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Abstract Selecting superior genotypes is facilitated by
marker-assisted selection (MAS), which is particularly
suitable for transferring disease resistance alleles
because it nullifies environmental effects and allows se-
lection of resistant individuals in the absence of the path-
ogen or race, enabling preventive breeding. Molecular
markers linked to two major genes (SH3 and SH?),

conferring resistance to coffee rust, and those linked to
the Ck-1 gene, conferring resistance to coffee berry dis-
ease (CBD), have previously been identified. These
markers were validated and used in a progeny of crosses
between Indian selections with Coffea arabica cultivars.
Eleven resistant individuals homozygous for SH3 were
identified by MAS. Of these, seven carry SH? from
Híbrido de Timor and the gene introduced from Coffea
liberica (SH3). SH? was characterized as derived from
Coffea canephora. Thus, it was possible to identify
C. arabica genotypes carrying important genes for rust
resistance introgressed from other coffee species. MAS
also allowed identification of sources of CBD resistance
for use in preventive breeding for resistance to this serious
disease. Using two validated molecular markers, two
coffee plants carrying Ck-1 were identified: the UFV
328-60 genotype (F2) was resistant and homozygous
based on both molecular markers but exhibited no
markers related to SH3 and SH?, and the UFV 317-
12 genotype (F1) was resistant and homozygous but
resistant and heterozygous based on CBD-Sat207 and
CBD-Sat235, respectively. Along with possessing Ck-
1, the latter carries SH?. Overall, plants carrying dif-
ferent genes for resistance to rust and CBD were
identified. These plants are important sources for gene
pyramiding in breeding programs aimed at multiple
and durable resistance.
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Introduction

Coffee is one of the most popular beverages worldwide.
Coffee berries are the most traded tropical agricultural
commodity and are crucial to the economy of many
countries (Cenci et al. 2012), yet coffee production is
limited by a number of diseases, including coffee rust
caused by the fungus Hemileia vastatrix Berk. and Br.
(Agwanda et al. 1997). This fungus is themajor constraint
for cultivation of Coffea arabica, the most marketed
coffee species worldwide.

Resistance to coffee rust is conferred by at least nine
dominant genes (SH1 to SH9), either singly or in
combination. However, the resistance genes identified
in C. arabica (SH1, SH2, SH4, and SH5) have been
overcome by existing rust races around the world,
which is likely due to the high genetic variability of
the fungus (Cabral et al. 2009; Fernandez et al.
2012; Maia et al. 2013).

Genes SH5 to SH9 have been identified in Híbrido de
Timor, a coffee plant resulting from the natural cross
between C. arabica × Coffea canephora (Bettencourt
and Rodrigues 1988). Gene SH5 comes from C. arabica
and genes SH6 to SH9 from C. canephora. In contrast,
the SH3 gene was identified in Indian selections,
which are derived from natural crosses between
C. arabica × Coffea liberica, backcrossed or not
with the Arabic cultivars Kent or Coorg (Bettencourt
and Rodrigues 1988; Prakash et al. 2004; Ram 2006;
Prakash et al. 2011).

Híbrido de Timor and Indian selections, which are
tetraploid materials, are used to facilitate introgression
of genes of interest from species with ploidy levels
(C. canephora and C. liberica) that differ from that
of C. arabica. Indeed, genes from C. canephora
(SH6 and SH9) and C. liberica (SH3) have provided
durable resistance in coffee plants evaluated in the field
(Bettencourt and Rodrigues 1988; de Brito et al. 2010;
Diola et al. 2011).

In an attempt to assist introgression of genes from
other species into C. arabica, Prakash et al. (2004)
identified 21 amplified fragment length polymorphism
(AFLP) markers linked to the SH3 gene derived from
introgression of C. liberica into C. arabica, and Mahé
et al. 2008 converted four AFLP markers identified by
Prakash et al. (2004) into sequence-characterized ampli-
fied region (SCAR) markers. These authors developed
another three SCAR markers using a bacterial artificial
chromosome (BAC) genomic library and three simple

sequence repeat (SSR) markers co-segregating with the
SH3 resistance gene.

de Brito et al. (2010) characterized one of the resis-
tance genes found in Híbrido de Timor using accession
UFV 427-15, which presents dominant monogenic re-
sistance, and named the gene SH?. According to the
authors, this gene corresponds to one of the SH genes
(SH7, SH8, or SH9) previously identified in genotypes
derived from Híbrido de Timor or another unknown
gene. Later, de Brito et al. (2010) and Diola et al.
(2011) identified molecular markers linked to the SH?
gene; Diola et al. (2011) also developed a high-density
genetic map with six SCAR markers, delimiting a chro-
mosomal region of 9.45 cM and flanking the SH? gene
within 0.7 and 0.9 cM.

