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Abstract

Improving coffee  through conventional
breeding programs is challenging due to its
perennial nature, the high cost of field trials,
and dependence on environmental conditions.
These factors have prompted researchers to
apply marker-assisted selection (MAS) studies
to further exploit the genetic diversity of
Arabica coffee and improvement for desirable
traits. This review summarizes the available
information on the application of MAS in
Arabica coffee and identifies the challenges
and opportunities for future research to address
issues related to its application. Research on
the phylogenetic origin and evolution of
Arabica coffee using various MAS techniques
has shown Coffea species clustering based on
their botanical types, geographical origins, and
maternal progenitors, with a specific focus on
Ethiopian-origin Arabica coffee. Studies on
genetic  diversity using MAS  have
demonstrated that Arabica coffee germplasm
in Ethiopia has a broad genetic base, making it
valuable for developing varieties capable of
sustaining global coffee production. Arabica
coffee germplasm gene bank were assessed
using MAS, identifying 2,533 genotypes for
core collections to assist breeders in selecting
parent plants and reducing maintenance costs.
Research on linkage and QTL mapping
through MAS has identified mapping
strategies for various desired traits, although
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progress in this area is still in its infancy, with
limited success. Different candidate genes
have been identified for major coffee diseases
such as coffee berry dissease (T, R, K, and ckl-
1 genes), coffee leaf rust (SH1-SH9), and
coffee wilt disease (strains affecting only
Arabica coffee). Furthermore, biochemical
candidate genes have been identified for key
compounds like caffeine (Caffeine-5), sucrose
(Sucrose-3), trigonelline (Trigonelline-1), fatty
acids (Fatty acid-1), and CGAs (CGAs-1).
However, significant challenges remain in
overcoming the limitations of MAS research
on Arabica coffee, particularly in Ethiopia,
where the highest diversity of Arabica coffee
is recorded. To advance MAS applications in
Arabica coffee research, particularly in
developing countries like Ethiopia, adequate
policies must be implemented to encourage
innovation and investment in this field.
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Introduction and concept

Coffee is a stimulant beverage crop, and it
belongs to the family Rubiaceae and the genus
Coffea. They are mostly grown in subtropical
and tropical regions (Morris, 2018) and consist
of 124 species (Zhou et al., 2016; Vega et al.,
2008).
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Coffea canephora Pierre and Coffea arabica
L. are the only two economically important
species and are widely cultivated worldwide.
Coffea liberica is also cultivated on a small
scale to satisfy local consumption (USDA,
2020). Almost all coffee species are diploid
(2n=2x=22) and most are self-incompatible,
except for Coffea arabica L., which is a self-
fertile species and a natural allotetraploid
(2n=4x = 44). Arabica coffee is a self-
pollinating species with a common outcrossing
rate of less than 10%, which is sufficient to
induce some variation in offspring and free-
pollinating cultivars (Morris, 2018). Ethiopia
is both the center of origin and diversification
of Arabica coffee (Bayetta, 2001). The crop is
being grown in the country from the river bank
of Gambella plain (550 2 m.a.s.l) to the
northern highlands of the country with an
altitude of 2600m (Bayetta, 1986). Within this
range of altitudes and agro-ecological
diversity, considerable genetic diversity exists
among the cultivated and traditionally
recognized landraces of Arabica coffee in
Ethiopia, as confirmed by various studies
(Ermias et al., 2005; Dessalegn et al., 2018;
Zenebe et al., 2019; Getachew et al., 2019,
Tadesse et al., 2020). Despite the existence of
high genetic diversity in the Arabica coffee
population that provides immense
opportunities for improvement programs,
MAS research on Arabica coffee is limited.
Until today, most researches conducted on
Arabica coffee are conventional (traditional)
methods, particularly in developing countries
that produce Arabica coffee in large amounts
(Adem, 2020). Conventional breeding offers
limitations due to the long regeneration time of
the coffee tree (three years), the high cost of
field trials (Lashermes et al., 2000b), and
depend on environment. In cases backcrossing
or breeding cycle is done over five
generations, a minimum of 25-30 years after
initial hybridization is required to ensure the
improvement for desired traits (Lashermes et
al., 2000b). The tetraploid nature of Arabica
coffee poses difficulties in breeding with other
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diploid Coffea species (Fazuoli et al., 2000).
Hence, to tackle the problem, efforts have
been underway with a method called MAS
breeding, which offer newer, easy, and more
efficient practical alternatives to surmount the
conventional breeding problems faced in
coffee improvement. The MAS strategies in
coffee research involve the use of DNA
variations based on genetic markers, providing
new hopes and possibilities for genetic
improvement for difficult species like Arabica
coffee (Lashermes et al., 2000). The great
potential of MAS-based technologies is now
well demonstrated, and these are being utilized
for crop improvement throughout the world for
genotyping,varietal identification and claiming
intellectual  property rights, germplasm
fingerprinting, construction of linkage maps,
Quantitative Trait Loci (QTL) identification to
finally develop genetically improved crops
with desirable traits (Prasad and Ramesh,
2014). The MAS technologies have been also
useful in helping decipher many of the
evolutionary puzzles about crop species'
origin, spread, and taxonomic relationships
(Muhammad et al.,, 2017). In the last 3
decades, conscious efforts have begun globally
to integrate MAS-based technologies, which
can provide impetus, dependability, and
directionality to the genetic improvement. For
instance, some valuable MAS studies have
been conducted on Arabica coffee, such as
research on the origin and evolution of
Arabica coffee (Berthou et al., 1983; Virginie
et al., 2019), phylogenic studies (Mikiru et al,
2022), diversity studies (Tadesse et al., 2020;
Mikiru et al., 2022), identification of candidate
genes for Arabica coffee major diseases, and
wide range of variations in biochemical
compounds and identification of their
candidate genes (caffeine, chlorogenic acids,
sucrose) (Gichiru et al., 2008; James et al.,
2021). Additionally, studies on introgressed
varieties (Vose et al., 1995; Leshermen et al.,
2000; Christophe, et al., 2020), and many
other MAS studies have been used for the
improvement programs.
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Thus, coffee research is now experiencing the
evolution and flourishing of many of these
technologies, which are expected to be utilized
in the future. However, there is still a long way
to go before visible gains become a reality.
Large coffee genomics programs are currently
underway in many countries, including Brazil,
France, Italy, Colombia, and more recently
India and Kenya (Prasad and Ramesh, 2014),
but not in Ethiopia. Information on coffee
genomics is scant in Ethiopia, despite the high
genetic diversity of Arabica coffee reported in
the country. In this context, this article was
initiated to conduct systematic investigations
by focusing on coffee genetic studies assessed
using MAS approaches with the objectives to
compile concisely the available information on
the application of MAS in Arabica coffee and
to identify challenges and opportunity for the
future research areas to address the problems
related to the application of MAS in Arabica
coffee.

Development of MAS for genetic studies in
Arabica coffee

Molecular markers are DNA sequences that
are found at the specific location of the
genome that is usually inherited following the
standard laws of heredity. Markers tightly
linked, usually at less than 5 cM, to the gene of
interest, serve as a chromosomal landmark for
tracking the introgression of the desired gene
in progenies in a cross (Mekonnen et al., 2017,
James et al., 2021). DNA-based molecular
markers are the best markers especially for
closely related genotypes as they can be
detected at all stages of an organism’s
development. These markers are not dependent
on the stage of growth or the environment
occupied by an individual, and they occur in
unlimited numbers within the genome (Teressa
et al., 2010).These markers include non-PCR-
based, PCR-based, and sequence-based
markers. Non-PCR-based are also first-
generation markers, including Restriction
Fragment Length Polymorphism (RFLP),
whose observed Polymorphism is based on the
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length generated by digestion with restriction
enzymes (Gimase et al., 2014). The PCR-
based markers include Random Amplified
Polymorphic DNA (RAPD), Amplified
Fragment Length Polymorphism (AFLP), and
Simple  sequence  repeat (SSR) or
Microsatellites. The amplifications of AFLP
and RAPD markers only indicate the presence
or absence of alleles and therefore cannot
differentiate homozygote from heterozygote
variants (Dinesh et al., 2011). The SSR
markers are co-dominant and hence
reproducible, in addition to being locus-
specific (Barua et al., 2003). The sequence-
based markers include Single nucleotide
polymorphism (SNP) markers (Ray, and
Satya, 2014). Similar to SSR markers, the SNP
markers are highly reproducible. This attribute
makes the SSRs and SNPs markers the
markers of choice in genetic studies and next-
generation plant breeding (Ray and, Satya,
2014, James et al., 2021). Concerning
applications of DNA markers in coffee, the
detection of genetic variation at the DNA level
has been made possible by the advent of
molecular markers started in the first 1990s.
Lashermes et al., (1996a) reported that genetic
factors are more accurately tested by
molecular markers in coffea species research.
Promising efforts have been made in exploring
and developing DNA markers for Arabica
coffee; however, there is limited information
on Arabica coffee compared to other species
of the genus Coffea.

