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Abstract. Apple clonal rootstocks are the basis of modern intensive horticulture, providing a rapid increase in yield
and convenience of fruit trees cultivation. Production of clonal rootstocks under high humidity often causes powdery
mildew infection caused by the pathogenic fungus Podosphaera leucotricha Salm., which significantly reduces the
productivity of stoolbed. Growing powdery mildew resistant genotypes is the most appropriate way to combat this
disease and allows reducing the use of fungicides. To accelerate the search for resistant forms, molecular markers as-
sociated with resistance genes have been developed. However, these markers have not been used to study clonal
rootstocks. The aims of the work were the field assessment of powdery mildew resistance of apple clonal rootstocks
from the collection of the Michurinsk State Agrarian University and the screening of the collection for PI-1, PI-2, Pl-w
and PI-d resistance genes. The results of a three-year field evaluation of powdery mildew resistance of 80 rootstocks
allowed us to distinguish five main groups ranging from very low to highly resistant. A group of 57 accessions was clas-
sified as powdery mildew resistant. The search for resistance genes was performed using the AT20 SCAR (PI-1 gene),
OPUO02 SCAR (PI-2 gene), EM DMOT1 (PI-d gene), and EM MO2 (PI-w gene) markers. The Pl-d and PI-1 genes identified
in 33 (41.25 %) and 31 (38.75 %) accessions, respectively, were the most common in the collection. The Pl-w gene was
detected only in two accessions. Identification of the PI-2 gene with the OPU02 SCAR marker did not reveal a fragment
of the expected size. Thirty accessions with different powdery mildew resistance scores had two genes, PI-1 and PI-d,
and highly resistant forms G16 and 14-1 had a combination of the PI-d and Pl-w genes. These accessions can be used as
donors of powdery mildew resistance for breeding new apple clonal rootstocks.
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VicciiegoBaHMe YCTOMYMBOCTY KJIOHOBBIX MTOABOEB SI0JIOHU
113 KOJUIEKIIIY MIUYYyPMHCKOTO I'OCyIapCTBEHHOIO
arpapHOro YHUBepCUTeTa K MYUYHIICTOI poce
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AHHOTaLus. KnoHoBble NOABOM AGMOHU SBAAIOTCA OCHOBOW COBPEMEHHOTO MHTEHCMBHOIO CaJOBOACTBA, OHU obecrne-
YMBaIOT ObICTPOE HAapaLYMBaHVE YPOXKas 1 BbICOKYIO TEXHOJIOTMUYHOCTb BO3/e/blBaHA MIOA0BbIX AepeBbeB. Mpu npo-
MN3BOACTBE KJIOHOBbIX MOLABOEB B YCIOBUAX OOUSIBHOTO YBNaXXHEHMA CybCTpaTa akTMBHO pa3BrBaeTCcA BO3OyauUTenb
MYYHUCTON POCbI — NaTOreHHbI rpunb Podosphaera leucotricha Salm., 3HauMTENBHO CHUXKAOLWNIA NPOAYKTUBHOCTb Ma-
TOYHUKA. /Icnonb3oBaHve YCTOMUMBBIX K MYYHUCTOW POCe MOABOWHbIX GopM — Hambonee LenecoobpasHblii Cnocob
60pbObI C 3TM 3a60N1EBaHKEM, NMO3BONAOLWMIA CYLIECTBEHHO COKPATUTb NMPYIMEHEHNE XUMNUYECKMX CPEACTB 3alnTbl
pacTeHuii. [1nA yCKopeHHOro noucka ycTonumebix Gopm pa3paboTaHbl MONeKyNApHble MapKepbl, aCCOLMMPOBaHHbIE C
reHamu yctoinumeoctu. OfHaKo ANA 13yUYeHns KIIOHOBbIX MOABOER 3TN MapKepbl paHee He MpUMeHANNCh. Lienbio pabo-
Tbl ObIIO M3yUYeHVEe NONEBON YCTONUMBOCTM K MyYHUCTON POCe 1 BbisiBNeHe $opM C reHamm yctonumsoctu Pl-1, PI-2,
Pl-w n PI-d B KpynHeliluein oTeyeCTBEHHOW KOMNEKLUM KITIOHOBbIX MOABOEB AGMOHN MUYYPUHCKOTO FOCyAapCTBEHHOIO
arpapHoro yHusepcuteTta. Pesynbratbl TpexneTHeli NoneBom OLeHKM YCTONUMBOCTU 80 OTOGPaHHbIX AN aHanv3a nog-
BOWHbIX GOPM NMO3BOSININ BbIAENUTH NATb OCHOBHbIX Py 06pa3L0B: OT HEYCTONUMBbIX A0 BbICOKOYCTONUMBbIX. Hau-
6051ee MHOrounceHHoN bbina rpynna yctonursbix Gopm, BKtouatoLasn 57 06pasLoBs. [oMcK reHoB yCTONUYMBOCTH NMPO-
BOAWUNM C nomolLLbto Mapkepo AT20 SCAR (ren PI-1), OPU02 SCAR (reH PI-2), EM DMO1 (reH PI-d) n EM MO2 (reH Pl-w).
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MccnepfoBaHme ycToNunBOCTY KIIOHOBbIX MOJIBOEB AGIOHM
13 Konnekuymn MunuypuHckoro FAY K My4HUCTON poce

