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Multivariate analysis in the dissection of 
phenotypic variation of Ethiopian cultivated 
barley (Hordeum vulgare ssp Vulgare L.) 
genotypes
Basazen Fantahun1*, Tesfaye Woldesemayate1, Carlo Fadda3, Yosef Gebrehawaryat4, 
Enrico Pe2 and Matteo Dell Acqua2

Abstract:  Efficient conservation and subsequent utilization of genetic resources are 
primarily dependent on the strength in the assessment of variation among geno-
types. An experiment was carried out aiming at determining the extent of pheno-
typic variability present in a panel of 320 barley genotypes and identifying 
candidate lines for further evaluation in improvement programs and successive 
utilization. It was conducted at two locations in Ethiopia, Aris Negelle and Holetta in 
the 2017/18 and 2018/19 cropping seasons. Among the best 30 lines for grain yield 
across all the environments, lines from farmers’ varieties constitute 73% and lines 
that mature in less than 85 days were identified. Based on the spike row number, 
the best-performing lines combined across all the environments were six-rowed 
types. Based on the two years’ data at Arsi Negelle the two-rowed spike type 
dominates, and at Holetta the six-rowed type. After principal component analysis, 
the first three PCs with an eigenvalue greater than one explained 70% of the 
variation. The correlation coefficient between grain and biomass yield was signifi-
cant and though low (r = 0.38***). Significant, high, and negative correlation coef-
ficient (−0.72***) was observed between 1000 kernel weight and the number of 
seeds per spike. A positive correlation between biomass and grain yield attracts 
farmers as a feed and food crop as it has also been signified in the current research. 
Having the improved barley gene pool largely from international sources, combining 
the improved materials with farmers’ varieties may minimize the existing gap 
between the local and improved barley gene pool.

Subjects: Agricultural Development; Crop Science; Agriculture and Food 
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1. Introduction
Barley is widely grown in the World, being the fifth most important cereal crop after wheat, rice, 
maize and soybean based on the area of production (https://www.fao.org/faostat/en/#data/QCL 
accessed November, 2022). It is a diploid (2 n = 2x = 14) and one of the largest cereals with 
a genome size of 4.79 billion letters of genetic code which is twice the size of the human genome 
(Mascher et al., 2017). The crop is known for its versatility and natural stands can be found in 
a wider range of agro-ecologies, from the arid regions of the Mediterranean to altitudes up to 
4,500 m in the Himalayas (Bothmer et al., 1991; Graner et al., 2003; Kaur et al., 2022). Ethiopia 
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being a field and horticultural crops biodiversity hotspot is regarded as one of the eight centres of 
origin of crops (Hummer & Hancock, 2015; Sikdar, ; Vavilov, 1992). Especially for barley, the 
diversity was found to be immense to the extent that there are plenty of forms that are unique 
to Ethiopia including the deficient and irregular barley types (Aberg & Wiebe, 1946; Vavilov, 1992). 
All the con-varieties identified across the World: vulgare, distichion, intermedium, and labile are 
currently under production in the country (Asfaw, 2000). Barley is the fifth most important crop 
(CSA, 2021) after tef, maize, wheat, and sorghum both in the area of production and quantity 
produced. In the recent past produced mainly in the main growing season, however, there are very 
few places growing barley in the short rainy season as well. Barley is being conserved in Ethiopia 
both in situ in community seed banks located on the different agroecologies of the country and ex- 
situ. It makes the largest collection of all the crops conserved in the Ethiopian gene bank with 
more than 17,000 farmers’ varieties (www.ebi.gov.et). Barley farmers’ varieties cover approxi-
mately 90% of the land devoted to barley in Ethiopia, thus significantly contributing to food 
security in the country (Hadado et al., 2009).

Different researchers have reported on the level of diversity in agro-morphological traits of 
barely (Asfaw, 1988, 2008; Demissie & Bjørnstad, 1996; A Dido et al., 2021; Gadissa et al., 2021; 
Kebebew et al., 2001). Diversity for yield and yield-related traits were also reported by (Al-Abdallat 
et al., 2017; Al-Sayaydeh et al., 2019; Dorostkar et al., 2015; Kaur et al., 2022, 2019; Matin et al., 
2019; Ren et al., 2013; Zeng, 2015). In response to numerous unpredictable variabilities, in barley 
like other crops, crop production is heavily affected by spatial and temporal variations in the 
environment. Hence genotype by environment interaction effect was recognized as a key area of 
intervention as it perhaps limits the performance of the genotypes over different locations and 
seasons affecting the genotypes’ stability (Nowosad et al., 2018; Yan & Frégeau-Reid, 2018). In 
barley, various pieces of research were undertaken to dissect genotype by environment interaction 
effect and pointed out how to handle its disadvantages (Fekadu et al., 2022; Olivoto et al., 2019; 
Pour-Aboughadareh et al., 2022).