Origin and Evolution of Arabica coffee
studies using MAS

The evolution of Arabica coffee has always
been an intriguing puzzle for researchers
because it is the only autogamous and
tetraploid species in the genus Coffea. In
addition to that, when we consider the
evolution of Arabica coffee different set of
research shows that the species evolve from a
cross between two species of coffee genius
(Coffea canephora and Coffea eugenioides).
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The natural ranges of Coffea canephora and
Coffea eugenioides overlap in East-Central
Africa. However, the natural hybrids between
these species in this area are not known so far.
This can be explained by the absence of recent
hybrids between Coffea canephora and Coffea
eugenioides, for three reasons. First, although
both species can be found in the same area,
their habitat preference differs substantially.
Coffea eugenioides is especially found near
forest edges, while coffea canephora is mainly
restricted to the forest interior (Noirot et al.,
2016). Second, the flowering time of both
species does not coincide (Noirot et al., 2016).
The flowering time of Coffea species is highly
species-specific and genetically controlled,
hampering interspecific gene flow via
pollination (Gomez et al., 2016). Third, the

success rate of induced cross-pollination
between Coffea canephora and Coffea
eugenioides is very low, suggesting the

presence of additional reproductive barriers
(Noirot et al., 2016). However, changes in
environmental conditions may have broken
some of the reproductive barriers between the
two specious in the past, enabling a successful
interspecific  hybridization between these
species at the origin of Arabica coffee.

Nevertheless, a number of DNA marker
approaches have provided evidence for the
evolution of Arabica coffee. Evolutionary
informative DNA signatures of organelle
genomes (cp-DNA, mt-DNA) and ITS
(Internally Transcribed Spacer) region of the
nuclear 5S [rDNA, and nuclear length
polymorphism-based markers like RAPDs,
AFLPs, and ISSRs, have been tried on a
limited number of coffee species and also
accessions with varying success (Table 1).
Briefly, the results from these studies show
that low polymorphism in organelle DNA
provides poor resolution of  species
relationships, but provides support for
monophyly of the Coffea genus. Additionally,
these studies suggest Coffee eugioniodes as
the possible maternal progenitor of Arabica
coffee (Berthou et al., 1983; Lashermes et al.,
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1997; Cros et al., 1998; Raina et al., 1998;
Lashermes et al., 1999; Maurin et al., 2007;
Tesfaye et al., 2007; Hamon et al., 2009).
Some of such studies carried out are
summarized in Table 1.

Conformity to that, the recent study of the
origination of Arabica coffee by GBS
(Genotyping by sequencing) provides a clear
hypothesis regarding the evolutionary origin of
Arabica Coffee. The GBS data proved to be
more informative than the molecular data used
in previous studies because a substantial
amount of informative sites seems to be
required to get reliable genetic distance
estimates for coffee species and the result of
this study showed that Coffee eugenioides
species was the ovule donor in the Arabica
coffee hybridization. Similarly, based on the
similarity in plastid DNA markers, Coffee
eugenioides is a close relative of Arabica
coffee species and suggested that Coffee
eugenioides is the ovule donor in the Arabica
coffee hybridization event (Maurin et al.,
2007; Tesfaye et al.,, 2007; Guyeux et al.,
2019). Besides, Bawin et al., (2020), using
GBS confirmed that Coffee eugenioides is
genetically more similar to Arabica coffee and
Coffee canephora was the putative pollen
donor in the hybridization event prior to the
emergence of Arabica coffee. When we
consider the origins of Coffea arabica, at the
present time, Arabica coffee is mainly found in
the southwestern highlands of Ethiopia (Fig.
1), with some occurrence on the Boma plateau
in southeastern South Sudan (Thomas, 1942),
and on Mount Imantong in Sudan and Mount
Marsabit in northern Kenya (Berthaud and
Charrier, 1988). Arabica coffee is the main
Coffea species that occurs in those regions and
is geographically isolated from all diploid
coffee species in the genus, which includes its
two progenitor species Coffee canephora and
Coffee eugenioides. Thus, in this point of
view, precise localization in Africa of the
cradle of Arabica coffee, based on the present
distribution of its two progenitor species
appears difficult.
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Indeed, it has been suggested that plants with
double genomes auto or allopolyploids have
the potential to develop phenotypic novelties,
increase their adaptability and obtain higher
fitness features that would render them more
tolerant towards changing conditions than their
diploid counterparts (Amborella et al., 2013).
Virginie, et al., (2019) using SNP markers and

probably able to find suitable habitats in
Ethiopia and the climatic changes could have
reduced the diploid distributions to their
current locations. As a consequence, the
birthplace of Arabica coffee could possibly be
not only in Ethiopia but also in the entire
region (South Sudan, Uganda, North Kenya)
followed either by migration to present-day

reported that, in fact, Coffee canephora was

Ethiopia or by survival in that region alone.

Table 1: DNA markers-based studies for deciphering species relationship among Coffea taxa

Technique Species assessed Groupings and relationship Study  source/
Reference
Chloroplast (cp) | Arabica (2  acc.), | cp~DNA Group A: Berthou et al.,

and mitochondrial
(mt) DNA RFLP
polymorphism

robusta (2 acc.),
C. eugenioides (2 acc.),
C. congensis (2 acc.),

C. arabica,
C. eugenioides,
C. congensis Group A’:

(1983)

using Hpa Il | ‘nana’ taxon, C. canephora, ‘nana’ taxon
enzyme and Sal | | C. excelsa, mt -DNA
enzyme C. liberica, Group 1:
respectively Para coffea | C. arabica,

ebracteolata, C. eugenioides

C. arabusta Group 2:‘nana’ C. arabica has an

ancestor similar to C. eugenioides.

Chloroplast DNA | 52 trees from 25| — Coffea is monophyletic and | Lashermes et

RFLP in the
atpB-rbcL

intergenic region

Coffea taxa Total =52

recent in origin

al., (1996c¢)

Chloroplast PCR-
RFLP  (trnT-L,
trnL, trnL-F)

Arabica (4
robusta (3 acc.),
C. eugenioides (2 acc.),
C. liberica (2 acc.),

C. stenophylla,

acc.),

| = C. arabica,

C. eugenioides,

C. humilis,

C. stenophylla

Il = C. canephora,

Orozco-Castillo
et al., (1996)

C. racemosa, C. liberica,

C. humilis, C. breviceps,

C.pseudozanguebariae, | C. congensis

C. congensis, 111 = C. pseudozanguebariae,

C. sessi flora, C. sessi flora,

C. breviceps (1 acc. | C. racemosa

each); Total = 18
Mitochondria 26 Coffea taxa, 3| Strong geographical | Lashermes et
PCR-RFLP (V7 | Psilanthus taxa Total = | correspondence  among the | al., (1997)
rDNA) ITS 1 and | 37 clusters. sequence
2 regions  of variants ~ were
nuclear ribosomal observed.
DNA
TrnL-trnF 23 Coffea taxa and 2 | Strong geographical | Cros et al.,
intergenic spacer | Psilanthus taxa correspondence  among the | (1998)

of chloroplast
DNA

clusters. Supports radial mode and
recent origin of Coffea taxa in
Africa arabica, and C. sp.
Moloundou.
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Technique

Species assessed

Groupings and relationship

Study source/

Reference

RAPD
primers),
(10 primers)

(20
ISSR

15 Coffea spp., 4
Psilanthus spp.
Individual as well as
pooled samples

Well-resolved species clusters
showing correspondence to their
botanical types, as well as
geographical origin; C. kapakata
was indicated to be a Coffea spp.
rather than  belonging to
Psilanthus  or  Psilanthopsis
genra. Four endemic paracoffea
species appeared as a distinct
cluster under related genus
Psilanthus

Prasad and

Ramesh, 2014

SSR
primers)

(three

15 Coffea  spp.,
specifically focus on
four the  most
known spp.

C. arabica has an ancestor smilar
to C. eugenioides

Pearl et al., (2004)

Three coffea spp

Nuclear genomes have remained
essentially unaltered since the
formation of the hybrid.

