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New and efficient AS-PCR molecular marker for
selection of coffee resistant to coffee leaf rust

Dénia Pires de Almeida?, Deisy Guimardes Carneiro?!, Eveline
Teixeira Caixeta?, Danubia Rodrigues Alves* and Laércio
Zambolim!

Abstract: Coffee leaf rust, caused by Hemileia vastatrix, is the most impor-
tant disease affecting Coffea arabica. The use of molecular markers through
marker-assisted selection (MAS) is an effective approach to develop cultivars
with multiple and durable resistance, which is economically and environmen-
tally beneficial for this disease control. In this work, a new molecular marker
based on allele-specific polymerase chain reaction (AS-PCR) associated with
the quantitative trait locus (QTL) of the linkage group 5 (LG5), which confers
resistance to races I, Il and pathotype 001 of H. vastatrix, was developed. The
CaRHv10-AS marker was validated in a segregating genetic mapping popula-
tion of 247 F, genotypes and demonstrated selection efficiency greater than
97% for genotypes with resistance to three races. Thus, this work provides a
fast, robust, and affordable molecular marker for use in MAS, facilitating the
development of coffee plants with multiple resistance and ensuring sustainable
coffee production.
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INTRODUCTION

Coffee production faces significant challenges due to high yield losses caused
by pests and diseases (Zambolim and Caixeta 2021). Coffee leaf rust (CLR),
caused by the biotrophic fungus Hemileia vastatrix, is globally recognized as the
most devastating coffee disease (Talhinhas et al. 2017, Koutouleas et al. 2023).
CLR reduces plantation productivity and affects grain quality, leading to annual
global production losses exceeding USS$1 billion (Kahn 2019). This situation is
expected to worsen due to climate change (Van der Vossen et al. 2015).

The primary control strategy employed by coffee farmers is the application
of fungicides (Zambolim 2016). However, this approach increases production
costs, and has adverse effects on the environment and human health (Koutouleas
et al. 2023). Breeding for long-lasting resistance is considered the best long-
term solution for CLR management, from both economic and sustainability
perspective (Van der Vossen et al. 2015).

Resistance to CLR is conferred by at least 11 characterized genes, 5,152,
S$.3,54,5,5,5,6,5,7,5,8,5,9,5,10,and S 11 (Bettencourt et al. 1988, Barka et
al. 2020, Almeida et al. 2021b). The S,1,5,2,S,4, and S 5 genes were identified
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in Coffea arabica, but have been overcome by fungal races present in Brazil. Combinations of the S 6-S 11 genes, in
addition to others that have not yet been characterized, are presented in naturals hybrids such as ‘Hibrido de Timor’
(HdT) (Setotaw et al. 2020). HAT is derived from natural crosses between C. arabica and C. canephora and has been
utilized to introgress resistance genes in coffee plants to develop rust-resistant arabica cultivars.

Molecular markers have significantly improved the efficiency and accuracy of plant breeding through marker-assisted
selection (MAS) (Hasan et al. 2021). Marker-assisted selection (MAS) allows the selection of resistant genotypes and the
development of cultivars with multiple sources of resistance, through the integration of several alleles into a single host,
a process known as gene pyramiding (Almeida et al. 2021a, Koutouleas et al. 2023). This strategy can be employed to
accumulate resistance alleles against different races of H. vastatrix and other diseases that affect coffee, thus enabling
a broad-spectrum and durable resistance (Saavedra et al. 2023).

Several methods are available for obtaining molecular markers (Yang et al. 2015, Choudhury et al. 2022). Cleaved
amplified polymorphic sequence (CAPS) markers are based on variations in restriction enzyme digestion patterns of
polymerase chain reaction (PCR) amplicons resulting from a nucleotide change in the DNA sequence of the samples
(Matuszczak et al. 2020). However, the requirement for restriction endonucleases increases the cost and time of analysis,
potentially limiting their large-scale applicability required by plant breeding programs (Thiel 2004). Allele-specific
polymerase chain reaction (AS-PCR) is a variation of PCR that allows for the selective amplification of a specific allele of
a target (Ugozzoli and Wallace 1991). AS-PCR is a sensitive, rapid, and relatively simple technique (Ariyoshi et al. 2022).

