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ﻣﻘﺎﻟﻪ ﭘﮋوﻫﺸﯽ

ژنﻫﺎي ﻣﻘﺎوﻣﺖ ﺑﻪ ﺑﯿﻤﺎري ﺳﻔﯿﺪك ﺳﻄﺤﯽ ﺳﯿﺐ در ژﻧﻮﺗﯿﭗﻫﺎي وﺣﺸﯽ ﺳﯿﺐ اﯾﺮان
ﻣﻬﺪي ﺟﻤﺎﻟﻮﻧﺪ ،1ﺑﻬﺮام ﺷﺮﯾﻒ ﻧﺒﯽ ،*1ﭘﺮﯾﺴﺎ رﺣﯿﻤﯽ 1و ﻓﺮﯾﺒﺎ ﻗﺎدري

2

)ﺗﺎرﯾﺦ درﯾﺎﻓﺖ1399/3/17 :؛ ﺗﺎرﯾﺦ ﭘﺬﯾﺮش(1399/7/23 :

ﭼﮑﯿﺪه
ﺳﯿﺐ ) ،(Malus domesticca Borkhﯾﮑﯽ از ارزﺷﻤﻨﺪﺗﺮﯾﻦ ﮔﯿﺎﻫﺎن ﺧﺎﻧﻮاده  Rosaceaeاﺳﺖ ﮐﻪ ﺑﻪ دﻟﯿﻞ ارزش ﻏﺬاﯾﯽ و اﻗﺘﺼﺎدي ﺑﺎﻻ ،ﯾﮑـﯽ
از ﻣﺤﺼﻮﻻت ﮐﺸﺎورزي ﺑﺎ اﻫﻤﯿﺖ ﻣﺤﺴﻮب ﻣﯽﮔﺮدد .ﺑﯿﻤﺎري ﺳﻔﯿﺪك ﺳﻄﺤﯽ ﺳﯿﺐ ﮐﻪ در اﺛﺮ ﻗﺎرچ  Podosphaera leucotrichaاﯾﺠﺎد ﻣﯽ

ﺷﻮد ،ﯾﮑﯽ از ﺑﯿﻤﺎري ﻫﺎي ﻣﻬﻢ ﺳﯿﺐ اﺳﺖ ﮐﻪ ﺳﺎﻻﻧﻪ ﺧﺴﺎرت ﮐﻤﯽ و ﮐﯿﻔﯽ ﻓﺮاواﻧﯽ ﺑﻪ ﻣﺤﺼﻮي ﺳﯿﺐ وارد ﻣﯽ ﮐﻨـﺪ .در ﺳـﺎلﻫـﺎي اﺧﯿـﺮ،

اﺳﺘﻔﺎده از ارﻗﺎم ﻣﻘﺎوم ﺟﻬﺖ اﯾﺠﺎد ﻣﻘﺎوﻣﺖ ﺑﻪ ﺑﯿﻤﺎري ﺳﻔﯿﺪك ﭘﻮدري ﺳﯿﺐ ﻣﻮرد ﺗﻮﺟﻪ واﻗﻊ ﮔﺮدﯾﺪه اﺳﺖ؛ ﺑﻪ اﯾﻦ ﻣﻨﻈـﻮر ﺟﻬـﺖ ردﯾـﺎﺑﯽ

ژنﻫﺎي ﻣﻘﺎوﻣﺖ  Plbj ،Pld ،Pl1و  RGAsﺑﻪ ﻗﺎرچ  P. leucotrichaروي ژﻧﻮﺗﯿﭗﻫﺎي وﺣﺸﯽ ﺳﯿﺐ اﯾﺮان ،از ﻣﻨـﺎﻃﻖ ﻣﺨﺘﻠـﻒ اﺳـﺘﺎنﻫـﺎي
آذرﺑﺎﯾﺠﺎن ﻏﺮﺑﯽ ،ﮔﻠﺴﺘﺎن ،ﻓﺎرس ،ﭼﻬﺎر ﻣﺤﺎل و ﺑﺨﺘﯿﺎري و اﺻﻔﻬﺎن ،ﻧﻤﻮﻧﻪ ﺑﺮداري ﺷﺪ .ﺣﻀﻮر داﻣﻨﻪﻫﺎي ﻣﺤﺎﻓﻈﺖ ﺷﺪه  ،NBS-LRRﻣﻮﺗﯿﻒ