Yu et al., (2011)

8.5K SNP array

Three Coffee spp.

Two progenitor species of coffee
Arabica C. canephora and C.
eugenioides

The birthplace of C. arabica
could possibly be not only in
Ethiopia but also in the entire
region (South Sudan, Uganda,
North Kenya)

Virginie et al,,

2019

Fig 1. Coffea arabica and its progenitor species. (a) Range distribution of the three related
species. Dotted lines represent their schematic distribution limit, whereas names with colour
labels correspond to sampled sites (C. canephora in blue, C. eugenioides in gold, and C. arabica
in red), Map data ©2018 Google, ORION-ME;

Ethiopia

e o~ y s
© South Sudan ok »~

22



Current Agriculture 9(2) 17-48 (April, 2025)
www.currentagriculture.com

Phylogenetic studies of Arabica coffee
species using MAS

There is some set of research conducted on
phylogenetic studies of arabica coffee by using
different marker-assisted selection in the
1990s and clustered into different distinct
groups. This set of the research reported well-
resolved species clusters showing
correspondence to their botanical types, as
well as geographical origin (Lashermes et al.,

1997; Cros et al., 1998;). Depending on their
botanical types, they clustered coffee specious
into different distinct classes such that,
Cluster-1, C. arabica, C. eugenioides, C.
humilis, C. stenophylla, cluster-1l, C.
canephora, C. liberica, C. breviceps, and C.
congensis, cluster-111, C. pseudozanguebariae,
C. sessiflora, and C. racemos. They further
reported the origin of arabica coffee is
southwestern Ethiopia (Table 2).

Fig 2, A. Phylogeny of Arabica coffee accessions using SNPs Cluster | (Black), - NW and SW,
Cluster 11 (Purple) - SW and N. Cluster 111 (Blue) SW, N, S, and SE parts. Clustered in group
IV (Green) - S and SE accession. Source - mikru et al.,, 2022. B. Dendrogram depicting
relationships among 128 coffee samples based on Jaccard’s similarity coefficients of RAPD data

Source Aga et al., 2005

Claster 111 . &
T
"
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Hence, when we consider the phylogenetic
study of Arabica coffee, a recent study using
SNP and SSR markers showed that coffee
accessions originating from the same localities
had the potential to separate genetically due to
the domestication process and human selection
activity. For instance, Castilillo et al., (2020)
reported the SNP markers generated by DAr
T-seq technology separated the 87 accessions
of Ethiopian originated arabica coffee into five
distinct groups. Similarly, more recently
Mikiru et al., (2022) studied the phylogenetic
relationship of the 90 coffee accessions using
whole-genome SNP markers and, clustered
into four major groups, comprising several
sub-clades (Fig .2 A)1. Clusters I, II, IlI, and,
IV mainly contained accessions from the
southwest.

In conformity to that Montagnon, and
Bouharmont, (1996) using RAPD markers
reported the similarity between southeast and
southwest coffee samples and suggested that
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the southeastern coffee trees could have been
introduced from the southwest by man. The
clustering of southwest coffee accessions with
the south and southeast population was also
previously reported (Anthony et al., 2001,
Mekbib et al., 2020; Aga et al., 2005, Mishra
et al., 2014). Similarly, Benti et al., (2021)
studied the Ethiopian commercial arabica
coffee varieties by using SSR markers and also
found the grouping of varieties into different
clusters regardless of their geographic origin.

These authors suggested that the clustering
pattern found in their study could indicate the
presence of southwest Ethiopia coffee
accessions in different clusters could explain
coffee accessions that originated in that region
had a broad genetic base and high level of
genetic diversity within coffee accessions
sampled from the same geographic origin.



Current Agriculture 9(2) 17-48 (April, 2025)
www.currentagriculture.com

Applications of MAS for genetic diversity
studies in Arabica coffee

A number of studies carried out using
molecular markers viz., isozymes, RFLP,
RAPD, AFLP, and SSR to detect variability in
Arabica and Robusta coffee germplasm
(Lashermes et al., 1993, Prakash et al., 2005,
Aga et al., 2005). As a result, the information
from these markers revealed that a very low
level of variability in cultivated Arabica
compared to wild Arabica accessions as well
as a very low variability of Arabica compared
to diploid coffee germplasm. Even though the
result is exact in all markers but the size of
variability in Arabica coffee was different in a
different set of markers used, and this is in turn
suggested by the suitability of the markers of
Arabica coffee. In the 1990s, the suitability of
markers for Arabica coffee was tried to
identify by approaches like RAPD and AFLP
that provided relatively high multiplex ratios
to resolve the subtle variation in Arabica
germplasm compared to approaches like
isozymes and RFLP that generally failed to
detect the same (Lashermes et al., 1996a;
Lashermes et al., 1999). Similarly, some
authors studied the effectiveness of some
PCR-based molecular markers (RAPD, AFLP
and SSR) (Aga et al., 2005; Sousa et al., 2017;
Macedo et al.,, 2020). According to their
studies, they reported that all three PCR-based
DNA markers used in their study proved to be
useful for the characterization of Arabica
coffee germplasm. Therefore, differences in
marker systems used (Vuylsteke et al., 1999),
and played a significant role in the variations
between the results our investigations. Thus,
this paper focuses on these three genetic
diversity studies of PCR-based markers and
the recent sequence-based markers including
Single nucleotide polymorphism  (SNP)
markers.

RAPD Marker

The first-ever study by Lashermes et al.,
(1993) using PCR-based 20 RAPD markers,
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revealed that there were sufficient inter-
specific variations between Arabica and
Canephora, there was almost no detectable
variation within the few Arabica accessions
analyzed in their study. They further reported
that genetic variability in Arabica populations
is expected to have reduced further owing to
its autogamous behavior, leading to genetic
uniformity. Similarly, Kathurima et al., (2012)
studied the diversity of 24 coffee genotypes in
Kenya originated from different countries
(Kenya, Puerto Rico, Tanzania, Reunion,
Portugal, Yemen, Guatemala, and Colombia)
using 10 RAPD markers, and the narrow
genetic base was reported in Arabica coffee.
Thus, emphasized the need to widen the
existing genetic diversity through interspecific
hybridization. These results are in agreement
with the work of Agwanda et al., (1997) and
Hue (2005) which revealed high genetic
similarity  between  Kenyan traditional
commercial varieties by using the RAPD
marker. Comparatively, when we consider
materials specifically targeting Ethiopia using
the RAPD marker higher genetic diversity has
been reported among wild coffee populations
than within cultivated genotypes (Anthony et
al., 2000; Aga et al., 2003; Masumbuko et al.,
2003; Masumbuko and Bryngelsson 2006;
Maluf et al., 2005). Similarly, Aga et al.,,
2003 studied Genetic diversity within the
forest Arabica coffee gene pool in Ethiopia
using 12 RAPD markers and reported the
presence of genetic variability among forest
Arabica coffee populations in Ethiopia. The
information from the Arabica coffee diversity
studies using RAPD markers clearly showed
the presence of high genetic diversity in
Ethiopia than in other parts of the world.

