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Text Powdery mildew affecting European hazelnut Corylus avellana L. in Turkey is caused by the 

obligate biotrophic fungus Erysiphe corylacearum. This fungal disease causes significant economic 

losses by reducing the yield and quality of hazelnuts. Loss-of-function mutations in the mildew 

resistance locus o (MLO) gene family of many plants confer high levels of broad-spectrum 

resistance to powdery mildew. The proteins encoded by the genes at the MLO locus are divided into 

approximately seven different conserved clades. Among them, phylogenetic clade V has been found 

to be involved in PM susceptibility, as inactivation of these genes leads to long-term disease 

resistance in dicots. In this study, we examined the temporal expression pattern of three hazelnut 

MLO genes, previously identified as clade V, in response to powdery mildew infection in C. 

avellana cv. Tombul. Leaves are the main tissue affected by the powdery mildew pathogen in 

hazelnut plants. Analysis of MLO expression in hazelnut leaves showed that CavMLO2 and 

CavMLO6 were significantly upregulated after challenge with E. corylacearum, providing 

preliminary evidence that they may be involved in PM susceptibility. Thus, these results present a 

basis for the isolation and use of relevant genes in plant breeding for disease resistance. In addition, 

gene expression profiles of clade V MLO are also important for identifying candidate genes that 

need to be silenced or modified for future molecular studies to obtain resistant hazelnut varieties.  
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Introduction 

Powdery mildew (PM) is a widespread and harmful 

disease of plants, including economically important 

European hazelnuts (Corylus avellana L.). Recently, the 

pathogen responsible for PM fungal disease in C. avellana 

L. has been identified as Erysiphe corylacearum (Sezer et 

al., 2017). Disease control is important to avoid serious 

economic losses for hazelnuts. PM in hazelnut fields is 

controlled with fungal pesticides, but the disease is not 

eradicated. Due to environmental damage and the possibility 

of emergence of new resistant races of the pathogen, 

investigation of PM-resistant hazelnut varieties or 

identification of MLO genes responsible for susceptibility of 

hazelnut plants is necessary to produce resistant varieties for 

breeding or genetic engineering.  

PM pathogens break down the plant defense through 

plant susceptibility genes (S-genes), Mildew Locus O (MLO) 

genes. MLO genes encode seven transmembrane domain 

proteins containing a C-terminal calmodulin-binding 

domain (CaMBD) (Büschges et al., 1997; Devoto et al., 

1999; Kim et al., 2002a). The number of amino acids in 

MLO proteins ranges from 400 to 600. Their biological 

functions mainly include modulating the host response to 

powdery mildew. Analysis of the expression pattern of the 

MLO gene family is important to identify the candidate gene 

for engineering its function. MLO genes have been isolated 

from several species based on their similarity to well-

characterized barley and Arabidopsis. As a natural loss-of-

function (Mlo) mutation in barley (Hordeum vulgare), it 

leads to broad-spectrum resistance to Blumeria graminis f. 

sp. hordei (Bgh) (Kusch and Panstruga, 2017; Jørgensen, 

1992). Complete resistance to Golovinomyces orontii in 

Arabidopsis thaliana has been obtained by mutation of the 

AtMLO2, AtMLO6, and AtMLO12 genes [transfer-DNA (T-

DNA insertion), chemical mutagenesis] (Consonni et al., 

2007). Subsequently, only a few MLO sequences have been 

functionally characterized in different plants and found to be 

involved in plant-powdery mildew interactions such as a 

natural loss-of-function mutation in tomato (Solanum 

http://creativecommons.org/licenses/by-nc/4.0/
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lycospersicum L. var. cerasiforme) SlMLO1 has provided 

resistance to the tomato PM pathogen Oidium 

neolycopersici (Bai et al., 2008); reduced susceptibility to 

Leveillula taurica has been demonstrated in pepper 

(Capsicum annuum) with an RNAi loss-of-function mutant 

of an Mlo ortholog, CaMLO2 (Zheng et al., 2013); bread 

wheat (Triticum aestivum) has acquired long-lasting 

resistance to Blumeria graminis f.sp. tritici (Bgt) in the 

presence of mutants of the TaMLO1 gene generated either 

using transcription activator-like effector nucleases 

(TALLEN) or targeting induced lesions in genomes 

(TILLING) technologies (Wang et al, 2014; Acevedo-Garcia 

et al, 2017); in grapevine (Vitis vinifera), the combination of 

RNAi knock-down of VvMLO6 and VvMLO7 has 

significantly reduced the severity of the powdery mildew 

pathogen Erysiphe necator (Pessina et al., 2016b); RNAi 

knock-down of MdMLO19 expression from apple (Malus 

domestica) has led to resistance to Podosphaera leucotricha 

(Pessina et al., 2014; Pessina et al., 2016a).  

