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Abstract: Wild apples and their hybrids are valued as a source of genetic resistance to biotic and
abiotic stress. Malus niedzwetzkyana is an endangered ornamental apple species endemic to Southeast
Kazakhstan, the center of Malus domestication. To test the fire blight resistance of M. niedzwetzkyana,
eight plant genotypes were inoculated with a local strain of Erwinia amylovora. The genotypes possess
different genetic backgrounds, which was confirmed via SSR profiling. Four out of eight displayed
moderate to severe symptoms of fire blight infection, while the three wild genotypes proved resistant.
To search for the source of the resistance, the samples were tested for the presence of FBF7 QTL using
SCAR markers, where seven genotypes tested positive for one of the markers (AE10-375) and one for
the other (GE80-19). No correlation between resistance phenotype and FBF7 QTL was confirmed,
indicating the source lies elsewhere. Developing detailed genetic and phenotypic profiles of wild
apple species helps advance both the preservation efforts and marker-assisted selection in apple
breeding.
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1. Introduction

Southeast Kazakhstan lies in the center of origin and natural habitat of wild apples.
The fruit forests of Kazakhstan contain plant material important for botany, geography, and
genetics. Wild apples and their hybrids were historically utilized as a source of resistance
to biotic and abiotic stress in domestic apple breeding [1,2].

Malus niedzwetzkyana Dieck ex Koehne is an endemic wild apple species featured in
the Red Book of Kazakhstan and the International Red List of Endangered Species [3,4].
It naturally grows in Kazakhstan (Karatau and Zailijskei Alatau), Kyrgyzstan (Jalal-Abad
region), and western China (Xinjiang region) [1,2,5,6].

Malus niedzwetzkyana is integral to the mixed fruit and nut forests in Central Asia.
This species is an important genetic resource for apple breeding and developing new
advantageous cultivars [7,8]. The particular value of M. niedzwetzkyana hinges on its genetic
predisposition to fire blight resistance [9]. It is also an exquisite ornamental plant due to the
pink color of its flowers, fruits, leaves, and trunk, which is attributed to anthocyanins. These
compounds have antioxidative, anti-carcinogenic, and anti-inflammatory properties [10].

Improving domestic apple productivity and conserving global biodiversity rely on
resistant genotypes whose defense mechanisms have adapted to rapidly evolving local
pathogens. Higher plants evolve much slower than their parasites, especially perennial
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tree plants. Therefore, new sources of resistance for marker-assisted selection (MAS) are
ceaselessly sought after. One of the most widespread apple diseases is fire blight, caused
by a Gram-negative bacterium Erwinia amylovora. The infection enters through flowers or
vegetative parts and leads to leaf and shoot necrosis, ooze droplets, wilting, and trichome
development [11,12]. Three major QTLs associated with resistance to the pathogen have
been identified: FBF7 on LG7 (linkage group 7) of cultivar “Fiesta”, FB_E on LG12 of
“Everest”, and FB_MR5 on LG3 of Malus x robusta 5, which are considered suitable for
MAS due to their stability [13-17]. Among them, QTL FBF7 accounted for up to 46%
of the observed phenotypic variation in fire blight resistance, and resistant variants are
characterized by two SCAR markers, AE10-375 and GE80-19 [14]. This QTL has previously
been identified among the local apple lineages, and the positive cultivars for both markers
exhibited moderate phenotypic resistance in the field [18].

This work evaluates the resistance of M. niedzwetzkyana genotypes growing in the
Republic of Kazakhstan to fire blight both phenotypically via an inoculation test and
molecularly using SCAR markers linked to one of the major resistance QTL (FBF7). Each
sample was genotyped and introduced into a culture medium to investigate its potential
for further selection and to preserve its biodiversity.

2. Materials and Methods
2.1. Plant Material

A total of eight M. niedzwetzkyana trees were identified according to the botanical
description and had leaf samples collected: five samples from four populations across
Astana and three specimens from a wild population inside the Tscherkesay Canyon (near
Tekeli, Kazakhstan).

