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A B S T R A C T

Ethiopian barley germplasm is a potential source of useful traits to fight the production challenges of barley
farming and to enhance yield productivity in favorable and marginal environments. A study was carried out to
assess the distribution and patterns of 17 qualitative trait variations among 85 Ethiopian barley accessions using
an alpha lattice design with two replications. The Shannon-Weaver diversity (H0) index was used to estimate
morphological diversity. Fifteen morphological traits of barley accessions originating from various regions of
origins and altitude ranges were polymorphic. However, two traits including stem branching and lemma awn
were monomorphic. The highest (0.94) overall mean of H0 was obtained for glume colour, kernel row and kernel
shape. The estimated H0 ranged from 0.41 to 0.99 across regions, and 0.52 to 0.99 across altitude ranges with an
overall mean of 0.76. The analysis of variance of H0 showed significant variation for most studied traits. Principal
components analysis revealed that eight traits were the major loading on the first two principal components that
describe 38.3% of the total morphological variance. Heat map analysis based on morphological traits of barley
accessions was also grouped into three distinct clusters. Thus, the present finding confirmed that the Ethiopian
barley accessions showed vast morphological variations across the region of origins and altitude ranges. Based on
the result, further evaluation is ongoing to exploit specific gene variations through phenotyping and genotyping
trait association.
1. Introduction

Barley (Hordeumvulgare L. 2n¼ 2x¼ 14) iswidely cultivatedon a global
basis, it ranks fourth in termsofproduction, asa cool-season foodcereal crop
for humans (Purugganan and Fuller, 2009; FAOSTAT, 2019), feeds and
malting for alcohol industries (Shaaf et al., 2019). It is believed to be among
the oldest crop species in the world and it was domesticated from the
large-seeded wild barley (Hordeum vulgare ssp. spontaneum) (Pourkheir-
andish andKomatsuda, 2007). It is grownworldwide and in awide range of
agro-ecological zones (Leino and Jenny, 2010; Russell et al., 2016).

Barley is one of the earliest cultivated and themost essential staple food
crop in Ethiopia (MoARD, 2018; Bekele et al., 2020). It is used in numerous
traditional foods such as injera, kinche, dabo, kolo, basso, porridge and in
rm 16 May 2022; Accepted 29 S
evier Ltd. This is an open access a
making local drinks including tela, borde, areki (Hailemichael and Sopade,
2011; Mohammed et al., 2016). Barley is also used as feed for animals, as a
thatching of roots and as a source of income generation for many small-
holder farmers in Ethiopia (Bekele et al., 2020). It constitutes one of the
major crops (Taffesse et al., 2013) for food and industrial crops used as raw
material for malting and brewing industries in Ethiopia (CSA, 2018).

Barley is grown in a broad range of agro-climatic regions under several
production systems. It canbecultivated in thehighlandofEthiopia (Oromia,
Amhara, Tigray and part of SNNP regions) at altitude ranges of 1800 and
3500 meter above sea level, but the crop is most widely grown at altitudes
between 2000 and3000masl (Lakewet al., 1997;Mohammed et al., 2016).
It ranks fifth, after teff (Eragrostis tef), wheat (Triticum aestivum), maize (Zea
mays) and sorghum (Sorghum bicolor) both in area coverage and quantity of
eptember 2022
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production in the country (CSA, 2018). The main producing regions are
Oromia, Amhara, Tigray and Southern Nations Nationalities and Peoples
(SNNP), which account for about 99.5% of the total annual barley pro-
duction (Bakana et al., 2018; MoARD, 2018). Ethiopia is the second-largest
barley producer in Africa after Morocco (FAOSTAT, 2019), accounting for
about 25% of the total barley production in Africa. However, the average
yield of barley in the country is2.18 tons ha�1 (CSA,2018),which is slightly
less than theworldaverageof2.89 tonsha�1 (FAOSTAT,2019).Conversely,
it is much less than the average yield in Belgium (8.6 t/ha), France (7.0
t/ha), and Germany (6.8 t/ha) (FAOSTAT, 2019). This low productivity of
barley in Ethiopia is due to various production challenges such as drought
and frost (Gardi et al., 2022), disease (Mulatu and Grando, 2011) and
shootfly (Amsal et al., 1997; Tafa et al., 2004). Hence, the use of genetic
diversity is one of the main approaches to enhancing crop productivity and
achieving food security (Tilman et al., 2001; Hernandez et al., 2020;
Temesgen, 2021).