This study describes the identification of potential 

candidates for hazelnut MLO genes associated with 

powdery mildew susceptibility based on analysis of the 

transcriptional response of hazelnut to powdery mildew 

infection by semi-quantitative polymerase chain reaction 

(qPCR). The results obtained would be useful for 

developing resistant varieties for hazelnut breeding or for 

making mutations in specific genes with gene editing tools 

(Gaj et al., 2013; Lozano-Juste and Cutler, 2014; Puchta 

and Fauser, 2014). 

 

Materials and Methods  

 

Plant Material and Growth Conditions 

Hazelnut (Corylus avellana cv. Tombul) suckers (~50 

cm in length) were collected from a hazelnut field and 

planted in pots (39×35 cm dimensions). Plants were 

maintained in a growth chamber at 25°C and 60–65% 

humidity with a 16 h photoperiod provided by cool white 

fluorescent rods with a light intensity of 120 µmol m-2 s-1. 

The soil was fertilized once using 20:20:20. Plants were 

irrigated with tap water until fresh, healthy leaves were 

obtained for pathogen inoculation.  

 

Isolation of Powdery Mildew Pathogen and Leaf 

Inoculation  
PM pathogenic fungus E. corylacearum was collected 

from hazelnut plants in a field in Giresun, Türkiye, and 

regularly preserved on the leaves of Corylus avellana cv. 

Tombul plants in the growth chamber. Hazelnut leaves 

were inoculated by brushing conidia from heavily infected 

leaves. For hazelnut MLO gene expression analysis, three 

different plants were sampled at two different time points; 

9 hours post inoculation (hpi) and 24 hpi. Uninfected 

leaves were used as experimental controls at 0 hpi. 

Collected leaf samples were frozen directly in liquid 

nitrogen and used immediately for RNA extraction.  

 

Total RNA Extraction and Gene Expression Analysis 

by Semi-Quantitative RT-PCR  

Total RNA was extracted from frozen young hazelnut 

leaves using the Plant/Fungi RNA Isolation Kit (Norgen 

Biotek) according to the manufacturer’s instructions. RNA 

quality and quantity were assessed using a 1% agarose gel 

assay. Semi-quantitative RT-PCR was used to analyze 

gene expressions of the hazelnut clade V MLO (CavMLO) 

in C. avellana cv. Tombul. Total RNA was used to 

synthesize single stranded cDNA using the Superscript III 

reverse transcriptase kit (Invitrogen, Thermo Fisher 

Scientific). Each 20 µl reaction mix contained 1 µg of total 

RNA, oligo primers (dT18), and other components 

according to the manufacturer’s instructions. In semi-

quantitative RT-PCR, C. avellana MLO gene-specific 

primers spanning a partial coding region of MLO genes 

were used to monitor gene expression in infected and 

uninfected individuals at defined time points (0, 9, 24, hpi). 

The coding sequences of the genes were obtained from a 

project deposited in the NCBI database [Corylus avellana, 

Transcriptome Shotgun Assembly (TSA), BioProject: 

PRJNA316492] (Kavas et al., 2019) used to design pairs of 

clade V MLO gene-specific primers. 

 

Table 1. List of the primers used in this study.  

Gene GenBank accession number Primer pair sequences (5–3) Al (base pairs ) 

CavMLO2 (Cav10g09700) GGSA01064561.1 

CoravMLO2-Forward 

GGTGGGGACGAAACTACAGGTGATC 

CoravMLO2-Reverse 

GGAAGCGGAGCCACTTGACTTGAG 

720 

CavMLO6 (Cav07g19540) GGSA01025153.1 

CoravMLO6-Forward 

ACACCTGTGGTACAGCCAGGTGATG 

CoravMLO6-Reverse 

CATCTGCGAAATGTGAATTCCGAG 

720 

CavMLO12 (Cav07g19590) GGSA01055436.1 

CoravMLO12-Forward 

TGTCCAACGCATATGGATGGCATTC 

CoravMLO12-Reverse 

CGTGTTGGGTTCGAATGGTTCCTAG 

720 

CavACT (on chr 11) GGSA01045693.1 

CoravACT-Forward 

TGCTGGATTCTGGTGATGGTGTGAG 

CoravACT-Reverse 

GATGCAAGGATTGATCCTCCGATCC 

589 

Al: Amplicon length. The name of the full length clade V Corylus avellana cv. Tombul Mildew Locus O (MLO) genes and ACTIN as a reference gene 
with GenBank accession numbers, the primer sequences used to amplify part of the genes by RT-PCR reaction and the length of the products. The 