A collection of endangered M. niedzwetzkyana was conducted following the decision
of the Council of the Eurasian Economic Commission of 26 January 2018 No. 15. “On the
approval of Rules of proper practice of cultivation, collection, processing and storage of
initial raw materials of plant origin”. The plant material was collected from the Djungar
Alatau mountain range (Tscherkesay) by the authors acting with permission from the
Forestry and Wildlife Committee and deposited at the Main Botanical Garden (AA) under
ID No. 3023/20-3028/20. The specimens collected in the Astana Botanical Garden (NUR)
were deposited under ID No. 536/20-552/20.

2.2. SSR Profiling

DNA was extracted from leaves using a modified CTAB protocol [19]. The quantity
and quality of extracted DNA were analyzed using a spectrophotometer (NanoDrop1000,
Thermo Scientific, Waltham, MA, USA).

Twelve SSR markers were used, namely GD12, GD147, CH01h10, CH01h01, CH04c07,
Hi02c07, CH01f03b, CH02d08, CH02c11, CH04e05, CH01£02, and CH02c09 [20-23]. These
markers are widely applied in apple genotyping and are suggested by the European
Cooperative Programme for Plant Genetic Resources (ECPGR) [24]. CH04e05, CH02c11,
CHO02c09, CH02d08, CH04c07, CHO1h01, Hi02c07, and CHO1h10 are highlighted as priority
group 1 of the ECPGR marker set, whereas CH01f02, CH01f03b, GD12, and GD147 belong
to priority group 2. The primer sequences, fluorescent dye, and multiplex group are
described in Table A1 (Appendix A).

Amplification of each SSR marker was conducted in a 15 uL reaction mix containing a
1x DreamTaq buffer (Thermo Scientific, Waltham, MA, USA), 0.2 MM dNTPs, 0.2 MM of
each of the respective primers for each SSR marker, and 1 unit of DreamTaq polymerase
(Thermo Scientific, Waltham, MA, USA). The amplification program for each multiplex
group was as follows: 94 °C for 3 min, followed by 10 cycles of denaturation at 94 °C
for 30 s, annealing for 90 s at 60 °C with a 1 °C decrease in temperature each cycle, and
elongation at 72 °C for 60 s. The second step of 30 cycles was denaturation at 94 °C for
30 s, followed by annealing at 50 °C for 90 s and further elongation at 72 °C for 60 s. Final
elongation continued for 10 min at 72 °C. PCR was performed using a Mastercycler Pro S
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thermocycler (Eppendorf, Hamburg, Germany). Fragment analysis was conducted using
Applied Biosystems 3500 (Thermo Scientific, Waltham, MA, USA). SSR genotyping data
were analyzed using GeneMapper™ Software 6 (Thermo Scientific, Waltham, MA, USA).
The resulting genetic profiles of eight genotypes were analyzed in GenAlEx 6.5 [25].

2.3. In Vitro Cultivation of M. niedzwetzkyana Genotypes

All collected M. niedzwetzkyana genotypes were introduced into a culture medium
according to the previously developed protocol for microclonal propagation in the Lab-
oratory of Plant Biotechnology and Selection at the National Center of Biotechnology,
Astana [26]. Axillary buds from one-year-old shoots were used as source material. For
each genotype, we used no less than 20 buds from different branches. The buds were
subjected to aseptic treatment for 4 min using a 12% hydrogen peroxide solution, result-
ing in up to 80% viable sterile explants for introduction into an in vitro culture. The M.
niedzwetzkyana explants were cultivated on the QL medium with the addition of 0.5 mg/L
6-BAP (6-benzylaminopurine) and 1.5 mg/L kinetin; the main shoots formed on day 50.
For the multiplication of additional shoots, the explants were cultivated on a QL medium
with 0.5 mg/L 6-BAP and 0.01 mg/L IBA (indole butyric acid) for 50 days. The shoots
were rooted in a QL medium (half concentration) with the addition of 10 g/L sucrose and
1.5 mg/L IBA. Overall, the number of regenerants varied from 20 to 40 depending on the

genotype.

