (Table  2). Eight 
CmaMLO proteins (CmaMLO1, CmaMLO4, CmaMLO8, 
CmaMLO10, CmaMLO12, CmaMLO14, CmaMLO15 
and CmaMLO20) lost one or more amino acid residues, 
while two (CmaMLO7 and CmaMLO17) had mutations 
in some amino acid residues. The remaining six CmaMLO 

Table 1   Features of MLO gene family members in Cucurbita maxima 

z Molecular weight; yIsoelectric point; xNumber of transmembrane domains (TM) as predicted by TMHMM (T), TOPCONS (P) and Interpros-
can5 (I) webservers

MLO name Chr. Starting posi-
tion (Mb)

Clade Exons ORF length (bp) Deduced polypeptide TM domainx

Length (aa) MW (kDa)z pIy T P I

CmaMLO1 1 7.05 I 15 1638 545 62.52 9.31 7 7 7
CmaMLO2 2 0.87 VII 10 1413 470 53.40 9.26 6 7 7
CmaMLO3 2 5.24 V 14 1761 586 67.35 8.93 7 7 7
CmaMLO4 3 5.39 III 11 1482 493 55.34 9.10 5 4 5
CmaMLO5 3 8.41 VII 14 1488 495 56.39 9.58 6 6 7
CmaMLO6 4 2.72 I 11 1326 441 49.74 8.09 2 6 4
CmaMLO7 4 6.94 V 15 1716 571 65.53 9.31 7 7 7
CmaMLO8 5 7.33 III 14 1539 512 58.13 8.92 7 7 7
CmaMLO9 6 0.83 III 15 1737 578 64.60 8.97 8 8 7
CmaMLO10 7 1.62 III 11 1476 491 54.95 9.17 5 3 5
CmaMLO11 8 6.18 II 12 1488 495 55.31 8.43 5 6 5
CmaMLO12 9 4.29 I 15 1650 549 62.98 8.62 7 7 7
CmaMLO13 13 1.43 V 14 1746 581 66.72 9.17 7 7 7
CmaMLO14 13 1.47 VI 13 1623 540 61.28 8.78 6 7 7
CmaMLO15 15 1.46 I 15 1650 549 63.67 8.48 7 7 7
CmaMLO16 16 9.37 I 13 1461 486 55.58 6.24 4 6 5
CmaMLO17 17 0.20 II 12 1536 511 56.98 9.18 6 7 5
CmaMLO18 18 7.65 V 16 1662 553 63.50 9.49 7 7 7
CmaMLO19 20 2.30 V 14 1788 595 68.56 9.28 7 7 7
CmaMLO20 20 6.42 II 9 1065 354 41.28 8.58 5 4 6
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proteins had both deletions and mutations in some of the 30 
invariable amino acid residues. All CmaMLOs except for 
CmaMLO20 preserved four extracellular cysteine residues 
(C86, C98, C114, and C367), which were considered essen-
tial for its function in barley (Elliott et al. 2005; Table 2).

A calmodulin-binding (CaMBD) domain in the C-ter-
minus of MLO proteins is necessary and sufficient for 
Ca2+-dependent CaM complex formation, which is required 
for full activity of MLO to negatively regulate plant defense 
against powdery mildew in vivo and it contains three hydro-
phobic amino acid residues and a conserved tryptophan 
residue (Kim et al. 2002a, b; Bhat et al. 2005). Sequence 
alignment indicated a putative CaMBD domain in most 
of CmaMLO proteins that was composed of hydrophobic 
amino acid residues at positions 420, 427 and 433, and a 
highly conserved tryptophan residue at position 423, which 
corresponded to the position in HvMLO (Fig. 3). Panstruga 
(2005) reported two conserved peptide domains (I and II) 
in the C-terminal of several MLO proteins that may mod-
ulate powdery mildew infection in various plants includ-
ing Arabidopsis, cabbage, tomato, pepper, barley, maize, 
rice, and wheat. Peptide domain I is located approximately 

15–20 residues downstream of the CaMBD and character-
ized by conserved serine and threonine residues; the pep-
tide domain II is characterized by the consensus sequence 
D/E–F–S/T–F (Panstruga 2005). The sequence alignment 
revealed that among twenty CmaMLO proteins, seven pro-
teins (CmaMLO3, CmaMLO4, CmaMLO7, CmaMLO9, 
CmaMLO10, CmaMLO13, CmaMLO18, and CmaMLO19) 
had both peptide domains I and II in their C-terminal regions 
(Fig. 3).

