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Abstract – The advent of next-generation sequencing has facilitated large-scale discovery and mapping of 
genomic variants for high-throughput genotyping. Several research groups working in tree species are presently 
employing next generation sequencing (NGS) platforms for marker discovery, since it is a cost effective and 
time saving strategy. However, most trees lack a chromosome level genome map and validation of variants for 
downstream application becomes obligatory. The cost associated with identifying potential variants from the 
enormous amount of sequence data is a major limitation. In the present study, high resolution melting (HRM) 
analysis was optimized for rapid validation of single nucleotide polymorphisms (SNPs), insertions or deletions 
(InDels) and simple sequence repeats (SSRs) predicted from exome sequencing of parents and hybrids of Euca-
lyptus tereticornis Sm. × Eucalyptus grandis Hill ex Maiden generated from controlled hybridization. The cost 
per data point was less than 0.5 USD, providing great flexibility in terms of cost and sensitivity, when compared 
to other validation methods. The sensitivity of this technology in variant detection can be extended to other 
applications including Bar-HRM for species authentication and TILLING for detection of mutants. 
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Introduction
High resolution melting (HRM) for DNA analysis is a 

closed-tube analysis system and post real-time PCR ana-
lytical technique based on the principle that the melting 
curves of DNA fragments vary depending on base compo-
sition (Montgomery et al. 2007). The melting kinetics from 
the amplification profile of HRM-designed primers facili-
tates scanning and cataloging of single nucleotide polymor-
phisms (SNPs), mutations, and methylation in the genom-
ic signature of individual species (Wojdacz and Dobrovic 
2007, Toi and Dwyer 2008, Wittwer 2009). The advantages 
of HRM analysis include reduced risk of cross contami-
nation and decreased analytical time. It is considered an 
accurate and sensitive PCR-based genotyping technolo-
gy for cost-effective screening of genetic markers without 
a priori knowledge of the variation in template DNA se-
quence (Wittwer et al. 2003). This fluorescence-based melt-
ing analysis allows greater discrimination between homozy-
gote and sensitive detection of heterozygote (Montgomery 
et al. 2007). 

HRM based genotyping has been used for SNP (Han et 
al. 2012, Marshall et al. 2015, Gomes et al. 2018), insertion/ 

deletion (InDel) (Zhou et al. 2015) and simple sequence re-
peat (SSR) genotyping (Mackay et al. 2008, Distefano et al. 
2012) in several plant species like Vitis vinifera L., Podocar-
pus L'Hér. ex Pers. and Medicago sativa L. Further, the appli-
cations of HRM has also been extended to analysis of candi-
date DNA barcode marker as reported in leguminous forage 
and pasture species (Ganopoulos et al. 2012), Crocus sativus 
L. (Jiang et al. 2014), Sideritis L. (Kalivas et al. 2014), Phyllan-
thus amarus Schumach. et Thonn. (Buddhachat et al. 2015), 
Calendula officinalis L. (Schmiderer et al. 2015), Artemisia 
L. (Song et al. 2016) and Senna alexandrina Mill. (Mishra et 
al. 2018), where HRM was reported as an efficient molecu-
lar tool to authenticate species of traded medicinal plants.

Targeting induced local lesions in genomes (TILLING) 
is a high-throughput technique and reverse genetic strat-
egy to identify induced mutants. It involves steps such as 
endonuclease digestion, cloning and electrophoresis, which 
are critical and time-consuming. In addition, lack of com-
plete genome sequence information for many plant species 
has limited the development of suitable TILLING targets. 
Taheri et al. (2017) reported that TILLING-HRM is a mu-
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tant detecting method that is accurate, sensitive, fast and 
cost-effective when compared to conventional methods. In 
plants, TILLING-HRM is reported in wheat for the detec-
tion of EMS induced mutation (Botticella et al. 2011), So-
lanum lycopersicum L. (Gady et al. 2009) and Brassica rapa 
L. (Lochlainn et al. 2011) for detection of point mutation, 
and Oryza sativa L. (Shan et al. 2018) for screening γ ray-
induced mutations.