2.4. Screening of a Local E. amylovora Strain

The E. amylovora isolate was obtained from a symptomatic “Golden Delicious” tree
from a commercial garden growing cv. Idared, Golden Delicious, and Gala in the Almaty
region, where trees of all the grown cultivars were affected by fire blight. The visible
symptoms included scorching leaf necrosis, ooze droplets, and blackening of shoots. The
culture was plated on a PDA (potato dextrose agar) medium. After 48 h, colonies exhibiting
growth patterns similar to E. amylovora were plated onto the selective NSA (nutrient sucrose
agar) medium [27,28]. Colonies that were whitish, circular, domed, smooth, and mucoid
after 48 h were tested using a peer-reviewed qPCR protocol [29]. Positive samples were
carried into the next steps.

To confirm the results of the morphology test and discover related strains, we attempted
a whole genome sequencing of the bacterium. A log-phase cell suspension was obtained via
2-day cultivation at 28 °C in LB media and was collected via centrifugation at 5000x g for
2 min, followed by resuspension of the pellet with 2 mL sterilized distilled water [30]. DNA
was extracted using the innuPREP Bacteria DNA Kit (Analytik Jena, Jena, Germany).

Library preparation was performed according to the “Ligation sequencing gDNA—
whole genome amplification (SQK-LSK109)” legacy protocol from the Nanopore Com-
munity tab. DNA libraries were sequenced on a FLO-MIN106D flow cell using MinION
(Oxford Nanopore Technologies, Oxford, UK). The sequenced reads were subsequently run
through “Fastq WIMP” analysis hosted on the Epi2ME platform (Metrichor Ltd., Oxford,
UK), confirming the DNA belonging to E. amylovora. Additionally, reads were searched
against the NCBI nt database via Blast+ to determine the most closely related strains [31].

2.5. E. amylovora Inoculation Test

Syringes bearing cell suspension from the previous step were inserted into locally
grown pear fruits in up to 10 different surface patches. Five days later, the pathogenicity
of the strain was phenotypically evaluated. The ooze accumulated inside the lesions on
the infected pears from the above pathogenicity test was used as an inoculant for the
apple regenerants.

Inoculation was conducted through a series of stem incisions via a sterile scalpel
dipped into the ooze; the location of the incision was wrapped in paraffin film to create
an anoxygenic environment for bacteria growth. Eight 5-month-old apple tree saplings
were inoculated on 30 June 2021. Phenotypic fire blight responses of the regenerants were
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evaluated under glasshouse conditions and scored using a categorical scale of severity of
infection (0 to 5) [32,33]:

0, no reaction;
1, slight trichome development, necrosis of less than 5% of leaf matter;
2, moderate trichome development, necrosis of up to 10% of leaf matter localized
around the lesion;

e 3, moderate to severe trichome development, necrosis of up to 25% of leaf matter,
necrosis progression rootward, severe wilting in adjacent leaves;

e 4, the occurrence of ooze droplets, severe witling of leaves away from the lesion,
necrosis both rootward and upward, and up to 35% plant matter affected;

e 5, necrosis affecting up to 50% of leaves, several instances of ooze droplets.

2.6. FBF7 QTL Identification

We used two SCAR markers linked with FBF7 QTL, AE10-375, and GE80-19 [14] (Table 1).
For each DNA sample, 60 ng DNA was amplified in a 25 pL reaction mix containing a 1x Taq
buffer (750 MM Tris HCL, pH 8.8, 200 MM (NH4),SO4, 0.1% Tween 20), 2.5 MM MgCly, 0.2 MM
dNTPs, 0.2 MM of each of the respective primers, and 1 unit Taq of polymerase (Thermo
Scientific, Waltham, MA, USA). The PCR cycling conditions for every marker are described in
Table 1. The amplification results were analyzed on 1.5% agarose gel.

Table 1. Marker, primer (F, forward and R, reverse) sequences, and PCR cycling for the amplification
with SCAR markers.

Gen, Locus Marker Primer Sequence (5'-3') PCR Cycling
F7 QTL AE10-375 F-CTGAAGCGCACGTTCTCC 1% 95 °C—3 min, 35x (95°C—40s; 60 °C—40's;
R-CTGAAGCGCATCATTTCTGATAG 72°C—60s), 1x 72 °C—10 min.
F7 QTL GES80-19 F-TTGAGACCGATTTTCGTGTG 1% 95 °C—3 min, 35x (95°C—40s; 60 °C—40's;
R-TCTCTCCCAGAGCTTCATTGT 72 °C—60s), 1x 720 °C—10 min

3. Results
3.1. SSR Profiling

To confirm the genetic diversity of M. niedzwetzkyana genotypes, each plant was
profiled using SSR markers (Figure 1). It revealed five different amplicons for markers
CHO01£02 and GD12 and three amplicons for markers CH01h01, CH04c07, CH02d08, and
CHO04e05. Four amplicons were identified for each of the remaining markers. Of particular
interest is the 3-W genotype, which differs significantly in its genetic profile: it amplified
unique alleles in eight SSR markers.