Subsequently, we used the MEME online analysis tool to 
search conserved motifs in the CmaMLOs. There were ten 
conserved motifs ranging from 19 to 42 amino acid residues 
in twenty CmaMLO proteins (Fig. 4; Table 3). This result 
is consistent with the occurrence of ten conserved motifs in 
tomato MLO proteins (Chen et al. 2014), Cucumis sativus 
Mlo proteins (Zhou et al. 2013) and Vitis flexuosa (Islam 
and Yun 2016). Among the twenty CmaMLO proteins, 
five (CmaMLO4, CmaMLO7, CmaMLO9, CmaMLO13 
and CmaMLO19) contained ten motifs, while four 
(CmaMLO2, CmaMLO3, CmaMLO14 and CmaMLO18) 
and seven CmaMLOs (CmaMLO1, CmaMLO5, CmaMLO8, 
CmaMLO11, CmaMLO12, CmaMLO15 and CmaMLO17) 

A 
Name Extra 

TM
TM1 TM2 TM3 Extra 

TM
TM4 TM5 TM6 TM7

CmaMLO1
CmaMLO2
CmaMLO3
CmaMLO4
CmaMLO5
CmaMLO6
CmaMLO7
CmaMLO8
CmaMLO9
CmaMLO10
CmaMLO11
CmaMLO12
CmaMLO13
CmaMLO14
CmaMLO15
CmaMLO16
CmaMLO17
CmaMLO18
CmaMLO19
CmaMLO20

B 

TM1 

TM2 

TM4 

TM5 

TM3 

TM6 

TM7 

Fig. 2   The number and distribution of transmembrane (TM) domains 
of CmaMLO predicted by TOPCONS membrane protein topology 
prediction software (a) and Logos of amino acid sequences for the 

seven TMs (b) in the MLO-like C. maxima genes. Fully conserved 
amino acid residues in five TM domains (TM1, TM2, TM5, TM6 and 
TM7) was shown as red colored arrowheads in (b)
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had nine and eight motifs, respectively. CmaMLO16 and 
CmaMLO20 had six motifs; CmaMLO10 and CmaMLO6 
have seven and five motifs, respectively. Six of the iden-
tified conserved motifs (1, 2, 3, 6, 7 and 8) were located 
in six of the seven TM domains and motif 1 also included 
the CaMBD domain, while the remaining four motifs were 
located in other regions of the predicted CmaMLO proteins. 
These results are similar to previous reports that seven of 
the ten conserved motifs are located in the TM domains 
and the CaMBD domain, while the remaining three motifs 

are distributed in other regions of the predicted CmaMLO 
proteins (Zhou et al. 2013; Islam and Yun 2016).

3.4 � Phylogenetic relationship of MLO proteins in C. 
maxima with other species

A phylogenetic tree containing 44 MLO proteins from dicots 
and monocots was constructed using the MLO-Pfam domain 
to illustrate the phylogenetic relationship of the sequences of 
CmaMLO proteins with other plant MLO proteins (Fig. 5). 

