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Abstract  Development of efficient and scalable 
methods for molecular identification of Coffea spp. 
are necessary to accelerate studies related to the 
characterization of germplasm for both conservation 
or breeding purposes, and the validation of coffee 
germplasm. The low genetic diversity of coffee hin-
ders the establishment of protocols that facilitate the 
molecular characterization of a given genotype. In 
this study, nucleotide variability was analyzed at 22 
loci in the genome of 19 coffee accessions using de 
novo primer sets and high-resolution melting (HRM). 
Single nucleotide polymorphisms (SNPs) variants 
were studied in coding regions of genes implicated 
in sucrose accumulation in the seed, Sucrose syn-
thase 2 (SUS2), Ent-kaurene oxidase 1 (CaKO1), 

and Caffeoyl-coenzyme A 3-O-methyltransferase 
(CcOAOMT). The non-coding Internal transcribed 
spacer 2 (ITS2) region was also studied. Variability 
was shown at 103 positions both at the interspecies 
level (15 loci) and among varieties of Coffea arabica 
L. (4 loci). The HMR technique for identification of 
variants in genes CaKO1, SUS2, CcoAOMT, as well 
as in the ITS2 region proved to be a robust technique 
for germplasm characterization. More important this 
technique can be used for fingerprinting and trace-
ability of coffee grain exports which is an increasing 
market-consumer demand.

Keywords  Coffee · Single-nucleotide 
polymorphism · High-resolution melting analysis · 
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Introduction

Grown in tropical countries and subtropical regions 
(van der Vossen et  al. 2015), coffee is an important 
agricultural product as it represents one of the most 
traded commodities in international markets (Cheng 
et al. 2016; Tran et al. 2018). There are more than 100 
species that belong to Coffea, but only two are grown 
extensively (Sousa et  al. 2017): Coffea arabica L. 
(Arabica coffee), which represents 71.5% of the world 
production, while the remaining 28.5% corresponds 
to C. canephora Pierre ex Froehner (Robusta coffee) 
(ICO 2022). Consumer preference for Arabica coffee is 
due to its greater acidity, low bitterness and better over-
all flavor compared to Robusta (Combes et al. 2018).

Varieties of Arabica coffee are highly genetically 
similar. Low genetic variability among Arabica spe-
cies has been attributed to the processes of domestica-
tion and dissemination and the primarily autogamous 
mode of reproduction (Anthony et al. 2002). Arabica 
coffee is the only tetraploid species (2n = 4x = 44) of 
Coffea, thus there are high levels of incompatibil-
ity with other diploid coffee species (Bertrand et  al. 
2003). The low genetic diversity extends through 
genetically improved lines of Arabica coffee and is 
recognized as a highly relevant limitation to improve 
coffee plants tolerance against to abiotic and biotic 
stress (Merot‐L’anthoene et al. 2019).

Genetic improvement of Coffea spp. has produced 
four large groups of plants with characteristics in com-
mon: (i) the traditional varieties Typica and Bourbon, 
and genotypes derived from their crosses; (ii) local Ethi-
opian varieties, generally isolated from other commer-
cial varieties; (iii) introgressions, such as Sarchimores 
and Catimores lines that include interspecific crosses; 
and (iv) F1 hybrids, first generation descendants of 
genetically distinct parental Arabica lines (WCR 2018).

To date, the majority of studies that have determine 
parentage and genetic diversity among commercial 
cultivars of C. arabica that have been used are micros-
atellites (SSR) (Anthony et al. 2001; Cubry et al. 2008; 
Motta et al. 2014; Sánchez et al. 2020), amplified frag-
ment length polymorphisms (AFLP) (Anthony et  al. 
2001) and, more recently, sequence-related amplified 
polymorphisms (SRAP) (Jingade et  al. 2019), and 
single nucleotide polymorphisms (SNP) (Zhou et  al. 
2016; Scalabrin et al. 2020; Zhang et al. 2020, 2021). 
In general, these studies have shown the low genetic 
variability that predominates among Arabica coffee 

species, which can be to a single spontaneous event of 
hybridization of C. canephora and C. eugenioides that 
gave rise to all the germplasm of C. arabica (Scalabrin 
et  al. 2020). SNPs represent one of the most abun-
dant variations in genomes (Huq et al. 2016). In some 
cases, SNPs can arise in protein-coding regions and 
modify the plant phenotype (Ganal et  al. 2009; Huq 
et  al. 2016), and they are considered as a model for 
the study of the function of certain genes in a desired 
phenotype (Huq et al. 2016).