Multivariate analysis technique in studying the divergence between genotypes and the degree of 
association between the traits has become increasingly important. Hence different authors 
reported the application of cluster and principal component analysis in barley (Derbew, 2020; AA 
Dido et al., 2020; Enyew et al., 2019; Eticha et al., 2010; Žáková & Benková, 2006). However, the 
research efforts made so far to uncover the diversity in barley focusing on the barley genetic 
resources of Ethiopia were not much compared to the huge genetic resource in the country. 
Despite the large number of barley accessions conserved in the ex-situ gene bank little has been 
characterized so far and hence no core collection of these accessions was developed. Owing to the 
change in climate, the production of barley twice a year is now reduced to once a year in most 
places causing a significant decrease in yearly production in Ethiopia. Furthermore, there is 
a considerable gap between the World average productivity of barley (3.1 t/ha) (http://www.fao. 
org/faostat/en/#data/QCL) compared to that of Ethiopia (2.11 t/ha) (Derbew, 2020; Tadesse & 
Derso, 2019). The current research which was based on a panel of barley lines, of which 293 
were lines derived from farmers’ varieties and 27 were improved varieties is believed to contribute 
to narrowing the existing gap. The objectives of the study were, therefore, 1) determination of the 
extent of phenotypic variation present in the barley panel, 2) identification of candidate lines for 
further evaluation in improvement programs and their successive distribution and utilization.

2. Material and methods

2.1. Experimental sites
The barley panel of lines was sown at two locations, Arsi Negelle and Holetta for two years 2017/ 
18 and 2018/19 during the main cropping season. Arsi Negelle is situated in the central rift valley 
of Ethiopia at a latitude of 7°21′N, a longitude of 38°42′E and an elevation of 2043 meters above 
sea level (m.a.s.l.). The annual rainfall ranges from 500–1000 mm and the average annual 
temperature varies from 10–25°C with the Andosol type of soil (Mekonnen et al., 2018). Holetta 
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Agricultural Research Center is located at a latitude of 9°00ʹN and a longitude of 38°30ʹE with an 
altitude of 2400 m.a.s.l. The temperature at this location varies between 6°C to 22°C with an 
annual average rainfall of 1144 mm. The soil type is classified as Eutric Nitisol with a pH of 4.92 
(http://www.eiar.gov.et/holetta/.) Monthly rainfall, minimum and maximum temperature data for 
the experimental period (2017 and 2018) for the test locations are presented in (Additional file 1).

2.2. Genetic materials
For this experiment, 249 barley accessions were obtained from the Ethiopian Biodiversity Institute 
(EBI) (www.ebi.gov.et). These accessions were representative of four regions (Amhara, Oromia, 
SNNP and Tigray) and 17 different administrative zones. The accessions were collected from 
a range of altitudes spanning from <1,350 to >3,550 m.a.s.l). From these accessions, through ear- 
to-row purification, 501 lines were developed. Out of these lines, based on morphological char-
acteristics, avoiding sister lines to maximize both genotypic and phenotypic diversity, 293 lines 
were retained to be included in the phenotyping experiment (Additional File 2). In addition to those 
lines, 27 improved varieties maintained by the national agricultural system were included, out of 
which 11 were introduced from elsewhere and evaluated and released, 11 were crossings in the 
research institutes and five were selections. The cultivars were obtained from the respective 
maintainer agricultural research centre. These genetic materials comprise 6-rowed, 2-rowed 
(both deficiens and male fertile) and irregular barley variants. Food and malt barley types, hulled 
and hulless barley were also included.

2.3. Field experiment
The experiment was laid according to alpha lattice design with two replications in four rows of 
2.5 m length and 0.2 m row spacing. The spacing between plots was 0.4 m and between blocks 
was 1 m. Each plot of 2 m2 was sown with 17 g of seeds (85 kg ha−1) and planning was done by 
hand drilling. The experiment was carried out for two years and planting was done the first week of 
July at Holetta and the second week of July at Arsi Negelle in both years. The plots were fertilized 
with DAP and Urea fertilizers as per the recommended rate of applications for the two sites. The 
plots were hand-weeded following the critical period of weeding for barley for the first weeding 
and the treatments were treated alike for other agronomic practices too.