SSR markers, fragment size
CHO02d08 CHO2c11

Hi02c07

CHO1f02

Allele Frequency

Frequency

CHO1h10 | CHO1hO1 | CHO4c07 Hi02c07 CHO1fO3b | CHO2d08 | CHO2c11

Figure 1. SSR profiling of in vitro propagated genotypes with resistance to fire blight. Fragment
sizes amplified for each marker are non-homogenous, though patterns emerge among samples with
similar origins. The color of each fragment corresponds to its length: the longer the fragment, the
darker its shade.
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M. niedzwetzkyana genotypes were introduced into a culture medium, propagated, and
adapted to ex vitro conditions for further screening and preservation (Figure 2).

Rooted microshoot Plantlets in the greenhouse
Figure 2. In vitro cultivation of M. niedzwetzkyana genotypes for conservation.

3.2. Screening of a Local E. amylovora Strain

Resistance to fire blight in apples was reported to be strain-specific; moreover, arti-
ficial inoculation of different accessions, even those belonging to one species, can lead to
symptoms of varying severity [16,34]. A local strain of E. amylovora was chosen for the
experiment as posing the most consistent threat to apple trees within the region, against
which wild forests have evolved.

E. amylovora was isolated from a cultivated apple tree exhibiting leaf necrosis and ooze
production and then plated on PDA and NSA mediums. It demonstrated steady growth on
the PDA medium characterized by circular whitish colonies coalescing together (Figure 3).
The colonies on the NSA medium were less prone to coalescence and appeared as whitish,
circular, domed, smooth, and mucoid beads following the EPPO Standard [27].

Figure 3. Colony morphology on NSA medium (left) and PDA medium (right) after incubation at
28 °C for 48 h. Off-white, bead-like formations on NSA medium are characteristic of E. amylovora.
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To confirm the results of the first positive screening and investigate the bacterium’s
genetic makeup, we attempted Nanopore-based whole-genome sequencing. Over the
course of sequencing, 33,285,592 bases were generated. Coverage of the chromosome
was approximately 8.09 and of the plasmid 19.8; both were calculated via Samtools [35].
According to Blast+, the most frequent matches for contigs were the FIN434113.1 CFBP 1430
strain [36], FN666575.1 ATCC 49,946 strain (chromosome), and HF560649.1 MR1 strain
(plasmid).

3.3. E. amylovora Inoculation Test

Because ooze exuded from infected plant tissue is the primary method of dispersal
for E. amylovora in vivo [37], it was chosen as the inoculant. To obtain the ooze, five pear
fruits of a local susceptible cultivar, “Lesnaya krasavitsa”, were injected with the same
E. amylovora cell suspension, with one pear left out as a negative control (LB medium)
(Figure 4). Six days after inoculation, points of injection started excreting opaque ooze,
which was then used for the inoculation of apple plantlets.

“ o

Figure 4. Local pears 6 days after inoculation with an E. amylovora cell suspension. indicates
negative control (LB medium), “+”—replications of inoculation with the same strain. Whitish
ooze droplets forming inside the lesions are characteristic of fire blight infection and were used for

inoculation of M. niedzwetzkyana genotypes.

Results were recorded and photographed after 5 and 39 days after inoculation (dai),
which can be seen in Table 2. All five apple genotypes sampled from a cultured environment
exhibited mild to severe symptoms of fire blight infection, while all three wild genotypes
appeared to resist the pathogen. This phenomenon is exemplified by genotypes 12 and
2-W (Figure 5). The inoculated regenerant of genotype 2-W bears no signs of infection
aside from slight trichome development, and even young leaves present at the moment of
inoculation were able to mature over the course of observation. On the contrary, genotype
12 was characterized by a classic fire blight infection profile, complete with the occurrence
of ooze and wilting of five top leaves on the shoot.