Another disease of great importance in coffee, coffee
berry disease (CBD), is thus far restricted to the African
continent, where it is considered one of the most
devastating diseases, particularly at high elevations
(Figueiredo et al. 2013). Nonetheless, this disease
represents a great threat to coffee plantations in
America and Asia, locations where the pathogen
has not yet been detected. Such a threat justifies
preventive studies and breeding in the search for
resistant cultivars, efforts that can be achieved using
molecular markers.

Based on heritage studies, Van Der Vossen and
Walyaro 1980 proposed the existence of a locus
(denominated T) in Híbrido de Timor conferring resis-
tance to CBD. According to Agwanda et al. (1997) and
Silva et al. (2006), resistance to CBD is controlled by at
least three loci (T, R, and K) present in Híbrido de Timor
and Catimor (gene T), Rume Sudan (genes R and K),
and K7 (gene K). In a study carried out by Gichuru et al.
(2008), the locus identified as being responsible for
resistance to Colletotrichum kahawae was termed Ck-
1. Although these authors suggest that this locus is
similar to the T locus described by Van Der Vossen
and Walyaro (1980), they do not discard the possibility
of the existence of another locus conferring resistance.

Using the cultivars Catimor 88 and Catimor 127 as a
source of resistance, Gichuru et al. (2008) identified
eight AFLP and two SSR markers linked to the gene
for resistance to CBD. The gene termed Ck-1 was found
to be located in a segment of 11 cM.

Within this context, the availability of markers
linked to genes of interest allows for identifying
sources of resistance, even when the pathogen is absent.
According to Ortega and Lopez-Vizcon (2012), when
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used at the appropriate stage of the breeding process,
molecular markers closely related to resistance genes
enable early selection of resistant individuals.

Moreover, compared to artificial inoculations, mo-
lecular markers are more rapid, inexpensive, and reliable
for screening individuals with resistance genes. Thus,
marker-assisted selection (MAS) is a powerful tool for
increasing the efficiency of breeding programs, reduc-
ing the time required for selection, and allowing the
search for durable, broad-spectrum resistance via the
pyramiding of genes of interest (Gartner et al. 2013;
Romero et al. 2014).

The goal of this study was to identify coffee plants
carrying the genes SH3 and SH?, which confer resistance
to coffee rust. This study also constituted the beginning
of a preventive breeding program in the search for
resistance to CBD, i.e., the Ck-1 gene, for gene
pyramiding and achieving multiple resistance. The
MAS technique was used in a population derived from
a cross between Indian selections and C. arabica culti-
vars of agronomic importance.

Material and methods

Genetic material

One hundred and sixty coffee plants obtained from
crosses between dwarf (Caturra and Catuaí) and tall
(Mundo Novo and others) cultivars of agronomic inter-
est with coffee plants from India selected for carrying
the SH3 gene were analyzed. The progeny used as
sources of the SH3 gene included Indian selections
S.288, S.333, S.353, S.795, and BA16. Indian selections
S.288, S.333, and S.353 and the BA series are derived
from the tetraploid coffee plants S.26 and S.31
(C. arabica × C. liberica) backcrossed or not with
Kent or Coorg and carry the genes SH2, SH3, and SH5.
Online Resource 1 shows the genealogy of the study
population.

The genetic material was introduced by the Plant
Pathology Department of the Universidade Federal de
Viçosa (UFV) to provide sources of resistance to rust for
coffee breeding programs. The material was obtained
from the Research Center for Coffee Rust, CIFC, in
Oeiras, Portugal. After it was sent to Brazil, the genetic
material was evaluated using a mixture of pathogen
races collected in the states of Minas Gerais and
Espírito Santo. Resistant coffee plants were planted at

the adaptation and selection field in the experimental
area of Fundão, UFV.

Validation of markers linked to the SH3 gene conferring
resistance to coffee rust

Three genotypes carrying the SH3 gene (CIFC H147,
CIFC H153/2, and S.288) and two susceptible geno-
types (Caturra Vermelho (CIFC 19/1), and Catuaí
Vermelho IAC 64 (UFV 2148/57)) were used for
the validation of molecular markers. CIFC H147
and CIFC H153/2 correspond to hybrids resulting
from crosses between the Indian selection S.353 with
S4 Agaro and the Indian selection S.288 with Geisha,
respectively. These coffee plants are differential clones
of H. vastatrix races and possess the SH3 gene, which
allows for identification of pathogen races carrying the
virulence gene v3.