 AAAاز ﺧﺎﻧﻮاده ﺑﺰرگ ﻣﻮﺗﯿﻒﻫﺎي  P-loop NTPaseدر ﭘﺮوﺗﯿﯿﻦ  NBS-LRR-likeو ﻧﯿﺰ داﻣﻨـﻪي ﻣﺤﺎﻓﻈـﺖ ﺷـﺪه  NB-ARCدر ﻧﺎﺣﯿـﻪ

N-

 ،tetminalو ﻫﻤﭽﻨﯿﻦ ﻧﺎﺣﯿﻪ ﻏﻨﯽ از اﺳﯿﺪ آﻣﯿﻨﻪ ﻟﻮﺳﯿﻦ در ﻧﺎﺣﯿﻪ  C-terminalدر داﻣﻨﻪ  LRRﮐﻪ ﺗﻮﺳﻂ  RGAsﮐﺪ ﻣﯽﺷـﻮد ،در ﻧﻤﻮﻧـﻪﻫـﺎي

ﻣﺬﮐﻮر ،ﻣﻮرد ﺗﺎﯾﯿﺪ واﻗﻊ ﺷﺪ .ژن ﻣﻘﺎوﻣﺖ  Pl1در ﺗﻤﺎﻣﯽ ژﻧﻮﺗﯿﭗ ﻫﺎ ﺑﻪ ﺟﺰ ﯾﮏ ﻣﻮردردﯾﺎﺑﯽ ﺷﺪ .ژن ﻣﻘﺎوﻣﺖ  Pldﺗﻨﻬـﺎ در ﺳـﻪ ﻧﻤﻮﻧـﻪ از 47
ﻧﻤﻮﻧﻪ ﺟﻤﻊ آوري ﺷﺪه و ژن ﻣﻘﺎوﻣﺖ  Plbjدر  13ﻧﻤﻮﻧﻪ از ﺗﻤﺎﻣﯽ ژﻧﻮﺗﯿﭗ ﻫﺎي وﺣﺸﯽ ﺟﻤﻊ آوري ﺷـﺪه از ﻣﻨـﺎﻃﻖ ﺳﺮدﺳـﯿﺮ اﺳـﺘﺎن ﻫـﺎي

اﺻﻔﻬﺎن و آذرﺑﺎﯾﺠﺎن ﻏﺮﺑﯽ وﺟﻮد داﺷﺖ .ﺗﻮاﻟﯽ اﯾﻦ ژن در ﺑﺎﻧﮏ ژن ﺟﻬﺎﻧﯽ ﺛﺒﺖ ﮔﺮدﯾﺪ .ردﯾﺎﺑﯽ ژن ﻫﺎي ﻣﻘﺎوﻣﺖ و آﻧـﺎﻟﻮگ ﻫـﺎي آن ﻣـﯽ

ﺗﻮاﻧﺪ در اﯾﺠﺎد ارﻗﺎم ﻣﻘﺎوم ﺳﯿﺐ ﺑﻪ ﺑﯿﻤﺎري در آﯾﻨﺪه ﮐﻤﮏ ﺷﺎﯾﺎﻧﯽ ﻧﻤﺎﯾﺪ.

ﮐﻠﯿﺪواژه ،Podosphaera leucotricha ،Malus :ژنﻫﺎي ﻣﻘﺎوﻣﺖ ،آﻧﺎﻟﻮگ ژن ﻫﺎي ﻣﻘﺎوﻣﺖ
* ﻣﺴﺌﻮل ﻣﮑﺎﺗﺒﺎت ،ﭘﺴﺖ اﻟﮑﺘﺮوﻧﯿﮑﯽsharifna@iut.ac.ir :

 .1ﮔﺮوه ﮔﯿﺎﻫﭙﺰﺷﮑﯽ ،داﻧﺸﮑﺪه ﮐﺸﺎورزي ،داﻧﺸﮕﺎه ﺻﻨﻌﺘﯽ اﺻﻔﻬﺎن.
 .2ﮔﺮوه ﮔﯿﺎﻫﭙﺰﺷﮑﯽ ،داﻧﺸﮑﺪه ﮐﺸﺎورزي ،داﻧﺸﮕﺎه ﯾﺎﺳﻮج.