Barley germplasm is a potential source of useful traits to fight the pro-
duction challenges of barley farming and to enhance yield productivity. To
cite the case, Ethiopianbarley accessions are the sourceof valuable traits for
Ethiopia and world agriculture, such as resistance and tolerance to disease
(barley yellow dwarf virus, net blotch, powdery mildew, scald and loose
smut) and insect pests (Yitbarek et al., 1998; Bonman et al., 2005), high
lysine and protein content (Munck et al., 1970), and malting and brewing
quality (Lance and Nilan, 1980). Thus, barley germplasm preserved in the
Ethiopian Biodiversity Institute (EBI), withmore than 16,000 accessions, is
a useful resource of genetic diversity and can play an important role in
developing new crop varieties having desirable traits that help to support
resilience and enhance barley yield potential (www.ebi.gov.et).

Morphological diversity study is a very useful step prior to advanced
tools such as molecular and genomic studies. Thus, understanding the
existingmorphologicaldiversity inbarleygermplasmisan important step in
enhancing the selection of breeding materials with varied genetic back-
grounds and efficient management of crop genetic resources (Demissie and
Bjørnstad, 1996; Nyiraguhirwa et al., 2021). Previous research reports
showed that highmorphological variation of barley germplasm in Ethiopia.
Twenty two accessions for nine qualitative traits (Kebebew et al., 2001),
forty four landraces for four qualitative traits (Assefa and Labuschagne,
2004), one hundred six landraces for eight qualitative traits (Tanto Hadado
et al., 2009), forty three landraces for eight qualitative traits (Shumet and
Tesema, 2014), one hundred two accessions for six qualitative traits
(Mekonnon et al., 2015), thirty-six landraces for eleven qualitative traits
(Addisu et al., 2018), and one hundred twenty landraces for seven quali-
tative traits (Gadissa et al., 2021) were reported. These reports provide
primary information to distinguish genetic resources from diverse
geographic sites in relation to efficient germplasm collection and valoriza-
tion in barley breeding (Mekonnonet al., 2015; Kaur et al., 2022).Although
these researchers realized the role of morphological diversity in past de-
cades, in general, there is still a gap in the characterization and evaluationof
the preserved germplasm and their valorization in barley breeding. These
diversity studies on barley germplasm have evaluated a limited number of
qualitative traits, some accessions from specific collection periods, and
specific regionsoforigins. In addition, there is limited informationabout the
diversity and practically useful morphological traits in barley breeding in
Ethiopia (Abdi, 2011). Therefore, continuous characterization and evalua-
tion of barley germplasm for qualitative traits can be an alternative
approach to generate directly adaptable new varieties for smallholder
farmers under both favorable and marginal production environments.
Therefore, this study was conducted to assess the extent and patterns of
morphological variation in Ethiopia's barley accessions.

2. Materials and methods

2.1. Experimental sites and plant materials

The experiment was conducted at Kulumsa Agricultural Research
Center, located at 8�10700N latitude and 39�903500E longitude with an
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altitude of 2200 masl. It is found 160 km southeast of Addis Ababa and is
characterized by an annual rainfall of 832 mm and with the means
maximum and minimum temperature of 22.8 and 10.4 �C, respectively.
The soil is classified as clay loam with a pH of 6 (Abebele et al., 2020).