Table 2. Symptoms of fire blight detected in genotypes bearing resistance markers.

Sample Fire Blight Marker Symptoms Infection Severity
2 AE10-375 Severe necrosis in five adjacent leaves 3
3 AE10-375 Small area of leaf necrosis, moderate trichome development 2

. o . .
9 AE10-375 Necrosis of 30% of shoot, severe wilting, moderate trichome 4
development
Necrosis of 7% of adjacent leaf, wilting of the shoot
10 AE10-375 upwards from the lesion, limited effect rootward 2
12 AE10-375 Ooze productlon,. sever.e wilting incl. downwards from the 4
lesion, trichome development
1-W AE10-375 Necrosis of less than 1% of leaves 1
2-W AE10-375 Slight trichome development 1
3-W GE80-19 Slight trichome development 1
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Figure 5. Phenotypic response to fire blight at 0, 5, and 39 days after inoculation (dai) with
E. amylovora of all collected M. niedzwetzkyana genotypes. The representative resistant genotype
2-W displays no visible signs of infection at day 5. Slight trichome development around the lesion
on day 39. The representative susceptible genotype 12 has an open lesion-producing ooze by day 5.
Note the white trichome visible on the shoot around the lesion. By day 39, six of the top leaves had
dried out and wilted.
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3.4. FBF7 QTL Identification

To search for the source of the resistance, the plants were tested for the presence of
FBF7 QTL using SCAR markers AE10-375 and GE80-19 [13,14,38]. This QTL has previously
been identified among the local apple lineages and the cultivars, a few of which originated
from wild apple species [18].

The resistant alleles of markers AE10-375 and GE80-19 are characterized by amplicons
of 375 bp and 397 bp, respectively [13,14]. Seven genotypes tested positive for AE10-375
(Table 2), and only the 3-W genotype from the wild forest in the Tscherkesay Canyon
amplified GE80-19 (Figure 6). The plants amplifying both markers had been previously
characterized with higher resistance to the pathogen compared with the genotypes bearing
only the resistance allele for one of the two markers [14].

3-W 2-W 3 9 12 M

397 bp 375 bp

GES80-19

AE10-375

Figure 6. Analysis of M. niedzwetzkyana genotypes using SCAR markers AE10-375 and GE80-19.
For fire blight resistance, the key alleles are 397 bp (GE80-19) and 375 bp (AE10-375) long. See also
Supplementary File S1 for the original full-size images.

4. Discussion

Wild plants are an important source of genetic material for marker-assisted selection
(MAS), aiming to improve crops’ resistance to pathogens [39]. One of the ways to prevent in-
fection is the introgression of strong resistance factors originating from wild species [40]. For
example, involving wild apple trees in the breeding of Golden Delicious made it possible
to intensify the world’s apple production more than twofold over 25 years [41]. Therefore,
conservation and rational use of wild plants are integral for germplasm biodiversity and
thriving agroindustry [42].

Wild apple, apricot, and walnut forests are indigenous to Central Asia [41]. The
species forming these communities are classified as endangered and require protection [3].
However, up to 70% of apple forests have suffered habitat degradation over the past
40 years. Wild apple forest recultivation is the main priority of the country’s wild flora
conservation program, which requires fundamental research of their genomics. To date,
no wide-scale studies of M. niedzwetzkyana genomics have been conducted, neither in
Kazakhstan nor elsewhere.

In the present study, four out of eight plant genotypes showed moderate to severe
susceptibility to fire blight infection, while the three wild genotypes 1-W, 2-W, and 3-W
proved to be resistant. Phenotypic expression was evaluated based on an inoculation test,
which revealed that the presence of any of the two markers of FBF7 does not correlate
with a tangible resistance profile. The fact that all the domesticated genotypes displayed
varied levels of susceptibility, while the wild population was characterized by a lack of
symptoms, suggests that the wild M. niedzwetzkyana population from the Tscherkesay
Canyon possesses resistance traits not covered by FBF7. Indeed, major QTLs associated
with resistance to fire blight originating from wild species have been described in linkage
groups LG3 [16,34], LG10 [43,44], and LG12 [15]. However, only FBF7 has been found
among the local Kazakhstani apple varieties, many of which are derived from various
wild apples growing in the vicinity, such as M. sieversii and M. niedzwetzkyana [18]. On the
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contrary, when the same cultivars were tested for FB_E and FB_MR5 via SNP-genotyping,
all markers appeared monomorphic [45].