However, in woody perennials, use of this technology 
is limited to gene based SNP marker assay in sweet cherry 
(Ganopoulos et al. 2013), validation of sex-linked markers 
in Pistacia vera L. (Kafkas et al. 2015) and identification of 
genetically distinct species in Podocarpus sp. (Marshall et 
al. 2015).

The genus Eucalyptus L'Hér. is a widely planted hard-
wood species because of its superior growth, adaptabil-
ity and wood properties and occupies 19.61 million hect-
ares globally. This genus is targeted world-wide for genetic 
improvement programs due to its high commercial value 
as raw material for the paper and pulp industries. In euca-
lypts, application of NGS technology has led to the iden-
tification of genetic markers for linkage map construction 
(Grattapaglia et al. 2011, Neves et al. 2011, Bartholomé et 
al. 2015), genetic diversity analyses (Novaes et al. 2008, Dil-
lon et al. 2014), genome wide association studies (Cappa et 
al. 2013, Silva-Junior et al. 2015) and marker-assisted se-
lection (Resende et al. 2012). However, marker prediction 
using deep sequencing has been predominantly validated 
using Sanger sequencing (Novaes et al. 2008) and Golden-
Gate assay (Grattapaglia et al. 2011). To our knowledge, no 
reports on the use of HRM analysis for confirmation of vari-
ants (SNPs/ InDels/ SSRs) are reported in forest tree species, 
including Eucalyptus.

In our previous study, we reported the use of target cap-
ture and deep sequencing of xylogenesis-related genes for 
identification of high-throughput genetic markers in three 
Eucalyptus species for family-based QTL and Association 
analysis (Dasgupta et al. 2015). The study was further ex-
tended and 7 genes were selected for sequencing in parents, 
Eucalyptus tereticornis Sm. (clone Et86) and Eucalyptus gran-
dis Hill ex Maiden (clone Eg9) and their hybrids generat-
ed from controlled hybridization for variant identification. 
The present study was undertaken to demonstrate the use 
of HRM-based genotyping for rapid validation of predict-
ed variants (SNPs/InDels/SSRs) in both heterozygous and 
homozygous conditions in parents and hybrids. The use of 
HRM as a rapid, homogenous, highly specific, sensitive and 
cost effective methodology for high-throughput validation 
of markers in Eucalyptus is reported.

Materials and methods
Plant material and DNA isolation

A bi-parental mapping population of Eucalyptus tereti-
cornis (clone Et86) × Eucalyptus grandis (clone Eg9) was de-
veloped for construction of linkage map and QTL tagging 

for wood property traits (Rajasugunasekar et al. 2015). The 
leaf tissues from the two parents and eight hybrids (H13, 
H48, H137, H160, H190, H218, H265, and H275) were har-
vested and immediately frozen at −80 °C. Genomic DNA 
was isolated from the leaf tissues using the ArborEasy DNA 
isolation kit (Institute of Forest Genetics and Tree Breeding, 
India) and quantified using a NanoDrop ND1000 spectro-
photometer (Thermo Scientific, USA).

Target capture and deep sequencing

Seven genes presumed to be involved in wood formation 
(On-line Suppl. Tab. 1) were mined from literature (Das-
gupta et al. 2015) for in-solution target capture and deep 
sequencing in parents and hybrids. The regions targeted for 
capture included the exon, 3’ and 5’ UTRs and 500-1000 bp 
upstream regions.

Approximately 200 ng of genomic DNA from each sam-
ple was made up to 50 µL with Tris EDTA buffer and soni-
cated for ~210 s to fragment DNA into a size range of 200 
to 400 bp. The size distribution was checked on the Agilent 
High Sensitivity Tape Station. Subsequently, libraries for each 
sample were constructed using SureSelectXT Target Enrich-
ment System for Illumina Paired-End Sequencing (Agilent 
Technologies, Santa Clara, California, USA) using the man-
ufacturer’s protocol. The library was hybridized at 65 °C for 
65 hours and the captured library was isolated using Mag-
netic Streptavidin-coated beads (Thermo Fisher Scientific, 
USA). The captured library was PCR amplified (12 cycles) 
and purified using the HighPrep PCR clean-up system (Mag-
Bio Genomics, MD, USA). The enriched amplified library 
was quantified using Qubit fluorometer (Thermo Scientific, 
USA) and 2 × 150 bp paired end sequencing was conducted 
using NextSeq 550 System (Illumina Inc., San Diego, CA, 
USA). Raw reads were quality checked using FastQC (An-
drews, 2010). The quality passed raw reads were processed 
using Trim Galore (Krueger, 2015) for adapter clipping and 
low quality base trimming with filtering criteria of minimum 
read length 20 bp and minimum base quality Q30. 