Haunbonbluee pacnpocTpaHeHne B M3YyUYeHHOW KOMneKunn umetoT reHbl Pl-d n Pl-1, o6Hapy»eHHble y 33 (41.25 %)
1 31 (38.75 %) obpasua cooTBeTCTBeHHO. leH Pl-w 6bin BbIABNEH TONbKO Y ABYX OpM, a Npu naeHTuduKaumm reHa Pl-2
¢ mapkepom OPU02 SCAR He HaligeHo dparmeHTa oxngaemoro pasmepa. Mpu 3tom 30 06pasLioB ¢ pa3fiMyHbIM ypoB-
HeMm MOoNIeBON YCTONUMBOCTY UMeIOT ABa reHa, Pl-1 n Pl-d, a BbicokoycToumBble 06pasubl G16 1 14-1 — KoMOUHaL M0
reHoB Pl-d n Pl-w. 3T 06pa3ubl MOryT ObITb KCMONb30BaHbl B KaUecTBe AOHOPOB 1A CO34aHUA HOBbIX KIOHOBbIX NOA-
BOEB ABGMIOHN, HECYLMX KOMMNEKC reHOB YCTONYMBOCTY K MyYHUCTON poce.

KntoueBble cnoBa: kKnoHoBble noasow; Podosphaera leucotricha Salm.; MonekynspHble MapKepbl; FeHbl yCTONYNBOCTL.

Introduction

Powdery mildew is one of the main fungal diseases of apple
that cause significant economic damage to modern intensive
horticulture. Powdery mildew is caused by the pathogenic
fungus Podosphaera leucotricha Salm. The disease actively
develops in humid warm weather in young orchards and nur-
series. The fungus forms a white coating on the plant, which
eventually turns brown. All above-ground parts of the plant
(leaves, shoots, flowers and fruits) are affected by powdery
mildew, leading to significant fruit yield losses (Kozlovskaya
et al., 2018). During epiphytotic years, powdery mildew can
affect up to 100 % of trees and lead to the loss of more than
half of the yield. Up to twenty fungicide treatments a year are
required to avoid severe powdery mildew infection, signifi-
cantly increasing the chemical pressure on orchards (Holb et
al., 2017; Hofer et al., 2021).

In our country, powdery mildew is widespread in the
Southern Federal District (Yakuba, 2018), where intensive
horticulture using dwarfing clonal rootstocks is developed.
Due to the high regenerative and rooting ability of shoots and
easy vegetative propagation, apple clonal rootstocks are one of
the most important components in the production of planting
material. Rootstocks provide tree anchorage, water and nutri-
ent uptake and affect many other physiological processes. In
modern industrial orchards, clonal rootstocks play a leading
role in regulating tree vigor, precocity and also contribute to
fruit quality and a rapid increase in yield. The use of dwarfing
clonal rootstocks provides convenience of fruit tree cultiva-
tion, increases orchards productivity and is more economically
efficient for fruit growers.