2.4. Data collection
Data collection was based on the descriptor list developed by Bioversity International (IPGRI, 1994) 
and the International Union for the Protection of New Varieties (UPOV, 1994). Four phenological 
and seven agronomic traits were collected in the current experiment. Phenological characters 
were days to booting (number of days from sowing to 50% of the plants show swollen boot, 
number), days to heading (number of days from sowing to heads of 50% of plants fully emerged, 
number), days to mature (number of days from sowing to 75% physiological maturity, number) 
and grain filling period (number of days from heading to maturity, number); agronomic traits were 
plant height (cm), number of effective tillers (number), spike length(cm), grain yield (ton ha−1), 
biomass yield (ton ha−1), number of kernel per spike (number) and thousand kernel weight (gm). All 
the phenological traits, grain yield, biomass yield, and thousand kernel weight were collected on 
a plot basis. Data on plant height, number of effective tillers, spike length, and number of kernels 
per spike on the other hand were collected from 5 randomly sampled plants. The data on grain 
yield and thousand kernels were adjusted to 12.5% moisture content.

2.5. Data analysis
The restricted maximum likelihood (REML) algorithm was used to produce the best linear unbiased 
prediction (BLUP) mean, in which case the genotypes and the environments were fitted as random. 
The BLUP means combined over the four environments were calculated using the META- 
R statistical software version 6.04 (Alvarado et al.,). These means were used in subsequent 
statistical analyses (principal component analysis and cluster analysis). The model used to produce 
the means was given by (Alvarado et al.,). R version 3.6.1 was applied to produce a boxplot (to 
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compare the grain yield over seasons and locations) using the ggplot-2 function and correlation 
between variables using the performance analytics function.

Principal component analysis was carried out using the prcomp function of R statistical software 
version R.3.6.1.(R core team, 2019). The combined BLUP means of the characters standardized to 
a mean of zero and a variance of one to reduce differences in the measurement scale of the 
collected data (Sneath & Sokal, 1973) were used in the analysis downstream. The clustering of the 
observations was performed by Ward amalgamation steps (Ward, 1963) using MINITAB vr.14 
statistical package based on squared Euclidean distance (D2). The D2 values obtained for pairs of 
clusters were considered as the calculated values of Chi-square (χ2). They were tested for sig-
nificance both at 1 and 5% probability levels against the tabulated values of χ2 for “P” degree of 
freedom, where P is the number of characters considered (CB, 1985). The optimum number of 
clusters was decided at a certain point where the similarity level had a sharp decline inducing an 
abrupt increment in the diversity level score.

3. Results and discussion

3.1. Variance component analysis
Diversity assessment between the barley lines through REML variance component analysis 
revealed that there was a highly significant difference (p < 0.001) among genotypes for all the 
traits under consideration combined over environments (Table 1). The effect of the environment 
was also found to be significant (p < 0.01) for all characters except spike length. The genotype-by- 
environment interaction effect also showed a similar trend to that of the genotype. The highly 
significant variation among lines in the current experiment reaffirms the huge variability that 
characterizes barley genetic resources, especially among Ethiopian material (Bedasa et al., 2015; 
Bogale et al., 2021; Derbew, 2020; Gadissa et al., 2021; Hammami et al., 2016; Naser et al., 2018). 
This level of variability could be exploited through the selection of superior genotypes with superior 
desirable traits, which is a prerequisite for a successful barley improvement program. Significant 
genotype x environment interaction is a result of changes in the magnitude of the differences 
among genotypes over different locations or years (environments) (Olivoto et al., 2019; Yan & 
Frégeau-Reid, 2018). The presence of highly significant interaction effects for all the traits under 
scrutiny pooled over the four environments in this experiment, therefore, ascertains the perfor-
mance of lines over the test environments was differential (Choi et al., 2020; Hilmarsson et al., 
2021; Rodriguez et al., 2008). Above-average and high genotypes by environment interaction allow 
the identification of lines with specific adaptations (Ceccarelli, 1989; Hilmarsson et al., 2021). For 
complex quantitative traits, like grain yield, this interaction effect can confound the association 
between phenotype and genotype, and hence may significantly reduce selection progress (Ebadi- 
Segherloo et al., 2016). In such cases, this interaction effect at some point can be considered the 
main reason behind the lack of success in highly centralized breeding programs, since lines that 
are superior in low-input farming systems may not perform well in high-potential environments. 
Different authors (Al-Abdallat et al., 2017; Bleidere et al., 2012; Ceccarelli & Grando, 1991; Elakhdar 
et al., 2017; Fekadu et al., 2022; Muluken et al., 2010; Pour-Aboughadareh et al., 2022; Rodriguez 
et al., 2008) have also reported on genotype by environment interaction effect on barley.