The processed reads were aligned to the reference E. 
grandis genome database hosted by the Phytozome portal 
(Goodstein et al. 2012) using Bowtie 2–2.0.5 (Langmead and 
Salzberg 2012) allowing one mismatch in a seed length of 
22. The consensus sequences of all ten files were generated 
to identify the variants with SAMtools v.1.23 (Li 2011) and 
VarScan v. 2.34 (Koboldt et al. 2009). The genes were se-
quenced with an average read depth of 268.62 X to 561.72 
X. The regions that were monomorphic between the parent 
were filtered out and positions that had polymorphic alleles 
between the parents were further explored in all the eight 
progenies and polymorphic variants (SNPs and InDels) were 
cataloged. The presence of polymorphic SSRs across parents 
and hybrids were mined from the consensus sequences us-
ing MISA computational tool (Beier et al. 2017). In the pres-
ent study, HRM analysis was conducted in the parents (Et86 
and Eg9) and eight hybrids (H13, H48, H137, H160, H190, 
H218, H265, and H275) (Tab. 1).
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synthesis of lignin, cellulose, xyloglucan, cell wall formation 
and phytohormone signaling were selected (On-line Suppl. 
Tab. 1) based on our earlier study (Dasgupta et al. 2015). 
The length of the gene, position of the variants and their 
biological functions are presented in On-line Suppl. Tab. 1. 
The presence of polymorphic SNPs, InDels and SSRs across 
parents and eight hybrids was predicted using different com-
putational pipelines (Tab. 1).

The raw sequence data was deposited in NCBI Short Read 
Archive with the accession number SRP152786 including Eu-
calyptus tereticornis (SRX4367138), E. grandis (SRX4367137), 
Eucalyptus hybrids H13 (SRX4367139), H48 (SRX4367141), 
H137 (SRX4367144), H160 (SRX4367136), H190 
(SRX4367130), H218 (SRX4367129), H265 (SRX4367132) 
and H275 (SRX4367131). 

DNA isolation and Primer design
HRM analysis was conducted for two Eucalyptus spe-

cies (E. tereticornis and E. grandis) and eight hybrids gener-
ated by controlled hybridization. Total DNA isolated from 
leaves of two parents and hybrids was quantified and the 
concentration ranged from 173.5 ng μL–1 to 868.8 ng μL–1 
with OD 260/280 = 1.69 to 1.98 across all samples. Seven 
primer pairs amplifying fragments less than 160 bp were 
chosen for the study. 

HRM analysis for variant determination 

HRM assay targeted four SNP regions of four differ-
ent genes to determine if the HRM curves were in concor-
dance with the exome sequencing results as shown in Tab. 1. 
Distinct HRM melting curves were observed for each SNP 
genotype in the parents and hybrids, each of which is rep-
resented ïn different color (Tab. 1, Figs. 1–4, On-line Suppl. 
Figs.1–4). In all samples evaluated, the replicates resulted in 
similar curves and were assigned to the same group, indicat-
ing the consistency and reproducibility of the HRM assay. 
All the four SNP markers produced polymorphic melting 
curves among the parents and hybrids investigated through 
HRM analysis.