In this work, a new marker based on the AS-PCR methodology was developed from a sequence characterized amplified
region (SCAR) converted into CAPS-type marker, previously identified as associated with the resistance Quantitative Trait
Locus (QTL) of C. arabica against races |, Il, and the 001 pathotype of H. vastatrix by Almeida et al. (2021a). The new
marker, named CaRHv10-AS, was validated in a population of 247 F, genotypes from a segregating genetic mapping
population.

MATERIAL AND METHODS

Plant material and DNA extraction

The HdT accession, rust-resistant, was used as the male parent in a controlled cross with the rust-susceptible
cultivar Catuai Amarelo IAC 64 (UFV 2148-57). A plant from the F_ generation, H511-1, was self-pollinated to obtain the
segregating F, generation. DNA extraction followed the protocol described by Diniz et al. (2005). For this, young, soft,
fully expanded leaves were collected, cleaned, and immediately stored at 80 °C. The material was then freeze-dried and
macerated. The extracted DNA was qualitatively evaluated on a 0.8% agarose gel and quantitatively measured using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA). The samples were standardized to a concentration
of 25 ng uL* and stored at -20 °C.

Molecular marker development

The molecular marker based on AS-PCR was developed from a monomorphic SCAR marker (CaRHv10), previously
converted into CAPS marker, and identified as associated with the resistance locus/QTL of C. arabica against races |, II,
and the 001 pathotype of H. vastatrix. For this, DNA from the resistant (UFV 443-03) and susceptible (UFV 2148-57)
coffee parents was amplified using the primer CaRHv10. The resulting fragments were sequenced, compared, and
analyzed for the presence of restriction sites and single nucleotide polymorphisms (SNPs) (Almeida et al. 2021a). The
CaRHv10-AS primer pair was designed using Primer-Blast software (Ye et al. 2012).

The following parameters were considered in the primer design: CG content (36% to 66%), primer size (18 to 22
bp), amplicon size (200 to 600 bp), and annealing temperature (55 °C to 65 °C) (Bui and Liu 2009) (Table 1). Secondary
intramolecular structures (such as hairpins and self-dimers) and intermolecular structures (cross-dimers) were identified
using the OligoAnalyzer Tool (Owczarzy et al. 2008). The regions amplified by the CaRHv10-AS marker were designed to
correspond to the fragments amplified by the monomorphic marker CaRHv10 (Figure 1A), which is genetically linked to
CLR resistance locus/QTL. The reverse primer was designed to match the DNA sequence of the HdT, and to mismatch
in three positions, including the third nucleotide of the 3’ end, as indicated by Wangkumhang et al. (2007), with the
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Table 1. Pair of the molecular marker CaRHv10-AS

Primer Sequence Tm (°C) GC (%) Size (bp) Amplicon (bp)
CaRHv10-AS forward 5’GAGAATGTTCACGCCCGGTT3’ 58.0 55 20 282
CaRHv10-AS reverse 5’ CTTCACAGTTGTCACGCTCG3’ 56.3 55 20

DNA region of UFV 2148-57. The forward primer was designed to match the DNA sequence of the HdT region and to
mismatch in seventh and thirteenth positions with the UFV 2148-57 (Figure 1B).

For PCR, a reaction mixture of 20 uL was prepared, containing 50 ng of DNA, 0.1 uM of each primer, 0.15 mM of each
dNTP (Promega, USA), 1.5 mM of MgCl,, 1.0 U of Tag DNA polymerase (Invitrogen, USA), and 1x PCR reaction buffer. The
amplification protocol included an initial denaturation step at 94 °C for 5 min, followed by 30 cycles of denaturation at
94 °C for 30 s, annealing at 63 °C for 30 s, and extension at 72 °C for 30 s. A final extension step at 72 °C for 8 min was
performed. The PCR products were visualized on a 1.5% agarose gel.