Jamalvand et al.: Apple powdery mildew resistance genes in Iranian wild apple genotypes

Apple powdery mildew resistance genes in Iranian wild apple genotypes
M. Jamalvand1, B. Sharifnabi1*, P. Rahimi1, and F. Ghaderi2

(Received: 6.6.2020; Accepted: 14.10.2020)

Abstract
Apple (Malus domestica Borkh) is one of the most valuable agricultural products in the Rosaceae family because of its high nutritional and economic value. Powdery mildew of apple which is caused by Podosphaera
leucotricha , is one of the primary fungal diseases with an extensively negative impact on the quality and
quantity of apple production. In recent years, the use of resistant cultivars for controlling powdery mildew of
apple has been considered. For this purpose, the candidate resistance genes Pl1, Pld, Plbj, and RGA (Resistance Gene Analogs) were detected in 47 genotypes of wild apples collected from West Azerbaijan, Golestan, Fars, Chaharmahal va Bakhtiari and Isfahan provinces. The presence of NBS-LRR conserved domains and P-loop NTPase motif in NBS-LRR-like protein, which encode by the RGA in N-terminal, were
confirmed in wild apple (Malus orientalis) genotypes of Iran. Pl1 resistance gene was detected in all collected samples in this research except one. Pld gene just was observed in three out of the 47 samples, and the
Plbj resistance gene was detected in just 13 samples of all wild genotypes collected from cold areas of Azerbaijan and Isfahan provinces; the sequences of this gene was introduced to the Global database. Detection of
resistance genes and RGAs can help in developing resistant apple varieties in future.
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* Corresponding Author, Email: sharifna@iut.ac.ir
1. Department of Plant Protection, College of Agriculture, Isfahan University of Technology, Iran.
2. Department of Plant Protection, Faculty of Agriculture, Yasouj University, Iran.

