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Introduction
Genetic diversity studies based on variation of simple sequence 

repeats (SSRs), have been greatly relied on easy to use gel-based 
techniques which, however, can be both time-consuming as well 
as inefficient for accurate genotyping [1]. Other techniques, like 
capillary electrophoresis (CE) requires post-PCR handling and 
is expensive. As an alternative, high resolution melting (HRM), a 
technique that monitors the decrease of fluorescence of a DNA-
binding dye during the dissociation of double- stranded DNA [2], 
can provide an efficient solution for SSR genotyping at a reasonable 
cost. This measurement occurs immediately after PCR in the same 
tube at one-step. It is a rapid, simple, closed- tube, homogenous, 
and cost-efficient approach, that has high specificity and sensitivity, 
while allowing transition to high-throughput scale [3]. It has been 
widely applied in sequence polymorphism identification, as well as 
in the studies of genetic variability and genotyping [4-9]. However,  

 
its application, efficiency and limitations for high-throughput SSR 
genotyping have not been tested, yet.

Grapevine, Vitis vinefera L., is an important fruit crop worldwide 
grown for table grapes, wines, raisins and others. The presence 
of monoterpenes in its muscat varieties affects significantly the 
quality of their production [10,11]. Monoterpenes have been found 
both in grape leaves and berries in three forms: free volatiles, free 
polyhydroxylated molecules (polyols) and glycosidic derivatives 
of the two former types. Only the free volatile compounds make 
a direct contribution to the aroma, whereas free polyols and 
glycosidic derivatives constitute a reserve of odorless precursors, 
which generate flavor upon hydrolysis. Volatile monoterpenols, 
particularly, linalool, geraniol, nerol, citronellol and terpineol, 
have been found in much higher levels in the berries of the muscat 
varieties than the berries of the non-muscat ones (so-called neutral 
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High resolution melting is a simple, efficient and cost-effective analysis, compared to 
alternative approaches used for SSR genotyping. However, it has not been evaluated yet, 
for its efficiency in high-throughput SSR genotyping, when large sample collections are to 
be analyzed. In such an approach, we tested its application to discriminate flavor-linked 
SSR markers, in a large collection of 211 grapevine varieties. Flavored and non-flavored 
varieties shared common alleles for the three markers VVMD27, VVC6 and VMC7G3, 
tested in this study. This is indicative of the redundant nature of the marker- linked QTLs 
along with other genetic determinants for expression of the flavor character in grapevine. 
The results showed that the three markers were highly polymorphic, detecting also SNPs 
in the sequences flanking SSR motifs. Such a high level of polymorphism was detected 
using the semi-automatic approach of HRM. Consequently, HRM proved to be powerful 
for distinguishing SSR genotypes, although repeated reference samples were needed for 
correct grouping, presenting a possible limitation of the method.
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cultivars varieties) and exhibit a rather particular aroma related 
to this volatile composition [11,12]. Linalool, geraniol and nerol 
were found to be the three most abundant volatile monoterpenes 
[13], even though alone are not sufficient to generate the complete 
muscat aroma [14,12].

At the genetic level, muscat aroma in grapevine has been 
evaluated and a major QTL was identified on LG5, co-located with 
SSR markers including linked VVMD27 and VVC6 [11,12]. Dogligez 
[12], subsequently, mentioned a candidate gene within this major 
QTL discovered, encoding 1-deoxy-D- xylulose-5-phosphate 
synthase class 1 (DXS) for the content of volatile and non-volatile 
forms of geraniol, nerol and linalool [15]. It was demonstrated the 
co-localization of this aforementioned gene with the major QTL 

positioned on chromosome 5 considered to be the first enzyme in the 
plastidial methyl-erythritol-phosphate (MEP) pathway of terpene 
biosynthesis [18], in addition to its role in the monoterpenoid 
accumulation in the grape berry [11,16,17]. Another marker, 
VMC7G3 was identified to be localized to minor QTLs controlling 
the accumulation of linalool on LG 2 [11]. Furthermore, this marker 
was also proposed to be linked to the color locus [19,20]. Herein, is 
a first attempt to evaluate the capacity of the HRM technology for 
genotyping flavor linked SSRs in a large collection of grapevines, 
in order to verify its potential for high-throughput analysis of 
genetic variability and its efficiency in separating aromatic and 
non-aromatic grapevine varieties. Results of this study could also 
provide a useful marker methodology to assist early selection of 
grapevine offspring in breeding programs.

