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Thesis Abstract  
DIVERSITY OF SOUTH ETHIOPIAN COFFEE [Coffea arabica L.]: AGRO-

MORPHOLOGICAL, BIOCHEMICAL AND MOLECULAR ASPECTS  

Ethiopia is the center of origin and genetic diversity for  Coffea arabica, a crop that plays a

central role in the country's economy, culture, and identity. Coffee provides a livelihood to about

25  million  people.  Despite  Ethiopia's  favorable  climate,  soil,  and  rich  genetic  resources,

national coffee productivity remains low as compared to leading producer and world average.

This  is  partly  due  to  our  incomplete  knowledge  of  the  wider  adaptability  and  stability,

morphological, biochemical, and molecular diversity among characteristics of the plant and the

relevant agricultural traits of the plant in general, and South Ethiopian genotypes, in particular.

To address  this  gap,  five  integrated  studies  were  conducted  to  evaluate  the  morphological,

biochemical,  and molecular diversity of  South Ethiopian Arabica coffee genotypes and their

relationship  to  yield  and  quality  performance.  These  studies  aimed  to  support  genetic

improvement efforts through better trait characterization, genotype selection, and understanding

of genotype × environment interaction (GEI).

The first  two studies involved the evaluation of  17 genotypes  (14 selections  and 3 released

varieties)  at  Awada,  Wonago,  and  Shebedino  using  a  randomized  complete  block  design

(RCBD). A total of 26 quantitative and 15 qualitative traits were recorded. Results revealed wide

phenotypic  variation,  with  Shannon-Weaver  diversity  indices  ranging  from  0.22  to  1.12.

Significant  differences  (p<0.05)  were  found  for  most  qualitative  traits,  confirming  high

morphological diversity.

Quantitative trait  analysis  showed significant  variation among genotypes,  environments,  and

their interaction for  several  yield-related traits.  Traits  such as  number of  branches,  canopy

diameter, fruit size, and seed traits exhibited moderate-to-high heritability and genetic advance,

indicating potential for improvement via selection. Principal component and cluster analyses

grouped the genotypes based on trait similarities, highlighting key contributors to phenotypic

diversity. Genotypes AW7705 and AW105 showed superior yield performance (1.37 t/ha), with

AW7705 also demonstrating yield stability across environments.

The  third  study  analyzed  GEI  effects  using  AMMI  and  GGE-biplot  models  across  12

environments. The interaction was significant, accounting for 17.5% of total variation. Genotype

AW7705 (G16) was identified as both high-yielding and stable, making it a best candidate for

xxii



variety development in Sidama, Gedeo, and similar agro-ecologies. Conversely, AW105 (G7)

was high-yielding but less stable, suggesting potential for targeted environments. These results

emphasize the importance of multi-location trials in coffee breeding to capture GEI effects and

ensure stability.

In the fourth study, 30 genotypes  were assessed for physical traits, cup quality, and biochemical

composition  using  RCBd  design.  Significant  variation  was  found  among  genotypes  and

environments almost all the studied traits. Most genotypes scored above 80%, qualifying them as

specialty coffee. Biochemical diversity included a wide caffeine range (0.52%–1.53%), offering

opportunities to develop low-caffeine varieties. PCA and cluster analyses identified key traits

contributing to quality variation, including caffeine, trigonelline, chlorogenic acid, acidity, and

flavor. Genotype AW9648 consistently exhibited high-quality scores, making it suitable for both

quality breeding and specialty market promotion. 

The fifth study, the genetic diversity of 40 accessions from Sidama, Guji, Amaro, and Jinka and

10 improved varieties analyzed using four ISSR markers. A total of 74 bands were generated,

with private bands and higher polymorphism observed in improved varieties. Genetic diversity

indices showed considerable variation among populations, with AMOVA revealing 67% of total

variation occurring among populations.  Principal  coordinate  analysis  explained 43% of  the

genetic variation across the first three axes. UPGMA clustering grouped genotypes into four

major clusters, often reflecting geographic origin. These findings confirm the rich genetic base

in southern Ethiopian coffee and support its use in breeding and conservation programs.

The  integrated  results  of  these  five  studies  confirm  the  presence  of  significant  agro-

morphological,  quality,  and  molecular  diversity  among  South  Ethiopian  coffee  genotypes.

Significant GEI effects further underline the need for multi-environment testing to develop widely

adaptable  and  stable  varieties.  AW7705  and  AW105  were  high  yielder  and  found  to  be

promising candidate for yield competitive variety development; whereas, AW9648 was identified

as  superior  quality.  These  results  provide  a  foundation  for  selection,  hybridization,  and

conservation strategies in Arabica coffee improvement. Future research should include more

accessions and high-resolution molecular markers to enhance the precision of genetic diversity

studies and guide sustainable crop improvement.

Key words: Arabica Coffee, Cup Quality, Genetic Diversity, Growing Environment, ISSR 

Markers, Population, Qualitative Traits, Quantitative Traits, Yield Stability   
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CHAPTER ONE 

1. GENERAL INTRODUCTION   
Coffee  belongs  to  the  family  rubiaceae  and  the  genus  Coffea  (Davis  et  al.,  2011).  The

Rubiaceae  is  the fourth  largest  angiosperm family  with 611 genera  (Davis  et  al.,  2009).

According to Davis and Rokotonasolo (2021), 130 species have been identified in the genus

coffea. Out of those species, only two species (Coffea arabica L. and Coffea canephora) are

economically  important  species  (Lachenmeier,  2023).  C.  arabica is  the  only  tetraploid

species in the genus and is self-fertile, while other species are diploid and generally self-

incompatible (Lachenmeier, 2023). 

Ethiopia is the origin and center of genetic diversity for the Arabica coffee species (Vavilov

1951).  The  country  has  collected  over  12,452  accessions  from  various  coffee  growing

ecologies  and  maintained  them  in  in-situ and  ex-situ gene  banks  (Yirga  et  al.,  2021).

Different researchers witnessed the existence of abundant genetic diversity among Ethiopian

coffee genotypes (Abdulfeta 2018; Argaw & Taye 2018; Beksisa  et al. 2018; Dawit 2018;

Desalegn 2018; Beksisa 2021; Merga et al., 2021). The Ethiopian coffee genepool represents

the most important and diversified genepool of this species (Bakala et al. 2022).

Coffee  is the most widely traded commodity next to petroleum in the world  providing a

livelihood to 125 million people (Tran  et al., 2016). Millions of people around the world

treasure its beverage and over 2.25 billion cups are consumed every day in the Globe (ICO,

2014). About 56 developing countries that produce and export coffee generate a total of more

than US$42.3 billion in 2023 (ICR, 2024), and employ over 125 million people (Tran et al.,

2016). Its popularity and volume of consumption are growing every year, and coffee shops

are the fastest growing part of the restaurant business.  

Coffee is well known pillar of Ethiopian economy. Until the 1990s, it was fetching about

60%  of  foreign  exchange  for  the  nation  (Yilma,  2017).  Since  then,  with  gradual

diversification of  export  commodities,  its  export  share  has  declined;  but,  still,  it  plays  a

pivotal  economic  role  by  accounting  on  average,  32% of  the  total  government's  export

revenue, 35% of agricultural export share (USDA, 2023), and its exports generated 1.4 billion

USD in the 2022 fiscal year for the country (ECTA 2023; ENA, 2023). Furthermore, the crop

provides livelihoods to about  25 million smallholder farmers and other actors directly or

indirectly (Yirga et al., 2021). In addition to economic importance, coffee is also the defining

feature and sphere of Ethiopian culture, politics, social life, and identity. An invitation to
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drink coffee is  considered a  symbol of  friendship,  respect,  and great  hospitality  (USDA,

2023).  The  cultural  ceremony  of  Ethiopian  coffee  beverage  preparation  and  drinking  is

unique and stunning. Ethiopia is one of the world's largest coffee consumer with about 55 %

of the production consumed domestically (USDA, 2021). 

Ethiopia is the leading producer in Africa, and the world’s fifth largest exporter, following

Brazil, Vietnam, Colombia and Indonesia contributing about 4.2% of the total world coffee

production  (USDA,  2023).  The  total  productive  coffee  area  in  Ethiopia  is  estimated  at

856,591.99 hectares with annual average production of 5.85 million  tons and productivity of

0.68 ton/ha (Motebayenore, 2022). According to ICO statistics, the production of Ethiopian

coffee has been constantly increasing since 2000/01 harvest season. The annual production

stood at the highest level of 8.10 million bags (= 486 thousand tons) in 2012/13 compared to

3.11 million bags (= 186.6 thousand tons) in 2000/01 cropping season. The productivity has

also reportedly reached 748 kg/ha in 2014 compared to only less than 300 – 500 kg/ha before

a decade (CSA, 2015). It is believed that the surge in production is largely attributed to the

increase in cultivated area from 400,000 ha in the early 2000s to roughly 560,000 ha in 2015

(CSA,  2015;  Bayetta,  2015).  Ethiopia  also  has  the  largest  highland  area  suitable  for

production and, hence has the potential to be a leading producer of coffee in both quality and

quantity  (CSA,  2015;  Bayetta,  2015).  Nearly  all  coffees  produced in  Ethiopia  are  shade

grown, with 40-60% canopy cover, except few home garden systems in Eastern Ethiopia. The

coffee plants are also mainly either local varieties/  land races or of wild origin (Bayetta,

2015). 

Preliminary coffee improvement work in Ethiopia was started in 1952 by the then called

Jimma Agricultural  Technical School (JATS) with the help of P.G. Sylvain,  FAO coffee

specialist,  who  provided  seeds  of  50  Arabica  varieties,  and  6  varieties  of  other  species

(Belachew, 1968). Subsequently, the JATS had made additional collections of indigenous

coffee  types  and  international  varieties.  In  1965,  the  FAO  coffee  collection  mission  to

Ethiopia (FAO, 1968) handed over 433 additional accessions to the technical school. Under

the Institute of Agricultural Research (IAR), a comprehensive research work on coffee was

started after the establishment of Jima Agricultural Research Center (JARC) in late 1967.

Following JARC establishment, Sub-Centers including Awada Agricultural Sub-Center was

established in1990. Long and short term breeding programs were immediately launched with

the major objectives of collecting and conserving coffee germplasm, develop cultivars that

combine high yield, disease resistance and good quality, and multiply and supply improved
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seeds (Bayeta, 1998). The first  breeding activity was started with 76 accessions obtained

from  French  Coffee  Collection  Mission  to  Ethiopia  in  1966  and  123  Arabica  varieties

introduced  from  different  countries  (Bayeta,  1998).  Since  then,  a  number  of  research

achievements  were  made  in  germplasm  collection,  finding  a  number  of  CBD  resistant

cultivars and heterotic hybrids in conventional breeding approach.  Following the standard

steps over 6,700 germplasm has been collected, 6 hybrid and 40 pure line varieties were

developed and further steps are underway to release high yielder, best quality and disease

resistant/tolerant hybrids and pure-line varieties (EIAR. 2017; Benti, 2017). However, given the

wealth  of  coffee  genetic  resources  Ethiopia  has  and  its  diverse  agro-ecologies,  these

achievements  are  far  short  of  what  is  needed  to  support  the  growing  coffee  industry  in

Ethiopia and coffee production still faces various challenges in terms of development of high

yielder, major disease resistant, and wider agro-ecology adaptable varities.

Studying  the  genetic  diversity  of  Coffea  arabica is  a  fundamental  component  of  crop

improvement  programs,  as  it  provides  the  basis  for  effective  selection  and hybridization

strategies.  Understanding  the  extent  and  pattern  of  genetic  variation  enables  breeders  to

identify  genotypes  with  desirable  traits,  assess  the  potential  for  selection,  and  determine

suitable parental lines for crossing. Such analyses help reveal which traits contribute most

significantly  to  the  observed  diversity,  offering  valuable  insights  into  their  potential

utilization in breeding programs aimed at improving yield, quality, disease resistance, and

adaptability to environmental stresses.

Different  genetic  diversity  assessment  methods,  viz.,  molecular,  biochemical,  and

morphological markers are used to analyze genetic diversity. Of these, the morphological

method is direct, simple to score, and easy to apply, and its estimations were perceived as the

determinant of  the plant’s  agronomic value and taxonomic classification (Bhandari  et  al.

2017).  Plant  breeders  can  differentiate  and identify  the  promising  genotypes  for  cultivar

development by assessing morphological characters (Akpertey et al., 2019). In Ethiopia, until

today, coffee genetic diversity assessment through morphological traits has been the main

tool  that  has  been  successfully  used  to  analyze  genetic  diversity  for  improved  cultivar

development (Benti 2017). 

Green bean physical  character  and beverage  quality  assessment  by  a  professional  coffee

cupper is crucial to examine the coffee quality and identify characteristic variations of the

genotype. In the Ethiopian coffee research program, a coffee-cupping protocol was developed
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for  the  evaluation  of  coffee genotypes  with  specific  evaluation  criteria  for  the  physical

characteristics of green beans and cup quality (Sualeh & Mekonnen, 2015). The main bean

physical characteristics are bean odor, color, and shape, whereas cup quality attributes are

flavor, acidity, body, aromatic quality, aromatic intensity, astringency, bitterness, and overall

cup quality. 

In conventional coffee breeding and selection program, it takes long time to develop a new

coffee cultivar (Benti, 2017). Use of molecular markers associated with important traits can

make coffee breeding more precise, rapid, allow the detection of variations in DNA level,

overcome environmental factors and growth stage of the plant, and probably cost effective in

comparison to phenotypic selection (Henry, 1997; Ni et al., 2008). Some of the DNA based

markers  that  have  been  extensively  used  in  coffee  genetic  diversity  studies  includes

Restriction  Fragment  Length  Polymorphism  (RFLP),  Amplified  Fragment  Length

Polymorphism (AFLP), Randomly Amplified Polymorphic DNAs (RADP), Sequence-related

Amplified  Polymorphism  (SRAP)  and  Simple  Sequence  Repeats  (SSR),  Inter  Simple

Sequence Repeat  (ISSR),  single-nucleotide polymorphisms (SNPs) markers (Maluf  et  al.,

2005; Mishra et al., 2011; Oktavioni et al., 2020; Benti et al., 2021).

1.1 Problem Statement  
Under Ethiopian Institute of Agricultural Research in coffee commodity research program,

there are five national coffee research projects viz., South Western Ethiopia, South Ethiopia,

Western Ethiopia,  Eastern Ethiopia and New Potential  Coffee Growing Areas,  which are

mandated to run a comprehensive research activity on Arabica coffee (EIAR,  2017). Awada

Agricultural Research Sub center in collaboration with Jimma Agricultural Research Center

mandated  to  run research activities  on South  Ethiopia  coffee  research project  mainly  on

Sidama and Yirgachefe coffee (AARSC, 2000). But, no research achievement is reported on

Gujji, Amaro, Jinka, and Gamogofa coffee, which are source of Arabica coffee germplasm

having immense genetic diversity for coffee improvement. Therefore, this study broadened

the scope of the south coffee research project and addressed unaddressed but high potential

and immense diverse coffee types of Amaro, Gujji, Gamogofa and Jinka. 

Despite the importance of coffee in Ethiopia’s economy and the presence of huge genetic

resources, a favorable climate, and soil types for coffee production and productivity, the crop

yield is by far very low (0.68) as compared to the yield recorded in Vietnam (2.4 ton/ha),

Brazil (1.4 ton/ha), Colombia (0.9 ton/ha), and the world average (0.8 ton/ha) (WEF 2021).
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Many factors contributed to low level of production and productivity; lack of high-yielding

improved  varieties  with  consistent  performance  in  wide  ranges  of  environments,  biotic,

abiotic  (low  soil  fertility,  poor  agronomic  management),  and  failure  to  use  appropriate

technology (improved variety, fertilizer) (Ayele  et al., 2021).  As compared to the extent of

genetic diversity available, the effort made to efficiently utilize them is still very little (EIAR,

2017).  In  this  regard,  this  study  focused  on  the  promotion  of  promising  selection  for

development  of  yield  competitive  variety  to  increase  production  and  productivity  of  the

nation.   

Environmental conditions strongly influence agricultural production, leading to considerable

variations in yield and quality. Such influence is discriminated when yield experiments are

performed in various locations and different years (Beksisa 2021; Merga 2021; Ndikumana

2022). South Ethiopia accounts for more than 46% of the Ethiopian coffee market (NBE,

2011).  Most of the bean yield performance and stability studies over location were done in

southwest  Ethiopian  growing  ecologies,  but  little  information  was  generated  for  wider

adaptability  and  stability  in  south  Ethiopian  and  other  ecologies.  Thus,  investigation  of

southern Ethiopian genotypes in the main south Ethiopian coffee growing ecologies is an

urgent task. Thus, conducting a study that targets the evaluation of existence and extent of the

effect  of  GEI  on  Arabica  coffee  bean  yield  across  the  diverse  agro-ecologies  of  south

Ethiopia is necessary.

Substantial variation was observed in coffee -green bean caffeine, chlorogenic acids, sucrose

and trigonelline contents (Silvarolla et al., 2004), bean size, shape and color and cup quality

(Wondimu, 1998).  However,  in most of collection maintained in gene bank including all

south coffee collections, biochemical variability analysis is yet to be done (EIAR, 2017).   

Many researchers (Marie et al., 2020; Beksisa 2021; Merga 2021; Legesse et al., 2022) have

reported  the  existence  of  high  agro  mophological  diversity  among  coffee  germplasm

collections  in  Ethiopia.  This  high  variation  is  yet  to  be  confirmed  with  molecular

characterization. Until now, no molecular genetic diversity has been conducted to determine

the variation in south Ethiopian coffee gerrmplasm (EIAR, 2017; Benti, 2017). Hence, in

conventional  breeding  achieving  a  precise  result  is  too  long,  there  is  urgent  need  to

supplement  conventional  breeding  with  molecular  breeding  techniques.  Taking  these

recurring  situations,  this  research  work  was  conducted  to  address  the  following research

objectives to improve coffee production and productivity in near future. 
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1.2 Research Objectives

1.2.1 General Objective 

To assess diversity and trait variation in South Ethiopian Coffea arabica using 
morphological, biochemical, and ISSR markers for yield and quality improvement 

1.2.2 Specific Objectives 
1. To characterize and evaluate south Ethiopian coffee genotypes based on qualitative and

quantitative agro-morphology traits     

2. To determine the extent and nature of GEI on coffee bean yield and to identify the stable

genotypes that exhibit wide adaptation over south Ethiopian agroecologies 

3. To investigate biochemical and cup quality variability among south Ethiopian coffee 

genotype 

4. To analyze the genetic diversity and population structure of South Ethiopian coffee 

genotypes using ISSR markers     

1.3. Thesis Organization
This thesis work contains separate chapters that address the above specific objectives. The 

chapters were inter-related and prepared as distinct research papers; therefore, overlaps might

occur in terms of contents and references. The chapters are organized as follows:

List of Chapters Title of Chapters

Chapter 1 General Introduction
Chapter 2 Phenotypic Diversity of Arabica Coffee (Coffea arabica L.) Genotypes for 

Qualitative Characteristics at Awada, Ethiopia
Chapter 3 Genetic Diversity of Arabica Coffee Genotypes in South Ethiopia Using 

Quantitative Agro-morphological Traits
Chapter 4 Genotype by Environment Interaction and Stability Analysis Using AMMI and

GGE-Biplot Models for Yield of Arabica Coffee Genotypes in South Ethiopia

Abstract
Chapter 5 Evaluation of Physical and Chemical Characteristics of Bean and Cup Quality 

of Arabica Coffee Genotypes Grown in Southern Ethiopia
Chapter 6 Genetic Diversity and Population Structure Analysis of South Ethiopian 

Coffee [Coffea arabica L.] Genotypes Using ISSR Marker
Chapter 7 General Summary, Conclusion and Recommendations
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CHAPTER TWO

2  Phenotypic Diversity of Arabica Coffee (Coffea arabica L.) Genotypes for 
Qualitative Characteristics at Awada, Ethiopia  

Abstract 
Understanding  the  amount  and  distribution  of  genetic  diversity  is  crucial  in  managing

germplasm and using it  efficiently  in  breeding programs.  This study aimed to assess the

variation  in  qualitative  morphological  traits  among  17  genotypes  of  Arabica  coffee  to

promote  strategic  conservation  and  effective  utilization.  The  characterization  of  Arabica

coffee genotypes for qualitative traits displayed a wide range of phenotypic variation, with

the Shannon-Weaver diversity index ranging from 0.22 (least polymorphic) to 1.12 (most

polymorphic)  and  an  overall  mean  of  0.67.  The  chi-square  test  revealed  significant

differences for the tarits of branching habit, stipule shape, young leaf colour, leaf shape, leaf

apex shape, leaf petiole colour, young shoot colour, overall appearance, canopy diameter,

fruit  colour,  fruit  shape,  pulp  thickness,  seed  shape,  suggesting  dominant  phenotypic

variation among the evaluated traits. Path coefficient analysis showed a positive direct effect

of  angle  of  insertion  of  primary  branches  (0.485),  canopy  diameter  (0.264),  overall

appearance (0.101), and leaf apex shape (0.014) on branching habit. According to the PCA,

leaf shape (-0.41) and fruit color (-0.36) from the first PCA and leaf apex shape (-0.43) from

the  second  PCA were  the  important  variables  contributing  more  to  the  variations.  The

genotypes were classified into five clusters using cluster analysis. The pairwise generalized

squared distance among the clusters based on Mahalanobis's D2 statistics showed significant

(P<0.05) divergence between most of the clusters. In conclusion, the present study confirmed

the existence of qualitative morphological trait variation among evaluated south Ethiopian

coffee genotypes. It is recommended that the studied genotypes be properly conserved and

utilized for the coffee genetic improvement program through selection and hybridization.

Key words: Cluster Analysis, Genetic diversity, Principal Component Analysis, Qualitative

Traits, and Shannon Diversity Index 
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2.1 Introduction
Coffee is  one of the most  widely traded commodities in  the world and the second most

consumed  non-alcoholic  beverage  after  water  (Samper  et  al.,  2017).  Its  popularity  and

volume of consumption are growing every year, and coffee shops are the fastest-growing part

of  business.  Among the  130 species  of  the  Coffea  genus  in  the  Rubiaceae  family,  only

Arabica coffee (Coffea arabica L.) and Robusta coffee (Coffea canephora P.) are the two

most  economically  important  species  (Lachenmeier,  2023),  with  Arabica  accounting  for

about 60% of global coffee production and Robusta accounting for approximately 40% (ICO,

2018). Coffee is produced by over 80 tropical countries and exported by 50 countries, with an

annual production of about 9 million tons (Sarada, 2017).  

Ethiopia is the birthplace of Arabica coffee (Coffea arabica L.), which has the largest genetic

diversity and abundance of genetic resources in the world (Vavilov, 1951). Arabica coffee is

a crucial component of the Ethiopian economy and is deeply intertwined with the social,

economic, political, cultural, and spiritual aspects of the country. Ethiopia's unique climate

and environment provide ideal conditions for producing high-quality coffee (Tadesse et al.,

2020). As of the 2022/23 fiscal year, the total area covered by coffee in Ethiopia is estimated

to be 590,000 hectares, with a production and productivity of 496,000 tons and 0.84 tons per

hectare, respectively (USDA, 2023).  

Genetic diversity refers to the amount of genetic variability present among individuals within

a population or variety of a species (Minter et al., 2021). It can be observed at three different

levels:  diversity  between  species,  diversity  between  populations  within  one  species,  and

diversity  between  individuals  within  one  population  (Salgotra  &  Chauhan,  2023).  This

diversity  is  the  result  of  genetic  material  (DNA)  recombination  during  the  inheritance

process, mutations, gene flow, and genetic drift, which lead to variations in DNA sequence,

protein  structure  or  isoenzymes,  epigenetic  profiles,  physiological  properties,  and

morphological properties (Salgotra & Chauhan, 2023).

Genetic diversity is essential for maintaining a healthy population since it enables individuals

to adapt to various biotic and abiotic stresses and promotes resistance to pests, diseases, and

other stress conditions (Salgotra & Chauhan, 2023). Under environmental changes, different
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crop varieties survive due to the presence of genetic variation, which enables the varieties to

adapt (Salgotra & Chauhan, 2023). 

The wealth of diversity in a species offers ample opportunities for genetic improvement of

the crop to  develop varieties suitable  for  different  agro-ecologies,  cropping systems,  and

purposes. Genetic diversity aids breeders in maintaining crossbred varieties, resulting in the

conservation of desired characteristics in the variety (Temesgen, 2021). The more diverse the

breeding materials, the higher the probability that they will contain desirable genes and the

higher  the  probability  of  improving  the  crop  for  traits  of  interest  (Temesgen,  2021).

Therefore, diverse lines are necessary for commercial variety defect correction, novel variety

development, identification of diverse lines, creation of diversity, and subsequent utilization. 

Information about the amount and distribution of genetic diversity among the germplasm is

essential for its efficient management and effective utilization in the breeding program. Plant

genetic  resource  genetic  diversity  analysis  can  be  conducted  using  phenotypic  or

morphological traits and cytological, biochemical, and molecular assessment techniques (Zhu

et al., 2022). Morphological markers were initially used for the analysis of diversity, and they

are still in use. Morphological evaluation and characterization of genotypes using qualitative

traits  are  the  most  direct  methods  of  identifying  genotype  identity  and  studying  genetic

diversity among genotypes (Tatari and Abdollahi, 2021). This technique is easy, simple, cost-

effective,  time-efficient,  and  does  not  require  complicated  equipment  or  a  high  level  of

specialist knowledge for scoring (Tesfa, 2022).

Several studies have been conducted to estimate the genetic diversity of Arabica coffee using

qualitative traits. Different scholars from different countries reported the presence of high

variability among Arabica coffee genotypes using qualitative morphological traits (Ameha,

1986; Montagnon & Bouharmont, 1996; Selvakumar & Sreenivasan, 1989; Asegid, 2019;

Weldemichael, 2020; Yirga, 2021; Gebreselassie et al.,  2024). Morphological traits are still

successfully  used  to  analyze  the  genetic  diversity  required  for  germplasm  conservation,

reduce  accession  numbers  by  identifying  and  eliminating  duplicates,  and  enhance  crop

breeding through selection.   

Indigenous genotypes play a key role in sustainable production and have an inherent value as

the storehouse of wild coffee genetic resources (Davis  et al., 2019). They also have high

functional diversity in terms of disease resistance (Davis et al., 2023) and pest and drought

tolerance (Burkhardt et al., 2007; Hein and Gatzweiler, 2006; Carvalho et al., 2017). As part
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of a future-proofing resource, and especially for providing genetic potential for mitigating

climate change, indigenous populations are perceived as a key resource for the medium- to

long-term sustainability of Arabica coffee production (Hein and Gatzweiler, 2006). However,

indigenous coffee genetic resources are being lost at a rapid pace due to varied threats, such

as the conversion of natural forest to agricultural land in the center of origin, deforestation,

land degradation, climate change, leading to an increased incidence of pests and diseases, a

higher incidence of drought, and unpredictable rainfall patterns (Sarada, 2017).

Hence, indigenous coffee genetic resources are being lost at a rapid pace, an urgent strategy

has to be sated in coffee research program to collect, conserve, and utilize indigenous coffee

genetic resources. Accordingly, coffee accessions were collected in the major coffee-growing

areas of southern Ethiopia (Sidama, Gedeo, Amaro, Gamo Gofa, Jinka, and Gujji), and over

700 coffee accessions have been collected and maintained at the Awada field bank. Among

the southern collection, 14 promising accessions were selected for variety development after

wider  adaptability  studies  at  different  testing  locations.  Although  these  accessions  were

selected for their high yield potential, coffee berry disease resistance, and coffee leaf rust

resistance, they have not yet been systematically characterized for qualitative morphological

traits. Therefore, this study was conducted to assess the variation in qualitative morphological

diversity  among  these  Arabica  coffee  genotypes  for  effective  utilization  and  strategic

conservation. 
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2.2 Materials and Methods 

2.2.1 Description of study area 
The experiment took place during the 2021 cropping season at Awada agricultural research

sub-center, located in Sidama Regional State, Ethiopia. The center is situated at a latitude of

6045'46''N and a longitude of 38022'36''E, with an elevation of 1740 meter above sea level

(a.s.l.) The agro ecology of the experimental site is characterized by a semi-bimodal rainfall

pattern  with  double  wet  and  dry  seasons,  as  described  by  Ajema  &  Nigussie  (2021).

According  to  NASA (2023),  the  average  wind  speed,  precipitation,  root  zone  moisture,

maximum temperature,  and minimum temperature  of  the  experimental  site  over  the  past

forty-one  years  (01/01/1981-12/31/2021)  were  1.46  m/s,  1399.20mm,  0.68,  34.110C,  and

7.610C, respectively. The experimental site has eutric-nitosol and chromotic-cambisol soil

type, which is ideal for coffee production (Kebede & Bellachew, 2008).   

2.2.2 Planting materials 
For this study, a total of 17 Arabica coffee genotypes were used, consisting of 14 accessions

from  the  south  Ethiopian  coffee  gene  pool  and  three  standard  reference  varieties.  The

genotypes were originally collected from various agroecologies in south Ethiopia and have

been maintained at Awada Sub Center (Gebreselassie et al., 2024). The genotypes and their

sources are listed in Table 2.1.
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Table 2. 1 Description of experimental materials

Serial No. Genotypes Status Source

1 AW105 Promising Selection ARSC
2 AW1777 Promising Selection ARSC
3 AW1995 Promising Selection ARSC
4 AW3106 Promising Selection ARSC
5 AW4994 Promising Selection ARSC
6 AW5994 Promising Selection ARSC
7 AW7494 Promising Selection ARSC
8 AW7705 Promising Selection ARSC
9 AW9622 Promising Selection ARSC
10 AW9623 Promising Selection ARSC
11 AW9628 Promising Selection ARSC
12 AW9641 Promising Selection ARSC
13 AW9644 Promising Selection ARSC
14 AW9662 Promising Selection ARSC
15 Feyate Released Variety ARSC
16 Angafa Released Variety ARSC
17 74112 Released Variety JARC

ARSC= Awada Agricultural Research Sub-center; JARC=Jima Agricultural Research Center

2.2.3 Experimental design 
The experimental materials were planted in August 2015, utilizing a randomized complete

block design with three blocks (Gomez and Gomez 1984). Each experimental plot comprised

eight coffee trees, planted in a single row for each genotype, with a spacing of 2 meters

between plants and rows. The distance between replications was 4 meters.

2.2.4Experimental Procedures
Seed  preparation, seedling  media  preparation, seed  sowing, seedling  management,  land

preparation, planting, and tree management (weeding, nutrient management, permanent and

temporary shedding, soil conservation, and sucker management) were carried out according

to Endale et al., (2008).

2.2.5 Data collection 
The data on qualitative traits were evaluated using the International Plant Genetic Resources

Board descriptor for coffee (IPGRI, 1996). The genotypes were assessed for 15 qualitative
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traits, which are listed in Table 2.2 below. The qualitative traits were assessed and coded by

an three experienced team of breeders’ subjective judgment (appendix 1). 

   

Table 2. 2  Recorded Qualitative traits based on descriptors for each Arabica coffee genotype
No.  Genotyp

e
F
C

F
S

P
T

S
S

P
H

B
H

AIP
B

S
T

Y
L

L
S

LA
S

LP
C

Y
S

O
A

C
D

1 AW1777 5 1 5 2 7 3 2 3 1 3 5 1 1 2 3

2 AW105 5 1 5 2 7 4 2 4 5 3 4 1 3 2 3

3 AW1995 5 2 4 2 7 3 1 3 5 3 5 1 3 2 2

4 AW3106 5 2 5 2 7 4 2 3 5 3 4 1 3 2 3

5 AW4994 5 2 6 4 9 3 1 3 5 3 4 1 3 2 2

6 AW5994 4 3 6 3 7 4 1 4 5 3 4 1 3 2 3

7 AW7494 5 2 5 3 7 4 2 4 2 3 5 1 1 2 2

8 AW7705 5 2 6 4 7 4 2 3 5 3 5 1 3 2 3

9 AW9622 5 2 6 3 7 3 1 3 5 3 4 1 3 2 3

10 AW9623 5 1 5 1 7 3 1 5 5 4 1 3 3 2 2

11 AW9628 5 1 5 2 7 4 2 3 5 3 4 1 3 2 3

12 AW9641 5 2 6 2 7 3 1 4 5 3 4 1 3 2 2

13 AW9644 5 2 5 2 7 3 1 4 5 3 5 1 3 1 1

14 AW9662 5 1 5 1 9 4 1 3 2 3 5 1 1 2 3

15 74112 6 1 5 2 3 3 2 3 2 4 4 1 1 1 1

16 Angafa 5 2 5 2 7 4 2 3 5 3 5 1 3 2 3

17 Feyate 5 2 5 2 7 3 2 3 2 3 5 1 1 2 3

Where: No.= number, FC=Fruit colour; FS=Fruit shape;  PT=Pulp thickness; SS=Seed shape;

PH=Plant height; BH=Branching habit; AIPB=Angle of insertion of primary branches; 

ST=Stipule shape; YL=Young leaf color; LS=Leaf shape; LAS=Leaf apex shape; LPC=Leaf 

petiole color; YS=Young shoot color; OA=Overall appearance; CD=Canopy Diameter

2.2.5 Data Analysis
Descriptive statistics such as frequency distribution and percentage of various categories of

the 15 phenotypic qualitative traits were conducted for all genotypes using Microsoft Excel

version 2010.

A chi-square  test  was  conducted  to  test  the  homogeneity  of  the  populations  for  the  15

qualitative traits by using Minitab version 21.4 statistical software.

17



The Shannon diversity index was computed for each of the 15 qualitative morphological

characters using the formula described by Shannon and Weaver (1949) as follows:

H ’=−∑
i=0

n

( (pi ) x( lnpi¿))¿       

Where  H’= Shannon diversity index; n=total number of phenotypic classes for a character;

pi= is the proportion of genotypes that have the character in the i th class for a character; ln =

natural logarithm. 

Path coefficient analysis was conducted to study independent traits direct and indirect effects

(Dewey & Lu, 1959). For path coefficient analysis, coffee branching habit was taken as a

dependent variable, while the rest of the variables were considered contributory factors. The

direct and indirect  effects  of  the independent  characters on branching habit  were studied

using the formula suggested by Dewey and Lu (1959). Principal component analysis was

done using SAS software to determine the relative importance of the traits responsible for

variation  among  the  coffee  genotypes.  Pearson’s  correlation  coefficients  were  calculated

among qualitative agro-morphology traits to estimate their relationships by using SAS. The

cluster analysis was executed, and the dendrogram was constructed based on the complete

linkage method with  Euclidean distance  by  using  Minitab  version  21.4  software.  All  15

qualitative trait data were standardized before clustering.

Inter-cluster distances were calculated based on the Mahalanobis's D2 statistics as:

D2 ij=(xi−xj)' cov−1(xi−xj)

Where, D2ij = the distance between genotype i and j; xi and xj = vectors of the values of the

variables for cases i and j; and cov-1 = the pooled within groups variance-covariance matrix.

The significance  of  D2 values  was  tested  by  comparing  the  D2 values  between any two

clusters against tabulated chi-square (χ2) values at p-1 degrees of freedom, where p refers to

the  number  of  qualitative  characters  considered.  Inter-cluster  distances  based  on  the

Mahalanobis's D2 statistics were computed using Minitab. 

18



2.3 Results and Discussions

2.3.1 Frequency Distribution of Qualitative Traits  
In this study, 15 qualitative traits were used to characterize the genotypes of south Ethiopian

coffee genotypes (Table 2.3). According to the percentage of the frequency distribution, the

predominant traits among the majority of the studied genotypes were green leaf petiole color

(94.12%), elliptic  leaf shape (88.24%), pyramidal overall  appearance (88.24%),  tall  plant

height (82.35%), red fruit color (88.24%), bronz young leaf color (70.59%), triangular stipule

shape (64.71%), intermediate pulp thickness (64.71%), obovate fruit shape (58.82%), obovate

seed shape (58.82%), many primary branches (52.94%), and horizontal angle of insertion of

primary branch (52.94%). The variability observed in these phenotypic characters indicates

the  presence  of  genetically  diverse  genotypes,  which  can  be  used  as  markers  for  future

selection and hybridization programs. Previous research has also reported a wide variability

in  percent  frequency  distribution  for  qualitative  traits  among  Arabica  coffee  genotypes

(Asegid, 2019; Weldemichael, 2020; Degefa, 2021; Yirga, 2021; Ndikumana, 2022).

The  number  of  branches  is  an  important  qualitative  trait  that  influences  crop  yield.  An

increase in the number of branches of the coffee plant helps to increase productivity of the

crop. In this study, the frequency of the studied genotypes for branching habits showed that

52.94% of  genotypes  had  many  primary  branches,  whereas  47.06% had  many  primary,

secondary,  and tertiary branches.  Hence,  the 47.06% of genotypes having many primary,

secondary, and tertiary branches could be used for future yield improvement programs via

selection and/or hybridization due to their branching habit.

The predominance of the open growth habit is a manifestation of the suitability of such traits

for  ease  of  management  practice  (Yirga,  2021).  It  permits  uniform exposure  and  better

interception of sunlight for all leaves and other vegetative parts, creating a less favorable

environment for disease development as compared to compact types (Yirga, 2021). In the

current investigation,  the canopy class of the genotypes was open (58.92%), intermediate

(29.41%), and compact (11.76%). In addition to the canopy class, the angle of insertion of

primary branches recorded was horizontal (52.94%) and drooping (47.06%). Accordingly,

most of the studied genotypes showed an open growth habit and were suitable for ease of

management practice, permitting uniform exposure and better interception of sunlight.
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2.3.2 Chi Square
The  chi-square  test  values  for  the  15  qualitative  traits  were  evaluated  among  different

genotypes  and are  presented in  Table  2.3.  The results  showed that  there  is  a  significant

difference among all  qualitative traits, except for branching habit,  young shoot color and

angle of insertion of primary branch, which exhibit dominant phenotypic variation among the

evaluated traits. These significant differences among genotypes based on the chi-square test

suggest  that  there  is  high  variation  within  the  south  Ethiopian  coffee  genotypes  for  the

studied qualitative traits. Previous studies have also reported significant chi-square test values

for qualitative traits among Ethiopian Arabica coffee genotypes (Adem, 2009). 