All the three SNPs (BP, PAAPA and XTH) showed poly-
morphic melting curves differentiating between the homo-

Primer design and HRM analysis

Primer pairs targeting specific SNPs, InDels and SSRs 
were designed using Beacon designer version 7.90 (On-line 
Suppl. Tab. 2). Primers were designed following the crite-
ria: predicted annealing temperature (Tm) of 58–61 °C, lim-
ited self-complementarity and amplicon lengths of 80–160 
bp. PCR optimization was done to ascertain amplification 
of single product. After testing of different combinations of 
primers and template DNA concentrations, the reaction was 
optimized at 30 ng of DNA, 100 nmol L–1 of each primer, 0.8 
mg mL–1 BSA, 2.5 mM MgCl2 and 5 µL of Kappa Fast HRM 
master mix (Sigma, St. Louis, MO, USA) in a total volume 
of 10 µL. As suggested by the manufacturer, the amplifica-
tion cycle was initially performed in two steps and the PCR 
program was as follows: 95 °C for 10 minutes; 40 cycles of 
95 °C for 15 seconds, 55–60 °C for 1 minute (On-line Suppl. 
Tab. 2) and a dissociation cycle of 95 °C for 10 seconds, 60 °C 
for 1 minute, and 95 °C for 15 seconds (ramp rate, 0.3%) was 
used. Quantitative real time PCR was performed in the ABI 
PRISM 7500 Step one plus Sequence Detection System and 
HRM curves were analyzed using HRM software version 
2.3 (Applied Biosystems, USA). PCR amplification was ana-
lyzed through the assessment of the CT value, end point flu-
orescence level, and the amplification efficiency for data QC. 
Data from low quality amplification including runs with CT 
value of over 30; outliers having end point fluorescence less 
than 50% of average fluorescence were removed from the 
analysis. HRM curve for each genotype was visually scored 
and variants were identified by examining normalized, dif-
ference and derivative melt plots. Melting temperatures of 
parents and hybrids for the genes used in HRM analysis are 
presented in On-line Suppl. Tab. 3. HRM assays for all sam-
ples and variants were conducted in duplicate and in inde-
pendent replicates to ascertain the consistency of the results.

Results
Selection of candidate genes for in-solution target 
capture

In the present study, seven xylogenesis-related genes in-
volved in different stages of wood formation including bio-

Tab. 1. Genotypes of parents (Eucalyptus tereticornis clone Et86 and Eucalyptus grandis clone Eg9) and eight hybrids (H13, H48, H137, 
H160, H190, H218, H265, and H275) of Eucalyptus mapping population obtained from target capture and exome sequencing data. SNP 
– Single Nucleotide Polymorphism, InDel – Insertion Deletion, SSR – Simple Sequence Repeat.

Gene name Eg9 Et86 H13 H 48 H 137 H 160 H 190 H 218 H 265 H 275
SNPs

BP C/C T/T C/T C/T C/T C/T C/T C/T C/T C/T
XTH C/C T/T C/T C/T C/T C/T C/T C/T C/T C/T
PAAPA T/T C/C C/T C/T C/T C/T C/T C/T C/T C/T
LIM1 C/T T/T C/T C/T T/T T/T T/T C/T T/T C/T

InDel
CesA4 G/AC G/-AC G/-AC G/-AC G/-AC G/-AC G/-AC G/-AC G/-AC G/-AC

SSRs
MUR3 (TC)7 (TC)5 (TC)7 (TC)7 (TC)7 (TC)7 (TC)7 (TC)7 (TC)7  (TC)7
ARF4 (TGG)6 (TGG)4 (TGG)6 (TGG)6 (TGG)4 (TGG)4 (TGG)6 (TGG)4  (TGG)3 (TGG)6
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tide change in the PCR product or presence of secondary 
structures, resulting in inconsistent melting of PCR prod-
uct. The presence of rare or unknown SNPs near the region 
selected for study may also interfere with the analysis and 
interpretation.

Targeted exome sequencing data for CesA4 predicted the 
presence of deletion in Et86 (G/-AC) and insertion in Eg9 
(G/G) with the amplicon size differing by 2 bp between the 
two parents (Tab. 1). All the eight hybrids selected for HRM 
analysis had the presence of InDel and so they grouped with 
the Et86 (red), where as Eg9 had a distinct melting profile 
(green) in the analysis (Tab. 1, Fig. 5, On-line Suppl. Fig. 5). 
The HRM curve results were consistent with sequencing re-
sults (Tab. 1). 