Materials and Methods
Plant Material
Table 1: List of Vitis vinifera genotypes analyzed. Each variety is presented by its common name while with a code are varieties from 
a breeding program; varieties underlined are known as having the muscat aroma; varieties bolded are colored; varieties ended with 
star are Paletinians. The HRM grouping for markers are A for VvMD27, B for VVC6, and C for VMDC7G3.

Variety A B C Variety A B C Variety A B C Variety A B C

Razaki Kavalas, 
Razaki Acharnon, 

Karapappas,  
Nikhi Vasilissas, 

Fraoula, 
Avghoustela, 

Liatiko

1 1 1 14th01 1 25 2 Koritsanos 
Mavros 3 5 1 Yourikiko 4 6 16

Thoubrena Lefki, 
Dembina, Athiri 1 1 2

Moschopoula, 
Moschardinia,

Khrisostafilo, 
Atsala

2 1 1 Skiathopoulo Mavroudi 
Arakhovas 4 8 1

Fartsalo, 10B01 1 1 3 Moschopatata, 
Eftakilo 2 2 1 Vertzami 3 6 1 48i04 4 12 2

Nichato Lefko, 
54i03 1 2 1 Hondromavro 2 2 26 Neroproimies 3 7 6 Glikerithra 4 14 1

Soultanina 1 2 10
Zoumiatiko, 

Opsimo 
Prosotsanis

2 3 1 Pamithi 3 7 17 Tenedio 4 17 1

Plito 1 3 1 Boutinou 2 3 11 Belenes 3 8 1 Fileri Attikis 4 35 1

Kokkineli 1 3 2 Voidomatis 2 4 1 Asprouda 
Mikinon 3 12 2 Porniko 5 1 1

14A02 1 3 33 7i07 2 5 1 Negoska 3 13 1 Limniona 5 1 3

Roditis Galanos 1 4 1 Xinomavro, 
Korithi Lefko 2 6 1 Limberaki 3 14 20 Pella 5 1 8

Asprouda Spetson 1 4 2 Atesa 2 7 23 33g10 3 21 1 Karambraimis 5 1 12

Proimo Aspro 
Parou 1 5 1 Krasato 2 9 1 Kotsifali 3 22 1 Vlahiko 5 1 15

Votsiki, Asproudi 1 5 2 Zalovitiko 2 9 2 Kokkinorobola 3 23 4 Robola Aspri 5 2 1

Piperionos 1 6 5 Moschato 
Alexandrias 2 10 1 Koutsoupia 3 24 4 Katsakoulias 5 3 1

Bakouri 1 6 24 VertzamiLefko 2 16 2 Kolliniatiko 3 38 1 Tahtas 5 4 1

Pargino 1 7 31 Moschato Spinas 2 28 1 Manolika, 
Triminitis 4 1 1 Romaiko 5 5 5

Askathari, Roditis 1 8 1 Viktoria 2 30 19
Keserlidiko, 

Fokiano- mavro, 
Mavro Tragano

4 2 1 Mavro Vafiko 5 6 3
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Lesvos, 
Agiorgitiko, 

Mavro

Kiprou, 
Armeletousa

1 9 1 MoschatoSamou 2 34 1 Attiki 4 2 6 Pardala 5 7 3

Sikiotis 1 9 13 Priknadi 3 1 4 Ithaki 4 2 8 Mavro 
Kalavritino 5 8 30

Karlachanas 1 12 1 Limnio 3 1 17 Roditis, 21B01, 
Provatina 4 3 1 Moschoudi 

Proimo 5 11 1

Asprouda Patron 1 13 1 33A01, 15i01 3 3 1 Pekhlou 4 5 3 Violendo 5 31 2

Asprouda 
Sandorinis 1 13 2 Rousetis 3 3 16 Athinies 4 6 4 Amerikaniko 5 33 1

Koumari/
koumariaKokkini 1 14 3 34g02, Sklava 3 4 1 Rousiko 4 6 9 Agoumastos 5 44 1