Young, fully expanded leaves of these five coffee
plants were collected, and DNA was extracted using
the methodology described by Diniz et al. (2005). The
DNA from these plants was amplified using four SCAR
markers (SP-M8-SH3, SP-M16-SH3, BA-48-21O-f, and
BA-124-12K-f) and an SSR marker (Sat244), which
correspond to five of the ten markers identified by
Mahé et al. (2008) as being linked to the SH3 gene.
Markers mapped in coupling and near the gene were
selected for this study.

PCR amplification was carried out in a final volume of
25 μL containing 50 ng genomic DNA, 1× Taq DNA
polymerase buffer, 2.0 mM MgCl2, 0.1 mM dNTPs,
0.4 μM each primer, and 0.5 units Taq DNA polymerase.
Reactions were carried out using PTC-200 (MJResearch)
and Veriti (Applied Biosystems) thermocyclers, with the
following conditions: initial denaturation for 5 min at
95 °C, 35 cycles of 45 s at 94 °C, annealing for 45 s at
temperatures specific for each primer, extension for 45 s
at 72 °C, and a final extension for 10 min at 72 °C.

Validation of SCAR markers linked to the SH? gene
from Híbrido de Timor conferring resistance to coffee
rust

At this validation step, DNA was used from accessions
Híbrido de Timor UFV 427-15 and UFV 443-03 and the
genotype UFVH421-4, carrying the resistance gene SH?.
The genotypes Catuaí Amarelo IAC 30 (UFV 2143-236)
and Catuaí Vermelho IAC 64 (UFV 2148-57) were used
as susceptible controls. In the study carried out by Diola
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et al. (2011), the authors used UFV 427-15 and UFV
2143-236 as parents and UFV H421-4 as the F1 plant to
identify molecular markers linked to the SH? gene.

Amplification was carried out using six SCAR
markers (CaRHvII 1, CaRHvII 2, CaRHvII 3,
CaRHvII 4, CaRHvII 5, and CaRHvII 6) previously
identified by Diola et al. (2011). Reactions were carried
out using PTC-200 (MJ Research) and Veriti (Applied
Biosystems) thermocyclers with 100 ng genomic DNA,
1× Taq DNA polymerase buffer, 1.5 mM MgCl2,
0.2 mM dNTPs, 0.25 μM each primer, 0.5 unit Taq
DNA polymerase, and ultrapure water to complete the
final volume of 20 μL. Amplification consisted of an
initial denaturation step at 95 °C for 5 min, 35 cycles at
94 °C for 30 s, annealing at temperatures specific for
each primer for 30 s, extension at 72 °C for 60 s, and a
final extension at 72 °C for 10 min.

Validation of SSR markers linked to the Ck-1 gene
conferring resistance to coffee berry

Gichuru et al. (2008) identified and mapped two SSR
markers linked to the gene for resistance to CBD. To
validate these molecular markers linked to the Ck-1
gene, accessions of Híbrido de Timor UFV 377-15 and
UFV 440-10 and the cultivar MGS Catiguá 3 carrying
the resistance gene were used as controls. Two control
genotypes not carrying the resistance gene, Caturra
Vermelho (CIFC 19/1) and Catuaí Vermelho IAC 64
(UFV 2148-57), were also included. Cultivar MGS
Catiguá 3 is derived from the artificial cross between
Catuaí Amarelo IAC 86 and Híbrido de Timor UFV
440-10.

PCR amplification was carried out in a total volume of
25 μL containing 50 ng genomic DNA, 1× Taq DNA
polymerase buffer, 2.0 mm MgCl2, 0.1 mM dNTPs,
0.4 μM each primer, and 0.5 unit Taq DNA polymerase.
Reactions were carried out using PTC-200 (MJResearch)
and Veriti (Applied Biosystems) thermocyclers. The PCR
program consisted of an initial denaturation step at 95 °C
for 5 min, followed by 35 cycles at 95 °C for 45 s,
annealing for 45 s at temperatures specific for each prim-
er, extension at 72 °C for 45 s, and a final extension at
95 °C for 10 min.

Selection using molecular markers

For molecular analysis of the 160 coffee plants intro-
duced by the Plant Pathology Department of UFV, DNA

was extracted according to the methodology proposed
by Diniz et al. (2005).

The DNA from these coffee plants was amplified
with markers validated in the study. Polymorphisms
were detected on 6% denaturing polyacrylamide gels
stained with silver nitrate, according to the protocol
described by de Brito et al. (2010).