Comparing the grain yield over the environments (two locations over two years) it was found 
that the highest grain yield was observed at Holetta year II (Figure 1) and the lowest at Arsi 
Negelle year II. HB-1307, with a grain yield of 2.79 t ha−1, was found to be the highest yielding line 
and the line Accn#16,862-A with a grain yield of 1.85 t ha−1 was the lowest yielding line based on 
two years two locations data. Bogale et al. (2021) in their study done on malt barley reported 
significant differences across the testing sites, the highest grain yield was observed at the Miligesa 
site and the lowest grain yield at Kino. According to Fekadu et al. (2022) highest grain yield was 
observed at Bekoji and Werabe whereas at Holetta the genotypes showed an intermediate yield. 
Among the top 30 lines combined over the test environments for grain yield (Table S1), six lines 
(HB-1307, Accn#235,551-B, CROSS41/98, Accn#208,841-B, Accn#16,726-A, and Ibon 174/03) were 
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also in the top 30 when the analysis was done based on combined data over years for each 
location separately. This indicated that the mentioned lines were consistent over years and 
adapted to both locations. Similarly, (Wosene et al., 2015) reported in their research done on 
barley landraces that the genotype (G-11) was more stable across the environments they studied. 
The lines well-performing in both locations do have wide adaptation since the two locations tested 
in this work were contrasting both in terms of altitude, rainfall (amount and distribution), and other 
climatic variables. Interestingly, three of such highly adaptive lines were derived from farmers’ 
varieties. This qualifies that farmers’ varieties are good sources of genetic material to develop 
improved varieties with high grain and biomass yield and wide adaptability across environments 
and also some farmers varieties have adapted to specific niches. This finding accords the results of 
(Megersa et al., 2015) that indicated greater yield response could be attained through direction 
selection in barley landrace which might be attributed to the nature of the farmers’ varieties to 
have better adaptive traits. In addition (Wosene et al., 2015) reported based on three static 
stability parameters, three landraces had a higher stability where significant differences between 
landraces and cultivars was observed for these static stability parameters.

However, some of the lines showed specific adaptation in which case the farmer variety Accn# 
24,970 was the highest yielding line over the two years at Holetta (3.43 t ha-1) but not in the top 
30 at Arsi Negelle. Likewise, the farmer variety Accn#1826 was the highest yielding across years at 
Arsi Negelle (2.03 t ha-1) but not in the top 30 at Holetta. This stems from the fact that as a result 
of the genotype-by-environment interaction effect these lines had differential responses over the 
test environments and hence had specific adaptations (Naser et al., 2018; Wosene et al., 2015). 
This calls for further evaluation of such lines as Accn#1826 at Arsi Negelle (marginal type of 
environment) and Accn# 24,970 at Holetta (potential environment) together with other cultivars, 
which have been specifically released for the respective environments. According to (Pour- 
Aboughadareh et al., 2022) seven genotypes G1, G2, G3, G4, G14, G17 and G19 had narrow adaptation 
and the other six genotypes G6, G11, G12, G13, G16 and G18 had wider adaptation.

In the top 30 lines across all environments for grain yield, 73% were derived from farmers’ 
varieties (Figure 2, panel a). Eighteen lines derived from farmers’ varieties, gave equal grain yield 
with the best variety HB 1307. The analysis of two years data for each location separately instead 
revealed some of the lines from farmers’ varieties outperformed the cultivars. Lakew et al. (1997) 
reported that farmers’ varieties significantly out yielded the improved variety used as a check. 
Yahiaoui et al. (2014) also reported barley farmers’ varieties having higher grain yield than the 
cultivar in low-production sites. According to (Megersa et al., 2015) the farmers’ variety Garbu 
Guracha gave a higher grain yield than the improved variety HAR 1307. On the other hand 
(Wosene et al., 2015) reported farmers’ varieties showed higher yield stability and comparable 
yield to improved varieties. Furthermore, 60% of the top 30 lines (combined over the four environ-
ments) were six-rowed spike type and the remaining were 2-rowed, none of them was irregular 
spike type. Based on individual locations’ two years average, 56% of the top 30 lines at Arsi Negelle 
were 2-rowed spike type, whereas at Holetta 77% were six-rowed spike type. It has been reported 
that the six-row spike type may produce 3 fold higher yield than the two-row spike type 
(Pourkheirandish & Komatsuda, 2007). Kaur et al. (2022) reported the six-row spike type barley 
had a higher grain yield than the two-row spike type and the hulled types had a higher grain yield 
than the hulless ones. However, the two-rowed barley lines outyielded the six-rowed types at Arsi 
Negelle, perhaps due to the six-rowed lines, in general, were later maturing than the two-rowed 
lines, thus suffering from terminal moisture shortage. This is in agreement with the findings of 
(Dodig et al., 2018) who reported the two-rowed varieties gave significantly higher yield compared 
to the six-rowed varieties under terminal drought simulated environments. In addition, the tillering 
capacity of the two-rowed types was higher than the six-rowed types which allow them to produce 
a higher number of fertile spikes per unit area (Arisnabarreta & Miralles, 2006; Le, 1992). In a study 
made to examine the row-type effect on tillering, analyses of vrs1 mutants and their progenitors 
were performed and the result revealed that the total number of tillers per plant was significantly 
higher in two-rowed progenitors compared to the six row (Alqudah et al., 2016). Further more 
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(Liller et al., 2015) found that the majority of plants with altered spike architecture caused by 
changes in Vrs1 and Vrs4 loci had reduced seed weight and fewer tillers than the two-rowed 
control plants