AFLP marker

Most scholars illustrated that the use of AFLP
markers showed that a genetic alteration has
been limited in Arabica coffee somatic
embryogenesis (Landey et al., 2013). But
some of them didn’t agree with the conclusion.
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For instance, Sousa et al., (2017) applied
AFLP marker for the same sample of
cultivars/progenies from the Brazil National
Coffee Trial that analyzed by SSR markers.
Comparatively, they found much higher
variation both within and between cultivars
using AFLP marker; hence, this revealed that
AFLPs are much more efficient to explore the
genetic variability that still exists in Arabica
coffee.

Similarly, Macedo et al., (2020) used four
AFLP markers to assess the genetic
distinctiveness of 32 Arabica coffee genotypes
belonging to the National Coffee Trial of
Brazil, which included cultivars released by
different research centers. They reported the
presence of variability among research center
cultivars but not within the centers in Brazil.
Regarding Ethiopian-origin materials,
Dessalegn et al.,. (2009) studied 28 Arabica
coffee genotypes using six AFLP markers and
reported high genetic variation among the
materials. The information from AFLP
markers also showed the presence of higher
genetic variability in Ethiopia compared to
other countries.

SSR markers

A different set of research on SSR markers
showed that the low level of genetic diversity
and the narrow genetic base of the commercial
cultivars of Arabica coffee. For instance,
Anthony et al. (2002) conducted genetic
diversity study among 15 commercial varieties
compared to wild coffee accessions using six
SSR markers and reported the presence of a
low percent polymorphism. In line with this, a
low level of genetic diversity was reported by
Moncada and McCouch (2004)and Maluf et
al., (2005) in 12 and 26 Colombian and
Brazilian cultivated Arabica coffee varieties
using 34 SSR and 23 SSR markers,
respectively. Additionally, Tornincasa et al.,
(2006) reported a low level of genetic diversity
in 45 commercial Arabica coffee varieties
obtained from Brazil, Guatemala, India, and
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Africa using 23 SSR; in agreement, low
genetic diversity demonstrated among 55
commercial Arabica coffee varieties of France
using 32 SSR markers ( Teressa et al., 2010).
A low level of genetic variation was also
reported by Al-Murish et al., (2013) using 58
SSR markers with 17 Arabica coffee cultivars
grown in Yemen. Similarly, Geleta et al.,
(2012) using 12 SSR markers and reported the
presence of a low level of genetic diversity
among eight Nicaraguan commercial Arabica
coffee varieties.

When we consider, the material specifically
targeting Ethiopian origins Arabica coffee, a
wide genetic variability was reported among
96 Ethiopian accessions using 12 SSR markers
(Tornincasa et al., 2006). Similarly, Tadesse et
al., (2020) conducted genetic diversity study
on 42 Ethiopian commercial Arabica coffee
cultivars using 14 SSR markers and reported
that the number of rare alleles across the 28
coffee varieties ranged from one to six. The
presence of rare alleles in their studied coffee
varieties reflected their rich genetic diversity.
This result clearly suggests the presence of a
high level of genetic diversity among
commercial Arabica coffee varieties currently
grown in Ethiopia and also the presence of a
high level of genetic diversity in Ethiopia
rather than in other countries. The information
from SSR markers still showed the presence of
high genetic variability in Ethiopia rather than
in other countries.

SNP markers

SNPs markers are more efficient for genetic
studies in perennial crops; this is great
technology for germplasm management which
has not been fully utilized in coffee. However,
some studies involving the detection of SNPs
in coffee have been carried out (De Kochko et
al., 2010; Vidal et al., 2010; Combes, et al.,
2013; Yuyama et al., 2016).
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Recently, Virginie et al., (2019) using 8.5K
SNPs array that contains 8580 unique and
informative SNPs, covering the whole Arabica
coffee genome, reported the largest proportion
of genetic variation in Arabica coffee
genotypes. Likewise, Gustavo et al., (2018)
studied 107 Arabica Coffee accessions
including wild genotypes from the historical
FAO collection from Ethiopia analysis using
SNP markers revealed that the collection of
Arabica coffee used in their study has a higher
genetic diversity than traditional cultivars. In
this context, Ethiopian germplasm collection
has been shown to be a valuable source of
novel favorable bio-chemical characteristic-
related alleles, which can be explored by
breeding programs. Similarly, Mikiru et al.,
2022 studied the diversity of Ethiopian-origin
Arabica coffee genotypes by using SNP
markers and reported the presence of genetic
variability between genotypes. As mentioned
earlier, these results clearly suggest that the
Arabica coffee germplasm found in Ethiopia
has a broad genetic base, and is valuable in

Table 2: International coffee gene bank

developing varieties that could sustain global
coffee production.

Applications of DNA markers for core
collection identification in coffee gene banks

The molecular characterization of coffee
accessions using MAS is an accurate tool for
the conservation and more efficient use of
genetic resources by breeders through
evaluating the redundancies and deficiencies
of the germplasm that generates information
on the efficiency of the collection,
maintenance, and expansion of a germplasm
bank (Ferréo et al., 2015, Sousa et al., 2017).
In addition, this provides fundamental
information to help breeders choose parents to
integrate into cross-breeding schemes, as well
as in directing the improvement of the genetic
base during the course of a breeding program.
Thus, different the world-leading significant
germplasm resources and conservation of the
Coffea genus gene bank assessed are
summarized in Table 2. Source and compiled
from Juliano et al., (2020).

Name of research institute Country Year of No of | Coffea Techniques
establishment | accessions | specious used

Centre National de Recherche | Ivory 1998 8003 Arabica and | Using all

Agronomique (CNRA) Coast others molecular

United States Department of | USA 800 Arabica an | markers and

Agriculture (USDA) others detailed use of

CATIE botanical garden and | Costa Rica | 1942 1987 Arabica SSR,  SNP,

germplasm AFLP markers

Centro de  Cooperacion | Birazil 1960s 3800 Arabica and

Internacional de Investigacién others

Agricola para el Desarrollo

(CIRAD)

Ethiopian Institute of | Ethiopia 1967 5853 Arabica Not assessed

Agricultural Reseatrch yet

EIAR/Jimma Agricultural

Research center (JARC)

Institute  of  Biodiversity | Ethiopia - 5196 Arabica Not assessed

Conservation yet

Instituto ~ Agrondmico  de | Brazil - 5451 Arabica and | Detailed use

Campinas (IAC) others of SSR, AFLP
and SNP
markers  and
others

IAPAR, (EPAMIG), (UFV), | Brazil - 13,856 Arabica and

(INCAPER others

Total 44,946
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when we consider the Arabica coffee humber
excluding the Ethiopians gene bank, the gene
banks around the world have a collection of
Arabica coffee which stands out with the most
significant number of accessions (11,415),

immediately succeeded by C. canephora
(625), C. liberica (94), C. eugenioides (81)
and other Coffea species (more than 700)
(Bramel et al., 2017).