For the propagation of clonal rootstocks in stoolbeds, good
rooting of shoots requires abundant moisture in the substrate,
so systematic sprinkler irrigation is often used. Constant high
humidity may lead to severe powdery mildew damage of the
shoots of uterine bushes, causing a disruption in the normal
functioning of the photosynthetic apparatus of leaves and a
significant decrease in the productivity of the stoolbed. In this
regard, many rootstock breeding programs are aimed at iden-
tifying new genotypes resistant to powdery mildew.

The search for sources of resistance to powdery mildew has
been carried out since the second half of the XX century. To
date, a number of resistance gene sources have been identified:
the PI-1 gene was first discovered in wild species Malus x ro-
busta, the PI-2 gene was identified in M. zumi (Knight, Alston,
1968), Pl-w in the cultivar White Angel (Gallott et al., 1985;
Simon, Weeden, 1991), PI/-d in the hybrid D12 (Visser, Ver-
haegh, 1976) and P/-m in the hybrid MIS (mildew immune
selection) (Dayton, 1977).

To search for powdery mildew resistance gene sources, a
number of markers have been developed and tested. Thus, the

SCAR marker of the PI-1 gene was created and successfully
tested based on the RAPD marker OPAT20, and the SCAR
marker of the PI-2 gene, based on the RAPD marker OPU02
(Markussen et al., 1995; Gardiner et al., 2003). In addition,
single nucleotide polymorphisms (SNPs) associated with
PI-2 powdery mildew resistance were identified and validated
(Jansch et al., 2015; Chagné et al., 2019). Based on the AFLP
data, SCAR markers EM M01, EM M02 and EM DMO1 of'the
Pl-w and PI-d genes were created (Evans, James, 2003; James
etal., 2004). Microsatellite markers CH03C02 and CH01D03
were also used to identify the P/-d gene (James et al., 2004).

These markers have been successfully used to screen apple
cultivar collections in Germany (Hofer et al., 2021) and the
Czech Republic (Patzak et al., 2011), as well as to study wild
Malus orientalis populations of Iran (Amirchakhmaghi et
al., 2018). In our country, studies of the powdery mildew
resistance genes distribution in commercial and local apple
cultivars, as well as in wild species of the genus Malus have
been carried out (Suprun et al., 2015; Lyzhin, Saveleva, 2020,
2021). However, apple rootstocks have barely been studied
using powdery mildew resistance genes markers.

The Michurinsk State Agrarian University (Michurinsk
SAU) is the founder of clonal rootstock breeding in Russia
and one of the leading institutions in the world in this area.
A unique collection of rootstocks, which is the largest in the
country, is maintained here. Rootstocks bred at the Michurinsk
SAU are grown in orchards in Russia, Europe, USA and other
countries. However, there were no studies of their resistance
to powdery mildew, including those using molecular markers.
Such studies will help to identify sources and donors of re-
sistance in the collection to create new rootstocks combining
several powdery mildew resistance genes.

The aim of the work was to study field resistance of the Mi-
churinsk SAU apple clonal rootstocks collection to powdery
mildew and to identify accessions with the PI-1, PI-2, Pl-w
and PI-d resistance genes.

Materials and methods
Eighty apple clonal rootstocks were studied, including 74 root-
stocks of the Michurinsk SAU, three rootstocks from other
Russian breeding centers (B7-35, K-1 and Ural-5) and three
foreign rootstocks (M9 T337, G16 and Babarabskaya yablo-
nya). Malus species from the collection of the N.I. Vavilov
All-Russian Institute of Plant Genetic Resources (VIR), Be-
larusian cultivar Diyament and cultivar Evereste from the
collection of the Michurinsk SAU were used as references for
powdery mildew resistance genes P/-1, Pl-2, Pl-d and Pl-w.
Total genomic DNA was extracted from fresh young leaves
using the Quick-DNA Plant/Seed Miniprep Kit (Zymo Re-
search, USA) following the manufacturers’ protocol.
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Table 1. Markers for powdery mildew resistance genes identification