320

320

Iran. J. Plant Path., Vol. 56, No. 3, 2020: 319-328

Introduction
Apple Powdery mildew (PM) is a major disease
of apple trees caused by Podosphaera leucotricha
(Ell. and Ev.), which is reported from all applegrowing regions of the world (Wurms & Chee
2011). Powdery mildew of apple is distributed in
large parts of Iran, including West and East Azerbaijan, Khorasan, Tehran, and Isfahan provinces
(Ershad 2009).
The disease agent produces a white cover of
fungal mycelium on the leaf surface called "primary mildew" in Spring (Marine et al. 2010) and severely damages apple leaves, flowers, fruits, buds,
shoots and twigs (Xu 1999). Currently application
of fungicides is the conventional method for controlling of PM and up to 15 sprays per year were
usually applied at intervals of 7, 10 or 14 days between the green cluster stage and the end of shoot
growth in the past years (Wurms & Chee 2011),
which is cost-effective and also follows severe
human and environmental risks. Besides, these
fungicides also can cause the formation of new
resistant strains of fungi (Marine et al. 2010). So
different mathematical models have been developed based on the various aspects of apple powdery mildew epidemiology (Xu 1999). Alternative
methods have been investigated to substitute chemical control. However, the development of durable
pyramided resistant cultivars is considered as one
of the competent control methods, but breeding
new cultivars is a long and arduous process. Identifying the resistance genes in wild cultivars has led
to the development of sustainable resistance cultivars and is one of the most important goals of durable apple production systems. Some resistant
genes are identified, and it is easier to search for
the resistance sources in wild apple cultivars
(Caffier & Parisi 2007). The small-fruited Asiatic
Malus spp. is the origin of several dominant powdery mildew resistance genes (Patzak et al. 2011).
PCR molecular marker-assisted breeding (MAB) is
a beneficial approach to identify the resistance
genes within apple germplasm collections and
could be used to increase the number of sources for
disease resistance in breeding programs (Patzak et
al. 2011). The SCAR (OPAT20-450) marker was
identified and resulted in the development of the
pl1 gene (Markussen et al. 1995). Then N18SCAR was used for the pl2 gene, which had a
dominant resistance to powdery mildew (Caffier &
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Laurens 2005). The application and development
of the SCAR markers for Pld and Plw represents a
successful combination of a multiplex reaction and
a reason for the success of pyramidal resistance
(James et al. 2004). The advantage of the microsatellite markers (SSRs) is that the alleles are
replicated uniquely and are linked to resistance
genes (Maric et al. 2010). The genomic scan based
on SSR showed that the Plbj gene with CH02a10
and CH02c11 primers was the first dominant gene
of powdery mildew resistance, which is located on
the tenth apple linkage group (Dunemann &
Schuster 2009). Also, the pieces of the literature
indicated that wild apple is the source of resistance
to powdery mildew (Sestras et al. 2011), which can
be mentioned as Pl1 gene from M. robusta , Pl2
gene from M. zumi, Pld gene from D12 (Gelvonauskis & Gelvonauskiene 2003), Plm gene from
Mildew Immune Selection, Plw gene from ornamental apple species (James & Evans 2004), Pla
gene from Aotea 1 and Plbj gene from M. baccata
var jacki. Besides, other cultivars have been identified as resistant cultivars such as M. hupensis, M.
sargentii, M. baccata var. mandshurica, and M.
sieboldii (Dunemann & Schuster 2009). The results of the marker analysis showed the combination of homozygous and pyramided resistance
against apple scab (Rvi6 and Rvi4), the resistance
locus against powdery mildew (Pl2), and the FBF7
fire blight resistance QTL in progeny plants (Kellerhals et al. 2013). In another study, three PCR
molecular markers for the powdery mildew resistance genes Plw, Pl1 and Pld were used in a
group of 279 apple cultivars from the Czech collection of apple genetic resources and the results
proved the presence of one or two powdery mildew
resistance genes in the small-fruited cultivars Malus evereste, Golden Gem, Sprengeri and Hilleri,
and in the larger fruited cultivars Hagloe Crab, Borovinka and Tita Zetei (Patzak et al. 2011). It
should be noted that there is the potential for new
PM races to overcome the host resistance (Caffier
& Parisi 2007).
In general, apple powdery mildew disease is
widespread in semi-arid areas, and Iran is also located in such a climate. Therefore, the detection of
resistance genes such as Pl1, Pld, Plbj, and RGAs
to PM is the main objective of this research, using
polymerase chain reaction-based molecular markers, especially the SCAR marker.
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Golestan

West Azerbaijan

Isfahan

Fars

Figure 1. Geographic locations of Malus genotypes sampling sites in different provinces used in this study. Each
site is indicated by a black dot. West Azerbaijan province (1, Kilah Shin Oshnavieh mountain, 2, Mirabad Oshnavieh forest, 3, Bochan forest), Isfahan province (4, Hamestan valley, 5, Chalcherane forest), Fars province (6,
Bil Dasht Arjan mountain) and Golestan province (7, Zarrin Gol Aliabad forest, 8, Late Nowruz Galikesh forest).

Materials and Methods
Sampling
Leaf samples of Iranian wild apple genotypes
were collected from different regions of Isfahan,
Golestan, Fars, and West Azerbaijan province. The
samples were transferred to the laboratory in the
sterile packets for further analysis (Figure 1).

Molecular resistance marker analysis to Podosphaera leucotricha
Total DNA was extracted from fresh wild apple
leaf samples by Murray and Thompson (1980)'s
method (Murray and Thompson 1980). Three PCR
molecular markers of resistance genes (Pl1, Pld,
plbj) and Disease Resistance Gene Analogs
(RGAs) to apple powdery mildew P. leucotricha
were used for molecular analyses (Table 1).
The PCR reaction was performed in a total volume of 20 µl using thermal cycle consisting 5 min
96°C (initial denaturation step), followed by 35
cycles of 1 min at 94°C, 45 s at 56°C, 1 min at 72
°C, and with a final extension of 72°C for 8 min.
322

The PCR products were scored for the presence or
absence in each sample and recorded by the number of base pairs for each PCR molecular marker
based on the size measured with 100 bp ladder
(Sinaclon, Cat. No. SL7111).