The banding pattern of the 160 coffee plants was
analyzed by comparing with that of the genotypes used
as susceptible and resistant controls, as previously
described. Gels were analyzed based on the presence
or absence of the resistance marker. Moreover, it
was possible to analyze whether the genotypes were
homozygous or heterozygous for the gene evaluated
based on molecular markers that showed codominant
markers.

Results

Assisted selection for the SH3 gene conferring resistance
to coffee rust

After adjusting the amplification conditions to validate
the five molecular markers identified by Mahé et al.
(2008), four showed strong bands and the expected band
pattern. Online Resource 2 describes the validated
molecular markers.

The four validated molecular markers were used for
molecular analysis of the 160 coffee plants of the study
population, the results of which are shown in Table 1.
Considering the four molecular markers, 107 (66.87%)
individuals with the SH3 gene were identified (Table 2).
When compared with the other molecular markers, BA-
48-21OR showed different results only for genotype
UFV 316-13, which was found to be susceptible based
on this molecular marker but resistant based on other
markers (Fig. 1).

Table 1 Number of
plants carrying (+) and
not carrying (−) the
marker linked to the gene
SH3

Marker Plants

(+) (−)

SP-M16-SH3 108 52

BA-124-12K-f 108 52

Sat244 108 52

BA-48-21OR 107 53
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Of the validated molecular markers, three (SP-M16-
SH3, Sat244, and BA-48-21OR) presented codominant
banding patterns, and one marker (BA-124-12K) present-
ed a dominant banding pattern (Online Resource 3). Thus,
in addition to analysis of the presence or absence of a
resistance gene, individuals homozygous and heterozy-
gous for the SH3 gene were selected by analysis of the
molecular markers showing codominance (BA-48-21OR,
Sat244, and SP-M16-SH3).

Coffee UFV 316-13 (F1) presented no result when
analyzing BA-48-21OR, whereas it was heterozygous
and resistant according to markers SP-M16-SH3 and
Sat244. Coffee plants UFV 327-89 (F2), UFV 334-07
(F2), and UFV 335-70 (F2) were resistant and heterozy-
gous based on BA-48-21OR and resistant and homozy-
gous based on another two codominant molecular
markers. According to markers M16-SH3 and BA-48-
21OR, coffee UFV 334-63 (F2) was resistant and

Table 2 Resistant genotypes of
coffee plants based on markers
SP-M16-SH3, Sat244, BA-48-
21OR, and BA-124-12K-f

UFV 311-30 (F2) UFV 317-69 (F1) UFV 335-08 (F2) UFV 399-23 (F1)

UFV 311-48 (F2) UFV 327-04 (F2) UFV 335-12 (F2) UFV 339-25 (F1)

UFV 311-49 (F2) UFV 327-13 (F2) UFV 335-13 (F2) UFV 399-31 (F1)

UFV 311-56 (F2) UFV 327-16 (F2) UFV 335-70 (F2) UFV 399-45 (F2)

UFV 311-63 (F2) UFV 327-89 (F2) UFV 335-77 (F2) UFV 339-100 (F1)

UFV 312-96 (F2) UFV 328-43 (F2) UFV 335-104 (F2) UFV 402-01 (F2)

UFV 313-96 (F2) UFV 328-62 (F2) UFV 335-121 (F2) UFV 402-02 (F2)

UFV 313-107 (F2) UFV 329-01 (F2) UFV 335-130 (F2) UFV 402-21 (F2)

UFV 313-133 (F2) UFV 329-63 (F2) UFV 336-01 (F1) UFV 402-36 (F2)

UFV 314-44 (F2) UFV 329-72 (F2) UFV 336-02 (F1) UFV 402-38 (F2)

UFV 315-02 (F2) UFV 329-78 (F2) UFV 336-04 (F1) UFV 402-49 (F2)

UFV 315-50 (F2) UFV 329-102 (F2) UFV 336-05 (F1) UFV 409-03 (F2)

UFV 315-76 (F2) UFV 334-03 (F2) UFV 336-08 (F1) UFV 409-04 (F2)

UFV 316-12 (F1) UFV 334-07 (F2) UFV 336-10 (F1) UFV 409-05 (F2)

UFV 316-15 (F1) UFV 334-08 (F2) UFV 336-34 (F1) UFV 409-06 (F2)

UFV 316-21 (F1) UFV 334-09 (F2) UFV 336-39 (F1) UFV 409-08 (F2)

UFV 316-32 (F1) UFV 334-63 (F2) UFV 337-01 (F1) UFV 409-12 (F2)

UFV 316-33 (F1) UFV 334-64 (F2) UFV 337-16 (F1) UFV 409-30 (F2)

UFV 316-35 (F1) UFV 334-65 (F2) UFV 337-18 (F1) UFV 409-34 (F2)