Gene Marker Primer sequences Fragment size, bp Annealing temperature, °C
PI-1 AT20 SCAR F ATCAGCCCCACATGAATCTCATACC 450/500 62
R ACATCAGCCCTCAAAGATGAGAAGT
PI-2 OPUO02 SCAR F CCGACCGATCAGGAATTGTCACCAG 1700 62
R TCGATTATCACTATGTACGGGAGCA
Pl-d EM DMO1 F AGGATAATAATCTATCTTGTAAAGG 90 53
R CCATTCAGCCCAACGAGT
Pl-w EM M02 F CTGCAGACTGTTTGTAAGTTGG 250 56

R AACTCCTTGATTTCTCCTATTGTT

Powdery mildew resistance genes were analyzed using the
following DNA markers: codominant AT20 SCAR marker
(PI-1 gene) (Markussen et al., 1995), dominant OPU02 SCAR
markers (P/-2 gene) (Gardiner et al., 2003), EM DMO1 (P/-d
gene) (James et al., 2004) and EM MO02 (PI-w gene) (Evans,
James, 2003). The primers sequences and annealing tempera-
tures are presented in Table 1.

PCR reactions were performed in a SimpliAmp (Applied
Biosystems, USA) thermal cycler in a final volume of 15 pl
containing 20 ng of genomic DNA, 1.5 mM dNTPs, 2.5 mM
MgSOy, 10 pM of each primer (Syntol, Russia), 1 u Taq po-
lymerase and 1x standard PCR buffer (Thermo Fisher Scien-
tific, USA). To determine fragment sizes, molecular markers
GeneRuler 100 bp (Thermo Fisher Scientific), 50 bp DNA
marker (Dialat Ltd, Russia) and Start 250 (Diaem, Russia)
were used. After amplification, PCR products were separated
in 2 % agarose gels, stained with ethidium bromide and ana-
lyzed on a UV-light box.

Powdery mildew resistance evaluation was carried out in the
field for three years (2020-2022) in a nursery with sprinkler
irrigation to maintain high substrate moisture. The evalua-
tion was carried out according to the method described in
the “Program and Methodology of Variety Studies for Fruit,
Berry and Nut Crops” (Sedov, Ogoltsova, 1999), with mi-
nor modifications. The resistance rate was evaluated by the
presence of powdery mildew lesions on the leaf blade. Ten
shoots of each rootstock were analyzed. The assessment of the
resistance rate was carried out on a five-point scale, where: 0
points — highly resistant genotype (HR, no lesions were de-
tected), 0.1-1 points — resistant genotype (R, lesions up to 1 %
of the leaf blade), 1.1-2 points — moderately resistant (M, le-
sions up to 10 % of the leaf blade), 2.1-3 points — low-resistant
(L, lesions up to 40 % of the leaf blade), 3.1-5 points — very
low-resistant (VL, lesions from 40 up to 100 % of the leaf
blade). For each analyzed genotype, the average score for
three years was calculated (Table 2).

Results

As a result of this work, 80 apple rootstocks were analyzed
using markers of four powdery mildew resistance genes, PIl-1,
PI-2, Pl-w and PI-d (see Table 2).

The PI-1 gene was mapped in the resistance gene cluster of
apple LG XII (Dunemann et al., 2007). To identify this gene,
the SCAR marker AT20 was used, which allows detecting
two fragments — 450 and 500 bp. The presence of a 450 bp
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fragment is associated with P/-/ resistance (Markussen et al.,
1995). The accession of wild species M. x robusta, from which
this gene was initially introgressed, was used as reference.

Using the AT20 SCAR marker, a 450 bp fragment was
detected in eight studied rootstocks: 54-118, 2-9-94, 2-9-102,
2-12-36, 4-2-41, 9-1-2, 5-26-127 and 67-5(32). At the same
time, this fragment together with a 500 bp fragment was
detected in 23 accessions, and in the remaining 49 acces-
sions, only a 500 bp fragment was amplified (see Table 2).
An example of PI-1 gene identification is shown in Fig. 1.