Table 3: Number of a selected core collection for the different categories of coffee genetic
material that conserved under World Coffee Research

Categories

Number of the f selected coffee core collection

Typica/Bourbon

458

East African varieties 132
Kivu varieties 129
Ethiopian landraces 406
Sudanese landraces 24
Introgressed varieties 1150
F1 hybrid varieties or experimental crosses 234
Total 2533

Among international coffee gene banks
assessed for coffee diversity around the world
by using different marker-assisted selections,
about 2533 genotypes were identified for
coffee core collection (Pruvot et al., 2020).
These genotypes correspond to the core
collection of the germplasm of the Tropical
Agricultural Research and Higher Education
Center, accessions from Southern Sudan, and
cultivars/germplasm from North, Central, and
South America as well as Africa and Asia.
Currently, these accessions are conserved
under World Coffee Research. The categories
of these accessions under World Coffee
Research are summarized in Table 3. When
we consider Ethiopian coffee gene banks the
information in this regard is scanty. Therefore
to avoid the redundancy of genotypes that
increase the cost of maintenance and
conservation  Ethiopia  should  develop
strategies by using marker-assisted selection.
In addition to that, this strategy is paramount
important to generate information for coffee
breeders on the efficiency of the collection,
maintenance, and expansion of a germplasm
bank.
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Applications of MAS for Molecular Linkage
Maps of Arabica coffee

Virginie et al., (2019) reported that the
generation of a high-density Arabica map is
still severely hampered by its allotetraploid
nature and the narrow genetic diversity among
Arabica coffee accessions. A preliminary
linkage map was constructed using AFLP
markers on a pseudo-F, population derived
from a cross between the cultivars 'Tall
Mokka' and 'Catimor' (Pearl et al. 2004).

Similarly, Nagai et al., (2007) used the F;
population of the same parental cultivars and
identified more linkage groups. Later, an
interspecific F, population of Arabica coffee
and Coffee canephora was used for genetic
map construction. As mentioned earlier,
despite the situation of Arabica coffee, some
mapping efforts have been developed more
recently with both SSR and SNP markers
(Pestana et al., 2015; Moncada et al., 2016;
Diola et al., 2011; Maria et al., 2019; James et
al., 2021) and summarized in table 4.
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Table 4: Genetic linkage maps of coffee Arabica using MAS applications

Markers Population used Length | No of | Traits/ Authors
(cM) linkage purpose
groups
AFLP pseudo-F population | 1,802.8 | 31 source-sink Pearl et al,
(Mokka hybrid x Catimor) traits (2004)
AFLP F, of Tall Mokka and|1,0424 |40 Cupping Nagai et al.,
Catimor quality  and | (2007)
morphology
AFLP and | F, of C. arabica x C.| 1,011 37 Quality and | Priolli et al.,
SSR canephora productivity (2009)
RAPD F2 of (Mundo Nov x Hybrido | 540.6 8 Partial linkage | Teixeira
de Timor) map Cabral et al.,
(2004)
SSR F, and F; of Caturra x| 3800 22 Yield, plant | Moncada et
CCC1046 (Wil type height, and | al.,(2014)
Ethiopian origin accession) fruit size
SSR 976.8 12 CBD Resistant | Pestana et al.,
(2015)
SSR and | F, offspring from a cross | 3840 22 CBD Resistant | Moncada et
SNP between C. arabica var. al., (2016)
Caturra and a wild C. arabica
accession from Ethiopia
SNP Varieties of Rume Sudan 5525.39 |11 CBD Resistant | Jmes et al,
2021
SNP and | A cross between C. arabica | 3840 21 Yield, plant | Maria et al.,
SSR var. Caturra and a wild C. height, and | 2019
arabica  accession  from bean size
Ethiopia, (CCC1146)
SCAR Natural crossed Hybrido de 9 Rust Diola et al.,
Timor accessions resistance 2011

Similarly, Nagai et al., (2007) used the F;
population of the same parental cultivars and
identified more linkage groups. Later, an
interspecific F, population of Arabica coffee
and Coffee canephora was used for genetic
map construction. As mentioned earlier,
despite the situation of Arabica coffee, some
mapping efforts have been developed more
recently with both SSR and SNP markers
(Pestana et al., 2015; Moncada et al., 2016;
Diola et al., 2011; Maria et al., 2019; James et
al., 2021) and summarized in Table 4.
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Applications of MAS for QTL mapping in
Arabica coffee

It is now well established that most of the
plant traits of agronomical interest are
quantitative, controlled by multiple genes that
need to be judiciously manipulated to develop
genetically improved germplasm, but hitherto
were not accessible through conventional
breeding approaches. With the development
and availability of DNA marker-based linkage
maps for many animal and plant species,
identification, mapping, and selection of
Quantitative Trait Loci (QTLs), have become
practically feasible and achievable.
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The QTLs can be identified by monitoring
mapped or unmapped DNA markers in
conjunction with the target trait using a
segregating mapping population (Hackett,
2002), and/or diverse genotypes employing
dis-equilibrium mapping (Gupta et al., 2005).

Though having a molecular linkage map is not
a prerequisite for linking a QTL, it is essential
to map them for efficient selection and
subsequent transfer of the trait. In the case of
Arabica coffee, QTL mapping is in its infancy
with few successful efforts in recent years.

Table 5: Quantitative Trait Loci and Linkage Groups in coffee using applications of MAS

Traits

No of QTLs and LGs

Markers

Authors

CBD resistance

3 QTLs, gCBD 1-1,
gCBD 2-1, qCBD 2-2

699 SNP

James et al., 2021

Yield, 2 QTLs, B0013, 08832 | 338 SSR and SNP Maria et al., 2019
Plant height 1 QTLs, 10639 338 SSR and SNP Maria et al., 2019
Lipids and CAF and | and identified 21 SNP/ | 2,587 SNP Gustavo et al., 2018
KAH trait associations

Rust resistance QcLr 4 4SSR Glady et al., 2013

In the first such study in coffee, few RAPD
markers were linked with resistance to coffee
berry disease (CBD) caused by Colletotrichum
kahawae (Agwanda et al., 1997), using the
indirect approach of diverse genotypes (5
susceptible and 8 resistant  Arabica
cultivars/selections) and unmapped RAPD
markers. To date, QTL analyses relating to
quality compounds and cups have been largely
performed on Coffee canephora and other
species, but none has been reported for
Arabica coffee. Some of the QTL mappings
identified in Coffea arabica are summarized in
Table 5.

Applications of MAS for major Arabica
coffee disease studies

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 used at the appropriate stage of
the breeding process, molecular markers
closely related to resistance genes enable the
early selection of resistant individuals.
Moreover, compared to artificial inoculations,
molecular  markers are more  rapid,
inexpensive, and reliable for screening
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individuals with resistance genes. Thus,
marker-assisted selection (MAS) is a powerful
tool for increasing the efficiency of breeding
programs, reducing the time required for
selection, and allowing the search for durable,
broad-spectrum  resistance  through the
pyramiding of genes of interest (Gartner et al.,
2013; Romero et al., 2014). Therefore, the
progress made in MAS research on major
coffee diseases is summarized.

Coffee Berry Disease (CBD)

Efforts using conventional breeding methods
to develop resistance to CBD began in 1971,
with the primary goal of creating cultivars that
combine resistance to CBD, high production,
good beverage quality, and desirable growth
habit for high-density planting (Van Der
Vossen and  Walyaro, 1980). Using
conventional approaches, genes for resistance
to CBD were introduced to susceptible
Avrabica coffee varieties by crossing them with
donor varieties and backcrossing to standard
varieties to restore desirable attributes
(Walyaro, 1983). However, this approach
takes a long time to develop a coffee variety
due to the long juvenile nature of the Coffea
genus (Moncada et al., 2016).
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Within this context, some progress is made to
identify resistance genes for major coffee
diseases using molecular markers. Based on
inheritance studies, Van Der Vossen and
Walyaro (1980) reported the existence of a
locus (T) for resistance to CBD using Hibrido
de Timor. After a couple of years, Agwanda
et al., (1997) and Silva et al., (2006), also
reported that resistance to CBD is controlled
by at least three loci (T, R, and K) present in
Hibrido de Timor. They further reported the
presence of those genes in different varieties.
Catimor varieties contain (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 Ck1. 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) also 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.
The CBD-resistant cultivar R11, and Batain is
an Fi1 hybrid, after several generations of
selfing to fix the CBD resistant genes (Omondi
et al., 2001, Gichimu et al., 2014). SL 28 is a
Bourbon-type  single-tree  selection  that
combines high yield, high quality, and drought
tolerance but is highly susceptible to CBD
(Walyaro, 1983). James et al., (2021) further
evaluated the genetic relationship and the
occurrence of multiple gene resistance to
coffee berry disease within selected Arabica
coffee varieties by previous researchers
mentioned above in Kenya and reported that
all the genotypes within the CBD-resistant
varieties R11 and Batian carry the T gene,
while R11 carries additionally, the R gene and
therefore with multiple gene resistance to
CBD. Hence coffee varieties with multiple
gene resistance to CBD is a reality. The
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genotypes confirmed carrying the two genes
for resistance to CBD are recommended for
further distribution to growers since resistance
will not break easily to new disease races.