UFV 316-43 (F1) UFV 334-66 (F2) UFV 337-19 (F1) UFV 409-36 (F2)

UFV 316-59 (F1) UFV 334-67 (F2) UFV 337-20 (F1) UFV 409-42 (F2)

UFV 316-69 (F1) UFV 334-93 (F2) UFV 337-29 (F1) UFV 409-48 (F2)

UFV 316-70 (F1) UFV 334-139 (F2) UFV 337-30 (F1) UFV 480-06 (F2)

UFV 317-01 (F1) UFV 335-03 (F2) UFV 339-01 (F1) UFV 480-11 (F2)

UFV 317-02 (F1) UFV 335-04 (F2) UFV 339-02 (F1) UFV 480-14 (F2)

UFV 317-19 (F1) UFV 335-06 (F2) UFV 339-07 (F1) UFV 480-15 (F2)

UFV 317-59 (F1) UFV 335-07 (F2) UFV 339-10 (F1) –

1               2              3       4              5               6

Fig. 1 Amplification of three control genotypes with the SH3
gene, CIFC H147 (1), S.288 (2), and CIFC H153/2 (3); two
susceptible genotypes, Caturra Vermelho CIFC 19/1 (4) and
Catuaí Vermelho IAC 64 (UFV 2148-57) (5); and studied coffee

UFV 316-13 (6) with the marker BA-48-21OR linked to the SH3
gene. The red arrow corresponds to the marker linked to the
resistance allele
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homozygous, but it was resistant and heterozygous ac-
cording to Sat244. BA-48-21OR and Sat244 indicated
resistance and heterozygosity for coffee plant UFV 334-
139 (F2), whereas M16-SH3 indicated resistance and
homozygosity. Therefore, one recombinant with the
molecular marker M16-SH3, four recombinants with
BA-48-21OR, and one recombinant with Sat244 were
obtained.

For greater efficiency regarding gene introgression in
breeding programs, we selected a total of 11 resistant
genotypes homozygous for the four molecular markers,
as follows: UFV 311-48 (F2), UFV 311-49 (F2), UFV
311-56 (F2), UFV 313-133 (F2), UFV 329-72 (F2), UFV
329-78 (F2), UFV 334-65 (F2), UFV 335-12 (F2), UFV
335-77 (F2), UFV 399-45 (F2), and UFV 409-08 (F2).

Assisted selection for the SH? gene of Híbrido de Timor
conferring resistance to coffee rust

Of the six SCAR molecular markers linked to the SH?
gene present in Híbrido de Timor, which were obtained
in the study carried out by Diola et al. (2011), three were
validated. Online Resource 4 provides a description of
these markers.

Molecular analysis of the 160 coffee plants was car-
ried out based on the banding patterns presented by the
control genotypes, with or without the resistance gene. In
this case, it was only possible to observe the presence or
absence of a marker linked to the resistance gene because
the three validated molecular markers presented domi-
nant banding patterns (Online Resource 5).

Table 3 and Online Resource 6 show the results of
analysis of the SCAR markers linked to the SH? gene.
Through analysis of the three molecular markers, 129
(80.63%) of the individuals were considered to be resis-
tant due to the presence of the gene. Of these 129
genotypes carrying the SH? gene from Híbrido de
Timor, 44 were among the 52 genotypes identified in
the previous analysis as not carrying the SH3 gene, even
though they were introduced to Brazil as potential

sources of resistance to rust and as carrying the SH3
gene. The 44 coffee plants are listed in Table 4.

According to recombination analysis, coffee plants
UFV 328-69 (F2), UFV 334-03 (F2), UFV 334-09 (F2),
UFV 334-63 (F2), and UFV 335-13 (F2) did not present
the SH? gene for molecular markers CaRHvII 3 and
CaRHvII 5 but did present the marker to CaRHvII 2.
For coffee plants UFV 329-63 (F2), UFV 335-03 (F2),
UFV 402-49 (F2), and UFV 409-04 (F2), the marker for
CaRHvII 2 and CaRHvII 5 was present, whereas for
CaRHvII 3, the marker was absent. Coffee UFV 334-04
(F2) presented amarker when analyzing with CaRHvII 2
and CaRHvII 3, though the marker for CaRHvII 5 was
absent. Therefore, five recombinants were obtained
using CaRHvII 2, four using CaRHvII 3, and only one
using CaRHvII 5.