The PI-2 gene was mapped on apple LG XI. The OPU02
SCAR marker was used for P/-2 identification (Gardiner et
al., 2003). The presence of a dominant P/-2 allele is detected
by amplification of a 1700 bp PCR fragment (Gardiner et al.,
2003). The accession of wild species M. zumi, from which this
gene was initially derived, was used as reference.

In the studied collection, an expected 1700 bp fragment
was not revealed. However, in accessions 14-1 and G16, a
1500 bp fragment was amplified, while a ~2200 bp fragment
was detected in the reference M. zumi accession (Fig. 2).

The dominant SCAR marker EM DMO01 was used to iden-
tify the PI-d gene mapped on apple LG XII (James et al.,
2004). The expected size of the PCR product of this marker
is 90 bp. Apple cultivar Diyament, for which the presence
of this gene was previously detected, was used as reference
(Kozlovskaya et al., 2018). In the studied collection, the P/-d
gene was identified in 33 out of 80 analyzed accessions (see
Table 2). An example of PI-d gene identification is shown
in Fig. 3.

The PI-w gene was mapped on apple LG VIII. SCAR mar-
ker EM M02 was used for Pl-w identification (Evans, James,
2003). This marker amplifies a 250 bp fragment indicating the
presence of the Pl-w gene. The Evereste apple, in which the
Pl-w gene was previously identified, was used as reference
(Patzak et al., 2011). In the studied collection of apple clonal
rootstocks, the P/-w gene was detected only in two acces-
sions — G16 and 14-1 (see Table 2, Fig. 4).

As a result of field evaluation of apple clonal rootstocks
powdery mildew resistance, all studied accessions were di-
vided into five main groups according to the resistance rate,
from high to very low (Fig. 5).

It was shown that 57 accessions are resistant (0.1-1 points)
to powdery mildew, which was 71.25 % of the total sample
(see Fig. 5). In this group, the lowest average score of pow-
dery mildew resistance (0.1) was noted in rootstocks 62-396
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Table 2. Analyzed apple rootstocks, data on the diversity of the PI-1, PI-2, PI-d and PI-w resistance genes
and the results of field powdery mildew resistance assessment

No.  Accession Parentage AT20 OPUO2 EMDMO1 EMMO02 Powdery mildew Resistance
(PI-1) (PI-2) (PI-d) (Pl-w) infection ratings, rate*
......................................................................................... points

R
6  Malysh 57-344x57-490 - + - - - 0.1+0.02 R
Budagovskogo
(MB, 76-6-6)
7  Budagovsky 9 M8 x Krasniy shtandart - + - - - 0.2+0.03 R
(B9, Bud9)
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Table 2 (continued)
No. Accession Parentage AT20 OPUO2 EMDMO1 EMMO02 Powdery mildew Resistance
(PI-1) (PI-2) (PI-d) (Pl-w) infection ratings, rate*

points

50 Babarabskaya Malus turkmenorum - + - - - 0.2+0.03 R
yablonya Juz. et M. Pop.
51 141 Malus sieboldii Rehd., - + 1500 bp + + 0 HR

open pollination

68 G16 Ottawa 3 x Malus floribunda - + 1500bp + + 0 HR
Siebold ex Van Houtte
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Table 2 (end)

No. Accession Parentage AT20 OPU02 EMDMO1 EMMO2 Powdery mildew Resistance
(PI-1) (PI-2) (PI-d) (Pl-w) infection ratings, rate*
450bp 500bp 1700bp 90 bp 250bp  Points

81 Malusxrobusta + - - - - - -

**(Carriére)
Rehder (k43200)

82  Malus zumi (Matsum.) - - ~2200bp - - - -

........... RO T (K1) e

83 Dyament T T T o T e T

84 Evereste - - - - + - -

* HR - highly resistant; R - resistant; M - moderately resistant; L — low-resistant; VL - very low-resistant.
** References for: PI-1 gene — M. robusta (k43200); PI-2 gene — M. zumi (k41272); PI-d gene - Diyament; Pl-w gene - Evereste.

<—500 bp

Fig. 1. The results of the PI-1 gene identification with the AT20 SCAR
marker in apple clonal rootstocks.

