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A B S T R A C T   

The study aimed to investigate physical characteristics, cup quality, and biochemical content 
variability among thirty South Ethiopian Arabica coffee genotypes over three locations. The re
sults 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 con
tenting 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.   

1. Introduction 

Coffee is the second most traded commodity and the most beloved non-alcoholic beverage in the world [1]. 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 [2]. Although coffee is primarily consumed for its pleasant flavor and stimulating properties, 
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recent investigations assert the health benefits of the beverage due to the presence of caffeine, trigonelline, and chlorogenic acids [3,4]. 
Coffee is a well-known pillar of the Ethiopian economy, which accounts for 34 % of its export earnings [5]. Growing, processing, 

trading, transporting, as well as marketing of coffee provide livelihood to about 25 million people directly or indirectly [6]. Coffee is 
the defining feature and sphere of Ethiopian culture, politics, economy, social life, and identity, with about 55 % of the production 
consumed domestically [7]. 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 [6]. Different studies witnessed the existence of 
abundant genetic diversity among Arabica coffee genotypes [8–16]. Ethiopia has an ideal and suitable environment for the production 
of coffee in both quality and quantity [17]. Because of the suitable altitude, abundant rainfall, ideal temperature, fertile soil, and 
sufficient labor, the potential for coffee production is very high [18]. 

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 [19,20]. 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. 

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 [21]. The country is privileged by a strong potential and opportunity to boost the specialty coffee market by pro
ducing 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 [22]. Different studies noted a significant variation in the caffeine, chlorogenic acids, and trigonelline contents of 
Arabica coffee [23,22,24]. 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 [22]. 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 [25]. 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 

Table 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  
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genotypes physical character and beverage quality across different growing locations, the current study was conducted according to 
Ethiopian coffee coffee-cupping protocol [25]. 

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 [26]. 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 southern 
Ethiopian regions (Sidama, Gedeo, Amaro, Gamo Gofa, Jinka, and Guji). 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 
Arabica 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. 

2. Materials and methods 

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 
(6013′34″N, 38027′06″E, and 1945 masl). All three sites are found in the south Ethiopian specialty coffee growing agro-ecology. 

3. 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). 

4. 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 m by 2 m spacing per location by using a randomized complete block design. 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. 

4.1. Sample preparation 

During peak harvesting time in October 2021, about 8 kg of healthy and fully matured red-ripened coffee cherries were handpicked 
from the 30 genotypes per 3 replication 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 h to facilitate the breakdown of mucilage. After fermentation, the parchment 
coffee was properly washed and under gone further 24 h of soaking and washing. The fermentation process was done according to 
Woelore, (1993) fermentation protocols for Arabica coffee under Ethiopian conditions [27]. 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-g samples of green coffee 
beans per treatment were prepared and leveled for evaluation of physical character, cup quality, and biochemical content. 

4.2. 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. All three professional and certified Q-grade coffee cuppers are permanent em
ployees 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 [25]. 

About 300 g 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 [25] 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 
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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). 

4.3. Cup quality assessment 

About 100 g 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 (8 min 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 h 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 [25]. 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 [25]. 
The brew was made and ready for panelists within 8 min 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 0–5, and acidity, body, flavor, and overall 
cup quality were scored on a scale of 0–10 [25], as shown in Table 2. Each experienced and certified Q-grade cuppers gave their 
independent judgment for each sample. 

4.4. 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) [28]. 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 μL, 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 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 [29]. 

4.5. 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 

Table 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 [25]: 
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Table 3 
Analysis of variance (mean squares) for the 18 characters of 30 Arabica coffee genotypes grown at Awada, Shebedino and Wonago.  

Traits Awada Shebedino Wonago Combined  CV 

Gen Error CV Gen Error CV Gen Error CV Gen Loc Gen*Loc Error 

(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 11.59 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 11.58 0.28** 0.05 5.78 0.52** 0.2 11.79 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 10.53 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 10.65 0.51* 0.21ns 0.35* 0.22 11 
Bit 0.59* 0.25 12.15 0.18* 0.10 7.59 0.68* 0.41 15.27 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 12.72 1.14** 0.23 6.03 1.98** 0.73 10.74 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 = odor, 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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Table 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 TotalR RCup Trigo Chlor Caff 