In this sense, a DNA-based protocol for the detec-
tion and quantification of adulterations in ground cof-
fee based on the identification of SNPs at chloroplast 
loci between C. arabica and C. canephora, and subse-
quent high resolution melting genotyping (HRM) has 
been reported (Combes et al. 2018). Moreover, through 
next generation sequencing data analysis of different 
coffee genotypes genomes, 11 SNPs associated with 
genes encoding enzymes involved in the conversion of 
substrates of the caffeine biosynthesis pathway have 
been identified (Tran et al. 2018). A similar study in tea 
plants found that SNPs located in the coding regions 
of the TCS1 (Tea caffeine synthase), TIDH (inosine-5′-
monophosphate dehydrogenase), and sAMS (S-aden-
osyl-L-methionine synthetase) genes were positively 
correlated with varying caffeine and theobromine con-
tents (Li et al. 2014). On the other hand, the sequence 
of DREB1D genes from 38 genotypes of coffee and 
found variations associated with the differential drought 
tolerance of each genotype has been analyzed (Alves 
et al. 2018). Therefore, sequencing of genomic regions 
related to the metabolism of sugars, aromatic com-
pounds, and defense responses in a greater number of 
genotypes could contribute to the discovery of genetic 
variants that lead to quantitative variations in these 
characteristics (Tran et al. 2018). In addition, identifica-
tion of these variants would allow differentiation among 
genotypes or establishment of hybrid parentage using 
molecular techniques for detection (Zhou et al. 2016).

High resolution melting analysis (HRM) is an easy 
and rapid technique that can be adapted for SNPs or 
small INDEL variations analyses (Cruz et  al. 2013; 
Simko 2016). Variations in nucleotide sequences affect 
the stability of short DNA sequences and modify the 
melting temperature (Tm) of the molecule (Clev-
enger 2015). The presence of alleles in a heterozygous 
condition can also be detected by HRM. Therefore, 
the objective of the present study was to determine 
the effectiveness of HRM analysis for detection of 
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variations in nucleotide sequences of genes related to 
important agronomic traits (cup quality, disease resist-
ance, and morphology) from different accessions of 
coffee (Coffea spp.) and to estimate nucleotide varia-
bility in coding and non-coding regions of these genes.

Material and methods

Plant material and sampling permits

A total of 19 accessions of the genus Coffea were 
selected to make up a representative group of coffee 
plants used to analyze the natural variability in the 
nucleotide sequences of several genes (Supplemen-
tary Table 1). These accessions included 15 cultivars 
of C. arabica L. and individuals of C. canephora 
Pierre ex Froehner, C. liberica Hiern, Coffea zangue-
bariae Lour., and C. eugenioides A. Cunn. Each 
accession was represented by one plant. Data on the 
collection site of the material, the genetic group of 
the accessions and their family are shown in Supple-
mentary Table 1.

Plant material collected in the field consisted of 
young leaves located near to the first or second node 
below the apical meristem. The leaves were imme-
diately stored in air-tight bags in a cooler and later 
stored at – 80 ºC. Leaves were lyophilized for 48 h at 
a condenser temperature of – 50  °C using an Alpha 
1–2 LDplus freeze-dryer (CHRIST, Osterode am 
Harz, Germany).

All the needed permits for sampling leaf tissue 
from coffee were requested by Comisión de Biodi-
versidad-UCR at Universidad de Costa Rica (under 
permit # 323–2021), Centro Agronómico Tropical 
de Enseñanza e Investigación (CATIE) and Centro 
de Investigación del Instituto del Café de Costa Rica 
(CICAFE).

Selection of genes of agronomic interest

Regions of 13 genes [(ClpP; NC_008535.1), (CCD1; evm.
TU.Scaffold_616.20), (CaWRKY1; evm.TU.Scaffold_ 
539.575), (LOX1_5; evm.TU.Scaffold_632.448), 
(Pto; evm.TU.Scaffold_2093.51), (DXMT; evm.TU. 
Scaffold_1614.62), (CTgS1; evm.TU.Scaffold_ 
588.56), (SUS2; evm.TU.Scaffold_2016.44), (CaKO; 
evm.TU.Scaffold_522.857), (CCoAOMT1; evm.TU. 
Scaffold_634.1045), (CaPOP1; evm.TU.Scaffold_ 

