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During the recent years, High Resolution Melting (HRM) analysis has been developed
as a rapid and accurate tool in plant disease diagnostics, species identification and
SNP genotyping. This approach has been applied to analyze the genetic diversity
in several plant species with molecular markers, including single sequence repeats
(SSR). However, no studies have been carried out to investigate the variation of SSR
in plant pathogenic fungi by using the HRM technology. In this report, the genetic
structure of Venturia inaequalis populations in Greece was investigated for the first
time by using six microsatellite markers. The developed HRM protocol was able to
generate genotype-specific melting curves, consistent with the haploid nature of the
fungus. Unknown samples were genotyped using standard samples as reference
controls among multiple runs. Compared to the more complex genome of diploid plants,
several limitations were avoided. The shape of the melting curves revealed differences
between the genotypes in each SSR marker and showed that all the genotypes could
be easily distinguished. The genetic analysis of apple scab populations revealed high
genetic variation within the populations (96%), while only 4% of the total gene diversity
was attributed to among-population variation. The isolates were grouped into three
higher-level populations according to the principal coordinate analysis (PCoA).

Keywords: HRM, SSR, Venturia inaequalis, apple scab, population genetics

INTRODUCTION

Apple scab caused by Venturia inaequalis is the most important disease of apples in Greece. The
pathogen is able to reproduce both sexually in winter and asexually in spring-summer periods.
In order to efficiently protect the final product from apple scab, the growers rely on frequent
fungicide applications (up to 16 annually) on 5-9 day-intervals. The polycyclic nature of the disease
(MacHardy, 1996), the evolution of races and their ability to overcome the resistance genes in the
host (Bus et al., 2011) and also the development of resistance to fungicides (Kéller and Wilcox,
2001) are the most important factors that lead to high variation in fungal genome and changes in
population genetic structure. Because of the pathogen’s ability to adapt to environmental changes
in order to survive (McDonald, 1997), many studies have analyzed its genetic structure among
populations all over the world (Gladieux et al., 2010; Ebrahimi et al., 2016; Koopman et al., 2017).
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Different molecular markers such as random amplified
polymorphic DNA (RAPDs), restriction fragment length
polymorphisms ~ (RFLPs),  amplified fragment length
polymorphisms (AFLPs), and microsatellites (or single sequence
repeats-SSRs) have been developed to assess the genetic diversity
of V. inaequalis in various apple producing countries (Tenzer
and Gessler, 1997; Guérin et al., 2004; Xu et al,, 2013). Among
all molecular markers, SSRs are preferable because of their high
reproducibility, amenability to automation and high throughput
genotyping (Agarwal et al, 2008). The traditional protocols
used for SSR genotyping involve laborious and hazardous
post-PCR analysis with polyacrylamide gels followed by staining
with ethidium bromide or automated but costly capillary
electrophoresis (Ganopoulos et al., 2011).

High-resolution melting (HRM) analysis is a closed-tube
method, that measures the fluorescence reduction of intercalating
dye in the process of dissociation of double stranded DNA.
Over the last years, this method has become increasingly popular
due to its simplicity, flexibility, non-destructive nature, superb
sensitivity and specificity (Vossen et al., 2009). HRM analysis
generates sequence-related melting profiles and can reveal
differences in the genotype at the level of a single nucleotide
(Chatzidimopoulos et al., 2014a). The application of HRM as
a novel quantitative or semi-quantitative technique for the
detection of sequence variations in plant fungal diagnostics has
recently been reviewed (Zambounis et al., 2015). Furthermore,
this approach has been applied widely to analyze genetic
diversity with molecular markers, including SSRs, in several
plant species (Mackay et al., 2008; Ganopoulos et al., 2011;
Distefano et al., 2012). Studies investigating the variation of
SSRs in plant pathogenic fungi using the HRM technology,
have not been done so far. Since there is no information on
the genetic structure of V. inaequalis in Greece, this work
was undertaken to genotype scab isolates from major apple
growing regions, by developing a rapid and simple HRM
analysis protocol.