chromosomes on which the genes are located were underlined. 
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Figure 1. Expression analysis of the clade V CavMLO at transcript level, 

which was measured by semi-quantitative RT-PCR at three time points: 0-
hpi (hours post inoculation), 9 hpi and 24 hpi in hazelnut leaves when 
exposed to E. corylacearum. (A.) CavMLO transcript accumulation in 

hazelnut leaves upon exposure to E. corylacearum. RT-PCR products from 
different time points were separated on a 1 % agarose gel. M represents 1 
kb plus DNA size marker. A total of three leaves were collected for each 

time point and pooled for RNA isolation. The RT-PCR reaction was 
performed using CavMLO primer sets and yielded different amounts of the 
same size fragment (720 bp). Amplification of the reference CaACT gene 

using a pair gene-specific primers resulted in a 589 bp fragment. (B.) 
Transcript accumulation was measured as band intensity of amplified 
fragments using Image J software. The relative expression of CaMLO 

genes was calculated by normalizing the expression of the CaMLO genes 
against the housekeeping gene CaACT. 

 

As a reference housekeeping gene, a putative gene 

sequence of C. avellana L. Actin was obtained from 

GenBank by blasting the Arabidopsis Actin2 gene, AtACT2 

(GenBank ID: AY096381.1) against Corylus avellana, 

Transcriptome Shotgun Assembly (TSA) and then a gene 

specific primer pair was designed. The primer pair, 

CavACT-F and CavACT-R was used to amplify a fragment 

of the hazelnut Actin (CavACT) coding sequence as a 

reference housekeeping gene for relative quantification of 

hazelnut MLO genes. A 50 µl RT-PCR reaction was set up 

and performed at 94°C for 3 min; 35 cycles at 94°C for 1 

min, 55°C for 1 min, 72°C for 1 min and final extension at 

72°C for 10 min for clade V CaMLO and CavACT cDNA 

amplification. PCR products were visualized by 1 % 

agarose gel electrophoresis and sequenced for 

confirmation. RT-PCR products were quantified by 

measuring the band intensity using Image J software 

(https://imagej.nih.gov). The relative transcript abundance 

of the three, clade V hazelnut genes was assessed using 

Actin as the reference gene for target normalization. The 

primers used in the experiments were listed in Table 1.  

Results and Discussions  

 
Erysiphe corylacearum has severely affected hazelnut 

fields in the Black Sea Region of Türkiye. Since none of the 
hazelnuts grown in Türkiye have been reported to be 
genetically resistant to powdery mildew pathogens, control 
of this pathogen is currently achieved through the 
application of fungicides (Lucas et al., 2018). The possibility 
of emergence of races resistant to fungicides has increased 
interest in the development of new hazelnut varieties with 
improved genetic resistance to powdery mildew. Thus, the 
hazelnut MLO homologues responsible for mediating 
susceptibility to E. corylacearum have been identified in C. 
avellana cv. Tombul by next-generation whole genome 
sequencing (WGS) (Lucas et al., 2021). Before Lucas et al. 
(2021) published their results on the identification of target 
genes, including MLOs, for hazelnut crop improvement 
using C. avellana cv. Tombul WGS data, we also identified 
clade V hazelnut MLO sequences that would be responsible 
for susceptibility in hazelnuts using information from the 
NCBI database, Corylus avellana, Transcriptome Shotgun 
Assembly (TSA), BioProject: PRJNA316492 (Kavas et al., 
2019). Our results were similar to previous study in terms of 
phylogenetic analysis showing that MLOs named 
CavMLO2, CavMLO6 and CavMLO12 (Lucas et al., 2021) 
contain all sequence signatures that are considered 
diagnostic for MLOs and grouped in clade V. As shown in 
Table 1, two different IDs were used for the same gene from 
two different projects in NCBI [TSA (BioProject: 
PRJNA316492) and WGS (BioProject: PRJEB31933; 
Assembly GCA_901000735.2)] and relevant publications to 
avoid confusion.  