214.1162), (ERF1; evm.TU.Scaffold_624.950)] impli-
cated in coffee agronomic characteristics and one 
internal transcribe spacer (ITS2; EU650386.1) were 
selected for evaluation of nucleotide sequence vari-
ation among accessions (Supplementary Table  2). 
Genomic resources for Coffea available in the NCBI 
sequence database (GenBank) and Phytozome 
(https://​phyto​zome.​jgi.​doe.​gov/​pz/​portal.​html) were 
used to design primers to amplify regions between 
900 and 1200  bp. The regions included exons and 
introns of the sequences (Supplementary Table  3). 
The software Primer3Plus (Untergasser et  al. 2012) 
was used for primer sequence design using the fol-
lowing parameters: primer size (18–20–25  bp), Tm 
(55–60–65), %GC (40–50–60), maximum Tm dif-
ference (3ºC), maximum Poly-X (3), GC clamp (1), 
maximum GC in 3’ end (2), thermodynamic param-
eters (Santa Lucia 1998), formula for salt correction 
(Santa Lucia 1998).

Establishment of an amplification strategy for the 
selected loci

DNA was extracted using CTAB extraction method 
(Doyle and Doyle 1987) with modifications (Bolívar-
González et  al. 2018). Reactions contained 70  ng 
of DNA, 1X Taq Buffer, 1.5  mM MgCl2, 0.5  mM 
dNTPs (Promega™, Madison, USA), 0.2  μM prim-
ers, 0.01 mg BSA, and 0.5 U Taq DNA Polymerase in 
a total volume of 25 μl. All reagents, unless otherwise 
stated, were purchased from Thermo Scientific™ 
(Delaware, USA). A Touchdown-PCR (TD-PCR) was 
performed in a Professional Thermocycler (Biometra, 
Göttingen, Germany) as indicated in Supplementary 
Table 4. PCR products were analyzed by electropho-
resis in 1.2% (m/v) agarose gels to confirm its suit-
ability for sequencing.

Analysis of sequence data

Twenty-two purified PCR products corresponding to 
the genes described in Supplementary Table  2 were 
sequenced once with the Sanger method using the 
forward primer in a commercial laboratory (Macro-
gen, South Korea).

FASTA files and chromatograms were analyzed 
manually to detect possible patterns of sequenc-
ing errors. The Sequencing Analysis 5.3.1 (Applied 
Biosystems™, California, USA) program was 

https://phytozome.jgi.doe.gov/pz/portal.html
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used for base calling and removal of sections with 
low sequencing signals using the analysis protocol 
3730BDTv3-KB-DeNovo_v5.2, base calling (default 
parameters), assign N (NO), mixed-heterozygous 
bases (25%). The first 20 bases and all bases after the 
900 bp position were removed.

The homology of the sequences obtained was 
corroborated by BLAST results as well as multiple 
alignment. The generated sequences were used to 
perform the multiple sequence alignment between 
the accessions and the reference sequence reported in 
Supplementary Table 2. In cases where high-quality 
processed sequences were not generated, they were 
discarded. The alignments were performed with the 
MAFFT algorithm (https://​www.​ebi.​ac.​uk/​Tools/​msa/​
mafft/), the results of the alignments were visualized 
with the CLC sequence viewer 8.0.0 (Qiagen Bioin-
formatics, Aarhus C, Denmark).

Identification of variants from FASTA sequences

Polymorphic sites were identified using the program 
NovoSNP 3.0.1 (http://​novos​np.​bioinf.​be/). The files 
(.ab1) obtained from the sequencing of each PCR 
product were compared with reference sequences of 
each Coffea gene available at GenBank or Phytozome 
using default parameters (Weckx et  al. 2005). Com-
plete list of the variable sites was filtered by F-Score 
value (> 15). This parameter considers the three bases 
contiguous to the site of the variation and identifies 
false positives based on the quality of the chromato-
gram. Chromatograms were then manually inspected 
case by case to validate the polymorphisms. Each pol-
ymorphism was categorized according to the number 
of genotypes discriminated and its location in coding 
or non-coding regions of the genes analyzed. For the 
analysis of results, the statistics of the sequences of 
the two PCR products corresponding to each gene 
were combined.