Coffee Leaf Rust (CLR)

Resistance to coffee rust is conferred by at
least nine dominant genes (SH1 to SH9), either
singly or in combination. The resistance genes
identified in Arabica coffee (SH1, SH2, SH4,
and SH5) and SH5 to SH9 genes have been
identified in Hibrido de Timor, a coffee plant
resulting from the natural cross between
Arabica coffee and Coffea canephora (Cabral
et al., 2009; Fernandez et al., 2012; Maia et
al., 2013). In contrast, the SH3 gene was
identified in Indian selections, which are
derived from natural crosses between Arabica
coffee and Coffea liberica, Coorg (Bettencourt
and Rodrigues 1988; Prakash et al., 2004;
Ram 2006; Prakash et al., 2011). Hibrido de
Timor and Indian selections, which are
tetraploid materials, are used to the facilitate
introgression of genes of interest from species
with ploidy levels (Coffea canephora and
Coffea liberica) that differ from that of
Arabica coffee. Indeed, genes from Coffea
canephora (SH6 and SH9) and Coffea 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 Arabica coffee, Prakash et al., (2004)
identified 21 amplified fragment length
polymorphism (AFLP) markers linked to the
SH3 gene derived from introgression of Coffea
liberica into Coffea arabica. The locus SH3
originated from the introgression of Coffea
liberica into Arabica coffee mapped by
Prakash et al., (2004) and characterized by
Mahé et al., (2008). However, the
physiological races of harmerale vastratix in
Brazil have already overcome the SH3
resistance gene, making the available markers
not useful for breeding purposes in Brazil.
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De Brito et al., (2010) characterized one of the
resistance genes found in Hibrido de Timor
using accession UFV 427-15, which presents
dominant monogenic resistance, 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 Hibrido 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 chromosomal region of 9.45 cM
and flanking the SH? gene within 0.7 and 0.9
cM (Table 6).

Coffee Wilt Disease (CWD)

It is obvious that there is no resistance Arabica
coffee varieties to CWD. However, some
research had conducted to identify Gibberella

xylarioides fussarium specious in different
coffee specious including Arabica coffee.
RAPD was one of the first molecular
techniques used to look for differences
between organisms. The technique analyses
randomly chosen parts of the genome for
differences between genomes of two or more
organisms, and can successfully distinguish
between species but is now often regarded as
too unreliable when it comes to determining
between strains of the same species. Out of 12
oligonucleotide primers, RAPD-PCR analysis
with five oligonucleotide primers produced
clear informative and reproducible
polymorphic DNA banding patterns (Girma et
al., 2005). The analysis showed that all the
recent Arabica isolates including those isolates

derived from the same ascus had
monomorphic RAPD  amplification and
clustered into a single group indicating

homogeneity of the population.

Fig 3: Clustering of Gibberella xylarioides strains from Coffea arabica, C. canephorae, C. excels
and other Fusarium species (Girma et al., 2005)

Gx9
Gx 10
Gxlld
Gx13

1 Gx14 Arxabica isolates (Ethiopia) (2001)
x5
Gxle
Gx17
Gx18
Ox22 Ihistonce Acabica strain (1971)

H E:l:: Historic Robusta strains

Gx12 | Recent Robusta isolate (Uganda)
Gx21 | Historic Excelsa strain
Fe23 F. of ewmartii
Fsn26 F. salani

— Fg24 F. srilboides
FI125 | F. lateriticen var, longum

0.05

However, clear DNA polymorphism among
Gibberella xylarioides strains from Coffea
arabica, Coffea canephora, and Coffea excels
with varying fragment lengths. Gibberella
xylarioides were distinctly polymorphic to
Fusarium stilboides, F. solani, F. cf. eumartii,
and F. lateritium var. Longum (Fig. 3)
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conforms to the taxonomic classification of
these species. Even though they originated
from diverse environments like host cultivars,
agro-ecological zones as well as production
systems, and varied significantly in
aggressiveness in the pathogenicity test.
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The historic Arabica strain of 1971, however,
seems to be slightly different from the recent
Arabica collections which may implicate little
genetic changes in the pathogen populations
over the last 30 years (1971-2001). The results
of RAPD-PCR markers corroborated the
existence of host specialization into at least
two pathogenic forms within Gibberella
xylarioides populations. These are Gibberella
xylarioides f. sp. Abyssiniae (anamorph:
Fusarium xylarioides f. sp. abyssiniae) for the
fungal strains attacking only Arabica coffee
and Gibberella xylarioides f. sp. Canephorae
(anamorph: F. xylarioides f. sp. canephorae)
pathogenic to C. canephorae and C. excels.

Applications of MAS for quality studies in
coffee

The presence of a number of species with
special features in relation to quality such as
low or no caffeine, high trigonelline, or low
CGAs could be an important breeding focus
(Thi et al., 2017). However, the success of
interspecific hybridization may vary due to
genetic barriers between species; so genetic
improvement focusing on using materials
within the same species of Arabica coffee is
therefore the priority. As for other crops, the
determination of molecular predictors for
coffee quality traits would help reduce the
length of breeding selection cycles and
phenotypic evaluation cost. However, the use
of DNA technology in coffee quality
improvement is still in its infancy. Pot et al.,
(2007) used polymorphisms generated from
SNPs, INDELs, and SSRs (simple sequence
repeats) to identify the nucleotide diversity of
four sucrose metabolism enzymes in Coffea
canephora genotypes using direct sequencing.
The variation of these genes was also analyzed
between different Coffea species to allow the
identification of more polymorphic sites using
parallel in silico analysis of expressed
sequence tag (EST) resources (Pot et al.,
2007; Thi et al., 2017). AFLP (amplified
fragment length polymorphism) and SSR
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markers were used to construct a genetic map
of an F, population between C. arabica and C.
canephora (artificial tetraploid) (Table 5).
The number of markers associated with quality
traits identified was 19 for sugar content, 8 for
caffeine and chlorogenic acids (CGAs), and
one for caffeine and CGAs (Priolli et al.,
2009). These markers need to be validated in
other genotypes for consistency before they
can be wused in marker-assisted selection
(MAS) in coffee breeding. Recently, a total of
33,239 SNPs specific to Arabica coffee and
87,271 SNPs specific to Coffea canephora
were developed using targeted genome capture
strategies and next-generation sequencing and
were evaluated on 72 samples from Coffea
canephora and 72 from Arabica coffee. These
genomic resources will support genome
assemblies, accelerate the breeding of
interesting traits, and manage genetic diversity
in coffee species (Resende et al., 2016). When
we consider, the identification of genes related
to quality a number of coffee candidate genes
have been identified and some of them have
been cloned and characterized. These results
are useful to the coffee genetics community,
especially those on genes encoding the
enzymes of key metabolic processes. These
are candidate genes that may control the
variability of coffee quality (Leroy et al.,
2006). Genes regulating the main chemical
components that are thought to be involved in
the flavor and sensory quality of Coffea
arabica are listed in table 6. Although several
genes encoding the biosynthesis  of
biochemical compounds in coffee have been
identified in Arabica coffee and Coffea
canephora, there are no genes identified for
trigonelline synthesis and no studies on allelic
variation associated with low and high levels
of the key biochemical compounds which can
be utilized in MAS (Thi et al., 2017).
Sequences from the known genes can serve as
useful references in re-sequencing to detect

polymorphisms for genetic mapping of
candidate genes contributing to genetic
variation in  biochemical ~ compounds.
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Applications of MAS for Arabica coffee
introgression lines