Skilopnihtis 
Kokkino, 

Xinogaltso, 
Moschofilero, 
Moschofieiro 

Kamba, 
Xanthofilero, 
Moschofilero

Proskinitari

6 1 1 Psarosiriko 10 4 13 Arkadino 22 27 2 Marthitsa 46 4 2

Mavrokorakas 6 1 2 Ladikino 10 8 6 Xerihi-kokkino 23 1 3 Biritsia 47 1 1

Houhouliatis 6 2 32 Xeromaherouda 11 1 6 Dafni 24 2 1 Petrokoritho 47 1 7

Koutsobeli Lefko 6 3 1 Koundoura 
mavri 11 3 18 Moschato 

Amvourgou 25 16 8 Mavroliatis 47 3 4

35A02 6 6 1 Mavro Spetson 11 5 1 Zakinthino 26 37 34 8B03 47 7 5

Flora Hlorais, 
Tsardana 6 15 1 Thermi 12 2 15 Baitouni* 27 43 28 Akiki/

KhanoumAkiki 47 10 1

Asprofilero 13 6 18 2 6i01 12 17 1 Hamadani* 28 40 14 Vapsa 47 10 2

Baba Khasan 6 29 1 Dabouki* 12 36 14 Asprofilero 
Bourlogianni 29 1 2 Aidani Lefko 47 11 1

Vidiano 6 32 1 Mesoproimadi 13 1 5 Karvouniaris 30 10 9 47i04 47 11 1

Stavrohiotiko 7 1 2 Korinthiaki 
(Stafidopiisis) 13 2 1 Mavroudi 31 42 29 Karistino 47 11 2

Kahpetsi ooides 7 1 10 Goustolithi 13 7 2 Skopelitiko 32 2 1 10i05 47 11 2

Platani, Svarna 7 2 1 Mouhtouri, 
Kotselina 14 3 1 Tsaousi 33 2 1 10A06 47 26 1

Baikari 7 6 22 Tinos 15 2 4 Cabernet 34 8 5

Serifiotiko 7 19 1 Thrapsathiri 15 5 2 Glikopati 35 12 2

Merlot 7 39 4 Vapsa Lefki 16 1 1 Salti-khdari* 36 4 3

Arkoudoheria, 
Savvatiano, 19B01 8 2 1 Vilana 16 2 1 Shami* 37 1 7

Katsano 8 7 2 Kranidiotiko 17 4 2 Zaini* 38 4 3

Kozanitis 8 12 1 Korfiatis 17 20 2 Sefka 39 1 25

Tsougiannithes, 
Xinomavro 9 1 1 34th04 18 1 1 Bairouti* 40 7 2

Tsambato 9 2 11 Asprouda 
Zakinthou 18 4 2 Halawani* 41 18 7

Kokkinovostitsa 9 7 2 Hourmades 19 1 21 Jandali* 42 7 35

Aethani Mavro 9 10 3 Araklinos 19 41 1 Trinka 43 1 12

Petinos 10 1 6 Himoniatiko 20 5 2 Shuokhi* 44 1 27

Potamisio 10 2 1 Mavrodafni 21 13 1 Balouti* 45 7 36
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        A total of 211 grapevine accessions (Table 1), single adult trees, 
were investigated in this study. The majority (200 varieties) derived 
from the Greek variety collection (including 4 cosmopolitan foreign 
varieties: Merlot, Cabernet Franc, Victoria, Muscat Hamburg) of 
the Hellenic Agriculture Organization - Demeter (HAO-Demeter); 
eleven derived from a Palestinian private vineyard. Leaf material 
was collected from actively growing parts of the trees and stored 
directly at −20°C until DNA extraction.      