Through analysis of molecular markers linked to
both rust resistance genes (SH3 and SH?), coffee plants
UFV 311-48 (F2), UFV 311-49 (F2), UFV 311-56 (F2),
UFV 313-133 (F2), UFV 334-65 (F2), UFV 399-45 (F2),
and UFV 409-08 (F2) were identified as being homozy-
gous for the SH3 gene and carrying the SH? gene of
Híbrido de Timor.

Assisted selection for the Ck-1 gene conferring
resistance to coffee berry disease

Aiming at preventive breeding and analysis of geno-
types carrying resistance to rust, two SSR molecular
markers, which were identified and mapped by
Gichuru et al. (2008), were validated as being linked
to the Ck-1 gene, which confers coffee plants with
resistance to coffee berry disease (Online Resource 7,
Online Resource 8).

Three coffee plants carrying the Ck-1 gene, UFV
317-12 (F1), UFV 328-60 (F2), and UFV 334-68 (F2),
were identified by analysis of the CBD-Sat235.
However, only plants UFV 317-12 (F1) and UFV 328-
60 (F2) were identified as carrying the resistance gene
when using CBD-Sat207.

Based on CBD-Sat235, coffee UFV 334-68 (F2) was
resistant and heterozygous, but it was susceptible
according to CBD-Sat207. Although genotype UFV
328-60 (F2) was resistant and homozygous with both
molecular markers, it showed no markers linked to
SH3 and SH?. Conversely, coffee UFV 317-12 (F1)
presented the gene for resistance to CBD and was
homozygous for the locus in relation with CBD-Sat207
but resistant and heterozygous when analyzing CBD-

Table 3 Number of
plants carrying (+) and
not carrying (−) the
marker linked to the gene
SH?

SCAR marker Plants

(+) (−)

CaRHvII 2 138 22

CaRHvII 3 129 31

CaRHvII 5 132 28
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Sat235. Furthermore, this coffee also carries the SH?
gene, which confers resistance to rust.

Discussion

Assisted selection for the SH3 gene conferring resistance
to coffee rust

By analyzing the molecular markers SP-M16-SH3,
Sat244, and BA-124-12K, which have been validated
for the gene SH3, in a breeding population of 160 coffee
plants, 108 were found to carry the resistance gene. For
BA-48-21OR, 107 coffee plants contained the marker,
which differed from the other markers only for coffee
UFV 316-13 (F1); this coffee plant presented no resis-
tance marker and most likely harbors a recombinant.
According to Rubio et al. (2014), one of the main
limitations of MAS is the genetic recombination be-
tween the marker and the gene.

To minimize errors in assisted selection resulting
from recombination events that retain the marker but
lose the gene, priority should be given to selecting
individuals presenting all bands, preferably molecular
markers flanking the gene. According to Mahé et al.
(2008), markers Sat244 and BA-124-12K cosegregate
(0 cM) with the SH3 gene. The BA-48-21OR gene
is located upstream of the SH3 gene at a distance of
0.6 cM; SP-M16-SH3 is located downstream at a
distance of 1.8 cM. Thus, the presence of the four
molecular markers was taken into account in the
molecular analysis, identifying 127 genotypes (66.87%)
carrying the SH3 gene.

In addition to identifying the resistance gene, SP-
M16-SH3, Sat244, and BA-48-21OR also allowed the
identification of homozygous and heterozygous individ-
uals due to their codominant banding patterns. New
recombinants were detected using this analysis.
Considering the codominance pattern and recombina-
tion, four recombinants were observed for marker BA-
48-21OR, one recombinant for SP-M16-SH3, and one
for Sat244.

The recombination observed for molecular markers
M16-SH3 and BA-48-21OR can be justified by the
distance between the molecular markers and the SH3
gene. According to Mahé et al. (2008), these markers
flank the gene at a distance of 1.8 and 0.6 cM, respec-
tively. Although these distances are small, recombina-
tion could have occurred between the marker and the
gene. The closer a molecular marker is to the locus of
interest, thereby reducing the possibility of recombina-
tion between them, the more effective is the MAS
(Singh et al. 2001; Balachiranjeevi et al. 2015) and the
use of molecular markers flanking a gene for resistance
(Kelly et al. 2003; Kiguongo et al. 2014).

In the study carried out by Mahé et al. (2008), the
Sat244 was found to be fully linked to the SH3 resistance
gene, though a recombinant was identified in the present
study. However, Mahé et al. (2008) estimated the dis-
tance between the molecular marker and the gene in a
population different from that used in this study, with a
smaller number of individuals, which may explain the
results.