Fig. 3   Multiple sequence alignment of 20 predicted MLO-like pro-
teins from C. maxima and the barley MLO protein. The bars indicate 
the positions of the seven TM domains, and CaMBD was inferred 
from HvMLO (Devoto et al. 1999; Panstruga 2005). The open boxes 

indicate the two conserved peptide domains identified by Panstruga 
(2005) within the highly polymorphic C-terminus using Roman 
numerals I and II
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The MLO members collapsed in seven distinct clades (I 
through VII) with designations based on the classification 
of Arabidopsis and monocot MLO homologs (Devoto et al. 
2003). Phylogenetic analysis showed that the CmaMLO 
distributed in six of the seven clades. Clade I included five 
CmaMLO proteins (CmamLO1, CmaMLO6, CmaMLO12, 
CmaMLO15 and CmaMLO16) while clade II comprised of 
three CmaMLO proteins (CmaMLO11, CmaMLO17 and 
CmaMLO20). Clade III contained four CmaMLO proteins 

(CmaMLO4, CmaMLO8, CmaMLO9 and CmaMLO10) 
and Clade V contained five CmaMLO proteins (CmaMLO3, 
CmaMLO7, CmaMLO13, CmaMLO18 and CmaMLO19). 
CmaMLO14 was clustered to clade VI while CmaMLO2 
and CmaMLO5 were clustered to newly identified clade VII. 
Clades IV and V were previously reported to be involved in 
PM susceptibility (Jørgensen 1992; Elliott et al. 2002; Kim 
et al. 2002b; Consonni et al. 2006; Berg et al. 2015; Nie 
et al. 2015). HvMLO was the first identified MLO protein 

Table 2   Comparison of 30 important amino acid residues in the barley MLO protein with the corresponding residues in the CmaMLO protein 
sequences

Name 
Amino acid residues 

35 65 68 71 74 86 98 114 135 158 163 207 210 220 224 227 240 243 263 287 329 330 334 346 348 350 367 393 395 423 

HvMLO E M G S L C C C F W E F Q Y R F F Y W P F W P F N F C T P W 

CmaMLO1   M G S L C C C F W E F Q Y R F F Y W P F W P F N F C T P W 

CmaMLO2 E M G S L C C C S     F Q Y R F F F W P F W P I     C T P W 

CmaMLO3 E M G S L C C C F W E F Q Y R F F Y W P F W P F N F C T P W 

CmaMLO4 E M G S L C C C F W E F Q Y R F         F W P       C T P W 

CmaMLO5 E M G S L C C C I W E F Q Y R F F Y W P         N F C T P W 

CmaMLO6 E M G S L C C C F                   W P F W P L     C T P W 

CmaMLO7 E M G S L C C C F W E F Q Y R F F Y W S F W P F N F C T P W 

CmaMLO8 E M G S L C C C F W E         F F Y W P F W P F N F C T P W 

CmaMLO9 E M G S L C C C F W E F Q Y R F F Y W P F W P F N F C T P W 

CmaMLO10 E M G S L C C C F W E F Q Y R F         F W P       C T P W 

CmaMLO11 E M G S L C C C F W E F Q Y R F F Y   I F W P F N F C T P W 

CmaMLO12   M G S L C C C F W E F Q Y R F F Y W P F W P F N F C T P W 

CmaMLO13 E M G S L C C C F W E F Q Y R F F Y W P F W P F N F C T P W 

CmaMLO14 E M G S L C C C F     F Q Y R F F Y W P F W P F N F C T P W 

CmaMLO15   M G S L C C C F W E F Q Y R F F Y W P F W P F N F C T P W 

CmaMLO16   M G S M C C C F W E F Q Y R F F Y W P F W P F N F C T P W 

CmaMLO17 E M G S L C C C F W E F Q Y R F F Y S S F W P F N F C T P W 

CmaMLO18 E         C C C F W E F Q Y R F F Y W S F W P F N F C T P W 

CmaMLO19 E M G S L C C C F W E F Q Y R F F Y W P F W P F N F C T P W 
CmaMLO20 E M G S L C C C F W E F Q Y R F         F W P F N F         

