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Abstract

As a country of origin of coffee, Ethiopia is endowed with an immense diversity of the crop in
its diverse coffee-growing agro-ecologies. Amaro Kelo is one of the major coffee production
agro-ecologies in Ethiopia, where the genetic diversity of its landrace coffee germplasm was
not properly characterized previously. The study aimed to characterize 64 Amaro Kelo
local coffee accessions to understand the potential of the accessions for utilization in future
coffee genetic improvement efforts. The experiment was laid out in an 8 x 8 simple lattice
design with two replications at Awada Agricultural Research Sub-Center. Data were collected
on 19 quantitative and 10 qualitative traits, and subjected to multivariate analyses, i.e. cluster
and principal component analyses. The cluster analysis identified five clusters based on the
quantitative characters, and the distances between most of the clusters were highly significant
at P<0.01. Principal component analysis revealed the first six principal components with
Eigenvalues greater than one accounted for 77.7% of the total variation. The first two principal
components with respective contributions of 23.32 and 18.85% cumulatively accounted for
42.2% of the total variation in the accessions. In addition, high values of Shannon-diversity
index were found for the qualitative traits: branching habit, growth habit, fruit shape, overall
appearance and stem habit. In general, the multivariate analyses confirmed the presence of
high variation among the studied Amaro-Kelo coffee accessions that might serve as an
important genetic resource for future coffee genetic improvement or conservation efforts.

Introduction

Arabica coffee (Coffea arabica L.) is predominantly grown in the tropical and subtropical
regions of the world (Berthaud and Charrier, 1988; Davis et al., 2012). It is the only allotetra-
ploid species of the genus (2n = 4x = 44) (Lashermes et al., 1999; Benti et al., 2020). Coffee is
one of the most important beverages globally (Labouisse et al., 2008), ranking second after oil
in international trade (Geromel et al., 2006; Hameed et al., 2018). More than 2.5 billion cups of
coffee are consumed daily across the globe (Coffee Industry Statistics, 2020), with 1.8-2.0%
annual growth in consumption globally (Hameed et al., 2018; ICO, 2020), and 17% yearly
growth of global green bean production and consumption in the past decade (Hameed
et al., 2018).

Ethiopia is one of Africa’s most important Arabica coffee-producing and exporting
countries and the sixth most important coffee producer worldwide (ICO, 2018; USDA,
2018). The crop is mainly produced in the southern, southwestern and eastern parts of the
country. The total area coverage of coffee in Ethiopia is estimated to be 758,523.29 ha, of
which about 95% is produced by 4 million smallholder farmers (CSA, 2020). The estimated
annual national production of coffee was 8.04 million of 60 kg bags, while the average national
productivity was about 636 kg/ha (CSA, 2020).

The plateaus of central Ethiopia are reported as the origin of Arabica coffee from a rela-
tively recent hybridization between Robusta coffee (Coffea canephora Pierre ex A. Froehner)
and C. eugenioides S. Moore or their ecotypes (Tesfaye et al., 2007; Lashermes et al., 2011).
Arabica coffee has its primary centre of origin and diversity in the highlands of southwestern
Ethiopia (Charrier and Berthaud, 1985; Wrigley, 1988; Belachew, 2000). It is the species nat-
urally occurring in Ethiopia and South Sudan (Davis et al., 2012). As the centre of origin of
Arabica coffee, Ethiopia is endowed with rich genetic resources of coffee in its diverse coffee-
growing agro-ecologies (Hindorf and Omondi, 2011; Benti et al., 2020). Amaro Kelo, where
the local coffee accessions used in this study were collected, is one of the major coffee produc-
tion agro-ecologies with high diversity of the crop in the country.