MATERIALS AND METHODS

Isolates

During the 2017 and 2018 spring periods, leaves with distinct
spots bearing sporulating lesions of V. inaequalis were collected
from five commercial apple orchards in major apple growing
areas in Greece. The orchards were located in the areas of Zagora
(Central Greece; cv. Scarlett), Kala Nera and Vizitsa (Central
Greece; cv. Red Delicious), Veria (Northern Greece; cv. Pink
Lady) and Kastoria (Northern Greece; cv. Fuji). Each diseased
leaf was transferred to the laboratory in individual paper bags and
from each sample a single isolate was made by streaking spores
on sterilized potato dextrose agar (PDA) media amended with
100 mg 17! chloramphenicol, after slight touching a flamed wire
loop onto a freshly sporulating lesion. After 24 h of incubation at
20°C, individual germinating conidia were isolated in glass tubes
with PDA. A total of 110 single spore isolates (22 from each area)
were obtained and stored at 4°C. For nucleic acids extract, fresh
subcultures were made from each one of the 110 stored isolates
on PDA media and used as inoculum.

Nucleic Acid Preparation

Isolates were grown in 100 mL Erlenmeyer flasks containing
50mL potato dextrose broth medium (PDB). Flasks were
inoculated with 3-mm mycelial plug and incubated in an orbital
shaker at 21°C and 150 rpm for 21 days. The globular-like
colonies of the liquid culture were obtained from each flask and
deposited on sterilized Whatman filter papers to drain the excess
moisture. Total nucleic acids from fungal isolates were extracted
according to the protocol described by Chatzidimopoulos et al.
(2014a). The nucleic acid purity and concentration was estimated
on a NanoDrop spectrophotometer (Thermo Scientific) and the
final concentration was adjusted to 10 ng pL=1.

Genotyping With High-Resolution Melting

Analysis

V. inaequalis isolates were genotyped with microsatellite primer
pairs 1tclg, 1tcla, vitcl/2, vitc2/D, vical0/154, and vicacg8/42
(Tenzer et al.,, 1999; Guérin et al., 2004). Nucleic acid extracts
(I pL of each) were used directly in 20-uL reaction volumes
containing 1X Kapa HRM Fast qPCR kit (Kapa Biosystems, Cape
Town, South Africa), 2.5 mM MgCl, and 200 nM of each primer.
PCR amplification, DNA melting and end point fluorescence
level acquiring PCR amplifications were performed on a Rotor-
Gene Q thermocycler (Qiagen, Hilden, Germany). To determine
the optimal conditions for microsatellite PCR amplification,
several runs were conducted in the 36-well carousel with all
the primer pairs included. Finally, a rapid PCR protocol was
established for all SSRs, under the following conditions: 35 cycles
of denaturation at 95°C for 5s, annealing at 58°C for 20s,
extension at 72°C for 5 s.

High-resolution melting analysis was performed after PCR
amplification at the temperature ramping and fluorescence
acquisition setting recommended by the manufacturer; that is
temperature ramping from 65 to 95°C, rising by 0.1°C/2s. The
melting curves were normalized in between two normalization
regions before and after the major fluorescence decrease,
representing the melting of the PCR product using the
accompanying software (Rotor-gene Q series software v.2.3.1).
All samples were plotted according to their melting profiles.
Under the difference graph, melting profiles of the samples were
compared to that of the core genotype (genotype of the most
frequent allele found), which was converted to a horizontal line.
To compare the genotype of the samples between PCR-HRM
runs (36 were used in each run), reference samples were included.
Those samples were genotype-specific and part of the 110 isolates
used in the present study. Melting curves plotted within the 80%
confidence threshold of the reference curves were considered
of the same genotype. To examine the reproducibility of the
method, that is consistency of each melting profile, the HRM
tests were repeated within 1 week, maintaining the same test
conditions, reagent quantities and DNA concentrations.