DNA Extraction and PCR-HRM
Genomic DNA was extracted following a modified CTAB protocol 

[21] that omitted the use of activated charcoal. All DNA samples 
were kept at 4oC for further use. The quantity and quality were 
then verified by a Nano Drop 1000 spectrophotometer (Thermo 
Scientific, USA) and 1.0% agarose gel electrophoresis, respectively. 
Three markers (VvMD27, VVC6 and VMC7G3) were used in this 
study [22]. PCR and HRM were performed using the LightCycler®96 
Real-time PCR System (Roche Diagnosctics, Germany).Three 96- 
well plates were used for the analysis of the 211 samples for each 
marker. The final reaction volume was 11μL containing 1x KAPA 
HRM fast master mix (KAPA Biosystems), 0.25μM of each forward 
and reverse primer, 2.5 mM magnesium chloride, 10 ng of DNA 
template and filled up to 11μL with double-distilled water. The 
thermal cycling conditions involved enzyme activation at 95oC for 
600 seconds, followed by 45 cycles of denaturation at 95oC for 30 
seconds, annealing at 61oC for 30 seconds, and extending at 72oC for 
40 seconds. Prior to the melting analysis, heteroduplex formation 
was enhanced by heating the amplification products at 95oC for 
60 seconds and cooling down to 40oC for 60 seconds. For the HRM 
analysis, the plate was heated from 65oC to 97oC allowing 25 data 
acquisitions per 1oC.

HRM Data Analysis
HRM data analysis was performed using the LightCycler® 96 

SW 1.1 software (Roche Diagnostics, Germany). All analyses were 
carried out including both positive (on the second and the third 
plates/SSR marker) and negative controls. The positive controls 
represented the different groups detected mostly on the first, then 
the second and then the third plates, and finally on a forth plate in 
case a new different group was discovered at the third plate. They 
were used to enable grouping the accessions among the three runs 
of each marker because the software does not support analyzing all 
data gathered from these runs together. After normalization, samples 
having the same melting curves were grouped automatically, with 
sensitivity settings at the default level 50%. However, grouping was 
also evaluated by visual inspection of the HRM profiles produced 
and corrected manually if needed through the adjustment of the pre 
and post-melting ranges by dragging the two leftmost and the two 
rightmost vertical sliders to appropriate locations. Generally, they 
were adjusted as close as possible to the melting temperature.

Sequencing and Mutation Discovery
PCR products were submitted for automated sequencing 

(CeMIA, Larissa, Greece). SNP discovery was conducted using 
Chromas Lite 2.1 (Technelysium Pty Ltd., Australia) and BioEdit 

software [23] to detect and characterize the polymorphisms among 
the sequencing results.

Results
All three markers amplified small amplicons less than 250bp. 

Furthermore, they produced polymorphic melting curves and 
revealed many different groups of genotypes. Both, visual inspections 
together with the classification produced by the LightCycler® 96 
SW 1.1 software were used to perform the analyses in this study. 
VvMD27 marker was the most polymorphic, dividing the studied 
211 varieties into 47 groups based on the number of different HRM 
profiles (Table 1). The largest group (1) comprised of 38 varieties 
none of which was aromatic. Group 2 consisted of 22 varieties 6 
of which were aromatic. The rest of the aromatic varieties located 
into four more groups two of which were unique (having only one 
variety). VVC6 marker divided the varieties into 44 groups. Group 
1, the biggest, had 50 varieties (Table 1) 5 of which were aromatic. 
Group 2 composed of 27 varieties three of which were aromatic. 
The rest of the aromatic varieties located into five more groups 
two of which were unique. The HRM profiles of VMC7G3 marker 
pointedly separated the studied varieties into 36 groups (Table 1). 
Group 1 had 106 varieties and almost all (12) aromatic belong to 
this group except for one (MoschatoAmvourgou) that was unique. 

The combined semi-automatic (automatic classification fol-
lowed by visual inspection and confirmation) analysis of HRM 
profiles was undertaken because of the inherent impact of sensi-
tivity settings (defined by the user) for the automated algorithm 
on group calling. According to the instrument’s manual an increase 
of sensitivity subdivides the analyzed curves into more groups. 
Small Tm differences are valuated higher to separate curves into 
different groups. Also, small differences in curve morphology (for 
example, small shoulders) are valuated higher to separate curves 
into different groups. The instrument’s default sensitivity is set at 
50% .Thus, sensitivity adjustments along with visual inspection of 
three different curves produced by the software (namely: Normal-
ized Melting Curves, Difference Plot and Normalized Melting Peaks) 
lead to more conclusive discrimination of the different varieties. An 
almost perfect match in normalized melting curves and normalized 
melting peaks was considered as additional (to the software’s re-
sults) requirement for grouping varieties in the same group. In con-
clusion, results from automated classification needed correction for 
33 genotypes, 13 of which were for marker VVMD27, 11 for marker 
VVC6 and 9 for marker VMC7G3.