1 -57-490; 2 - B9; 3 - 54-118; 4 — 2-9-94; 5 - 2-12-27; 6 — 5-27-1; 7 — 2-3-19;
8 - M. x robusta k43200. M — marker GeneRuler 100 bp.

1 2 3 4 5 M

<—1500 bp

Fig. 2. The results of the PI-2 gene identification with the OPU02 SCAR
marker in apple clonal rootstocks.

1-54-118;2-14-1;3-G16;4-9-1-2; 5 - M. zumi k41272. M — marker Start 250.

<—100bp

Fig. 3. The results of the PI-d gene identification with the EM DMO1
marker in apple clonal rootstocks.

1-54-118;2 - 62-396; 3 - 2-3-8; 4 - 2-3-14; 5 - 2-12-15; 6 — 2-12-10; 7 - 57-490;
8- Diyament. M - 50 bp DNA marker.

Fig. 4. The results of the PI-w gene identification with the EM M02 marker
in apple clonal rootstocks.

1-2-3-17;2-14-1;3-7-8-5;4-9-1-2;5-G16;6 — 5-27-1; 7 — 2-3-8; 8 — Evereste.
M - marker GeneRuler 100 bp.
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Powdery mildew resistance of apple clonal rootstocks
from the collection of the Michurinsk State Agrarian University
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Fig. 5. Proportion of accessions with different powdery mildew resistance in the studied collection according to field

resistance evaluation data.

Groups of accessions according to the field resistance rate: HR - highly resistant; R - resistant; M — moderately resistant; L — low-
resistant; VL - very low-resistant (inner circle). The number of accessions with the PI-1, PI-2, Pl-w and PI-d genes in each group

(outer circle).

and 76-6-6, and the maximum (0.9), in rootstock M9 T337
(see Table 2). The group of moderately resistant forms (1.1-2
points) included eight accessions (10 %). The average resis-
tance score for this group varied from 1.1 for 86-6-12 to 1.7
for rootstocks 2-9-102 and 64-143. The proportion of low-
resistant (2.1-3 points) and very low-resistant (3.1-5 points)
rootstocks was 8.75 %, (from 2.1 for rootstock 9-1-2 to 2.8
for rootstocks 2-9-94, 87-7-12 and 2-15-15) and 7.5 % (from
3.4 for K-1 to 4.6 for 9-1-3), respectively. The group of highly
resistant accessions (0 points) was the smallest and included
hybrid form 14-1 and rootstock G16 that had not been affected
by powdery mildew (see Table 2, Fig. 5).

The distribution of the studied powdery mildew resistance
genes in accessions with different field resistance was analyzed
(see Fig. 5). The PIl-d and PI-1 genes were the most wide-
spread in the collection. Thus, the P/-d gene was present in
all groups, and the P/-1 gene was not detected only in highly
resistant accessions. While the P/-w gene, on the contrary,
was detected only in two accessions 14-1 and G16, which are
highly resistant. In addition, specific 1500 bp PCR products
were detected only in these accessions with the PI-2 gene
marker (see Fig. 2).
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Discussion

The analysis of 80 apple clonal rootstocks using markers of
powdery mildew resistance genes P/-1, PI-2, Pl-d and Pl-w
allowed assessing the variability of these genes in the Michu-
rinsk SAU collection for the first time.

The most common in the studied collection were the P/-d
and PI-1 genes identified in 33 (41.25 %) and 31 (38.75 %)
accessions, respectively (see Table 2). The Pl-w gene was
detected only in G16 and 14-1 accessions (see Table 2, Fig. 4).
The distribution of the studied powdery mildew resistance
genes in the collection may be related to the rootstocks pe-
digrees, including both wild Malus species and commercial
apple cultivars and landraces (see Table 2).