2.3.3 Shannon-Weaver Diversity Index 
The estimated Shannon-Weaver diversity index (H’) is presented in Table 2.3. The studied

traits contributed to the phenotypic diversity at various levels and the diversity index (H’)

ranged from 0.22 for leaf petiole color (lowest polymorphism) to 1.12 for seed shape (highest

polymorphism), with an overall mean of 0.67 (Table 2.3). The highest diversity was found for

seed shape (1.12), canopy diameter (0.924), leaf apex shape (0.88), fruit shape (0.85), stipule

shape  and  pulp  thickness  (0.81),  young  leaf  color  (0.75),  branching  habit  and  angle  of

insertion of the primary branch (0.69), young shoot color (0.61), and plant height (0.58). The

higher shannon-weaver diversity index implies the presence of adequate variability for these

traits among the evaluated genotypes. Accordingly, the genotypes were highly diverse for

seed shape, canopy diameter, leaf apex shape, fruit shape, stipule shape, pulp thickness, and

young leaf color. On the other side, the lowest diversity was found for leaf petiole color

(0.22),  overall  appearance (0.36),  leaf  shape (0.36),  and fruit  color  (0.44),  signifying the

possibility of a close association between coffee genotypes for those traits. Many studies

reported wider range of Shannon-Weaver diversity values among Arabica coffee qualitative

traits.  0.67 for branching habit to 0.98 for leaf shape among 124 accessions (Atinafu and

Mohammed, 2017); 1.22 for stipule shape to 0.24 for calyx limb persistence among  137

accessions (Asegid, 2019);  0.92 for growth habit to 0.13 for calyx limb persistence among

104 accessions (Degefa, 2021); 1.22 for fruit color to 0.35 stem habit (Yirga, 2021); 1.08 for

angle  of  insertion  of  primary  branches  to  0.17  for  screen  size  among  49  accessions

(Weldemichael, 2021).  
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Table 2. 3 Frequency distribution, proportion, Shannon-waver diversity index, and chi
square of 15 Qualitative traits of 17 south Ethiopian coffee genotypes

Trait Code Freque
ncy

% 
contrib
ution

Contribution
to Chi-Square

Chi-Sq

Plant height 3 Short 1 5.88 3.84 18.47**
0.5787 Tall 14 82.35 12.25

9 Very tall 2 11.76 2.37
Branching habit 3 Many branches (primary) 9 52.94 0.03 0.06ns

0.6914 Many branches (primary) 
with many secondary and 
tertiary

8 47.06 0.03

Angle of
insertion of

primary brunch

1 Drooping 8 47.06 0.03 0.07ns

0.6912 Horizontal 9 52.94 0.03

Stipule shape 3 Triangular 11 64.71 5.02 8.94*

0.8084 Deltate (equilaterally 
triangular)

5 29.41 0.08

5 Trapeziform, 1 5.88 3.84
Young leaf

color
1 Greenish 1 5.88 3.84 11.41**

0.7532 Green 4 23.53 0.49
5 Bronze 12 70.59 7.08

Leaf shape 3 Elliptic 15 88.24 4.97 9.94* 0.3624 Lanceolate 2 11.76 4.97
Leaf apex

shape
1 Round 1 5.88 3.84 5.76*

0.8764 Acuminate 8 47.06 0.96
5  Apiculate, spatulate 8 47.06 0.96

Leaf petiole
color

1 Green 16 94.12 6.62 13.24** 0.2243 Other 1 5.88 6.62
Young shoot

color
1 Green 5 29.41 1.44 2.88ns

0.6063 Dark brown 12 70.59 1.44
Overall

appearance
1 Elongated conical 2 11.76 4.97 9.94* 0.3622 Pyramidal 15 88.24 4.97

Canopy
Diameter

1 Compact 2 11.76 2.37 5.76*
0.9242 Intermediate 5 29.41 0.08

3 Open 10 58.82 3.31
Fruit colour 4 Orange-red 1 5.88 3.84 23.06**

0.4445 Red 15 88.24 15.37
6 Red – purple 1 5.88 3.84

Fruit shape 1 Roundish 6 35.29 0.02 7.18*
0.8462 Obovate 10 58.82 3.31

3 Ovate 1 5.88 3.84
Pulp thickness 4 Thin 1 5.88 3.84 8.94*

0.8085 Intermediate 11 64.71 5.02
6 Thick 5 29.41 0.08

Seed shape 1 Round 2 11.76 1.19 10.53*

1.1222 Obovate 10 58.82 7.78
3 Ovate 3 17.65 0.37
4 Elliptic 2 11.76 1.19
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2.3.4 Correlation 
The correlation analyses for 15 qualitative morphological characteristics were assessed, and

the results are given in Table 2.4. Branching habit was significantly and positively correlated

with the angle of insertion of the primary branch (r = 0.417), overall appearance (r = 0.344),

and canopy diameter (r = 0.548), whereas, it was negatively correlated with leaf shape (r = -

0.344) and leaf apex shape (r = -0.203) (Table 2.4). Pulp thickness was significantly and

positively associated with fruit shape (r = 0.412), seed shape (r = 0.632), young leaf color (r =

0.275), and young shoot color (r = 0.278), whereas it was negatively correlated with fruit

color  (r  =  -0.577).  Seed shape  was  positively  correlated with  fruit  shape  (r  =  0.56)  and

negatively correlated with leaf shape (-0.352) and leaf petiole color (r = -0.393). Canopy

diameter  was  significantly and positively  correlated  with  overall  appearance  (r  =  0.772),

branching habit (r = 0,548), plant height (r = 0.427), and angle of insertion of the primary

branch (r = 0.299), whereas it was negatively correlated with leaf shape (r = -0.509), fruit

color (r = -0.493), and stipule shape (r = -0.323) (Table 2.4).  

The correlation analysis provides important insights for plant breeding by identifying trait

relationships  that  can guide selection.  The positive correlations  between branching habit,

canopy diameter,  and overall  appearance suggest  that  selecting  for  better  branching may

improve plant structure and yield potential. The strong association of pulp thickness with

seed  and  fruit  shape  indicates  these  traits  can  be  used  as  indirect  selection  criteria  for

improving  fruit  quality.  Negative  correlations  between  pulp  thickness  and  fruit  color  or

canopy diameter and leaf shape, highlight potential trade-offs that breeders should consider.

Overall,  understanding these trait  relationships helps in designing more efficient breeding

strategies  to  develop  superior  coffee  genotypes  with  desirable  qualitative  morphological

traits.
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Table 2. 4 Correlation coefficients among 15 qualitative morphological characters

FC FS PT SS PH BH AIPB SH YLC LS LAS LPC YSC OA CD

FC 1 -0.601** -0.314* -0.208ns -0.577** -0.144ns 0.344* -0.286* -0.349* 0.532** 0.000ns 0.000ns -0.376* -0.532** -0.493**

FS 1 0.412** 0.560** 0.174ns 0.073ns -0.280* 0.010ns 0.370* -0.452** 0.267* -0.309* 0.346* 0.13 ns 0.052ns

PT 1 0.632** 0.182ns 0.02 ns -0.241ns 0.063ns 0.275 * -0.158ns -0.133ns -0.108ns 0.278* 0.158ns 0.173ns

SS 1 0.120ns 0.093ns 0.05 ns -0.245ns 0.228ns -0.352* 0.264ns -0.393** 0.231ns 0.130ns 0.066ns

PH 1 0.198ns -0.397** 0.000ns 0.202ns -0.615** 0.104ns 0.000ns 0.217ns 0.615** 0.427**

BH 1 0.417** -0.058ns 0.122ns -0.344* 0.203* -0.236ns 0.091ns 0.344* 0.548**

AIPB 1 -0.335* -0.362* -0.022ns 0.290* -0.265* -0.350* 0.022ns 0.299*

SH 1 0.239ns 0.358* -0.622** 0.662** 0.228ns -0.054ns -0.323*

YLC 1 -0.138ns -0.346* 0.160ns 0.989** 0.138ns 0.030ns

LS 1 -0.685** 0.685** -0.165ns -0.433** -0.509**

LAS 1 -0.862** -0.342* -0.079ns 0.146ns

LPC 1 0.161ns 0.091ns -0.169ns

YSC 1 0.165ns 0.065ns

OA 1 0.772**

CD 1

Where: FC= Fruit colour, FS=Fruit shape, PT=Pulp thickness, SS=Seed shape, PH=Plant height, BH=Branching habit, AIPB=Angle of insertion
of primary branches, SH=Stipule shape, YLC=Young leaf color , LS=Leaf shape, LAS=Leaf apex shape, LPC=Leaf petiole color, YSC=Young
shoot color, OA=Overall appearance, CD=Canopy Diameter.
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2.3.5 Path analysis
To assess the magnitude of direct and indirect contributions of qualitative characters to Arabica

coffee  branching  habit,  path  coefficient  analysis  was  performed  using  five  significantly

associated  traits  with  branching  habit.  Among  the  5  significantly  correlated  characters  with

branching habit, an angle of insertion of primary branches (0.485), followed by canopy diameter

(0.264), overall appearance (0.101), and leaf apex shape (0.014), exerted a positive direct effect,

whereas leaf shape (-0.003) had a negative direct influence on branching habit (Table 2.5). An

angle of insertion of primary branches and canopy diameter had the highest positive direct effect

on branching habit; they are found to be important components, and direct selection for this trait

may be rewarding for the improvement of Arabica coffee branching habit. 

Table 2. 5 Path coefficient analysis (bold and diagonal value indicating direct effect; above and
below the  diagonal  value  indicating  indirect  effect)  of  5  qualitative  morphological  traits  on
branching habit

AIPB LS LAS OA CD

AIPB 0.485 0.000 0.004 -0.002 0.079
LS -0.011 -0.003 -0.009 0.044 -0.134
LAS 0.141 0.002 0.014 0.008 0.039
OA 0.011 0.001 -0.001 0.101 0.204
CD 0.145 0.001 0.002 -0.078 0.264

Where: AIPB=Angle of insertion of primary branches, LS=Leaf shape, LAS=Leaf apex shape, 
OA=Overall appearance, CD=Canopy Diameter.

2.3.6 Principal Component Analysis
The principal  component  analysis  (PCA) of  17  Arabica  coffee  genotypes  for  15  qualitative

morphological traits were performed to estimate the relative contribution of each attribute to the

observed variability, and the results are presented in Table 2.6. The PCA analysis generated the

fifteen eigenvalues and eigenvectors. However, according to Kaiser (1960), as cited by Amare et

al. (2018), factors to be retained should have more than 1 eigenvalue, at least 5% of the variance

explained for each component, and/or more than 70% of the cumulative proportion of variance

explained. Accordingly, the first five components that explained 83.26 percent of total variation

were used for displaying characters (Table 2.6).



The  PCA  analysis  might  be  useful  for  deducing  the  nature  of  attributes  and  reducing  the

complexity of data collection (Al-Sayed  et al., 2012). The first PCA explained 29.26% of the

total  variations  (Table  2.6).  According  to  Jeffers  (1967),  the  relative  weight  given  to  the

variables in each component is determined by the importance of the variables, which possess a

high  positive  and  negative  weight.  Based  on  this  suggestion,  the  most  important  characters

contributing more to the variation were leaf shape (-0.41), fruit color (-0.36), plant height (0.31),

canopy diameter (0.31), fruit shape (0.30), and overall appearance (0.3). The sign indicates the

direction of the relationship between the components and the characters (Tsehaye & Kebebew,

2002). Accordingly, in the first principal component, all traits listed except leaf shape and fruit

color were positively associated.

The  second  PCA explained  23.42% of  the  variation,  and  leaf  apex  shape  (-0.43),  angle  of

insertion of primary branches (-0.34), stipule shape (0.39), leaf petiole color (0.39), young leaf

color  (0.36),  and young shoot  color  (0.36)  mainly  accredited  this  variation.  The third  PCA

explained  8.33% of  the  total  variation,  and  this  variation  is  mainly  contributed  by  canopy

diameter  (0.42),  overall  appearance  (0.41),  seed  shape  (-0.38),  and  fruit  shape  (-0.35)  in

decreasing order (Table 2.6). 

The  fourth  and  fifth  principal  components  explained  8.95%  and  7.37%,  respectively.  High

variation in the fourth PC is attributed to angle of insertion of primary branches (0.52), plant

height (-0.42), branching habit (0.4), young shoot color (0.29), seed shape (0.24), while high

variation in the fifth PC is attributed to pulp thickness (0.59), young leaf color (-0.41), and seed

shape (0.38) (Table 2.6).

From the PCA result  of  the  present  study,  it  may be  concluded that  important  variables  in

Arabica coffee genotype with respect to qualitative morphological characters were leaf shape,

leaf apex shape, canopy diameter, overall appearance, angle of insertion of primary branches,

plant height, branching habit, pulp thickness, and young leaf color. These variables might be

taken into consideration for the effective selection of parents.
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Table 2.  6 Eigen values and Eigenvectors of the first  5 principal  components  (PCA) for 15
qualitative morphological characters

Eigenvectors

PCA1 PCA2 PCA3 PCA4 PCA5

Fruit colour -0.36 -0.2 -0.12 0.17 -0.03
Fruit shape 0.30 0.09 -0.35 -0.06 0.04
Pulp thickness 0.22 0.15 -0.25 0.16 0.59
Seed shape 0.26 -0.04 -0.38 0.24 0.38
Plant height 0.31 0.10 0.22 -0.42 -0.01
Branching habit 0.22 -0.11 0.29 0.40 -0.15
Angle of insertion of primary branches -0.05 -0.34 0.18 0.52 0.04
Stipule shape -0.11 0.39 0.09 -0.06 0.06
Young leaf color 0.19 0.36 -0.15 0.3 -0.41
Leaf shape -0.41 0.18 0.02 0.2 0.21
Leaf apex shape 0.18 -0.43 -0.18 -0.19 -0.19
Leaf petiole color -0.21 0.39 0.27 0.00 0.15
Young shoot color 0.20 0.36 -0.13 0.29 -0.4
Overall appearance 0.30 0.06 0.41 -0.02 0.20
Canopy Diameter 0.31 -0.1 0.42 0.16 0.13

EV 4.39 3.51 2.14 1.34 1.11

PVE
29.26

%
23.42%

14.26

%
8.95% 7.37%

CPVE
29.26

%
52.68%

66.94

%
75.89% 83.26%

Where; EV = Eigen value, PVE = Present variation explained. and CPVE = Cumulative present 

variation explained

2.3.7 Cluster Analysis 
The classification of the 15 qualitative traits using complete linkage hierarchical clustering with

Euclidean distance  revealed  the  presence  of  five  distinct  clusters.  Figure  2.1  and Table  2.7

illustrate the distribution of genotypes, with 7 genotypes (41.18%) in Cluster-V, 6 genotypes

(35.29%) in Cluster-III, 2 genotypes (11.76%) in Cluster-IV, and 1 genotype, 74112, in Cluster-I
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(5.88%) and AW9623 in Cluster-II (5.88%). Similarity was considered within a cluster, while

dissimilarity  was  considered  between  different  clusters.  The  distribution  of  genotypes  into

different clusters indicates the presence of genetic variation among coffee genotypes. 

The presence of such distinct clusters is crucial for practical breeding applications, especially in

selection, hybridization, and trait introgression programs. The significant intra-cluster similarity

and  inter-cluster  dissimilarity  suggest  that  genotypes  within  the  same  cluster  are  more

phenotypically similar, while those from different clusters show marked trait divergence. This

implies that selecting parents from different clusters especially from the most distinct clusters

such as Cluster-I and Cluster-V can enhance heterosis (hybrid vigor) and increase the chances of

obtaining  superior  recombinants  in  segregating  populations. Moreover,  clustering  helps  to

prioritize and conserve genetic resources by identifying redundant types (within the same cluster)

versus  unique  germplasms  (in  single-genotype  clusters).  This  information  is  vital  for  core

collection development, minimizing resource duplication in conservation programs, and focusing

efforts on preserving diverse and unique genotypes.

The observed clustering pattern not only confirms the genetic diversity among coffee genotypes

but  also  provides  a  strategic  framework  for  parental  selection,  trait-based  breeding,  and

germplasm conservation.  By combining morphological  clustering  results  with molecular  and

biochemical  analyses,  breeders  can  make  more  informed  decisions  that  accelerate  the

development  of  improved  Coffea  arabica varieties.Many  studies  reported  the  clustering  of

Arabica  coffee  accessions  into  distinct  groups  based  on  qualitative  traits.  Accordingly,  10

distinct clusters among 124 accessions based on 7 qualitative traits were reported by Atinafu and

Mohamed (2017); 5 distinct clusters among 137 based on 12 qualitative traits were reported by

Asegid (2019); 5 distinct groups among 104 accessions based on nine qualitative traits were

reported by Degefa (2021); 6 clusters among 64 accessions based on 13 qualitative traits were

reported by Desalegn (2018); and 5 distinct groups among 62 accessions based on 12 qualitative

traits were reported by Yirga (2021). 
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Fig  Figure  2.  1 Cluster  dendrogram describing  variation  among  17  genotypes  of  Arabica  coffee  for  15  qualitative
phenotypic traits 

Table 2. 7 Clustering patterns of 17 coffee genotypes based on 12 qualitative characters

Cluster No. No.of Genotype Percent (%) List of genotype

I 1 5.88 74112

II 1 5.88 AW9623

III 6 35.29 AW3106, AWAW7705, AW5994, AW4994, AW9622, 

AW9641

IV 2 11.76 AW1995, AW9644

V 7 41.18 AW1777, Feyate, AW7494, AW105, AW9628, Angafa, 

AW9662

2.3.8 Distance b/n cluster centroid  
The  pairwise  generalized  squared  distance  (D2)  among  the  five  clusters  based  on  the

Mahalanobis’s  D2 statistics  revealed  significant  (P  ≤  0.05)  divergence  between  most  of  the

clusters (Table 2.8). The maximum genetic distance was observed between clusters C-IV and C-
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V (D2=9.086*), followed by C-I and C-IV (D2=8.166*), C-II and C-IV (D2=7.768*), C-II and C-

V (D2=7.570*),  C-III  and C-V (D2=7.501*),  C-III  and C-IV (D2=7.290*),  C-I  and C-V (D2

=7.032*), and C-I and C-II (D2= 4.023*) indicating divergence of genotypes in these clusters.

Non-significant  inter-cluster  distances  were  observed  between  clusters  C-I  and  C-II  (D2 =

3.332ns) and clusters C-II and C-III (D2=3.135ns) indicating that genotypes in these clusters share

similar  genetic  backgrounds (Table  2.8). The higher  inter-cluster  distance value  showed the

existence of wider genetic variability among the tested groups of genotypes (Asegid,  2019).

According to Singh  et al.  (1987),  the maximum genetic recombination is expected from the

hybridization of the parents selected from divergent cluster groups. Accordingly, the maximum

genetic recombination and higher heterotic F1 offspring are expected from crosses involving

parents selected from clusters I and V, followed by I and IV, II and IV, II and V, III and V, III

and IV, I and V, and I and II in decreasing order. However, the selection of parents should also

consider the special advantages of each cluster and each genotype within a cluster depending on

the specific objectives of hybridization (Singh, 2001).
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Table 2. 8 Inter cluster distance for 15 qualitative traits of south Ethiopian coffee genotypes

I II III IV V

I 0 3.332ns 4.023* 8.166* 7.032*

II 0 3.135ns 7.768* 7.570*

III 0 7.290* 7.501*

IV 0 9.086*

V 0
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2.4 CONCLUSION 
Estimates of frequency distribution, Shannon index, and cluster analysis based on 15 qualitative

morphological traits revealed the existence of genetic variation among Arabica coffee genotypes.

The  frequency distribution  of  traits  showed  a  wide  range of  phenotypic  variation,  with  the

maximum Shannon index (H') found for seed shape,  canopy diameter,  leaf apex shape,  fruit

shape, stipule shape, pulp thickness, and young leaf colour. Results of the chi-square test showed

significant differences for most of the traits indicating dominant phenotypic variation among the

evaluated traits. 

Path  coefficient  analysis  showed  a  positive  direct  effect  of  angle  of  insertion  of  primary

branches, canopy diameter), overall appearance, and leaf apex shape on branching habit.   From

the  PCA,  important  variables  in  Arabica  coffee  genotype  with  respect  to  qualitative

morphological characters were leaf shape, leaf apex shape, canopy diameter, overall appearance,

angle of insertion of primary branches, plant height, branching habit, pulp thickness, and young

leaf  color.  These  variables  might  be  taken  into  consideration  for  the  effective  selection  of

parents.

The genotypes  were  classified  into  five  groups  based on the  results  of  the  cluster  analysis.

Cluster-V had the maximum number of genotypes (41.18%), followed by cluster-III (35.29%),

and cluster-IV (11.76%). 74112 is the only variety found in cluster I and this genotype had a

chance to develop hybrid vigor through crossing diverged parents found in different clusters. The

pairwise generalized squared distance among the clusters showed significant divergence between

the clusters. However, the maximum genetic recombination and higher heterotic F1 offspring are

expected from crosses involving parents selected from clusters 1 genotype 74112 and clusters 5

genotype AW1777, Feyate, AW7494, AW105, AW9628, Angafa, AW9662 .  

The study confirmed the existence of significant genetic variability among the Arabica coffee

genotypes for most of the studied qualitative traits, which provides excellent opportunities for

genetic  gain  through  selection,  hybridization,  and  strategic  conservation.  However,  the

morphological diversity observed in this study needs to be further confirmed using molecular

techniques of characterization.
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CHAPTER THREE

3. Genetic Diversity of Arabica Coffee Genotypes in South Ethiopia Using 
Quantitative Agro-morphological Traits 

Abstract 
The investigation was conducted to assess the extent of genetic diversity of South Ethiopian
coffee  genotypes  for  agro-morphological  characters.  Seventeen  Arabica  coffee  genotypes
were  evaluated  at  Awada,  Shebedino,  and  Wonago  in  south  Ethiopia.  The  analysis  of
variance revealed significant variation among genotypes, environments, and GEI for number
of primary-branches, fruit length, fruit width, fruit thickness, empty fruit rate, fruit filling
coefficient, seed length, seed width, seed thickness, and yield characters. Mean performance
analysis  confirmed the presence of  genotypes superior for yield.  Moderately high-to-high
broad-sense heritability along with moderate-to-high genetic advance values were found for
15  traits,  indicating  the  possibilities  of  improvement  through  selection.  Most  agro-
morphological  traits  were  positively  associated  among  themselves  and  with  yield.  Path
coefficient  analysis  showed a  positive  direct  effect  of  11  characters  (number of  primary
branches, number of secondary branches, leaf length, length of longest primary branch, leaf
width, inter node length on longest primary branch, canopy diameter, seed length, single
berry weight, stem girth, and stamen stalk length) on yield; indicating the significance of
those traits for direct selection to increase coffee yield. Cluster analysis grouped genotypes
into two main clusters and four sub-clusters. The first five principal components explained
74.05% of the total variation. Yield, inter node length on main stem, number of primary
branches, number of secondary branches, length of longest primary branch, inter node length
on longest  primary  branch,  leaf  length,  leaf  width,  fruit  length,  fruit  width,  single  berry
weight, and seed thickness were the most important traits contributing more to variation, and
these traits could be considered for effective parent selection in Arabica coffee improvement
programs.  The highest  over  laction  and season mean yield  of  1.37  ton  per  hectare was
recorded for genotypes AW7705 and AW105, which is  0.4 ton ha-1 times the best check
variety. Therefore, AW7705 and AW105 could be promoted as a promising candidate for the
release of a new variety for Sidama and Gedeo coffee growing regions in South Ethiopia and
other  similar  agro-ecologies.  Hence,  genotype,  environment,  and GEI  have  a  significant
effect  on  yield  performance;  the  coffee  yield  improvement  program  should  pay  careful
attention to a multi-location and season testing strategy to develop high-yielding varieties.
Investigation  of  management  options  after  the  high-yielding  season  is  also  advised  to
minimize high-seasonal yield oscillation.

Keywords: Arabica coffee; Correlation coefficient, Genetic diversity; Quantitative traits; 
Path coefficient; Principal component analysis.
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3.1 Introduction 
Coffee has a tremendous economic, social, and spiritual impact on many people of different

geographical  locations,  cultural  backgrounds,  ethnic  groups,  and  psychological  makeup

(Yilma, 2017). It is the most beloved international non-alcoholic beverage. Arabica coffee

(Coffea arabica L.) is a vital  crop in the national economy of Ethiopia. The country has

earned 1.4 billion USD by exporting over 300,000 tons of coffee for the global market in the

2022 fiscal year (ECTA, 2023; ENA, 2023). This has an increment of more than 20.54% and

53.8% in volume and revenue, respectively, as compared to the preceding fiscal year (ENA,

2023). 

Ethiopia is the origin and center of genetic diversity for the Arabica coffee species (Vavilov,

1951).  Different researchers witnessed the existence of abundant  genetic  diversity among

Ethiopian Arabica coffee genotypes (Abdulfeta, 2018; Argaw & Taye, 2018; Beksisa et al.,

2018; Dawit, 2018; Desalegn, 2018; Beksisa, 2021; Merga et al., 2021; Asefa, 2022; Legesse

et al., 2022). As a result, the Ethiopian Arabica coffee gene pool is the most important and

the basis for future coffee breeding programs (Bakala et al., 2022).

Despite the importance of coffee in Ethiopia’s economy and the presence of huge genetic

resources, a favorable climate, and suitable soil types for coffee production and productivity,

the crop yield remains low (0.683 ton ha-1) as compared to yields recorded in large producing

countries and the world average (Motebayenore, 2022). Among others, the major contributing

factor for the low production and productivity is the lack of yield competitive varieties that

exhibit best performance across wide ranges of environments (Motebayenore, 2022).

Different  genetic  diversity  assessment  methods,  viz.,  molecular,  biochemical,  and

morphological  markers,  are  available.  Of  these,  the  morphological  method  is  direct,

inexpensive, simple to score, and easy to apply, and its estimations were perceived as the

determinant of the plant's  agronomic value and taxonomic classification (Bhandari  et al.,

2017).  Plant  breeders  can  differentiate  and  identify  the  promising  genotypes  for  variety

development by assessing morphological characters (Akpertey et al., 2019). In Ethiopia, until

today, coffee genetic diversity assessment through morphological traits has been the main

tool  that  has  been  successfully  used  to  analyze  genetic  diversity  for  improved  variety

development (Benti, 2017).
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For efficient and effective crop breeding activity, investigation and a good understanding of

the genetic diversity present  in a crop population are essential.  Observed variability in  a

population is due to genetic and environmental origins, but the only form that is heritable

from generation to generation is genetic variability (Ahsan et al., 2015). Thus, the degree of

crop improvement is dependent on the extent of the available beneficial genetic variability

(Bello et al., 2014). In practice, the true variance components are unknown but are estimated

from the data (Gebreselassie, 2023). The degree to which a character may flow from parent to

offspring is typically assessed using heritability, which provides information on the extent to

which a particular character can be transmitted from the parent to the progeny (Allard, 1960;

Poehlman & Sleper, 1995). Similarly, genetic advance is important because it demonstrates

the level of improvement in a character that resulted from one cycle of selection, and high

genetic  advance combined with high heritability  estimates  gives the optimal  scenario for

determining  selection  criteria  (Syukur  et  al.,  2012).  Therefore,  estimating  the  genetic

coefficient of variation, genetic advance, and broad-sense heritability (h2) would be useful for

plant breeders to execute selection in breeding programs (Johnson et al., 1955). 

Coffee bean yield has a complex character and is an economically important trait, but it is

associated with many interrelated components. Accordingly, understanding the association

between plant characteristics and yield is very crucial for successful breeding (Begna, 2021).

The correlation is very important for measuring the degree and direction of linkage between

different parameters that affect the yield either positively or negatively (Kasu-bandi  et al.,

2019). Path analysis divides the association among yield and its component traits into direct

and indirect effects, and it has been successfully used to identify useful traits as selection

criteria to improve yield (Getachew, 2019). Hence, estimates of correlation coefficients in

combination with path coefficient analysis help to explain the direct and indirect contribution

of one character upon another.

Cluster and principal component analysis (PCA) are widely used and useful tools for the

determination of genetic relationships among genotypes in crop improvement. The PCA has

been used to partition observed trait variations in the genotypes of many crops. Clustering is a

classification technique that is used to arrange a set of cases into clusters. The aim of setting

cases within a cluster is to make them more similar to each other and help the researchers

give summary information on the data (Galbraith et al., 2010). 
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South Ethiopia is among the largest coffee-growing agro-ecological areas of the country,

which contributes to more than 36 percent of the national market for coffee production (CSA,

2019). Its production potential is so high due to the suitable altitude, adequate rainfall, ideal

temperature,  and fertile  soils  (Yilma,  2017).  The coffee-growing zones of south Ethiopia

known for their high production potentials are Sidama, Gedeo, Gujji, Amaro, Gamo Goffa,

Jinka, Wolayta, and Kembata-Tembaro. Despite its high potential for Arabica coffee growing

and the existence of abundant genetic diversity, only six Arabica coffee varieties (four pure

lines and two hybrids) had been released from this area's coffee gene pool. Although there is

high  demand  for  Yirgachaffe,  Sidama,  Amaro,  and  Gujji  specialty  coffees  on  the

international market, the yield potential in the ecology is low. Therefore, the development of

high-yielding, disease-resistant, and best-quality coffee varieties with outstanding processing

and pest management technologies is an essential task. 

One of the strategies the Ethiopian national coffee research program follows is the landrace

variety  development  program.  As  a  result,  indigenous  coffee  types  have  been  collected,

characterized,  and  evaluated  in  the  major  coffee-growing  areas  of  southern  Ethiopian

agroecology.  Through  these  efforts,  over  700  accessions  of  coffee  were  collected  from

farmers’ fields and forests in south Ethiopian coffee-growing areas,  viz.,  Sidama, Gedeo,

Jinka, Amaro, Gamo Gofa, and Gujji, and maintained in the Awada field bank. Evaluation

and characterization of  these accessions are  underway, and 14 promising selections were

promoted  from  different  collection  batches  for  variety  development.  Although  these

selections were promoted for their high yield potential, coffee berry disease resistance, and

coffee  leaf  rust  resistance  at  Awada,  they  were  not  yet  systematically  characterized  for

quantitative  traits  and  not  evaluated  in  different  environments  to  test  wider  adaptation.

Therefore,  the  current  study was  conducted  to  estimate  the  extent  of  genetic  variability,

heritability, and genetic advance; examine the association among agro-morphological traits;

assess  the  effect  of  environment  on  agro-morphological  traits;  and identify high-yielding

coffee genotypes for the southern Ethiopian agro-ecological growing environment.

3.2 Materials and Methods

3.2.1 Study Area   
The experiment was established at the Awada, Shebedino, and Wonago substations in August

2015. Awada is located 315 kilometers from Addis Ababa and 40 kilometers from Hawassa

city,  near  Yirgalem  town.  Geographically,  the  site  is  located  at  latitude  of  6045'46''N,

longitude  of  38022'36''E,  and  elevation  1740  m.a.s.l.  With  an  average  annual  rainfall  of
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1269mm, the study area has a semi-bimodal rainfall pattern that is characterized by double

wet and dry seasons (AARSC, 2022).      

The Wonago sub-station is located at 6017'54''N latitude, and 38013'05''E, longitudes and at an

altitude of 1850m.a.s.l. while Shebedino trial site is located at 6050'48''N latitude, 38027'6''E

longitude and an altitude of  1845masl.  Awada and Shebedino growing environments  are

found in Sidama regional state whereas Wonago is found at Gedeo Zone in south Ethiopian

regional state; all situated in the south Ethiopian  growing agro-ecological areas. All three

experimental sites have eutric-nitosol and chromotic-cambisol soil types, which are ideal for

coffee production (Kebede & Bellachew, 2008).

3.2.2 Planting materials 
A total of 17 genotypes, comprising fourteen promising selections and three standard check

varieties,  were  used  for  this  experiment.  The  promising  selections  were  promoted  from

different south Ethiopian coffee collection batches for their high potential for coffee berry

disease  resistance,  coffee  leaf  rust  resistance,  and  high  yield  performance  through  a

preliminary assessment carried out at Awada (Table 3.1).
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Table 3. 1 Description of experimental materials

No. Genotypes Some Distinct Characteristics of Genotypes Source

1 AW1777 High yielder, Vigorous, medium resistance for CLR, 100% 

survival

AARSC

2 AW1995 High yielder, Vigorous, low CLR, 100% survival, good bearing 

area

AARSC

3 AW9644 High yielder, Vigorous, low CLR, 100% survival, bronze tipped AARSC
4 AW7494 High yield, low CBD, low CLR, 100% survival, green tipped, bold

fruit

AARSC

5 Angafa standard check variety (commercially released cultivar) AARSC
6 AW9662 High yielder, Vigorous, 100% survival, green tipped AARSC
7 AW105 Reasonable resistance for CBD,  good yield, 80% survival, bronze 

tipped

AARSC

8 AW9622 High yielder, 100% survival, bronze tipped AARSC
9 AW9628 Vigorous, 80% survival, bronze tipped AARSC
10 74112 standard check variety (commercially released cultivar) JARC
11 AW4994 High yielder, 100% survival, green tipped, bold fruit AARSC
12 AW5994 High yielder,  Vigorous, low CLR, 57% survival, bronze tipped AARSC
13 AW9641 High yielder, 100% survival, bronze tipped AARSC
14 AW3106 High yielder, good resistance to CBD, survival 100%, bronze 

tipped

AARSC

15 Feyate standard check variety (commercially released cultivar) AARSC
16 AW7705 Reasonable yield, resistance for CBD,  90% survival, bronze 

tipped

AARSC

17 AW9623 High yielder, 100% survival, light bronze tipped AARSC

AARSC=  Awada  Agricultural  Research  Sub-center;  JARC=Jima  Agricultural  Research

Center

3.2.3 Experimental design 
The experiment was established in August 2015 using a randomized complete block design

with three replications (Gomez and Gomez 1984). The experimental plots consisted of eight

coffee trees planted in a single row for each genotype, with a spacing of 2 meters between

plants and rows and 4 meters between replications at each location.
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3.2.4 Experimental Procedures
Seed  preparation, seedling  media  preparation, seed  sowing, seedling  management,  land

preparation, planting, and tree management (weeding, nutrient management, permanent and

temporary  shedding,  soil  conservation,  and sucker  management)  were  carried  out  as  per

recommendation (Endale et al., 2008).

 3.2.5.Data collection 
Agro-morphological trait data were recorded following the descriptor lists given for Arabica

coffee  by  IPGRI  (IPGRI,  1996).  Yield  data  was  collected  from  2018  to  2021  for  four

consecutive harvesting seasons.  All other quantitative data were collected at  the optimum

stage from all central row plants (6 plants per each replication) of each plot in 2022. A list of

agro-morphological traits with their assessment methods is described below in Table 3.2.
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Table 3. 2 List of 26 agro-morphological traits and method of data collection

No. Character Unit Methods of assessment and scales used
1 Height up-to-first-primary branches cm measured from the ground to the main-stem's first primary branch
2 Plant height cm measured from ground level to the top of the trunk
3 Stem diameter cm Main-stem diameter  mmeasured from five cm above-ground

4 Canopy diameter cm The tree canopy's average length measured from the widest part of the tree canopy east-west and north-south

5 Length of longest-primary branches cm measured from the tip of the longest primary to the stem
6 Leaf length mm Average of five mature leaves, measured from petiole end to apex.
7 Leaf width mm Average of five mature leaves, measured at their broadest part.
8 Leaf petiole length mm Average of five mature leaves, measured from the base to the insertion with the blade

9 Average internode length of main-
stem cm

Computing per tree by the formula (TH–HFPB)/TNN-1, where TH=plant height; TNN=total number of main-
stem nodes;
 and HFPB=height up-to-first primary branch

10 Number of Nodes on longest 
primary branches number Recorded by counting total number of nodes per longest primary.

11 Number of primary-branches mm Recorded by counting over all primary branches per tree
12 Number of secondary-branches number Recorded by counting per tree
13 Inflorescence stalk Length number Average of five randomly selected  inflorescences length
14 Stamen stalk Length number Average of five randomly selected  stamen stalk length
15 Number of stamens per flower number Recorded by counting average of 10 randomly selected flowers from different nodes
16 Fruit length mm Average of five normal, mature green fruits, measured at the longest part
17 Fruit thickness mm Average of five normal, mature green fruits, measured at the thickest part
18 Fruit width mm Average of five normal, mature green fruits, measured at the thickest part
19 Single berry weight gm Average of 200 mature fruits weight
20 Empty fruit rate (%) % Scored by floating fruits

21 Fruit filling coefficient ratio
Computed by ratio of bean numbers over cherry numbers. The fruit filling coefficients range from 0 to 2, 
representing sterility and full fertility, respectively.

22 Yield kg Fresh cherry weight per tree recorded in kg and then converted to clean coffee in ton per hectare.
23 Seed length mm Average of five normal, mature seeds, measured at the longest part
24 Seed width mm Average of five mature seeds, measured at their widest part
25 Seed thickness mm Average of five mature seeds, measured at at their thickest part
26 Yield ton Bean yields were weighted on a tree basis and converted to clean coffee in ton ha -1
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3.2.6 Data Analysis  
A separate  analysis  of  variance  (ANOVA)  was  conducted  using  the  Statistical  Analysis

System (SAS 9.4 version statistical package) to examine the presence of genetic variability

among  genotypes  in  their  performance  for  agro-morphological  characters.  A  combined

analysis of variance was done to obtain an estimate of the environment-genotype interaction

effect after the homogeneity of variances test between environments using Levene’s test. The

mean comparison was made using the Turkey test.  Genotypic and phenotypic correlation

analyses  were  conducted  to  determine  the  association  among  the  traits  using  SAS.  Path

coefficient analysis was conducted to study independent traits direct and indirect effects. For

path coefficient analysis, coffee yield ton ha-1 was taken as a dependent variable, while the

rest of the variables were considered contributory factors. The direct and indirect effects of

the  independent  characters  on  coffee  yield  were  studied  using  the  formula  suggested  by

Dewey  and  Lu  (1959).  Principal  component  analysis  was  done  using  SAS  software  to

determine the relative importance of the traits  responsible for variation among the coffee

genotypes. Coffee genotypes were clustered by R software using the variability package with

the Ward method of clustering strategy, which groups and sorts genotypes into clusters to

form  a  dendogram  (Popat  et  al.,  2020).  The  numbers  of  clusters  were  determined  by

following  the  approach  suggested  by  Copper  and  Miligan  (1988)  by  looking  at  three

statistics, namely Pseudo F, Pseudo t2 and cubic clustering criteria. 

The genotypic, phenotypic, and environmental coefficients of variance were estimated

using the formula suggested by Allard (1960) and Singh & Chaudhary (1985) as follows:  

G=MSg – MSe
r

P=G+E

E=
MSe
r

❑

where σ2
G = genotypic variance, σ2

P = phenotypic variance, σ2
E = Environmental 

variance, MSg = mean square of genotypes, MSe = mean square of error, and r = 

number of replications

PCV=
(σ2 p )
X̄

1/2

×100

GCV=
(σ2G )
X̄

1/2

×100
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 Where: GCV=Genotypic coefficient of variation, PCV=Phenotypic coefficient of variation,
and X̄  = grand mean of a character. 

Heritability  in  the  broad  sense  (h
2

) of  the  characters  was  computed  according  to  the
formula as described by Allard (Allard, 1960) as follows:

H (h2 b)=σ2G
σ2P

×100

Where:  H(h2
b)  =  Heritability  in  broad sense,2G= Genotypic variance,   2P= Phenotypic

variance

Genetic advance (GA) was determined as described by Johnson et al. (1955)

GA = K × P × h
2

Where: K = constant (which varies depending upon the selection intensity and,  2.06 at 5%
selection  intensity),  p  =  Phenotypic  standard  deviation  calculated  as  square  root  of
phenotypic variance, h2= Heritability in broad sense, GA = Genetic advance. 

Johnson et al. (1955) described how to quantify genetic advance as a percentage of the 
mean (GAM) as follows: 

                                            
GAM (% )=

(GA )
X̄

×100

Where: G=genetic advance, and X̄ =grand mean of a character.
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3.3 Results and Discussion 

3.3.1 Analysis of variance 
A separate analysis of variance showed significant variation (P < 0.01 or P < 0.05) among

seventeen genotypes at each location for all the studied quantitative morphological characters

except the number of flowers per axil (Table 3.3). The existence of statistically significant

variation among Arabica coffee genotypes for quantitative agro-morphological traits has been

reported by many authors (Abdulfeta, 2018; Dawit, 2018; Desalegn, 2018; Adem et al., 2020;

Merga et al., 2021; and Ndikumana, 2022). The significant variation for the traits indicated

the  presence  of  a  considerable  amount  of  variation  among  the  studied  Arabica  coffee

genotypes, and this variation could be exploited to improve coffee yield through selection and

hybridization.