To verify the validity of the method, representative samples
from each genotype were selected for fragment size analysis
using polyacrylamide gel electrophoresis (PAGE). The samples
were subjected to PCR with the selected SSR primers under the
following conditions: 35 cycles of denaturation at 94°C for 30,
annealing at 58°C for 30 s, extension at 72°C for 1 min and a final
extension at 72°C for 10 min. Each 25-jLL reaction consisted of
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10 ng fungal nucleic acid, 200 nM each primer, 10.5 wL DEPC-
treated H,O and 12.5 wL TopTaq Master mix 2x (Qiagen). The
resulting DNA fragments were resolved in 5% polyacrylamide gel
(30% w/w acrylamide/bisacrylamide solution; 29:1) and stained
with ethidium bromide. The visualization and determination of
the fragment size was performed under a UV-transilluminator at
312 nm following electrophoresis at 40 V.

GenAlEx 6.502b (Peakall and Smouse, 2012) was used
to determine genetic structure at hierarchical levels (analysis
of molecular variance; AMOVA) and to plot grouping of
individuals in the principal coordinates analysis (PCoA). The
PCoA procedure in GenAlEx is based on an algorithm published
by Orldci (2013). In the present assay, the standardized option
which is based on the conversion of the distance matrix to
a covariance matrix was followed. This method divides the
respective covariance input by the square root of n-1. At
population level, the Nei’s standard genetic distance between
pairs of populations (Nei, 1972) was calculated for binary data set.
This genetic distance matrix is used in GenAlEx for subsequent
PCoA analyses involving binary data. PCoA allowed to find
and plot the major patterns within the multivariate data set of
multiple loci and multiple samples.

RESULTS

The amplicons with fluorescent dye were melted to generate
the melting curves. Each microsatellite marker produced unique
melting curves at different temperature range. Figure 1A
demonstrates the melting profile of the core genotypes generated
by each SSR marker on a single HRM run. A total of 46 genotype-
specific HRM profiles were revealed by the six SSR markers used.
The most variable marker was vicacg8/42 with ten alleles (HRM
curves) per locus. Markers 1tclg, 1tcla, and vitc2/D showed eight
alleles while vitc1/2 and vical0/154 only six. Polymorphisms
within the 110 genotypes from five populations were detected
based on the profile of temperature-shifted curves. The difference
plots showed relative melting curves with reference to a
chosen genotype (baseline; core genotype). Figure 1B shows
the normalized HRM melting curves of eight representative
V. inaequalis genotypes (maximum number of genotypes
found), using the microsatellite marker 1tclg (only genotype-
specific HRM genotypes are shown). The shape of the melting
curves revealed the differences between the genotypes under
investigation and showed that all the genotypes could be easily
distinguished visually by their melting curves. Figure 1C depicts
the difference graph of those eight different genotypes produced
by marker 1tclg using the genotype 17KGR1 as the reference.
Each one of those genotypes had different fragment size (114-
140 bp) as confirmed by separation in polyacrylamide gel
after electrophoresis (Figure 3). Melting profiles plotted within
the 80% confidence interval of each of these eight genotypes
were considered as identical. The results of the other markers
used were similar, showing a clear discrimination of most of
the genotypes.

According to the inter-population AMOVA analysis of the
SSR-HRM markers, there were significant (p < 0.001) genetic

differences among the five Venturia inaequalis populations
(Table 1). AMOVA also revealed a high percentage of variation
due to population subdivision (96%) while only 4% of
the total gene diversity was attributed to among-population
differentiation. The genetic relationship was further validated
by the principal coordinate analysis (PCoA), in which the
individual distance matrix was used as input. Coordinates 1
and 2 explained 9.33 and 8.68% of the variance for panel A
(Figure 2). Concerning panel B (PCoA for five populations),
the population distance matrix was used as input, in which
coordinates 1 and 2 explained 51.81 and 26.33% of the
variance (Figure 2).