Fig. 4   Schematic representation of motifs in the predicted CmaMLO proteins. Different motifs (1–10) are displayed in different colors. The bot-
tom scales indicate the length of the motifs
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Table 3   Ten best possible MEME (Multiple Expectation Maximization for Motif Elicitation) sequences and the defined conserved motifs within 
the CmaMLO proteins

z List of CmaMLO proteins which include each motif sequence

Motif no. Length (aa) Sequence e-value CmaMLO proteinsz

1 42 CSYVTLPLYALVTQMGSNMKKAIFNERVAEALKNWHKKAKKK 2.3e−402 All (except CmaMLOs 5 & 20)
2 39 GKVPFISYEGLHQLHIFIFVLAVFHVLYCCLTMALGRAK 7.1e−341 All CmaMLOs
3 36 PRDDLFWFNRPRLILYLIHFVLFQNAFEIAFFFWTW​ 5.1e−311 All (except CmaMLOs 4, 5 & 10)
4 26 CFFRQFYRSVTKADYMTLRNGFIMNH 2.6e−258 All (except CmaMLOs 6 & 8)
5 28 KHKKALYEALEKMKEELMLLGFISLLLT 6.4e−256 All (except CmaMLOs 16 & 18)
6 36 FDFHKYMKRSMEDDFKVVVGISPPMWGFAVLFILFN 1.3e−248 All (except CmaMLOs 4, 6, 10 & 20)
7 36 RSLEQTPTWAVAAVCFVIIAISICIEHLLHKLGKWL 1.3e−214 All (except CmaMLOs 1, 6, 12, 15 & 16)
8 36 VHGWNAYFWLPFIPLIIVLLVGTKLQVIITKMALEI 3.7e−209 All (except CmaMLOs 4, 10, 11, 17 & 20)
9 36 MRGWKAWEDETKTHEYQFSNDPARFRFARDTSFGRR​ 2.9e−169 CmaMLOs 3, 4, 5, 7, 9, 10, 13, 18 & 19
10 19 GYITNICIPEEVANTMLPC 2.2e−109 All (except CmaMLOs 6 & 16)

Fig. 5   Phylogenetic relationship 
between CmaMLO and the 24 
reference MLO proteins already 
characterized in other plant 
species. The tree was generated 
using the MEGA7 software and 
maximum likelihood method 
based on Whelan and Goldman 
model. Bootstrap values (above 
50%) from 1000 replicates are 
indicated above the branches

Clade V 

Clade III 

Clade VI 

Clade II 

Clade I 

Clade IV 

Clade VII 

 A. thaliana MLO protein       Reference MLO protein        C. maxima MLO protein  
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that causes PM susceptibility and clustered in clade IV with 
rice (OsMLO2) and wheat (TaMLO-A1 and TaMLO-B1) 
MLO proteins. Devoto et al. (2003) also identified this clade 
as a monocot-specific group. In clade V, five CmaMLOs 
were clustered with AtMLO2, AtMLO6 and AtMLO12 
from Arabidopsis, MtMLO from barrel clover, PsMLO 
from pea, LiMLO from lotus, CaMLO from pepper, SlMLO 
from tomato, which are functionally characterized as being 
related to PM resistance. Recently, Appiano et al. (2015a, 
b) reported in transgenic complementation tests that all the 
monocot and dicot MLO homologs required for PM suscep-
tibility were in clade V. In this study, five CmaMLOs was 
sorted into clade V and were further analyzed with three 
MLOs from Arabidopsis and barley by multiple sequence 
alignment to examine the amino acid sequence conserva-
tion in clade V (Fig. 6). Except for the absence of the TM2 
domain in CsaMLO18, all of the CmaMLO proteins had a 
high degree of conservation at the predicted TM domain 
positions (Devoto et  al. 2003). Moreover, a CaMBD in 

the C-terminus of MLO proteins was highly conserved 
in all the tested CmaMLO proteins. Additionally, all five 
CmaMLO proteins had two conserved peptide domains in 
their C-terminus (Fig. 6). Since these five CmaMLO pro-
teins clustered into clade V and included AtMLO2, AtMLO6 
and AtMLO12, which are considered PM susceptibility fac-
tors, their conserved sequence suggests that CaMBD and 
the two the peptide domains in C-terminus are potentially 
functional domains conferring the PM susceptibility in C. 
maxima plants. Expression analysis under pathogenic infec-
tion would need to be conducted to investigate and verify the 
patterns of CmaMLO gene expression.