Following are several characteristic examples of group calling. 
The varieties Vertzami and Cabernet Franc have the same alleles 
(182bp and 190bp) [24] and produced similar but not identical 
HRM profiles of VvMD27 marker; they were automatically classified 
in the same group (Figure 1A). Kotsifali and Limnio carry the same 
alleles (186bp and 190bp) [24] and were identical in their HRM 
melting curve and melting peak profiles although different at the 
shape of the difference plot (difference plot curves may be quite 
different in samples classified in the same group, depending on the 
baseline samples used for reference curve subtraction); they were 
automatically placed in the same group (Figure 1B). Other varieties, 
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for example Merlot and Cabernet Franc (Figure 1C), Vilana and 
Soultanina (Figure 1D), Goustolithi and Vertzami (Figure 1E) have 
different alleles [24] and showed differences in their HRM profiles. 

However, automatic group calling classified these varieties in 
the same group. These were classified in different groups when 
performed the combined analysis. 

Figure 1:Comparison of HRM profiles (Top: Normalized Melting Curves, Middle: Difference Plot and Bottom: Normalized 
Melting Peaks) of different variety/marker combinations with characteristic results for variety grouping. Profiles of A: 
Vertzami and Cabernet Franc, B: Kotsifali and Limnio, C: Cabernet Franc and Merlot D: Vilana and Soultanina E: Goustolithi 
and Vertzami for markerVVMD27; F: Balouti* and Shami* for VMC7G3; G: Dabouki* and Halawani* for VVC6 along with 
sequence alignment.

In addition, Balouti* and Shami* (Figure 1F) and Dabouki 
*and Halawani* (Figure 1G) are other example pairs with obvious 
differences in their HRM profiles, but mis-autocalling in the same 
group of VMC7G3 and VVC6 markers, respectively. To validate the 
results of the combined analysis of HRM profiles, representative 
samples of some genotype pairs were sequenced.  As shown in Figure 
1G, sequence alignment of the PCR products from Dabouki* and 
Halawani* with the marker VVC6 depicted the differences among 
these genotypes as well as the incorrect automatic classification 
within the group that was adjusted by visual inspection of the 
curve shapes. Highlighting the Palestinian varieties, none of which 
considered to be aromatic, they were randomly distributed among 
the Greek ones in case of both VVC6 and VMC7G3 analyses; however, 
they were particularly unique in VVMD27 analysis.

Discussion
HRM has been proven an efficient and inexpensive approach to 

detect sequence variations in humans, plants and microorganisms 
at the SNPs level. In addition, it requires less technical expertise and 
hands-on time and excludes hazardous substances encountered 
in capillary electrophoresis or other detection technologies 
[25]. Recently, HRM technology has been exploited to detect SSR 
variation in plants. It was used for genotype identification and 
authenticity testing [5,6,26,27]. Moreover, it can also be used for 
mutation scanning [29]. Consequently, such a technology has been 

considered as an effective approach to genotype using SSR markers 
at the inter-specific level because similarity is still very high among 
such plants [5]. However, high-throughput HRM genotyping of 
sample numbers exceeding the capacity of a single multi-well plate 
has not been reported.

In the present study, we applied a semi-automated analysis of 
HRM data which mostly facilitated the conclusive discrimination 
among a large number of varieties exploiting the sensitivity of 
normalized melting curve, normalized melting peak and difference 
plot profiles. Distefano et al., 2012 also suggested such a technique 
if the population under investigation is large and involves many 
species [5]. Our results demonstrated the efficiency of this approach 
and uncovered its strengths and limitations. HRM proved to be a 
powerful method for distinguishing SSR genotypes and uncovering 
SNPs in the sequences flanking SSR repeat motifs. 