The choice of resistant and homozygous genotypes
for a gene may lead to increased efficiency in gene
introgression in breeding programs. Considering these
two requirements, we were able to select and make

Table 4 Coffee plants without
the resistance marker for the SH3
gene but with the marker for the
SH? gene from Híbrido de Timor

UFV 311-27 (F2) UFV 317-60 (F1) UFV 336-35 (F1) UFV 409-16 (F2)

UFV 315-01 (F2) UFV 327-11 (F2) UFV 336-37 (F1) UFV 409-18 (F2)

UFV 315-04 (F2) UFV 327-18 (F2) UFV 339-34 (F1) UFV 409-20 (F2)

UFV 315-06 (F2) UFV 327-117 (F2) UFV 339-65 (F1) UFV 409-29 (F2)

UFV 315-15 (F2) UFV 335-01 (F2) UFV 341-15 (F2) UFV 409-41 (F2)

UFV 315-143 (F2) UFV 335-05 (F2) UFV 399-33 (F2) UFV 409-43 (F2)

UFV 316-17 (F1) UFV 335-15 (F2) UFV 402-04 (F2) UFV 409-47 (F2)

UFV 316-66 (F1) UFV 335-16 (F2) UFV 404-01 (F2) UFV 409-49 (F2)

UFV 317-12 (F1) UFV 335-124 (F2) UFV 409-01 (F2) UFV 409-51 (F2)

UFV 317-22 (F1) UFV 336-06 (F1) UFV 409-13 (F2) UFV 480-12 (F2)

UFV 317-52 (F1) UFV 336-29 (F1) UFV 409-14 (F2) UFV 480-26 (F2)
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available to breeders 11 coffee plants containing the SH3
gene in the homozygous condition. Such coffee plants
may be recommended for use in breeding programs as
parents for new crosses (backcrossing) with genetic
materials of agronomic interest. Prakash et al. (2011)
corroborate this result by demonstrating the importance
of using molecular markers in assisted selection of
resistant and homozygous coffee plants. In the present
work, markers Sat244 and BA-124-12K-f, identified
by Mahé et al. (2008), were analyzed in a population
of Arabica cultivar S.795. Although this cultivar has
been widely cultivated in India since 1947, over time,
it has begun to show different levels of rust disease
severity. This study was carried out to select geno-
types with desired traits and homozygosity for the
SH3 gene. Both molecular markers have proven to
be quite reliable for confirming the presence of the SH3
gene, as well as the homozygous or heterozygous state
(Prakash et al. 2011).

A spreadsheet containing other coffee plants with the
gene in heterozygosity will also be made available.
Considering that the resistance gene will segregate as
heterozygous, these genotypes may be used and their
progeny was evaluated with regard to coffee plants with
other traits of economic interest.

Our results indicate that although the 160 coffee
plants tested were introduced into Brazil as potential
sources of resistance to rust and carrying the SH3 gene,
52 of them do not possess this gene because they did not
present the appropriate marker, even in heterozygosity,
when analyzed using the four molecular markers linked
to the gene. However, when these coffee plants were
inoculated with a mixture of pathogen races in Brazil,
they were found to be resistant; thus, they may be
carriers of genes other than SH3. Accordingly, these
coffee plants were analyzed for another gene, SH?, from
other Coffea species, which is also effective in confer-
ring resistance to rust.

Assisted selection for the SH? gene of Híbrido de Timor
conferring resistance to coffee rust

According to Diola et al. (2011), molecular markers
CaRHvII 2 and CaRHvII 5 are located at a distance of
3.8 and 1.6 cM upstream, respectively, of the SH? gene,
and CaRHvII 3 is at a distance of 0.9 cM downstream of
the SH? gene. By analyzing these three molecular
markers flanking the gene, a significant number (129)
of genotypes that presented the markers linked to the

resistance gene SH? were found. This result was not
expected because the 160 coffee plants of the study
population are derived from a cross between Indian
selections and C. arabica. Indian selections arose from
the hybridization between C. arabica × C. liberica, and
this population does not show in its genealogy genetic
material of the species C. canephora. SH? was charac-
terized by de Brito et al. (2010) in a Híbrido de Timor
accession, and it has been suggested to be one of the
genes previously identified in C. canephora. Therefore,
this significant number of coffee plants suggests that the
SH? gene can also be found in materials derived from
other coffee species.

Furthermore, it was found that 44 of the 129 geno-
types identified as carrying the SH? gene are among the
52 coffee plants that did not present the SH3 gene. Thus,
this other gene may be responsible for the resistance
observed in the field.