Phenological traits in crops like barley are complex and pair the development of the crop with 
the growing conditions, which in turn influences the adaptation of the crop to a particular envir-
onment and ultimately the yield (Przulj et al., 2013). The lines in our experiment showed consider-
able variation for all the phenological traits. This result accords with the findings of (Megersa et al., 
2015) who reported significant and wider variation for days to heading and maturity. The average 
number of days to maturity was different over years and locations. The lowest average value was 
recorded in year I at Arsi Negelle (Figure 2, panel b) and the latest was recorded in year I at 
Holetta. Days to maturity was shorter in the first year than in the second year at Arsi Negelle. 
Considering the location average, lines matured earlier at Arsi Negelle than at Holetta. The earliest 
line at Arsi Negelle Accn# 17,254 was 10 days earlier than the earliest line at Holetta, which was 
the same line. Similarly, the latest line HB-42 at Arsi Negelle was seven days earlier than the latest 
at Holetta (Accn#216,008). This was derived from the fact that Aris Negelle is located in the Rift 
valley belt, where the lines had a chance to accumulate higher degree days as compared to 
Holetta which was located in the central highland (Martín-Forés et al., 2018). A significant differ-
ence among locations tested with a difference of more than 20 days to mature of the same variety 
HB-1963 as a result of the difference in the agroecology of the two locations tested was reported 
by (Bogale et al., 2021). Przulj et al. (2013) reported that the variation in temperature and 
photoperiod gave rise to large differences in the length of the growing season. The earliest line 
in our study was a two-rowed barley type and this was in disagreement with the findings of (Kaur 
et al., 2022) who reported the two-rowed varieties took more days to mature as compared to the 
six-rowed varieties.

We found lines that matured as early as 85 days (Accn#17,254, Accn#243,611) and all the top 
30 early lines across environments matured at most in three months (Table S1). Cultivar HB-42 was 
found to be the latest (123.3 days) maturing line, making the difference between the latest and 
the earliest higher than 40 days. Interestingly, line Accn#17,254 derived from a farmers’ variety 

Figure 1. Grain yield with the 
respect to the four test envir-
onments. The x-axis represents, 
the environments 
ARSINEG1 = Arsi Negelle year 
I and ARSINEG2 = Arsi 
Negelle year II; 
HOLLlETA1 = Holetta year I, and 
HOLLETA2 = Holetta year II. 
The y-axis represents the esti-
mated grain yield in t ha−1.
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was 13 days earlier than the earliest improved variety HB-1553. In line with this (Megersa et al., 
2015) reported considerably high variation for phenological traits which was more noticeable in 
the farmers’ varieties compared to improved varieties that all were late maturing. Line Accn# 
35,284, which is in the top 30 for grain yield with a non-significant difference from the best line 
(HB-1307) matured in less than 90 days. Particularly in this era of climate change, such lines that 
combine little or low yield penalty with earliness can best fit environments that are characterized 
by terminal moisture stress not exhibiting a considerable trade-off between grain yield and ear-
liness. Some of the lines matured even in less than 3 months, others took more than four months. 
This combination of maturity time is an important building block for germplasm enhancement 
activities. A research effort aimed at evaluating the performance of these lines with early maturity 
in low moisture stress areas could be of great importance to address the farmers’ needs in this 
type of environment. Bleidere et al. (2012) reported significant variation among barley genotypes 
for days to heading and maturity.