Combined analyses of variance showed a significant difference (P < 0.01 or P < 0.05) among

genotypes and locations for all the traits studied except for the number of flowers per axil. In

addition to that, significant genotype by environment interaction (GEI) was also observed for

the traits viz. number of primary-branches (No.), fruit length (cm), fruit width (cm), fruit

thickness (mm), empty fruit rate (%), fruit filling coefficient (%), seed length (mm), seed

width  (mm),  seed  thickness  (mm),  and  yield  (ton  ha-1)  (Table  3.3).  The  existence  of

significant  GEI  variation  for  the  aforementioned  traits  indicated  the  inconsistency  in

performance of the genotypes for these traits across environments. This suggests that the

phenotypic  expression  of  one  genotype  might  be  superior  to  another  genotype  in  one

environment  but  inferior  in  a  different  environment.  Different  researchers  reported

differential  performance  of  genotypes  when  grown  in  different  environments  for  most

morphological traits (Marie et al., 2020; Beksisa, 2021; Cheserek et al., 2021; Merga et al.,

2021; Ndikumana, 2022). 
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Table 3. 3 Separate and combined analysis of variance for the 26 agro-morphological characters of 17 genotypes grown at Awada, Shebedino and Wonago

Traits
Awada Shebedino Wonago Combined

Rep Gen Error CV Rep Gen Error CV Rep Gen Error CV Rep Loc Gen Gen*Loc Error CV(df=2) (df=16) (df=32) (df=2) (df=16) (df=32) (df=2) (df=16) (df=32) (df=2) (df=2) (df=16) (df=32) (df=100)
HPFP 20.59ns 52.36** 10.69 15.28 40.89 ns 146.15* 36.52 33.16 15.40ns 30.37* 14.57 19.59 42.65ns 130.21** 92.27** 18.31ns 20.45 22.95
SG 0.04ns 0.39** 0.05 6.55 0.05 ns 0.34** 0.05 4.75 0.44ns 0.35** 0.08 6.94 0.13ns 22.22** 0.74** 0.17ns 0.07 6.31

PH 123.63ns
1220.55*
* 354.52 7.33 459.28ns 2345.99* 674.13 26.96 6232.89ns 1427.62* 590.00 9.60 1880.2ns 42250.83** 5479.14* 2257.51ns 2723.8 19.23

INLMS 1.24ns 3.58* 1.00 12.90 11.03 ns 29.85* 7.41 27.53 6.95ns 3.37* 1.45 13.76 2.37ns 58.75** 5.68* 4.39ns 3.54 21.39
CD 695.56ns 624.75** 130.26 5.40 393.77ns 719.23* 309.92 25.66 954.35ns 828.66** 165.70 6.45 69.48ns 3208.8* 3092.25* 1235.19ns 1177.71 16.45
NPB 1.65ns 84.55** 6.27 3.23 2.63ns 22.85** 2.78 2.16 17.51ns 38.02* 15.64 5.97 9.07ns 2061.59** 70.27** 37.57** 8.14 3..87

NSB 508.45ns
4352.82*
* 292.95 17.12 19.56ns 547.06** 72.33 3.18 41.51ns 2811.06** 160.57 6.74 248.82ns 169293.86** 4368.52** 1671.21ns 174.67 5.25

LLP 28.37ns 247.64** 37.80 5.42 843.27ns 1579.78* 972.98 25.73 181.82ns 207.97** 29.47 5.41 71.64ns 1772..06** 512.27** 19.53ns 36.18 5.41
NNLP 3.20ns 14.30* 7.42 10.46 64.79ns 149.42* 52.22 27.44 23.15ns 5.67* 3.16 7.53 4.84ns 66.93* 9.17** 7.92ns 4.46 8.42
INLLP 0.19ns 1.20** 0.40 12.08 1.78ns 3.65ns 2.44 24.45 0.41ns 1.20* 0.24 10.17 0.32ns 32.88** 1.81* 1.72ns 1.04 18.6
LL 8.05ns 107.76* 34.50 4.05 3.57ns 184.28** 50.48 4.48 108.40ns 156.41* 43.20 4.55 44.57ns 3368.11** 366.57** 40.94ns 42.53 4.37
LW 27.70ns 47.48* 15.02 5.84 8.96ns 65.93* 18.66 5.73 18.94ns 48.92* 14.41 5.33 47.13ns 1022.63** 126.02** 18.16ns 17.56 5.9
LPL 0.48ns 1.42* 0.50 8.15 4.13ns 1.30* 0.36 7.19 0.36ns 1.01** 0.19 5.13 0.83* 0.96* 3.01* 0.36ns 0.36 7.04
ISL 1.76ns 1.41* 0.61 10.04 0.07ns 2.84* 0.48 8.43 0.26ns 0.89ns 0.62 10.01 1.38ns 2.75* 2.21** 0.47ns 0.68 8.73
NFPA 6.05ns 2.27ns 3.11 16.68 4.98ns 3.83ns 7.22 18.92 2.85ns 4.78ns 5.55 23.77 4.1ns 7.34ns 4.22ns 2.37ns 3.01 15.51
SSL 0.19ns 1.62** 0.23 4.60 0.60ns 7.26* 4.75 18.33 3.11ns 1.70ns 2.60 15.98 0.35ns 6.22* 3.46* 0.47ns 1.29 10.64
FL 0.07ns 1.87** 0.54 4.52 0.38ns 0.61* 0.31 3.60 1.00ns 0.88* 0.28 3.38 0.09ns 6.61** 1.82** 0.78* 0.39 3.95
FW 0.00ns 0.91** 0.14 2.65 0.07ns 0.40* 0.21 3.29 0.41ns 0.50* 0.20 3.25 0.22ns 5.78** 4.98** 1.38* 0.35 5.94
FT 0.05ns 0.49** 0.12 2.75 0.01ns 0.52* 0.20 3.69 0.25ns 0.35* 0.16 3.48 0.19ns 36.14** 0.88** 0.32* 0.18 3.31
SBW 113.85ns 393.38** 126.87 6.04 76.66ns 310.30* 150.23 6.61 39.27ns 262.05* 131.27 6.23 126.8ns 517083** 468.56** 117.73ns 90.01 7.43
EFR 6.07ns 31.17* 14.40 4.19 6.07ns 31.17* 14.40 4.19 41.37ns 100.83* 37.40 6.66 30.33ns 147682.24** 105.56* 109.41* 51.65 5.91
FFC 0.01ns 0.05** 0.00 2.63 0.00ns 0.702* 0.01 3.28 0.00ns 0.01* 0.00 3.17 13.88ns 137899.76** 18.91** 19.99** 12.52 11.12
SL 0.22ns 0.70** 0.17 3.94 0.61ns 0.74* 0.21 4.37 0.10ns 0.99** 0.12 3.49 0.19ns 1251.47** 0.63** 0.41** 0.13 4.73
SW 0.32ns 0.21* 0.09 4.08 0.14ns 0.34** 0.08 3.85 0.07ns 0.40** 0.10 4.66 0.30ns 144.78** 0.89** 0.32* 0.1 3.8
ST 0.01ns 1.04* 0.05 5.19 0.03ns 0.17** 0.04 4.73 0.01ns 0.13* 0.05 5.27 0.06ns 110.19** 0.22** 0.19** 0.06 4.85
YI 2.78ns 16.53** 1.70 8.53 5.98ns 6.22* 2.56 13.74 0.37ns 14.96** 1.69 15.14  1.85ns  568.74**  18.58**  9.56**  2.05  12.09

Where; *& ** = Significant at P<0.05 and P<0.01 respectively; Rep= Replication; Loc=Location; Gen=Genotype; Gen*Loc =genotype by
environment interaction; Numbers in parenthesis stands for the degree of freedom; CV= coefficient of variation;  HPFP=Height up-to-first
primary (cm); SG=stem-girth (cm); PH=Plant  Height  (cm); INLMS= Inter  Node length on Main-stem (cm); CD=Canopy diameter (cm);
NPB=Number of Primary Branch (No.); NSB=Number of Secondary Branch  (No.); LLP=Length of longest-primary (cm); NNLP=Number of
nodes on longest primary (No.); INLLP=Inter-node-length on longest primary (cm); LL=Leaf length (mm); LW=Leaf width (mm); LPL=Leaf
petiole length (mm); ISL=Inflorescence Stalk Length (mm); SSL=Stamen stalk Length (mm); FL=Fruit length (cm); FW=Fruit width (mm);
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FT=Fruit thickness (mm); SBW=Single berry weight (gm); EFR=Empty fruit rate (%); FFC=Fruit filling coefficient; SL=Seed length (mm);
SW=Seed width (mm); ST=Seed thickness (mm); YI=Yield (ton ha-1)
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3.3.2 Mean Performance 
The mean, range, and standard deviation of the mean value for 26 traits are shown in Table

3.4.  Wider  ranges  between  the  minimum  and  maximum  values  were  observed  for  the

majority  of  the  studied  traits  (Table  3.4),  reflecting  the  existence  of  ample  amounts  of

variation among the tested genotypes for agro-morphological traits. This study result  also

revealed high performance of promising selections at each of the three locations over the

standard check varieties for the majority of the agro-morphological traits.  Therefore,  any

improvement through selection and/or hybridization could be advised to exploit the abundant

genetic resources of the country.

The mean performance for yield revealed highly significant (p<0.01) variation among main

effects (genotypes and locations) as well as interaction effects (Table 3.3). In line with the

present  results,  many  authors  also  reported  significant  variation  among  genotypes,

environment, and GEI for Arabica coffee bean yield (Argaw & Taye, 2018; Beksisa  et al,

2018; Marie et al., 2020; Beksisa, 2021; Cheserek et al., 2021; Merga, 2021; Legesse et al.,

2022; Merga, 2022).

When we consider the four-year harvesting season mean yield (combined over season) in

tons per hectare, the highest yield at Awada was recorded for genotype AW5994 (1.86 ton ha-

1), followed by AW3106 (1.83 ton ha-1), Angafa (1.8 ton ha-1), and AW105 (1.76 ton ha-1).

The  highest  yield  at  Shebedino  was  recorded  for  AW7705  (1.52  ton  ha-1)  followed  by

AW9641 (1.34 ton ha-1), AW9622 (1.29 ton ha-1), Angafa (1.27 ton ha-1), and AW5994 (1.20

ton ha-1). The highest yield at Wonago was recorded for AW105 (1.32 tons/ha) followed by

AW7705 (1.22 ton/ha), AW1777 (1.09 ton ha-1), AW4994 (1.05 ton ha-1), Angafa (0.98 ton

ha-1), and AW7494 (0.96 ton ha-1) (Table 3.4). In this study, the coffee bean mean yield of the

14 selections was higher than the mean of the three check varieties in three locations and four

harvesting years except in 2019 at Awada, 2020 at Awada & Wonago, and 2021 at Awada &

Shebedino (Table 3.4).

Yield performance variation was also observed between growing locations. The highest yield

was recorded at Awada (1.53 ton ha-1) followed by Shebedino (1.16 ton ha-1) and the lowest

at Wonago (0.86 ton ha-1) (Table 3.4). 

In  addition to  genotypic  and location effects  on yield performance,  the coffee  yield was

highly oscillating in season. The highest yield was recorded in the 2018 and 2020 harvesting
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seasons at three locations (2.09 ton ha-1 and 2.37 ton ha-1 at Awada; 1.59 ton ha-1  and 1.874

ton ha-1 at Shebedino; and 1.48 ton ha-1 at Wonago). The lowest was recorded in 2019 and

2021 at three locations (0.65 & 0.99 ton ha-1 at Awada, 0.31 & 0.89 ton ha-1 at Shebedino

and 0.62 & 0.39 ton ha-1 at Wonago) showing the yearly variation of yield. In line to this

study, Antonio et al., 2010 and Atinafu et al., 2017, reported yield variation by year (seasonal

oscillation) for Arabica coffee. Many authors reported seasonal yield variation due to the

biennial  nature  of  the  plant  or  seasonal  environmental  variation  (Camargo  et  al.,  2010;

Jaramillo-Botero  et al., 2010; Bernardes  et al., 2012; Carvalho, 2019; Merga et al., 2023).

Hence,  season has  a  great  impact  on yield variation;  it  is  difficult  to  identify a  superior

variety in a single harvesting year. Therefore, considering seasonal effect and repeating the

experiment  over  seasons is  advised to  identify  best  performing and stable  genotypes  for

variety development. In addition, examining different management option after high yielding

season is also recommended.  

When we consider over three locations and four harvesting seasons mean yield, the highest

mean bean yield value was recorded for selections AW105 (1.37 ton ha-1) and AW7705 (1.37

ton ha-1) followed by Angafa (1.35 ton ha-1), AW5994 (1.28 ton ha-1), AW4994 (1.26 ton ha-

1),  AW3106 (1.25 ha-1),  and AW9641 (1.22 ha-1) (Table 3.4). These promising selections

outperformed  the  released  varieties  and  could  be  used  for  future  improved  variety

development through selection and hybridization.

When we compare the performance of check variety, Angafa was the highest yielding and

best check at each location for 4 harvesting years (2018–2021) than Feyate and 74112, except

in the 2019 harvesting season. In the 2019 harvesting season, variety Feyate was the highest

yielding check at  Awada and Wonago, whereas variety 74112 was the highest yielder at

Shebedino. On the other side, the check variety 74112 was the lowest yielder and poorest

performer in all seasons and locations except for 2019 at Shebedino (Table 3.4). As a result,

coffee growers in south Ethiopia should search for other high-yielding varieties to cultivate in

place of  74112,  and coffee breeders  need to  use  other  varieties  as  a  standard  check for

comparison.
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Table  3.  4 Mean,  standard  deviation  of  the  mean,  maximum  value,  minimum  value,  and  minimum  significant  difference  of  26
characteristics of 17 genotypes evaluated at Awada, Shebedino and Wonago

Awada Leku Wonago Combined
Trait Mean Max Min STD MSD Mean Max Min STD MSD Mean Max Min STD DMR Mean Max Min STD MSD
HPFP 21.40 30.56 12.78 4.18 10.01 18.22 29.00 10.33 3.92 10.05 19.49 24.33 13.44 2.94 11.68 19.70 25.74 12.18 3.20 7.57
SG 3.42 3.94 2.64 0.36 0.69 4.73 5.33 3.86 0.34 0.69 4.20 4.78 3.44 0.35 0.89 4.11 4.60 3.32 0.29 0.43
PH 256.71 288.22 215.44 20.17 31.32 304.58 485.56 256.67 49.48 60.55 252.95 287.00 222.78 21.05 40.40 271.00 340.52 231.63 24.65 48.81
INLMS 7.75 8.67 6.28 0.64 1.66 9.89 16.33 7.22 1.81 4.53 8.74 10.56 6.33 1.05 3.68 8.79 10.63 6.61 0.79 3.15
CD 211.24 230.89 166.50 14.43 18.98 214.90 349.44 171.67 37.01 91.70 199.70 222.78 159.17 15.24 21.41 209.00 258.15 165.78 18.58 32.10
NPB 77.62 89.41 67.89 5.31 7.66 76.96 81.44 71.44 2.76 5.10 66.29 72.52 59.11 3.65 6.58 73.62 77.83 68.39 2.78 4.77
NSB 300.05 362.15 233.30 38.09 28.47 267.27 296.11 250.22 13.50 14.15 187.99 275.00 141.00 29.04 21.08 251.77 289.94 224.12 22.08 12.36
LLP 113.42 121.78 82.11 9.09 10.23 121.24 192.33 95.00 19.83 51.88 100.26 108.33 80.89 7.60 9.03 111.18 120.96 86.00 7.55 31.41
NNLP 26.03 29.00 19.78 2.18 4.53 26.33 43.56 23.11 4.65 12.02 23.59 26.33 21.44 1.38 2.95 25.08 27.56 24.00 1.01 4.34
INLLP 5.26 6.11 3.74 0.63 1.94 6.39 10.00 4.78 1.10 2.60 4.83 5.33 4.00 0.36 0.82 5.49 6.37 4.32 0.45 1.71
LL 144.92 153.67 130.00 5.99 9.77 158.69 170.39 135.89 7.84 11.82 144.32 157.44 127.61 7.42 20.11 149.00 157.19 131.17 6.34 10.91
LW 66.41 71.50 53.28 3.98 11.86 75.36 83.67 61.28 4.69 7.18 71.23 77.11 60.50 4.17 11.61 71.00 74.50 58.35 3.80 7.01
LPL 8.64 9.89 7.22 0.69 2.15 8.37 9.56 7.11 0.66 1.84 8.47 9.33 7.00 0.60 1.33 8.50 9.59 7.11 0.57 1.00
ISL 7.75 8.73 6.50 0.69 1.30 8.18 8.87 7.27 0.53 2.11 7.88 8.93 7.00 0.51 1.31 7.98 8.60 7.16 0.49 1.26
NFPA 10.58 13.13 9.53 0.87 ns 14.20 16.27 12.60 1.13 ns 9.91 12.27 8.27 1.25 ns 11.19 12.53 10.31 0.56 ns
SSL 10.47 11.27 9.00 0.73 1.47 11.89 14.33 9.20 1.44 3.62 10.08 11.60 9.00 0.74 2.68 10.70 11.36 9.27 0.62 1.47
FL 16.18 17.95 14.93 0.79 2.24 15.46 16.62 14.71 0.45 1.70 15.77 16.67 14.74 0.55 1.63 15.80 16.76 15.08 0.45 1.04
FW 14.27 15.46 13.48 0.55 1.16 13.74 14.52 13.24 0.36 0.75 13.64 14.61 13.01 0.42 1.36 14.30 15.93 13.49 0.34 0.72
FT 12.45 13.30 11.79 0.41 1.05 12.02 12.53 11.29 0.42 0.74 11.50 12.26 10.86 0.35 1.23 12.10 13.69 11.46 0.31 0.68
SBW 186.34 208.70 161.44 11.45 18.73 185.47 205.00 162.66 10.17 20.39 183.78 199.17 162.27 9.36 19.06 185.00 207.40 159.42 10.14 10.71
EFR 90.57 94.50 83.99 3.22 6.31 90.57 94.50 83.99 3.22 6.31 91.87 98.44 79.65 5.72 18.71 87.80 91.59 81.84 3.98 7.77
FFC 1.75 1.85 1.44 0.12 0.14 1.87 1.96 1.68 0.08 0.10 1.90 1.98 1.80 0.06 0.10 1.81 1.91 1.60 0.08 0.09
SL 10.36 11.14 9.57 0.48 1.25 10.59 11.31 9.34 0.50 1.42 10.12 11.01 8.78 0.58 1.08 10.60 12.38 9.34 0.39 0.69
SW 7.21 7.68 6.72 0.27 0.90 7.19 7.94 6.62 0.34 0.85 6.85 7.50 6.17 0.38 0.98 7.25 9.26 6.61 0.27 0.49
ST 4.26 4.41 4.01 0.12 0.37 4.34 5.05 3.95 0.24 0.63 4.10 4.57 3.79 0.21 0.66 4.42 6.02 4.02 0.15 0.35
YI 1.53 1.86 1.07 2.35 0.40 1.16 1.52 0.85 0.14 0.35 0.86 1.32 0.52 0.23 0.40 1.19 1.37 0.82 1.43 0.24

Where: Max=maximum; min=minimum; StD=Standard deviation;  MSD=minimum significant  difference (Tukey test  at  5%); ns=non-significant;  HPFP=Height  Up-to-first-primary (cm);

SG=stem-girth (cm); PH=Plant Height (cm); INLMS= Inter  Node length on Main-stem (cm); CD=Canopy diameter (cm); NPB=Number of Primary Branch (No.); NSB=Number of Secondary

Branch  (No.); LLP=length of longest-primary (cm); NNLP=Number of nodes on longest primary (No.); INLLP=Inter-node length on longest primary (cm); LL=Leaf length (mm); LW=Leaf

width (mm); LPL=Leaf petiole length (mm); ISL=Inflorescence Stalk Length (mm); SSL=Stamen stalk Length (mm); FL=Fruit length (cm); FW=Fruit width (mm); FT=Fruit thickness (mm);

SBW=Single berry weight (gm); EFR=Empty fruit rate (%); FFC=Fruit filling coefficient; SL=Seed length (mm); SW=Seed width (mm); ST=Seed thickness (mm); YI=Yield (ton ha-1)
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Table 3. 5 The four consecutive harvesting season mean yield of 17 genotypes grown at Awada, Shebedino and Wonago

Genotyp
e

2018/19 harvesting year 2019/20 harvesting year 202021 harvesting year 2021/22 harvesting year Over season Combined Pooled (Over all
season & location)Awad

a
Shebedin
o

Wonag
o

Awad
a

Shebedin
o

Wonag
o

Awad
a

Shebedin
o

Wonag
o

Awad
a

Shebedin
o

Wonag
o

Awad
a

Shebedin
o

Wonag
o

AW1777 1.3 0.9 2.02 0.54 0.4 0.6 2.61 2.04 1.49 0.83 1.22 0.27 1.32 1.14 1.09 1.19
AW105 2.06 1.64 1.11 0.37 0.46 0.9 2.97 1.35 2.7 1.21 0.66 0.57 1.76 1.03 1.32 1.37
AW1995 2.45 1.39 1.12 0.23 0.36 0.65 2.99 1.78 1.47 0.39 0.94 0.25 1.51 1.12 0.87 1.17
AW3106 2.57 1.9 0.97 0.91 0.28 0.51 2.96 1.89 1.07 0.88 0.66 0.47 1.83 1.18 0.76 1.26
AW4994 1.92 1.49 0.81 1.01 0.4 0.92 2.02 1.77 1.67 1.62 0.67 0.79 1.64 1.08 1.05 1.26
AW5994 2.68 1.97 1.02 1.05 0.33 0.52 2.33 2 1.34 1.38 0.52 0.25 1.86 1.2 0.78 1.28
AW7494 2.14 2.08 0.97 0.36 0.29 0.57 2.59 1.41 1.93 0.24 0.76 0.36 1.33 1.13 0.96 1.14
AW7705 1.94 2.2 1.57 0.79 0.24 0.65 1.69 2.39 2.09 1.06 1.25 0.55 1.37 1.52 1.22 1.37
AW9622 2.45 2.37 0.66 0.47 0.2 0.58 2.24 1.93 1.2 0.69 0.67 0.24 1.47 1.29 0.67 1.14
AW9623 2.62 1.59 0.87 0.32 0.19 0.47 2.32 2.09 1.34 1.31 0.68 0.49 1.64 1.14 0.79 1.19
AW9628 1.73 1.12 0.64 0.58 0.29 0.53 1.6 1.78 0.63 0.64 1.06 0.27 1.14 1.06 0.52 0.91
AW9641 2.35 1.37 0.81 0.93 0.35 0.52 1.56 2.47 0.93 1.8 1.18 0.36 1.66 1.34 0.66 1.22
AW9644 1.84 1.54 0.58 0.42 0.53 0.56 2.74 1.57 1.21 0.37 1.13 0.4 1.34 1.19 0.69 1.07
AW9662 2.38 1.43 0.97 0.99 0.33 0.85 2.26 1.92 1.1 1.09 0.85 0.4 1.68 1.13 0.83 1.21
74112 0.84 0.77 0.39 0.75 0.23 0.32 2.36 1.67 1.21 0.33 0.75 0.25 1.07 0.85 0.54 0.82
Angafa 2.38 1.9 0.88 0.37 0.14 0.63 2.76 1.92 1.98 1.68 1.12 0.42 1.8 1.27 0.98 1.35
Feyate 1.89 1.37 0.64 1.06 0.19 0.7 2.3 1.89 1.87 1.36 0.94 0.39 1.65 1.1 0.9 1.22
Mean 2.09 1.59 0.94 0.65 0.31 0.62 2.37 1.87 1.48 0.99 0.89 0.39 1.53 1.16 0.86 1.19
CV 16.53 24.12 14.28 9.00 20.13 28.88 18.30 21.04 28.75 24.15 17.44 15.14 9.00 13.74 15.14 12.10
MSD 0.76 0.48 0.94 0.76 0.98 0.27 0.85 0.57 0.83 0.45 0.79 0.36 0.42 0.49 0.40 0.24
P-value ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** **

Where: CV (%) =coefficient of variation in percent; MSD= Minimu significant difference (Tukey Test at 5%); and ** = highly significant
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3.3.3 Variance Components  
The estimation of genotypic, phenotypic, and environmental coefficients of variance for 25

agro-morphological traits are given in Table 3.6. Genotypic variance values ranged from 0.05

for seed thickness to 1397.5 for number of secondary-branches, while phenotypic variance

values ranged from 0.07 to 1826.38 for seed thickness and plant height, respectively. The

magnitudes  of  genetic  variances  were  higher  for  plant  height  (918.45),  canopy  diameter

(638.18), number of secondary-branches (1397.95), length of longest-primary (158.7), single

berry weight (126.18), leaf length (108.01), and leaf width (36.15) (Table 3.5). The level of

variation was shown to be different among different quantitative characters. In current study,

the phenotypic variance was higher than the genotypic variance for the characters studied

(Table 3.6). Thus, it suggests the substantial influence of the environment besides the genetic

variation for the expression of these traits.  

The genotypic coefficient of variation (GCV) values ranged from 3.75% for fruit width to

80.64% for fruit filling coefficient; whereas, the  phenotypic coefficient of variation (PCV)

values ranged from 4.13% for fruit width to 138.76% for fruit filling coefficient (Table 3.6).

According  to  Terfa  and  Gurmu  (2020),  PCV  and  GCV  values  greater  than  20%  are

considered  high;  values  between  10%  and  20%  are  medium;  and  less  than  10%  are

considered low. In this study, the high (>20%) PCV and GCV values were noted for the fruit

filling coefficient (80.65%, 138.72%), height up to the first primary (24.84%, 28.15%), and

bean  yield  (20.16%,  21.38%),  respectively.  In  addition,  moderate  GCV  and  PCV  were

calculated for plant height (11.17%, 15.75%), canopy diameter (12.11%, 15.39%), number of

secondary-branches (14.85%, 15.16%), length of longest-primary (11.33,  11.75),  and leaf

petiole length (11.05, 11.78), respectively. 

According to Sing (1990), traits performing high estimates of GCV and PCV have a high

potential for effective selection, but traits with low estimates for both variability components

are difficult or impractical for selection due to the masking effect of environment on the

genotypic effect. As the present study result reveals, fruit filling coefficient, height up to the

first  primary,  bean  yield,  plant  height,  canopy  diameter,  number  of  secondary-branches,

length of longest primary, and leaf petiole length traits had high to moderate GCV and PCV

values and thus, can provide a high chance for effective selection. Moderate to high PCV and

GCV values for the plant vigor and yield components were also reported by many authors

(Kebede & Belachew 2008; Kitila  et al. 2011; Tessema  et al. 2011; Atinafu  et al., 2017;
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Malau & Pandiangan, 2018; Ndikumana, 2022).  Low and moderate genotypic variation in

most  of  the  parameters  might  indicate  the self-fertilized nature  of  Arabica coffee  plants.

Broad genetic variability may be obtained through hybridization.   

In this study, the values of PCV were relatively higher than GCV for all traits; however, there

was a slight variation between the PCV and GCV values for traits of leaf width, leaf length,

leaf petiole length, fruit length, fruit width, fruit thickness, single berry weight, empty fruit

rate,  seed  width,  seed  length,  and  seed  thickness.  This  indicated  that  the  environment

influenced  to  a  lesser  extent  these  characters  and  that  there  was  a  high  contribution  of

genotypic effect for the phenotypic expression of these characters. Therefore, selection based

on these characters' phenotypic performance would be reliable.

3.3.4 Estimation of broad sense heritability and genetic advance
The  estimation  of  broad  sense  heritability  (Hb%),  Genetic  advance  (GA),   and  genetic

advance as a percentage of the mean (GAM) for 25 agro-morphological traits were computed

using combined mean values and presented in Table 3.6. The GCV shows how much of the

observed phenotypic variability is due to genetic factors, but it does not show how much of

the variation is heritable or not. Therefore, Hb% estimate is required to forecast the expected

gain through the selection process. The Hb% estimates ranged from 96.0% for the number of

secondary-branches to 33.8% for the fruit filling coefficient (Table 3.6). Singh (2001) asserts

that,  Hb%  values  above  80%  are  considered  high,  values  between  60%  and  79%  are

moderately high, values between 40% and 59% are moderate, and values below 40% are

considered low. According to this benchmark, high and moderately high Hb% values (>80%

& 60 to  79%) were  noted  for  number  of  secondary-branch  (96.0%);  length  of  longest-

primary (92.94%); stem-girth (90.91%); seed width (89.16%); yield (88.95%); number of

primary-branch  (88.42%);  leaf  length  (88.4%);  leaf  petiole  length  (88.09%);  leaf  width

(86.07%); fruit width (82.11%); single berry weight (80.79%); seed length (79.55%); fruit

thickness  (79.91%);  fruit  length  (78.59%);  height  up-to-first  primary  (77.83%);  seed

thickness  (72%);  inflorescence  stalk  length  (69.23%);  stamen stalk  length  (62.72%);  and

canopy diameter (61.91%) in descending order. According to Singh (2001), if a character's

heritability is quite high, selecting for such characters may be simple due to the relatively

little contribution of the environment on the phenotype; in contrast,  the selection of low-

heritability  characters  is  rather  difficult  or  practically  impractical  due  to  environmental

masking  effects.  Therefore,  the  aforementioned  characters  are  effective  for  selection  to

improve crop productivity. 
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The medium Hb% values (40 to 59%) were observed for empty fruit rate (51.07%); plant

height (50.29%); number of nodes on longest primary (51.36%); and inter-node length on

longest primary (42.34%). Whereas, low Hb% values (<40%) were observed for the inter-

node length on the main-stem (37.77%) and fruit filling coefficient (33.8%). In line with this

study result, the existence of high to moderate Hb% was reported for the traits of secondary

branches, canopy diameter, fruit length, fruit width, bean length, bean width, bean weight,

and plant height by different scholars (Yigzaw, 2005; Malau & Pandiangan, 2018; Kitila et

al.,  2011;  Olika  et  al.,  2001;  Tessema  et  al.,  2011;  Malau  &  Pandiangan,  2018;  and

Ndikumana, 2022). In contrast to this result, Bayetta (2001) observed high Hb% estimations

ranging from 71.43 to 97.32% among the assessed characters, implying that the effect of

environment on the phenotypic appearance of the characters was minor, and Ermias (2005)

reported low Hb% for primary branches (13%). The present study results are generally in

agreement  with most  of  the  findings  of  previous  studies.  Some discrepancies  with  some

previous findings may be related to differences in the number and type of genotypes studied

and the number of seasons and locations from which the data were collected. 

The genetic advance as a percentage of the mean (GAM) ranged from 96.58% for the fruit

filling coefficient to 6.99% for the fruit width. According to Jonhson et al. (1955), the value

of GAM is categorized as high (> 20%), moderate (10–20%), and low (10%). Based on this

category, high GAM were recorded for the fruit filling coefficient (96.58%); height up to the

first primary (45.14); bean yield (3917%); number of secondary-branches (29.97%); stem-

girth (22.65%); length of the longest primary (22.5%); and leaf petiole length (21.37%) in

decreasing order. Medium GAM were recorded for canopy diameter (19.63%), plant height

(16.31%), leaf width (16.18%), inflorescence stalk length (15.34%), seed width (13.81%),

leaf length (13.48%), stamen stalk length (12.97%), inter-node length on longest primary

(12.34%), inter-node length on main-stem (12.18%), number of primary-branches (11.97%),

and  single  berry  weight  (11.25%),  whereas  low  GAM  was  recorded  for  seed  thickness

(9.15%), fruit length (7.96%), number of nodes on longest primary (7.38%). Similar to this

finding, high-heritability together with high-expected genetic advance as a percentage of the

mean for Arabica coffee yield was reported by several researchers (Ermias, 2005; Yigzaw,

2005; Abdi, 2009; Olika et al., 2011;  Atinafu et al., 2017). In contrast to this finding, low

heritability  coupled  with  low-expected  GAM for  Arabica  coffee  yield  were  reported  by

(Merga et al., 2021). 
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The estimate of heritability alone does not indicate the expected gain in the next generation.

Therefore, knowledge of heritability coupled with genetic advance will provide a clear base

on  the  reliability  of  the  particular  traits  for  efficient  selection.  In  predicting  gain  under

selection, estimates of high heritability along with high genetic advances are usually more

effective than estimates of heritability alone (Slam  et al., 2015). Whereas, low heritability

accompanied by genetic advance would offer less chance for selection due to non-additive

gene  effects  and  the  influence  of  the  environment.  Moderately  high-to-high  heritability

coupled with moderate to high GAM was observed for length of longest-primary branch,

stem-girth,  number  of  secondary  branch,  yield,  canopy  diameter,  leaf  length,  number  of

primary branch, leaf petiole length, leaf width, single berry weight, height up to the first

primary, inflorescence stalk length, stamen stalk length, and seed width. Therefore, selection

in the next generation based on these characters would be effective.

Table  3.6 Estimates  of  variance  components,  broad-sense-heritability  and  genetic
advance for combined 25 agro-morphological traits of 17 genotypes

Traits σ2g σ2p σ2E GCV(%
)

PCV(%
) Hb (%) GA GA

M
HPFP 23.94 30.76 6.82 24.84 28.15 77.83 8.89 45.14
SG 0.22 0.25 0.02 11.53 12.09 90.91 0.93 22.65

PH 918.45 1826.3
8

907.9
3 11.17 15.75 50.29 44.2

7 16.31

INLM
S 0.72 1.89 1.18 9.62 15.66 37.77 1.07 12.18

CD 638.18 1030.7
5

392.5
7 12.11 15.39 61.91 40.9

5 19.63

NPB 20.71 23.42 2.71 6.18 6.57 88.42 8.82 11.97

NSB 1397.9
5

1456.1
7 58.22 14.85 15.16 96.00 75.4

7 29.97

LLP 158.70 170.76 12.06 11.33 11.75 92.94 25.0
2 22.50

NNLP 1.57 3.06 1.49 5.00 6.97 51.36 1.85 7.38
INLLP 0.26 0.60 0.35 9.21 14.15 42.34 0.68 12.34

LL 108.01 122.19 14.18 6.96 7.40 88.40 20.1
3 13.48

LW 36.15 42.01 5.85 8.47 9.13 86.07 11.4
9 16.18

LPL 0.88 1.00 0.12 11.05 11.78 88.09 1.82 21.37
ISL 0.51 0.74 0.23 8.95 10.76 69.23 1.22 15.34
SSL 0.72 1.15 0.43 7.95 10.04 62.72 1.39 12.97
FL 0.48 0.61 0.13 4.36 4.92 78.59 1.26 7.96
FW 0.29 0.35 0.06 3.75 4.13 82.11 1.00 6.99
FT 0.23 0.29 0.06 3.99 4.47 79.91 0.89 7.36
SBW 126.18 156.19 30.00 6.08 6.76 80.79 20.8 11.25

57



0
EFR 17.97 35.19 17.22 4.83 6.76 51.07 6.24 7.11
FFC 2.13 6.30 4.17 80.65 138.72 33.80 1.75 96.58
SL 0.17 0.21 0.04 3.88 4.35 79.55 0.75 7.13
SW 0.26 0.30 0.03 7.10 7.52 89.16 1.00 13.81
ST 0.05 0.07 0.02 5.23 6.17 72.00 0.40 9.15
YI 5.72 6.43 0.71 20.16 21.38 88.95 4.65 39.17

Where: σ2g= Genotypic variance; σ2p= Phenotypic variance; σ2E= environmental variance;
GCV(%)=Genotypic coefficient of variation; PCV(%)=Phenotypic coefficient of variation;
Hb(%)=Heritability in broad sense; GA = Genetic advance ; GAM= genetic advance as a
percentage of the mean

3.3.5 Correlations
To  understand  the  magnitude  of  association  of  various  quantitative  traits  and  yields  of

Arabica coffee genotypes, genotypic and phenotypic correlation coefficients analysis were

computed using combined mean values of 25 quantitative traits and presented in Table 3.7.

In  this  investigation,  most  plant  vigor  parameters  were  positively  associated  among

themselves  and  with  yield  (Table  3.7).  Yield  ton  ha-1 had  significantly  and  positively

associated with stem-girth (rg = 0.59, rp= 0.54), inter-node length on main-stem  (rg = 0.52, rp=

0.41), canopy diameter (rg = 0.53, rp= 0.43), number of primary-branch  (rg = 0.35, rp= 0.34),

number of secondary-branch  (rg = 0.49, rp= 0.45), length of longest-primary branch (rg =

0.54, rp= 0.59), inter node length on longest primary  (rg = 0.55,  rp= 0.41), leaf length (rg =

0.72, rp= 0.56), leaf width (rg=0.54, rp= 0.37), stamen stalk length (rg = 0.59, rp= 0.35), fruit

length (rg = 0.49, rp= 0.39), single berry weight (rg = 0.67, rp  = 0.32), and seed length (rg =

0.47, rp= 0.55). Therefore, those traits that are significantly and positively associated with

yield could be used for indirect selection in the yield improvement program. Contrariwise,

bean yield ton ha-1 showed a negative but statistically non-significant association with empty

fruit rate (rg = -0.07, rp= 0.03) (Table 3.7). According to this result, empty fruit rate traits

require careful selection because improving them may result in a decrease in yield. In line

with the present study, many researchers also reported a significant and positive correlation

between several vigour parameters (stem diameter, plan height, number of primary-branches,

length of the longest primary branch, leaf width, and leaf length) among themselves and with

yield per plant (Yigzaw, 2005; Kitila et al., 2011; Malau & Pandiangan, 2018; Yirga et al.,

2021; Ndikumana, 2022).
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Table 3. 7 Genotypic and phenotypic correlation coefficients among 25 agro-morphological characters of Arabica coffee

YI HPFP SG PH INLMS CD NPB NSB LLP NNLP INLLP LL LW LPL ISL SSL FL FW FT SBW EFR FFC SL SW ST

YI 1 0.21ns 0.54* 0.32* 0.41* 0.48* 0.33ns 0.45* 0.59** 0.30ns 0.41* 0.56** 0.37* 0.34* 0.12ns 0.35* 0.39* 0.27ns 0.2ns 0.32* -0.03 ns 0.11ns 0.55* 0.22ns 0.24ns

HPFP 0.25ns 1 0.25ns 0.47* 0.62** 0.6** -0.13ns 0.42* 0.5* 0.16ns 0.44* 0.24ns 0.48* 0.45* 0.05ns 0.37* 0.0ns -0.01ns 0.01ns 0.03ns 0.16ns -0.34* 0.31* 0.12ns 0.3*
SG 0.59** 0.22ns 1 0.25 0.31* 0.35* 0.06ns 0.39* 0.51* 0.08ns 0.35* 0.58** 0.5* 0.28* 0.09ns 0.19ns 0.34* 0.37* 0.34* 0.22ns -0.22ns 0.02ns 0.37* 0.38* 0.05ns

PH 0.31ns 0.51* 0.2 1 0.84 0.9** 0.24ns 0.15ns 0.37* 0.13ns 0.74** 0.22ns 0.08ns 0.19ns 0.01ns 0.11ns -0.02ns 0.06ns 0.11ns 0.06ns -0.05ns -0.38* 0.14ns -0.02ns 0.31*
INLM

S 0.52* 0.61* 0.41* 0.82** 1 0.9 0.01ns 0.11ns 0.52* 0.16ns 0.81** 0.41* 0.35* 0.41* 0.01ns 0.29* 0.14ns 0.15ns 0.08ns 0.12ns -0.05ns -0.27* 0.38* 0.17ns 0.31*

CD 0.53* 0.66** 0.37* 0.86** 0.92** 1 0.1ns 0.28* 0.49* 0.27* 0.79** 0.36* 0.27* 0.48* -0.03ns 0.24ns 0.06ns 0.06ns 0.06ns 0.03ns 0.09ns -0.4* 0.34* 0.15ns 0.37*
NPB 0.35* -0.12ns 0.04ns 0.32* 0.03* 0.12* 1 0.42* 0.01ns 0.08ns -0.07ns 0.01ns -0.13ns -0.04ns 0.01ns -0.2ns -0.14 ns -0.05ns 0.01ns -0.2ns 0.06ns 0.01ns -0.17ns -0.13ns -0.26ns

NSB 0.49* 0.48* 0.41* 0.16* 0.12ns 0.34* 0.45* 1 0.37* 0.32* 0.13ns 0.23ns 0.31ns 0.26ns -0.03ns -0.04ns -0.04ns 0.01ns 0.09ns -0.12ns 0.19ns -0.15ns 0.04* 0.11ns -0.06ns

LLP 0.54* 0.7** 0.31* 0.84** 0.95** 0.96** 0.17ns 0.30* 1 0.5* 0.43* 0.6** 0.68** 0.4* 0.01ns 0.37* 0.24ns 0.28ns 0.25ns 0.25ns -0.13ns -0.22ns 0.38* 0.19ns -0.03ns

NNLP 0.34ns 0.46ns 0.05ns 0.65** 0.67** 0.79** -0.18ns 0.15ns 0.81** 1 0.16ns 0.04ns 0.11ns 0.18ns 0.20ns 0.05ns 0.09ns 0.09ns 0.06ns 0.25ns -0.06ns -0.03ns 0.17ns 0.08ns 0.07ns

INLLP 0.55* 0.4ns 0.46* 0.67** 0.81** 0.77** 0.02ns 0.12ns 0.77** 0.01 ns 1 0.33* 0.25ns 0.42* -0.15ns 0.17ns 0.17ns 0.2ns 0.18ns 0.16ns -0.2ns -0.18ns 0.32* 0.21ns 0.31*
LL 0.72** 0.42ns 0.64** 0.37 ns 0.65* 0.53* -0.06ns 0.26* 0.55* 0.56* 0.52* 1 0.66** 0.49* 0.2ns 0.39* 0.54* 0.43* 0.16ns 0.23ns 0.06ns 0.01ns 0.61** 0.44* 0.11ns

LW 0.54* 0.64* 0.66** 0.29 ns 0.6* 0.45ns -0.11ns 0.37* 0.53* 0.72** 0.45ns 0.7** 1 0.42* -0.11ns 0.36* 0.29ns 0.27ns 0.23ns 0.17ns -0.08ns 0.02ns 0.43* 0.43* 0.09ns