The three molecular markers validated for the SH?
gene showed a dominant nature. By analyzing recom-
bination events, five recombinants were found for the
CaRHvII 2, most likely because it is linked to the
resistance gene at a distance of 3.8 cM (Diola et al.
2011). Among the three molecular markers validated
in this study, this was the greatest distance observed.
Four recombinant coffee plants were found with
CaRHvII 3 but only one with CaRHvII. According to
Diola et al. (2011), these recombinants are located at 0.9
and 1.6 cM from the gene, respectively. Therefore, our
results are most likely due to differences in and to the
sizes of the populations.

Seven promising coffee plants with two pyramided
genes of resistance to rust were selected: UFV 311-48
(F2), UFV 311-49 (F2), UFV 311-56 (F2), UFV 313-133
(F2), UFV 334-65 (F2), UFV 399-45 (F2), and UFV
409-08 (F2). These coffee plants carry the SH3 gene in
homozygosity and the SH? gene of Híbrido de Timor.
Several other coffee plants carrying the SH3 gene in
heterozygosity and the SH? gene were also identified.
The spreadsheet with these coffee plants and their re-
spective genotypes will be made available to breeders.

In the case of coffee rust the causative agent of which
presents high genetic variability and frequently over-
comes resistance, it is important to establish a pyramid
of genes for pathogen resistance to ensure durable resis-
tance. According to Prakash et al. (2011), the action of
accumulating genes into one genotype is difficult to
achieve using traditional breeding methods. Thus, an
efficient tool that can assist in this procedure is the use
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of molecular markers, which allow rapid and efficient
inference of the presence of more than one resistance
gene in a host genotype. Thus, when the objective is
durable resistance by gene pyramiding, MAS provides
several advantages to plant breeders (Melchinger 1990;
Young 1999).

Assisted selection for the Ck-1 gene conferring
resistance to coffee berry disease

In Brazil, where the pathogen C. kahawae is absent, it is
only possible to select materials resistant to CBD with
molecular markers. Therefore, aiming at preventive
breeding, we also evaluated the possibility of the studied
population presenting the Ck-1 gene, which confers
resistance to this disease of great importance in coffee
plants.

Three coffee plants carrying the Ck-1 gene were
identified by molecular analysis with the CBD-Sat235
molecular marker, and two coffee plants were identified
using the CBD-Sat207. This result is because the CBD-
Sat235 marker cosegregates with the Ck-1 gene and
CBD-Sat207 is located at an estimated distance of
17.2 cM (Gichuru et al. 2008). Therefore, the recombi-
nation between CBD-Sat207 and the gene must have
occurred. This fact demonstrates the importance of the
availability of molecular markers close to the gene of
interest and flanking the gene to decrease selection error
(Kelly et al. 2003; Kiguongo et al. 2014; Rubio et al.
2014; Balachiranjeevi et al. 2015).

Because they present the resistance marker for both
molecular markers for CBD, coffee plants UFV 317-12
(F1) and UFV 328-60 (F2) are most suitable for coffee
plant breeding programs aiming at resistance to coffee
berry disease. When using more than one molecular
marker, an increase in the efficiency and reliability of
assisted selection is expected.

The UFV 328-60 (F2) coffee can be recommended
for use in plant breeding programs because it carries the
Ck-1 gene in homozygosity based on both validated
molecular markers. However, this coffee did not present
the SH3 and SH? genes, which confer resistance to rust.

Coffee plant UFV 317-12 (F1) presented the resis-
tance marker for both molecular markers. However, it
was found to be homozygous only for CBD-Sat207. In
addition to carrying the Ck-1 gene, this plant also carries
the SH? gene from Híbrido de Timor, which confers
resistance to rust. Therefore, it already harbors a

pyramid containing genes of resistance to rust as well
as to CBD.

Utilizing the Sat235 marker to evaluate the occur-
rence of Ck-1 in C. arabica cv. Ruiru 11 and their
parental genotypes, Gichimu et al. (2014) also con-
firmed that this molecular marker is, in fact, linked to
the studied gene, demonstrating its potential use inMAS
aiming at resistance to CBD, thus corroborating the
results of this study.

Conclusions

Coffee plants carrying different genes of resistance to
rust and CBD were identified in this study. Despite
being derived from C. liberica, this germplasm carries
the SH3 gene and the SH? gene, which, to date, had only
been identified in plants derived from C. canephora.
The selected coffee plants are important sources for gene
pyramiding in breeding programs aimed at multiple and
durable resistance. Generations of selected individuals
are being advanced, and the other agronomic traits are
being evaluated in the field for the release of promising
and resistant C. arabica varieties. The use of validated
molecular markers linked to genes of resistance to rust
and CBD is essential for monitoring different genera-
tions and crosses in breeding programs. This appears to
be the first successful effort of achieving multiple host
resistance to fungal diseases in arabica coffee by
marker-assisted gene pyramiding.
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