However, analysis of a large collection of samples necessitated 
positive controls for each group of genotypes detected among the 
different runs of each marker. In this study we used the LightCycler® 
96 (Roche, Germany), a medium cost instrument with 96-well plate 
capacity. To exceed this capacity one must look for a much more 
expensive 384-well instrument (such as LightCycler 480), although 
the sample limit is still dependent on its Peltier-block capacity. Thus, 
the need for appropriate positive controls is a significant limitation 
for high-throughput SSR genotyping if large collection of samples 
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must be analyzed. Another limitation encountered in this study 
was the requirement of sequencing, contrary to the principle of 
the approach, when inconclusive HRM profiles were encountered. 
This was due to the sequence complexity of microsatellites when 
high number of alleles are present in the analyzed material. Such 
complications have also been reported in nearly all the studies 
carried out using HRM to analyze SSR variation in plants, even 
though they were performed for smaller number of samples [4-9]. 
HRM has been supposed to be more effective for low complexity 
SSRs with low number of alleles to ensure reliable interpretations 
of the melting curve profiles [6].

Regarding the aroma-linked markers, the HRM analyses of 
both VVMD27 and VVC6 markers derived rather similar results, 
grouping the analyzed varieties into large number of genotypes. In 
addition, most of the flavored varieties grouped together with non-
flavored ones, although some of them were unique. Incorporation 
among flavored and non-flavored varieties was due to presence 
of the same alleles as confirmed by sequencing (data not shown). 
This is indicative of the redundant nature of the VVMD27 and VVC6 
markers along with other genetic determinants for expression of 
the flavor character in grapevine. VVC6 separated the aromatic 
varieties into 7 groups while VVMD27 gave rise to 5 groups. Such 
a result could be due to their locations, the VVC6 being closer to 
the QTL (VVC6-Ch5:441633-441654; VVMD27- Ch5:4472022-
4472200; aroma QTL-Ch5: 3851143-3856236). However, the 
distance between them might explain the grouping detected among 
the aromatic and non-aromatic varieties based on small quantities 
of monoterpenes which are under the odor detection threshold in 
the non-aromatic ones [30]. 

Recently, analysis of a collection of 122 Greek varieties, many of 
which were common with this study, classified the muscat varieties 
according an SNP polymorphism of the VvDXS gene coding region 
regarding an SNP 1822G>T substitution, grouping correctly 15 
muscat varieties and identifying the substitution in 2 non-muscat 
varieties [31]. Accordingly, Wagner [28] mentioned that the 
genetic control of muscat flavor was associated with at least five 
complementary dominant genes plus a modifier gene. In addition, 
these results might be due to pleiotropic effects of genes affecting 
the content of different aromatic compounds among the aromatic 
and non-aromatic varieties. These regulatory loci may occur in 
different genetic backgrounds [11]. VMC7G3 divided the varieties 
into a smaller number of different groups compared to the other 
markers. However, 12 out of 13 aromatic varieties were found in 
one group together with other non-aromatic ones, suggesting the 
origin of the allele from a non-aromatic ancestor. According to 
Doligez et al. [12], the origin of variability for the linalool QTL on LG 
2 in a mapping population was the non-muscat parent. Then, the 
linalool content in this parent is under the odor detection threshold 
or the favorable allele from this parent is recessive. Furthermore, 
similarities detected among the muscat varieties here could be 
explained by the narrow genetic basis of the Muscat family [32]. 
Contrary to Doligez et al. [12] findings, Battilana et al. [11] found 
no genes underlying the QTL for linalool content on LG 2. However, 
they proposed the presence of genes acting downstream in the 

biosynthetic pathway of linalool, such as the (S)-linalool synthase 
or other regulatory loci.

Conclusion
In conclusion, the present study represents the first attempt 

to use HRM profiling in order to analyze a large collection of 
genotypes with SSR markers. Strengths and caveats of the approach 
are indicated and a semi- automatic approach that may be adapted 
for the used instrument is proposed. Our results demonstrate that 
HRM-PCR could be a better method than gel-based SSR genotyping 
and also more cost-effective, simple and efficient from CE. It has 
the disadvantage that it needs reference samples for all groups 
that are identified in a 96-well plate when the collection is larger 
and multiple runs for the same marker are required in a high- 
throughput format of the assay. However, it is simple, efficient and 
cost-effective for a moderate number of samples that are usually 
examined in plant genotyping research.
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