LPL 0.14ns 0.53* 0.32* 0.26ns 0.58* 0.62* -0.02ns 0.26* 0.61* 0.1 ns 0.51* 0.53* 0.41ns 1 -0.13ns 0.25ns 0.11ns -0.03ns -0.15ns -0.03ns -0.01ns -0.28ns 0.59** 0.3* -0.09ns

ISL 0.21ns 0.24ns 0.38* 0.41 ns 0.59* 0.48* 0.04ns 0.15ns 0.48* 0.37 ns 0.4 ns 0.73** 0.35 ns 0.37 ns 1 0.44* 0.14ns 0.23ns 0.27ns 0.19ns 0.37* 0.09ns -0.1ns -0.11ns -0.05ns

SSL 0.59* 0.29ns 0.39* 0.27 ns 0.59* 0.43 ns -0.11ns 0.07ns 0.47 ns 0.34 ns 0.44 ns 0.67** 0.46 ns 0.36 ns 0.82** 1 0.37* 0.3ns 0.17ns 0.12ns 0.04ns -0.02ns 0.33* 0.17ns 0.19ns

FL 0.49* 0.07ns 0.34* 0.10ns 0.32ns 0.18ns -0.13ns -0.07ns 0.21ns 0.74** 0.26ns 0.76** 0.37ns 0.2ns 0.56* 0.53* 1 0.86** 0.47* 0.37* -0.05ns 0.27ns 0.51* 0.47* 0.16ns

FW 0.22ns -0.17ns 0.39* 0.01ns 0.03ns -0.01ns 0.02ns -0.05* -0.06ns 0.82** 0.29 ns 0.34ns -0.02ns 0.04ns 0.46ns 0.38ns 0.59* 1 0.81** 0.42* -0.04ns 0.22ns 0.32* 0.5* 0.22ns

FT 0.25ns 0.18ns 0.38* 0.13ns 0.28ns 0.09ns -0.04ns -0.09ns 0.15 ns 0.87** 0.06 ns 0.46 ns 0.47ns 0.06ns 0.54* 0.47 ns 0.55* 0.45 ns 1 0.42* -0.07ns 0.1ns -0.03ns 0.38* 0.18ns

SBW 0.67** 0.01ns 0.35* 0.17 ns 0.41 ns 0.24 ns -0.02ns -0.03ns 0.32 ns 0.35 ns 0.42 ns 0.63* 0.39 ns 0.1 ns 0.61* 0.62* 0.73** 0.4 ns 0.56* 1 -0.12ns 0.29ns 0.25ns 0.27ns 0.18ns

EFR -0.07ns 0.11ns -0.31* -0.16 ns -0.07 ns -0.01ns -0.13ns 0.25* -0.03 ns 0.75** -0.35 ns -0.02 ns -0.16 ns 0.05 ns 0.36 ns 0.23 ns -0.01 ns -0.17 ns -0.08 ns -0.04 ns 1 -0.17ns 0.06ns 0.01ns 0.09ns

FFC 0.1ns -0.5* 0.06ns -0.52* -0.45ns -0.53* 0.09** -0.24* -0.47 ns 0.28 ns -0.26 ns -0.18 ns -0.15 ns -0.32 ns -0.3 ns -0.1ns 0.22ns 0.2 ns 0.25 ns 0.4 ns -0.33 ns 1 0.09ns 0.26ns 0.03ns

SL 0.47* 0.33ns 0.186 0.05ns 0.19ns 0.19ns -0.25ns 0.11ns 0.14 ns 0.96** 0.14 ns 0.48* 0.37 ns 0.18 ns 0.09 ns 0.37 ns 0.55* 0.11 ns 0.12 ns 0.27 ns -0.01 ns 0.15 ns 1 0.56** 0.39*
SW 0.23ns 0.22ns 0.11ns 0.01ns 0.05 ns 0.06 ns -0.24* 0.06ns 0.01 ns 0.71** 0.03 ns 0.3 ns 0.31 ns -0.1 ns 0.01 ns 0.24 ns 0.45 ns 0.15 ns 0.21 ns 0.21 ns -0.02 ns 0.2 ns 0.9** 1 0.51
ST 0.22ns 0.22ns 0.03ns 0.03 ns 0.01 ns 0.06 ns -0.26* 0.05ns -0.01 ns 0.09ns -0.01 ns 0.17 ns 0.16 ns -0.18 ns -0.1 ns 0.19 ns 0.31 ns 0.03 ns 0.03 ns 0.11 ns 0.03 ns 0.16 ns 0.89** 0.96* 1

Where; YI=Yield (ton ha-1); HPFP=Height up-to first primary (cm); SG=stem-girth (cm); PH=Plant Height (cm); INLMS= Inter  Node length 
on Main-stem (cm); CD=Canopy diameter (cm); NPB=Number of Primary Branch (No.); NSB=Number of Secondary Branch  (No.); 
LLP=length of longest-primary (cm); NNLP=Number of nodes on longest primary (No.); INLLP=Inter-node length on longest primary (cm); 
LL=Leaf length (mm); LW=Leaf width (mm); LPL=Leaf petiole length (mm); ISL=Inflorescence Stalk Length (mm); SSL=Stamen stalk Length
(mm); FL=Fruit length (cm); FW=Fruit width (mm); FT=Fruit thickness (mm); SBW=Single berry weight (gm); EFR=Empty fruit rate (%); 
FFC=Fruit filling coefficient; SL=Seed length (mm); SW=Seed width (mm); ST=Seed thickness (mm);
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3.3.6 Path analysis
To assess the magnitude of direct and indirect contributions of various characters to Arabica

coffee  yield  ton  ha-1,  path  coefficient  analysis  was  performed  using  13  significantly

associated traits with yield in ton ha-1.  Among 13 significantly correlated characters with

yield, eleven characters had a positive direct influence, whereas the remaining two characters

had a negative direct effect on yield ton ha-1  at genotypic level (Table 3.8).  The number of

primary-branches (0.451) exerted the highest positive direct effect on  yield ton ha-1 (Table

3.8).  The indirect  effect  of  the  number  of  primary-branches  on  yield  showed  a  positive

indirect effect through all traits except internode length, main-stem leaf width, and single

berry  weight.  Therefore,  the  number  of  primary-branches  is  found  to  be  an  important

component,  and direct  selection  for  this  trait  may be  rewarding for  the  improvement  of

Arabica coffee yield.

Number of secondary-branches (0.433), leaf length (0.42), length of longest-primary branch

(0.413),  leaf  width (0.383),  inter-node length on longest  primary  branch (0.378),  canopy

diameter (0.270),  seed length (0.21),  single berry weight  (0.142),  stem-girth  (0.101),  and

stamen stalk length (0.03) had a positive direct effect on yield  ton ha-1 (Table, 3.8). Thus,

considering  genotypes  with  these  traits  would  be  effective  in  coffee  yield  improvement

program. 

On the contrary, internode length on the main-stem (-0.197) and fruit length (-0.282) had a

negative direct effect on yield ton ha-1 (Table 3.8). The direct effect of fruit length on yield

ton ha-1 was negative,  and its indirect effect revealed a positive trend through stem girt,

internode length on the longest primary branch, internode length on the main-stem, and leaf

width.

In-line with this result, Yirga et al. (2021), stated positive direct effects of inter-node length

of primary-branches, bean thickness, and average inter-node-length of the main-stem, number

of primary-branches, stem diameter, and bean weight on yield per tree. Similarly, Getachew

et al. (2013), also reported a positive direct effect of average inter-node-length of primary-

branches, number of primary-branches, number of nodes on primary branches, fruit length

and thickness, and stem diameter on yield per plant. In-contrast to this study, Yirga  et al.

(2021)  reported  negative  direct  effects  of  bean  length,  number  of  secondary-branches,

average length of primary-branches, canopy diameter, and a positive direct effect of inter-

node length of the main-stem on yield per tree.
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Table 3.  8 Genotypic path coefficient analysis (bold and diagonal value indicating direct effect; above and below the diagonal value
indicating indirect effect) of 13 agro-morphological traits on bean yield ton ha-1

SG INLMS CD NPB NSB LLP INLLP LL LW SSL FL SBW SL rg

SG 0.101 -0.084 0.104 0.018 0.177 0.083 0.174 0.27 0.53 0.011 0.051 0.01 0.04 0.59*
INLMS -0.07 -0.197 0.257 -0.002 -0.022 0.318 0.306 0.07 -0.058 0.008 0.028 0.007 0.04 0.52*
CD -0.027 -0.15 0.270 0.02 0.095 0.382 0.291 0.03 -0.014 0.005 -0.015 0.004 0.03 0.53*
NPB 0.034 0.003 0.021 0.451 0.301 0.134 -0.29 0.04 -0.088 0.006 0.000 -0.006 0.02 0.35*
NSB 0.352 -0.084 0.095 0.329 0.433 0.096 0.045 0.11 0.297 0.005 -0.034 0.003 0.04 0.49*
LLP -0.033 -0.152 0.182 0.036 0.145 0.413 0.238 0.06 -0.034 0.008 0.004 0.012 0.04 0.54*
INLLP -0.046 -0.155 0.215 0.028 0.052 0.342 0.378 0.22 -0.128 -0.198 0.112 0.104 0.36 0.55*
LL -0.063 -0.064 0.148 0.021 0.113 0.118 0.197 0.420 -0.19 -0.198 0.114 0.222 0.61 0.72**
LW 0.566 -0.052 0.129 -0.05 0.164 0.063 0.17 0.28 0.383 0.005 0.047 0.01 0.05 0.54*
SSL -0.059 -0.05 0.117 0.023 0.113 0.113 0.197 0.22 -0.04 0.03 0.008 0.014 0.05 0.59*
FL 0.030 0.019 0.053 0.002 0.068 -0.006 0.197 0.22 0.037 -0.001 -0.282 0.035 0.05 0.49*
SBW -0.011 -0.01 0.020 -0.005 -0.065 0.035 0.087 0.21 -0.016 0.003 -0.07 0.142 0.04 0.67**
SL -0.032 -0.039 0.129 0.008 0.03 0.08 0.155 0.29 -0.053 0.008 -0.07 0.028 0.21 0.47*

Where: SG=stem-girth (cm),  INLMS=Inter  Node length on Main-stem  (cm), CD=Canopy diameter (cm), NPB= Number of primary branch, 
NSB=Number of Secondary Branch  (No.), LLP=length of longest-primary (cm), INLLP=Inter node length on longest primary (cm), LL=Leaf 
length (mm), LW=Leaf width (mm), LPL=Leaf petiole length (mm), SSL=Stamen stalk Length (mm), FL=Fruit length (cm), SBW=Single berry
weight (gm), SL=Seed length (mm), SW=Seed width (mm), and rg=genotypic correlation coefficient value with yield. 
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3.3.7 Principal component analysis
The principal component analysis (PCA) of seventeen Arabica coffee genotypes based on a

combined mean value of  25 quantitative traits  generated the twenty-five eigenvalues and

eigenvectors. However, according to Kaiser (1960), as cited by Amare et al. (2018), factors

to be retained should have more than 1 eigenvalue, at least 5% of the variance explained for

each component, and/or more than 70% of the cumulative proportion of variance explained.

Accordingly, the first five components that explained 74.05 percent of total variation were

used for displaying characters (Table 3.9).

The first  PCA explained 36.53% of the total  variations (Table 3.9).  According to Jeffers

(1967), the relative weight given to the variables in each component is determined by the

importance of the variables, which possess a high positive and negative weight. Based on this

suggestion, the most important characters contributing more to the variation were length of

the longest primary (0.28), inter node length on the main-stem (0.28), leaf length (0.28), yield

(0.26), canopy diameter (0.26), inter-node length on the longest-primary (0.25), leaf width

(0.25), seed width (0.24), height up to the first primary (0.21), stem-girth (0.21), leaf petiole

length  (0.2),  stamen  stalk  length  (0.21),  fruit  length  (0.20),  fruit  width  (0.20),  and  seed

thickness (0.20). The sign indicates the direction of the relationship between the components

and  the  characters  (Tsehaye  &  Kebebew,  2002).  Accordingly,  in  the  first  principal

component, most traits were associated positively, whereas the fruit-filling coefficient was

negatively associated with low values.

The second PCA explained 14.82% of the variation, and fruit length (0.32), fruit width (0.32),

single berry weight (0.35), and fruit filling coefficient (0.38) mainly accredited this variation.

The third PCA explained 8.33% of the total variation, and this variation is mainly contributed

by seed length (-0.52), number of primary-branches (0.35), inflorescence stalk length (0.34),

fruit thickness (0.33), and seed width (-0.27) in decreasing order.

The fourth and fifth principal components explained 7.69% and 6.68%, respectively. High

variation in the fourth PC is attributed to stem-girth (-0.27), plant height (0.33), number of

secondary-branches (-0.27), number of nodes on the longest-primary (-0.21), leaf width (-

0.24), inflorescence stalk length (0.3), empty fruit rate (0.33), and fruit filling coefficient (-

0.28),  while  high  variation  in  the  fifth  PC  is  attributed  to  empty  fruit  rate  (0.48),  and

inflorescence stalk length (0.42) (Table 3.9).
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From this result, it may be concluded that important variables in Arabica coffee genotype

with respect to agronomic traits were yield, number of primary-branches, internode length on

the  main-stem,  number  of  secondary-branches,  length  of  the  longest  primary,  internode

length on the longest primary, leaf length, leaf width, fruit length, fruit width, single berry

weight, and seed thickness. The above-mentioned variables might be taken into consideration

for effective parent selection.

Table 3. 9 Principal component analysis of 25 quantitative traits

Characters Eigenvectors
PC1 PC2 PC3 PC4 PC5 PC6

YI 0.26 0.06 0.02 -0.11 0.24 0.11
HPFP 0.21 -0.24 -0.09 0.02 0.15 0.04
SG 0.21 0.04 0.17 -0.27 -0.1 -0.1
PH 0.19 -0.24 0.09 0.33 -0.26 0.03
INLMS 0.28 -0.17 -0.02 0.19 -0.1 -0.1
CD 0.26 -0.25 -0.01 0.17 -0.1 0.12
NPB 0.02 -0.19 0.35 -0.13 -0.12 0.26
NSB 0.11 -0.21 0.3 -0.27 0.23 0.3
LLP 0.28 -0.11 0.07 -0.13 0.06 -0.3
NNLP 0.15 -0.07 -0.03 -0.21 0.16 0.23
INLLP 0.25 -0.1 -0.01 0.09 -0.26 -0.1
LL 0.28 0.08 0.07 -0.07 0.1 -0.1
LW 0.25 -0.01 0.06 -0.24 -0.02 -0.2
LPL 0.2 -0.21 -0.16 -0.2 0.1 0.02
ISL 0.02 0.13 0.34 0.3 0.42 -0.2
SSL 0.21 0.03 -0.17 0.11 0.29 -0.3
FL 0.2 0.32 -0.03 0.01 0.01 0.09
FW 0.2 0.32 0.15 0.12 -0.12 0.1
FT 0.16 0.23 0.33 0.16 -0.25 0.04
SBW 0.15 0.35 0.08 0.12 0.12 -0.2
EFR -0.01 -0.1 0.15 0.33 0.48 0.33
FFC -0.05 0.38 0.03 -0.28 0.06 0.11
SL 0.04 0.1 -0.52 0.07 0.11 0.04
SW 0.24 0.08 -0.27 -0.15 0.05 0.15
ST 0.2 0.22 -0.03 -0.07 -0.18 0.36
EV 9.13 3.71 2.08 1.92 1.67 1.54
PVE 36.53 14.82 8.33 7.69 6.68 6.15
CPVE 36.53 51.35 59.68 67.37 74.05 80.2

Where; EV = Eigenvalue, PVE = Present variation explained. and CPVE = Cumulative 
present variation explained

3.3.8 Cluster analysis
To investigate the genetic relationship of 17 genotypes, cluster analysis was conducted and a

dendrogram was generated using 25 agro-morphological traits data (Figure 3.1). Genotypes

were grouped into two main clusters; the first main-cluster incorporated seven Arabica coffee
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genotypes, viz., 4112, AW9628, AW1777, AW1995, AW1962, AW7494, and AW9644, and

bifurcated  into  two  different  sub-clusters.  The  first  sub-cluster  of  the  first  main-cluster

consisted of one genotype (4112), which is a standard check variety and characterized by low

bean yield thon ha-1, height up to the first primary branch, stem-girth, plant height, internode

length  on  the  main-stem,  canopy diameter,  number  of  secondary-branches,  length  of  the

longest primary, number of nodes on the longest primary, leaf width, fruit length, fruit width,

and seed length, whereas empty fruit rate and fruit filling coefficient were high.

The  second  sub-cluster  of  the  first  main-cluster  consisted  of  six  genotypes,  which  were

further grouped into two sub-sub-sub-clusters. The first sub-sub-cluster of the second sub-

cluster consisted of two genotypes, AW1777 and AW1995, that are characterized by average

for bean yield ton ha-1, internode length on main-stem, internode length on longest primary,

and fruit  filling coefficient;  high in seed length; and low in number of nodes on longest

primary. The second sub-sub-cluster of the second sub-cluster consisted of three genotypes,

namely, AW1962, AW7494, and AW9644, which are characterized by average height up to

the first primary branch, stem-girth, plant height, length of the longest primary branch, empty

fruit rate, and fruit filling coefficient; and low in fruit length, fruit width, fruit thickness, and

seed thickness.

 The second main-cluster contained ten genotypes (AW3106, AW105, AW9622, AW4994,

AW9623,  AW5994,  AW9641,  Feyate,  AW1706,  and  Angafa)  and  bifurcated  into  two

different  sub-clusters.  The  first  sub-cluster  of  the  second  main-cluster  consists  of  one

genotype,  viz.,  AW3106,  which  is  characterized  by  good  yield,  high  canopy  diameter,

internode length  on  longest  primary,  inflorescence  stalk  length,  low number  of  primary-

branches, number of nodes on longest primary, fruit length, fruit width, fruit thickness, single

berry weight, and empty fruit rate. The second sub-cluster of the second main-cluster consists

of nine genotypes and is split into two different sub-sub-clusters. The first sub-sub-cluster of

the second sub-cluster consisted of four genotypes, namely, AW105, AW4994, AW9622, and

AW9623,  whereas  the second sub-sub-cluster  of  the second sub-cluster  consisted of  five

genotypes, viz., AW5994, Feyate, AW9641, AW1706, and Angafa. Generally, the second

sub-cluster of the second main-cluster was characterized by high yield (ton ha-1), stem-girth,

plant  height,  inter-node  length  on  the  main-stem,  canopy  diameter,  number  of  primary-

branches, length of the longest primary, number of nodes on the longest primary, inter node

length on the longest primary, number of secondary-branches, leaf width, leaf length, leaf

petiole length, inflorescence stalk length, stamen stalk length, fruit length, fruit width, fruit
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thickness, single berry weight, empty fruit rate, fruit filling coefficient, seed width, and seed

length  (Figure  3.1).  Genetic  variation  among  coffee  genotypes  might  contribute  to  the

occurrence of different clusters. 

In line with this study, clustering of Arabica coffee genotypes in diverse groups based on

morphological traits has been reported by different researchers at different times (Yigzow,

2005;  Kebede & Bellachew,  2008;  Abdi,  2009;  Olika  et  al. 2011;  Atinafu  et  al.,  2017;

Tounekti et al., 2017; Ndikumana, 2022).    

Figure 3. 1 Cluster denderogram describing variation among 17 genotypes grown at 3 
location using 25 agromorphological trait data 
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3.4 Conclusion
The result of the present study confirmed the presence of diversity among south Ethiopian

Arabica coffee genotypes for all studied agro-morphological characters except the number of

flowers per axil. Mean performance analysis confirmed the presence of superior selection

over the released check varieties bean yield. The presence of variability among the genotypes

reveals that there is a good chance of improving south Ethiopian coffee through selection and

hybridization. 

The  combined  analysis  of  variance  showed  significant  variation  among  genotypes  and

locations  for  most  of  the  studied  traits  and  GxE interaction  for  bean yield,  fruit  length,

number  of  primary-branches,  fruit  thickness,  fruit  width,  empty  fruit  rate,  fruit  filling

coefficient, seed width,  seed length,  and seed thickness.  The presence of significant GxE

interaction indicated the inconsistency in performance of the genotypes for those traits across

environments. 

The estimation of genotypic, phenotypic, and environmental coefficients of variance showed

a wider range of variation for the studied traits. The phenotypic variance was higher than the

genotypic  variance  for  the  characters  studied,  suggesting  a  substantial  influence  of  the

environment besides the genetic variation on the expression of these traits. High-to-moderate

GCV and PCV values were observed for the traits of fruit filling coefficient, height up to the

first  primary,  bean  yield,  plant  height,  canopy  diameter,  number  of  secondary-branches,

length of the longest primary, and leaf petiole length, and these traits can provide a high

chance for effective selection.

Moderately high  to  very high  heritability,  along with moderate  to  high expected genetic

advance as a percent of the mean, was observed for bean yield, length of longest primary

branch, stem girth, number of secondary branches, canopy diameter, leaf length, number of

primary branches, leaf petiole length, leaf width, single berry weight, height up to the first

primary, inflorescence stalk length, stamen stalk length, and seed width. Therefore, selection

in the next generation based on these characters would be effective.

The correlation coefficient analysis  revealed positive associations for most of the studied

agro-morphological  characters  among themselves  and with  yield  in  ton  ha-1 showing the

possibility of indirect selection in the yield improvement program. Genotypic path coefficient

analysis showed a positive direct effect of 11 characters (number of secondary branches,

66



number of primary branches, leaf length, length of longest primary branch, leaf width, inter

node length on longest primary branch, canopy diameter, seed length, single berry weight,

stem girth, and stamen stalk length) on yield, indicating the significance of these traits for

direct selection to increase coffee yield ton ha-1. The number of primary branches exerted the

highest positive direct effect on bean yield and a positive indirect effect on all significantly

associated  traits  except  internode length,  main-stem leaf  width,  and single  berry  weight.

Therefore, direct selection using the number of primary branches would be advisable for the

improvement of Arabica coffee yield.

Cluster analysis grouped genotypes into two main clusters and four sub-clusters. From the

principal  component  analysis  result,  the  most  important  traits  contributing  more  to  the

variation  were  yield,  number  of  primary  branches,  inter-node  length  on  the  main  stem,

number of secondary branches, length of the longest primary, inter-node length on the longest

primary,  leaf  width,  leaf  length,  fruit  length,  fruit  width,  single  berry  weight,  and  seed

thickness.  As  a  result,  the  aforementioned  traits  must  be  considered  for  effective  parent

selection in the Arabica coffee genotype.

Generally, the result confirmed the existence of sufficient diversity among quantitative agro-

morphological  traits  in  south  Ethiopian  Arabica  coffee  genotypes,  which  could  make  it

possible to increase the yield potential of coffee genotypes under south Ethiopian specialty

growing  conditions.  This  study  result  revealed  the  presence  of  elite  genotypes  over  the

released standard check varieties, which could suggest the possibility of a direct selection

and/or  hybridization  program.  According  to  the  four-year  harvesting  season  mean  yield,

AW5994 and AW3106 at Awada; AW7705 and AW9641 at Shebedino; and AW105 and

AW7705 at Wonago are the highest yielding promising genotypes over the standard check

varieties. Therefore, these top-yielding genotypes could be used in breeding programs for

yield improvement in their respective study areas. The highest overall three location and four

harvesting  season  average  bean  yield  in  tons  per  hectare  was  recorded  for  genotypes

AW7705 and AW105. Therefore, this genotype was found to be a promising candidate that

could be included in the national testing program with a view to releasing a new variety for

Arabica coffee growing areas in South Ethiopia and other similar agro-ecologies elsewhere.

Hence,  genotype,  environment,  and  GEI  have  a  significant  effect  on  yield  performance;

identification  of  stable  and  high-yielding  genotypes  by  conducting  the  experiment  over

locations and seasons is recommended. Investigation of different management options after

the high-yielding season is also advised to minimize high-seasonal yield oscillation.
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CHAPTER FOUR

4. Genotype by Environment Interaction and Stability Analysis for Yield of 
Arabica Coffee Genotypes in South Ethiopia  

Abstract
Seventeen Arabica coffee genotypes were evaluated in twelve environments in south Ethiopia

to analyze the extent of genotype by environment interaction (GEI) effect on Arabica coffee

yield  and  to  identify  the  highest  yielding  and  stable  genotypes.  The  experiment  was

established in 2015 using a randomized complete block design in a factorial arrangement

with three replications at each location. The results revealed significant differences among

genotypes,  environments,  and GEI,  with  an  explained  proportion  of  variation  of  3.26%,

71.74%, and 17.52%, respectively. According to GGE-biplot and AMMI models, G7, G16,

G5, G14, G15, G12, G11, and G13 were identified as high-yielding genotypes. Likewise, E7,

E1, E5, E3, and E11 were classified as favorable environments. According to the AMMI and

GGE biplot models and various stability indices (AMMI stability value, cultivar superiority

index, and yield stability index), G16 (AW7705) was the highest bean yielder in tons per

hectare and the most stable genotype. Therefore, AW7705 was discovered to be a promising

candidate, which can be considered desirable genotypes in further tests, to releasing a new

variety for Arabica coffee growing regions of  southern Ethiopia and other similar agro-

ecologies elsewhere. G7 (AW105) was the most yielding but an unstable genotype and can be

considered in the specific target environments. Since the environment and GEI explained

significant  variations  in  coffee  yield,  testing  genotypes  in  diverse  environments  prior  to

deciding on any variety to use under wider agro-ecology is recommended for coffee breeders

to identify stable and high-yielding coffee varieties.

Key words: Adaptability, AMMI, Arabica Coffee, GEI, GGE-biplot, Stability  

76



4.1 Introduction
Coffee is the most traded agricultural commodity and popular non-alcoholic beverage in the

world (FAO, 2021). Arabica (Coffea arabica L.) and Robusta (Coffea canephora P.) coffee

are the two important commercial coffee species, with about 60% and 40% of global coffee

production, respectively (ICO, 2021). 

Arabica coffee, which is treasured for its superior cup quality and aroma over Robusta coffee,

is Ethiopia's main export crop and the backbone of the nation's economy. Until the 1990s, it

was fetching about 60% of foreign exchange for the nation (Yilma, 2017). Science then, with

gradual diversification of export commodities, its export share has declined; but, still, it plays

a pivotal  economic role by accounting on average,  32% of the total  government's  export

revenue, 35% of agricultural export share, and its exports generated 1.1 billion USD in the

2020-2021 fiscal  year  for  the  country  (USDA,  2023).  Furthermore,  the  livelihood  of  25

percent of the country’s population is directly or indirectly dependent on the coffee value

chain (USD, 2023).  In general,  coffee plays a  great role  in the economic,  socio-cultural,

ritual, and spiritual life of Ethiopian societies.

Coffee grows in almost all areas of Ethiopia as forest, semi-forest, garden, and plantation,

ranging from the semi-savannah Gambella’s plain climate to the Southwest’s mountain forest

zones and moderately wet zones in the east and north, with altitudes ranging from 500 to

2600 m.a.s.l. (EIAR, 2017). However, it thrives and produces best between 1,300 m.a.s.l. and

1,800 m.a.s.l., with annual rainfall ranging from 1,500 mm to 2,500 mm and minimum and

maximum air  temperatures  of  15  and  30°  C,  respectively  (Tadesse  et  al.,  2020).  About

856,591.99 hectares of land are occupied by coffee, with an estimated annual production of

5,847,895.69 tons of clean coffee, with a national average productivity of 0.683 tonne per

hectare in the 2020/21 cropping season (Motebayenore, 2022). 

Despite the importance of coffee in Ethiopia’s economy and the presence of huge genetic

resources, a favorable climate, and soil types for coffee production and productivity, the crop

yield is by far very low as compared to the yield recorded in Vietnam (2.4 ton/ha), Brazil (1.4

ton/ha),  Colombia  (0.9  ton/ha),  and  the  world  average  (0.8  ton/ha)  (WEF,  2021).  Many

factors  contributed  to  low level  of  production  and  productivity;  including  lack  of  high-

yielding improved varieties with consistent  performance in  wide ranges of environments,

biotic, abiotic (low soil fertility, poor agronomic management), and failure to use appropriate

technology (improved variety, fertilizer) (Tadesse et al., 2020; Ayele et al., 2021). Therefore,
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developing coffee cultivars with high yield potential, resistance to disease, and adaptability

and  stability  to  wide  agro-ecological  zones  is  among the  top  breeding objectives  of  the

country. Coffee is a perennial plant; once a grower plants a tree, it needs three years for the

first  harvest,  and  the  growers  may  wish  to  keep  it  for  a  further  twenty  years  or  more.

Therefore, coffee researchers have to pay serious attention to replanting costs and climate

change risks during the development of new varieties.

Yield  is  a  complex  quantitative  trait  whose  expression  is  determined  by  genotype,

environment,  and genotype by invirnomental  interaction (GEI).  Environmental  conditions

strongly influence agricultural production, leading to considerable variations in yield. Such

influence is discriminated when yield experiments are performed in various locations and

different years (Bacsi, 2019; Marie et al., 2020; Beksisa, 2021; Merga, 2021; Legesse et al.,

2022; Ndikumana, 2022). Inconsistency in the performance of genotypes or a change in the

magnitude of the difference between genotypes under diverse environments is called GEI

(Cheng et al., 2018). 

GEI is a significant obstacle to the successful selection of germplasm and the identification of

superior genotypes in breeding programs. It threatens the repeatability of experimental results

and reduces the selection efficiency of the cultivars (Enyew et al., 2021). GEI is important

only when it  is significant and causes a significant change in genotype ranks in different

environments,  i.e.,  different  genotypes are  superior in different environments (Luthra and

Singh, 1974). GEI is frequently present in multi-environment-trials (MET). MET studies are

essential since GEI causes a change in the performance ranking of genotypes over various

environments, which complicates the evaluation of genotypes (Neisse & Kirch, 2018).

The presence of significant GEI has several implications for breeding strategies. Evaluating

genotypes  across  a  range  of  agro-ecological  zones  allows  breeders  to  identify  stable

genotypes with consistent performance or those specifically adapted to certain environments

(Annicchiarico,  2002).  This  helps  in  determining  whether  to  pursue  a  broad  adaptation

strategy selecting genotypes that perform relatively well across all environments or a specific

adaptation  strategy,  where  genotypes  are  tailored  for  optimal  performance  in  particular

locations or agro-ecologies.

GEI has also implications for trait heritability and selection efficiency. In the presence of

significant  GEI,  heritability  estimates  tend  to  decrease,  leading  to  reduced  efficiency  of
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selection across environments. This necessitates the careful design of breeding trials, often

requiring  larger  sample  sizes  and  more  replicates  to  accurately  estimate  genotype

performance. It may also mean breeders must prioritize traits with high heritability and low

GEI for early generation selection, and shift to multi-location trials for traits with strong GEI

in later breeding stages (Falconer & Mackay, 1996).

Measuring and understanding the impacts of GEI and the stability of genotypes is an essential

component  in  plant  breeding  programs  for  a  decision-making  process  such  as  the

identification of the relevant testing environments, the allocation of resources in a breeding

program, as well as the choice of germplasm and breeding techniques (Lean et al., 2016).

Once the crop breeders are  well-equipped with the information related to  the nature and

extent of GEI, they may aim either at developing varieties for all environments of interest or

specific varieties for a specific target environment (Egea-Gilabert et al., 2021).

Several multivariate statistical techniques such as analysis of variance (ANOVA), principal

component analysis (PCA), joint linear regression, restricted maximum likelihood (REML),

additive main-effects and multiplicative interaction (AMMI), and genotype plus genotype by

environment (GGE) biplots analysis are used to explore GEI effects, identify stable cultivars,

and identify mega-environments (Yan  et al., 2000). Among them, the two commonly used

statistical techniques for evaluating GEI are AMMI and GGE-biplot (Yan et al., 2000).

The presence of significant GEI for Arabica coffee yield in Ethiopia was reported by many

authors (Afework, 2017; Argaw & Taye, 2018; Beksisa  et al., 2018; Beksisa, 2021; Asefa,

2022; Legesse et al., 2022; Merga, 2022). According to their report, genotypes that showed

better  yield  performance  at  one  location  did  not  show  the  same  performance  at  other

locations,  indicating  the  inconsistency  in  yield  performance  over  diverse  environments.

Hence,  Ethiopia  has  an  abundant  genetic  resource  of  Arabica  coffee  as  well  as  diverse

growing environments, conducting adaptation trials over different locations within the region

is  critical  for  identifying  stable  genotypes  and  increasing  productivity  and production  in

various environments. Most of the bean yield performance and stability studies over location

were done in southwest Ethiopian growing ecologies using southwest materials,  but little

information was generated for wider adaptability and stability in south Ethiopian ecologies

using south materials. Thus, investigation of southern Ethiopian genotypes in the main south

Ethiopian coffee growing ecologies is an urgent task. Therefore, the main objective of this

study was to analyze the extent of the effect of GEI on Arabica coffee bean yield and to
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identify the stable genotypes that exhibit wide adaptation across the diverse agroecologies of

south Ethiopia. 
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4.2 Methodology

4.2.1 Study Area
The experiment was conducted at three major coffee-growing agro-ecological areas of south

Ethiopia: the Awada Agricultural Research Sub-Center (AARSC), Wonago substation, and

Shebedino trial field; all located in the south Ethiopian coffee-growing agro-ecology. The soil

type, altitude, latitude, longitude, rainfall, and temperature of the experimental locations are

indicated in Table 4.1. The experimental period lasted for four consecutive seasons, from

2018  to  2021.  The  location  by  yield  harvest  season  combinations  would  have  twelve

environments Table 4.3.

Table 4. 1 Description of the experimental locations

Site Latitude Longitude Altitude Soil type Rainfall Temp Max
Temp
Min

AARSC  6045'46''N  38022'36''E  1740masl  Clay 1269 mm  28.40C 11oC
Shebedin
o  6050'48''N  38027'06''E  1845masl  Clay  NA  NA  NA
Wonago  6017'54''N  38013'05''E  1850masl  Clay  NA  NA  NA

AARSC= Awada Agricultural Research Sub-center; NA = not available

4.2.2 Experimental/Plant materials 
The experiment  consisted of 17 Arabica coffee genotypes (14 south Ethiopian promising

selections and 3 standard check varieties).  The promising selections were promoted from

different south Ethiopian coffee collection batches for their high yield potential and resistance

to coffee leaf rust and coffee berry disease during a preliminary four-year evaluation carried

out at Awada. The description of genotypes is specified in Table 4.2. 
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Table 4. 2 Description of experimental materials

Serial 
No.

Genotype 
Designation

Genotype
s Description Source

1 G1 AW1777 Promising selection AARSC
2 G2 AW1995 Promising selection AARSC
3 G3 AW96/44 Promising selection AARSC
4 G4 AW74/94 Promising selection AARSC
5 G5 Angafa CRSCV AARSC
6 G6 AW9662 Promising selection AARSC
7 G7 AW105 Promising selection AARSC
8 G8 AW9622 Promising selection AARSC
9 G9 AW9628 Promising selection AARSC
10 G10 74112 CRSCV JARC
11 G11 AW4994 Promising selection AARSC
12 G12 AW5994 Promising selection AARSC
13 G13 AW9641 Promising selection AARSC
14 G14 AW3106 Promising selection AARSC
15 G15 Feyate CRSCV AARSC
16 G16 AW7705 Promising selection AARSC
17 G17 AW9623 Promising selection AARSC

AARSC=  Awada  Agricultural  Research  Sub-center;  JARC=Jima  Agricultural  Research

Center; CRSCV= standard check variety (commercially released cultivar)  

Table 4. 3 Description of Environments 

Location Harvesting Year Environment designation

Awada 2018 E1
Awada 2019 E2
Awada 2020 E3
Awada 2021 E4
Shebedino 2018 E5
Shebedino 2019 E6
Shebedino 2020 E7
Shebedino 2021 E8
Wonago 2018 E9
Wonago 2019 E10
Wonago 2020 E11
Wonago 2021 E12

4.2.3 Experimental Design 
The experimental field was established in August 2015 using a randomized complete block

design in factorial arrangement (location and genotypes as factors) with three replications at
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Awada,  Wonago,  and  Shebedino.  The  experimental  plots  consisted  of  eight  coffee  trees

planted in a single row for each genotype. The intra and inter-row spacing was 2 meters by 2

meters, whereas the spacing between replications was maintained at 4 meters by 4 meters at

each  of  the  three  locations.  The  genotypes  were  evaluated  from  2018–2021  for  four

consecutive yield seasons per three locations.

4.2.4 Experimental Procedures
Seed Preparation:  Cherry picking from the middle nodes of the middle branches in the

middle  of  the  harvest  season  at  the  red-ripe  stage  from respective  selections  and  check

varieties,  floater  removal,  hand  pulping,  mucilage  removal,  sorting,  and  drying  up  to  a

moisture content of 15–18% were carried out.

Seedling media preparation:  Coffee seedlings were grown in dark-colored polyethylene

tubes  (width  16cm,  length  22cm,  thickness  0.06mm)  filled  with  blends  of  topsoil  (TS),

compost (C), and sand (S) in a ratio of 2TS: 1C: 1S as per recommendation (Endale et al.,

2008). 

Seed Sowing:  The coffee seeds were sown in the center of each bag to a depth of 1 to 1.5 

cm.

Seedling management: Watering, mulching, overhead shade constriction and tinning, 

nutrient management, and acclimatization were carried out as per recommendation. 

Land preparation: Field clearing, designing, hole digging, refilling, and relining were 

done as per the recommendations.

Planting: Healthy  and  vigorous  seedlings  were  planted  at  three  experimental  sites  in

August 2015.  

Field management:  Weeding, nutrient management, permanent and temporary shedding,

soil conservation, and sucker management were carried out as per recommendations.

4.2.5 Data collection 
Cherry picking at the red-ripe stage during harvesting season was carried out annually from

2018 to 2021 for four consecutive harvesting years. The bean yields were weighted on a tree

basis and converted to clean coffee in ton ha-1 for the statistical analyses.
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4.2.6 Data analysis  
A separate analysis was made for each of the environments to distinguish genetic variability

among genotypes. The combined analysis of variance was carried to identify the possible

interactions of genotypes with environments by using the SAS software (SAS version 9.4).

Levene’s  test  was  used  to  attest  the  homogeneity  of  variances  between environments  to

determine the validity of the data for a combined analysis of the variance. The effects of

genotypes  and  environments  as  well  as  their  interactions  were  determined  by  ANOVA.

Following  the  presence  of  significant  GEI  effects,  a  multivariate  analysis  of  genotype

adaptability and stability across twelve environments (locations and years) was performed

using the AMMI and GGE-biplot models.

The general model for AMMI and GGE-biplot is described as follow:

Additive Main Effect and Multiplicative Interaction (AMMI) Analysis  

AMMI model was computed following the formula suggested by Gauch, (1992);

Yij=µ+αi+ τj+¿

where:  εij is the random error;

ρij the residual for the multiplicative components and,

tjk is the jth element of the kth eigenvector;

aik is the ith element of the kth eigenvector; 

λk is the singular value for the kth interaction principal component axis (IPCA); 

τj is the deviation of the jth environment from the grand mean;

αi is the deviation of the ith genotype from the grand mean; 

μ is the grand mean; 

Yij is the value of the ith genotype in the jth environment.

Genotype and genotype by environment interaction biplot (GGE-Biplot) analysis

The GGE biplot was built according to the formula given by Yan et al., (2000):

Yij−µ−ej=λ1σi1hj 1+ λ2σi2hj2+εij

where:𝜀𝑖𝑗=the error associated for the genotype i and environment j 

hj2= eigen vectors of environment j for IPCA2;

λ2=the singular value for principal component 2 (IPCA2);𝜎𝑖2= eigen vectors of genotype i for IPCA2
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hj1= eigen vectors of environment j for IPCA1;𝜎𝑖1= eigen vectors of genotype i for IPCA1;

λ1=the singular value for principal component 1(IPCA1);𝑒𝑗= the mean effect of the 𝑗𝑡ℎ environment;

µ = is the grand mean;𝑌𝑖𝑗𝑟= is the performance of the 𝑖th genotype in the jth environment and 𝑟𝑡ℎ replication.

 AMMI’s stability value (ASV) was computed following the formula proposed by Purchase 
(1997) as follows:

ASV=√[( IPCA 1 ssIPCA 2 ss ) ( IPCA1 score )]
2

+( IPCA 2 score)¿
2

¿

Where ASV is AMMI’s stability value;
IPCA 1 ss
IPCA 2 ss   is is the weight given to the IPCA1 value by dividing the IPCA1 SS by the

IPCA2 SS; and 

the IPCA1 and IPCA2 scores are the genotypic scores in the AMMI model.