3.5 � Expression analysis of CmaMLO genes

Although the MLO protein family is divided into seven phy-
logenetic clades (Acevedo-Garcia et al. 2014; Pessina et al. 
2014), all MLO proteins that are functionally related to PM 
susceptibility appear to be restricted to two clades; clade 

Fig. 6   Multiple sequence alignment of CmaMLO proteins in clade V 
with selected MLO proteins involved in PM susceptibility in barley 
(HvMLO) and Arabidopsis (AtMLO2, AtMLO6 and AtMLO12). The 
bars indicate the positions of the seven TM domains, and CaMBD 

was inferred from HvMLO (Devoto et al. 1999; Panstruga 2005). The 
open boxes indicate the two conserved peptide domains identified by 
Panstruga (2005) within the highly polymorphic C-terminus repre-
sented by the Roman numerals I and II
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V for dicot species (Consonni et al. 2006; Bai et al. 2008; 
Feechan et al. 2008; Appiano et al. 2015a) and clade IV for 
monocots (Panstruga 2005; Reinstadler et al. 2010). Previ-
ous studies reported that tomato SlMLO1, pepper CaMLO2, 
eggplant SmMLO1, potato StMLO1 and tobacco NtMLO1 
were causally associated with PM susceptibility and they 
clustered into clade V based on protein sequence like other 
dicot species (Panstruga 2005; Appiano et al. 2015a). To 
investigate the expression patterns of CmaMLO genes in 
clade V after pathogen inoculation, expression analysis 
was performed by real-time quantitative PCR using gene 
specific primers (Table  4). The mRNA transcripts of 
CmaMLO3, CmaMLO7, CmaMLO18, and CmaMLO19 but 
not CmaMLO13 were observed after inoculation with the 
PM pathogen P. xanthii. The four MLO genes (CmaMLO3, 
CmaMLO7, CmaMLO18 and CmaMLO19) showed dis-
tinctive expression patterns based on time points meas-
ured after PM pathogen inoculation and the compatible or 
incompatible plant-pathogen interaction type. In PI 169404 
(incompatible interaction), CmaMLO3, CmaMLO18 and 
CmaMLO19 showed highly expression on 4 dpi and 5 dpi; 
their expression then decreased on 6 dpi but increased again 
on 8 dpi. The expression of CmaMLO7 showed significant 
up-regulation only on 8 dpi. Conversely, in SJ-1 (compatible 
interaction) only CmaMLO7 had significant up-regulation 
on 4 dpi and 5 dpi, with the highest expression measured on 
8 dpi, whereas other three genes, CmaMLO3, CmaMLO18, 
and CmaMLO19 showed the highest expression and signifi-
cant up-regulation only on 8 dpi. All four expressed genes 
(CmaMLO3, CmaMLO7, CmaMLO18 and CmaMLO19) are 
orthologous to the AtMLO2, AtMLO6 and AtMLO12 from A. 
thaliana (Fig. 5). Chen et al. (2006) reported that AtMLO2, 
AtMLO3, AtMLO6 and AtMLO12 were up-regulated by the 
biotrophic PM pathogen Erysiphe cichoracearum. Other 
studies also reported that the grapevine and apple MLO fam-
ily genes that are orthologous to the AtMLO2, AtMLO6, and 
AtMLO12 were up-regulated after inoculation with the PM 
pathogens Vitis vinifera L. and Vitis flexuosa (Feechan et al. 
2008; Islam and Yun 2016; Pessina et al. 2014). In addition, 
up-regulation of the MLO gene under P. xanthii was often 
associated with susceptibility to the P. xanthii pathogen in 
cucumber, barley, and apple (Berg et al. 2015; Pessina et al. 
2014; Piffanelli et al. 2002; Schouten et al. 2014). In this 

our gene expression analysis, four MLO genes belonged 
to clade V were specifically induced by the PM patho-
gen. Furthermore two distinctive expression patterns were 
observed; the three MLO genes (CmaMLO3, CmaMLO18, 
and CmaMLO19) were specifically induced in the incompat-
ible reaction of PI 169404 accession. In contrast, one MLO 
gene (CmaMLO7) was specifically induced in the compat-
ible reaction of SJ-1 accession. This result speculates that 
different functional types of MLO genes could be differently 
involved in specific pumpkin-P. xanthii interactions. Conclu-
sively, based on phylogenetic and expression analysis, these 
four MLO genes may be involved in both compatible and 
incompatible responses to the PM pathogen (Fig. 7).  