Introgressed Arabica genotypes derived from
the Timor Hybrid (interspecific hybridization
between Coffea arabica and Coffea
canephora) were analyzed for the presence of
coffee canephora genetic material using the
amplified fragment length polymorphism
(AFLP) approach (Vos et al., 1995). In order
to gain insights into the mechanism of
introgression in Arabica coffee, Lashermes et
al., (2000) estimated the amount of
introgression percent in such material. The
Timor  Hybrid-derived genotypes  were
evaluated using 42 different AFLP primer
combinations, and compared to 23 accessions
of Arabica coffee and 8 accessions of
Coffeacanephora and reported 8% to 27% of
the Coffea canephora genome in Hybrido de
Timor varieties. Some findings showed the
introgression of different coffee species for
desirable traits, such as disease resistance, and
genetic diversity using MAS (Table 7).
Different sets of the research reported the
genetic diversity observed in the Timor
Hybrid-derived genotypes appeared
approximately double that in Arabica coffee.
Although representing only a small proportion
of the genetic diversity available in Coffea

canephora, and the Timor Hybrid obviously
constitutes a considerable source of genetic
diversity for Arabica breeding (Leshermase et
al., 2000; J.C Hererra et al., 2002; Prakash et
al., 2004; Tesfaye et al., 2009; Gichimu et al.,
2016 ).  Recent research conducted by
Christophe et al.,, (2020) studied on
introgression of coffee Arabica maintained by
world coffee research (WCR) by a DNA
fingerprinting database composed of 2533
Arabica samples gathered since 2014 using
SSR molecular markers with relevant genetic
authentication methods for Arabica coffee.
The team reported that the precise
authentication of varieties depends on the
degree of fixation (selfing generation). Those
varieties are located at the bottom of the tree,
below the orange dot line as Marsellesa,
CR95, or Lempira are fixed and homogeneous
lines that are easy to authenticate (Fig 4). On
the other hand, Small deviations from the
reference can be clearly identified as residual
segregation that always occurs even in well-
fixed varieties. The Cat129 fingerprint is more
a single branch of the tree than a single
reference. Still, this branch is individualized
from other varieties. In contrast, high deviation
from the reference can be clearly identified as
that always occurs even in not well-fixed
introgressed varieties.

Fig 4: Neighbor-Joining tree from the single allelic data (0/1) of 2533 C. arabica samples from
the WCR DNA fingerprinting database. The area of some genetic categories or positions of
some varieties is indicated. One point might represent more than one sample.
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Table 7: Some studies of introgrossed Arabica coffee populations using MAS applications

Markers | Population used Results Traits/ Authors
purpose
AFLP An F, Matari, an | The progeny segregated for the | Rust resistance | Prakash et
arabica accession X | Sy3 gene in a 3:1 ratio, as al, 2004
liberica-introgressed expected for a single dominant
line S.288 gene
SSR Ruiru 11 is  a | Ruiru 11 sibs have canephora | CBD Gichimu et
composite of sixty-six | genome range from 8.7 to | resistance al., 2016
(66) F1 hybrid sibs 24.14% and R11-11, R11-22,
R11-107, and R11-121 had
also good resistance to CBD
AFLP, Hybrido de Timor |1 8.7 % of the Hybrido de | Genetic Tesfaye et
RAPD, population (101 | Timor Arabica coffee genome | diversity study | al., 2009
and SSR | cultivars included) introgressed from canephora
and the high diversity of the
Hybrido de Timor population
AFLP 19 Arabica coffee | Introgressed genotypes were | Genetic Phillipe et
introgression lines | estimated to represent from | diversity study | al., 2000
(BCiFs) and two | 9% to 29% of the C.
accessions derived | canephora genome
from a spontaneous
interspecific cross (i.e.
Timor Hybrid)
SSR and | Interspecific  triploid | High resistance to leaf rust was | Leaf rust | J.C Hererra
AFLP hybrid plants between | obtained resistance et al., 2002
the tetraploid
species Coffea
arabicaL. and the
diploid species C.
canephora P. were
backcrossed to C.
Arabica
AFLP Timor Hybrid The presence of coffee | Diversity (Vos et al.,
canephora genetic material in | study of | 1995)
Timor hybrid was reported for | Arabica coffee
the first time materials
AFLP Timor Hybrid (832-1, | Estimates represent 8% to 27% | Genetic Lashermes
832-2, and 1343) and | of the coffee canephora | diversity study | et al. 2000
commercial  arabica | genome in Hybrido De Tiomor | of Arabica
cultivars  (progenies coffee
832-1 and 1343), and
19 introgression
arabica lines (BC1F4)
SSR 2533 Avrabica coffee | The precise authentication of | Genetic Christophe
conserved in world | varieties depends on the | authentication | etal, 2020
coffee research (WCR) | degree of fixation (selfing | method for

generation) Marsellesa, CR95
or Lempira are fixed and
homogeneous lines that are
easy to authenticate

Arabica coffee

35




Current Agriculture 9(2) 17-48 (April, 2025)
www.currentagriculture.com

Current status of MAS application in
Arabica coffee, achievements and
limitations

When we consider the current status of the
application of MAS technologies in Arabica
coffee, it is best to consider the achievements
made and limitations with the developed
marker for coffee genomic study. Currently,
there are achievements that present
opportunities to develop coffee research
through marker-assisted selection (MAS).
Over the past thirty years, MAS research on
coffee has pursued major objectives, such as
identifying important genes that code for
desirable traits through a functional genomics
approach and developing high-throughput
sequencing (HTS) technologies that allow the
rapid acquisition of significant amounts of
sequence data. These advancements have also
increased our understanding of the genomics
of particular species. As mentioned earlier,
various molecular markers, such as restriction
fragment length  polymorphism (RFLP),
random amplified polymorphic DNA (RAPD),
amplified fragment length polymorphism
(AFLP), inter-simple sequence repeat (ISSR),
simple sequence repeats (SSR), and expressed
sequence tag derived simple sequence repeats
(EST-SSR), have been used in coffee genetic
studies (Davis et al., 2006; Volk et al., 2020).
More recently, a new type of molecular marker
known as a sequence-related amplified
polymorphism (SRAP) has been used in the
genetic diversity analysis of coffee cultivars
and species (Benti, 2017). SRAP markers were
also successfully used to discriminate between
parents in hybrid identification (Teferi, 2019)
and therefore have great potential in coffee
breeding programs. In addition to the above,
single-nucleotide polymorphisms (SNPs) and
PCR-RFLP markers have been used in coffee
genome analysis, This  revealed that in
Arabica coffee, polymorphisms are created by
paralogous chromosomes, whereas the
homozygosity of many genes is maintained by
the self-fertile nature of the species (Teferi,
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2019). However, not all these resources are
published or available, which limits their use.
A few achievements of the current
contributions of marker-assisted selection for
coffee that can be considered as opportunities
are summarized in table 8. This summary will
be very important for designing strategies and
making decisions in breeding programs, as
well as in sequencing projects and identifying
candidates’ genes for desired traits. On the
other hand, when we consider the limitation,
there are currently significant challenges to
overcome in Arabica coffee MAS research.
Among them, there are some other limitations
that hamper the development of MAS research
in Arabica coffee, particularly in Ethiopia, a
place known for its high genetic diversity of
Arabica coffee. Unfortunately, not all of these
limitations can be covered in this review

paper.
Absence of urgent institute measures

The research on genetics and genomics for
Arabica coffee is relatively very limited
compared to other crops (Thi et al., 2017) and
thus belies its potential and economic
contribution. The reasons could possibly be
due to the lack of funding. Most coffee-
growing regions are developing countries. The
complexity of the quality traits and the
limitations of the technology used have impact
on the advancement of the crop improvement.
This clearly shows the absence of strong
institute measures in most coffee-growing
countries particularly in Ethiopia because they
are developing countries. However, there are
some institutes established for MAS coffee
research in some countries like Brazil, USA,
Italy, Kenya, etc. but there is not strong
enough to change MAS Arabica coffee
because they have low Arabic coffee diversity
in these countries. Most researchers analyzed a
small number of genotypes derived from the
two botanical wvarieties (“Typica” and
“Bourbon”) and Hybrido de Timor, which is a
spontaneous interspecific hybrid between
Arabica coffee and coffee canephora.