Cultivar superiority index (Pi) was calculated according to Lin and Binns (1988) formula

as follows: 

Pi=(Yij−Yijmax )2

2n

Where, 

Pi = cultivar superiority index 

Y = the yield mean of the ith genotype in the jth environment;

Yij max = the average yield of the genotype with highest yield in the jth environment; and 

n = the number of environment. 

The yield stability index (YSI) was computed using the Mahmodi et al., (2011) formula as 
follow:

YSI =RY + RASV

Where, RASV = AMMI stability value, RY = the mean yield rank of genotypes across 

environments.

The AMMI and GGE-biplot analyses were done using R statistical software, version 4.2.0, by

using the "metan’’ packages (R Development Core Team, 2021).
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4.3 Results and Discussion 
In this study, a combined analysis of variance showed highly significant variation (p  0.001)

among the environments,  genotypes,  and GEI for  the  yield  trait  (Table 4.4).  The highly

significant difference in F-value confirmed the presence of variability in the inherent genetic

composition  among  the  tested  coffee  genotypes,  differences  in  climatic  and  edaphic

conditions at different testing environments, and the differential response of tested genotypes

across  environments  for  the  bean  yield  trait.  Several  authors  also  reported  significant

variation among genotypes, environment, and GEI for bean yield (Bacsi, 2019; Marie et al.,

2020; Beksisa, 2021; Cheserek et al., 2021; Merga, 2021; Legesse et al., 2022; Ndikumana,

2022; Partelli et al., 2022). 

The  percentage  of  variation  explained by environment,  genotype,  and  GEI  was  71.74%,

3.26%, and 17.52%, respectively. These results imply that the environmental main factors

and GEI had a significant influence on the yield performance of genotypes as compared to

the genotypic main effect, and it is an indication that the environment is the main factor that

influences the yield performance of coffee genotypes in south Ethiopia. This finding is in

agreement  with  many  previous  studies  that  show  a  high  proportion  of  variation  by  the

environment and the GEI component on Arabica coffee bean yield (Argaw and Taye, 2018;

Beksisa et al, 2018; Marie et al., 2020; Beksisa, 2021; Cheserek et al., 2021; Merga, 2021;

Legesse  et al., 2022; Merga, 2022). When there is a significant GEI effect, one genotype's

phenotypic  expression  may  be  highest  in  one  environment  but  lowest  in  another.  The

breeding strategy is complicated by significant GEI. As a result, the superiority of genotypes

across environments cannot be determined by examining their mean performance in a single

environment.  Therefore,  breeders  need  to  develop  varieties  that  are  adapted  to  specific

environmental conditions or identify exceptional stable varieties that  maintain their  mean

performance across diverse environments after multi-environment testing.

The AMMI model fitting method partitioned the differential response of genotypes across 12

environments into eleven possible interaction principal component axes (IPCA) along with

their contributions in decreasing rank (Table 4.4). The eleven IPCAs were partitioned into

seven significant and two non-significant IPCA. The first and second IPCA explained 30.8%

and 24.2% of the variation, respectively. The sum of the first two IPCAs (IPCA1 and IPCA2)

explained about 55% of the variation, which is greater than half of the variation, indicating

the capability  of  the  first  two IPCAs for  cross-validation of  variation explained by GxE
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interaction.  The  third,  fourth,  and  fifth  IPCAs  (IPCA3,  IPCA4,  and  IPPCA5)  explained

16.0%,  11.0%,  and  8.2%  of  the  variation  of  GEI,  respectively.  The  first  seven  IPCAs

(IPCA1–7) accounted for 97.2% of total GEI variation, leaving 2.8% of the variation (Table

4. 4). In line with current findings, many authors have also reported the high contribution of

the top IPCAs on Arabica coffee yield (Demissie et al. 2011; Argaw and Taye, 2018; Beksisa

et al., 2018 and Merga, 2022).  

Table  4.4 Combined  analysis  of  variance  of  AMMI  model  for  17  Arabica  coffee
genotypes yield (ton ha-1) tested across 12 environment 

Source DF SS MS
F

value

GEIPV

E
CPVE

ENV 11 261.88 23.81 ** 71.74%
REP(EN

V)
24 3.11 0.13 *

0.85%

GEN 16 11.89 0.74 ** 3.26%
GEN:EN

V
176 63.97 0.36 **

17.52%

PC1 26 19.72 0.76 ** 30.80% 30.80%
PC2 24 15.51 0.65 ** 24.20% 55.10%
PC3 22 10.24 0.47 ** 16.00% 71.10%
PC4 20 7.01 0.35 ** 11.00% 82.00%
PC5 18 5.22 0.29 ** 8.20% 90.20%
PC6 16 2.74 0.17 ** 4.30% 94.50%
PC7 14 1.73 0.12 ** 2.70% 97.20%
PC8 12 0.74 0.06 ns 1.20% 98.40%
PC9 10 0.57 0.06 ns 0.90% 99.20%
PC10 8 0.27 0.03 ns 0.40% 99.70%

PC11 6 0.21 0.04 ns 0.30%
100.00

%

Residuals 384 24.21 0.06

Total 787 429.03 0.55

*, ** = Significant difference at P<0.01 and P<0.05 respectively;  DF=degree of freedom;
ENV = environment; GEN= Genotype; GEN:ENV = GEI; REP(ENV)=replication; SS= sum
square;  MS=mean  square;  GEIPVE=.  present  variation  explained by  GEI;  and  CPVE=
Cumulative percent variation explained.    
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4.3.1 AMMI biplot analysis for Arabica coffee yield  
To  distinguish  the  GEI  effect's  contribution,  an  AMMI1-biplot  was  plotted  using  the

environment  and  genotype  mean  yields  versus  their  IPCA1  scores  (Figure  4.1).  The  x-

coordinate of the AMMI1-biplot indicates the average of the environments and genotypes,

while the y-coordinate represents the IPC1.  The environments and genotypes on the right

side of the x-axis are high-yielding (above the mean yielding) genotypes and environments,

while those on the left side are low-yielding genotypes and the environments are unfavorable

environments (Yan and Tinker, 2006). Accordingly, E7, E1, E5, E3, and E11 were classified

as high-yielding and favourable environments on the right side of the abscissa, whereas E12,

E6, E10, E9, E4, E2, and E8 were classified as low-yielding and unfavourable environments.

Likewise, the high-yielding genotypes that produce above-average means were G7, G5, G14,

G15, G16, G12, G11, and G13 suited in the right side of the abscissa, whereas the low-

yielding genotypes were G4, G3, G10, G8, G9, and G6 suited in the left side of the x -

coordinate (Fig 4.1).

The higher the IPCA scores from the origin (either positive or negative), the more specific a

genotype is to certain environments with the highest contribution to the GEI, or the more the

IPCA scores  approach  zero,  the  more  stable  the  genotype  is  over  all  the  environments

sampled (Abrha  et al., 2022). Accordingly, G14, G5, G16, and G6 were discovered to be

relatively more stable  and above-average yielders;  likewise,  G8 was a  stable  and below-

average yielder, whereas G13, G7, G9, and G4 were more unstable genotypes. Environments

with scores near to zero have low GEI across genotypes and offer low discrimination among

genotypes. Accordingly, E12, E6, E10, E8, E9, and E5 showed low GEI. Of the listed low

GEI environments, only E5 was above the mean and a stable environment. In contrast, E3,

E11, E7, and E4 with high interaction across genotypes provided the highest discrimination

among genotypes. The environments E3, E11, and E7 with high yielding performance tended

to have the highest contribution to GEI (Figure 4.1).
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 Figure 4. 1 AMMI biplot of the first IPC axis versus mean bean yield for 17 Arabica coffee
genotypes grown in 12 environments

AMMI2 helps in the visual interpretation of the GEI pattern and identifies environments or

genotypes that exhibit a high, medium, or low interaction effects (Hailemariam & Tesfaye,

2019).  The  biplot  was  generated  to  illustrate  environment  and  genotype  effects

simultaneously with the first two IPCAs (IPCA1 and IPCA2) (Figure 4.2). IPCA1 and IPCA2

of bean yield accounted for 30.30% and 24.2% of interaction, respectively. Points near the

origin  have small  interaction effects,  and points  near  each other  have  similar  interaction

effects  (Gauch,  1992).  According  to  Purchase  (1997),  the  genotypes  that  are  positioned

faraway from the center are more responsive or unstable, while genotypes and environments

that are closer to the center of the biplot have higher stability performance. Accordingly, the

genotypes G16, G15, G11, G6, G17, G5, and G3 were located close to the origin, proved

highly  stable,  and  expressed  a  low  GE  interaction  (positive  or  negative),  whereas  the

genotypes G13, G12, G8, G4, G7, and G1, located far away from the origin, were highly

unstable and expressed a higher GE interaction (positive or negative) (Figure 4.2).

90



Environments with short spokes (length of arrow lines) do not exert strong interactive forces,

whereas those with long spokes exert  strong interaction.  Thus,  E1, E5, E3, E11, and E4

having long spokes (located far away from the biplot origin) were highly discriminative,

meaning  they  contributed  significantly  to  genotype-by-environment  (G×E)  interaction  by

effectively  differentiating  among  genotypes.  These  environments  likely  had  variable

conditions that amplified genotypic differences. .Incontrast, environments like E10, E12, and

E6 hadm short spoke (located close to the origin), indicating low discriminative ability and

minimal  G×E  interaction.  These  environments  were  probably  more  stable  or  favorable,

leading to uniform genotype performance.  

Figure  4.  2 IPCA1  vs  IPCA2  for  bean  yield  of  17  Arabica  coffee  genotypes  over  12
environments.

4.3.2 GGE-biplot analysis 
4.3.2.1 Which-won-where biplot 
GGE-biplot analysis was carried out to identify the best genotype per each environment and

to  assess  genotype  stability.  The  which-won-where  polygon view of  the  GGE-biplot  for

Arabica coffee yield (ton ha-1) was displayed in Figure 4.3. The GGE-biplot of the first two
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IPCAs (IPCA1 and IPCA2) explained 28.7% and 25.97% of the variation, respectively, for

yield in tons per hectare with 54.67% total variation (Figure 4.3). 

The polygon was formed by connecting seven vertex genotypes, viz., G13, G12, G5, G7, G4,

G10,  and  G9  (Figure  4.3).  Seven  sets  of  lines  are  drawn  from  the  biplot's  origin  and

intersecting the sides of the polygon at right angles (Figure 4.3), which divided the biplot into

seven sections. As shown in the polygon, the twelve environments fell into five different

coffee growing mega-environments with various winning genotypes. A mega-environment is

a  location,  or  a  group  of  locations,  where  the  same  genotypes  (or  group  of  genotypes)

consistently perform the best over a number of seasons (Yan and Rajcan, 2002).

The genotype of the vertices was the most responsive because it was the furthest away from

the biplot origin and the one that gave the highest yield for the environments within that

sector. According to this model, G7 gives the highest expected yields in E3, E11, E9, and

E10. G13 is the winner in E4, E7, and E2, while G5 wins in E5, E1, and E12. G9 is the

"winner" in E8, whereas G10 is the "winner" in E6. The points for E6 and E8 are slightly to

the G10 and G9 sides of the dividing line, between G9 and G10, although E10 is slightly to

the G5 and G7 sides of the dividing line. Environments E3 and E11 are most suited for G7;

E1 and E5 are best suited for G5, and E4 is best suited for G13. In line with this study, many

researchers have reported different mega-environments with different winning genotypes for

Arabica coffee at different times (Beksisa et al., 2018; Beksisa, 2021; Beksisa , 2021; Asefa,

2022; Legesse et al., 2022)
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Figure 4. 3 Which -Won-Where view of GGE-biplot for the 17 genotypes in 12 environment
centered bean yield data

4.3.2.2 Test environment's representativeness and discriminating ability 
A successful breeding program for superior genotype selection requires the identification of

the best-suited test environment. The discriminate versus representativeness biplot shown in

figure  4.4  is  an  important  GGE-biplot  to  measure  the  test  environments.  The concentric

circles on a biplot are used to illustrate the length of the environment vectors and measure the

discriminatory capacity of the environments. With the longest vectors from the origin, E4,

E1, E5, E11, and E3 were the most discriminating of the genotypes. Conversely, E6, E12,

E10,  E9,  and E8 provided little  information  regarding the  genotype differences  with  the

shortest vector from the origin. 
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The  discriminate  versus  representativeness  biplot  view  offers  a  brief  description  of  the

environmental interrelationships (Figure 4.4). According to Yan and Tinker, (2006), when

two  angles  between  two  environment  vectors  are  less  than  90  degrees,  then,  these  two

environments  are  positively  correlated;  whereas,  they  are  independent  if  the  angle  is  90

degrees and negatively correlated if the angle is greater than 90 degrees. Accordingly, E2, E7,

E4, and E1 environments were positively correlated to each other since all  of the angles

among their vectors were smaller than 90°. In addition, E12, E5, E10, E9, E11, and E3 as

well as E6 and E9 were positively correlated environments.

If  the  angle  between  the  test  environment  and  the  line  passing  through  the  average

environment is small, it means that this test environment is representative (Yan and Tinker,

2006). Thus, E1 and E5 showed a long vector that forms a small angle with the AEC abscissa

line, indicating that these environments were the most representative and discriminative (Fig

4.4). The small angle between the E12 and E10, as well as the short line length of these

environment vectors, indicated the least discriminating ability. Accordingly, E12 and E10

were non-discriminating test environments that offered little information regarding genotypes

and should not be used as suitable environments. If the target environments are divided into

mega-environments, discriminating but not representative test environments such as E3 and

E4 can be used to select specifically adaptable genotypes.
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Figure 4. 4 Ranking of 12 Arabica coffee growing environments based on their discriminate
and representativeness

4.3.2.3 Stability and Average Yield Performance of the Genotypes
The average environment coordination (AEC) method was used to evaluate the stability and

average yield performance of the 17 Arabica coffee genotypes (Figure 4.5). The stability axis

is  the axis  drawn as a  double-headed arrow axis that  passes  at  right  angles  to  the AEC

through  the  biplot  origin.  The  genotype  positioned  further  away  from  the  AEC  in  the

direction of either arrow is considered less stable across environments, while the genotype

nearest to the AEC in the direction of either arrow is considered to be stable (Yan and Kang,

2003). Accordingly, the genotypes positioned nearest to the stability axis, or relatively stable
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genotypes, were G5, G16, G14, G8, G15, G1, and G10, whereas further genotypes (unstable

genotypes) were G7, G13, G4, and G6 (Figure 4.5).

The AEC ordinate located on the left side of the biplot origin distinguishes genotypes with

lower-than-average means, whereas the ordinate located on the right side of the biplot origin

distinguishes genotypes with higher-than-average means. Thus, genotypes with higher-than-

average means in this study were G5, G7, G12, G16, G17, G8, G14, G11, G13, and G15,

while genotypes with lower-than-average means were G10, G10, G9, G1, G3, and G2 (Figure

4.5).

According to Farshadfar  et al., (2012), the ideal genotype is the one with the highest yield

and the highest stability among environments. Thus, G5 and G16 were both stable and high-

yielding and therefore considered ideal genotypes. G7 and G12 were higher yielders, but they

were unstable. Though G1 and G10 were relatively stable, they were low yielders, making

them unsuitable for breeding programs.

Figure 4. 5 Mean bean yield versus stability biplot for the 17 Arabica coffee genotypes
and 12 environments 
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4.3.2.4 Ranking Genotypes Relative to the Ideal Genotype
Figure 4.6 shows the ranking of 17 Arabica coffee genotypes relative to the ideal genotypes

using the GGE-biplot model across 12 environments. The AEC of the GGE-biplot view is

used to rank genotypes with ideal genotypes. The AEC ordinate distinguishes genotypes with

lower-than-average means from those with higher-than-average means. More data closer to

the concentric circles indicates a higher mean yield. Accordingly, genotypes with the highest

yielders were G5, G12, G16, G7, G14, G8, G17, G13, and G4.

The  perpendicular  line  that  passes  through  the  origin  to  the  AEC  with  double  arrows

represents the stability of genotypes. The genotypes with the highest stability and the highest

mean yield are the best candidates for selection. In the biplot, they are close to the origin and

have a shorter vector from the AEC. Regardless of the direction, a longer projection to the

AEC  indicates  a  genotype's  inclination  toward  a  higher  GEI,  which  implies  less

environmental stability. The ideal genotype, which is situated at the center of the concentric

circles,  can  be  used  as  a  benchmark  for  selection.  If  a  genotype  is  nearby  to  the  ideal

genotype, it is more desirable. Thus, to illustrate the difference between each genotype and

the ideal genotype, concentric circles were drawn around it. Genotypes situated nearest to the

"ideal genotype" are more desirable than those located farther away. Accordingly, G6, G16,

G14, G8, G17, G15, G11, and G7 were stable genotypes in decreasing order. In contrast, the

genotypes G13, G9, G10, G1, G3, and G2 were far from AEC (long vector), indicating their

least stability (Figure 4.6).

In this study, G5, G12, and G16 were located close to the concentric circle and regarded as

desirable genotypes in further tests. On the other side, G13, G9, G10, G1, G3, and G2 were

out of the concentric circle and could be rejected in early breeding cycles.
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Figure 4. 6 Ranking of 17 Arabica coffee genotypes relative to the ideal genotypes using
GGE-biplot model across twelve environments

4.3.2.5 Environmental Ranking in Relation to the Ideal Environment 
An ideal environment is representative and has the highest discriminating power (Yan and

Tinker, 2006). The most suitable environment is the one closest to the ideal environment,

which is located in the first concentric circle of the environment-focused GGE-biplot (Yan et

al., 2000). Thus, among the environments, E1 and E5 were close to the ideal environment,

and these environments were the most representative of the overall environments and the

most powerful in discriminating genotypes; they were therefore identified as more desirable

environments  than  the  others.  E4  and  E11  were  closer  to  the  ideal  environment  and

considered the second-most powerful to discriminate genotypes. Conversely, environments
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E8, E3, E2, and E6 were far from the ideal environment and considered less powerful to

discriminate genotypes (Figure 4.7).

Representativeness and discriminating ability are the key characteristics of a test location. An

ideal  location  should  be  highly  distinguishing for  the  genotypes  tested  while  also  being

representative of the target location. Similar to the ideal genotype, the environment is more

desirable and discriminating when located nearer to the center circle or an ideal environment.

Thus, E1 and E5 show the highest representativeness and discriminating ability among the

twelve environments.

Figure 4.  7 GGE-biplot with environment-focused scaling for comparing 12 Arabica
coffee growing environments to the ideal environment
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4.3.3 Stability measurements 
4.3.3.1AMMI stability value 
The AMMI stability value (ASV) and its ranking orders for 17 coffee genotypes evaluated

over twelve environments were presented in Table 5.5.  In the ASV model,  genotypes or

varieties with the lowest ASV (either negative or positive) are the most stable, whereas those

with the highest ASV are considered unstable (Purchase, 1997). Thus, G15, G16, G5, and G6

were found to be the top four stable genotypes in decreasing order; however, G13 was the

most unstable genotype, followed by G1, G7, and G4. According to the ASV ranking, G15

was the first stable genotype, but its mean yield over tested environments was ranked 8th in

bean mean yield among 17 genotypes. So, G15 could not be recommended over the location.

G16 was the second-most stable genotype with the highest mean yield performance (ranked

1st in bean mean yield among 17 genotypes). G5 was also the third most stable and high-

yielding genotype (ranked 3nd in mean yield performance) (Table 5.5). According to ASV

and yield performance, G16 followed by G5 could be promoted for a development variety

across the location (Table 5.5).

4.3.3.2 Cultivar superiority index (Pi)
The stability and mean performance is simultaneously evaluated by cultivar superiority index

(Pi). According to Lin & Binns (1988), genotypes with low Pi are the most stable. In this

study, G16, having the lowest cultivar superiority value, was considered a stable genotype.

This genotype was also the high-yielding and reasonably important genotype for selection.

G5, G7, and G12 were also considered stable genotypes in decreasing order according to Pi.

Conversely, G10, G9, and G3 showed high Pi, indicating the instability of these genotypes

(Table 4.5). Many authors used this stability parameter to identify stable and high-yielding

coffee genotypes across different locations (Afework, 2017; Beksisa et al., 2018).

4.3.3.3 Yield stability index (YSI)
Farshadfar  et  al.  (2011)  developed  the  YSI  parameter.  Stability  should  not  be  the  only

selection criterion since the genotypes with the highest levels of stability may not always

produce the highest yields. The YSI measures only deviations of yields from the yield trend,

but it does not say anything about the actual level of the yield or the direction of the trend

(increasing or decreasing). Therefore, for decision makers, both the trend of the yields and

the YSI value should be taken into account. The optimal cropping technology should have

high and stable yields. As a result, approaches that incorporate both stability and mean yield

into a single index are required. The genotypes with low YSI would be considered stable and
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high-yielding genotypes. Accordingly, G16, G5, and G6 were ranked as the top three stable

genotypes in ascending order, respectively. According to the YSI result, G16 and G5 were

the top yielders and moreover stable genotypes that could be recommended for selection in

decreasing order. In contrast, G10, G4, G9, and G1 showed high cultivar superiority values,

indicating the greatest instability of these genotypes among the tested genotypes (Table 4).

Many  authors  also  used  the  YIS  parameter  to  identify  stable  and  high-yielding  coffee

genotypes across different locations  (Mahmodi  et al., 2011; Afework, 2017; Beksisa  et al.,

2018).

Table 4. 5 Mean yield (ton ha-1), stability measurements, and their ranking orders of 17
coffee genotypes evaluated over twelve environments 

Gen
Bean Yield ASV YSI pi

Value Rank Value Rank Value Rank Value Rank

G1 1.19 11 2.841 16 27 14 0.311 13
G2 1.17 12 1.922 12 24 13 0.292 11
G3 1.07 15 1.357 8 23 11 0.388 15
G4 1.14 14 2.51 14 28 16 0.287 10
G5 1.35 3 0.987 3 4 2 0.154 2
G6 1.21 9 1.076 4 13 3 0.264 9
G7 1.37 1 2.822 15 18 8 0.176 3
G8 1.14 13 1.812 10 23 13 0.309 12
G9 0.91 16 1.848 11 27 15 0.548 16
G10 0.82 17 2.237 13 30 17 0.631 17
G11 1.26 5 1.189 5 10 5 0.238 6
G12 1.28 4 1.772 9 13 4 0.204 4
G13 1.22 7 3.677 17 24 7 0.339 14
G14 1.26 6 1.25 6 12 6 0.245 7
G15 1.22 8 0.706 1 9 9 0.236 5
G16 1.37 1 0.888 2 4 1 0.139 1
G17 1.19 10 1.318 7 17 10 0.246 8

Where Gen=Genotype, ASV = AMMI stability value, YSI= Yield stability index, Wi = 
Wricke’s ecovalence,  δ2i = Shukla's stability variance, & Pi = cultivar superiority index

4.4 Conclusion 
The  present  study  indicated  the  existence  of  highly  significant  variation  among  Arabica

coffee genotypes, environments, and GEI for Arabica coffee bean yield performance tested
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across different environments and seasons. The existence of significant variation confirmed

the  presence  of  variability  in  the  inherent  genetic  make-up  among  the  tested  coffee

genotypes, differences in climatic and edaphic conditions at different testing environments,

and the differential response of tested genotypes across environments for the bean yield trait.

The main proportion of the total difference in bean yield was explained by environmental

factors (71.74%), followed by GEI (17.52%), indicating that the environment is the most

important  factor  influencing the  coffee  bean yield  performance in  Ethiopia.  As  a  result,

testing genotypes in various environments prior to deciding on a variety to use in a larger

agroecology is an important task for coffee breeders.

The multivariate analysis methods used in this study to explore GEI effects were analysis of

variance, AMMI, and GGE-biplots analysis. Each method provided essential information on

interaction structuring in a different manner but was complementary, thereby making them all

useful. Furthermore, using multiple models is helpful to increase the reliability of genotypes’

stability potential across different environments.

According to the AMMI biplot, E7, E1, E5, E3, and E11 were identified as high-yielding and

favorable environments, whereas E12, E6, E10, E9, E4, E2, and E8 were the lower-yielding

and unfavorable environments. From the high-yielding environments, E3, E11, and E7 tended

to have the highest contributions to GEI. Likewise, the high-yielding genotypes that produce

above-average means are G7, G5, G14, G15, G16, G12, G11, and G13, which are suited to

the right side of the abscissa, whereas the low-yielding genotypes are G4, G3, G10, G8, G9,

and G6. Among the high-yielding genotypes,  G14, G5, and G16 were found to be more

stable, whereas G13 and G7 were highly unstable.

The which-won-where polygon view of the GGE-biplot was formed by connecting seven

vertex  genotypes,  viz.,  G13,  G12,  G5,  G7,  G4,  G10,  and  G9.  It  partitions  the  twelve

environments into five different coffee-growing mega-environments with different winning

genotypes.  According to  the  GGE-biplot  model,  E1 and E5 environments were  the most

representative  and  discriminative  of  the  genotypes,  whereas  E6,  E12,  E10,  E9,  and  E8

environments provided little information about the genotypes differences. In this model, G5

and  G16  were  both  high-yielding,  stable  genotypes  and  therefore  considered  for  further

breeding programs.

In general, this study showed that it could be possible to increase the yield potential of coffee

genotypes under its growing conditions either by using more widely adaptable coffee types or
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location-specific high-yielding genotypes under favorable environmental conditions. Despite

the existence of high GEI,  genotype (AW7705) was the highest  bean yielder in tons per

hectare  and the stable  genotype  among all  the  tested genotypes  by  most  of  the  stability

measures used. Therefore, AW7705 was discovered to be a promising candidate, which can

be considered desirable genotypes in further tests, to releasing a new variety for Arabica

coffee  growing regions  of  southern  Ethiopia  and other  similar  agro-ecologies  elsewhere.

Among the check varieties, Angafa (ranked the third highest yielder) with reasonably good

stability was found to be the best check variety, whereas 74112 was the least yielder (ranked

seventh  out  of  seventeen  tested  genotypes)  and  was  also  highly  oscillating  (unstable).

Accordingly, south Ethiopian coffee growers need to watch for other varieties in place of

74112 for cultivation as well as coffee breeders for comparison. Hence, the environment and

GEI explained a large amount of variation for coffee bean yield; testing genotypes across

diverse environments prior to deciding on any variety to use under wider agro-ecology is

recommended  for  coffee  breeders  to  identify  high-yielding  and  stable  improved  coffee

varieties to boost production and productivity of coffee in Ethiopia.
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CHAPTER FIVE

5. Evaluation of Physical and Chemical Characteristics of Bean and Cup Quality 
of Arabica Coffee Genotypes Grown in Southern Ethiopia       

Abstract   
The study aimed to investigate physical characteristics, cup quality, and biochemical content

variability among thirty South Ethiopian Arabica coffee genotypes over three locations. The

results revealed the existence of statistically significant variation among genotype, location,

and GEI effects for all studied traits. The overall coffee quality score for most of the tested

genotypes in three locations was above 80%. Therefore, in terms of quality, most of the tested

genotypes  can be used to  produce specialty  coffee in  the  study areas.  A wider  range of

caffeine (0.52% dwb to 1.53% dwb) was recorded among the studied genotypes. Accordingly,

the low caffeine contenting genotypes could be a promising candidate for the development of

low  caffeine  varieties  through  selection  and  hybridization.  Cluster  analysis  grouped

genotypes  into  different  clusters  based  on  quality  trait  variation  and  similarity  among

genotypes. According to the PCA, caffeine content (0.35), chlorogenic acid (0.34), aromatic

quality (0.31), trigonelline (0.29), acidity (0.28), astringency (0.28), color (0.27) in the first

PCA, flavor (-0.48), and screen size (0.46) in the second PCA were the important variables

contributing more to the variation, and these traits could be considered for effective parent

selection in quality improvement programs. Genotype AW9648 achieved the highest score in

overall  quality  attributes  at  all  three  locations  and  could  be  promoted  as  a  promising

candidate  and  best  parent  for  hybridization  in  terms  of  quality.  Hence,  genotype  by

environment interaction was significant, the coffee quality improvement program should give

due  attention  to  incorporating  genetic  and  environmental  influences  by  using  a  multi-

locational selection strategy.

Key words: Coffee quality, genotypic variability, growing environment
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5.1 Introduction   
Coffee is the second most traded commodity and the most beloved non-alcoholic beverage in

the world (FAO, 2021). It is important in the lives of billions of people on the globe by giving

pleasure and satisfaction to the consumer through flavor, aroma, and desirable physiological

and  psychological  effects  (Samoggia  and  Riedel,  2019).  Although  coffee  is  primarily

consumed for its pleasant flavor and stimulating properties, recent investigations assert the

health benefits of the beverage due to the presence of caffeine, trigonelline, and chlorogenic

acids (Depaula and Farah, 2019; Zarebska et al., 2022).

Coffee is a well-known pillar of the Ethiopian economy, which accounts for 34% of its export

earnings (USDA, 2019). Growing, processing, trading, transporting, as well as marketing of

coffee provide livelihood to about  25 million people directly or indirectly (Yirga   et  al.,

2021).  Coffee is  the defining feature and sphere of  Ethiopian culture,  politics,  economy,

social life, and identity, with about 55% of the production consumed domestically  (USDA,

2021).  The  cultural  ceremony  of  Ethiopian  coffee  beverage  preparation  and  drinking  is

unique and stunning. 

Ethiopia is the origin and center of genetic diversity for Arabica coffee. The country has

collected over 12,452 accessions from various coffee-growing ecology and maintained them

in  in-situ  and  ex-situ  gene  banks  (Yirga   et  al.,  2021).  Different  studies  witnessed  the

existence of abundant genetic diversity among Arabica coffee genotypes (Dawit et al., 2018;

Bor´em et al., 2019; Fonseca et al., 2019; Adem et al., 2020; Dalazen et al., 2020; Marie, et

al., 2020; Mengistu et al., 2020; Merga et al., 2021; Merga et al., 2022; Ndikumana, 2022).

Ethiopia has an ideal and suitable environment for the production of coffee in both quality

and  quantity  (CSA,  2015).  Because  of  the  suitable  altitude,  abundant  rainfall,  ideal

temperature, fertile soil, and sufficient labor, the potential for coffee production is very high

(Tadesse, 2020).    

Despite the importance of coffee in Ethiopia’s economy and the presence of ample genetic

resources, favorable climate and soil types, cup and physical quality as well as biochemical

evaluation is not yet done for most of the collections maintained in the gene bank including

the  south  Ethiopian  collection  (EIAR,  2017;  Benti,  2017).  Therefore,  an  assessment  of

Ethiopian Arabica coffee genetic resources for quality have to be done for the development of

superior-quality cultivars by exploiting the existing resources.   
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The diverse genetic basis for Arabica coffee and a wide range of ecological conditions in

Ethiopia prevail for the production of different quality types. Ethiopian coffee is known for

its  unique  characteristics  including Sidama,  Yirga  Chefe,  Harerige,  Limu,  Keffa,  Gimbi,

Amaro, Gujji,  and Jinka coffee types. The country produces specialty coffee with a wide

range of aromas and characteristic flavors. Specialty coffee currently accounts for 20% of

Ethiopia's coffee exports, and there is enormous potential to increase its share of the global

market (Tolessa, et al., 2017). The country is privileged by a strong potential and opportunity

to boost the specialty coffee market by producing the finest specialty coffee ever. 

Caffeine, trigonelline, and chlorogenic acids are some of the coffee biochemical compounds

that have been used to characterize coffee genotypes (Tolessa et al., 2016).  Different studies

noted a significant variation in the caffeine, chlorogenic acids, and trigonelline contents of

Arabica coffee (Vignoli  et al 2014;  Sualeh  et al.,  2020). Coffee's biochemical components

affect the organoleptic characteristics that contribute to cup quality, which is a major factor in

determining  its  market  value  and  use  (Woelore,  1993).  As  a  result,  the  assessment  of

biochemical components in Arabica coffee genotypes is critical in the development of the

best quality cultivar.  

Green bean physical  character  and beverage  quality  assessment  by  a  professional  coffee

cupper is crucial to examine the coffee quality and identify characteristic variations of the

genotype. In the Ethiopian coffee research program, a coffee-cupping protocol was developed

for the evaluation of C. arabica genotypes with specific evaluation criteria for the physical

characteristics  of  green  beans  and cup quality  (Woelore,  1993).  The main bean physical

characteristics are bean odor,  color,  and shape,  whereas cup quality  attributes  are  flavor,

acidity, body, aromatic quality, aromatic intensity, astringency, bitterness, and overall cup

quality. To evaluate Arabica coffee genotypes physical character and beverage quality across

different growing locations, the current study was conducted according to Ethiopian coffee

coffee-cupping protocol (Gichimu et al., 2014).

One of Ethiopia's specialty coffee-producing areas is the south Ethiopian growing ecology,

which contributes to more than 36% of the national market for coffee production Milligan

and Cooper, 1998). South Ethiopian coffee, with its unique and internationally branded spicy

and  floral  flavor,  is  one  of  the  main  commercially  available  coffees  among  Ethiopian

specialty coffees. Awada Agricultural Research Sub-Center, in collaboration with the Jimma

Agricultural Center Coffee Research Team, collected over 700 coffee accessions from the

111



southern Ethiopian regions (Sidama, Gedeo, Amaro, Gamo Gofa, Jinka, and Gujji). These

accessions  are  being evaluated and characterized,  and 27 promising selections have been

promoted for variety development. Through preliminary evaluation carried out at the Awada

sub-center, these promising selections were promoted for their high yield potential, resistance

to  coffee  berry  disease,  and resistance  to  coffee  leaf  rust.  Even  though  these  promising

selections have been evaluated for disease resistance and yield performance, their cup and

physical quality, as well as biochemical evaluation, are not yet done. In addition to this, the

genotypic stability and wider adaptability in the different growing environments were not

carried  out.  Therefore,  this  study  was  conducted  with  the  objective  of  investigating  the

variation in green bean physical characteristics, cup quality, and biochemical content among

30 south Ethiopian  coffee  genotypes;  assessing  the  effect  of  environment  on green bean

physical characteristics, cup quality, and biochemical content; and identifying the best quality

coffee genotypes for the southern Ethiopian growing environment. 

5.2 Materials and Methods

5.2.1 Experimental Sites 
The field experiments were established at three research sites, namely Awada Agricultural

Research  Sub-Center  (AARSC)  (6045'46''N,  38022'36''E,  and  1740  masl);  Shebedino trial

field (6050'48''N,  38027'06''E, and 1845 masl), and Wonago substation (6017'54''N,  38013'05''E,

and 1945 masl). All three sites are found in the south Ethiopian specialty coffee growing

agro-ecology. 

 
5.2.2 Experimental Materials    
A total of 30 Arabica coffee genotypes, comprising twenty-seven promising selections and

three  standard  check  varieties,  were  used  for  this  experiment  (Table  1).  The  promising

selections were promoted from different south Ethiopian coffee collection batches for their

resistance to coffee berry disease (CBD), resistance to coffee leaf rust (CLR), and high yield

performance during a preliminary evaluation carried out at the Awada agricultural research

sub-center (Table 1). 
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Table 5.  1 List of C. arabica genotypes evaluated for green bean physical characters, cup
quality, and biochemical composition     

Serial No. Genotypes Source of collection
1 AW1777 South Ethiopian collection
2 AW4994 South Ethiopian collection
3 AW5994 South Ethiopian collection
4 AW7494 South Ethiopian collection
5 AW1995 South Ethiopian collection
6 AW9641 South Ethiopian collection
7 AW9644 South Ethiopian collection
8 AW9662 South Ethiopian collection
9 AW9622 South Ethiopian collection
10 AW9623 South Ethiopian collection
11 AW9628 South Ethiopian collection
12 AW7705 Sidama Collection
13 AW105 Sidama Collection
14 AW3106 Sidama Collection
15 AW4083 South Ethiopian collection
16 AW695 South Ethiopian collection
17 AW9610 South Ethiopian collection
18 AW9611 South Ethiopian collection
19 AW9617 South Ethiopian collection
20 AW9640 South Ethiopian collection
21 AW9648 South Ethiopian collection
22 AW9658 South Ethiopian collection
23 AW9660 South Ethiopian collection
24 AW4305 Sidama Collection
25 AW8105 Sidama Collection
26 AW12305 Sidama Collection
27 AW8806 Sidama Collection
28 Feyate Standard check variety
29 Angafa Standard check variety
30 74112 Standard check variety

5.2.3 Experimental Design 
Thirty genotypes (27 selections and 3 standard check varieties) were planted in August 2015

in a population of 8 trees per plot with 3 replications and 2 meter by 2 meter spacing per

location  by  using  a  randomized  complete  block  design  (Gomez  and  Gomez  1984).  All

agronomic management practices were applied as per the recommendations per location. 

The laboratory experiment  was arranged in a  completely randomized design (CRD) with

three replications per location (Gomez and Gomez 1984). 

5.2.4 Sample Preparation  
During peak harvesting time in October 2021, about eight kilograms of healthy and fully

matured red-ripened coffee cherries were handpicked from the 30 genotypes per 3 replication
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per  each  three  locations.  Therefore,  90  samples  were  prepared  per  location.  Prior  to

processing, over-mature and immature cherries and foreign materials were sorted out from all

samples.

The samples were pulped on the day of harvest using a single-disc manual pulper to separate

beans from the skin and pulp. The wet parchment coffee was left in the fermentation tank for

40 hours to facilitate the breakdown of mucilage. After fermentation, the parchment coffee

was  properly  washed  and  under  gone  further  24  hours  of  soaking  and  washing.  The

fermentation  process  was  done  according  to  Woelore,  (1993)  fermentation  protocols  for

Arabica coffee under Ethiopian conditions (Sualeh, et al., 2020). Following fermentation, the

samples were placed on a raised mesh wire under the sun for drying. During drying, the

amount of moisture in the parchment coffee was measured using a moisture tester H-E50 to

keep the moisture level consistent at 10.5–11.0% for all samples. About 500-gram samples of

green  coffee  beans  per  treatment  were  prepared  and  leveled  for  evaluation  of  physical

character, cup quality, and biochemical content. 

5.2.5 Bean physical character assessment    
Three  Q-grade certified and experienced cuppers  assessed cup quality  and bean physical

character in the Ethiopian commodity exchange (ECX) laboratory at  the Hawassa branch

(Apendix 2 and 3). All three professional and certified Q-grade coffee cuppers are permanent

employees  of  the  ECX  authority  at  the  Hawassa  branch. The  cup  quality  and  physical

character of the bean were assessed using Sualeh and Mekonnen's coffee-cupping protocol

(Sualeh and Mekonnen, 2015).

About 300g of green bean sample from each of the 270 experimental units (30 genotypes x 3

locations x 3 replications) was used for assessment of screen size, shape and make, color, and

odor according to Sualeh and Mekonnen's coffee-cupping protocol  (Sualeh and Mekonnen,

2015) based on scale values given in Table 2. Screen size determination was carried out using

a rounded and perforated screen plate. The percentage of coffee beans retained above the

screen-size  holes  of  14  (1/64  inch  of  14)  was  recorded.  The shape  and  make  of  coffee

samples were evaluated based on 1–5 scales as very good, good, fair good, average, mixed,

and small.  Color was evaluated out of 15 using a 1–6 scale as bluish,  grayish,  greenish,

coated, faded, and white. Odor was evaluated out of 10 using a 1–5 scale as clean, fair clean,

trace, light, light, moderate, and strong (Table 2).
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5.2.6 Cup quality assessment   
About  100 grams of  green coffee beans were  prepared for  each of  the  270 samples (30

genotypes with 3 replications at each of the 3 locations). The roaster machine probatBRZ6

was heated first to about 200°C. Coffee samples were roasted medium roast (eight minutes on

average) and tipped out into the cooling tray. Cold air was blown through the roasted coffee

to produce rapid cooling and then stored in an airtight glass jar for about 12 hours before

grinding. The loose silver skins were removed with a blaster before grinding. The samples

were  ground  using  a  Mahlkoing  electrical  grinder  to  medium  sized  grounds,  placed  in

ceramic cups, and covered. Eight grams of coffee powder were put into each cup, which has

180 ml of capacity (Sualeh and Mekonnen, 2015). Then, boiling water was poured onto the

ground coffee up to about halfway in the cup. Soon after, the volatile aromatic quality and

intensity parameters were recorded using sniffing. Then, the content of the cup was stirred to

ensure an infusion of all coffee grounds. The cup was then completely filled with boiled

water  at  about  920c  (Sualeh  and  Mekonnen,  2015).  The  brew was  made  and  ready  for

panelists within 8 minutes at the ECX Laboratory Hawassa branch.