Awada AW1777 95.00 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 0.86 
Awada AW105 97.00 11.33 12.00 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 0.78 
Awada AW12305 96.67 12.00 10.67 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 0.80 
Awada AW1995 96.00 12.00 11.33 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 0.60 
Awada AW3106 95.00 12.00 11.33 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 0.78 
Awada AW4083 96.00 12.00 10.00 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 1.16 
Awada AW4305 97.00 10.00 10.00 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 0.99 
Awada AW4994 96.33 12.00 10.00 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 0.90 
Awada AW5994 96.00 12.00 10.67 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 0.75 
Awada AW695 97.00 12.00 12.00 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 0.90 
Awada AW7494 97.00 12.00 10.00 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 0.91 
Awada AW7705 97.00 12.00 12.00 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 1.04 
Awada AW8105 95.67 12.00 10.00 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 0.96 
Awada AW8806 94.67 12.00 12.00 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 0.94 
Awada AW9610 98.00 12.00 11.33 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 0.92 
Awada AW9611 98.00 13.00 11.00 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 0.84 
Awada AW9617 98.00 14.00 10.00 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 0.82 
Awada AW9622 97.00 12.00 10.67 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 0.69 
Awada AW9623 97.00 12.00 10.67 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 0.79 
Awada AW9628 95.00 12.00 11.33 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 0.86 
Awada AW9640 93.00 12.00 10.00 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 1.05 
Awada AW9641 95.00 12.00 11.33 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 0.80 
Awada AW9644 96.00 12.00 10.00 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 0.72 
Awada AW9648 96.00 15.00 15.00 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 0.73 
Awada AW9658 97.00 12.00 10.67 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 1.03 
Awada AW9660 96.00 12.00 12.00 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 0.90 
Awada AW 9662 95.00 12.00 10.00 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 0.92 
Awada 74112 94.00 12.00 10.67 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 0.73 
Awada Angafa 99.00 15.00 12.00 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 0.95 
Awada Feyate 96.00 13.00 12.33 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 1.53 

Awada Mean 96.21 12.24 11.01 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 0.89 
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 0.17 
CV  0.67 4.80 8.56 3.19 3.35 9.63 11.58 4.88 9.94 12.15 2.08 12.72 7.22 4.08 2.78 1.43 1.13 2.07 

Wonago AW1777 97.00 12.00 11.11 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 0.96 
Wonago AW105 98.00 12.00 11.56 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 1.06 
Wonago AW12305 92.00 12.00 11.78 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 0.82 
Wonago AW1995 98.00 12.00 11.55 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 0.90 
Wonago AW3106 96.00 12.00 11.33 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 0.84 
Wonago AW4083 96.00 12.33 11.11 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 1.02 
Wonago AW4305 97.00 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 0.64 
Wonago AW4994 98.00 12.00 10.89 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 0.85 
Wonago AW5994 98.00 13.11 11.11 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 0.65 
Wonago AW695 94.00 11.33 11.33 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 0.88 
Wonago AW7494 97.00 12.00 11.66 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 0.99 
Wonago AW7705 98.00 12.00 11.89 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 1.10 
Wonago AW8105 97.00 13.00 11.34 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 0.93 
Wonago AW8806 95.33 12.00 12.33 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 0.91 
Wonago AW9610 98.00 12.67 10.45 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 0.72 

(continued on next page) 
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Table 4 (continued ) 

Location Treatment SS SM Col Od RawT AQ AI Acid AST Bit Bod Flav OQL TotalR RCup Trigo Chlor Caff 