Agro-morphological traits, such as size and shape of leaf and plant form, colour of the
shoot tip, characteristics of the fruit, angle of branching and length of internodes, are vital
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to explore variations in coffee (De Vienne et al., 2003). Biotic
stress tolerance traits such as coffee leaf rust (CLR) caused by
Hemileia vastatrix and coffee berry disease (CBD) caused by
Colletotrichum kahawae are very significant diseases of coffee in
Ethiopia and other major coffee-producing countries (Hindorf
and Omondi, 2011; Daba et al, 2019) that need to be given
high priority in coffee improvement programmes. Hence, charac-
terizing Amaro Kelo accessions based on these important diseases
may provide important implications on the potential of the acces-
sions to utilize for resistance breeding for these diseases.
Multivariate analyses based on agro-morphological traits have
been widely used to characterize and estimate the diversity of sev-
eral crops, including coffee (Gichimu and Omondi, 2010; Olika
et al., 2011; Gessese et al., 2015). These multivariate techniques
have also been used to characterize the genetic diversity of differ-
ent Arabica coffee accessions of Ethiopia, such as Harerge (Adem,
2009) and Limmu (Olika et al., 2011). However, such character-
ization and diversity studies have not been carried out on
Amaro Kelo local coffee accessions using agro-morphological
traits, and information on the diversity of Amaro Kelo coffee
accessions is lacking. Hence, the objective of this study was to
characterize and estimate the extent of genetic diversity of
Amaro Kelo coffee accessions based on 17 quantitative and 10
qualitative traits using multivariate techniques that might help
identify superior coffee genotypes for direct release as a variety
or use as a parental line for future coffee hybridization pro-
grammes after subjecting some of the best performing genotypes
to multilocations and seasons evaluation.

Materials and methods
Experimental design and plant materials

A total of 58 local coffee accessions collected from 10 Peasant
Associations (PAs) (the lowest Government Administrative struc-
ture in the rural areas) representing the major coffee-growing
agro-ecologies of the Amaro woreda of Segen zone of the
Southern Nations and Nationalities and Peoples (SNNP)
Regional State in Ethiopia in the year 2013 (online
Supplementary Table S1) were used for the study along with six
released pure line varieties, i.e. Angafa (1377), Feyate (971),
Koti (85,257), and Odicha (974), 74112 and 7440 were included
as reference (standard check) varieties to compare the perform-
ance of the studied accessions. The trial was laid out in an 8 x 8
simple lattice design and planted in July 2014. This study was
conducted in October 2018 by collecting data on the studied traits
on a 4-year-old established trial. Each plot consisted of six coffee
trees planted in a spacing of 2 x 2 m for both between rows and
plants in a single row. All the experimental plots were established
under uniform Sesbania sesban temporary shade trees, and all the
other coffee management practices such as pruning and slashing
were also uniformly applied to all the plots, as per the recom-
mended coffee agronomic practices (Tesfaye et al, 2006;
Alemseged et al., 2015).

Description of the experimental site

The experiment was carried out at Awada Agricultural Research
Sub-Center located at Yirgalem town, 45km south of Hawassa
and 319 km south of the capital city Addis Ababa in Ethiopia.
The sub-centre is located at 06°44'57”N latitude and 038°
23'16"E longitude, and an altitude of 1738 masl. The mean
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annual rainfall of the area is 1342 mm, with an average maximum
and minimum temperatures of 28.4 and 11 °C, respectively.

Methods of data collection

Data on 19 agro-morphological (quantitative traits) and an add-
itional 10 qualitative traits were collected on four sample trees
of 4-year-old trees per row on each plot, as per the standard
IPGRI (1996) coffee descriptors (list of the traits and their
description is presented in online Supplementary Table S2).

Data collection on incidence of coffee diseases

The disease incidence (%) of CBD and CLR were also recorded on
four sample trees. Visual disease estimation per individual sample
coffee tree was performed as described by Van der Graaff (1981).
Each of the four sample trees per accessions was randomly taken
and first diagnosed for the presence or absence of the disease,
then the disease incidence was calculated using the formula below:

Incidence of coffee berry/leaf rust disease (%)

Total number of diseased trees 100

" Total number of observed trees

Statistical analysis

Cluster analysis

Cluster analysis was performed using the proc cluster procedure
of SAS software (SAS, 2013), employing the method of average
linkage clustering strategy of the observations. The number of
clusters was determined following the approach suggested by
Copper and Milligan (1988), considering the three statistics:
Pseudo F, Pseudo t* and Cubic Clustering Criteria (CCC) using
SAS 9.4 software (SAS, 2013). Genetic divergence between clusters
was determined using the generalized Mahalanobis’s D statistics
(Mahalanobis, 1936). The D? value obtained for pairs of clusters
were considered as the calculated value of > and were tested for
significance at 5 and 1% level of probability against the tabulated
values of x> for P degrees of freedom, where P is the number of
characters considered (Singh and Chaudhary, 1987).

Principal component analysis (PCA)

The PCA was performed based on correlation matrix using SAS
version 9.3 (SAS, 2013). Principal components with Eigenvalue
greater than one were considered important in explaining the
total variations in the studied accessions (Cliff, 1988).