In the case of 3-W, it tested positive for the GE80-19 marker and lacked AE10-375, which
others shared. We could not detect any measurable difference in its infection response from
the other wild regenerants. However, the origin of GE8§0-19-SCAR and AE10-375-SCAR as
markers for commercial apples [13] may explain the reduced specificity when applied to a
wild Malus species.

SSR analysis confirmed the genetic individuality of the specimens bearing fire blight
resistance markers. Previously, three genotypes of M. niedzwetzkyana from the Krutoye tract
(Kazakhstan) were fingerprinted using 16 microsatellite markers and clustered together
with M. sieversii [46]. Previously, investigations of fire blight resistance in M. sieversii
revealed accessions with a high degree of resistance, although the overall percentage of
resistant individuals was low [47,48]. In this study, for the first time, three M. niedzwetzkyana
specimens proved the resistance phenotypically in the inoculation test.

Tscherkesay Canyon genotypes represent a prospective genetic pool for the breeding
of new cultivars bearing loci associated with resistance to fire blight. The results of the work
would help to preserve the important genetic material of endangered M. niedzwetzkyana
species and would assist its further use in apple breeding, conservation, and revival of wild
apple populations.

5. Conclusions

In the present work, the fire blight resistance of the eight genotypes of M. niedzwet-
zkyana from different populations was investigated using genetic SCAR markers and an
inoculation test. While all of the specimens bore either AE10-375 or GE80-19, their phe-
notypic reaction to E. amylovora differed dramatically, suggesting a new avenue should
be pursued in search of the origin of its resistance, such as a cross with a known sus-
ceptible background, generating a population to investigate the genetic control of the
resistant accessions.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/horticulturae9101066/s1. Supplementary File S1: The original
image of the electrophoretic gel featured in Figure 6.
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Appendix A

Table Al. Sequences of primers (F—forward, R—reverse), fluorescent dye type, linkage group (LG),
and multiplex group numbers for SSR genotyping [24].

Marker Primer Sequence (5'-3) Fluorescent Dye Linkage Group Mgigﬁ;ex
F-TTGAGGTGTTTCTCCCATTGGA
Ghi2 R-CTAACGAAGCCGCCATTTCTTT TAMRA 3 =
GD147 F-TCCCGCCATTTCTCTGC ATTO565 13 I

R-GTTTAAACCGCTGCTGCTGAAC

F-TGCAAAGATAGGTAGATATATGCCA
CHO1h10 R-AGGAGGGATTGTTTGTGCAC HEX 8 1

F-GAAAGACTTGCAGTGGGAGC
CHOThO1 R-GGAGTGGGTTTGAGAAGGTT TAMRA 17 1T

F-GGCCTTCCATGTCTCAGAAG
CHO4c07 R-CCTCATGCCCTCCACTAACA 6-FAM 14 1

. F-AGAGCTACGGGGATCCAAAT
Hi02c07 R-GTTTAAGCATCCCGATTGAAAGG ATTOS65 ! I

F-GAGAAGCAAATGCAAAAC CC
CHO1£03b R-CTCCCCGGCTCCTATTCTAC HEX 9 1

F-TCCAAAATGGCGTACCTCTC
CH02d08 R-GCAGACACTCACTCACTATCTCTC HEX 1 I

F-TGAAGGCAATCACTCTGTGC
CHO2c11 R-TTCCGAGAATCCTCTTCGAC TAMRA 10 I

F-AGGCTAACAGAAATGTGGTTTG
CHO4e05 R-ATGGCTCCTATTGCCATCAT 6-FAM 7 I

F-ACCACATTAGAGCAGTTGAGG
CHO1£02 R-CTGGTTTGTTTTCCTCCAGC 6-FAM 12 I

F-TTATGTACCAACTTTGCTAACCTC
CHO2c09 R-AGAAGCAGCAGAGGAGGATG ATTO565 15 !
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