Two SSR markers chosen for this study produced poly-
morphic melting curves differentiating the parents and hy-
brids when investigated using HRM analysis. For the SSR 
loci of Mur3, the parents Eg9 had the (TC) 7 repeat while 
Et86 had the (TC) 5 repeat and all the hybrids sequenced 
had the (TC) 7 repeat, similar to Eg9. The derivative melt-
ing curve and difference plot of SSR loci of Mur3 showed a 
narrow curve for Eg9 (TC) 7 and a broader curve for Et86 
(TC) 5 (Tab. 1, Fig. 6, On-line Suppl. Fig.6). All the hybrids 
grouped with parent Eg9 but a slight deviation in the shape 
of the melt curves for H218, H275 and H265 (green) was 
observed. Et86 was identified as different variant (red) (Fig. 
6, On-line Suppl. Fig.6). 

zygous parents and heterozygous hybrids (Tab. 1, Figs. 1–3, 
On-line Suppl. Figs. 1–3). In XTH, the melting curve of hy-
brids (blue) was above that of the parents (red) (Fig. 3, On-
line Suppl. Fig. 3) since the melting temperatures of hybrids 
were higher than those of the parents (Fig. 3, On-line Suppl. 
Fig. 3). In BP (Fig. 1, On-line Suppl. Fig. 1) and PAAPA (Fig. 
2, On-line Suppl. Fig. 2) the melting curves of the hybrids 
were intermediate between the parents. The exome sequenc-
ing data for the parent Et86 showed a presence of nucleotide 
change in the position (718 bp) around the target SNP for 
the HRM analysis (Fig. 3). The change in melting curve pro-
file of XTH in the parents when compared to BP and PAAPA 
could be attributed to the nucleotide change in the parent 
(Et86) at this locus.

Melting curve of Lim1 indicated a heterozygous (C/T) 
and homozygous (T/T) allelic composition at the target lo-
cus for Eg9 (green) and Et86 (red) respectively (Fig. 4, On-
line Suppl. Fig. 4). The melting curve of the four hybrid gen-
otypes (H13, H48, H218, and H275) clustered in the same 
group as Eg9 (green), indicating similar allelic status. The 
remaining hybrids (H137, H160, H190 and H265) (red) 
grouped with Et86 and represented a homozygous condi-
tion. However, in H13 and H275, the melting curves did 
not show a decrease in fluorescence to the same baseline as 
other hybrids (H48 and H218) (Fig. 4, On-line Suppl. Fig. 
4). The lack of decrease in fluorescence to the baseline in the 
two hybrids may indicate the presence of a second nucleo-

Fig. 1. Melting curve analysis of the single nucleotide polymorphic 
(SNP) marker in BP. Polymorphic high resolution melting (HRM) 
curves differentiated the genotypes into three groups. a – normal-
ized melting plot, b – difference melting curve. The curves with 
different color represent different genotypes. c – sequence align-
ment of the BP gene sequence for the parents. SNPs are shown and 
highlighted in the red box.

Fig. 2. Melting curve analysis of the single nucleotide polymorphic 
(SNP) marker in PAAPA. Polymorphic high resolution melting 
(HRM) curves differentiated the genotypes into three groups. a – 
normalized melting plot, b – difference melting curve. The curves 
with different color represent different genotypes. c – sequence 
alignment of the PAAPA gene sequence for the parents. SNPs are 
shown and highlighted in the red box.
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Fig. 3. Melting curve analysis of the single nucleotide polymor-
phic (SNP) marker in XTH. Polymorphic high resolution melting 
(HRM) curves differentiated the genotypes into three groups. a – 
normalized melting plot, b – difference melting curve. The curves 
with different color represent different genotypes. c – sequence 
alignment of the XTH gene sequence for the parents. SNPs are 
shown and highlighted in the red box. The change in the second 
nucleotide is highlighted with orange box. 