Shannon diversity index (H')

Shannon diversity index (H') was calculated using 10 qualitative
traits to analyse the phenotypic diversity of the studied coffee
accessions. It was calculated using the formula:

H =Y piln(p)Ey = H/Hpax = H/ InS,
i=1

where S is the number of traits category, Ep; is Shannon’s equit-
ability, H is Shannon diversity index, Hy,.x is maximum diversity
possible and p; is the relative proportion of the total number of
entries (N) in the ith class (Shannon, 1948).
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Fig. 1. Dendrogram for the association of 64 coffee genotypes based on 19 quantitative coffee traits.

Results
Cluster analysis of genotypes based on quantitative traits

The phenotypic similarities of 64 coffee accessions were analysed
using cluster analysis based on 19 quantitative characters. Cluster
analysis confirmed the presence of variation among the local
Amaro coffee accessions. The 64 coffee accessions were grouped
into five clusters (Fig. 1). The genotypes used as checks,
Angafa, 7440, Feyate and Koti were grouped into cluster-I;
whereas genotypes 74112 and Odicha were grouped into
cluster-II. The majority of accessions 59 (92.20%) were classified
into three clusters, with 26, 26 and 7 accessions in clusters I, II
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and IV; while clusters III and V had four and one genotypes,
respectively.

Cluster analysis based on qualitative characters

Cluster analysis has also confirmed variations among the 64 cof-
fee accessions for the qualitative traits, and accordingly, Amaro
Kelo coffee accessions were grouped into six distinct groups
(Table 1). Cluster-I was the largest and consisted of 33 accessions
(51.6%), followed by cluster-II (31.3%), cluster-III (7.8%), cluster
IV (4.7%), V (3.1%) and cluster VI (1.6%). Accessions grouped
into cluster-I predominately have triangular stipule and lanceolate
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Table 1. Clustering patterns of 64 coffee accessions based on 10 qualitative characters

Number of

Cluster no. accessions Per cent Accessions

| 33 51.6 AK15, AK32, AK50, AK49, AK4, AK5, AK1, AK13, AK7, AK34, AK42, AK14, AK52, 974, AK27, AK20, AK23,
AK3, AK54, K56, 74112, AK31, AK26, AK6, AK39, AK38, AK17, AK12, AK2, K36, AK28, AK48, 7440

1l 20 31.3 AK46, AK30, AK4T, AK57, AK22, AK44, AK41, AK25, AK21, AK24, AK43, AK51, 971, AK53, AK19, AK55,
AK8, AK58, AK11, AK10

1l 5 7.8 AK16, AK9, AK45, AK29, AK35

W 3 4.7 AK33, 1377, AK37

\Y 2 3.1 85257, AK18

Vi 1 1.6 AK40

leaf shape. Cluster II, on the other hand, comprised of 20 acces-
sions that were characterized by lanceolate leaf shape. In addition,
five accessions were grouped under cluster III, and these acces-
sions predominantly possess typically open growth habit with
spreading branch, flexible stem, bronze young leaf tip colour
and ovate stipule shape. Cluster IV was characterized by apiculate
leaf apex shape, flexible stem, deltate stipule shape, elliptic fruit
shape and many branches (primary) with few secondary
branches. Only one accession was grouped into cluster VI
(AK40), characterized by open growth habit, strong stem, elliptic
fruit shape, many branches (primary) with many secondary
branches, ovate leaf shape, spreading angle of insertion on the pri-
mary branch and bushy type in overall appearance. Cluster V had
compact growth habit, semi-erect insertion on primary branch,
flexible stem, acuminate leaf shape, apiculate leaf apex and pyram-
idal in overall appearances.

Cluster means analysis

The mean value of the 19 quantitative characters in each cluster is
presented in Table 2. The cluster means analysis revealed high
variation for various characters. A closer look into the cluster
means revealed that the clusters differ for the different characters
measured. Cluster V consisted of one accession having the char-
acteristic feature of relatively shorter average internodes length on
the main stem (4.4 cm), a longer length of the longest primary
branches (118.5), the lowest incidence of CLR (9.7%), short
bean length (9.3 mm), short bean width (6.2 mm), short bean
thickness (3.6 mm), short fruit width (10.7 mm) and light 100
bean weight (12.8 g). Moreover, this cluster is characterized by a
high yield (2474.5 kg/ha), shorter plant height (210 cm), relatively
longer height up to first primary branch (24.2 cm) and wider stem
diameter (5.9 cm), as compared to other clusters.