Cup quality analysis was carried out once the beverage cooled to around 60°C (drinkable

temperature). Three cups per sample per cupper were prepared for the tasting session. The

coffee  type  and  the  replicates  were  arranged  at  random.  Cup  quality  attributes  such  as

aromatic quality, aromatic intensity, astringency, and bitterness were scored on a scale of 0 to

5, and acidity, body, flavor, and overall cup quality were scored on a scale of 0 to 10 (Sualeh

and Mekonnen, 2015), as shown in Table 2. Each experienced and certified Q-grade cuppers

gave their independent judgment for each sample. 
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Table 5. 2 Form completed by sensory evaluator for green bean character and cup quality  

No Characters Scale Value Description

Cup quality Characteristics
1 Aromatic Quality (5) 5 (Excellent), 4 (V. good), 3 (Good), 2 (Regular), 1(Bad), 0(Nil)
2 Aromatic Intensity (5) 5 (Very strong), 4 (Strong), 3 (Medium), 2 (Light), 1 (Very Light), 0 (Nil)
3 Acidity (10) 10 (Pointed), 8 (Medium pointed), 6 (Medium), 4 (Light), 1 (Lacking), 0 (Nil)

4 Astringency (5) 5 (Nil), 4 (Very light), 3 (Light), 2 (Medium), 1 (Strong), 0 (Very Strong)
5 Bitterness (5) 5 (Nil), 4 (Very light), 3 (Light), 2 (Medium), 1 (Strong), 0 (Very Strong)
6 Body (10) 10 (Full), 8 (Medium full), 6 (Medium), 4 (Light), 2 (Very Light), 0 (Nil)
7 Flavour (10) 10 (V. good), 8 (Good), 6 (Average), 4 (Fair), 2 (Bad), 0 (Nil)

8

Overall cup Quality 

(10)

10 (Excellent), 8 (V. good), 6 (Good), 4 (Regular), 2 (Bad), 0 

(Unacceptable)

Green Bean Physical Characteristics

1

Shape and Make 

(15%) 15 (V. good),  12 (Good), 10 (Fair), 8 (Average), 6 (Mixed) 4 (Small)
2 Color (15%) 15 (Bluish ),  12 (Greyish ), 10 (Greenish ), 8 (Coated), 6 (Faded) 4 (White )
3 Oder (10) 10 (Clean), 8(Fair clean), 6 (Trace), 4(Light), 2(Light moderate), 0 (Strong)

Source:  Sualeh and Mekonnen, (2015)

5.2.7 Caffeine, trigonelline and chlorogenic acid analysis 
Analysis of caffeine, trigonelline, and chlorogenic acid was performed in the food science

and nutrition laboratory of the Ethiopian Institute of Agricultural Research (EIAR). Caffeine,

trigonelline,  and chlorogenic  acid  contents  were  analyzed as  described by Vignoli  et  al.

(2014). Ground green coffee beans (0.5 g) were subjected to direct solvent extraction with 50

mL of distilled water (hot water, 95°C) and stirred for 20 min on a hot plate.  Then, the

solvent extract was filtered through No. 4 Whatman filter followed by a 0.45 μm PTFE filter

prior to injection into the HPLC having a prevail C18 (250×4.6 mm, i.d. 5 μm, 25°C) column.

The mobile phase was composed of 5% acetic acid in water (v/v) (solvent A) and acetonitrile

(solvent B). The injection volume was 10 uL, and the flow rate was 0.5 ml min -1. Caffeine

and trigonelline were detected by a UV detector at 280 and 320 nm wavelength respectively,

whereas  total  chlorogenic  acid  was  detected  at  320  nm. Calibration  curves  of  caffeine,

trigonelline,  and  chlorogenic  acid  standards  were  used  for  the  quantification  of  those

compounds. Caffeine, trigonelline, and chlorogenic acid were identified by comparing the

retention times of the caffeine standard, trigonelline standard, and chlorogenic acid standard
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and their concentrations calculated from peak areas using calibration equations. Calibration

curves  were  made using  the  standard concentration  and area  of  the  sample,  which were

subsequently  used to  calculate  the  composition  of  the  respective  biochemical  component

using the area generated after a retention time (Gichimu et al., 2015). 

5.2.8 Data Analysis  
The data were subjected to analysis of variance (ANOVA) for each location separately using

the Statistical Analysis System (SAS 9.4 version statistical package) to examine the presence

of  statistically  significant  differences  among  genotypes  in  their  performance  for  bean

physical characteristics, cup quality, and biochemical composition traits. Combined analyses

were  performed  to  determine  genotypic  effects,  location  effects,  and  genotype  by

environment interaction effects. Levene’s test was used to test the homogeneity of variances

between environments to determine the validity of the combined ANOVA on the data. The

mean separation was carried out using Turkey test at a 5% level of significance. Principal

component  analysis  (PCA)  was  done  using  SAS  software  to  determine  the  relative

importance of the traits responsible for variation among the sensory attributes and chemical

composition.  Coffee genotypes were grouped by the ward technique of clustering,  which

groups and arranges genotypes into clusters to generate a dendrogram using SAS software.

The number of clusters was decided by following the approach suggested by Milligan and

Cupper (1998) by the cubic clustering criteria (ccc), pseudo F statistics combined with values

of pseudo t2 statistics for the next cluster fusion. 
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5.3 Results and Discussion

5.3.1 Variability of quality characters among coffee genotypes    
A separate ANOVA revealed significant differences (p<0.05 & p<0.05) among genotypes in

all locations for all the studied characters (Table 3). The significant difference indicates the

presence of a considerable amount of variation for the green bean physical, cup quality, and

biochemical  composition  traits  among  the  studied  Arabica  coffee  genotypes,  and  this

variation  could  be  exploited  to  bring  coffee  quality  improvement  through  selection  and

hybridization. Many studies also reported the existence of statistically significant variation

among Arabica coffee genotypes for different traits at different times (Yigzow, 2005; Sualeh

et al., 2014; Abdulfeta, 2018; Dawit, 2018; Desalegn, 2018; Tolessa et al., 2019; Adem et al.,

2020;  Mengistu  et  al.,  2020;  Merga  et  al.,  2021;  Cheserek  et  al.,  2022 and Ndikumana,

2022). The existence of significant variation among the traits indicated the presence of a

considerable  amount  of  variation  among  the  studied  Arabica  coffee  genotypes,  and  this

variation could be exploited to improve coffee quality through selection and hybridization.

A combined ANOVA revealed  significant  (p<0.01 & p<0.05)  variation  among the  main

effects  (genotypes  and  environment)  for  all  characteristics  except  bitterness.  Likewise,

significant genotype by environment interaction (GEI) was also observed for the studied traits

except for bitterness (Table 3). The presence of significant GEI indicates the inconsistency in

the performance of the genotypes for green bean physical attributes, cup quality traits, and

biochemical  composition  across  environments.  This  suggested  that  one  genotype's

phenotypic expression might be superior to another genotype in one environment but inferior

in another environment. Therefore, the coffee quality improvement program should give due

attention  to  incorporating  genetic  and  environmental  influences  into  the  development  of

market-competent  specialty  coffee  varieties.  In  line  with  this  result,  different  researchers

reported differential  performance of  genotypes  when grown in different  environments  on

quality-related traits in Arabica coffee (Cheng et al., 2016; Redi  et al., 2018; Borém et al.,

2019; Fonseca et al., 2019; Dalazen et al., 2020; Marie  et al., 2020; Mengistu et al., 2020;

Nugroho et al., 2020; Merga et al., 2021).     
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Table 5.3 Analysis of variance (mean squares) for the 18 characters of 30 Arabica coffee
genotypes grown at Awada, Shebedino and Wonago 

Trait

s

Awada Shebedino Wonago Combined

Gen Error
CV

Gen Error
CV

Gen Error
CV

Gen Loc

Gen*Lo

c Error C

V

(df=29)

(df=58

) (29)

(df=58

) (df=29)

(df=58

) (df=29) (df=2) (df=58)

(df=178

)

SS 4.98** 0.42 0.67 2.55** 0.35 0.61 7.09** 0.84 0.95 9.66** 6.72** 2.48** 0.55 0.8

SM 2.76** 0.35 4.8 3.50** 0.19 3.5 1.46** 0.04 1.68 3.79** 0.55* 0.84** 0.19 3.5

Col 3.80** 0.89 8.56 5.75** 1.80

11.5

9 1.69** 0.48 6.19 7.39** 7.45** 1.92** 1.07 9.2

Od 2.37** 0.09 3.19 1.53** 0.40 6.69 2.13** 0.04 0.44 1.55** 6.32** 1.39** 0.18 4.4

RwT

13.53*

* 1.20 3.35

14.00*

* 2.05 4.28 5.19** 0.49 2.09 22.57** 17.91** 5.07** 1.25 3.4

AQ 0.99** 0.15 9.63 0.34* 0.15 10.1 0.32* 0.14 9.48 0.76** 1.25* 0.44** 0.16 10

AI 0.75** 0.21

11.5

8 0.28** 0.05 5.78 0.52** 0.2

11.7

9 0.95** 0.71* 0.29** 0.17 11

Ac 0.59** 0.16 4.88 2.09** 0.17 5.01 1.07* 0.76

10.5

3 0.86* 2.02** 0.87** 0.38 7.3

AS 0.29* 0.19 9.94 0.32* 0.17 9.26 0.29* 0.08

10.6

5 0.51* 0.21ns 0.35* 0.22 11

Bit 0.59* 0.25

12.1

5 0.18* 0.10 7.59 0.68* 0.41

15.2

7 1.00** 0.41ns 0.22ns 0.26 12

Bod 0.17** 0.03 2.08 0.11** 0.04 2.62 0.56** 0.04 2.6 0.69** 0.07ns 0.08** 0.04 2.4

Flav 1.32* 0.55

12.7

2 1.14** 0.23 6.03 1.98** 0.73

10.7

4 1.80** 0.90ns 1.32** 0.66 10

OQL 0.47* 0.14 7.22 0.50** 0.13 4.64 1.75** 0.51 8.95 1.44** 1.40* 0.64** 0.33 7.2

TCQ

16.59*

* 4.00 4.08 1.23** 13.16 2.3

29.14*

* 4.69 4.45 35.98** 9.12ns 11.46** 3.33 3.8

TRC

40.63*

* 5.16 2.78

40.49*

* 2.74 2.02

46.02*

* 4.4 2.55

100.44*

* 4.14ns 13.35** 4.16 2.5

Tri 0.14** 0.002 1.43 0.04** 0.003 8.73 0.03** 0.001 3.4 0.06** 4.44** 0.07** 0.001 4.8

Chl 1.17** 0.002 1.13 1.08** 0.004 1.49 1.08** 0.003 1.1 0.77**

11.56*

* 1.28** 0.003 1.2

Caf 2.07** 0.001 2.07 0.07** 0.001 1.17 0.06** 0.000 2.29 0.10** 0.13** 0.07** 0.002 4.7

Where:  Gen=Genotype,  Loc=Location,  Gen*Loc=Genotype  by  environment  interaction,
df=degree  of  freedom,  *& ** =  Significant  at  P<0.05 and P<0.01 respectively,  ns=non-
significant, CV (%) =coefficient of variation in percent; Numbers in parenthesis stands for
the degree of freedom, SS=screen size, SM=shape & make, Col=color, od=odour, RawT=raw
total,  AQ=aromatic  quality,  AI=aromatic  intensity,  Aci=acidity,  AS=astringency,
Bit=Bitterness,  Bod=body,  Fla=flavor,  OQL=overall  quality,  TCQ=Total  Cup  Quality,
TRC=Total Raw and Cup quality, Tri=Trigonelline Chl=Chlorogenic acid, Caf=Caffeine. 
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5.3.2 Green Bean Physical Characteristics
Green Bean Screen Size  

The  main  effects  as  well  as  the  interaction  of  genotype  and  location  revealed  highly

significant (p<0.01) variation for green bean screen size (Table 3). Bold and large bean sizes

were  recorded  for  Angafa  (99%)  grown  at  Awada;  Angafa,  Feyate,  AW105,  AW9622,

AW1995,  AW7705,  AW4994,  AW5994,  and AW9610 (98%) all  grown at  Wonago;  and

Angafa (98.22%) grown at Shebedino. In line with this study, a wider variation in screen size

for the Arabica coffee genotype was reported: 98.09–90.33% (Mengistu et al., 2020), 99.13–

91.10 (Sualeh et al., 2014), 98.50–96.03 (Tesfa, 2019), and 98.75–96 (Tesfa et al., 2021). 

Bean size is an important trait for roasters since the homogeneity of the coffee beans avoids

the burning of smaller grains (Bicho  et al., 2012). It is one of the most important physical

characteristics  of  green  beans  and plays  a  significant  role  in  coffee  marketing  (Yigzaw,

2005). According to the Ethiopian coffee grading system, more than 85% of the coffee beans

must  have  a  screen size of  14 in  order  to  meet  the standard requirements (ECX, 2010).

Accordingly,  the  beans of  the tested genotypes from three environments  were over  85%

screen size, accepted for grading, and fulfilled the Ethiopian coffee grading standard in terms

of bean screen size. 

Bean Shape and Make

In this study, the shape and make of green beans ranged from very good (15%) to fair (10%).

AW9648 and Angafa (15) grown at Awada, AW9622 (14) grown at Wonago, and AW5994

(13.3667) grown at  Shebedino revealed significantly highest  green bean shape and make

(Table 4).  Sualeh  et al.,  (2014) also reported the presence of significant  variation for 16

Ethiopian Arabica coffee hybrids and 1 check variety for bean shape and make tested in three

south  Ethiopian  growing  environments.  The  shape  and  make  indicate  the  boldness  and

uniformity of the bean in a sample. It is an important physical characteristic of coffee, which

affects the roasting process and cup quality. Uniform coffee beans are the most preferred and

are usually priced highly (Sualeh and Mekonnen,, 2015). In this study, most of the genotypes

rated very good to good and preferred by trained panelists.  

Green Bean Color
The location, genotype, and their interaction significantly (P<0.01) influenced  the  color  of

green beans (Table 3). The color rate varies from bluish (15%) to faded to coated (7.33%)
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(Table 4). The maximum rate for green bean color was recorded for AW9648 (15%) grown at

Awada, AW9648 (13.22%) at Wonago; and AW9648, AW12305, and AW8105 (14%) all

grown at Shebedino. In line with these results, variation in color of coffee beans among the

Arabica coffee genotype and the differential response of genotype in the different growing

environments were also reported by different studies (Severa et al., 2012; Sualeh et al., 2014;

Tesfa et al., 2021; Mengistu et al., 2020). 

Bean Odder 

According to this study result, odder rated from clean odder (10%) to fair clean (8%), and

most of the genotypes rated clean odder (10%) at all three locations (Table 4). When we

consider the growing environment, the highest mean score (9.91%) was recorded at Wonago,

whereas the lowest (9.42%) was recorded at Awda growing environment. Accordingly, the

Wonago growing environment is more suitable to produce clean odder beans. Many studies

also reported differential responses of genotypes across different growing environments for

bean odders (Severa et al., 2012; Sualeh et al., 2014; Cheng et al., 2016: Tesfa et al., 2021;

Mengistu et al., 2020). 

Total Row Quality 
Growing  environment  and  genotype  interaction  influenced significantly  total  row quality

(Table 3). In this study, genotype AW9648 was best performed with highest row total score

mean values of (40), (36.22), and (37.33) at Awada, Wonago, and shebedino respectively

over other genotypes including check varieties (Table 4) and could be used as a best parent

for selection and hybridization to improve physical quality.    
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Table  5.4 Mean  value  of  30  Arabica  coffee  genotypes  for  18  characteristics  at  Awada,
Wonago, Shebedino, and combined over locations     

Location Treatment SS SM Col Od RawT AQ AI Acid AST Bit Bod Flav OQL
Total

R
RCup Trigo Chlor

Awada AW1777
95.0

0
12.00 9.33 8.00 29.33 4.00 3.67 8.67 4.67 4.00 8.20 9.33 8.00 50.53 79.86 1.38 4.22

Awada AW105
97.0

0
11.33

12.0

0
8.00 31.33 4.00 4.00 8.00 4.00 3.67 8.00 8.67 8.00 48.33 79.67 0.84 3.24

Awada AW12305
96.6

7
12.00

10.6

7
10.00 32.67 3.33 3.33 8.00 4.33 4.00 8.52 7.33 8.00 46.85 79.52 0.98 3.62

Awada AW1995
96.0

0
12.00

11.3

3
8.00 31.33 4.33 4.00 8.00 4.33 4.00 8.30 8.67 8.67 50.30 81.63 1.39 3.43

Awada AW3106
95.0

0
12.00

11.3

3
10.00 33.33 3.67 3.67 8.00 4.33 4.00 8.00 8.00 8.00 47.67 81.00 0.79 3.80

Awada AW4083
96.0

0
12.00

10.0

0
10.00 32.00 4.33 4.33 8.67 4.33 4.33 8.00 7.33 8.00 49.34 81.34 0.92 4.73

Awada AW4305
97.0

0
10.00

10.0

0
8.00 28.00 4.00 4.00 8.00 4.33 4.00 8.00 8.00 8.00 48.33 76.33 0.91 3.64

Awada AW4994
96.3

3
12.00

10.0

0
10.00 32.00 5.00 4.67 8.00 4.67 4.33 8.00 9.33 8.00 52.00 84.00 0.98 3.99

Awada AW5994
96.0

0
12.00

10.6

7
9.33 32.00 3.67 3.67 8.00 4.00 3.00 8.00 8.00 7.33 45.67 77.67 0.81 2.91

Awada AW695
97.0

0
12.00

12.0

0
10.00 34.00 4.33 4.33 8.00 4.00 4.00 8.00 8.00 8.00 48.67 82.67 0.93 3.78

Awada AW7494
97.0

0
12.00

10.0

0
10.00 32.00 5.00 5.00 8.00 5.00 5.00 7.93 8.67 8.67 53.26 85.26 0.87 3.55

Awada AW7705
97.0

0
12.00

12.0

0
10.00 34.00 4.00 4.00 8.00 4.00 4.00 8.00 8.00 8.00 48.00 82.00 0.86 4.37

Awada AW8105
95.6

7
12.00

10.0

0
10.00 32.00 4.00 4.00 8.00 4.33 4.00 8.10 8.00 8.67 49.10 81.10 1.24 4.12

Awada AW8806
94.6

7
12.00

12.0

0
9.33 33.33 4.67 4.33 8.00 4.67 4.33 8.07 8.67 9.33 52.07 85.41 1.11 4.12

Awada AW9610
98.0

0
12.00

11.3

3
10.00 33.33 4.00 4.00 8.00 4.67 4.67 8.00 8.00 8.00 49.33 82.67 1.28 3.38

Awada AW9611
98.0

0
13.00

11.0

0
10.00 34.00 4.33 4.33 8.67 4.00 4.00 8.00 8.00 8.00 49.34 83.34 1.49 3.55

Awada AW9617
98.0

0
14.00

10.0

0
10.00 34.00 3.67 3.67 8.00 4.00 4.00 7.93 7.33 8.67 47.26 81.26 1.02 4.12

Awada AW9622
97.0

0
12.00

10.6

7
8.00 30.67 3.00 3.00 8.67 4.00 3.33 8.00 8.00 8.00 46.00 76.67 1.49 3.40

Awada AW9623
97.0

0
12.00

10.6

7
10.00 32.67 4.33 4.33 8.67 4.33 4.33 8.20 7.33 8.00 49.53 82.20 1.07 3.63

Awada AW9628
95.0

0
12.00

11.3

3
8.00 31.33 3.00 3.33 8.00 4.67 3.33 7.93 6.67 8.00 44.93 76.26 0.73 4.06

Awada AW9640
93.0

0
12.00

10.0

0
10.00 32.00 4.67 4.33 8.45 4.67 4.67 8.10 8.00 8.00 50.88 82.88 1.09 5.01

Awada AW9641
95.0

0
12.00

11.3

3
8.00 31.33 3.33 3.33 8.00 4.33 3.67 8.20 8.00 7.33 46.20 77.53 1.00 3.17

Awada AW9644
96.0

0
12.00

10.0

0
10.00 32.00 4.00 3.33 8.00 4.00 4.00 8.00 8.00 8.00 47.33 79.33 1.28 3.39

Awada AW9648 96.0 15.00 15.0 10.00 40.00 4.67 4.67 10.00 4.33 4.67 9.19 8.00 8.67 54.19 94.19 1.04 3.48

122



0 0

Awada AW9658
97.0

0
12.00

10.6

7
10.00 32.67 3.67 3.67 8.00 4.00 4.00 8.20 8.00 8.00 47.53 80.20 0.90 4.11

Awada AW9660
96.0

0
12.00

12.0

0
10.00 34.00 4.00 4.00 8.00 4.33 4.00 8.20 6.67 8.00 47.20 81.20 0.98 4.02

Awada AW 9662
95.0

0
12.00

10.0

0
10.00 32.00 3.00 3.33 8.00 4.67 3.67 8.00 8.67 8.00 47.33 79.33 0.97 3.85

Awada 74112
94.0

0
12.00

10.6

7
10.00 32.67 5.00 4.67 8.67 4.67 4.00 8.00 8.00 8.00 51.00 83.67 1.02 3.85

Awada Angafa
99.0

0
15.00

12.0

0
10.00 37.00 4.00 4.00 8.67 4.67 4.67 8.00 8.00 8.00 50.00 87.00 1.42 5.90

Awada Feyate
96.0

0
13.00

12.3

3
8.00 33.33 4.67 4.67 8.67 5.00 4.67 8.10 9.33 8.00 53.10 86.43 0.93 5.00

Awada Mean
96.2

1
12.24

11.0

1
9.42 32.68 4.06 3.99 8.26 4.38 4.08 8.11 8.07 8.11 49.04 81.72 1.06 3.91

StD 1.29 0.96 1.12 0.89 2.13 0.58 0.50 0.45 0.32 0.45 0.24 0.66 0.40 2.36 3.68 0.22 0.63

CV
0.67 4.80 8.56 3.19 3.35 9.63

11.5

8
4.88 9.94 12.15 2.08

12.7

2
7.22 4.08 2.78 1.43 1.13

Wonago AW1777
97.0

0
12.00

11.1

1
9.33 32.45 3.67 3.33 8.00 4.33 4.00 8.00 6.67 8.00 46.00 78.45 0.62 4.20

Wonago AW105
98.0

0
12.00

11.5

6
10.00 33.56 3.67 3.67 8.00 4.33 4.33 8.00 7.33 7.33 46.67 80.22 0.71 5.61

Wonago AW12305
92.0

0
12.00

11.7

8
10.00 33.78 4.00 4.00 8.00 4.67 4.00 9.33 8.00 8.00 50.00 83.78 0.60 4.54

Wonago AW1995
98.0

0
12.00

11.5

5
10.00 33.55 4.00 4.00 8.67 5.00 5.00 8.00 8.00 8.00 50.67 84.22 0.63 4.89

Wonago AW3106
96.0

0
12.00

11.3

3
10.00 33.33 3.33 3.67 8.00 4.33 4.33 8.00 7.33 8.00 47.00 80.33 0.87 5.15

Wonago AW4083
96.0

0
12.33

11.1

1
10.00 33.44 4.00 3.67 10.00 4.67 4.67 8.00 8.00 8.00 51.00 84.44 0.66 4.36

Wonago AW4305
97.0

0
11.00 9.33 10.00 30.33 3.00 2.67 7.33 3.67 3.00 8.00 6.00 5.00 38.67 69.00 0.71 3.63

Wonago AW4994
98.0

0
12.00

10.8

9
10.00 32.89 3.67 3.67 8.00 4.00 4.00 8.00 8.00 7.33 46.67 79.55 0.68 5.02

Wonago AW5994
98.0

0
13.11

11.1

1
10.00 34.22 3.67 3.33 8.00 4.33 4.00 8.00 6.67 8.00 46.00 80.22 0.85 4.53

Wonago AW695
94.0

0
11.33

11.3

3
10.00 32.67 3.67 3.67 8.67 5.00 4.00 8.00 8.67 8.67 50.33 83.00 0.55 4.60

Wonago AW7494
97.0

0
12.00

11.6

6
10.00 33.66 4.00 3.67 8.67 4.67 5.00 8.00 8.00 8.00 50.00 83.66 0.72 5.11

Wonago AW7705
98.0

0
12.00

11.8

9
10.00 33.89 3.67 4.00 8.67 5.00 4.67 8.00 8.00 8.00 50.00 83.89 0.85 5.02

Wonago AW8105
97.0

0
13.00

11.3

4
10.00 34.34 4.33 4.33 8.00 4.33 4.00 8.00 8.00 8.00 49.00 83.34 0.71 4.01

Wonago AW8806
95.3

3
12.00

12.3

3
10.00 34.33 4.00 3.67 8.00 4.33 4.00 8.00 8.00 8.00 48.00 82.33 0.68 5.38

Wonago AW9610
98.0

0
12.67

10.4

5
10.00 33.11 4.33 4.33 8.00 4.33 4.33 8.00 8.00 8.00 49.33 82.45 0.83 4.57

Wonago AW9611
97.0

0
12.33

10.7

8
10.00 33.11 4.33 4.00 8.00 4.33 4.00 8.00 8.67 8.00 49.33 82.44 0.87 4.45

Wonago AW9617
97.0

0
12.00

10.6

7
10.00 32.67 4.00 4.00 8.00 4.67 4.33 8.00 8.00 8.00 49.00 81.67 0.67 4.53
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Wonago AW9622
98.0

0
14.00

10.6

7
10.00 34.67 4.00 3.67 8.00 4.00 3.67 8.00 8.00 7.33 46.67 81.33 0.73 4.59

Wonago AW9623
96.0

0
12.00

11.5

5
10.00 33.55 4.00 4.00 8.67 4.67 5.00 8.00 8.67 8.00 51.00 84.55 0.57 3.45

Wonago AW9628
96.0

0
12.00

11.5

5
10.00 33.55 3.67 3.33 7.33 4.33 3.33 8.00 6.67 7.33 44.00 77.55 0.60 4.57

Wonago AW9640
96.0

0
11.00

10.2

2
10.00 31.22 4.00 3.67 8.67 5.00 3.67 8.00 9.33 8.67 51.00 82.22 0.56 3.80

Wonago AW9641
96.0

0
13.67

11.1

1
10.00 34.78 3.67 4.00 8.00 4.33 4.33 8.00 8.00 7.33 47.67 82.45 0.57 5.01

Wonago AW9644
97.0

0
13.00

11.1

1
10.00 34.11 4.00 4.00 8.67 4.67 4.67 8.00 8.67 8.00 50.67 84.78 0.76 5.64

Wonago AW9648
92.6

7
13.00

13.2

2
10.00 36.22 4.33 4.33 10.00 4.33 4.33 10.00

10.0

0
10.00 57.33 93.55 0.69 4.65

Wonago AW9658
96.0

0
12.00 9.78 8.00 29.78 4.00 3.67 8.00 4.33 4.00 8.00 7.33 8.67 48.00 77.78 0.65 4.06

Wonago AW9660
95.0

0
12.00

11.3

3
10.00 33.33 4.00 4.00 8.00 4.33 4.00 8.00 8.00 8.00 48.33 81.67 0.76 3.67

Wonago AW 9662
96.0

0
13.00

10.8

9
10.00 33.89 3.67 3.33 8.00 4.33 4.33 8.00 8.00 8.00 47.67 81.56 0.70 5.31

Wonago 74112
95.6

7
12.00

10.6

7
10.00 32.67 4.00 4.00 8.67 4.33 3.67 8.00 8.67 8.00 49.33 82.00 0.58 4.33

Wonago Angafa
97.6

7
13.00

11.8

9
10.00 34.89 4.67 5.00 8.67 4.67 4.67 8.00 8.67 8.67 53.00 87.89 0.58 4.78

Wonago Feyate
98.0

0
13.00

12.0

0
10.00 35.00 4.00 3.67 8.00 4.67 4.67 8.00 8.00 8.00 49.00 84.00 0.72 3.44

Wonago Mean
96.4

4
12.31

11.2

1
9.91 33.43 3.91 3.81 8.29 4.47 4.20 8.11 7.98 7.94 48.71 82.14 0.69 4.56

StD

96.4

5
12.31

11.2

1
9.91 33.44 3.92 3.82 8.30 4.46 4.20 8.11 7.98 7.94 48.71 82.15 0.69 4.56

CV
0.95 1.68 6.19 0.44 2.09 9.48

11.7

9
10.53

10.6

5
15.27 2.60

10.7

4
8.95 4.45 2.55 3.40 1.10

Shebedino AW1777
96.6

7
12.00

12.0

0
10.00 34.00 3.00 3.33 8.00 4.33 4.00 8.15 8.00 8.00 46.48 80.48 0.62 4.59

Shebedino AW105
97.6

7
12.11

11.3

3
10.00 33.44 3.67 3.89 8.00 5.00 4.22 8.00 8.00 8.00 48.89 82.33 0.60 4.54

Shebedino AW12305
95.5

6
12.33

14.0

0
10.00 36.33 3.67 3.78 8.67 4.00 4.00 8.22 6.67 7.33 46.56 82.89 0.68 3.38

Shebedino AW1995
97.0

0
11.78

11.3

3
10.00 33.11 3.33 4.00 8.00 4.33 4.44 8.22 8.00 8.00 48.34 81.45 0.44 3.03

Shebedino AW3106
96.0

0
12.00

12.0

0
10.00 34.00 4.00 3.78 8.00 4.67 4.11 8.07 8.00 8.00 48.78 82.78 0.51 4.54

Shebedino AW4083
96.3

3
12.11

12.0

0
10.00 34.11 4.00 4.33 8.00 4.00 4.56 8.00 8.00 8.00 49.56 83.67 0.88 4.49

Shebedino AW4305
97.3

3
11.00 7.33 8.00 26.33 3.00 3.22 6.00 4.00 3.67 8.00 6.00 6.00 39.67 66.00 0.67 5.48

Shebedino AW4994
97.4

4
12.33

11.3

3
8.67 32.33 3.67 4.11 8.00 4.67 4.33 8.00 8.00 8.00 48.67 81.00 0.66 3.38

Shebedino AW5994
97.3

3
13.37

11.3

3
8.00 32.70 4.00 3.67 8.00 4.67 3.78 8.00 8.00 8.00 48.44 81.15 0.57 3.32

Shebedino AW695
96.3

3
11.33

11.3

3
8.67 31.33 4.00 4.00 8.00 4.33 4.11 8.00 7.33 8.00 47.78 79.11 0.57 3.47

Shebedino AW7494 97.3 12.33 13.0 9.33 34.67 3.67 4.22 8.00 4.00 4.56 7.78 7.33 7.33 46.67 81.33 0.69 4.30
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3 0

Shebedino AW7705
97.6

7
12.00

10.6

7
10.00 32.67 3.67 4.00 8.00 4.00 4.22 8.00 8.00 8.00 47.89 80.55 0.81 3.95

Shebedino AW8105
96.8

9
12.66

14.0

0
10.00 36.66 3.67 3.78 8.00 4.00 4.00 8.07 8.00 8.00 46.74 83.41 0.65 4.54

Shebedino AW8806
94.0

0
12.33

13.0

0
10.00 35.33 4.00 4.00 8.00 4.00 4.22 8.22 8.00 8.00 48.44 83.78 0.88 3.39

Shebedino AW9610
97.8

9
12.22

10.0

0
8.00 30.22 4.00 4.11 8.00 4.33 4.33 8.00 8.00 8.00 48.67 78.89 0.60 4.48

Shebedino AW9611
97.6

7
12.44

10.6

7
10.00 33.11 4.00 4.11 10.00 4.33 4.11 8.00 8.00 8.00 50.44 83.55 0.67 4.10

Shebedino AW9617
97.6

7
12.67

11.3

3
9.33 33.33 4.00 3.89 9.33 4.33 4.22 7.78 8.00 8.00 49.66 83.00 0.71 3.98

Shebedino AW9622
97.6

7
13.34

10.6

7
8.67 32.67 4.00 3.56 8.00 5.00 4.00 8.00 8.00 8.00 49.00 81.67 0.81 3.98

Shebedino AW9623
97.0

0
12.00

12.0

0
10.00 34.00 4.00 4.11 8.00 4.33 4.44 8.15 8.00 8.00 48.93 82.93 0.68 4.46

Shebedino AW9628
95.8

9
12.33

12.0

0
10.00 34.33 3.33 3.22 10.00 5.00 3.78 7.78 7.33 8.00 48.22 82.55 0.79 3.45

Shebedino AW9640
95.6

7
11.45

10.0

0
10.00 31.45 4.33 4.00 8.00 4.33 4.22 8.07 8.00 8.00 48.96 80.41 0.90 4.50

Shebedino AW9641
96.3

3
13.22

10.6

7
9.33 33.22 4.33 3.78 8.00 4.67 4.22 8.15

10.0

0
8.00 51.37 84.59 0.51 3.26

Shebedino AW9644
97.0

0
13.33

12.0

0
9.33 34.66 3.67 3.78 8.00 4.67 4.44 8.00 7.33 7.33 47.44 82.11 0.66 3.99

Shebedino AW9648
95.5

6
13.33

14.0

0
10.00 37.33 4.00 4.33 10.00 4.33 4.56 8.89 8.00 8.00 51.78 89.11 0.57 4.67

Shebedino AW9658
97.0

0
12.00

10.0

0
8.67 30.67 4.00 3.78 8.67 4.00 3.89 8.15 8.00 8.00 48.70 79.37 0.67 3.45

Shebedino AW9660
96.3

3
12.00

11.3

3
10.00 33.33 4.00 4.00 8.00 4.67 4.11 8.15 8.00 8.00 48.93 82.26 0.69 4.08

Shebedino AW 9662
96.0

0
13.33

12.0

0
8.67 34.00 3.67 3.56 8.00 4.33 4.00 8.00 8.00 8.00 48.00 82.00 0.46 3.72

Shebedino 74112
95.8

9
12.33

10.6

7
10.00 33.00 3.67 4.22 8.67 4.67 4.11 8.00 8.00 8.00 49.11 82.11 0.60 2.78

Shebedino Angafa
98.2

2
13.33

13.0

0
10.00 36.33 4.00 4.33 8.00 4.67 4.56 8.00 8.00 8.00 49.22 85.56 0.52 3.98

Shebedino Feyate
97.3

3
13.00

12.3

3
10.00 35.33 4.33 4.11 10.00 4.00 4.44 8.07 8.00 8.00 50.85 86.19 0.71 4.01

Shebedino Mean
96.7

6
12.40

11.5

8
9.49 33.47 3.82 3.90 8.31 4.39 4.19 8.06 7.87 7.87 48.41 81.87 0.66 3.98

StD 0.92 0.64 1.38 .71 2.16 0.33 0.30 0.83 0.34 0.24 0.20 0.62 0.41 2.09 3.68 0.12

CV
0.61 3.50

11.5

9
6.69 4.28 10.10 5.78 5.01 9.26 7.59 2.62 6.03 4.64 2.30 2.02 8.73 1.49

Combined AW1777
96.2

2
12.00

10.8

2
9.11 31.93 3.56 3.44 8.22 4.44 4.00 8.12 8.00 8.00 47.67 79.60 0.87 4.34

Combined AW105
97.5

6
11.81

11.6

3
9.33 32.78 3.78 3.85 8.00 4.44 4.07 8.00 8.00 7.78 47.96 80.74 0.71 4.46

Combined AW12305
94.7

4
12.11

12.1

5
10.00 34.26 3.67 3.70 8.22 4.33 4.00 8.69 7.33 7.78 47.80 82.06 0.75 3.85

Combined AW1995
97.0

0
11.93

11.4

1
9.33 32.67 3.89 4.00 8.22 4.56 4.48 8.17 8.22 8.22 49.77 82.43 0.82 3.78
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Combined AW3106
95.6

7
12.00

11.5

6
10.00 33.56 3.67 3.70 8.00 4.44 4.15 8.02 7.78 8.00 47.81 81.37 0.73 4.49

Combined AW4083
96.1

1
12.15

11.0

4
10.00 33.18 4.11 4.11 8.89 4.33 4.52 8.00 7.78 8.00 49.96 83.15 0.82 4.53

Combined AW4305
97.1

1
10.67 8.89 8.67 28.22 3.33 3.30 7.11 4.00 3.56 8.00 6.67 6.33 42.22 70.45 0.76 4.25

Combined AW4994
97.2

6
12.11

10.7

4
9.56 32.41 4.11 4.15 8.00 4.44 4.22 8.00 8.44 7.78 49.11 81.52 0.78 4.13

Combined AW5994
97.1

1
12.83

11.0

4
9.11 32.97 3.78 3.56 8.00 4.33 3.59 8.00 7.56 7.78 46.70 79.68 0.74 3.59

Combined AW695
95.7

8
11.55

11.5

6
9.56 32.67 4.00 4.00 8.22 4.44 4.04 8.00 8.00 8.22 48.93 81.59 0.68 3.95

Combined AW7494
97.1

1
12.11

11.5

5
9.78 33.44 4.22 4.30 8.22 4.56 4.85 7.90 8.00 8.00 49.98 83.42 0.76 4.32

Combined AW7705
97.5

6
12.00

11.5

2
10.00 33.52 3.78 4.00 8.22 4.33 4.30 8.00 8.00 8.00 48.63 82.15 0.84 4.45

Combined AW8105
96.5

2
12.55

11.7

8
10.00 34.33 4.00 4.04 8.00 4.22 4.00 8.06 8.00 8.22 48.28 82.61 0.87 4.22

Combined AW8806
94.6

7
12.11

12.4

4
9.78 34.33 4.22 4.00 8.00 4.33 4.19 8.10 8.22 8.44 49.51 83.84 0.89 4.30

Combined AW9610
97.9

6
12.30

10.5

9
9.33 32.22 4.11 4.15 8.00 4.44 4.44 8.00 8.00 8.00 49.11 81.33 0.90 4.14

Combined AW9611
97.5

6
12.59

10.8

1
10.00 33.41 4.22 4.15 8.89 4.22 4.04 8.00 8.22 8.00 49.70 83.11 1.01 4.04

Combined AW9617
97.5

6
12.89

10.6

7
9.78 33.33 3.89 3.85 8.44 4.33 4.18 7.90 7.78 8.22 48.64 81.97 0.80 4.21

Combined AW9622
97.5

6
13.11

10.6

7
8.89 32.67 3.67 3.41 8.22 4.33 3.67 8.00 8.00 7.78 47.22 79.89 1.01 3.99

Combined AW9623
96.6

7
12.00

11.4

1
10.00 33.41 4.11 4.15 8.44 4.44 4.59 8.12 8.00 8.00 49.82 83.23 0.77 3.85

Combined AW9628
95.6

3
12.11

11.6

3
9.33 33.07 3.33 3.30 8.44 4.67 3.48 7.90 6.89 7.78 45.72 78.79 0.71 4.02

Combined AW9640
94.8

9
11.48

10.0

7
10.00 31.56 4.33 4.00 8.37 4.67 4.19 8.06 8.44 8.22 50.28 81.84 0.85 4.44

Combined AW9641
95.7

8
12.96

11.0

4
9.11 33.11 3.78 3.70 8.00 4.44 4.07 8.12 8.67 7.56 48.41 81.52 0.69 3.81

Combined AW9644
96.6

7
12.78

11.0

4
9.78 33.59 3.89 3.70 8.22 4.44 4.37 8.00 8.00 7.78 48.48 82.07 0.90 4.34

Combined AW9648
94.7

4
13.78

14.0

7
10.00 37.85 4.33 4.44 10.00 4.33 4.52 9.36 8.67 8.89 54.43 92.28 0.77 4.27

Combined AW9658
96.6

7
12.00

10.1

5
8.89 31.04 3.89 3.70 8.22 4.11 3.96 8.12 7.78 8.22 48.08 79.12 0.74 3.87

Combined AW9660
95.7

8
12.00

11.5

6
10.00 33.56 4.00 4.00 8.00 4.44 4.04 8.12 7.56 8.00 48.15 81.71 0.81 3.93

Combined AW 9662
95.6

7
12.78

10.9

6
9.56 33.30 3.44 3.41 8.00 4.44 4.00 8.00 8.22 8.00 47.67 80.96 0.71 4.29

Combined 74112
95.1

9
12.11

10.6

7
10.00 32.78 4.22 4.30 8.67 4.56 3.93 8.00 8.22 8.00 49.81 82.59 0.73 3.65

Combined Angafa
98.3

0
13.78

12.3

0
10.00 36.07 4.22 4.44 8.45 4.67 4.63 8.00 8.22 8.22 50.74 86.82 0.84 4.89

Combined Feyate
97.1

1
13.00

12.2

2
9.33 34.55 4.33 4.15 8.89 4.56 4.59 8.06 8.44 8.00 50.98 85.54 0.79 4.15

Combined Mean 96.4 12.32 11.2 9.61 33.19 3.93 3.90 8.29 4.41 4.16 8.09 7.97 7.97 48.72 81.91 0.80 4.15
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7 7

StD 1.40 0.65 0.91 0.42 1.58 0.29 0.33 0.47 0.15 0.33 0.28 0.45 0.40 .020 3.34 0.08 0.29

CV
0.80 3.50 9.20 4.40 3.40 10.00

11.0

0
7.30

11.0

0
12.00 2.40

10.0

0
7.20 3.80 2.50 4.80 1.20

Where;  SS=screen  size,  SM=shape  &  make,  Col=color,  od=odour,  RawT=raw  total,
AQ=aromatic  quality,  AI=aromatic  intensity,  Acid=acidity,  AST=astringency,
Bit=Bitterness,  Bod=body,  Fla=flavor,  OQL=overall  quality,  TotalR=Total  Cup  Quality,
RCup=Total  Raw  and  Cup  quality,  Trigo=Trigonelline,  Chloro=Chlorogenic  acid,
Caff=Caffeine, StD=Standard deviation, and CV=coefficient of variation    

5.3.3 Cup Quality  
Aromatic Quality  

The  interaction  of  genotype  and  growing  environment  significantly  influenced  (p<0.01)

aromatic  quality  of  coffee  taste  (Table  3).  An  excellent  aromatic  quality  score  (5)  was

recorded for genotypes AW7494 and AW4994 at Awada growing environment. When we

consider  growing environments,  the  highest  aromatic  score  (4.06)  was  scored at  Awada,

followed by (3.91) at Wonago, and (3.82) at Shebedino (Table 4). Aromatic quality is an

important cup quality parameter that determines the magnitude of the aroma of the coffee

beverage and influences the sense organs of the cuppers (Bhumiratana,  et al. 2011). In this

study, all the genotypes studied scored good to excellent at all three locations. Accordingly,

the studied genotype and growing environments are suitable to produce a good-quality aroma

beverage.  However,  genotypes  AW7494  and  AW4994,  as  well  as  the  Awada  growing

environment are more likely to produce excellent aromatic-quality coffee.  