DISCUSSION

To genotype V. inaequalis populations originating from the
main Greek apple producing areas, six different microsatellite
markers were analyzed using HRM analysis. The method
was found capable of discriminating all the genotypes in
the flanking region and a reference pattern for genotyping
samples was developed. HRM has proven to be a time-
efficient and labor-saving methodology that facilitates high
throughput analysis (Chatzidimopoulos et al, 2014a). In
the present assay a large number of unknown samples was
genotyped by using reference melting curves in each PCR-
HRM run. Among different runs the reference plots were
constant, maintaining the same melting peaks. Furthermore, it
has been shown that samples can be screened for sequence
variations with different primers in just a single run,
provided that primers melting temperatures and reagents
are similar.

The selection of SSRs in coupling with HRM analysis
is more preferable than RAPDs or RFLPs because of the
shorter amplicon size. It is well-documented that amplicons
with size smaller than 300 bp are separated very accurately
by HRM analysis (Reed and Wittwer, 2004). In plants, the
HRM-SSR approach has been successfully used for genotyping
and authenticity testing (Mackay et al, 2008; Ganopoulos
et al., 2011; Distefano et al., 2012; Xanthopoulou et al., 2014).
The development and validation of an HRM protocol to
discriminate SSR genotypes in plant pathogenic fungi has
not yet been reported. The HRM is mainly used in species
identification like Alternaria and Aspergillus (Garganese
et al, 2018; Xanthopoulou et al., 2019) or SNP detection
for resistance like in Botrytis cinerea and Colletotrichum
spp- (Chatzidimopoulos et al., 2014b; Forcelini et al,
2018). The data of the present assay suggest that HRM
is most suitable for SSR genetic analysis in the haploid
fungus V. inaequalis.

Compared to the limitations found in diploid organisms,
SSR genotyping with HRM is much simpler in plant pathogenic
fungi. Distefano et al. (2012) found many variants in flanking
sequences of Citrus species. The occurrence of homoplasy, the
large number of alleles among species and the presence of
SNPs in the flanking region are all factors that contribute
to the generation of inconsistent melting profiles. Those
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FIGURE 1 | Discrimination of V. inaequalis genotypes using six SSR markers and high resoultion melting (HRM) analysis. (A) HRM profiles of the core genotypes
analyzed with the markers 1tc1g, 1tc1a, vitc1/2, vitc2/D, vica10/154, and vicacg8/42. (B) Normalized HRM melting curves of eight unique genotypes using the
microsatellite marker 1tc1g. (C) Difference graph of those eight unique genotypes using the 17KGR1 as the reference genotype.
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FIGURE 2 | Genetic relationships of five populations of V. inaequalis based on SSR-HRM markers. (A) Principal coordinate analysis (PCoA) of 110 individuals in five
populations of V. inaequalis based on 46 polymorphic SSR-HRM loci. 18.01% of total variance accumulated on the first two components (axis 1 = 9.33%; axis 2 =
8.68%). (B) Collapsed PCoA depicting relationships among populations (axis 1 = 51.81%; axis 2 = 26.33%). Samples included are indicated after population name.

limitations were also observed by Yang et al. (2014) in SSR-
HRM genotyping in sheep. In the present assay, the melting
curves were genotype-specific and one melting peak per isolate
was generated in each SSR locus, consistent with the haploid
nature of V. inaequalis (Koopman et al, 2017). To validate
the HRM profiles, the size of some of the amplicons was
determined on agarose or polyacrylamide gels (Figure 3).
However, in most agarose gels the bands were very similar
in size despite the fact that the amplicons showed different
melting profiles in HRM analysis. It has been demonstrated
that the potential resolving power of the HRM approach is
much greater than conventional gel or melting curve analysis
(Ganopoulos et al., 2011). Furthermore, Distefano et al. (2012)

showed that HRM is even more sensitive than capillary
electrophoresis fragment size analysis. However, it has been
shown that alleles of the same size are not always characterized
by identical sequence (Distefano et al., 2012). In the present
assay several PCR products were sequenced to correlate the
HRM curves with a specific genotype but the chromatogram
data contained many ambiguous base calls. The possible
presence of SNPs would generate a different melting profile,
which would correspond to a different genotype. Ganopoulos
et al. (2011) have shown that melting curves from different
amplicons can be differentiated on the basis of shape even
when they define the same Ty, values and concluded that the
shape of the HRM curves is more informative than melting
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TABLE 1 | Analysis of molecular variance results for five V. inaequalis populations based on SSR-HRM markers.