Eighty five barley accessions having wide variation for various agro-
morphological traits were evaluated at Kulumsa Agricultural Research
Center during the two consecutive main cropping seasons in 2020 and
2021 under rain-fed conditions. The accessions were obtained from the
ex-situ collection of the Ethiopian Biodiversity Institute along with their
passport data (Table S1). The random sampling procedure was modified
to allow the equal representation of barley accessions from 1976 to 2018
collection periods from four regions of the country (Oromia, Amhara,
Tigray, and SNNPR) as well as at four major altitude ranges (less or equal
to 2000, between 2001 to 2500, from 2501 to 3000, and above 3001
masl). The geographical distribution of the barley accessions for
morphological characterization of the collection and testing sites is
indicated in Figure 1.

2.2. Experimental design and field management

The experiment was laid out in an alpha lattice design with two
replications. The trial was arranged in 5 blocks, with 17 entries in each
block. The gross plot area was 0.4 m2 which accommodates two rows
having a length of 1m. The spacing between plots and rows was 0.5 m
and 0.2 m, respectively. Ten grams of seed for each genotype were sowed
manually at the rate of 125 kg ha�1, on 11 July 2020 and 19 July 2021.
Nitrogen and phosphorous fertilizers were used at the recommended rate
for the area, 50 kg ha�1 Urea and 120 kg ha�1 DAP at planting, respec-
tively. Maximum care was taken during the experiment to minimize the
possible confounding factors which could affect the expected result of the
study. All other management practices such as hand weeding (three times
weeding at seedling and vegetative stages) were uniformly applied.

2.3. Data collection

Each barley accession was morphologically characterized and obser-
vations on different qualitative traits were recorded on ten randomly
selected plants from the most frequent variant in each accession
following morphological and taxonomical descriptors based on the
barley descriptors (IPGRI, 1994) (Table 1). Colour traits were also
recorded based on the Munsell colour Company manual (1957).

2.4. Data analysis

The percentage of frequency of the morphological traits for classes of
each trait, region, and altitudinal ranges were calculated using GenStat
(2015) for the seventeen qualitative traits. The chi-square (X2) was
analyzed to test deviation from the pool mean of qualitative traits using
the PROC FREQ procedure in SAS software for the region of origins and
altitude ranges (SAS, 2008). The Shannon-Weiner evenness index (H0)
was estimated for the region of origins and altitude ranges using GenStat
(2015) with bootstrapping. A principal component analysis (PCA) was
conducted using the autoplot.prcomp () function to summarize the
variation in morphological traits. An ANOVA was performed on
morphological data collected including region of origins and altitude
ranges in R using the aov () function. The R program was also used to
make a plot using heatmap () function using R.4.2 statistical software (R
development core Team, 2022).

3. Results and discussion

3.1. Distribution of qualitative traits of barley across regions

The frequency distribution of each qualitative trait of barley acces-
sions across regions is presented in Table 2 and showed high morpho-
logical diversity (Table 2). Chi-square (X2) values are also displayed to
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Figure 1. Map of Ethiopia showing the experimental sites, collection region of origins and their altitudes. Where: org ¼ origins, Agr. Res. Center ¼ Agricultural
Research Center.

Table 1. Seventeen qualitative traits and their classes were used for the study.