HRM‑PCR analysis of SNP identified in coffee 
accessions

A panel of 20 polymorphisms (INDELs and SNPs) 
was defined based on the potential of these sites 
to discriminate different alleles by melting curve 
analysis of specific PCR products. The nature of the 
polymorphism (its effect on the change in melting 
temperature of the region) and the number or type 

of distinguishable genotypes determined. PCR prod-
ucts were obtained using specifications reported for 
HRM analysis using a nested PCR protocol with ini-
tial products used as template DNA (Supplementary 
Table 3).

A MeltDoctor HRM Master Mix kit (TermoFis-
cher Scientific ™, Waltham, Massachusetts, USA)
was used following a previously reported protocol 
(Szurman-Zubrzycka et  al. 2017) with minor modi-
fications: 1 μL PCR product (1:1000 dilution), 5 μL 
MeltDoctor™ HRM Master Mix, 1 μL of each primer 
(4  μM), 0.8 μL MgCl2 (25  mM), and 1.2 μL PCR 
water to obtain a reaction volume of 10 μL. A Ste-
pOne ™ Real-Time PCR instrument (Applied Bio-
systems™, California, USA) was used with the fol-
lowing amplification conditions: initial denaturing at 
95 ºC (10 min), 30 cycles of 95 ºC (10 s), hybridiza-
tion (variable) (15 s) and elongation at 72 ºC (20 s). 
This was followed by a melting profile: formation 
of homo and heteroduplexes at 95 ºC (1 min), 40 ºC 
(1 min), and melting interval at 65–95  ºC with con-
stant fluorescence acquisition. Each sample was 
analyzed in triplicate and a negative control without 
template DNA was included. Results were analyzed 
with HRM Software (Applied Biosystems™, Califor-
nia, USA) and curves were normalized. The region 
of the melting curve that gave the most information 
for discriminating between melting profiles of the 
PCR products was selected. The reproducibility of 
the melting patterns was evaluated for each sample to 
eliminate false positives that would affect the correct 
discrimination of different genotypes.

Results

Amplification of the selected loci

PCR products of the expected size (900 to 1200 bp) 
were obtained for the 22 selected loci in the 13 genes 
of the 19 accessions of Coffea. Specific and unique 
PCR amplification fragments were verified by agarose 
electrophoresis and by analyzing the absence of mul-
tiple peaks in the melting curves (data not shown).

The locus for a kinase/serine protein implicated in 
the response to biotic stress (Pto) (GenBank acces-
sion number DQ124059.1; Phytozome accession 
name evm.TU. Scaffold_2093.51) showed species-
specific amplification. This product amplified in 84% 

https://www.ebi.ac.uk/Tools/msa/mafft/
https://www.ebi.ac.uk/Tools/msa/mafft/
http://novosnp.bioinf.be/
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of the 19 accessions analyzed but not in Geischa, C. 
liberica or C. canephora samples. A similar situa-
tion occurred with the amplification of the loci CaW-
RKY1_1 and DXMT2 which amplified in 95%of the 
accessions but not in C. eugenioides. Similarly, the 
LOX1 loci amplified in 89% of the accessions ana-
lyzed, but not in Geischa and Caturra (Supplementary 
Table 5).

Processing of PCR product sequencing data

The length of read (LOR) statistic was used to esti-
mate sequencing quality and the informative potential 
of each processed sequence (Table 1). The maximum 
LOR value was 19 for five genes (CaKO1, CaPOP1, 
ClpP1_2, ITS2, and SUS2), when the 19 analyzed 
sequences maintained sufficient information to be 
used in further analyses. Other PCR products also 
showed high LOR values, but no sequence variations 
were observed among accessions (ClpP1_1, Pto and 
CCD1_2) (data not shown). In contrast, LOR values 
for PCR products for CaKO1_2, CaPOP1_2, CaW-
RKY1_2, CCD1, CTgS1_2, ERF1, and LOX_2 were 
lower than 5, which demonstrated that the majority of 
these chromatograms were composed of low-quality 
sequences.

Loci located in the sequences CaKO1_1, 
CaPOP1_1, CcoAOMT, ClpP1_1, ClpP1_2, 
CTgS1_1, DXTM1_2, ITS2, LOX1, Pto, SUS2, and 
SUS2_2 genes, showed low percentages of sequenc-
ing errors among the 19 accessions studied. The LOR 
values were sufficiently high for the sequences to be 
informative (Table  1). Other PCR products showed 
problems associated with the nature of the amplified 
region or possible duplications in the genome that 
were not further considered.