Fig. 4. Melting curve analysis of the single nucleotide polymor-
phic (SNP) marker in Lim1. Polymorphic high resolution melting 
(HRM) curves differentiated the genotypes into two groups. a – 
normalized melting plot, b – difference melting curve. The curves 
with different color represent different genotypes. c – sequence 
alignment of the Lim1 gene sequence for the parents. SNPs are 
shown and highlighted in the red box. 
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Fig. 5. Melting curve analysis of the insertion or deletion (InDel) 
marker in CesA4. Polymorphic high resolution melting (HRM) 
curves differentiated the genotypes into two groups. a – normalized 
melting plot, b – difference melting curve. The curves with differ-
ent color represent different genotypes. c – sequence alignment 
of the CesA4 gene sequence for the parents. Position of InDel is 
shown and highlighted in the red box. 

Fig. 6. Melting curve analysis of the simple sequence repeat (SSR) 
marker in Mur3. Polymorphic high resolution melting (HRM) dif-
ferentiated the genotypes into two groups. a – normalized melting 
plot, b – difference melting curve. The curves with different color 
represent different genotypes. c – sequence alignment of the Mur3 
gene sequence for the parents. Position of SSR is shown and high-
lighted in the red box.
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The sequencing results for the SSR loci in ARF4 showed 
the (TGG) 6 repeat in Eg9 and (TGG) 4 in Et86. Three distinct 
variants were identified in the HRM analysis with melt curve 
difference between parents (Et86 and Eg9). The hybrids 
(H13, H48, H190 and H275) grouped with Eg9 (green) and 
hybrids (H137, H160 and H218) clustered with Et86 (red). 
The hybrid H265 showed distinct melting curve (blue) with 
repeat SSR motif of (TGG) 3. The sensitivity of HRM analy-
sis allowed the detection of a complex situation for ARF4, 
which is the presence of (TGG)6 repeat for parent Eg9, H13, 
H48, H190, H275, (TGG)3 repeat for H265 and (TGG) 4 re-
peat in Et86, H137, H160 and H218 (Tab. 1). The variants 
identified using the assay is consistent with the sequencing 
results, confirming the discriminating power of the analysis 
(Fig. 7, On-line Suppl. Fig. 7).

-10

-5

0
5

10

15
20

25

Fig. 7

78 80 82 84 86 88

A
lig

ne
d 

Fl
uo

re
sc

en
ce

 (%
)

0

20

40

60

80

100 Eg 9, H13, H48, 
H190, H275      : (TGG)6

Et 86, H137,
H160, H218           : (TGG)4

H265                      : (TGG)3

D
iff

er
en

ce

78 80 82 84 86 88

b

a

Temperature (oC)

Temperature (oC)

c

Fig. 7. Melting curve analysis of the simple sequence repeat (SSR) 
marker in Arf4. Polymorphic high resolution melting (HRM) dif-
ferentiated the genotypes into three groups. a – normalized melt-
ing plot, b – difference melting curve. The curves with different 
color represent different genotypes. c – sequence alignment of the 
Arf4 gene sequence for the parents. Position of SSR is shown and 
highlighted in the red box. 

Discussion
Next generation sequencing has revolutionized genome 

research since it enables cost effective sequencing of millions 
of loci in a single run and has replaced the conventional ap-
proaches for genotyping like polyacrylamide gel electropho-
resis system and denaturing capillary electrophoresis (Wenz 
et al. 1998, Wang et al. 2003). It is presently an indispensable 
approach for identifying and cataloging the full spectrum 
of genetic variation across the genome at a scale unattain-
able by traditional techniques such as Sanger sequencing (Ku 

et al. 2012). This technology has facilitated and accelerated 
large-scale discovery, validation and assessment of genetic 
markers for high-throughput genotyping (Harismendy et 
al. 2009, Paszkiewicz and Studholme 2012). However, data 
generated using NGS platforms may suffer from high error 
rates mainly due to base-calling and alignment errors, lim-
iting accurate variant prediction. Determining the rate of 
false positives and false negatives is one of the critical areas 
in genome analysis (Shigemizu et al. 2013), since it drasti-
cally influences downstream analyses including the identifi-
cation of rare mutation and estimation of allele frequencies 
(Nielsen et al. 2011).