Linkage map

The initial validation of the CaRHv10-AS marker was conducted by assessing its position on the linkage map previously
developed based on data of 247 individuals from the F, population obtained by Pestana et al. (2015). Marker data were
encoded, combined with the data from Pestana et al. (2015) and Almeida et al. (2021a), and analyzed using GENES software.
Linkage groups (LG) were formed and ordered using a minimum LOD score of 3.0 and a maximum recombination value of
30%. The estimated recombination frequencies were converted to genetic distances (centiMorgans; cM). The line graphs
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Figure 1. A. Schematic representation of region amplified by the monomorphic marker CaRHv10 (red). B. representation of the agarose
gel, with amplification in the resistant and susceptible genotype. C. forward and reverse primers of the CaRHv10-AS polymorphic
marker (blue) designed to correspond to the fragments amplified by the monomorphic marker CaRHv10. This fragment corresponds to
the region of the HAT (rust resistant) with incompatibilities with the UFV 2148-57 (rust susceptible), with the nucleotides highlighted
in red. D. agarose gel showing the expected amplification results for both the resistant and susceptible genotypes.
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of linkage groups were constructed using MapChart software (Voorrips 2002). Mendelian segregation (3:1) for each
marker was evaluated using a chi-square test (x?) (p = 0.05, linkage group (LG) using Bonferroni correction. Markers with
segregation distortion were included in the map if they did not change the linkage order of markers without distortion.

Data from the resistance and susceptibility assessment of F, genotypes, races |, Il and pathotype 001 obtained by
Pestana et al. (2015), were used for QTL mapping. The statistical analyses were conducted following the procedures
described by Lander and Botstein (1989), by the GENES software (Cruz 2016). The simple interval method was employed
for regression analysis. The coefficient of determination (R?) corresponded to the peak of large QTL significance at an
LOD score of >3.0.

Evaluation of genotypic selection efficiency

The efficiency of genotypic selection was evaluated by comparing the presence and absence of the CaRHv10-AS
marker with coffee resistance or susceptibility data to three different isolates, race I, Il and pathotype 001 as obtained
by Pestana et al. (2015). The selection efficiency (SE) between phenotyping and molecular evaluations was calculated
for race |, Il, and pathotype 001 of H. vastatrix. SE was calculated using the following formula, as proposed by Alzate-
Marin et al. (2005) and modified by Almeida et al. (2021a):

SE = - {[(3 resistant plants without the amplified fragment) + (5 susceptible plants with the amplified fragment)/
n? total plant] x 100} + 100.

The total selection efficiency (SET) was calculated considering the sum of false negatives (plants with a resistant
phenotype but without amplification by CaRHv10-AS) and false positives (plants with a susceptible phenotype but
without amplification by CaRHv10-AS), selection efficiency excluding false negatives (SEFN), and selection efficiency
excluding false positives (SEFP).

RESULTS AND DISCUSSION

The CaRHv10-AS primer was effective for amplification of only the genitor HdT resistant parent to CLR and F,
H-511-1 heterozygous rust-resistant to CLR DNA samples. An amplification fragment of 282 bp was observed (Figure 2).
Conversely, no PCR amplification product was detected in DNA samples from the susceptible parent UFV 2148-57 (Figure
2). Furthermore, Pestana et al. (2015) and Almeida et al. (2021a) identified markers associated with the locus/QTL of
resistance to race |, Il, and pathotype 001 of H. vastatrix belonging to the HdT UFV 443-03. A SCAR marker (CaRHv10)
was developed to monitor these identified locus/QTL. However, the CaRHv10 marker showed no polymorphism between
the resistant and susceptible parents when the fragments were analyzed on an agarose gel. They were also tested on
a polyacrylamide gel, which offers higher resolution, but they remained monomorphic. Thus, the CaRHv10 marker was
converted to a CAPS marker (CaRHv10-CAPS).