Identification and validation of variants

Possible variations were identified in more than 150 
sites using the program novoSNP 3.0.1 (Weckx et al. 
2005) (http://​novos​np.​bioinf.​be/). Nevertheless, a 
total number of highly reliable variants of 103 sites 
were obtained after manually removing false posi-
tives (Fig. 1A).

The CCD1, ClpP1, ERF1, and Pto loci showed no 
variations, while the CaKO1, CcoAOMT, ITS2 and 
SUS2 genes were the regions with the highest number 
of polymorphic sites (Fig.  1A). A total of 88 SNPs 

and 15 INDELs were detected among the genes with 
variants with an F-Score > 15. Among the SNPs iden-
tified, there were more transitions (57) than transver-
sions (31) (Fig.  1B). The majority of the polymor-
phisms, 69.6%, were identified in non-coding regions 
of the genes studied (Fig. 2). An important exception 
was observed in the gene CaWRKY1, in which the 
majority of the polymorphisms, 83.3%, were in the 
coding region (Fig.  2). The analysis of the first two 
coding regions of the SUS2 gene showed that some 
of these polymorphisms resulted in a change to a 
biochemically distinct amino acid (Supplementary 
Fig.  1). These variations occurred mainly among 
Centroamericano (CAM) and Casiopea (CSP) with 
C. canephora ancestry introgression. The highest 

Table 1   Informative potential of each locus based on total 
sequence length (LOR) and number of genotypes in legible 
chromatograms after processing with Sequencing Analysis 
software

( +): informative; (−): non-informative

PCR product Size (bp) Length 
of read 
(LOR)

Acces-
sions with 
sequencing 
errors

Inform-
ative 
value

CaKO1_1 1105 19 0/19  + 
CaKO1_2 1065 4 15/19 −
CaPOP1_1 1074 19 0/19  + 
CaPOP1_2 1118 5 17/19 −
CaW-

RKY1_1
896 6 13/19  + 

CaW-
RKY1_2

910 2 19/19 −

CCD1 1158 4 19/19 −
CCD1_2 1176 10 19/19 −
CcoAOMT 1139 18 1/19  + 
ClpP1_1 1185 16 3/19  + 
ClpP1_2 986 19 0/19  + 
CTgS1_1 1198 16 3/19  + 
CTgS1_2 957 5 14/19 −
DXMT1_1 949 10 9/19  + 
DXMT1_2 1046 15 4/19  + 
ERF1 803 2 17/19 −
ITS2 468 19 2 /19  + 
LOX_1 1157 15 4/19  + 
LOX_2 1120 5 14/19 −
Pto 1061 16 3/19  + 
SUS2_1 951 19 0/19  + 
SUS2_2 945 19 0/19  + 

http://novosnp.bioinf.be/
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number of variants were observed in non- C. ara-
bica species (Fig.  3). We detected 61 polymorphic 
sites in C. liberica (CL), 58 in by C. pseudozangue-
bariae (PZB), 52 in C. canephora (CCTE), and 50 
in C. eugenioides (EUG). A few polymorphisms (< 5 
SNPs) were observed among C. arabica accessions. 
Among varieties of Arabica coffee, the hybrid geno-
types Centroamericano, and Casiopea and the Sarchi-
mor IAPAR 59 presented the highest number of poly-
morphic sites (Fig. 3).

HRM‑PCR analysis of SNP identified in coffee 
accessions

Twenty inter and intraspecific variable sites defined 
by the primers were selected for HRM analysis (Sup-
plementary Table  6). Of the 20 molecular markers, 
16 identified at least one genotype by HRM analysis 
(Table 2). Real time PCR products of these genotypes 
had significantly different melting temperatures and 

Fig. 1   Classification of the nucleotide variations identified in 
regions of 13 genes of the genome of 19 accessions of Coffea 
spp. A Types of polymorphisms validated between 13 genes of 

19 accessions of Coffea spp. depending on the number of base 
pairs involved B Types of SNPs validated among 13 genes of 
19 Coffea accessions

Fig. 2   Location of the vari-
ations in genetic sequences 
of the genome of 19 acces-
sions of Coffea spp
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could be distinguished from the others by their melt-
ing profiles (Supplementary Table 6).