Current Agriculture 9(2) 17-48 (April, 2025)
www.currentagriculture.com

Table 8: Some achievements of molecular markers in coffee

Titles

Achievements

Coffee diversity

A large number of commercial and non-commercial coffee samples of
American, Indian, and African origin were also analyzed using highly
polymorphic PCR-based and sequence-based markers revealed that Indian
cultivars were genetically diverse from the American and African cultivars,
except those from Ethiopia. A recent study showed that Ethiopian-origin
commercial and accessions genotypes are more diverse than those from other
parts of the world (Donkor et. al., 2020).

Construction of

C. arabica cultivar 'TAPAR 59" was used for HAC library construction for its

large insert resistance to leaf rust and root-knot nematode

genomic The HAC library consists of 88,813 clones with an average insert size of 130

libraries kilobases (kb) In parallel with the development of the EST database,
Biotechnology Research International 5 BAC libraries of coffee species, C.
Arabica, and C. canephora were established

Coffee- A total of 246,500 ESTs have been reported with 69,801 for C. canephora,

expressed 166,133 for C. Arabica, and 10,566 for C. racemosa

sequence tags

Very recently, the Italian group has generated an additional 161 660 ESTs
which will be publicly available on the website (http://www.coffeedna.net/)

the Brazilian government funded an ambitious coffee genome program, and this
has resulted in the establishment of 200 000 ESTs which led to the
identification of 30000 genes

Candidate genes

Different candidate genes for desired traits were identified

Trait Gene Varieties/species
Yield cccll46
Dwarf Ct Catura
CBD resistance T R11-123, R11-195, CR30-809
CR30-809 R R11-123, R11-195,
Ckl
Rust resistance SH11 - SH4 Coffee Arabica
SH -3 Coffee liberica
SH5 — SH9 Coffee canephora
Quality K K-7

Core collection

About 21,00 germplasm assessed — 2253 core collection identified

Anyone can witness as many million dollars was saved per annum to maintain
the materials

There is no strong research that specifically
targets Ethiopian-origin coffee the place where
high Arabica coffee genetic diversity is
present. There is a compelling urgency to
institute measures that ensure funding of
coffee molecular research, especially in most
countries
Ethiopia the place where Arabica coffee
genetic diversity is present.
the major

coffee-producing

strategy,
institutions

include inadequate investment;

sub-optimal human resources; inability to
innovate as evidenced in the prevailing
inadequate deployment of appropriate science
and technology; inadequate infrastructure; and
poor policy regimes. Coffee improvement, by
fostering genetic gains that aid production
through enhanced productiveness, is a very
critical component of the development of
MAS research in coffee. Therefore, to achieve
this, MAS in coffee must be re-oriented in a
number of very critical ways.

particularly

To ensure this
hindrances to weak
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Limit application of transfer candidate
genes through available biotechnological
tools

It was evident from the earlier research in
coffee that, to date, several candidate genes
have been identified for disease resistance and
other desired traits and many more will be
known in future. For instance, the genes
identified from coffee canephora provide the
main source of disease and pest resistance
traits not found in arabica coffee, including
coffee leaf rust (H. vastatrix), coffee berry
disease (C. kahawae), and root-knot nematode
(Meloidogyne spp.) (Table 8). Likewise, other
coffee species are of considerable interest in
this respect. Besides, C. liberica has been used
as a source of resistance to leaf rust, while C.
racemosa constitutes a promising source of
resistance to the coffee leaf miner. The
exploitation of such genetic resources has so
far relied on conventional procedures, in
which a hybrid is produced between an
outstanding variety and a donor genotype
carrying the trait of interest. The progeny is
then backcrossed to the recurrent parent in
most coffee-producing countries. Undesirable
genes from the donor parent are gradually
eliminated through selection. However,
conventional coffee breeding methodologies
face considerable difficulties. In particular,
these include the long generation time of a
coffee tree (5 years), the high cost of field
trials, and the lack of accuracy in the current
strategy. A minimum of 25 vyears after
hybridization is required to restore the genetic
background of the recipient cultivar, ensuring
the good quality of the improved variety. It is
evident that the development of advanced
Arabica coffee varieties using MAS (Marker-
Assisted Selection) and other biotechnological
tools in the international coffee sector
particularly in most coffee-growing countries
lags significantly behind relative to other crops
(Merga et al., 2020).

38

Lack of resources, training, and capabilities

The key limitations of Arabica coffee MAS
(Marker-Assisted Selection) research include a
lack of resources, training, and capabilities in
most of the world’s Arabica coffee
improvement programs through molecular
breeding, particularly in Ethiopia. Therefore, it
is important to expand the scope and access to
new marker platforms to provide efficient and
cost-effective screening services to Arabica
coffee breeders in most developing coffee-
producing countries. Communication and
mechanisms for the delivery of materials to
these breeders must also be developed. There
is an urgent need to enhance the capacity of
coffee breeding programs to adopt new
strategies. The clearly documented high rate of
return on such investments in the past should
be considered for coffee and other crops
globally (J. M. Alston et al., 2000). When
evaluating MAS investments in other crops,
concerns about food security and the likely
impact of environmental change on food
production have added urgency to accelerating
the rates of genetic gain in breeding programs.
Further technological developments are
essential, and a major challenge will be
ensuring that the technological advances
already achieved are effectively deployed.

Arabica coffee is a stimulant beverage crop
that belongs to the family Rubiaceae. It is a
self-pollinating species with a common
outcrossing rate of less than 10%, which is
sufficient to induce some variation in offspring
and free-pollinating cultivars. Ethiopia is both
the center of origin and diversification for
Arabica coffee. Despite the high genetic
diversity in the Arabica coffee population,
which provides immense opportunities for
improvement programs, research on Arabica
coffee MAS (Marker-Assisted Selection) is
limited. To date, most Arabica coffee research
has been conducted through conventional
(traditional) ~ methods,  particularly  in
developing countries that produce large
guantities of Arabica coffee.
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In conclusion, in the last three decades,
conscious efforts have begun globally to
integrate  MAS-based technologies, which
provide  impetus, dependability, and
directionality to genetic improvement efforts
for coffee. Several DNA marker studies have
been conducted on Arabica coffee, covering
different topics. Studies on the origin and
evolution of Arabica coffee suggest that
Coffea eugenioides is the possible maternal
progenitor of Arabica coffee, while Coffea
canephora was the putative pollen donor in the
hybridization event that preceded the
emergence of Arabica coffee. Almost all MAS
studies of Arabica coffee provide evidence that
the birthplace of Arabica coffee is likely
Ethiopia. Research on the phylogenetic studies
of Arabica coffee, using various marker-
assisted selections, suggests that southwestern
Ethiopia is its origin. Numerous studies on
Arabica coffee diversity conducted via MAS
have reported a high level of genetic diversity
in Ethiopia compared to other countries. This
diversity is valuable for developing varieties
that could sustain global coffee production.
However, information on this topic remains
scarce in Ethiopia. Similarly, about 21,000
Arabica coffee germplasm accessions were
assessed among world-leading gene banks
using MAS, and 2,533 genotypes were
identified for core collections. MAS linkage
and QTL mapping have been developed for
different desirable traits, though they are in
their infancy, with few successful examples.
Various candidate genes have been identified
for major coffee diseases: for CBD (T, R, K,
and ckl-1 genes), for CLR (SH1-SH9), and for
CWD, which is caused by Gibberella
xylarioides f. sp. abyssiniae (anamorph:
Fusarium xylarioides f. sp. abyssiniae).
Candidate genes that may control the
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