Source Degrees of freedom Sum of squares Mean sum of squares Variance component Percentage variation [ 3=
Among populations 4 36.042 9.010 0.205 4 0.043
Within populations 105 477.149 4.544 4.544 96 P < 0.001
Total 109 513.191 4.749 100

aPopulation differentiation.

curve analysis. Those are the main reasons for which HRM
was selected over other techniques to genotype the apple
scab populations.

In the present assay, HRM ensured reliable interpretations
of the melting curve profiles of the genotypes because the SSRs
showed low complexity in the flanking region. However, one
important limitation of the present assay was the formation
of stutter products due to slipped strand mispairing. Such
issues are quite common in microsatellite genotyping (Butler,
2015). The consequence of this is a shortened PCR product,
smaller than the primary amplicon (SSR allele) by a single
repeat unit. A similar limitation was also noted by Tenzer
et al. (1999) in a V. inaequalis population genetics study. The
formation of two amplicons was quite visible in melting curve
analysis performed by Rotor-gene Q software. To overcome
this issue, genotypes were aligned to the appropriate reference
genotypes by comparing a) the melting curve shape of the
mispaired sample with the standard reference curve (more
obvious in HRM difference plotting) and b) the melting
peaks in melting curve analysis. Usually, those two parameters
were correlated (similar melting curve shapes had similar
melting peaks).

The genetic analysis of apple scab populations originated
from different regions in Greece revealed high genetic variation
within the populations (96%) while only 4% of the total gene
diversity was attributed to among-population differentiation.
Those results are in accordance with previous studies in
V. inaequalis populations conducted in Europe, Asia and Africa
(Gladieux et al., 2010; Ebrahimi et al., 2016; Koopman et al.,
2017). PCoA grouped the isolates into three populations. Isolates
from the areas of Kastoria and Veria that are in the same

latitude (Northern Greece) grouped together. The other three
populations originated from different mountainsides of the
same area. However, PCoA showed that one population was
distant from the other two which were grouped together.
Zagora is an isolated area and separated from Kala Nera and
Vizitsa by the Pelion mountain. On previous studies it has
been shown that mountains are physical barriers that prevent
the pathogen to migrate between different areas (Gladieux
et al, 2010). Despite the fact that Kastoria and Veria are
also separated by mountains, the populations showed little
differentiation. Most of the apple cultivars grown on those areas
are originated from the same area and the transportation of
trees from nurseries may move inoculum from the one area to
another (Koopman et al., 2017).

Another factor that can explain the genetic diversity of the
populations in different regions is the selection of resistant
subpopulations due to fungicide pressure. In Mediterranean
areas the pathogen reproduces sexually and control strategies
are targeting the primary infections with ascospores in spring.
A recent survey in the same areas of sampling revealed the
occurrence of resistant strains of V. inaequalis to several
fungicides including dodine, difenoconazole, cyprodinil, and
trifloxystrobin (Chatzidimopoulos et al., 2018). Interestingly, the
sensitivity levels of the populations to the fungicides were highly
correlated to the groups formed by PCoA. The populations of the
pathogen in Kastoria and Veria showed similar resistance levels
to the fungicides tested while populations from the other areas
had different sensitivities. The different timing and programmes
of fungicide applications combined with the recombination
opportunities may lead to high variation in fungal genome
among different areas (Boehm et al., 2003).
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CONCLUSION

It was shown that SSR genotyping in V. inaequalis with HRM
analysis can be a fast and cost-effective tool (HRM requires a
fluorescent stain and typical PCR reagents), suitable to replace
gel and capillary electrophoresis. The developed HRM protocol
generated genotype-specific melting curves, consistent with the
haploid nature of the fungus. For the first time unknown samples
were genotyped using standard samples as reference controls
among multiple runs. The genetic background of V. inaequalis
isolates, originated from major apple growing areas, was recorded
for the first time in Greece and showed high genetic variation
within these populations.
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