Using HRM analysis, some of the selected regions 
were validated, and the expected melting profiles 
were produced for 16 of the 20 loci. The PCR prod-
ucts of CaWRKY1_HRM, SUS21_HRM_2, SNP_
Ca032, and SNP_Ca073 could not be applied to 
distinguish genotypes because of non-specific ampli-
fication errors. For example, analysis of the PCR 
product ITS2_HRM_1 clearly distinguished the two 
haplotypes (G/G and A/G) previously identified by 
sequencing. Accessions with a homozygous G/G hap-
lotype generated a PCR product with a higher melt-
ing temperature, seen as a horizontal displacement 
of the melting curve during HRM analysis. The het-
erozygous G/A haplotype can be seen in IAPAR59, 
CR95, Villa Sarchí, Bourbon Red, and Mokka as two 
signals of equal intensity. This differs from the chro-
matograms of Centroamericano, Geisha and Mundo 
Novo, where the signal of a possible adenine is too 
low for a base call change (Fig.  4A). These results 
are consistent with the HRM analysis. Although they 
possess the same haplotype (G/G), C. liberica, and C. 
pseudozanguebariae generated PCR products with 
melting profiles that differed from those of the Ara-
bica accessions (Fig. 4B). The genotypes for a vari-
ant identified in the ITS gene were corroborated by 
sequencing (Fig. 4C).

The varieties Centroamericano, IAPAR59, and 
Casiopea were differentiated from the other Arabica 
varieties due to the A/G haplotype at two loci in the 
SUS22_HRM_1 locus. However, the form of the 
curves was similar, comparison among varieties with 
A/A and G/G haplotype showed that between the two 
loci, a total of two “A” alleles and two “G” alleles are 
present (Fig. 5A). HRM analysis of the PCR product 
SUS22_HRM2 showed that the varieties Centroamer-
icano and Casiopea possess the C/T, A/G and G/G, 
while the variety IAPAR59 shares alleles with C. 
canephora haplotypes T/T, A/A and G/G. The other 
Arabica varieties possess the C/C, G/G and G/G hap-
lotypes (Fig.  5A), and their PCR products had the 
highest melting temperature (Fig. 5B). The genotypes 
for a variant identified in the SUS2 gene was corrobo-
rated by sequencing (Fig. 5C).

Finally, using this group of characterized SNPs 
from the representative sample of 19 coffee acces-
sions, it was possible to establish the identity of an 
unknown sample with a certain grade of resolution. 
A two-step process of amplification and quantifica-
tion of fluorescence of the melting curve can be used 
to discriminate among 10 genotypes of Coffea in 
approximately 8 h. In this sense, our results showed 
that HRM analysis were able to distinguish important 
cultivars, such as Geisha, Bourbon Red, and Typica 
(Fig.  6 and Supplementary Table  7). Specifically, 

Fig. 3   Unique polymorphisms detected for each Coffea acces-
sion that allow their identification by PCR-HRM. CAM Cen-
troamericano, CL C. liberica, IAPAR59  IAPAR59, CR95 
Costa Rica 95, CTR​ Catuaí Rojo, G Geisha, MN Mundo Novo, 

VS Villa Sarchí, CRR​ Caturra, CCTE C. canephora, BR Bour-
bon Red, J Java, CSP Casiopea, EUG C. eugenioides, TYP 
Typica, PZB C. pzeudobangueriae, PUR Purpurascens, LAU 
Laurina, MOK Mokka
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the HRM analysis of the PCR product of CaKO2_
HRM_1 distinguished the characteristic profile of 5 
species (C. liberica, C. canephora, C. eugenioides, C. 
arabica, and C. pseudozanguebariae). The distinction 
of Arabica genotypes from other non-Arabica geno-
types was achieved using the primer CaKO_HRM 
and ITS2_HRM_1. On the other hand, the LOX1_
HRM primer indicated a specific profile of the Geisha 
variety. Using the SNP_Ca012 the two large genetic 
groups of Arabica (Bourbon and Typica) were dis-
tinguished. While the SNP_Ca171 distinguished C. 

canephora from the other four species (C. arabica, C. 
liberica, C.pseudozanguebariae, and C. eugenioides) 
(Fig. 6).