Cluster IV, which contained seven accessions, was known for
its unique characteristics of having high number of primary
branches (71), high number of bearing primary branch (53), rela-
tively wider bean thickness (3.7 mm), high coffee bean yield
(1722.1 kg/ha), shorter height up to first primary branch (23.1
cm) and the lowest incidence of CBD (11.72%). Cluster III that
consisted of four accessions was characterized by a low number
of primary branches (57), a low number of bearing primary
branch (40), the highest incidence of both CBD (61.9%) and
CLR (16.9%), wide leaf area (44.3 cm®), narrow bean thickness
(3.6 mm), narrow fruit length (14.8 mm), shorter stem diameter
(4.6 cm), lower coffee bean yield (86.0 kg/ha) and wider fruit
width (11.3 mm). Cluster II was characterized by shorter length
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of the longest primary branch (112.7 cm), narrow bean thickness
(3.7 mm), narrow leaf width (5.2 cm) and narrow leaf size (41.6).
Accessions in cluster I consisted of about 26 coffee accessions
with longer average internodes length on the main stem (5.0 cm),
tall plant height (232.0cm), heavier 100-bean weight (15.2g),
longer bean length (10.0 mm), wider bean width (6.5 mm), long
fruit length (15.6 mm) and wide fruit width (11.3 mm). However,
it is important to note in calculating cluster means that the super-
iority of a particular genotype for a given character might be
diluted by other genotypes related and grouped into the same clus-
ter that are inferior or intermediary for that character under
consideration.

Inter-cluster distance (D?) analysis based on quantitative traits

The x° test for the five clusters indicated that there were highly
significant differences (P <0.01) among each other (Table 3).
The smallest inter-cluster distance (D?=23.62) was observed
between clusters I and IV; while the highest (D?*=371.29) was
found between clusters III and V. In most cases, the accessions
among the clusters are significantly (P <0.01, x* = 34.80) diver-
gent from each other.

Inter-cluster distance (D?) analysis based on qualitative
characters

All the cluster distances based on the qualitative traits showed a
highly significant (P <0.01) difference among each other (online
Supplementary Table S3). The highest inter-cluster distance (D>
=254.80) was found between clusters II and VI, followed by
between clusters V and VI (D*=212.05), I and VI (D*=
188.70) and clusters III and VI (D? = 162.25).

Principal component analysis

The relative contribution of each attributes to the observed vari-
ability was evaluated based on PCA, and the result is presented
in Table 4. The first six principal components (PCs), i.e. PCl,
PC2, PC3, PC4, PC5 and PC6 with Eigenvalues greater than
one (4.431, 3.581, 2.511, 1.710, 1.424 and 1.110, respectively),
accounted for 77.7% of the total variation were considered
important for reporting in this study. The first principal compo-
nent (PCl1) explained 23.32% of the total variation, followed by
PC2 (18.85%), PC3 (13.22%), PC4 (8.98%), PC5 (7.49%) and
PC6 (5.84%). Almost all the studied traits, except stem diameter
and CLR disease, showed high (Eigenvector value of >0.3)
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Table 2. Cluster mean value of 19 quantitative characters for five clusters of Amaro coffee accessions at Awada

Desalegn Alemayehu et al.