Wonago AW9611 97.00 12.33 10.78 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 0.78 
Wonago AW9617 97.00 12.00 10.67 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 0.89 
Wonago AW9622 98.00 14.00 10.67 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 1.13 
Wonago AW9623 96.00 12.00 11.55 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 0.62 
Wonago AW9628 96.00 12.00 11.55 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 0.99 
Wonago AW9640 96.00 11.00 10.22 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 0.88 
Wonago AW9641 96.00 13.67 11.11 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 0.97 
Wonago AW9644 97.00 13.00 11.11 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 1.02 
Wonago AW9648 92.67 13.00 13.22 10.00 36.22 4.33 4.33 10.00 4.33 4.33 10.00 10.00 10.00 57.33 93.55 0.69 4.65 0.94 
Wonago AW9658 96.00 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 0.78 
Wonago AW9660 95.00 12.00 11.33 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 0.71 
Wonago AW 9662 96.00 13.00 10.89 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 1.04 
Wonago 74112 95.67 12.00 10.67 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 1.04 
Wonago Angafa 97.67 13.00 11.89 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 0.91 
Wonago Feyate 98.00 13.00 12.00 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 0.97 
Wonago Mean 96.44 12.31 11.21 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 0.90 
StD  96.45 12.31 11.21 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 0.90 
CV  0.95 1.68 6.19 0.44 2.09 9.48 11.79 10.53 10.65 15.27 2.60 10.74 8.95 4.45 2.55 3.40 1.10 2.29 
Shebedino AW1777 96.67 12.00 12.00 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 0.97 
Shebedino AW105 97.67 12.11 11.33 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 0.87 
Shebedino AW12305 95.56 12.33 14.00 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 0.58 
Shebedino AW1995 97.00 11.78 11.33 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 0.58 
Shebedino AW3106 96.00 12.00 12.00 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 0.82 
Shebedino AW4083 96.33 12.11 12.00 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 0.94 
Shebedino AW4305 97.33 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 0.64 
Shebedino AW4994 97.44 12.33 11.33 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 0.60 
Shebedino AW5994 97.33 13.37 11.33 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 0.52 
Shebedino AW695 96.33 11.33 11.33 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 0.90 
Shebedino AW7494 97.33 12.33 13.00 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 0.91 
Shebedino AW7705 97.67 12.00 10.67 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 0.95 
Shebedino AW8105 96.89 12.66 14.00 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 0.81 
Shebedino AW8806 94.00 12.33 13.00 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 0.96 
Shebedino AW9610 97.89 12.22 10.00 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 0.76 
Shebedino AW9611 97.67 12.44 10.67 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 0.87 
Shebedino AW9617 97.67 12.67 11.33 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 1.01 
Shebedino AW9622 97.67 13.34 10.67 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 0.79 
Shebedino AW9623 97.00 12.00 12.00 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 1.06 
Shebedino AW9628 95.89 12.33 12.00 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 0.80 
Shebedino AW9640 95.67 11.45 10.00 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 0.87 
Shebedino AW9641 96.33 13.22 10.67 9.33 33.22 4.33 3.78 8.00 4.67 4.22 8.15 10.00 8.00 51.37 84.59 0.51 3.26 0.56 
Shebedino AW9644 97.00 13.33 12.00 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 0.84 
Shebedino AW9648 95.56 13.33 14.00 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 1.03 
Shebedino AW9658 97.00 12.00 10.00 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 0.60 
Shebedino AW9660 96.33 12.00 11.33 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 0.85 
Shebedino AW 9662 96.00 13.33 12.00 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 0.76 
Shebedino 74112 95.89 12.33 10.67 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 1.00 
Shebedino Angafa 98.22 13.33 13.00 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 0.81 
Shebedino Feyate 97.33 13.00 12.33 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 1.03 
Shebedino Mean 96.76 12.40 11.58 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 0.82 

(continued on next page) 
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Table 4 (continued ) 

Location Treatment SS SM Col Od RawT AQ AI Acid AST Bit Bod Flav OQL TotalR RCup Trigo Chlor Caff 

StD  0.92 0.64 1.38 0.71 2.16 0.33 0.30 0.83 0.34 0.24 0.20 0.62 0.41 2.09 3.68 0.12 0.6 0.16 
CV  0.61 3.50 11.59 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 1.17 

Combined AW1777 96.22 12.00 10.82 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 0.93 
Combined AW105 97.56 11.81 11.63 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 0.91 
Combined AW12305 94.74 12.11 12.15 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 0.74 
Combined AW1995 97.00 11.93 11.41 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 0.69 
Combined AW3106 95.67 12.00 11.56 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 0.81 
Combined AW4083 96.11 12.15 11.04 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 1.04 
Combined AW4305 97.11 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 0.76 
Combined AW4994 97.26 12.11 10.74 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 0.78 
Combined AW5994 97.11 12.83 11.04 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 0.64 
Combined AW695 95.78 11.55 11.56 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 0.89 
Combined AW7494 97.11 12.11 11.55 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 0.94 
Combined AW7705 97.56 12.00 11.52 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 1.03 
Combined AW8105 96.52 12.55 11.78 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 0.90 
Combined AW8806 94.67 12.11 12.44 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 0.93 
Combined AW9610 97.96 12.30 10.59 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 0.80 
Combined AW9611 97.56 12.59 10.81 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 0.83 
Combined AW9617 97.56 12.89 10.67 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 0.91 
Combined AW9622 97.56 13.11 10.67 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 0.87 
Combined AW9623 96.67 12.00 11.41 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 0.82 
Combined AW9628 95.63 12.11 11.63 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 0.88 
Combined AW9640 94.89 11.48 10.07 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 0.93 
Combined AW9641 95.78 12.96 11.04 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 0.78 
Combined AW9644 96.67 12.78 11.04 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 0.86 
Combined AW9648 94.74 13.78 14.07 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 0.90 
Combined AW9658 96.67 12.00 10.15 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 0.80 
Combined AW9660 95.78 12.00 11.56 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 0.82 
Combined AW 9662 95.67 12.78 10.96 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 0.91 
Combined 74112 95.19 12.11 10.67 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 0.92 
Combined Angafa 98.30 13.78 12.30 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 0.89 
Combined Feyate 97.11 13.00 12.22 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 1.17 

Combined Mean 96.47 12.32 11.27 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 0.87 

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 0.020 3.34 0.08 0.29 0.03 
CV 0.80 3.50 9.20 4.40 3.40 10.00 11.00 7.30 11.00 12.00 2.40 10.00 7.20 3.80 2.50 4.80 1.20 4.70  
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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 [30]. 