3.2. Correlation among traits
To assess the association among pheno-agronomic traits, correlation coefficients were calculated 
based on BLUP mean pooled over the four environments (Figure 3). High, positive and significant 
correlations were observed for all phenological traits, up to r = 0.99 for booting and heading date. 
Similarly, a high positive and significant correlation between days to heading and maturity was 
reported by (Megersa et al., 2015). A positive significant correlation was also reported by (Kaur 
et al., 2022) between spike emergence and days to maturity where r = 0.58 in the entire set of 
6778 barley accessions and r = 0.69 in the core set. The correlation among agronomic traits was 
lower, though significant. A positive correlation was observed between spike length and thousand 
kernel weight (r = 0.47); grain yield and biomass (r = 0.38), suggesting that farmer varieties were 
selected to provide both traits (Bano et al., 2017). This finding is in agreement with the findings of 
(Bogale et al., 2021) who reported a significant and positive correlation among agronomic traits 
(r = 0.88** between grain and biomass yield) Expectedly, the longer the grain filling period, the 
higher the final yield (r = 0.31), while kernel number negatively affects the kernel size (r = −0.72). 
This is maybe one of the distinctions between the 2-row and 6-spike type barley in which case the 
two-row barley had a lower number of kernels per spike and higher thousand kernel weight, unlike 
the 6-row spike type.

This, in turn, results in the tightly packed seeds around the six-row head tending to be smaller 
and more variable in size both less desirable traits as they lead to inconsistent malting and less 

Figure 2. Top 30 highest yield-
ing barley types (panel a), 
FV = Farmers’ varieties, 
IV = Improved varieties, 
AN = Arsi Negelle, HO = Holetta 
x-axis barley spike row type, 
y-axis number of barley lines; 
Days to maturity with the 
respect to the four test envir-
onments (panel b). The x-axis 
represents, the environments 
as Arsi Negelle year 
I (ARSINE1) and year II 
(ARSINEG2), Holetta year 
I (HOLETTA1) and year II 
(HOLETTA2). The y-axis repre-
sents the number of days to 
mature.
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overall extract. Biomass yield showed a high positive correlation with phenological traits (up to 
r = 0.45 with days to maturity). Grain yield had a low, positive, and significant correlation with days 
to heading and maturity and agreed with (Žáková & Benková, 2006). Derbew (2020) reported 
a negative and significant correlation between grain yield with days to maturity and grain filling 
period. According to (Bogale et al., 2021) grain yield will increase with a longer period of maturity 
(r = 0.58**).

3.3. Principal component analysis
Principal component analysis, which is a dimension-reduction tool, was used to reduce the large 
set of variables to a small set that still contains most of the information of the entire set. Three 
principal components (PCs) with an eigenvalue greater than one, explained about 70% of the total 
variation with the respect to 10 measured traits (Table 2). PC1 and PC2 explained 37% and 20% of 
the variation respectively. Abebe et al. (2010) reported three principal components contributing 
73% of the variation and the first PC contributing 32% of the variation. On the other hand (Yadav 
et al., 2018) reported the first four PCs with eigenvalue ≥ 1 accounted for 69.8 % of the total 
variance.

In each of the three PCs, traits contribution was variable in the current study, PC1 was most 
affected by phenology traits and days to maturity having the highest load. The first PC according to 
(AA Dido et al., 2020) was heavily loaded by days to heading in the negative direction and other 

Figure 3. Above the diagonal 
correlation coefficients values 
for pheno-agronomic traits 
DB = Days to 50% booting, 
DH = Days to 50% heading, 
DM = Days to maturity, 
GFP = grain filling period, 
NET = number of effective til-
lers per plant, PH = plant 
height, SPL = spike length, 
GY = grain yield, BM = biomass 
yield, SPS = number of seeds 
per spike, and TKW = thousand 
kernel weight. Below the diag-
onal respective correlation plot 
between any two traits under 
study. * = significant at 
p < 0.05, ** = significant at 
p < 0.01, *** = significant at 
p < 0.001.
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agronomic traits such as plant height, thousand kernel weight, grain yield and peduncle length had 
greater contributions in the positive direction. PC2 was positively related to yield and yield 
components, including biomass, while it was negatively related to the number of seeds per 
spike. According to the findings of (Gadissa et al., 2021), the second PC had high factor loading 
from single leaf area, flag leaf length, and leaf width. Grain filling period and grain yield were found 
to strongly affect PC3, but other phenologic and agronomic traits, like plant height, spike length, 
and the number of seeds per spike, affected negatively. In this analysis as PC1 accounts for 
a larger proportion of the variability, traits with higher loading in the first PCs contribute a higher 
proportion of the phenotypic variation among lines under evaluation. In our case, crop develop-
ment traits and the number of kernels per spike were the traits with the highest loadings in PC1 but 
not limited to as these traits are highly associated with other qualitative traits as spike type 
(Derbew, 2020). In this case, the two-row spike type barley matures earlier than the six-row and 
the six-row spike type of barley produces a higher number of seeds than the two-row. This justified 
the higher contribution of these traits (crop development and the number of kernels per spike) for 
the observed variation among lines and hence these traits could be used as a basis for selection. 
This result was in agreement with previous findings (Bedasa et al., 2015; Derbew, 2020; Enyew 
et al., 2019; Kaur et al., 2022). Abebe et al. (2010) reported days to head, maturity and thousand 
kernel weight were the main contributors to the observed variation among 199 barley genotypes 
studied. Similarly (Shtaya & Abdallah, 2021) reported crop development traits (days to stem 
elongation, days to heading and maturity) account for a larger proportion of the variability as 
these traits exhibited higher loading in the first PC.