Aromatic Intensity 
A very strong aromatic intensity score (5) was recorded for AW7494 grown at Awada and

Angafa grown at Wonago (Table 4). Aromatic intensity is one of the most important cup

quality parameters, which determines the magnitude of the aroma of the coffee beverage and

influences the sense organs of the cuppers (Sualeh and Mekonnen, 2015; Mengistu  et al.,

2020). In line with this study, the influence of environmental conditions and coffee varieties

was reported in a previous study (Sualeh et al., 2014; Mengistu et al., 2020; Assa et al., 2021;

Tesfa et al., 2021). Except genotype AW4305 grown at Wonago, all the studied genotypes at

all three locations scored medium to very strong aromatic intensity. 

Acidity 
According to this study result, the acidity of coffee genotypes brew at three locations was

rated from pointed to medium level. The pointed coffee brew acidity (10%) was recorded for

AW9648 grown at Awada; AW9648 and AW4083 both grown at Wonago; and AW9648,

127



Feyate, AW9628, and AW9648 all grown at Shebedino (Table 4). Acidity is a sensation of

dryness that the coffee brew produces under the edges of the tongue and on the back of the

palate (Lingle, 2011). Acidic intensity is a desirable feature, appreciated in coffee, as there is

a positive relationship between the intensity of the acid impression and coffee quality. High

acidity coffee has a pointed sharp pleasing flavor (Sualeh and Mekonnen, 2015).  

Astringency 
The  nil  astringency  (5%)  was  recorded  for  AW7494,  AW9628,  and  Feyate  at  Awada;

AW7705, AW695, AW1995, and AW9640 at Wonago; and AW105, AW9622, and AW9628

at Shebedino (Table 4). Astringency is a complex sensation accompanied by a shrinking,

drawing, or puckering mucosal surface in the mouth, produced by tannins. Coffee beans with

a  low  content  of  astringency  have  generally  high  quality  (Sultan  and  Mekonin,  2015;

Mengistu et al., 2020). The astringency of the studied coffee genotypes from three locations

is scaled between very light and nil, which indicates a relatively low quantity of astringency

and thus good quality. 

Bitterness     
In this investigation, there was a highly significant difference (p<0.01) in bitterness score

among  genotypes,  but  the  effects  of  the  growing  environment  and  the  genotype  x

environment  interaction  were  not  significant  (Table  3).  Genotypic  performance  for  the

bitterness score ranges from 3.48 to 4.85 with a mean of 4.16 (Table 4). Bitterness is the

perception of coffee brew on the tongue of panelists during cup tasting, and it is the opposite

of sweetness (Sualeh et al., 2015). In general, good coffee should have low bitterness and a

medium to full  body (Sultan and Mekonin,  2015;  Mengistu  et  al., 2020),  which is  what

almost all  Arabica coffee genotypes tested in this study fulfilled. However, AW7494 and

Angafa are the most preferred genotypes to produce very low bitterness.

Total Cup Quality 
The total cup quality of coffee brews was computed by the summation of aromatic intensity,

aromatic quality, acidity, astringency, bitterness, body, flavor, and overall standard, which is

evaluated  from 60%.  Growing  environment,  genotype,  and  their  interaction  significantly

influenced the total cup quality of the coffee brew (Table 3). The highest total cup quality

score values were recorded for AW9648 (54.19) followed by AW7494 (53.26) both grown at

Awada; AW9648 (57.3), followed by Angafa (53) at Wonago; and AW9648 (51.78) followed

by AW9641 (51.37) at Shebedino, whereas the lowest rate was recorded for AW4305 (38.67)
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at Wonago and AW4305 (39.67) at Shebedino (Table 4). In this study, the total cup quality of

all studied genotypes' brew is very good except for genotype AW4305.    

Total Row and Cup Quality  
The overall cup quality evaluation was used for the final coffee cup quality judgment from

good to excellent. It was calculated from 100% as a sum of raw (40%), and cup quality (60%)

(Gichimu  et  al.,  2014).  In  this  study,  the  highest  overall  cup  quality  score  values  were

recorded  for  genotype  AW9648  (94.19%),  followed  by  Angafa  (87.00%)  and  Feyate

(86.43%) at Awada; genotype AW9648 (93.55%), followed by Angafa (87.89%) and Feyate

(86.77%) at Wonago; and genotype AW9648 (89.11%) followed by Feyate (86.19%) and

Angafa (85.56%) at Shebedino. On the other side, the lowest total raw and cup quality values

were recorded for genotypes AW9628 (76.26%) and AW4305 (76.33%) at Awada; genotype

AW4305  (69.00%)  followed  by  AW9628  (77.55)  at  Wonago;  and  genotype  AW4305

(66.00%) followed by AW9610 (78.89%) grown at Shebedino (Table 4).

Combined analysis  results revealed that  the highest mean total  raw and cup quality over

locations  was  recorded  for  genotype  AW9648  (92.28%),  followed  by  Angafa  (86.82%),

whereas the lowest was recorded for AW4305 (70.45%), followed by AW9628 (78.79%)

(Table 4). According to this study result, most of the genotypes received more than 80%

scores,  except  AW4305,  AW9658,  AW9610,  and  AW695.  Accordingly,  most  of  the

genotypes in  the present  study could be  used as sources of  a  desirable  parent  for  South

Ethiopian coffee cup quality improvement through selection and hybridization. Out of all

tested genotypes, AW9648 achieved the highest score in all three growing environments,

whereas AW4305 was very poor in quality. Angafa is a South Ethiopian released variety that

is known for its superior quality and yield performance. Accordingly, it was used as a parent

for south Ethiopian coffee quality improvement,  and two hybrid varieties were registered

from the cross of it. According to this study result, genotype AW9648 is superior even from

Angafa.  Therefore,  AW9648  could  be  used  as  the  best  selection  and  best  parent  for

hybridization  for  south  Ethiopian  coffee  quality  improvement  if  its  yielding  ability  and

disease resistance are reasonably good in the respective study area and similar coffee growing

agroecology.

5.3.4 Biochemical Composition 

Green Bean Trigonelline 
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Trigonelline content ranges from 0.73 to 1.49% dwb, 0.44 to 0.9% dwb, and 0.55 to 0.87%

dwb, with a mean of 1.06% dwb, 0.67% dwb, and 0.69% dwb at Awada, Shebedino, and

Wonago,  respectively (Table  4).  Considering the  genotypic  effect,  the  highest  value  was

recorded for AW9611 (1.49% dwb), followed by Angafa (1.416% dwb) grown at Awada,

whereas the lowest was recorded for AW1995 (0.442% dwb) grown at Shebedino (Table 4).

The highest mean trigonelline content over location was recorded for AW9622 (1.01% dwb),

whereas the lowest was recorded for AW695 (0.68% dwb) and AW9641 (0.69% dwb) (Table

4).  Different  authors  (Gichimu  et  al.,  2015;  Cheserek  et  al.,  2021;  Ogutu  et  al.,  2022)

reported significant variations among genotype and location in Arabica coffee trigonelline

content. 

Trigonelline, which is a pyridine alkaloid, is an important component of the coffee bean,

which acts as a reservoir of nicotinic acid in plants (Belay, 2011). It is known to contribute to

the formation of the appreciated coffee flavor,  and the higher trigonelline contents could

partially explain the better flavor observed (Gichimu et al., 2015).

Green Bean Chlorogenic Acid
Chlorogenic acid ranges from 2.908 to 5.897% dwb, 2.778% dwb to 5.475% dwb, and 3.444

to 5.643% dwb, with a mean of 3.914% dwb, 3.976% dwb, and 4.563% dwb at Awada,

Shebedino, and Wonago, respectively (Table 4). The highest green bean chlorogenic acid

content was observed for Angafa (5.90% dwb) grown at Awada, followed by AW105 (5.61)

grown at Wonago, whereas the lowest was recorded for 74112 (2.78% dwb) at Shebedino

(Table  4).  According  to  the  combined  analysis  result,  the  highest  mean  green  bean

chlorogenic  acid  content  was recorded for  Angafa  (4.887% dwb),  followed by AW4083

(4.53% dwb), whereas the lowest was recorded for AW5994 (3.58% dwb) (Table 4). Many

authors  reported  a  significant  variation  among  genotypes  and genotypes  by  environment

interaction for chlorogenic acid in Arabica coffee (Cheserek  et al.,  2021; Gichimu  et al.,

2015).

Chlorogenic acids are phenolic compounds commonly found in green coffee beans (Belay,

2011). Chlorogenic acid is of great interest because of its possible positive impact on human

health (Tajik et al., 2017). They also play a significant role in the defensive mechanism of

plants, particularly when bacterial and fungal disease invasions are verified (Belay, 2011).

Chlorogenic acids are responsible for the astringency and bitterness of coffee brews (Gichimu

et al., 2015). 
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Green Bean Caffeine
Caffeine content ranges from 0.60 to 1.53, 0.52 to 1.06, and 0.62 to 1.12 with means of 0.89,

0.82,  and  0.898  at  Awada,  Shebedino,  and  Wonago,  respectively  (Table  4).  Among  all

genotypes, AW5994 (0.52% dwb) and AW9641 (0.56% dwb) grown at Awada, AW1995

(0.60% dwb) grown at Shebedino, and AW9623 (0.62% dwb) grown at Wonago had the

lowest  green  bean  caffeine  content.  On  the  other  side,  Feyate  (1.53%  dwb)  at  Awda,

AW9623 (1.06% dwb) at Shebedino, and AW9622 (1.12% dwb) at Wonago had the highest

green bean caffeine content (Table 4). The highest mean green bean caffeine content over

location  was  recorded  for  Feyate  (1.17),  whereas  the  lowest  was  recorded  for  AW5994

(0.64% dwb), followed by AW1995 (0.69% dwb) (Table 4). In line with the present study,

several studies reported coffee genetic variability and environmental influence on caffeine

content variation (Yigzaw et al., 2008; Gebeyehu et al., 2015; Gichimu et al., 2015; Tolessa

et al., 2019; Cheserek et al., 2021; Ogutu et al., 2022). The existence of wider variation in

caffeine content among South Ethiopian coffee genotypes provides a great privilege for the

development of low-caffeine-contenting varieties that have superior cup quality and aroma.

Moderate caffeine consumption is considered to be a safe habit and beneficial (Depaula &

Farah, 2019). However, there are negative aspects linked to excess caffeine intake that must

be considered (Depaula & Farah, 2019; Zou et al., 2022). Caffeine in excess use can cause a

state  of  excitement  and  anxiety,  as  well  as  negative  side  effects  such  as  tachycardia,

headache,  palpitations,  insomnia,  restlessness,  nervousness,  gastrointestinal  disturbance,

palpitation, and increasing blood pressure and tremor (Ludwig et al., 2014; Zou et al., 2022).

Due to this adverse effect of excess caffeine, the demand for decaffeinated coffee increased

around the  world.  As a  result,  instant  coffee manufacturers  have developed methods for

artificially removing caffeine from coffee. However, decaffeination is an expensive process

that modulates the amount of flavor components and precursors (Yigzaw et al., 2008; Zou et

al.,  2022).  By  developing  coffee  varietals  that  are  naturally  high  in  quality  and  low in

caffeine,  it  is  possible  to  avoid  the  expensive  decaffeination  process  while  retaining  the

coffee's original flavor and precursors (Yigzaw et al., 2008).

Many studies reported different caffeine levels in Arabica coffee; 14.1 -142 g kg-1 Assa et al

(2021); 1.05 - 1.52 g kg-1 Sualeh et al., (2020); 6.2 - 12 g kg-1 Redi et al., (2018); 9.1 - 13.2

g kg-1 Yigzaw  et al.,  (2008); 7.7 – 16.8 g kg-1 Kathurima, (2013); and 9.3-14.4 g kg-1

Getachew et al., (2020). In the current investigation, a very low caffeine content range was
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registered for genotypes AW5994, AW1995, AW12305, AW4305, AW 9641, and AW9610.

Therefore,  these  low  caffeine-containing  genotypes  could  be  used  as  a  parent  for  the

development of low caffeine varieties and it is a great privilege for the nation and the coffee

industry  to  fulfill  the  customer  need  and  boost  the  specialty  coffee  market  without

decaffeination.     

5.3.5 Principal component analysis
The PCA of 30 Arabica coffee genotypes based on a correlation matrix of combined data for

15 characters was performed to estimate the relative contribution of each attribute to the

observed variability, and the results are presented in Table 5. The first and second principal

components  explained  54.42%  and  12.78%  of  variation,  respectively,  and  67%  of  total

variation  (Table  5).  The  relative  weight  given  to  the  variables  in  each  component  and

important variables are those that possess high positive and high negative weights (Abbas et

al.,  2019).  Based  on  this  suggestion,  the  most  important  traits  contributing  more  to  the

variation in first PCA were observed for caffeine content (0.35),  chlorogenic acid (0.34),

aromatic  quality  (0.31),  trigonelline  (0.29),  acidity  (0.28),  astringency  (0.28),  and  color

(0.27), in decreasing order. In the second PCA, high variation was contributed by flavor (-

0.48)  and  screen  size  (0.46),  whereas  in  the  third  and  fourth  PCAs,  high  variation  was

accredited by bitterness (0.79) and screen size (0.57), respectively (Table 5). 

From the PCA result of the present study, it may be concluded that important variables in

Arabica coffee genotype with respect to bean physical, cup quality, and biochemical traits

were caffeine, chlorogenic acid, aromatic quality, trigonelline, acidity, astringency, flavor,

and screen size. These variables might be taken into consideration for the effective selection

of parents.

Table 5.5 Principal component analysis of 30 Arabica coffee genotypes for 15 green bean row, cup quality
and biochemical content parameters   

Character
Eigenvectors

Prin1 Prin2 Prin3 Prin4

Screen Size -0.06 0.46 0.57 -0.13
Shape & Make 0.22 -0.12 0.61 0.11
Color 0.27 -0.29 0.08 0.15
Oder 0.23 0.03 -0.40 0.10
Aromatic Quality 0.31 -0.21 0.19 0.16
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Aromatic Intensity 0.27 0.31 -0.17 -0.25
Acidity 0.28 0.31 -0.16 -0.22
Astringency 0.28 -0.16 0.07 -0.12
Bitterness 0.14 0.18 -0.11 0.79
Body 0.25 0.34 -0.04 -0.08
Flavour 0.18 -0.48 -0.04 -0.37
Overall cup Quality 0.25 0.20 0.11 -0.03
Trigonelline 0.29 -0.06 -0.05 0.08
Chlorogenic acid 0.34 0.09 -0.04 -0.09
Caffeine 0.35 -0.05 0.07 0.02

Eigenvalue 8.16 1.92 1.27 1.03
Present variation explained 54.42 12.78 8.47 6.84
Cumulative present variation explained 54.42 67.2 75.68 82.52

5.3.6 Correlation of Arabica coffee genotype green bean physical characters, cup quality and 
biochemical contents 
The correlation analysis among Arabica coffee green bean physical characteristics and cup

quality as well as bean caffeine, chlorogenic acid, and trigonelline contents were assessed and

the results are given in Table 6. All cup quality characteristics (except astringency vs body

were positively associated among themselves (Table 6). In addition, all green bean physical

characteristics had a positive correlation between themselves and all cup quality attributes.

This finding is in agreement with Cheserek et al., (2022), who reported positive significant

associations of organoleptic traits with each other. 

Green  bean  chlorogenic  acid  and  trigonelline  content  had  a  non-significant  positive

correlation with all  green bean physical  characteristics  and cup quality  attributes  (except

trigonelline vs  color  (r=-0.04)  & chlorogenic acid vs  body (r=-0.15).  This  finding partly

agreed with Gichimu  et al., (2015) and Cheserek  et al., (2022) who reported a significant

positive correlation between cup quality character with trigonelline (Gichimu  et al., 2015;

Cheserek et al., 2022). Caffeine content was non-significantly and negatively associated with

most  of the quality  traits;  shape and make (r=-0.5),  odour (r=-0.06),  total  row (r=-0.03),

astringency (r=-0.07), body (r=-0.15) and overall quality (r=-0.04). Many authors (Gichimu

et al., 2015; Cheserek et al., 2022) reported a negative correlation between cup quality traits

and  caffeine.  Trigonelline  content  was  positively  and  non-significantly  correlated  with

chlorogenic acid (r=0.08) while negatively and significantly associated with caffeine. Green

133



bean  caffeine  content  was  positively  and  significantly  correlated  with  chlorogenic  acid

(r=0.59) (Table 6). 

Understanding the relationships between different characteristics is critical for designing an

effective breeding program for selecting breeding materials for improving complex characters

through indirect selection (Fellahi et al., 2018). Cup quality is economically important but its

evaluation  method  is  subjective  and  difficult.  Based  on  correlation  repeatability  and

sensitivity  analyses,  Yigzaw  (2005),  recommended  flavour  rating  as  the  best  selection

criterion for genetic improvement of cup quality in Arabica coffee. In this study, flavour

showed positive, statistically highly significant, and relatively high correlation coefficients

with  all  other  cup quality  characteristics.  Therefore,  selection  using  liquor  flavour  alone

would enable all-rounded cup quality improvement in Arabica coffee. However, this study

showed that all the sensory variables analyzed in this study using a trained panel of tasters

were important in determining the overall quality of a coffee.
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Table 5.6 Correlation coefficients among green bean physical characters, cup quality, and green bean caffeine, chlorogenic acid,
and trigonelline contents 

SS SM Col Od RwT AQ AI Ac AS Bit Bod Flav OQL TCQ TRC Tri Chl Caf

SS 1.00 0.15ns -0.29 ns -0.29ns -0.18ns -0.01ns 0.08ns -0.21ns -0.10ns 0.16ns -0.48* -0.04ns -0.25ns -0.15ns -0.17ns 0.29ns 0.03ns 0.15ns

SM 1.00 0.54* 0.17ns 0.77** 0.28ns 0.27ns 0.56* 0.18ns 0.27ns 0.32ns 0.49* 0.47* 0.52* 0.68** 0.34ns 0.11ns -0.05ns

Col 1.00 0.48* 0.92** 0.36* 0.46* 0.60** 0.29ns 0.42* 0.61** 0.35ns 0.65** 0.64** 0.82** -0.04ns 0.10ns 0.01ns

Od 1.00 0.60** 0.53* 0.64** 0.44* 0.28ns 0.49* 0.21ns 0.27 ns 0.53* 0.58* 0.63** 0.03ns 0.33ns -0.06ns

RwT 1.00 0.46* 0.54* 0.69** 0.31ns 0.48* 0.53* 0.47* 0.71** 0.74** 0.91** 0.12ns 0.19ns -0.03ns

AQ 1.00 0.91** 0.55* 0.26ns 0.68** 0.19 ns 0.65** 0.59** 0.83** 0.72** 0.23ns 0.32ns 0.18ns

AI 1.00 0.54* 0.28ns 0.76** 0.23ns 0.58* 0.57* 0.83** 0.75** 0.17ns 0.32ns 0.08ns

Ac 1.00 0.23ns 0.42* 0.57* 0.46* 0.67** 0.80** 0.81** 0.12ns 0.20ns 0.02ns

AS 1.00 0.35ns -0.15 ns 0.33ns 0.32ns 0.38* 0.38* 0.02ns 0.33ns -0.07ns

Bit 1.00 0.17ns 0.56* 0.47* 0.75** 0.68** 0.17ns 0.31ns 0.25ns

Bod 1.00 0.22ns 0.38* 0.47* 0.54* 0.03ns -0.15 ns -0.15ns

Flav 1.00 0.60** 0.79** 0.69** 0.36ns 0.13ns 0.01ns

OQL 1.00 0.82** 0.83** 0.19ns 0.24ns -0.04ns

TCQ 1.00 0.95** 0.23ns 0.27ns 0.05ns

TRC 1.00 0.20ns 0.25ns 0.01ns

Trig 1.00 0.08ns -0.22ns

Chl 1.00 0.59**

Caf 1.00

Where: *& ** = Significant at P<0.05 and P<0.01 respectively; ns=non-significant,  Sc=screen size, SM=shape & make, Col=color, 
od=odour, RawT=raw total, AQ=aromatic quality, AI=aromatic intensity, Aci=acidity, AS=astringency, Bit=Bitterness, Bod=body, 
Fla=flavor, OQL=overall quality, TCQ=Total Cup Quality, TRC=Total Raw and Cup quality, TRIG=Trigonelline 
Chloro=Chlorogenic acid, Caff=Caffeine
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5.3.7 Cluster analysis 
To investigate the genetic relationship among 30 Arabica coffee genotypes, cluster analysis was

conducted, and a dendrogram was generated using the ward method for cup quality, green bean

physical characteristics, caffeine, trigonelline, and chlorogenic acid content traits (Figures 5.1–

3). In the Awada growing environment, genotypes were grouped into two main clusters (Figure

5.1).  The first  main  clusters  contained two genotypes,  namely,  Angafa,  which is  a  released

variety that maintains a spicy and floral flavor, and AW9648, the top-rated, promising selection.

These  two  genotypes  were  characterized  by  excellent  cup  quality  and  desirable  green  bean

physical characteristics. The second main cluster comprised 28 genotypes and was bifurcated

into two different sub-clusters. The first sub-cluster of the second main cluster consists of eleven

genotypes  (7412,  Feyate,  AW9640,  AW8806,  AW7494,  AW4994,  AW9644,  AW8105,

AW9662, AW3106, AW1777) that were characterized by good cup quality and desirable green

bean physical characteristics. The second sub-cluster of the second main cluster consisted of

seventeen coffee genotypes that were further subdivided into two sub-sub-clusters. The first sub-

sub-cluster of the second sub-cluster consisted of seven genotypes, namely, AW9641, AW9628,

AW4305, Aw9622, AW5994, AW1995, and AW105, which were characterized by average cup

quality.  The  second  sub-sub-cluster  consisted  of  10  coffee  genotypes,  namely,  AW9617,

AW9611, AW9610, AW9660, AW7705, AW695, AW9623, AW4083, AW9658, and AW12305,

which were characterized by poor cup quality (Figure 5.1).

In the Wonago growing condition, the genotypes were grouped into two clusters. The first main

cluster consisted of only one genotype, namely AW4305, which was characterized by its poor

quality. The second cluster was grouped into two sub-cluster. The first sub-cluster of the second

main cluster consisted of  only one genotype (AW9648),  which was characterized by its  top

quality. The second sub-cluster of the second main cluster was further grouped into two sub-sub-

clusters.  The first  sub-sub-cluster  of  the  second main  cluster  consisted  of  twenty  genotypes

(Angafa, Feyate, AW8105, AW9644, AW9623, AW4083, AW7494, AW7705, AW1995, 74112,

AW9617, AW9611, AW9610, AW9662, AW9641, AW9660, AW8806, AW9640, AW695, and

AW2305), which had good quality. The second sub-sub-cluster of the first main cluster consisted

of eight genotypes (AW9658, AW9628, AW9622, AW5994, AW3106, AW4994, AW105, and

AW1777) that had poor to moderately good quality (Figure 5.2). 
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The genotypes were clustered into two main clusters in the Shebedino growing environment. The

first main cluster was grouped into two sub-clusters. The first sub-cluster of the first main cluster

consisted  of  only  one  genotype,  AW9648,  which  is  characterized  by  its  top  quality  and  is

recommended as a superior genotype for quality improvement. The second sub-cluster of the

first main cluster consisted of seven genotypes, viz., Angafa, 74112, AW9640, Feyate, AW8806,

AW7494, and AW4994, which are categorized by their best quality. The second main cluster

was grouped into two sub-clusters. The first sub-cluster of the second main cluster consisted of

five genotypes (AW9628, AW9622, AW9641, AW5994, and AW4305),  whereas the second

sub-cluster  of  the  second  main  cluster  consisted  of  sixteen  genotypes  (AW9617,  AW9611,

AW9623,  AW9610,  AW7705,  AW695,  AW8105,  AW4083,  AW9660,  AW3106,  AW9662,

AW9644, AW9658, AW2305, AW1995, AW105, and AW1777) (Figure 5.3). Genetic variation

among coffee genotypes  and inconsistency in  the performance of  genotypes  when grown in

different  environments  might  contribute  to  the  occurrence  of  different  clusters  within  each

environment.  Therefore,  the breeding program should give due attention to those top quality

genotypes in their respective locations for quality improvement through crossing and selection in

south Ethiopia. 

Figure 5. 1 Cluster dendrogram describing variation among 30 genotypes of Arabica coffee
for quality traits at Awada
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Figure 5.  2 Cluster dendrogram describing variation among 30 genotypes of Arabica coffee for
quality traits at Wonago

 

 Figure  5.  3 Cluster dendrogram describing variation among 30 genotypes of  Arabica
coffee for quality traits at Shebedino
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5.4 Conclusion
The  present  study  confirmed  the  existence  of  significant  variation  among  south  Ethiopian

Arabica coffee genotypes, growing environments, and genotype by environment interaction for

physical  character,  cup  quality,  and  biochemical  composition  traits.  Therefore,  the  studied

genetic  resources  should  be  properly  utilized  in  the  quality  improvement  program  through

selection and hybridization for the emerging specialty coffee markets,  and the coffee quality

improvement  program should  give  due  attention  to  incorporating  genetic  and environmental

influences by using a multi-locational selection strategy. 

The overall coffee quality score for tested genotypes in three locations were above 80% for most

of the studied genotypes. Therefore, in terms of quality, most of the tested genotypes can be used

to produce specialty coffee in the study areas. Out of all tested genotypes in this study, AW9648

achieved the highest score in green bean physical attributes and cup quality parameters at all

three-tested locations. Therefore, AW9648 could be used as the best selection and best parent for

hybridization for South Ethiopian coffee quality improvement.

From the PCA, it may be concluded that important variables in the Arabica coffee genotype with

respect to bean physical, cup quality, and biochemical traits were caffeine, chlorogenic acid,

aromatic quality, trigonelline, acidity, astringency, flavor, and screen size. These variables might

be taken into consideration for the effective selection of parents. 
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CHAPTER SIX

6. Genetic Diversity and Population Structure of South Ethiopian Arabica Coffee 
[Coffea arabica L.] Genotypes Using ISSR Markers  

Abstract  
Arabica coffee is originated and diversfied in Ethiopia. Despite its considerable diversity, it was
not  much  utilized.  The  present  study  was  conducted  to  determine  the  genetic  diversity  and
population  structure  of  50  Arabica  coffee  genotypes  representing  five  populations  (Sidama,
Amarao, Jinka, Gujji, and Improved varities) using inter-simple sequence repeat markers. The
population under study produced 74 distinct bands. The number of private bands and the lowest
number of common bands (≤50%) were higher for improved variety, with the highest value of 8
and  6,  respectively.  The  band  frequency  varied  from  8.62%  (Gujji)  to  25.86%  (improved
varieties) with an average of 17.93%. The analysis of genetic diversity reveled that the number
of alleles per population, the number of effective alleles, shannon’s information index, observed
diversity, and unbiased diversity varied from 0.276 to 0.672, 1.063 to 1.149, 0.052 to 0.12, 0.036
to  0.082,  and  0.039  to  0.092,  with  averages  of  0.434,  1.101,  0.092,  0.061,  and  0.067,
respectively.  The  analysis  of  molecular  variance  (AMOVA)  also  revealed  the  presence  of
significant  genetic  variability,  with  the  highest  value  of  genetic  variation  found  among
populations (67%), whereas a low value of genetic variance was observed within populations
(33%).  The  first,  second,  and  third  axes  of  principal  coordinate  analysis  (PCA)  explained
19.45%, 14.73%, and 8.78% of genetic variation, respectively, with the explained total variation
of  42.96%.  Hierarchical  cluster  analysis  with  UPGMA  classified  the  genotypes  into  four
clusters: I, II, III and IV each of which consisted of 20% (10 genotypes), 28% (14 genotypes),
12% (6 genotypes), and 40% (20 genotypes), respectively. In the clustering analyses, genotypes
from the same populations were found to be clustered similarly. In conclusion, the analysis of
genetic  diversity  and population  structure  among South  Ethiopian Arabica  coffee  genotypes
using  ISSR  markers  revealed  the  presence  of  genetic  variation,  which  is  critical  for  the
conservation and improvement of this vital crop. In the future, it is important to conduct more
genetic variability studies utilizing high resolution markers and a broader range of accessions.

Keywords: Arabica Coffee, Genetic Polymorphism, Population Stracture, ISSR Markers 
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6.1 Introduction 
Coffea arabica is the only allotetraploid (2n=4x=44) and self-fertile species in the Coffea genus,

whereas  the rest  species  are  diploid,  highly self-incompatible  and allogamous (out  crossing)

(Lachenmeier, 2023). It is evergreen plant, which grows within the belt lies equidistant from the

equator (23.5° N) in the north and (23.5° S) in the south, typically in tropical regions of Africa,

Asia, Oceania, South America (Brazil and Colombia), Central America and Mexico (ICO, 2016).

It  is  the  most  important  agricultural  commodity  upon which  the  economy of  more  than  80

producer countries depend on (Bayetta, 2015) and a foreign currency earner. It plays a key role in

creating direct employment for 125 million people in worldwide (Fairtrade, 2022). It is a vital

and delightful beverage that is frequently drank due to its stimulatory effects, desirable aroma,

and flavor. Its beverage contains antioxidant phenols, which may provide health benefits such as

a lower risk of cancer, cardiovascular disease, diabetes, and Parkinson's disease (Higdon and

Frei, 2006; Nkondjock, 2009; Bøhn et al., 2012; Gökcen and Şanlier, 2019).    

Coffee  Arabica  has  enormous  economic,  tourism,  social,  and  cultural  value  in  Ethiopia

(Geremew et al., 2022). From smallholder coffee growers to coffee exporters, the coffee industry

provides employment and boost  economic growth (Muhie,  2022).  Coffee tourism allows the

tourists  to  explore the birthplace  of  coffee,  strongly connect  with the  country's  rich cultural

heritage, witness vibrant and ritualistic traditional coffee ceremonies, and drink the flavorsome

brews captured the world's attention (Woyesa & Kumar, 2021). The Ethiopian coffee ceremonies

bring  people  together;  promote  unity,  and create  a  sense  of  togetherness  among individuals

(Geremew et al., 2022).   

Ethiopia is the original homeland and center of genetic diversity of coffee Arabica  (Vavilov,

1941; Lashermes  et al  1996). Many different types of coffee trees can be found within small

areas (Yilma Y., 2017). Even though Arabica coffee has much important and it has high genetic

diversity, Ethiopian coffee improvement program is solely dependents on conventional breeding

approach and needed to be supplemented with modern molecular breeding techniques (EIAR,

2017; Benti, 2017). 
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The genetic diversity of Coffea arabica arises from its origin as an allotetraploid hybrid between

C. canephora and C. eugenioides, which introduced a novel genetic combination (Lashermes et

al., 1999). Although C. arabica is predominantly self-pollinating, significant variation persists,

especially in Ethiopia, maight be due to its outcrossing by insects and humanmade activities.

This diversity is maintained by natural selection across diverse agro-ecological zones, traditional

farming practices that promote seed propagation and genetic recombination, and long-term in

situ conservation by smallholder farmers (Tesfaye et al., 2007; Labouisse et al., 2008). Human-

mediated  selection  for  yield,  quality,  and  resilience  has  further  shaped  this  diversity  over

generations (Aga et al., 2005; Anthony et al., 2002). Despite the species’ narrow genetic base

compared to outcrossing crops, these combined factors contribute to the rich genetic variability

observed in Arabica coffee.

Conventional  coffee  breeding in  Ethiopia  was  started  in  1952 with  the  major  objectives  of

collection and conservation of coffee germplasm, development of cultivars that combine high

yield, disease resistance, improved cup quality, and wider environmental adaptable (Belachew,

1968). Since then, a number of achievements reported in germplasm collection and conservation,

development of high yielder and CBD resistant having good cup quality selections and heterotic

hybrids  varieties.  Despite  its  many merits,  conventional  coffee  breeding in  Ethiopia faced a

number of challenges. Firstly, it  takes long time (at least  21 years) to develop a new coffee

cultivar (Benti, 2017). Secondly, highly influenced by growing environmental factors (Adem et

al., 2020: Merga et al., 2021: Beksisa 2021; Merga 2022: Gebreselassie et al., 2024) and growth

stage of the plant (Weising et al., 2005). Thirdly, the coffee Arabica genetic diversity is low due

to its narrow genetic base associated with autogamy, evolutionary history, and domestication

(Anthony  et al., 2002;  Silvestrini  et al., 2007; Setotaw  et al, 2013; Meyer and Purugganan,

2013: Scalabrin et al, 2020; Weldemichael, 2023). Fourthly, phenotypically similar individuals

may be genetically distinct, which reduces the selective efficiency.

Use  of  molecular  markers  associated  with  important  traits  can  make  coffee  breeding  more

precise, rapid, allow the detection of variations in DNA level, overcome environmental factors

and growth stage of the plant, and probably cost effective in comparison to phenotypic selection

(Henry, 1997;  Ni et al., 2008; Sousa  et al, 2017). Some of the DNA based markers that have
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been extensively used in coffee genetic diversity studies includes Restriction Fragment Length

Polymorphism  (RFLP),  Amplified  Fragment  Length  Polymorphism  (AFLP),  Randomly

Amplified Polymorphic DNAs (RADP), Sequence-related Amplified Polymorphism (SRAP) and

Simple Sequence Repeats (SSR), single-nucleotide polymorphisms (SNPs) markers (Maluf et al,

2005; Mishra et al., 2011; Sousa et al., 2017; Oktavioni et al., 2020; Yan et al, 2020; Benti et al.,

2021). 

Inter Simple Sequence Repeat (ISSR) markers are widely used in assessing genetic diversity in

Coffea  arabica due  to  their  simplicity,  cost-effectiveness,  and  ability  to  generate  high

polymorphism without  prior genomic information (Raina  et  al.,  2011).  They are particularly

useful  for  identifying  genetic  variation,  evaluating  population  structure,  and  fingerprinting

cultivars (Raina et al., 2011). However, ISSRs are dominant markers, meaning they only reveal

the presence or absence of bands and cannot distinguish between homozygous and heterozygous

loci,  which limits their  effectiveness for detailed heterozygosity or allelic  frequency analysis

(Zietkiewicz  et al.,1994). This contrasts with co-dominant markers like SSRs or SNPs, which

provide  more  detailed  genetic  information  and  are  preferred  for  studies  requiring  precise

genotypic data. Despite this limitation, ISSRs have been effectively applied in Arabica coffee

diversity studies (Aga  et al., 2005; Benti  et al., 2020), and combining them with co-dominant

markers is often recommended for comprehensive genetic analysis (Powell et al., 1996; Raina et

al.,  2001;  Selvakumar  et  al.,  2010;  Alkimim et  al.,  2020).  Due to  shortage of  budget  ISSR

marker is used in this study and feture research will be expected co-dominat markers. 

Eeventho many studies were conducted on Arabica coffee genetic diversity, the coffee genetic

study program, particularly the south Ethiopian coffee populations, has not benefited a lot from

the development  of the recent  molecular markers.  Because of this,  little is known about  the

genetic structure and pattern of south Ethiopian coffee (EIAR, 2017), which in turn has limited

the use of its diverse gene pool in the improvement program (EIAR, 2017). Accordingly, the

present study was conducted estimate the genetic diversity and population genetic structure of

South Ethiopian coffee Arabica genotypes for successful conservation of genetic resources for

future improvement using ISSR markers.  
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6.2 Materials and methods

6.2.1 Plant Material 
The study employed fifty Arabica coffee genotypes that were collected from four growing zones

(Sidama,  Gujji,  Amaro,  Jinka)  and  improved  varieties  (Table  6.1).  The  coffee  trees  of  the

genotypes were  ex-situ conserved at  the field gen bank of Awada Agricultural  research sub-

center, Ethiopia. 