Discussion

Previously, HRM analysis has been used to distin-
guish between C. arabica L. and C. canephora gen-
otypes in order to identify cases of adulteration of 
ground coffee blends (Combes et  al. 2018). These 

Table 2   Discriminative potential of markers analyzed by HRM in 19 genotypes of Coffea spp

PCR product SNPs Genotypes differentiated by HRM-PCR

CaKO_1_HRM_1 ins CA C. arabica/C. canephora/C. eugenioides
del ATAT​

CaKO_1_HRM_2 T > C C. arabica/C. canephora/C. eugenioides
G > T/A
A > G

CaKO_2_HRM_1 A > T/G C. arabica/C. liberica/C. canephora/C. pseudozanguebariae
CaKO_2_HRM_2 C > T C. liberica-C. canephora/C. arabica
CaPOP1_HRM C > A C. arabica from others

G > T
CaWRKY1_HRM A > T None
CCoAOMT1_HRM T > A/G C. eugenioides-C. pseudozanguebariae from others

A > G
T > C

ITS2_HRM_1 G > A Genotypes A/G (IAPAR59, Costa Rica 95, Villa Sarchí, Bourbon Red and Mokka) from others
G/G Centroamericano, C. liberica, Geisha, Mundo Novo, C. canephora; C. eugenioides, and C. 

pseudozanguebariae from others
ITS2_HRM_2 G > A C. eugenioides and C. pseudozanguebariae from others. Mundo Novo from other Arabicas

C > T
LOX1_HRM C > T Among C. arabica (Geisha)
SUS21_HRM_1 A > C C. arabica/C. canephora/C. eugenioides
SUS21_HRM_2 A > C Not informative, does not distinguish heterozygous genotypes

A > C
SUS22_HRM_1 G > A C. arabica hybrids from others

A > G
SUS22_HRM_2 C > T Differentiates between Arabica hybrids and pure genotypes

G > A
G > A

SUS22_HRM_3 G > C Centroamericano and Casiopea from other Arabicas
SNP_Ca012 C/A Between C. arabica (Bourbon Red from Typica), C. arabica/C. liberica
SNP_Ca032 C/T Error, non-specific amplification of larger than expected size
SNP_Ca073 C/T Does not distinguish between different genotypes
SNP_Ca171 A/G C. arabica/C. canephora
SNP_Ca346 A/G C. arabica-C. canephora/C. liberica
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authors analyzed polymorphic regions of chloroplast 
DNA of both species and the melting profiles were 
associated with blend percentages (Combes et  al. 
2018). In our study, nucleotide variability in distinct 
genomic regions of Coffea spp. were detected by by 
HRM analysis and sites that differed among closely 
related accessions of Arabic coffee and also among 
more genetically distant non-Arabic accessions were 
revealed. In contrast to Combes et  al. 2018, in our 
study, nuclear genetic variation was detected and 
revealed the existence of SNPs between Arabica and 
Robusta nuclear genomes. This demonstrated that 
HRM is a suitable method for the identification and 
authentication of Coffea species, as suggested by 
Combes et  al. 2018. In addition, HRM analysis has 

been successfully used to detect polymorphisms and 
differentiate between genotypes in Prunus dulcis (Wu 
et  al. 2009), Capsicum (Jeong et  al. 2010), Glycine 
max (Cruz et al. 2013), carnaroli rice (Grazina et al. 
2022), Dendrobium (Chen et  al. 2022), Calanthe 
(Buddhachat et  al. 2022). HRM analysis is an effi-
cient and potentially scalable technique that can be 
adapted satisfactorily to genotyping strategies in large 
populations (Simko et al. 2016).

In the present study, the majority of the polymor-
phisms were observed in non-coding regions. The 
locus ITS2, considered one of the most informative 
genomic regions for discriminating at the species 
level, showed important results within coffee species 
and Arabica varieties. The ITS2 region has a reported 

Fig. 4   HRM analysis of a G/A nucleotide variation in the 
ITS2 sequence of the genome of different coffee accessions. 
A melting profiles of the PCR products defined by the ITS2_
HRM_1 primers. Yellow: haplotype A/G of C. eugenioides, C. 
pseudozanguebariae. Green: haplotype A/G of C. arabica var: 
IAPAR59, CR95, Villa Sarchí, Bourbon Red and Moka. Blue: 
haplotype G/G of C. arabica var: Centroamericano, Geisha, 

Mundo Novo, C. canephora, C. liberica. B relative differences 
of the fusion profiles. C haplotype for a variant identified in 
the ITS2 gene of nineteen accessions of Coffea spp. 1: refer-
ence sequence reported in GenBank (EU650386.1); 2: G/G 
haplotype; 3: A/G (IAPAR59, Bourbon Red, Moka, CR95, 
Villa Sarchí) haplotype; 4: G/G (C. canephora) haplotype; 5: 
G/G (other Arabicas) haplotype
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success rate of 76.1% for discriminating among dicot-
yledonous species (Yao et al. 2010). Analysis of this 
region in Coffea revealed high intraspecific variabil-
ity that allowed the genus to be separated into large 
groups (Lashermes et al. 1997). However, analysis of 
this region within C. arabica had not been explored. 
Recent studies using SSR (Sánchez et  al. 2020) and 
SNP-GWAS (Scalabrin et  al. 2020) methods found 
very low genetic variability among Arabica coffee 
cultivars. Our study demonstrated that this locus is 

very interesting, since it allows the discovery of vari-
ations for different cultivars of Arabica coffee.