For the temporal expression profile, hazelnut leaves 
were sampled before and at 9 and 24 h post inoculation. 
The accumulation of MLO transcripts was determined by 
PCR on reverse-transcribed total RNA using gene-specific 
primers. Amplification specificity was checked for each 
primer pair such that each each primer pair generated a 
single amplification band with no non-specific products. 
Primer pairs for MLO genes amplified a 720 bp MLOs-
specific fragment from cDNA templates (Table 1; Figure 
1a). Amplified MLO fragments were confirmed by 
sequencing. The sequencing results showed some 
discrepancies from the source used to design the primer 
sets (BioProject: PRJNA316492). At the coding sequence 
(CDS) level, the sequenced fragments showed almost 
100% similarity tothose reported by Lucas et al. (2021), 
after delineating exon/inton boundaries using full length 
CDS from BioProject: PRJNA316492.  

As a reference, the coding sequence of the C. avellana L. 
Actin gene was identified by blasting the Arabidopsis Actin2 
gene, AtACT2 (GenBank ID: AY096381.1), which is 
commonly used as a reference for qRT-PCR reactions. The 
putative hazelnut Actin (GenBank ID: GGSA01044805.1), 
showed 84.1 % and 92.8% identity to Arabidopsis ACT2 at 
the nucleotide and amino acid levels, respectively. CavACT-
F and CavACT-R primers were designed and used to amplify 
the 589 bp fragment of the hazelnut Actin gene (CavACT) 
coding sequence. The amplified CaACT gene fragment was 
confirmed by sequencing. It was identical to the sequence 
obtained from WGS data. Only three base pair differences 
were identified between the sequences from TSA 
(BioProject: PRJNA316492) and WGS (BioProject: 
PRJEB31933) data.  
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The relative expressions of CavMLO2, CavMLO6 and 
CavMLO12 were determined using semi-quantitative RT-
PCR (Figure 1). Gene expression analyisis revealed that 
CavMLO2 and CavMLO6 transcript levels were 
upregulated more than 3- and 1.5-fold, respectively at 9 hpi 
(Figure 1b). In contrast, no significant difference was 
observed in CavMLO12 transcript abundance at any time 
compared to the transcript abundance before inoculation. 
The results showed that CavMLO2 and CavMLO6 could 
play an important role in susceptibility during interactions 
between hazelnut plant and powdery mildew pathogen and 
provide useful information to study mechanisms of 
susceptibility to powdery mildew. 

CavMLO2 and CavMLO6 were anticipated as PM 
susceptibility genes in hazelnut, the discovery of loss-of-
function mutations leading to resistance in these genes of 
wild and other cultivated accessions could be useful in 
breeding for the development of resistant hazelnut 
germplasm. The other method of acquiring powdery 
mildew resistance using this information could be gene 
editing such as CRISPR/Cas9 (Wan et al., 2020). Gene 
editing is a technique of targeted gene manipulation. 
Therefore, the breeding problem arises from crossing 
mutants and economically important varieties can be 
eliminated. 
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Supplementary File: Sequence Alignments  

 

Figure S1. Sequence alignment of the putative Corylus avellana actin gene (CavACT) from the TSA (BioProject: 

PRJNA316492) in the NCBI database with the Arabidopsis thaliana actin gene (AtACT2) from the TAIR database for 

comparison.  
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Figure S2. Sequence alignment of the putative C. avellana actin protein (CavACT) from the TSA (BioProject: PRJNA316492) 

in the NCBI database with the A. thaliana actin protein (AtACT2) the TAIR database for comparison. 
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Figure S3. Sequence alignment of the putative C. avellana actin gene (CavACT) from the TSA (BioProject: PRJNA316492) 

and the WGS (BioProject: PRJEB31933; Assembly GCA_901000735.2) in the NCBI database. Overlapping regions were 

exons and highlighted in yellow. For simplicity, our amplified 589 nt sequence was not included in the alignment as it had 

the same sequence as CavACT-WGS.  
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Figure S4. Sequence alignment of the putative C. avellana MLO2 gene (CavMLO2) from the TSA (BioProject: 

PRJNA316492) and the WGS (BioProject: PRJEB31933; Assembly GCA_901000735.2) in the NCBI database. 

Overlapping regions were exons and highlighted in yellow. 
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Figure S5. Sequence alignment of the putative C. avellana MLO6 gene(CavMLO6) from the TSA (BioProject: PRJNA316492) 

and the WGS (BioProject: PRJEB31933; Assembly GCA_901000735.2) in the NCBI database. Overlapping regions were 

exons and highlighted in yellow. 
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Figure S6. Sequence alignment of the putative C. avellana MLO12 gene (CavMLO12) from the TSA (BioProject: 

PRJNA316492) and the WGS (BioProject: PRJEB31933; Assembly GCA_901000735.2) of the NCBI database. A 211 nt 

fragment is missing from the 5-end of the sequence obtained from the TSA. Overlapping regions were exons and 

highlighted in yellow. 
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