Table 6.  1  Description of Arabica coffee germplasm used for molecular genetic diversity
study 

Acc. Population Region Loction Specific location Altitude Mainainer
Ak-4 Gujji Oromiya Dole Mendere 1746 AARSC/EIAR
Ak-5 Gujji Oromiya Dole Mendere 1741 AARSC/EIAR
Ak-6 Gujji Oromiya Dole Akoku 1755 AARSC/EIAR
Ak-10 Gujji Oromiya Obadola kumina 1698 AARSC/EIAR
Ak-12 Gujji Oromiya Obadola kumina 1720 AARSC/EIAR
Ak-13 Gujji Oromiya Obadola kumina 1709 AARSC/EIAR
Ak-23 Gujji Oromiya Chembe keca eba 1655 AARSC/EIAR
Ak-25 Gujji Oromiya Dida guda rohe 1519 AARSC/EIAR
Ak-27 Gujji Oromiya Chembe keca eba 1563 AARSC/EIAR
Ak-23 Gujji Oromiya Qebesa Sageji Ela Bedessa 1962 AARSC/EIAR
Ak-9 Amaro South Ethiopia Golbe Golbe 1880 AARSC/EIAR
Ak-10 Amaro South Ethiopia Golbe Golbe 1880 AARSC/EIAR
Ak-16 Amaro South Ethiopia Kerma Dogodo-2 1660 AARSC/EIAR
Ak-23 Amaro South Ethiopia Danobulto Shashe 1500 AARSC/EIAR
Ak-37 Amaro South Ethiopia Kele town Kele-02 1600 AARSC/EIAR
Ak-38 Amaro South Ethiopia Kele town Kele 1600 AARSC/EIAR
Ak-44 Amaro South Ethiopia Sharo Angushi 1600 AARSC/EIAR
Ak 47 Amaro South Ethiopia Darba mane na 1700 AARSC/EIAR
Ak 52 Amaro South Ethiopia Tifata Tsilalo omo 1680 AARSC/EIAR
Ak 57 Amaro South Ethiopia Tifata Abetu kotsare 1700 AARSC/EIAR
Ak-1 Gamogofa South Ethiopia Genamer Woyiki 1640 AARSC/EIAR
AK-5 Gamogofa South Ethiopia Genamer Genamer 1600 AARSC/EIAR
AK-8 Gamogofa South Ethiopia Tolta Tolta 1630 AARSC/EIAR
AK-14 Gamogofa South Ethiopia Metser Zelet 1643 AARSC/EIAR
AK-42 Gamogofa South Ethiopia Alga Wozader 1500 AARSC/EIAR
AK-43 Gamogofa South Ethiopia Koibe Alkaido 1390 AARSC/EIAR
AK-58 Gamogofa South Ethiopia Banata Meso 1400 AARSC/EIAR
AK-59 Gamogofa South Ethiopia Aykamer Beso 1400 AARSC/EIAR
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AK-61 Gamogofa South Ethiopia Aykamer Beso 1400 AARSC/EIAR
AK63 Gamogofa South Ethiopia Aykamer Beso 1450 TARC/EIAR
Aw-31 Sidama Sidama Dara Aleme Kancha 1800 AARSC/EIAR
Aw-79 Sidama Sidama Bensa Hedamo 1800 TARC/EIAR
AK-77 Sidama Sidama Dale Loya 1750 ARC/EIAR
AK-43 Sidama Sidama Chicho Bedecha 1830 AARSC/EIAR
AK-53 Sidama Sidama Debeka Gerari 1770 MARSC
AK-14 Sidama Sidama Weto Metero 1800 JARC/EIAR
AK-91 Sidama Sidama Mamena Gona 1760 JARC/EIAR
AK-121 Sidama Sidama Bedelicho Bedelicha 1980 JARC/EIAR
AK-123 Sidama Sidama Bedelicho Bedelicha 1800 JARC/EIAR
AK-122 Sidama Sidama Foka Kisho 1770  AARSC/EIAR
Koti Improved Variety AARSC/EIAR
74112 Improved Variety JARC/EIAR
Angafa Improved Variety AARSC/EIAR
CH-1 Improved Variety AARSC/EIAR
Rori Improved Variety AARSC/EIAR
Mechara-
1 Improved Variety MARSC
J-19 Improved Variety TARC/EIAR
J-21 Improved Variety TARC/EIAR
74140 Improved Variety AARSC/EIAR
74110 Improved Variety JARC/EIAR
Harussa Improved Variety JARC/EIAR
Dessu Improved Variety JARC/EIAR
Gesha Improved Variety JARC/EIAR
Mocha Improved Variety MARSC
75227 Improved Variety JARC/EIAR
Odicha Improved Variety AARSC/EIAR

JARC  =Jimma  Agricultural  Research  Center;  EIAR=Ethiopian  Institute  of  Agricultural
Research; AARSC=Awada Agricultural Research Center; TARC= Tepi Agricultural Research
Center; MARSC= Mechara Agricultural Research Center

6.2.2 Sample collection 
Young and healthy  leaf  samples  were  collected  from growing tips  of  a  single  tree  of  each

genotype using Eppendorf tube. Four discs leaf samples were directly placed in to an Eppendorf

tube,  and  transported  to  a  molecular  laboratory  of  South  Agricultural  Research  Institute,

Hawassa, Ethiopia and stored under refrigerator until DNA extraction was done.
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6.2.3 DNA Extraction  
The  genomic  DNA  extraction  of  coffee  samples  was  performed  using  a  modified

cetyltrimethylammonium bromide (CTAB) protocol (Schenk et al., 2023). The leaf samples were

crushed  using  a  plastic  micro  pestle  and  400ul  of  CTAB  buffer  added  to  the  Eppendorf

containing the crushed samples and vortex for 10 seconds before incubating under a water bath

at 60°C for 30 minutes. The solution was incubated in a water bath at 60°C for 30 minutes.

During  the  incubation  process  the  solution  was  homogenized  every  10  minutes.  Following

incubation,  60ul  of chloroform-isoamyl alcohol  was added to the mixture and centrifuged at

10,000 rpm for 5 minutes. The supernatant was transferred to a new Eppendorf tube and the

chloroform isoamyl alcohol step was repeated and centrifuged again at 10,000 rpm for 5 minutes.

Stages using chloroform isoamyl alcohol were performed three times to separate DNA from

proteins, polysaccharides, and other impurity compounds.

The supernatant was transferred to a new 1.5 mLtube and cold isopropanol was added to 2/3 of

the supernatant. The solution was homogenized and incubated at -25°C for 30 minutes. The

solution was then centrifuged at 10,000 rpm for 5 minutes to form a pellet and supernatant. The

pellet containing DNA was washed three times using 70% ethanol and centrifuged at 10,000 rpm

for 5 minutes. The DNA pellet was re-suspended with TE-RNase and stored at -25°C. The DNA

quantity and purity was measured by both a nano spectrophotometer (IMPLENNP80) and gel

electrophoresis. The concentration (ng/μL) and purity of DNA was observed by nanophotometer

at A260/A280. The quality of extracted DNA was observed on a 1% agarose gel. DNA was

visualized under UV light using gel documentation (UVITEC).
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Figure 6. 1 Sample picture of visualized DNA quality using gel electrophoresis 

6.2.4 PCR amplification with ISSR primers
The  polymerase  chain  reactions  (PCR)  were  performed  to  investigate  the  suitability  of  the

extracted DNA for amplification. The PCR reaction was carried out using 1µg of primer, 1.5µg

of template DNA, and 10.5µl of H2O (grade), for a total volume of 13µl. The amplifications were

carried out for 35 cycles of 96 °C for 3 minutes, 96 °C for 30 seconds, 49 °C for 30 seconds,

72°C for 30 seconds, followed by a final extension step of 72 °C for 5 min (Segarra-Moragues

and Gleiser, 2009). The amplified DNA products were loaded in agarose gel. Gel electrophoresis

was carried out on a 1.2% agarose gel in 100 ml of 1× TAE buffer at 80 volts for 90 minutes.

Amplified products were visualized using gel documentation system. A total of 9 universal ISSR

primers were used to determine the molecular diversity of the genotypes under examination; of

which 4 primers showed high percentage of polymorphism (Table 6. 2).
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Table 6. 2 List of ISSR primers used in this study 

Sample No ISSR primers name Primer Sequences Length of (bp) Annealing T (0C)

1 UBC825 (AC)8T 17 52
2 UBC826 (AC)8C 17 47
3 UBC842 (GA)8CG 18 52
4 UBC854 (TC)8RG 18 49
5 UBC835 (AG) 8 YC 18 48
6 UBC868 (GAA)6 18 55
7 UBC879 (CTTCA)3 15 51
8 UBC888 BDB(CA)7 17 52
9 UBC889 DBD(AC)7 17 48

The reproducible profiles with template DNA’s are detailed below; B = (C, G, T), i.e., not A; D 
= (A, G, T), i.e., not C; R = (A, G), Y= (C, T); UBC = University of British Colombia, Canada

6.2.5 Agarose gel analysis and ISSR Data Scoring
The  integrity  of  DNA was  judged  by  agarose  gel  analysis  using  the  following steps:  0.8%

agarose gel  was prepared in  100ml 1X TBE (Tris-borate  EDTA) buffer  containing 2.5µl  of

ethidium bromide. The gel was cast  in the tray and allowed to solidify until  the wells were

properly formed. 20 μl of DNA samples along with 5µ| a DNA ladder were individually loaded

into each well after mixing them with a drop of gel tracking dye. The gel was run at 80 V for 90

minutes. After the gel was run to about 3/4th of the tray, the gel was removed from the cast and

visualized under UV light. The presence of a single compact band at the corresponding band of

the DNA ladder indicates that the DNA isolated is of high molecular weight. 

Data Analysis

6.2.6 Statistical Analysis  
Among  the  tested  nine  ISSR markers  data  only  four  polymorphic  molecular  markers  were

considered and fragments were scored based on a binary scoring matrix for the presence (1) or

absence  (0)  visually  based  on the  presence  and absence  of  bands.  Number  of  alleles  (Na),

number of effective allele (Ne), observed (Ho) and expected (He) heterozygosity,  Shannon’s

information index (I), Diversity (h), Unbiased Diversity (uh), Band Frequency (p), No. Bands,
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No. Bands Freq. >= 5%, No. Private Bands, No. LComm Bands (<=25%), and No. LComm

Bands  (<=50%)  as  well  as  analysis  of  molecular  variance  (AMOVA)  were  computed  with

GenAlExver.6.503 software (Peakall and Smouse, 2016). 

Cluster  analysis  was  carried  out  using  DARwin  software  version  6.0.021  (Perrier  and

Jacquemoud-Collet, 2006). A dendrogram was generated based on the dissimilarity matrix as

input data to visualize pattern of cluster within and among the genotypes. Principal coordinate

analysis (PCoA) was computed by GenAlex version 6.503 software (Peakall and Smouse, 2016).
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6.3 RESULTS AND DISCUSSIONS  

6.3.1 ISSR Analysis 
Among the nine ISSR primers included in this study, the four universal primers, UBC 826, UBC

835, UBC 842, and UBC 889, provided a clearly amplified product and conspicuous banding

pattern whereas the remaining primers were considered unsuitable due to poor amplification. The

four ISSR markers are efficient in estimating the genetic diversity of coffee Arabica genotypes.

The ISSR markers have been also applied to characterize coffee germplasm in Ethiopia (Aga,

2005; Tesfaye, 2006; Belami, 2007; Tadele, 2012).  

Figure 6.  2 Sample picture of banding pattern of UBC835 and UBC842 primers on improved
varities.  

6.3.2 Polymorphism of ISSR and Genetic diversity  
The 4 ISSR markers used in this study detected 74 different bands with a frequency >= 5% for

Gujji, Amaro, Jinka, Improved variety, and Sidama collections (Fig. 6. 3). The number of private

bands  (unique  alleles)  was  higher  for  improved  variety  and  Sidama  collection  8  and  4

respectively. Private bands (unique alleles) are genetic variants found exclusively within a single

population,  not present in other populations being analyzed (Szpiech  et al., 2011).  It  can be
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crucial for a species' long-term survival and adaptation to changing environments. They might

carry genes that confer resistance to new diseases, tolerance to drought, or other beneficial traits

that are not found in the more common alleles (Govindaraj et al., 2015; Maruki et al., 2022). A

high number of private bands among improved variety and Sidama collection suggests that the

presence  of  many  rare  and  unique  alleles  within  the  improved  variety  and  Sidama  coffee

population being studied. Accordingly, improved variety and Sidama coffee populations with a

high number of private alleles are considered particularly important for conservation efforts. 

Improved variety and Sidama collection were found to show highest value of the lowest number

of  common bands (≤50%),  6  and 5 respectively,  whereas  the  other  populations  showed the

lowest value (1) (Fig 6.3). Common bands refer to alleles that are present at a high frequency

across the entire sample set of populations being analyzed. They are alleles that are widespread

within the population. The highest value of lowest number of common bands suggests a higher

overall genetic diversity, presence of many rare alleles, reduced impact of selection bottlenecks,

and heterogeneous population structure (Raychaudhuri, 2011; Kanaka et al., 2023). Accordingly,

improved variety and Sidama collection having highest  value of  lowest  number of  common

bands points to a more diverse and less homogenous coffee population, with a greater presence

of rare or less frequent alleles. 

Band frequency varied  from 8.62% (Gujji)  to  25.86% (Improved varieties)  with  average  of

17.93% (Table  6.3).  The  observed  high  band  frequency  for  improved  varities  indicates  the

presence of higher genetic diversity and a wider range of allele combinations among improved

varities  than  the  other  populations.  The  detected  polymorphic  band  in  this  investigation  is

relatively low as compared to Aga  et al., (2003), Mishra  et al., (2018) and Bidyananda  et al.,

(2024) report; where as high as compered to Gichuru (2012), and Panaligan et al., (2020). Even

though the genetic variability of Arabica coffee has been low due to the narrow genetic basis and

self-fertile nature of the species, the existed genetic variation among the studied population is a

promising  result  for  coffee  improvement  program  through  selection  of  parental  lines  and

hybridization. 
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Figure 6. 3 Band patterns across populations 
Where; No. Bands = No. of Different Bands; No. Bands Freq. >= 5% = No. of Different Bands
with a Frequency >= 5%; No. Private Bands = No. of Bands Unique to a Single Population; No.
LComm Bands (<=25%) = No. of Locally Common Bands (Freq. >= 5%) Found in 25% or
Fewer Populations; No. LComm Bands (<=50%) = No. of Locally Common Bands (Freq. >=
5%) Found in 50% or Fewer Populations; h = Diversity = 1 - (p^2 + q^2)

The  number  of  alleles  per  populations  (Na)  varied  from  0.276  (Gujji)  to  0.672  (improved

varieties) with an average of 0.434 (Table 6.3). Number of effective alleles (Ne) varied from

1.063 (Gujji) to 1.149 (Jinka). Shannon’s information index (I) varied from 0.052 (Gujji) to 0.12

(Sidama). Likewise, observed diversity (h) varied among populations from 0.036 (Gujji) to 0.082

(Jinka) with an average value of 0.061. On the other side, unbiased diversity (hu) ranged from

0.039 (Gujji) to 0.092 (Jinka) (Table 6.3). Based on Ne, I, h, and hu values, Jinka and Sidama

population showed relatively high level of genetic diversity, whereas the results for the genetic

diversity in Gujji and Amaro were convergent. 
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Table 6. 3 Genetic parameter estimates based on ISSR Marker among collection regions.  

Population
No. of

genotypes Na Ne I h uh %P

Gujji 10 0.276 1.063 0.052 0.036 0.039 8.62%
Amaro 10 0.345 1.07 0.065 0.043 0.048 12.07%
Jinka 10 0.397 1.149 0.118 0.082 0.092 18.97%
Improved variety 10 0.672 1.095 0.105 0.064 0.071 25.86%
Sidama 10 0.483 1.129 0.12 0.079 0.087 24.14%
Grand Mean 10 0.434 1.101 0.092 0.061 0.067 17.93%
Sum 50 2.173 5.506 0.46 0.304 0.337 89.66%

Where:- Na= number of allele; Ne=number of effective allele;  I= Shannon’s information index;
h = Diversity = 1 - (p^2 + q^2); uh = Unbiased Diversity = (N / (N-1)) * h; p = Percent of
polymorphic loci  

6.3.3 Analysis of molecular variance
Analysis of molecular variance (AMOVA) partitioned the total genetic variation into among and

within populations (Table 6.4). Of the total genetic variation, 67% of variation was attributed to

the  variability  among  populations  and  33%  accounted  for  variability  within  populations,

indicating that the genetic variation among populations contributed more to genetic diversity

(Table 6.4). The result is in agreement with previous works by Aga (2005) who reported that most

of the variability was observed between populations than within populations. However, Tesfaye

(2006),  Belami  (2007),  and Geleta  et  al.,  (2012)  reported  the  higher  proportion  of  genetic

diversity was observed within the population rather than between populations.  

Table 6. 4 Analysis of molecular variance between population of Arabica coffee genotypes 

Sources of variation Df SS MS

Estimated 

variance

Percentage of 

variation

Among populations  4  165.240  41.310  3.935**  67%
Within populations 45 88.000 1.956 1.956** 33%
Total  49  253.240  5.891  100%

df=degree of freedom; SS=sum of square; MS=mean square 
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6.3.4 Principal Component Analysis  
The  principal  coordinate  analysis  (PCoA)  generated  by  using  genetic  distance  showed  the

presence of weak population structure and explained 42.96% of the cumulative variation (Figure

6.4). The first, second and third axis explained 19.45%, 14.73%, and 8.78% of the total genetic

variation, respectively. As it is observed in two-dimensional plot of PCoA, genotypes collected

from the  same  population  often  grouped  together,  and  genotypes  from different  population

differently (Figure 6.5). In both analyses, there was no definite clustering of populations, and

showed consistent pattern of genetic relationship and differentiation among the accessions. This

suggests gene flow or shared ancestry among populations, consistent with a weakly structured

but genetically diverse population. 
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Figure 6. 4 Variance explained by principla component analysis
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Figure  6.  5 Principal  coordinates  analysis  (PCoA) bi-plot  showing the clustering pattern of 50
Arabica coffee genotypes from five populations based on 4 ISSR marker.

To  infer  in  the  genetic  structure  of  the  populations,  a  discriminate  analysis  of  principal

component (DAPC) analysis was conducted using the 40 accessions and 10 improved varities.

The DAPC analysis revealed five genetic clusters and four discriminant eigenvalues (Figure 6.6).

Each of these clusters corresponded with genotypes derived from population collected from each

collection  regions.   The  DAPC  identified  five  genetic  clusters,  with  four  discriminant

eigenvalues capturing between-group variation. These clusters generally aligned with regional

origins, providing further insight into the underlying genetic structure shaped by geographic and

environmental factors.
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Figure 6.  6 Discriminant analysis of principal components (DAPC) for the 50 arabica coffee  genotypes. Dots represent
individuals whereas colours denoting sampling origin.  

6.3.5 Cluster analysis
The cluster analysis based UPGMA method grouped the 40 Arabica coffee accessions and 10

improved varities into four major clusters, indicating the presence of significant genetic diversity

among them (Figure  6.7).  Cluster  I  consisted 10 genotypes  (20%),  suggesting  a  moderately

distinct  group with shared genetic  characteristics.  Cluster  II  comprised 14 genotypes  (28%),

representing the second-largest cluster, possibly reflecting a group with closer genetic similarity.

Cluster III was the smallest with 6 genotypes (12%), implying a more genetically distinct or less

common group of genotypes that might possess unique traits. Cluster IV, the largest group with

20 genotypes (40%), likely includes more genetically related genotypes. The formation of these

distinct clusters and sub-groups suggests a wide range of genetic variation within the Arabica

coffee genotypes studied.  

The clustering  of  accessions  and improved varieties  into  four  distinct  groups  has  important

implications for breeding. It highlights the presence of significant genetic diversity, which can be

exploited to select genetically distant parents for crossing, thereby enhancing hybrid vigor and
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trait improvement. The smaller and more distinct Cluster III may harbor unique alleles valuable

for  introducing  novel  traits.  The  grouping  also  suggests  potential  adaptation  to  specific

environments,  guiding  breeders  in  developing  varieties  suited  to  diverse  agro-ecologies.

Moreover,  understanding  the  genetic  structure  helps  in  conserving  valuable  germplasm and

avoiding redundancy in breeding programs, ultimately supporting the development of improved,

resilient, and high-performing coffee cultivars.
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Figure 6.  7 UPGMA dendrogram representing the genetic relationships among the indicated
Arabica coffee genotypes. 

6.4 Summery and Conclusion 
Genetic  diversity  analysis  of  50  arabica  coffee  genotypes  using 4 SSR markers  showed the

presence of genetic vdiversity among genotypes. The different diversity indices obtained in this

study showed that the ISSR markers used were efficient and informative for Ethiopian Arabica

coffee diversity study. High level of genetic diversity among population of Jinka and Sidama

was identified; suggesting that the germplasm has enormous opportunity in the improvement

program through direct selection. The analysis of molecular variance (AMOVA) revealed the
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presence of significant genetic variability; with diversities mainly distributed among populations.

The generated UPGMA dendrogram along with PCoA confirmed the result from AMOVA. The

findings  indicate  a  moderate  level  of  genetic  diversity  within  and  among  populations,

highlighting  the  necessity  for  conservation  measures  to  preserve  unique  genotypes  that  are

crucial for sustainable coffee production. In these population clustering analyses, genotypes from

the same populations were found to be clustered similarly and vise-versa. 

Although ISSR markers utilized and proved useful genetic diversity information in this study, it

is  limited  due  to  its  dominant,  lower  reproducibility,  and  difficulty  in  pinpointing  specific

genomic locations. Therefore, it is strongly recommended that future studies adopt co-dominant

marker  systems  such  as  SSR  (Simple  Sequence  Repeats)  or  SNP  (Single  Nucleotide

Polymorphisms),  which  are  a  co-dominant,  highly  reproducible,  and  can  provide  precise

information  about  gene  locations,  enabling  more  effective  association  mapping  and  gene

discovery for south Ethiopian coffee yield and quality traits in future research.

While  this  study  provided  useful  information  on  genetic  diversity,  it  lacks  the  resolution

necessary to pinpoint specific genes influencing important agronomic traits to facilitate a more

direct and efficient link between phenotypes and genotypes. Therefore, I strongly recommend a

transition to association studies breeding strategies to link phenotypes with genotypes for yield

and quality improvement of coffee in south Ethiopia. The association study will facilitate the

identification of candidate genes underlying important agronomic traits.
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7. General Summery, Conclusion and Recommendations 

7.1 Summery and Conclusion 
Coffee is a well-known pillar of the Ethiopian economy, covering an average of 32% of the total

government's export revenue, 35% of agricultural export share, and provides livelihoods to about

25 million smallholder farmers and other actors directly or indirectly. In addition to economic

importance, it is also the defining feature and sphere of Ethiopian culture, politics, social life,

and identity.  Despite  the  importance of  coffee in  Ethiopia’s  economy,  the presence of  huge

genetic resources, a favorable climate, and soil types for coffee production and productivity, the

crop yield is by far very low as compared to the yield recorded in Vietnam (2.4 ton/ha), Brazil

(1.4 ton/ha), Colombia (0.9 ton/ha), and the world average (0.8 ton/ha). Of the many reasons,

lack of yield compitative improved variety is one of the major challenges for low prodctivity. On

the  other  side,  the  little  information  was  generated  for  wider  adaptability  and  stability,

morphological, biochemical, and molecular diversity among South Ethiopian genotypes. Thus,

these  studies  were  conducted  to  investigate  the  morphological,  biochemical,  and  molecular

diversity and their association with the yield and quality of coffee genotypes in the Ethiopian

growing  environment. The  objectives  of  the  study  were  to  characterize  and  evaluate  south

Ethiopian  coffee  genotypes  based  on  qualitative  and  quantitative  agro-morphology  traits,  to

determine  the GEI on coffee bean yield and identify the stable  genotypes  that  exhibit  wide

adaptation across the diverse agroecologies of south Ethiopia, to investigate biochemical and cup

quality variability among south Ethiopian coffee genotype, and to analyze the genetic diversity

and population structure of South Ethiopian coffee genotypes using ISSR markers.    

Five studies were conducted to investigate morphological, biochemical and genetic diversity and

their associations with yield and quality of coffee genotypes. The first two studies were designed

to characterized 17 coffee genotypes consisting fourteen promising selection and three released

varieties for qualitative and quantitative agro-morphological traits in Southwest Ethiopia using

RCBD with three replications. In the third study, 17 coffee genotypes were evaluated in twelve

environments in south Ethiopia to analyze the extent of genotype by environment interaction

(GEI) effect on Arabica coffee yield and to identify the stable yielding genotypes. In the fourth

experiment, variability in physical and cup quality as well as biochemical composition of 30
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coffee genotypes (the 17 used for characterization and 13 additional promising selections from

Awada subcenter) was analyzed. The fivth activity was carried out to analyze genetic diversity of

the  50 coffee  genotypes  collected from Sidama,  Gujji,  Amaro,  and Jinka  areas  of  Southern

Ethiopia using 4 Inter Simple Sequence Repeat Markers at Hawassa Biotechnology Research

molecular laboratory.    

The characterization of Arabica coffee genotypes for qualitative traits displayed a wide range of

phenotypic  variation,  with  the  Shannon-Weaver  diversity  index  ranging  from  0.22  (least

polymorphic)  to  1.12  (most  polymorphic)  and an  overall  mean of  0.67.  The chi-square test

revealed significant differences for the tarits of branching habit, stipule shape, young leaf colour,

leaf shape, leaf apex shape, leaf petiole colour, young shoot colour, overall appearance, canopy

diameter, fruit colour, fruit shape, pulp thickness, seed shape, suggesting dominant phenotypic

variation among the evaluated traits. Path coefficient analysis showed a positive direct effect of

angle of insertion of primary branches, canopy diameter, overall appearance, and leaf apex shape

on  branching  habit.  From the  PCA,  important  variables  in  coffee  genotype  with  respect  to

qualitative morphological characters were leaf shape, leaf apex shape, canopy diameter, overall

appearance, angle of insertion of primary branches, plant height, branching habit, pulp thickness,

and young leaf color. 

The genotypes were classified into five groups based on the results of the qualitative phenotypic

cluster  analysis.  Cluster-V  had  the  maximum  number  of  genotypes  (41.18%),  followed  by

cluster-III (35.29%), and cluster-IV (11.76%). 74112 is the only variety found in cluster I and

this genotype had a chance to develop hybrid vigor through crossing diverged parents found in

different  clusters.  The  pairwise  generalized  squared  distance  among  the  clusters  showed

significant divergence between the clusters. Accordingly, the maximum genetic recombination

and higher heterotic F1 offspring are expected from crosses involving parents selected from

clusters  1  genotype  74112  and  clusters  5  genotype  AW1777,  Feyate,  AW7494,  AW105,

AW9628, Angafa, AW9662.  

The analysis of variance for quantitative morphological characters revealed significant variation

among genotypes, environments, and GEI for the traits of number of primary-branches, fruit

length, fruit width, fruit thickness, empty fruit rate, fruit filling coefficient, seed length, seed
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width, seed thickness, and yield. Mean performance analysis confirmed the presence of superior

selection over the released check varieties for bean yield. The presence of variability among the

genotypes  reveals  that  there  is  a  good chance  of  improving south  Ethiopian  coffee  through

selection  and hybridization.  The combined analysis  of  variance  showed significant  variation

among genotypes and locations for most of the studied quantitative traits and GxE interaction for

bean yield, fruit length, number of primary-branches, fruit thickness, fruit width, empty fruit rate,

fruit filling coefficient, seed width, seed length, and seed thickness. The presence of significant

GxE interaction indicated the inconsistency in  performance of  the genotypes for  those traits

across environments. 

The estimation of genotypic, phenotypic, and environmental coefficients of variance showed a

wider range of variation for the studied quantitative traits. The phenotypic variance was higher

than the genotypic variance for the characters studied, suggesting a substantial influence of the

environment besides the genetic variation on the expression of these traits. High-to-moderate

GCV and PCV values were observed for the traits of fruit filling coefficient, height up to the first

primary, bean yield, plant height, canopy diameter, number of secondary-branches, length of the

longest primary, and leaf petiole length, and these traits can provide a high chance for effective

selection.  Moderately  high  to  very  high  heritability,  along  with  moderate  to  high  expected

genetic advance as a percent of the mean, was observed for bean yield, length of longest primary

branch,  stem girth,  number of  secondary branches,  canopy diameter,  leaf  length,  number of

primary branches,  leaf  petiole  length,  leaf  width,  single  berry  weight,  height  up to  the first

primary, inflorescence stalk length, stamen stalk length, and seed width. Therefore, selection in

the next generation based on these characters would be effective.

The correlation coefficient analysis revealed positive associations for most of the studied agro-

morphological characters among themselves and with yield in ton ha-1 showing the possibility of

indirect selection in the yield improvement program. Genotypic path coefficient analysis showed

a positive direct  effect  of  11 characters (number of  secondary branches,  number of  primary

branches, leaf length, length of longest primary branch, leaf width, inter node length on longest

primary branch, canopy diameter, seed length, single berry weight, stem girth, and stamen stalk

length) on yield, indicating the significance of these traits for direct selection to increase coffee
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yield ton ha-1. The number of primary branches exerted the highest positive direct effect on bean

yield and a positive indirect effect on all significantly associated traits except internode length,

main-stem leaf width, and single berry weight. Therefore, direct selection using the number of

primary  branches  would  be  advisable  for  the  improvement  of  coffee  yield.  Cluster  analysis

grouped genotypes into two main clusters and four sub-clusters. From the principal component

analysis result, the most important traits contributing more to the variation were yield, number of

primary branches, inter-node length on the main stem, number of secondary branches, length of

the longest primary, inter-node length on the longest primary, leaf width, leaf length, fruit length,

fruit width, single berry weight, and seed thickness. As a result, the aforementioned traits must

be considered for effective parent selection in the coffee genotype. The result confirmed the

existence of sufficient diversity among quantitative agro-morphological traits in south Ethiopian

coffee  genotypes,  which  could  make  it  possible  to  increase  the  yield  potential  of  coffee

genotypes under south Ethiopian specialty growing conditions.

The study of genotype by environment interaction and stability analysis using AMMI and GGE-

Biplot models revealed the existence of highly significant variation among coffee genotypes,

environments, and GEI for coffee bean yield performance tested across different environments

and seasons. The existence of significant variation confirmed the presence of variability in the

inherent genetic make-up among the tested coffee genotypes, differences in climatic and edaphic

conditions at different testing environments, and the differential response of tested genotypes

across environments for the bean yield trait. The main proportion of the total difference in bean

yield was explained by environmental factors (71.74%), followed by GEI (17.52%), indicating

that the environment is the most important factor influencing the coffee bean yield performance

in Ethiopia. As a result, testing genotypes in various environments prior to deciding on a variety

to use in a larger agroecology is an important task for coffee breeders.

The multivariate analysis methods used in this study to explore GEI effects were analysis of

variance,  AMMI,  and GGE-biplots analysis.  Each method provided essential  information on

interaction structuring in a different manner but was complementary, thereby making them all

useful. Furthermore, using multiple models is helpful to increase the reliability of genotypes’

stability potential across different environments.

176



According to the AMMI biplot, E7, E1, E5, E3, and E11 were identified as high-yielding and

favorable environments, whereas E12, E6, E10, E9, E4, E2, and E8 were the lower-yielding and

unfavorable environments.  From the high-yielding environments,  E3, E11, and E7 tended to

have the highest contributions to GEI. Likewise, the high-yielding genotypes that produce above-

average means are G7, G5, G14, G15, G16, G12, G11, and G13, which are suited to the right

side of the abscissa, whereas the low-yielding genotypes are G4, G3, G10, G8, G9, and G6.

Among the high-yielding genotypes, G14, G5, and G16 were found to be more stable, whereas

G13 and G7 were highly unstable.

The which-won-where polygon view of the GGE-biplot was formed by connecting seven vertex

genotypes, viz., G13, G12, G5, G7, G4, G10, and G9. It partitions the twelve environments into

five different coffee-growing mega-environments with different winning genotypes. According

to  the  GGE-biplot  model,  E1  and  E5  environments  were  the  most  representative  and

discriminative of the genotypes, whereas E6, E12, E10, E9, and E8 environments provided little

information about the genotypes differences. In this model, G5 and G16 were both high-yielding,

stable genotypes and therefore considered for further breeding programs. In general, this study

showed that it could be possible to increase the yield potential of coffee genotypes under its

growing conditions either by using more widely adaptable coffee types or location-specific high-

yielding genotypes under favorable environmental conditions. 

The  analysis  of  variance  for  physical  characteristics,  cup  quality,  and  biochemical  content

characters revealed the existence of statistically significant variation among genotype, location,

and GEI effects for all studied traits. Therefore, the studied genetic resources should be properly

utilized  in  the  quality  improvement  program  through  selection  and  hybridization  for  the

emerging specialty coffee markets, and the coffee quality improvement program should give due

attention  to  incorporating  genetic  and  environmental  influences  by  using  a  multi-locational

selection strategy. 

The overall coffee quality score for tested genotypes in three locations were above 80% for most

of the studied genotypes. Therefore, in terms of quality, most of the tested genotypes can be used

to produce specialty coffee in the study areas. Out of all tested genotypes in this study, AW9648

achieved the highest score in green bean physical attributes and cup quality parameters at all
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three-tested locations. Therefore, AW9648 could be used as the best selection and best parent for

hybridization for South Ethiopian coffee quality improvement.

From the PCA, it may be concluded that important variables in the coffee genotype with respect

to bean physical, cup quality, and biochemical traits were caffeine, chlorogenic acid, aromatic

quality, trigonelline, acidity, astringency, flavor, and screen size. These variables might be taken

into consideration for the effective selection of parents. 

Genetic diversity analysis of 50 coffee genotypes using 4 SSR markers showed the presence of

genetic  variability  among  genotypes.  The  different  diversity  indices  obtained  in  this  study

showed that the ISSR markers used were efficient and informative for Ethiopian Arabica coffee

diversity  study.  High  level  of  genetic  diversity  among  population  Jinka  and  Sidama  was

identified; suggesting that the germplasm has enormous opportunity in the improvement program

through direct selection. The analysis of molecular variance revealed the presence of significant

genetic variability, with the highest value of genetic variation found among populations (67%),

whereas a low value of genetic variance was observed within populations (33%). The generated

UPGMA  dendrogram  along  with  PCoA  confirmed  the  result  from  AMOVA.  The  findings

indicate a moderate level of genetic diversity within and among populations, highlighting the

necessity for conservation measures to preserve unique genotypes that are crucial for sustainable

coffee production. In these population clustering analyses, genotypes from the same populations

were found to be clustered similarly and vise-versa. 

Generally, the result from morphological, biochemical, and molecular diversity analyses showed

the existence of genetic diversity among the south Ethiopian coffee genotypes. The analysis of

variance  for  quantitative  agro-morphological,  physical  characteristics,  cup  quality,  and

biochemical content characters revealed the existence of statistically significant variation among

genotype,  location,  and  GEI  effects  for  all  studied  traits  indicating  that  the  environment,

genotype, and GEI is the most important factor influencing the coffee bean yield and quality in

Ethiopia.  The  highest  value  of  genetic  variation  found  among  populations  than  within

populations. 
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7.2 Recomendation
The agro-morphological, biochemical, and molecular diversity analyses of current investigateion

revealed the existence of genetic variability among the studied south Ethiopian coffee genotypes.

Therefore, the studied genetic resources should be properly conserved for the future yield and

quality improvement program. 

Hence, the genotype, environment, and GEI explained a large amount of variation on coffee bean

yield and quality, testing genotypes across diverse environments prior to deciding on any variety

to  use  under  wider  agro-ecology is  recommended for  coffee  yield and quality  improvement

program by using  a  multi-locational  selection  strategy.  More  GEI  study is  recommended to

investigate the extent and patern of GEI. Investigation of different management options after the

high-yielding season is also advised to minimize high-seasonal yield oscillation. 

Among all sthe studied genotypes, the highest overall three location and four harvesting season

average bean yield in tons per hectare was recorded for genotypes and AW105. Therefore, these

two selections were recomended for  the development  of  high yielding variety and could be

included in the national variety-testing program with a view to releasing a new high yielding

variety for coffee growing areas in South Ethiopia and other similar agro-ecologies elsewhere. 

Out of all  tested genotypes in this study, AW9648 achieved the highest score in green bean

physical attributes and cup quality parameters at all three-tested locations. Therefore, AW9648

could be used as the best selection for development of highest qulity variety and best parent for

hybridization  for  South  Ethiopian  coffee  quality  improvement  in  South  Ethiopia  and  other

similar agro-ecologies elsewhere. Additionally, genotype AW5994 recorded the lowest caffeine

content (0.64% dry weight basis), suggesting its unique value as a parent in breeding programs

aimed at developing low-caffeine coffee varieties, which are increasingly sought after by health-

conscious consumers.

Although ISSR markers utilized and proved useful genetic diversity information in this study, it

is  limited  due  to  its  dominant,  lower  reproducibility,  and  difficulty  in  pinpointing  specific

genomic locations. Therefore, it is strongly recommended that future studies adopt co-dominant

marker  systems  such  as  SSR  (Simple  Sequence  Repeats)  or  SNP  (Single  Nucleotide

Polymorphisms),  which  are  a  co-dominant,  highly  reproducible,  and  can  provide  precise
179



information  about  gene  locations,  enabling  more  effective  association  mapping  and  gene

discovery for south Ethiopian coffee yield and quality traits in future research.

While  this  study  provided  useful  information  on  genetic  diversity,  it  lacks  the  resolution

necessary to pinpoint specific genes influencing important agronomic traits to facilitate a more

direct and efficient link between phenotypes and genotypes. Therefore, I strongly recommend a

transition to association studies breeding strategies to link phenotypes with genotypes for yield

and quality improvement of coffee in south Ethiopia. The association study will facilitate the

identification of candidate genes underlying important agronomic traits.
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Apendix 
Apendix Table 1 Trait descriptions and codes used for the study

No
.

Traits Trait Description Code No. Traits Trait Description Code

1 PH Very short 1 9 YSC Green 1
Short 3 Dark brown 2
Tall 7 Other 3
very tall 9 10 OAA Elongated conical 1

2 BH Very few branches (primary) 1 Pyramidal 2
Many branches (primary) with few 
secondary

2 Bushy 3

Many branches (primary) 3 11 CD Compact 1
Many branches (primary) with many 
secondary and tertiary

4 Intermediate 2

3 AIPB Drooping 1 Open 3
Horizontal 2 12 FC Yellow 1
Semi erect 3 Yellow orange 2

4 SS Round 1 Orange 3
Ovate 2 Orange-red 4
Triangular 3 Red 5
Deltate (equilaterally triangular) 4 Red – purple 6
Trapeziform, 5 Purple 7
Other 6 Purple-violet 8

5 YLC Greenish 1 Violet 9
Green 2 Black 10
Brownish 3 Others 11
Reddish 4 13 FSH  Roundish 1
Bronze 5 Obovate 2
Others if any 6 Ovate 3

6 LSH Obovate 1 Elliptic 4
Ovate 2 Oblong 5
Elliptic 3 Others 6
Lanceolate 4 14 PTH Thin 3
Others if any 5 Intermediate 5

7 LASH Round 1 Thick 7
Obtuse 2 15 SSH Round 1
Acute 3 Obovate 2
Acuminate 4 Ovate 3
Apiculate, spatulate 5 Elliptic 4
Others 6 Oblong 5

8 LPC Green 1 Others if any 6
Dark brown 2
Other 3
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Where: PH=Plant height; BH=Branching habit; AIPB=Angle of insertion of primary branch; SS=Stipule
shape; YLC=Young leaf colour; LSH= Leaf shape; LASH=Leaf apex shape; LPC=Leaf petiole
colour; YSC=Young shoot colour; OAA=Overall appearance; CD=Canopy Diameter; FC=Fruit
colour; FSH=Fruit shape; PT=Pulp thickness; SSH=Seed shape.

 Apendix Table 2 Scale of Coffee Raw Quality Attributes

Raw Value (40)
Shape & Make (15) Color (15) Odor (10)

Quality Point Quality Point Quality Point
Very  good 15 Bluish 15 Clean 10
Good 12 Greyish 12 Fair clean 8
Faire 10 Greenish 10 Trace 6
Average 8 Coated 8 Light 4
Mixed 6 Faded 6 Light 

moderate
2

Small 4 White 4 strong 0

Apendix Table 3 Form Completed by sensory evaluator during row quality evaluation

Scal
e

Row Quality Evaluation
Shape & Make Color Odor

1 Quality Quality Quality
2 Very  

good
Bluish Clean

3 Good Greyish Fair clean
4 Faire Greenis

h
Trace

5 Averag
e

Coated Light

6 Mixed Faded Light moderate
7 Small White strong

Apendix Table 4 Scale of cup quality attributes usied in this study
Cup Value (60)

Aromatic Quality
(5)

Aromatic
Intensity (5) Acidity (10) Astringency (5) Bitterness (5) Body (10) Flavor (10)

Overall cup Quality
(10)

Quality
Poin
t Quality Point Quality Point Quality

Poin
t Quality Point Quality

Poin
t Quality Point Quality Point

Excellent 5
Very 
strong 5 Pointed 10 Nil 5 Nil 5 Full 10

Very  
good 10 Excellent 10

Very  
good 4 Strong 4

Mediu
m 
pointed 8

Very 
light 4

Very  
light 4

Medium
full 8 Good 8 Very good 8

Good 3 Medium 3
Mediu
m 6 Light 3 Light 3 Medium 6 Average 6 Good 6
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Regular 2 Light 2 Light 4 Medium 2 Medium 2 Light 4 Fair 4 Regular 4

Bad 1
Very 
light 1 Lacking 2 Strong 1 Strong 1

Very  
Light 2 Bad 2 Bad 2

Nil 0 Nil 0 Nil 0
Very 
strong 0

Very 
strong 0 Nil 0 Nil 0

Unacceptabl
e 0

Apendix Table 5 Form Completed by sensory evaluator during cup quality evaluation

Scale Cup quality
Aromatic
Quality

Aromatic
Intensity

Acidity Astringency Bitterness Body Flavor Overall cup
Quality

1 Quality Quality Quality Quality Quality Quality Quality Quality
2 Excellent Very 

strong
Pointed Nil Nil Full Very  

good
Excellent

3 Very  
good

Strong Medium
pointed

Very light Very  
light

Medium
full

Good Very good

4 Good Medium Medium Light Light Medium Average Good
5 Regular Light Light Medium Medium Light Fair Regular
6 Bad Very 

light
Lacking Strong Strong Very  

Light
Bad Bad

7 Nil Nil Nil Very strong Very 
strong

Nil Nil Unacceptable
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