4 � Conclusion

MLO genes are plant specific and some MLOs are well docu-
mented in PM susceptibility. Loss-of-function of susceptibil-
ity genes could be an alternative approach for achieving last-
ing resistance against PM; the most well known examples are 
barley mlo and pea mlo mutants, which have been success-
fully employed to develop PM resistant lines. In the Cucurbi-
taceae family, loss-of-function mutations of CsMLO1 confer 
lasting PM resistance in cucumber (Nie et al. 2015). In this 
study, we identified twenty non-duplicated MLO genes in 
C. maxima using bioinformatics tools and structural fea-
tures, as well as analyzed phylogenetic relationships based 
on protein sequences. Among the twenty MLO genes, five 
genes (CmaMLO3, CmaMLO7, CmaMLO13, CmaMLO18 
and CmaMLO19) in clade V were significantly related to 
PM susceptibility, consistent with previous work that has 
shown that MLO genes involved in PM susceptibility are 
present in clade V. Structural analysis and comparison stud-
ies confirmed that these genes encode typical MLO pro-
teins that have seven-transmembrane, a CaMBD domain, 
and two conserved peptide domains in the C-terminus, all 
of which are common structural features of other plant MLO 
proteins. Moreover, all of the predicted proteins had a high 
degree of homology with MLO proteins of other Cucur-
bits. We investigated the expression patterns of CmaMLO 
genes from clade V after PM pathogen infection and identi-
fied four MLO genes in clade V (CmaMLO3, CmaMLO7, 

Table 4   Gene specific primer 
sequences used for real-time 
quantitative PCR amplification 
of MLO genes of C. maxima 

Gene Forward primer (5′–3′) Reverse primer (5′–3′) Product 
size (bp)

CmaMLO3 GCT​GAC​GGT​AGG​ACA​AAG​CCTAA​ AGA​AGT​TTC​CGG​CGA​TTA​GTGTC​ 147
CmaMLO7 GCA​AGA​GGT​AAG​GAA​GGA​GCAAA​ ACA​TGC​ATC​GTC​TCC​TTT​TGA​AGC​ 117
CmaMLO18 AAG​AAA​AAG​CAC​CCA​AGA​ACAGC​ CTA​TCA​GCA​CAT​GCA​TCG​TTTCC​ 109
CmaMLO19 GTG​TCG​GAA​GGA​GGA​ATC​CAT​ TGG​CAT​TAC​CCA​GAG​CTA​AAGTT​ 99
CmaACTIN CCG​CTC​TTG​CTC​CGA​GCA​G ATC​CAC​ATC​TGT​TGG​AAG​GTAC​ 120
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CmaMLO18 and CmaMLO19) that were induced by PM 
pathogen inoculation. CmaMLO7 was specifically induced 
during the compatible reactions in the SJ-1 accession; 
CmaMLO3, CmaMLO18, and CmaMLO19 were specifically 
induced during incompatible reactions in the PI 169404 
accession. This is the first comprehensive report of MLO 
genes in C. maxima to our knowledge. These findings pro-
vide valuable information of the functional characterization 

of MLOs related to PM susceptibility/resistance and can 
assist in the development of PM resistant pumpkin.
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Fig. 7   Expression pattern of four MLO genes in C. maxima ‘SJ-1’ 
and ‘PI 169404’ lines after powdery mildew inoculation. The error 
bars represent the standard error of the means from three independ-

ent replicates. Significant differences between inoculated samples and 
control samples are indicated with an asterisk (p < 0.05)
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