Variants predicted using NGS platforms are validat-
ed with secondary, orthogonal methods such as Sanger se-
quencing, Kompetitive allele specific PCR (KASP), TaqMan 
system (Applied Biosystems, Foster City,CA) and Illumina 
GoldenGate assay (Myakishev et al. 2001, Fan et al. 2003, De 
la Vega et al. 2005, Mu et al. 2016). While the cost of marker 
discovery using NGS platforms has drastically reduced over 
the past decade, inclusion of additional confirmation of vari-
ants has added additional costs to genetic testing. Hence, 
the need for alternative assays that are rapid, simple, ho-
mogenous, highly specific, sensitive and cost effective has 
increased for high throughput validation of markers. 

HRM analysis has been reported as a convenient and cost 
effective PCR based method for genotyping SNPs, SSRs and 
InDels in plant species (Simko 2016). It was used in gene 
scanning, species identification (Słomka et al. 2017), as an 
alternate to SNaPshot analysis (Mehta et al. 2017), barcoding 
(Song et al. 2016, Mishra et al. 2018) and mutant screening 
(Taheri et al. 2017). 

In the present study HRM was used to predict variants 
(SNPs/InDels/SSRs) in both heterozygous and homozygous 
conditions in Eucalyptus parents and hybrids.  The sensitiv-
ity and utility of this technology for SNP genotyping was 
demonstrated in tetraploid Medicago sativa L., where paren-
tal genotypes and segregating progenies were characterized 
(Han et al. 2012). Mutation scanning for homozygous or het-
erozygous substitution and genotyping with the use of HRM 
assays was reported in Olea europaea L. germplasm (Muleo 
et al. 2009). Furthermore, HRM assay was used for species 
discrimination and phylogenetic analysis in Podocarpus sp. 
(Marshall et al. 2015), varietal discrimination in Vitis vinif-
era L. (Gomes et al. 2018), cultivar discrimination in sweet 
cherry (Ganopoulos et al. 2012) and validation of sex linked 
markers in Pistacia vera L (Kafkas et al. 2015). 

The discriminating power of HRM melt curves was 
proven in CesA4, where the analysis could differentiate par-
ents with and without the predicted InDel. This is in agree-
ment with the earlier report in barley, where InDel mark-
ers were scored using electrophoresis and the HRM method 
(Zhou et al. 2015). They reported the discriminating abili-
ty of the HRM technique to distinctly differentiate samples 
with 2 bp difference.  

The two SSR markers (Mur3 and Arf4) targeted for this 
study produced polymorphic melting curves differentiating 
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the parents and hybrids when investigated through HRM 
analysis. However, mild changes in the shape of the melt 
curves for the same variants could be probably due to the 
minor systematic errors like pipetting of reagents. There are 
a number of potential problems and challenges that could af-
fect the sensitivity of HRM assays. The quality and quantity 
of the DNA, the presence of salt from DNA isolation proce-
dure, presence of primer dimer or other agents that interfere 
with PCR amplification can affect the sensitivity and repro-
ducibility of HRM analysis, leading to incorrect genotyping 
or variant calling (Twist et al. 2013).

Results on SSR genotyping using HRM assay in trees is 
limited to grapevine (Mackay et al. 2008), citrus (Distefano 
et al. 2012) and sweet cherry (Ganopoulos et al. 2013). The 
studies have reported HRM as a flexible, cost-effective and 
closed-tube microsatellite genotyping method well suited for 
varietal certification and as an effective alternate to gel based 
platforms. In the present study, for the first time HRM anal-
ysis was optimized for the validation of variants predicted 
using deep seqencing methods in Eucalyptus. It could detect 
the presence of variants with high resolution and grouped 

genotypes based on their predicted allelic composition. This 
enabled rapid scanning for the presence of SNPs/InDels/
SSRs among heterozygous mapping population. The use of 
small amplicons (shorter than 150 bp) for genotyping al-
lowed differentiation between homozygous genotypes and 
easy identification of heterozygous genotypes. A cost per da-
ta point analysis revealed that HRM assay per reaction was 
less than 0.5 USD and hence provided a greater flexibility for 
marker validation in terms of cost than sanger sequencing 
and other genotyping platforms. 
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