Sequencing of PCR products and data analysis
The amplicon part of the genes was cloned into
the pTG19-T (Vivantis, Selangor DE, Malaysia)
and pJET1.2/blunt plasmids (Thermo Scientific
CloneJET PCR Cloning Kit #K1231) for TA cloning steps and transferred to Escherichia coli
MC1061 (Sambrook & Russel 2001) for direct sequencing. E. coli MC1061 was used for plasmid
manipulations and cloning steps. Cloning of the
genes was confirmed by direct colony PCR reaction by specific primers.
Fifty microliter of the desired product from the
plasmid extraction was sent to Macrogen Inc.
South Korea. The obtained sequences were compared with the sequences in the Gene Bank (NCBI)
using the Blast search tool (Altschul et al. 1997,
Hall 1999). The sequences were aligned using the
software MAFFT v.7.043b (Katoh & Standley
2013), and phylogenetic analyzes were performed
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Table 1. PCR molecular markers for detection of powdery mildew resistance genes
Marker
primers
OPAT20

PCR
type
RAPD

Detected
gene
Pl1

EMDM 01 SCAR

Pld

SCAR

plbj

PLBJ
OLE
1121/1122

RGA

Primer sequence
(5’-3’)
F:GTTTAGCGGTTTAGGTGCTTGTG
R: AACTCCTTGATTTCTCCTATTGTT
F:GAATTCACTTGTGCTAAG
R:GGAAAGAAAGACCAAAATAAACG
F:GAATTCAAACTCCAAATGCC
R:AGGGGTCTTTGTGTTTCTGG
F:GGWATGGGWGGWRTHGGWAARACACR:ARNWYYTTVARDGCVARWGGVARWCC

Size
(bp)
450
90
80-118
500

Reference
Markussen et al.
1995
James et al. 2004
Dunemann &
Schuster 2009
Baek & Choi 2013

Table 2. Characteristics of Malus species isolates used in phylogenetic analysis
Host
Malus baccata
M. baccata
M. prunifolia
M. floribunda
M. floribunda
M. domestica
M. domestica
M. domestica
M. domestica
Pyrus bretschneideri
Pyrus bretschneideri
Arabidopsis thaliana
M. orientalis
M. orientalis
M. orientalis
M. orientalis
M. orientalis
M. orientalis
M. orientalis
a
Cited from Bank and Choi 2013
b
From this study

Location
South Korea
South Korea
South Korea
New Zealand
New Zealand
South Korea
South Korea
Hungary
Hungary
South Korea
South Korea
South Korea
Iran
Iran
Iran
Iran
Iran
Iran
Iran

using the distance method. The distance matrix of
aligned sequences was evaluated by Kimura 2parameter (Kimura 1980) and the phylogenetic tree
was constructed using the Maximum Parsimony
(MP) method with the Close-Neighbor-Interchange
algorithm (Nei 1973) and a predetermined pattern
using MEGA 6.0 (Molecular Evolutionary Genetics Analysis, ver 4.0) with 1000 bootstrap (Tamura
et al. 2007). Sequences of different species of Malus spp. were registered at the Gene Bank (Table
2).