The line-by-trait bi-plot analysis (Figure 4) represents traits as vectors and a line as a point, 
where the origin of the biplot represents average values for all traits investigated (Delacy et al., 
2000). An angle of 90° or less between any two vectors (traits) indicates a positive correlation 
whereas an angle greater than 90° signifies a negative correlation. The biplot analysis in the 
current experiment clearly showed how the phenology traits had a positive correlation with one 
another. But earliness was negatively correlated with grain yield in the PC1 and PC2 bi-dimensional 
space. Expectedly, thousand kernel weight and the number of seeds per spike exhibited a negative 
correlation. This can depict from the biplot that lines in the bottom right were dominated by the 

Table 2. Eigenvectors with the first three principal components (PCs) and their corresponding 
proportion of variance explain the variation among the barley lines using pheno-agronomic 
traits
Traits Vectors

PC1 PC2 PC3
DB 0.4447 0.2087 −0.1854

DH 0.4418 0.2165 −0.1859

DM 0.4568 0.2091 −0.0312

GFP 0.1733 0.0439 0.5988

PH −0.1380 0.1967 −0.3475

NET −0.3546 0.1830 0.1509

SPL −0.2060 0.4202 −0.2384

SPS 0.3259 −0.3598 −0.0659

BM 0.1932 0.4447 0.1189

GY 0.0831 0.1161 0.5841

TKW −0.1744 0.5236 0.1062

Eigenvalue 4.0731 2.1930 1.4452

Proportion 0.3703 0.1994 0.1314

Cumulative proportion 0.3703 0.5697 0.7011
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6-rowed spike type (as referred to by the legend) of barley with a higher number of seeds per spike. 
On the contrary, the majority of the lines at the top left were 2-rowed spike-type barley with higher 
grain weight and a lower number of seeds per spike. The lines placed in the top right corner of the 
plot were those combining higher grain yield and biomass and may be prioritized by breeding 
programs targeting farmers’ needs.

3.4. Cluster analysis
Cluster analysis of 320 barley lines included in the panel using Ward amalgamation methods 
based on BLUP mean over the four test environments, revealed that the lines could be grouped in 
ten clusters (Table 3), with variable cluster membership. The highest inter-cluster distance was 
observed between clusters IV and VIII (46.88) and the lowest was between clusters II and 
III (9.14).

The intra-cluster distance ranged from 4.22 (cluster VIII) to 8.61 (cluster IX). This perhaps stems 
from the fact that cluster VIII was composed totally of two-row barley types with 86% belonging 
to lines from farmers’ varieties while cluster IX was composed of all three barley spike types. Early 
maturing lines are grouped in cluster I and late maturing lines are grouped in cluster IV. High- 
yielding lines grouped in cluster IV and cluster X was found to be the cluster with the lowest cluster 
mean for grain yield (Table S3). Cluster I with 73 observations (23%) was the largest cluster and 
cluster X with 8 observations (3%) was the smallest (Table S2).