Cluster means

Cluster mean differences

Variable | Il 1l v \ | Il 1l \% \Y

YLD 1161.40 623.87 86.00** 1722.14 2474.50** 203.74 —333.80 —871.66 764.48 1516.84
PH 232.02** 229.17 226.55 227.08 210.00* 2.39 —0.46 —-3.08 =255 —19.63
HUFPB 23.76 23.32 24.00 23.14* 24.15** 0.22 -0.22 0.46 —-0.40 0.61
SD 5.16 4.97 4.64* 531 5.85** 0.08 -0.11 —0.44 0.23 0.77
CD 207.32 199.28 194.26* 210.25 211.45** 3.70 —4.35 -9.36 6.63 7.83
AINL 4.97** 14.82 4.88 4.79 4.40* 0.10 —0.06 0.00 —0.08 —0.47
NBPB 50.98 50.29 40.50* 53.07** 52.00 0.69 0.00 -9.79 2.78 171
NPB 69.42 68.33 57.13* 70.57** 70.00 1.08 —0.02 —11.22 2.23 1.66
LLPB 116.73 112.68 113.43 117.44 118.50** 175 -2.30 —1.56 2.46 3.52
CBD 8.71 25.92 61.89** 6.48* 7.50 —10.06 7.16 43.12 —12.29 -11.27
CLR 14.00 14.13 16.86** 11.14 9.65* 0.15 0.28 3.02 =271 —4.20
HBW 15.18** 14.42 13.78 14.16 12.80* 0.55 -0.21 —0.86 —0.48 —1.84
BL 10.02** 9.94 9.73 9.79 9.34* 0.09 0.01 —-0.20 —-0.14 —0.59
BW 6.54** 6.36 6.36 6.33 6.16* 0.12 -0.07 —0.06 -0.09 —-0.26
BT 3.78** 3.68 3.62 3.65 3.59* 0.06 —-0.03 —0.09 —0.06 -0.13
FL 15.61** 15.13 14.78* 15.18 15.05 031 -0.17 —-0.53 -0.13 —0.25
FW 11.30** 11.11 11.26 11.05 10.70* 0.12 -0.07 0.08 —-0.13 —0.48
Lw 541 5.25* 5.43** 5.39 535 0.07 —-0.09 0.09 0.05 0.01
LS 43.48 41.59* 44.31** 43.95 43.35 0.66 -1.22 1.50 113 0.53

Where * is the lowest cluster mean difference; ** is the highest cluster mean difference; YLD, coffee bean yield (kg/ha); PH, plant height; HUFPB, height up to first primary branch; SD, stem
diameter (cm); CD, canopy diameter (cm); AINL, average internode length (cm); NBPB, number of bearing of primary branch; NPB, number of primary branch; LLPB, length of longest primary
branch (cm); CBD, coffee berry disease; CLR, coffee leaf rust; HBW, hundred bean weight (gm); BL, bean length (mm); BW, bean width (mm); BT, bean thickness; FL, fruit length (mm); FW, fruit

width (mm); LW, leaf width; LS, leaf size.

Table 3. Inter cluster genetic divergence (D?) based on 19 quantitative traits

Clusters | Il n IV v

| 24.57 87.47** 23.62 139.13**
1] 34.48* 87.38** 260.67**
1] 174.30** 371.29**
\% 53.17**
Vv

*Significant (P<0.05), **highly significant (P<0.01) *=34.80, (P<0.05) y>=28.87.

contributions to the first PC that explained the highest percentage
of the total variation. The traits: coffee bean yield, stem diameter,
canopy diameter, number of bearing primary branches, number
of primary branches, length of longest primary branches, CBD,
hundred bean weight, seed length, seed width, seed thickness
and fruit width showed high contributions to the second PC
that explained 18.8% of the total variation.

Shannon diversity indices

In this study, Shannon diversity index values were variable among
traits ranging from 0.35 to 1.18 (Table 5). Traits such as branch-
ing habit, fruit shape, growth habit, overall appearance and stem
habit showed high Shannon diversity index values of 0.66, 1.18,
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1.05, 0.87 and 0.54, respectively, and exhibited high Shannon
diversity percentage contributions to the total variation compared
to the other traits. The overall mean of H' value of 0.70 confirmed
the high level of diversity among the studied Amaro Kelo coffee
accessions.

Discussion

Based on the 19 quantitative traits, cluster analysis classified the
64 Amaro Kelo coffee accessions into five cluster groups
(Fig. 1). Four (Angafa, 7440, Feyate and Koti) out of the six
(67%) of the standard checks were grouped into the first cluster
(cluster-1), which might indicate that these released varieties
might have high similarity. This cluster also showed the third
highest mean cluster bean yield, while Cluster V with one acces-
sion and cluster-IV with about seven accessions showed the high-
est and the second highest mean cluster bean yields, respectively,
which might indicate these clusters possibly contain genotypes
with better bean yield potential than the checks. Similar clustering
studies with a comparable number of clusters were reported on
Ethiopian coffee of different geographic regions, such as
Harerghe (Adem, 2009), and Limu (Olika et al, 2011) coffee
germplasm, which provides additional evidence of the existence
of high genetic diversity in the different Ethiopian coffee germ-
plasm. The clustering pattern using the quantitative traits in
this study showed that accessions collected from the different
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Table 4. Eigenvalues and Eigenvectors of the first six principal components (PCs) based on the 19 quantitative characters of the 64 Amaro Coffee Arabica
germplasm at Awada