Results and Discussion
A total of 44 wild apple genotypes were collected from different regions of Iran which most of
them belonged to M. orientalis and M. floribunda
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Gene Bank accession numbers
HQ399045 a
HQ399009 a
AF516641 a
DQ644416 a
DQ644355 a
XM_017327535 a
XM_017324579 a
FJ477235 a
FJ477234 a
XR_001952453 a
XM_018645443 a
NM_001198458 a
MK405519 b
MK405520 b
MK405521 b
MK405522 b
MK405523 b
MK405524 b
MK405525 b

(Table 3). M. orientalis -the only wild species of
Iranian apple- were collected from different regions. This species has leaves with 4-6×1.5-3.5 cm
dimensions, underlying crusty surface, and spherical fruits with 2-3 cm long and 2.5-3 cm width,
small and sour taste. M. orientalis species naturally
grows in north and northwest forests, as well as
Alborz heights to Zagros country sides (Mozaffarian 2005).
The apple samples collected from Isfahan University had elliptical and stretched leaves with 5-7
cm long, as well as small spherical red fruits and
was identified as M. floribunda . The origin of this
species is Japan and known as Japanese ornamental apple. The height of the apple tree reaches to 10
meters. Another characteristic of M. floribunda is
pink to red flowers as well as fluffy pedicel

323

Jamalvand et al.: Apple powdery mildew resistance genes in Iranian wild apple genotypes

Table 3. Sources and location of Malus spp. from Iran different places
Isolate code
Location of sampling
pd1, pd2, pd3
Hamestan Valley
Pd4
Zarrinq Gol Aliabad forest
pd5, pd6, pd7, pd8
Late Nowruz Galikesh forest
pd9, pd10, pd11, pd12
Isfahan University
pd13, pd14
Bil Dasht Arjan Mountain
pd15,pd16
Kilah Shin Oshnavieh Mountain
pd17,pd18
Chalcherane forest
pd19, pd20, pd21, pd22, pd23, pd24, pd25,
Mirabad Ashnavieh forest
pd26, pd27, pd28, pd29, pd30, pd31
pd32,pd33,pd34,pd35,pd36, pd37, pd38, pd39, Bochan forest
pd40, pd41, pd42, pd43, pd44

1

2

3 4

5

6

7

Figure 2. The 450 bp DNA fragment generated with
the primer OPAT20 (Operon) which is linked to the
Pl1 gene was excised from a native agarose gel. 1: 50
bp ladder, 2: H2, 3: H3, 4: H4, 5: B1, 6: B2, 7: Negative control.

(Mozaffarian 2004).
Only three genotypes (pd1, pd2, and pd3 isolates) were collected from the Hamestan valley in
Isfahan province. These genotypes were known as
sour apples by local people, but it was not possible
to determine their species accurately, due to the
fruitlessness at sampling time.

Detection of resistance genes to the P. leucotricha
The presence of resistance genes to P. leucotricha was studied in several wild Iranian apple
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Genotype
Malus sp.
M. orientalis
M. orientalis
M. floribunda
M. orientalis
M. orientalis
M. orientalis
M. orientalis

Common name
Sour apple
Wild apple
Wild apple
Ornamental apple
Ornamental apple
Wild apple
Wild apple
Wild apple