Wild apple species are the most promising sources of di-
sease and pest resistance genes for breeding apple cultivars and
rootstocks (Pereira-Lorenzo et al., 2018; Solomatin, 2018).
However, when breeding clonal rootstocks, during the primary
selection of hybrid seedlings, genotypes with good vegetative
propagation ability, high rooting ability and increased winter
hardiness of the root system are distinguished. The study of
resistance to phytopathogens is usually carried out later among
the selected rootstocks.
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It should be noted that there were practically no studies
of apple rootstocks collections using powdery mildew resis-
tance gene markers, and the researchers have been mainly
focused on studying apple cultivars and wild Malus species.
For example, the study using the EM DMO1 marker showed
a wide distribution of the P/-d gene among old and modern
apple cultivars from the collection of the Institute for Fruit
Growing, Belarus (Urbanovich et al., 2010). In the study of
145 old and local apple cultivars from the Czech collection,
the PI-d gene was detected only in four accessions (Patzak
et al., 2011). The study of apple cultivars from the Dres-
den-Pillnitz gene bank using the microsatellite marker of
the PI-d gene also showed its low distribution (Hofer et al.,
2021).

The PI-d gene was also found in wild apple species. In the
study of 67 Malus species forms, the P/-d gene was identified
in seven accessions, and for M. sieversii and M. orientalis,
intraspecific polymorphism was revealed (Lyzhin, Saveleva,
2021). In the study of M. orientalis populations growing in
Iran, the PI-d gene diversity was also noted (Amirchakhmaghi
et al., 2018). Transcaucasia is thought to be one of the cen-
ters of origin of low-vigorous clonal rootstocks, where they
originated from wild species (Budagovskiy, 1976; Solomatin,
2018). The most common apple species growing in this region
is M. orientalis. Thus, the distribution of the P/-d gene in the
collection may be associated with the origin of rootstocks from
wild species, including M. orientalis. Another possible factor
of the distribution of this gene in the analyzed collection is
the use of apple cultivars in breeding rootstocks.

The PI-1 gene was the second most common gene in the
collection. According to previous studies, this gene is not
widely distributed, both among old and commercial apple
cultivars (Urbanovich et al., 2010; Patzak et al., 2011; Sup-
run et al., 2015; Kozlovskaya et al., 2018; Lyzhin, Saveleva,
2020; Hofer et al., 2021). However, the PI-1 gene was found
in Malus species. In a collection of 67 wild Malus forms,
the PI-1 gene was detected in 37.3 % of accessions, includ-
ing M. X robusta, the species this gene was initially derived
from. At the same time, intraspecific polymorphism for this
gene was shown for some species (Lyzhin, Savelyeva, 2021).
The presence of the P/-1 gene in wild species was also noted
in the study by O. Urbanovich et al. (2010). Apparently, the
distribution of the P/-/ gene in the collection of apple clonal
rootstocks is associated with the presence of wild Malus spe-
cies in their pedigrees.

The PIl-w gene, identified in two rootstocks using the EM
MO02 marker, is less distributed in the studied collection. The
Pl-w gene provides a higher level of resistance than the PI-/
and PI-2 genes (Simon, Weeden, 1991; Evans et al., 2003).
This gene is quite common among wild Malus species, but is
practically not found in apple cultivars (Patzak et al., 2011;
Kozlovskaya et al., 2018; Lyzhin, Saveleva, 2021).

Probably, it is the presence of the Pl-w gene that ensures
high powdery mildew resistance in G16 and 14-1 accessions,
which was revealed during the field resistance assessment
(see Table 2). Apparently, this is due to their origin from wild
species. The American rootstock G16 is derived from M. flo-
ribunda, and the hybrid form 14-1 of the Michurinsk SAU
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is derived from M. sieboldii. Previously, using the EM M02
marker, the Pl-w gene was detected in M. floribunda and
M. sieboldii (Lyzhin, Saveleva, 2021).

The PI-2 gene marker OPUO2 SCAR revealed ~1500 bp
fragments in two accessions (G16 and 14-1) from the collec-
tion (see Fig. 2), while the presence of a dominant P/-2 allele
was detected by amplification of'a 1700 bp fragment (Gardiner
et al., 2003). Previously, using the OPU02 SCAR marker, a
1500 bp fragment was detected in the cultivar Favorit of the
Crimean Experimental Horticultural Station (Suprun et al.,
2015). The presence of unknown alleles of this gene or a new
resistance gene was suggested, as the cultivar is powdery
mildew resistant. This may also refer to accessions G16 and
14-1, since both are completely resistant to powdery mildew
according to the results of the field evaluation, although these
accessions also have the P/-d and PI-w genes (see Table 2).