5. Results and discussion 

5.1. 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 sta
tistically significant variation among Arabica coffee genotypes for different traits at different times [8,11,14–16,31,32–35]. The ex
istence 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 geno
type’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 [10–16, 24, 36, 37]. 

6. Green bean physical characteristics 

6.1. 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 % [14], 99.13–91.10 [32], 
98.50–96.03 [38], and 98.75–96 [39]. 

Bean size is an important trait for roasters since the homogeneity of the coffee beans avoids the burning of smaller grains [40]. It is 
one of the most important physical characteristics of green beans and plays a significant role in coffee marketing [41]. 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 [42]. 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. 

6.2. 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). Abrar 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 [32]. 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 [32]. 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 %) (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 [32,39,43]. 

6.3. 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 
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more suitable to produce clean odder beans. Many studies also reported differential responses of genotypes across different growing 
environments for bean odders [14,32,39,43]. 

6.4. 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. 

Where; SS = screen size, SM = shape & make, Col = color, od = odor, 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 de
viation, and CV = coefficient of variation. 

6.5. Cup quality 

6.5.1. 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 [44]. 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. 

6.5.2. 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 [14,32]. In line with this study, the influence of environmental conditions and 
coffee varieties was reported in a previous study [45–48]. Except genotype AW4305 grown at Wonago, all the studied genotypes at all 
three locations scored medium to very strong aromatic intensity. 

6.5.3. 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, 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 [32]. 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 [45]. 

6.5.4. 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 [14]. 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. 

6.5.5. 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 × 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 [32]. In general, good coffee should have low bitterness and a medium 
to full body [14,32], 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. 

6.5.6. 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 
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AW9648 (51.78) followed by AW9641 (51.37) at Shebedino, whereas the lowest rate was recorded for AW4305 (38.67) 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. 

6.5.7. 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 %) [25]. 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 Arabica 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 Ethi
opian coffee quality improvement if its yielding ability and disease resistance are reasonably good in the respective study area and 
similar coffee growing agroecology. 

6.6. Biochemical composition 

6.6.1. Green bean trigonelline 
Trigonelline content ranges from 0.73 to 1.49 % dwb, 0.44–0.9 % dwb, and 0.55–0.87 % 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 [36, 
49,50] 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 [51]. 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 [36]. 

6.6.2. Green bean chlorogenic acid 
Chlorogenic acid ranges from 2.908 to 5.897 % dwb, 2.778 % dwb to 5.475 % dwb, and 3.444–5.643 % 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 [36,49]. 

Chlorogenic acids are phenolic compounds commonly found in green coffee beans [51]. Chlorogenic acid is of great interest 
because of its possible positive impact on human health [52]. They also play a significant role in the defensive mechanism of plants, 
particularly when bacterial and fungal disease invasions are verified [51]. Chlorogenic acids are responsible for the astringency and 
bitterness of coffee brews [36]. 

6.6.3. 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 [35,36,49, 
50,53,54]. The existence of wider variation in caffeine content among South Ethiopian Arabica 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 [3]. However, there are negative aspects linked to 
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excess caffeine intake that must be considered [3,55]. 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 [55,56,57]. 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 [53,55]. 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 [53]. 

Many studies reported different caffeine levels in Arabica coffee; 14.1–142 g kg-1 [23] 1.05–1.52 g kg-1 [22]; 6.2–12 g kg-1 [24]; 
9.1–13.2 g kg-1 [53]; 7.7–16.8 g kg-1 [56,57]; and 9.3–14.4 g kg-1 [58]. In the current investigation, a very low caffeine content range 
was 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. 

6.6.4. Principal component analysis 
The PCA of 30 Arabica coffee genotypes based on a correlation matrix of combined data for 15 characters was performed to es

timate 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 [44]. 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. 

6.7. 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 (Figs. 1–3). In the Awada growing environment, genotypes were grouped into two main clusters (Fig. 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 

Table 5 
Principal component analysis of 30 Arabica coffee genotypes for 15 green bean row, cup quality and biochemical content parameters.  

Character Eigenvectors Prin4 

Prin1 Prin2 Prin3 

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 
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  
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10 coffee genotypes, namely, AW9617, AW9611, AW9610, AW9660, AW7705, AW695, AW9623, AW4083, AW9658, and AW12305, 
which were characterized by poor cup quality (Fig. 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, 

Fig. 1. Cluster dendrogram describing variation among 30 genotypes of Arabica coffee for quality traits at Awada.  

Fig. 2. Cluster dendrogram describing variation among 30 genotypes of Arabica coffee for quality traits at Wonago.  
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AW3106, AW4994, AW105, and AW1777) that had poor to moderately good quality (Fig. 2). 
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) (Fig. 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. 

7. 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 hy
bridization 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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Fig. 3. Cluster dendrogram describing variation among 30 genotypes of Arabica coffee for quality traits at Shebedino.  
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