M. orientalis Wild apple

genotypes by using several proprietary SCAR
markers. The results showed that OPAT20,
EMDM, PLBJ-SCAR, and OLE 1121/1122 primer
pairs were detectable for Pl1, Pld, plbj, and RGA
resistance genes in different cultivars.
OPAT20 primer pairs were used to detect the
Pl1 resistance gene, which designed in 1995 by
converting RAPD to SCAR marker (Markussen et
al. 1995, Dunemann et al. 2007) and amplified a
450 bp amplicon. Co-dominant OPA20 marker is
located at 4.5 centimorgans in the distal end of the
linkage group 12 of the Pl1 resistance gene
(Markussen et al. 1995, Dunemann et al. 2007).
The results showed that a 320-350 bp fragment
was amplified in all collected samples in this research except H4 (Figure 2).
The Blast aligning of this amplicon just confirms the relationship to apple and pear mRNA. In
addition to a Disease Resistance Gene Analogs
(RGAs), which is located at 12 cM from the Pl1
gene, Pld as another resistance gene to powdery
mildew and vg and vb, as two resistance genes to
apple scab are present in this region (Dunemann et
al. 2007). The Pl1 gene was isolated from OP3762
cultivar with the origin of widespread species Malus robusta for the first time (Markussen et al.
1995). This gene was detected in all comprehensively studied genotypes even in the red delicious
domestic cultivar. Regard to this fact that
OPA20/SCAR marker and RGA gene which coded
NBS-LRR protein are linked to Pl1 resistance
gene, suggest that this general oligogenic resistance inhibit the necrotic spots caused by the
powdery mildew agent (Korban & Riemer 1990,
James et al. 2004). The presence of the Pl1 gene
on the linkage group 12, with Pld and RGA genes,
should create sustained resistance to apple powdery disease, but the emergence of new fungal rac-
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es would break its resistance (Dunemann et al.
2007).
For the detection of the Pld resistance gene,
EMDM primer pairs were used to amplify a 90 bp
amplicon. This gene was detected in Ros1,
GerdB4, Challa samples. James et al. (2004) identified the first set of molecular markers linked to
the gene for mildew resistance, Pld by bulkedsegregant approach, and to test different microsatellites, amplified fragment length polymorphism
(AFLP) and random amplified polymorphic DNA
(RAPD) primers in a progeny segregating for Pld.
The map of most tightly linked markers to pld was
prepared by segregations of the markers in the resistant and susceptible bulks, and three AFLP, one
RAPD, and two microsatellite markers were identified. EMDM01 was designed by converting AFLP
to the SCAR marker (James et al. 2004). This
marker is located at five centimorgans of the pld
gene at the distal end of Linkage Group 12
(Gelvonauskis & Gelvonauskiene 2003). In comparison to Pl1 and Pl2, this gene has a higher resistance level to apple powdery mildew disease
(James et al. 2004). In the same research on Czech
Apple (Malus × domestica ), PI-w, PI-l, and PI-d
were not detected in all used world apple cultivars
(Patzak et al. 2011). In the recent study was performed on genetic diversity and population structure of the Caucasian wild apple (Malus orientalis
Uglitzk.) in the Hyrcanian forest (Iran) and its resistance to apple powdery mildew, Pld gene just
was observed in nine out of the 14 sampling sites
(Amirchakhmaghi et al. 2018).
The Plbj resistance gene was identified from
wide genotype M. baccata for the first time and
detected by PLBJ-SCAR primer pairs by converting the AFLP marker to SCAR (Dunemann &
Schuster 2007). This marker is located at seven
centimorgans of the Plbj gene in linkage group 10
and induce resistance to apple scab, too (Dunemann & Schuster 2007). This primer was amplified
an 80-118 bp amplicon. In GerdA3, GerdA4,
GerdC5, GerdC6, GerdA1, GerdB2, GerdB3,
GerdB6, Chal1a, Chal2a, Mir1, Mir2, and Mir6
samples and all wild genotypes collected from cold
areas of Azerbaijan and Isfahan provinces, just an
80 bp fragment was amplified, sequenced and registered in global database.
The family of resistance gene analogs (RGAs),
which is one of the largest gene families in plants
with a nucleotide-binding site (NBS) domain, as-
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signed the most significant number of disease

Figure 3. The 500 base pair amplicon corresponding
to 1121/1122 OLE (RGA gene) is amplified (M:
marker 100, 1: pd32, 2: pd33, 3: pd34, 4: pd35, 5:
pd36, 6: pd37, 7: pd38, 8: pd39, 9: pd40, 10: pd41,
11: pd42, 12: control)

resistance genes. Perazzolli et al. (2014) identified
868 RGAs in the genome of the apple (Malus× domestica Borkh.) cultivar 'Golden Delicious'
(close to 1.51% of the total number of predicted
genes for this cultivar). Proteins codified by RGAs
can be further classified to toll/interleukin-1 receptor (TIR) or N-terminal coiled-coil (CC) and BED
finger (Bed) (Meyers et al. 2005). The predicted
proteins have protected domains and motifs that
play a pivotal role in resistance to plant disease
agents. NBS-LRR is a receptor of kinase and plays
a role in the signal pathways (Baek & Choi 2013).
TIR domain is similar to the Toll protein of Drosophila melanogaster and known as Interleukin-1
receptor protein in mammals. This protein plays a
role in the innate immune system. The second subfamily non-TIR or coiled-coil motif belongs to
structural protein and involved in the regulation of
the genes and transcription factors expression
(Sekhwal et al. 2015). To detect the RGA resistance gene, a primer pair of 1121/1122 OLE was
used, which amplify a 500 bp amplicon. RGA was
not detected in H3 and N2a apple samples and B2
and PN1 pear samples (Figure 3). However, the
500 bp band of amplified fragment was visualized
in some samples and sent for sequencing to Macrogene Company, South Korea.