Eigenvectors

Character PC1 PC2 PC3 PC4 PC5 PCé
Coffee bean yield (kg) 0.40 0.50 —0.28 —-0.51 0.13 —-0.08
Plant height (cm) 0.56 0.27 0.30 0.58 —0.33 —0.06
Height up to first primary branch (cm) 0.37 0.02 0.06 0.09 —-0.14 0.47
Stem diameter (cm) 0.20 0.68 0.08 —0.02 0.35 0.43
Canopy diameter (cm) 0.36 0.72 0.17 —0.01 0.34 0.24
Internodes length (cm) 0.50 0.12 0.50 0.45 —-0.30 -0.17
Number bearing of primary branches 0.47 0.51 —0.43 0.11 —0.09 —0.26
Number of primary branches 0.45 0.56 —0.50 0.05 —0.17 —-0.21
Length of longest primary branch (cm) 0.48 0.54 0.16 0.27 0.30 —-0.07
Coffee berry disease (%) -0.37 —0.30 0.39 0.50 0.27 0.20
Coffee leaf rust (%) —0.08 —0.26 —0.25 0.48 0.62 -0.30
Hundred bean weight (g) 0.63 —0.56 —0.32 —0.04 —0.12 0.05
Seed length (mm) 0.63 —0.46 0.03 -0.01 —0.27 0.27
Seed width (mm) 0.65 —0.43 —0.10 —0.02 0.13 —0.18
Seed thickness (mm) 0.72 —0.46 —0.07 0.01 0.25 -0.17
Fruit length (mm) 0.66 —0.25 —0.07 —0.08 —0.03 0.32
Fruit width (mm) 0.45 —0.51 —0.26 0.00 0.41 0.17
Leaf width (cm) 0.33 —0.03 0.78 —0.38 0.14 —0.23
Leaf size (cm?) 0.34 —0.10 0.76 —0.42 0.10 —0.20
Eigenvalues 4.43 3.58 251 171 1.42 111
Difference 0.85 1.07 0.81 0.28 0.31 0.13
Percent of variation 23.32 18.85 13.22 8.98 7.49 5.84
Cumulative 0.23 0.42 0.55 0.64 0.72 0.78

PAs were clustered together in the same group; for instance,

accessions collected from all the PAs were grouped in clusters I

and II (Table 1, Fig. 1). This result was supported by Seyoum
Table 5. Shannon diversity indices for 10 qualitative morphological characters ~ (2003), who reported grouping of the accessions into the same
of 64 evaluated C. arabica accessions cluster regardless of their geographic origins in the study con-
ducted on Arabica coffee accessions collected from different
coffee-growing regions of Ethiopia. Similarly, accessions collected
from the same PAs were also classified into different clusters
Growth habit 1.05 1.10 95.45 implying the diversity in the accessions obtained from the same
PA. It is likely that geographic origin does not affect the clustering

(%) contributed to
Plant traits H [ variation

Stem habit 0.54 0.69 78.26 L > . .
pattern and diversity of the accessions, which might be due to the
Branching habit 0.66 0.69 95.65 exchange of seeds from one PA to the other. Such diversity serves
Angle of insertion 0.48 0.69 69.57 as an important source of accessions for future coffee breeding
Leaf tip colour Lol Lol 6273 efforts to b.roade'n' tbe crop’s genetic base, Whlch may help develop
new varieties utilizing Amaro Kelo accessions.
Leaf shape 035 0.69 50.72 The qualitative traits clustered the Amaro Kelo coffee acces-
Leaf apex shape 0.38 0.69 55.07 sions into six distinct clusters (Table 1), showing high genetic
i diversity in this accessions. In line with this, other studies
Stipule shape 0.45 1.10 40.91 . .1 . ..
reported the presence of high genetic diversity of Ethiopian coffee
Fruit shape 118 139 84.89 for the qualitative traits using cluster analysis (Atinafu et al., 2017;
Overall appearance 0.87 1.10 79.09 Masreshaw, 2018). It was also revealed that the clustering pattern
of Amaro Kelo coffee accessions using quantitative traits was
Overall mean of H’ 0.70 0.98 71.23

independent and distinct from the clustering pattern based on
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the qualitative traits. This suggests that the selection of genotypes
or parental lines in improving coffee through hybridization needs
to consider the clusters based on the quantitative and qualitative
traits independently of each other.