The PI-2 gene was first identified in M. zumi (Knight,
Alston, 1968). However, in the M. zumi accession from the
VIR collection used as reference for this gene, a fragment
of ~2200 bp was obtained, instead of the expected 1700 bp
fragment (see Fig. 2). This may be due to the intraspecific
polymorphism, previously noted for other powdery mildew
resistance genes in wild Malus species (Lyzhin, Saveleva,
2021). Alternatively, the presence of a ~2200 bp fragment
may be related to the existence of another powdery mildew
resistance gene Pl-;;¢ in the M. zumi accession (Gardiner et
al., 2003).

The results obtained using the OPU02 SCAR marker do
not allow to identify the P/-2 gene by the presence of the
1700 bp fragment, which may be due to a significant distance
(8.6 cM) from the marker to the gene (Gardiner et al., 2003).
Therefore, in order to assess the presence of the P/-2 gene in
the collection, other markers can be used, e. g. SNPs (Jédnsch
et al., 2015; Chagné et al., 2019).

It is known that in breeding for resistance, a common ap-
proach is to combine several resistance genes in one genotype,
the so-called “pyramiding”. The results allowed to identify a
number of rootstocks that are promising for breeding. In the
studied collection, 30 accessions have two resistance genes,
PI-1 and PI-d, and accessions G16 and 14-1, highly resistant to
powdery mildew, have genes P/-d, Pl-w, as well as a specific
fragment detected using the PI/-2 gene marker (see Table 2).

However, not all accessions with powdery mildew resis-
tance genes showed high field resistance. For example, all
eight accessions that had the dominant allele of the P/-/ gene
also had the PI-d gene, however, the level of their field resis-
tance varied from 0.2 points for rootstock 4-2-41 to 2.8 points
for rootstock 2-9-94 (see Table 2). At the same time, accessions
G16 and 14-1 that had the P/-d and PIl-w genes, as well as a
specific fragment obtained with the PI-2 gene marker, were
highly resistant and had no symptoms of infection (0 points).

The discrepancy between field resistance level and the pre-
sence of resistance genes can have several causes. For some
of the markers, there are conflicting data on the association
with the trait. A number of studies do not confirm the correla-
tion of PI-1 AT20 SCAR and PI-d EM DMO1 markers with
resistance (Dunemann et al., 2004; Kellerhals et al., 2008;
Urbanovich et al., 2010).
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In addition, data on the presence and distribution of different
races of P. leucotricha and the results of artificial inoculation
tests with known pathogen strains are needed for more ac-
curate assessment of the powdery mildew resistance level.
Besides, the resistance determined by known P/ genes can be
overcome, as, for example, PI-/ gene resistance (Lesemann,
Dunemann, 2006). Furthermore, despite a significant amount
of data on the genome sequences of the cultivated apple and
other Malus species, it is likely that not all powdery mildew
resistance genes and alleles of known resistance genes have
been identified at the moment.

Conclusion

Field evaluation of powdery mildew resistance of 80 ac-
cessions from the Michurinsk SAU apple clonal rootstocks
collection was assessed for the first time and accessions with
powdery mildew resistance genes were identified. The P/-d
and PI-1 genes were the most common in the collection.
The Pl-w gene was found only in two accessions, while the
PI-2 gene was not detected in the collection. At the same
time 32 accessions had a combination of two P/ genes. The
presence of powdery mildew resistance genes in rootstocks
appears to be related to their pedigrees and origin from wild
Malus species. Comparison of the field resistance assess-
ment results with the molecular analysis data showed that
the presence of resistance genes does not always correspond
to the level of resistance. Thus, the PI-d and PI-1 genes were
identified in both resistant and low-resistant accessions, while
the Pl-w gene was detected only in highly resistant accessions
14-1 and G16. The obtained data can be used for breeding
new apple rootstocks with a combination of powdery mildew
resistance genes.
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