Phylogenetic analysis
The resulted sequences of RGA genes were
aligned with two apple genotypes from South Korea (M. baccata 2-6, 6-12 and 6-21), M. floribunda
from New Zealand, and analyzed with CLC Se-
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quence Viewer 7.0.2 software and the phylogenetic

Figure 4. A phylogenic tree of 20 taxa of Malus spp. and Pyrus inferred from RGA: Bootstrap values > 50%
(1000 replicates) of Maximum Parsimony (MP) analysis is shown above the branches (Bar indicates the nucleotide substitution in MP analysis). Arabidopsis thaliana is out group. Accession numbers from Gene Bank are
shown in parenthesis.

tree was made by DNAMAN 4.0 with 1000 bootstrap (Figure 4). Pyrus communis and Arabidopsis
thaliana were used as outgroup. The phylogenetic
tree was made by the Maximum Parsimony (MP)
method based on the RGA gene sequence and indicated that the studied samples in this study belonged to one clade. Regarding the Maximum Parsimony (MP) tree, all sequences of this clade were
grouped by M. baccata (HQ399045 and
HQ399009) genotypes from South Korea with
100% validation. In other words, they formed a
monophyletic group (Figure 4). It can be concluded that differences between the sequences of plant
species are related to the different reactions to various phytopathogen races.
To confirm the DNA sequence of GerdA5-1
samples, its translation was analyzed by global
protein database EMBOSS (https://www.ebi.ac.uk/
Tools/st/emboss_transeq/) and from 6 frames. The
first which lack of stop codon was selected and
analyzed in Blast database which confirmed the
existence of the P-loop NTPase (P-loop containing
Nucleoside Triphosphate Hydrolases) domain in
326

the NBS-LRR-like protein in the Korean genotype.
Therefore, due to the high percentage of similarity
in the nucleotide aligning and regarding to the
place of GerdA5 genotype toward to Korean genotype in the phylogenetic tree, it is possible that this
motif can be found in the protected domains of
Iranian genotypes.
All the aligned sequences had NBS and LRR
domains, but in M. domestica which coded RGA9
protein, the TIR domain was found in addition to
these domains. These proteins play a role in the
pathogen diagnosis pathways and plant defense
signaling system.

Conclusion
Powdery mildew causes economic losses each
year and the use of resistant apple cultivars is the
best way to control this fungus. It is necessary to
identify and evaluate valuable sources of resistance
within broad local cultivars to have an effective
resistance breeding program. The use of markerassisted selection is an excellent approach for the
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identification of resistance genes and the creation
of resistant cultivars. SCAR primer pairs were used
in this study to detect Pl1, Pld, and Plbj resistance
genes in 47 Iranian full apple genotypes. The Iranian apple genetic resources showed a wide variability of resistance genes to powdery mildew diseases. Pld and Plbj genes were detected in the
samples collected from the cold region of Isfahan
and Azerbaijan. RGA was amplified in some samples, and the phylogenetical analysis confirmed the
results. Our results are in a striking echo with Patzak et al. (2011) and Amirchkhmaghi et al. (2018),
who showed a few numbers of cultivars bearing
resistance genes to powdery mildew. Regarding to
this fact that Pld, Plbj and RGA were detected in
samples collected from the cold area, these genes

should be considered in apple breeding programs
for generation of resistant cultivar with two or
more resistance sources to overcome the evolution
of pathogen virulence. The markers Pl1, Pld, and
Plbj that were considered in this study should also
be screened across the Iranian wild apple gene
pool, and more effort should be made to unravel
the genetic basis of powdery mildew resistance.
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