The AS-PCR technique was employed by Ariyoshi et al. (2022) to develop a marker associated with coffee resistance
to bacterial halo blight (BHB), a bacterial disease caused by Pseudomonas syringae pv. garcae. In their work, the reverse
primer was designed for a complementary genomic region common between resistant and susceptible genotypes, without
any mismatches. In contrast, in this work, both the forward and reverse primers were designed for a complementary
genomic region common between resistant and susceptible genotypes, with mismatches to enhance specificity (Figure
1). The figure illustrates that when the primer is not designed in the mismatch region, as with CaRHv10, it is not possible
to identify resistant and susceptible genotypes in agarose gel analysis.

The new marker CaRHv10-AS was integrated in the genetic map at 0.8 cM from the CaRHv10-CAPS marker and was
associated with the same locus/QTLs that conferred coffee plants resistance to the three H. vastatrix races, as reported in
previous work by Pestana et al. (2015) and Almeida et al. (2021a) (Figure 3A). The CaRHv10-AS marker flanks the locus/
QTL of the LG5 along with the CaRHv9 marker, which was previously developed by Almeida et al. (2021a). In MAS, a
combination of two or more markers flanking the loci of interest can facilitate the monitoring of possible recombination
events and enhance selection accuracy in populations segregating for resistance (Alkimim et al. 2017).

In a previous work by Pestana et al. (2015), an F, population was inoculated with race |, Il and pathotype 001 of H.
vastatrix. For all the three isolates of H. vastatrix, the expected phenotypic segregation ratios were confirmed using y 2
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test (p > 0.05): 15:1 (indicating two dominant independent loci) and 61:3 (indicating two dominant loci and one recessive
independent locus) for the F, populations. This work established that none of the locus/QTL identified in the linkage
map were recessive, showing that no recessive gene contributes to the resistance of HdT UFV 443-03. This result rejects
the hypothesis suggesting that the inheritance resistance involves the three loci (two dominant and one recessive). By
the combination of phenotypic and genotypic data, it was concluded that at least two dominant and independent loci
control the resistance of HAT UFV 443-03, as confirmed by Almeida et al. (2021a), Gonzales et al. (2023) and Saavedra

et al. (2023) in MAS.

Furthermore, in this work, CaRHv10-AS demonstrated high efficiency in selecting resistant plants, with a
selection efficiency excluding false positives (SEFP) greater than 97% across all three isolates of H. vastatrix (Table
2). Specifically, 97% of genotypes that showed the allele amplified by CaRHv10-AS were resistant when inoculated
with urediniospores of races |, I, and pathotype 001. The most common and widespread H. vastatrix race globally is
race Il (Talhinhas et al. 2017, Zambolim and Caixeta 2021). According to our data, the SEFP of CaRHv10-AS for race
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Figure 2. Molecular characterization of the F, population using the CaRHv10-AS marker, the 282 bp fragments are specific for the
CaRHv10-AS marker. M: 100 bp ladder; HdT: Hibrido de Timor UFV 443-03 rust-resistant genitor; Ct: Catuai Amarelo IAC 64 (UFV
2148-57) rust-susceptible genitor; F.: Plant from the F, generation (H511-1), obtained from controlled cross of HdT and UFV 2148-57.
Numbers from 1 to 247 correspond to F, genotypes obtained from a segregating genetic mapping population.
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II'is 99.17%, highlighting the importance of using this marker for selection and traceability of resistant coffee plants.
CaRHv10-AS showed SEFP of 97.49% for race | and pathotype 001 (Table 2). Race | was first described in C. canephora
in Brazil (Capucho et al. 2013) and has now spread in C. arabica fields. Pathotype 001 is known for overcoming the
resistance of major cultivars planted worldwide, including those from the Catimor and Sachimor groups, initially
released as rust-resistant cultivars. It also overcomes the resistance of another important coffee group, Icatu Vermelho
(C. arabica x C. canephora) (Capucho et al. 2009). Therefore, employing molecular markers associated with multiple
pathogen races is crucial to preventing resistance breakdown. Due to the high variability of the pathogen, new races
capable of overcoming resistance have emerged (Talhinhas et al. 2017). Recently, the presence of this pathogen has
been detected in coffee-growing regions previously free of the disease, such as China, Hawaii, and Saudi Arabia (Li
et al. 2021, Ramirez-Camejo et al. 2022, Alhudaib and Ismail 2024). Thus, obtaining cultivars with durable resistance
remains a challenge for coffee breeders.