The inter-cluster distance (D?) analysis for both of the quan-
titative and qualitative traits revealed highly significant differences
(P<0.01) among most of the clusters (Table 3; online
Supplementary Table S3). The maximum genetic recombination
and heterosis in the subsequent progenies are expected from
crosses involving parents from the clusters with the highest cluster
distances (Singh and Chaudhary, 1987). Accordingly, crosses
between parental lines selected from cluster V with cluster III,
cluster II with cluster V and cluster IIT with cluster IV based on
the quantitative traits are expected to produce relatively higher
genetic recombination and hybrid vigour in their progenies.
Similarly, highly significant inter-cluster distances (D) based
on qualitative traits were also found between cluster II and cluster
V, cluster V and cluster VI, cluster I and cluster VI and cluster III
with VI (online Supplementary Table S3). The high inter-cluster
distance might indicate a high chance of obtaining transgressive
segregates and maximizing heterosis from crossing parents
belonging to different clusters, as there is a higher chance that dis-
tinct accessions would contribute unique desired alleles at differ-
ent loci (Ghaderi et al., 1984). However, parental selection needs
to take the specific merits of each cluster and a genotype within a
cluster into consideration that could potentially contribute desir-
able genes for traits of interest towards the objectives of the
hybridization programme.

Characters with the largest absolute values closer to unity
within the first few principal components influence the clustering
more than those with lower absolute values closer to zero (Chahal
and Gosal, 2002). Accordingly, traits with relatively higher influ-
ence in the first principal component (PC1) were hundred bean
weight, bean length, bean width, bean thickness, fruit length,
plant height, stem diameter and average internodes length on
the main stem, and hence had more contributions to the total
variation and were the ones that most differentiated the clusters
(Table 4). The traits coffee bean yield, number of primary
branches, number of bearing primary branches, length of the
longest primary branch, fruit width, hundred bean weight, canopy
diameter and stem diameter mainly influenced the variation in
the second principal component (PC2). Traits such as average
internode length, number of primary branches, leaf width and
leaf size were the major traits associated with the third principal
component (PC3), indicating their important role in the total
variability of Amaro Kelo coffee accessions. In line with this find-
ing, Akpertey et al. (2019) reported six traits, i.e. plant height,
stem diameter, span, number of laterals per tree, diameter of lat-
erals and number of nodes per lateral had high contributions to
the first PC that accounted for 39.2% of the total variation in
the 71 Robusta coffee accessions. This indicated the importance
of these traits in classifying Robusta coffee accessions into differ-
ent clusters in Ghana. The authors also recommended consider-
ing these traits in selecting diverse parents for a hybridization
programme in improving Robusta coffee. Similar findings were
also reported by Kebede and Bellachew (2008), Olika et al
(2011), Gessese et al. (2015) and Masreshaw (2018), where the
grouping of coffee accessions from different geographic origins
was performed using PCA in Ethiopia. Yigzaw (2005) also
reported the high contributions of inter-node length, tree height,
canopy diameter, number of branches, bean and fruit characters
to the total variations in the Ethiopian coffee germplasm.
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Likewise, Masreshaw (2018) reported that average inter-node
length of primary branches, the average length of primary
branches, canopy diameter, fruit width, fruit thickness, bean
width, bean thickness and hundred bean weight showed predom-
inant contributions to the total variation among Yayo coffee
germplasm. This finding agrees with Olika et al. (2011), who
reported bean length, hundred bean weights and leaf width had
major contributions to the total variation of Limmu coffee
germplasm.

Shannon diversity indices (H') were used to compare pheno-
typic diversity among the qualitative characters, and the mean
diversity index for the qualitative traits was 0.78, with mean con-
tribution of 71% to the total variation (Table 5). The qualitative
traits that showed more than average contributions to the total
variation included branching habit (95.6%), growth habit
(95.4%), fruit shape (84.9%), overall appearance (79.1%) and
stem habit (78.3%). In line with this finding, Masreshaw (2018)
also reported high contributions of leaf tip colour, unlikely stipule
shape, leaf shape and leaf apex shape to the total variations in the
studied 64 Yayo coffee germplasm. This author also reported a
high Shannon diversity index (H’) for fruit colour, young leaf
tip colour, stipule shape and leaf shape. Similarly, Yigzaw
(2005) and Adem (2009) reported that the Shannon diversity
values were variable among the different coffee germplasm and
qualitative traits and ranged from 0.41 to 0.99 for the coffee germ-
plasm sourced from various parts of the country and 0.17 to 0.39
for the West Harerge coffee germplasm, respectively. Gizachew
and Mohammed (2017) also reported a minimum value of H
(0.67) for branching habit and a maximum value (0.98) for leaf
shape. The lowest diversity index in this study was 0.35 for the
trait leaf shape, which, according to Hennink and Zeven (1990),
indicates unbalanced frequency classes and a lack of diversity
for the trait. In general, the diversity indices of all the qualitative
traits suggested the presence of high variability for these traits
among the evaluated Amaro Kelo coffee accessions.