Figure 4. PCA analysis based on 
the BLUP means of 11 pheno- 
agronomic traits. The vectors 
are traits and the dots as per 
the colour in the legend repre-
sent the individual line. 
DB = Days to 50% booting, 
DH = Days to 50% heading, 
DM = Days to maturity, 
PH = plant height, 
NET = number of effective til-
lers per plant, SPS = number of 
seeds per spike, SPL = spike 
length, GY = grain yield, 
BM = biomass yield, 
TKW = thousand kernel weight, 
FV2R = Farmer variety with 
two-row spike type, 
FV6R = Farmer variety with six- 
rowed spike type, 
FVIR = Farmer variety with 
irregular spike type, 
MV2R = Cultivars with two- 
rowed spike type, 
MV6R = Cultivars with six- 
rowed spike type, 
MVIR = Cultivars with 6-rowed 
spike type.
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Cluster analysis disaggregated the barley lines based on spike type in such a way that two- 
row spike type of barley lines was dominating in cluster I (60/73), cluster VI (18/19), cluster VII 
(19/35), cluster VIII (15/15), and cluster IX (11/17). Six-row type of barley lines was more 
concentrated in cluster II (20/29), cluster III (53/56), cluster IV (17/17), and cluster V (49/50). 
Barley lines with irregular spike type were dominant in cluster X (5/8), however, barley lines 
with such spike type in cluster VII were higher in number (11/35) than they are in any cluster 
but in this cluster two-row, spike type barley was the highest (19/35). Compared to other 
clusters two-row improved varieties were higher in number in cluster IX (9/17) and six-row 
improved varieties were high in cluster IV (7/17). This finding was in congruence with the 
results of (Kumar et al., 2020) who reported the cluster analysis disaggregated the barley 
genotypes based on spike row type where four out of eight clusters were composed of two-row 
types and the remaining four clusters had six-row types. On the contrary, the finding was in 
disagreement with the findings of (Kaur et al., 2019) who reported the identified four clusters 
distinguished accessions from different geographic areas and suggested a fair association 
between genetic diversity and geographic diversity. Besides, they reported that the clustering 
result couldn’t differentiate the accessions based on spike row type and naked versus covered 
caryopsis. The low intra-cluster distance bold diagonal values (Table 3) and low coefficient of 
variation in each cluster for all of the pheno-agronomic traits (Table S3) disclosed the variation 
among the lines within the cluster was minimal which in turn suggests ten clusters were the 
optimal number of clusters. Kumar et al. (2021) also reported that inter-cluster distance was 
higher than intra-cluster distance and suggested wider genetic diversity between the clusters 
than it was within the clusters.

The cluster with the highest cluster mean for grain yield was found to be dominated by the 
six-row spike type. However, the cluster with the second-highest cluster mean (whose coeffi-
cient of variation was half as big as the coefficient of variation of the cluster with the highest 
cluster mean for grain yield) was dominated by the two-row spike type barley. This supports 
the findings of Le (1992) and Arisnabarreta and Miralles (2006) that suggested the two-row 
barley types compensated for the three-fold grain yield advantage of the six-row barley types 
(Pourkheirandish & Komatsuda, 2007) by higher tillering capacity. The highest intra-cluster 
distance, cluster VIII (8.61) which was smaller than the lowest inter-cluster distance (between 
cluster I and II = 9.23) showed an overall lower intra-cluster distance. This together with 
a lower coefficient of variation for each of the ten clusters dictated lines within the cluster 
were homogenous as a result selection and crossing lines within the cluster may not be 
responsive. On the contrary crossing lines from clusters with high inter-cluster distance may 
result in a highly segregating population (Demissie & Bjørnstad, 1996; Muhe & Assefa, 2011; 
Negassa, 1985). This grouping of the barley genotypes generally doesn’t follow any zonal or 
regional pattern in which case genotypes from the different zones and regions appeared in the 
same cluster (Gadissa et al., 2021). In line with this finding (Yadav et al., 2018) also reported 
that landrace aggregation was independent of the geographic source of collection. Genotypes 
from Arsi were grouped into all clusters except C-VIII and genotypes from west Shewa 
appeared in all except two justifying genotypes from these zones were more diverse than 
those that appeared in fewer clusters (Abebe et al., 2010).

4. Conclusion
In this study, the result indicated that the barley genotypes were diverse in yield and agro-morphology 
traits. For grain yield, it was found that the lines from farmers’ variety Accn# 1826 at Arsi Negelle and 
Accn# 24,970 at Holetta, gave higher yield comparing the performance on the two locations separately 
and HB-1307 gave better yield than the highest yielding lines combined across locations. It was also 
showed there were lines from farmer varieties that can mature in less than 85 days. These lines can be 
used in crossing blocks to combine this desirable trait with the high-yielding varieties to develop early 
maturing high-yielding varieties. Especially for those locations which are characterized by terminal 
moisture stress genotypes as early as line Accn#17,254 will suit the most. The best early farmer variety 
was 13 days earlier than the best early cultivar. Hence, we argue against the general notion that farmers’ 
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varieties are inferior with respect to grain yield and late with the respect to maturity as compared to the 
improved varieties based on the aforementioned facts. Having the improved barley gene pool largely 
from international nurseries and yield trials, combining the improved and elite materials with farmers’ 
varieties may complement minimizing the existing gap between the local and improved barley gene 
pool and hence contributing to the productivity of the crop.
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