In polyploids, such as coffee, SNP and point varia-
tions analyses can be complicated by covering effects 
related to the analysis of homologous regions in the 
sub genomes. C. arabica L., a natural allotetraploid, 
combines two subgenomes (C. eugenioides and C. 
canephora) with common homeologuos chromosome 
exchanges causing genome rearrangements (Combes 
et al. 2018). Nevertheless, in our study, intra species 

Fig. 5   HRM analysis of a G/A nucleotide variation in the 
SUS2 genome sequence of different coffee accessions. A 
melting profiles of the PCR products defined by the prim-
ers SUS22_HRM2. Green: C. arabica var. IAPAR59, C. 
canephora. Blue: C. arabica var. Centroamericano, Casiopea. 
Red: C. arabica (other varieties). B relative differences of 

the fusion profiles. C genotypes for a variant identified in the 
SUS2 gene of nineteen accessions of Coffea spp. 1: reference 
sequence reported in Phytozome (evm.TU.Scaffold_2016.44); 
2: haplotype A/G (Centroamericano); 3: haplotype A/A 
(IAPAR59); 4: haplotype A/A (C. canephora); 5: haplotype 
A/G (Casiopea); 6: G/G haplotype (other Arabicas)
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SNPs was detected and targeted even the low genetic 
diversity of C. arabica L. On the other hand, HRM 
analysis was used to separate tetraploid alfalfa plants 
(Medicago sativa) into two groups (Han et al. 2012). 
Moreover, HRM analysis generated two distinct pro-
files for tetraploid potato genotypes (Solanum tubero-
sum) that were resistant or susceptible to potato virus 
Y (PVY) (Nie et al. 2018). In addition, the tetraploid 
genome of peanut (Arachis hypogaea L.) was ana-
lyzed in detail to verify 56 SNPs in 12 varieties and 
two diploid progenitors; this analysis led to the selec-
tion of a panel of 33 informative SNP for lines in 
genetic breeding programs (Hong et al. 2015). HRM 
analysis has also been used to identify hybrid rice cul-
tivars and separate them from parent lines according 
to melting profiles (Han et al. 2012; Zhu et al. 2013). 
Similar results were seen in this study using variants 
found exclusively in coffee varieties obtained from 
introgressions. This type of molecular marker allows 
an efficient management and traceability of inherited 
loci of interest.

Because of the genetic homogeneity of coffee 
accessions, preservation and detailed characterization 
of germplasm is crucial for genetic improvement and 
conservation. A recent study has demonstrated that 
all C. arabica L. species were derived from a single 
polyploidization event, which explains the low level 
of genetic variability (Scalabrin et al. 2020). Arabica 
coffee represents a species that is particularly vulner-
able to climate change and phytosanitary problems 
(van der Vossen et al. 2015). The use of modern strat-
egies for genetic improvement is essential in order to 
increase genetic variability and genetic resources for 
the coffee sector in the future. New strategies have 
been described to increase genetic variability in cof-
fee populations through the induction of mutations 
(Bolívar-González et  al. 2018; Vargas-Segura et  al 
2019). Techniques such as HRM analysis can be used 
to characterize established varieties and to support 
introgression or hybridization programs by screening 
for molecular markers in progeny plants.

Fig. 6   Discriminative potential of HRM analysis applied to SNP markers identified in 19 Coffea spp. genotypes. Primers used to 
discriminate among Coffea spp. genotypes are indicated in each box
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Conclusions

This study demonstrated the genotypic identifica-
tion of Coffea accessions using HRM analysis in 
genomic regions of interest. This methodology could 
be applied to several genes of interest without the 
need of a prior sequencing. The HMR technique for 
identification of variants in genes CaKO1, SUS2, 
CcOAOMT, as well as in the ITS2 region proved to 
be a robust technique for germplasm characterization. 
More important this technique can be used for finger-
printing and traceability of coffee grain exports which 
is an increasing market-consumer demand.
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