The cluster analysis employed dendrogram, cluster mean ana-
lysis and inter-cluster distance to characterize the Amaro Kelo
local coffee accessions. The dendrogram classified the accessions
into five clusters, and the cluster means characterized each of
the cluster groups based on the 19 quantitative traits that helped
identify the cluster groups with high potential for the different
studied traits. Moreover, the inter-cluster distance displayed
how the cluster groups are closely or distantly related. On the
other hand, PCA decomposed the total variation into several
principal components in which the first few principal compo-
nents showed the highest contributions to the total variation.
Eigenvalues combined with Eigenvectors were used to identify
the traits that showed the highest contribution to the total vari-
ation. All the techniques used, i.e. cluster, principal component
and Shanon-Weaver diversity index provided unique and com-
plementary information that confirmed the local Amaro Kelo cof-
fee accessions showed high variations for the studied characters,
which might provide opportunities for genetic improvement
through selection, hybridization and conservation of the geno-
types for future utilization. Several other workers have also
reported similar high genetic diversity in Arabica coffee
(Seyoum, 2003; Yigzaw, 2005; Kebede and Bellachew, 2008) and
in Robusta coffee (Akpertey et al., 2019). Hence, the availability
of genetic diversity in the local Amaro Kelo coffee accessions
may provide an opportunity to improve coffee through selection
and hybridization. This accession needs to be conserved appropri-
ately using both in situ and ex situ (in field gene bank, in vitro or
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cryopreservation) techniques (Engelmann et al., 2007), and can
serve as a resource for potential future coffee genetic improvement.
In addition, the observed variability for some of the important
quality and disease resistance traits might be exploited to improve
the productivity, marketability and consumption of coffee.

The results of this study for the quantitative traits are based on
data recorded only for one year because the scope of the study was
to perform an initial characterization of the accessions to impli-
cate the potential of the accessions for future utilization and iden-
tify superior genotypes for advanced multilocation variety trials.
Hence, other similar analyses based on data collected in subse-
quent years may change the study outcomes due to genotype by
seasons interaction.

Summary and conclusion

Cluster analysis using the significant quantitative traits confirmed
high variation among the local Amaro Kelo coffee accessions, and
grouped them into five clusters. The smallest inter-cluster dis-
tance (D?=23.62) was observed between clusters I and IV;
while the highest (D*=371.29) was between clusters III and
V. Moreover, the studied coffee accessions were grouped into
six distinct groups based on 10 qualitative characters. Since max-
imum genetic recombination and variation in the subsequent
generation are expected from crosses that involve parents from
the clusters characterized by maximum distances, considering
the distance between cluster groups in selecting parental lines
for hybridization is important in achieving good genetic recom-
bination and segregation in the progenies.

The PCA revealed that the first two principal components, i.e.
PCI and PC2, with respective PC values of 23.32 and 18.85%,
respectively, contributed more to the total variation. Thus, almost
all the studied traits contributed to the discrimination of the
tested accessions. However, hundred bean weight, bean length,
bean width, bean thickness, fruit length and plant height contrib-
uted to the total variation and differentiated the clusters.
The qualitative traits with high Shanon diversity values (H'),
such as branching habit, fruit shape, growth habit, overall appear-
ance and stem habit, revealed high contributions to the overall
variability, indicating the importance of Amaro Kelo coffee acces-
sions to improve these traits.

Generally, the present study indicated enormous genetic vari-
ability among Amaro Kelo coffee collections for various import-
ant morphological traits. Hence, there is an opportunity to
exploit these accessions to improve the various quantitative traits
identified as important contributors to the total variation in PC-I,
IT and III, i.e. hundred bean weight, bean length, bean width, bean
thickness, fruit length, plant height, stem diameter, average inter-
nodes length on the main stem, coffee bean yield, number of pri-
mary branches, number of bearing primary branches, length of
longest primary branch, fruit width, canopy diameter, stem diam-
eter, average internode length, leaf width and leaf size.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/51479262122000119.
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