Significant advances in genomic tools include the genome
sequencing of C. arabica (NCBI-https://www.ncbi.nlm.nih.  Table 2. Selection efficiency (SE) between phenotyping and mo-
gov/) and C. canephora (COFFEE GENOME HUB-http:// lecularevaluations of CaRHv10-AS to race |, race Il and pathotype
coffee-genome.org/), which support modern breeding 001 of H. vastatrix

techniques such as genome-wide association studies SET*(%) SEFN® (%) SEFP (%)
(GWAS) and genomic selection (GS) for identifying SNP  Racel 70.00 72.51 97.49
markers associated with biotic stress (Nonato et al. 2021).  Racell 70.30 71.13 99.17
However, the use of SNP markers in MAS has limitations due ~ _Pathotype 001 70.00 72.51 97.49

2 Selection efficiency (SET); ® Selection efficiency excluding false negatives (SEFN);
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Figure 3. A. Linkage map. LG5 = Linkage Group 5 of the C. arabica genetic map, containing the markers CaRHv10-CAPS, and its de-
rived marker CaRHv10-AS (red). The names of the molecular markers are indicated to the right of the bar, and the distances in ctM
are shown to the left of the bar. B. CaRHv10-AS and inoculation of three races analyses used in each population are indicated. HdT
= resistant parent, Hibrido de Timor UFV 443-03 and presence of band corresponding to the CaRHv10-AS; Ct = susceptible parent,
Catuai Amarelo IAC 64 (UFV 2148-57) and absence of band corresponding to the CaRHv10-AS; resistant F, = first generation of self-
pollination and presence of band corresponding to the CaRHv10-AS; susceptible individual 01 from the F, population and absence
of band corresponding to the CaRHv10-AS; resistant individual 03 from the F, population and presence of band corresponding to
the CaRHv10-AS.
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methodologies. Therefore, the availability of PCR molecular markers, easy to use and accessible, is critical for the rapid
advancement of coffee breeding programs.

Molecular markers can reliably distinguish between resistance genes with diverse specificities and effectively
control their transfer during crossing and selection. This substantially enhances the efficiency of introgression in
breeding programs targeting the most significant diseases of coffee. Previous works have established the great
importance of utilizing markers associated with different loci associated with coffee resistance to other races of
H. vastatrix, and to other diseases (Alkimim et al. 2017, Almeida et al. 2021a, Almeida et al. 2021b, Saavedra et al.
2023, Silva et al. 2023). This newly developed marker offers several advantages, including cost and time savings,
as it eliminates the need for restriction enzymes and polyacrylamide gel, previously required by the CaRHv10-
CAPS marker. Additionally, the polyacrylamide gel is time consuming and laborious, which makes it difficult to use
this marker in genetic breeding programs. Moreover, this marker offers a user-friendly solution for MAS enabling
the pyramiding of multiple resistance loci with diverse spectra of resistance against single or multiple pathogens
within the same genetic background.

CONCLUSION

The molecular marker developed and validated in this work proved effective for selecting CLR-resistant genotypes.
Incorporating this new marker, along with previously published ones, within coffee breeding programs will enhance
selection accuracy and streamline the breeding process. The insights gained and the methodology established in this
study are invaluable for effective breeding, introducing a novel approach for generating molecular markers targeting
specific SNPs through the AS-PCR technique with adjustments. This approach facilitates the development and traceability
of cultivars with multiple resistance and can be used in gene pyramiding with others resistance genes, contributing to
sustainable coffee production and providing socioeconomic benefits to the global coffee market.
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