No Traits Classes

1 Stem pigmentation (Immature) Green-1, Purple (basal only)-2, Purple (half or more)-3

2 Leaf colour (LfC) Light green-1, Medium green-2, Dark green-3

3 Stem branching (StBr) Opposite-1, Alternate-2, Ternate-3, Mixed-4

4 Glume colour at hard dough stage (GlC) White-1, Yellow-2, Brown-3, Black-4, Purple-5

5 Glume colour at physiological maturity (GlCM) White-1, Yellow-2, Brown-3, Black-4, Purple-5, Grey-6

6 Lemma colour at the hard dough stage (LmC) Amber/normal-1, Red-2, Purple-3, Black-4, Grey-5, Yellow-6, Brown-7

7 Lemma colour at physiological maturity (LmCM)

8 Glume hairiness (GlH) Glabrous-1, Hairy-2

9 Spike density (SpDs) Lax-3, Intermediate-5, Dense-7

10 Kernel row number (KrRw) Two row-1, Irregular-3, Six row-5

11 Awn colour (AwC) Amber/White-1, Yellow-2, Brown-3, Reddish-4, Black-5

12 Lemma awn (LmA) Awnless-1, Awnleted-2, Awned-3, Sessile-4, Elevated-5

13 Lemma awn barbs (LmAB) Smooth-3, intermediate-5, Rough-7

14 Beak length (BkLn) Very short-1, Short-2, Medium-3, Long-4, Very long-5

15 Beak shape (BkSh) Straight-1, slightly curved-2, Medium curved-3, Strongly Curved-4, Geniculated-5

16 Kernel shape (KrSh) Spherical-1,Spherical-Flattened-2,Elongated-3, Elongated-Flattened-4

17 Kernel colour (KrC) White-1, Red-2, Purple-3, Black-4, Grey-5, Amber-6, Yellow-7, Brown-8
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understand the degree of deviation of the observed frequency distribu-
tion of qualitative traits from expected values. The result indicated that
the highest percentage frequency distribution of green and purple stems
(basal only) was recorded in Oromia and Tigray regions with values of
90.9 and 53.3%, respectively. A comparable result was reported by
Gadissa et al. (2021) showed that most collections of barley revealed
green stem pigmentation. Light green leaf (66.7%) in the Tigray region
followed by medium green leaf (51.9%) in the Amhara region as a
dark-green leaf was the least abundant (9.5%) in the SNNP region. The
high frequency of green stem and light green leaf colours in barley ac-
cessions can be valorized in drought resistance breeding. Indeed, the
stay-green trait, retaining green leaf area, which is related to the reten-
tion of chlorophyll content has been identified as a key target trait for
improving light interception and utilization and can contribute to
enhancing cereal yield potential under moisture deficit growing condi-
tions (Cossani and Reynolds, 2012; Tshikunde et al., 2019).

Awn colours of barley accessions showed different distribution
among the region of origins (Table 2). Among the awn colours, amber or
white was the most frequent (95.5%) colour in the Oromia region,
however, reddish (20.0%), yellow (13.3%), brown (4.8%) and black
3

(4.8%) colours were with low frequencies. Similarly, in Derbew et al.
(2013), most of the barley landraces were amber or white in awn colour
followed by red and yellow. On the contrary, Bouhaouel et al. (2019)
showed yellow awn colour (99%) was dominant in Tunisian barley ac-
cessions. White GlC was highly variable with a percentage frequency
distribution of 60.0% in the Tigray region followed by purple colour
(55.6%) in the Amhara region (Table 2, Figure S1A and B). In contrast,
Tanto Hadado et al. (2009) found that the most frequent glumes colour
was white followed by brown with black and yellow colours. Besides,
white (86.7%) and black (28.6%) glume colours were commonly ob-
tained in Tigray and SNNP regions at the maturity stage (Table 2,
Figure S2A). The amber or normal (66.7%) in the Tigray and purple
(59.3%) in the Amhara regions were the most prevalent LmCs (Table 2).
On the other hand, both amber or normal (52.2%) and black (28.6%)
colours were predominantly obtained from the SNNP regions whereas
grey (33.3%) colour was mainly recorded in the Tigray region at maturity
time (Table 2, Figure S2A). This study explained by the dominance of the
traits may be due to farmers’ selections for desirable traits being key
forces in determining the variations of the barley accessions (Kebebew
et al., 2001).



Table 2. Frequency distribution of 17 qualitative traits (in percent of the total) of barley accessions by region of origins and altitude ranges. The chi-square (X2) statistic
is given deviations of observed frequencies from the expectations.

Traits Classes Regions Chi-square (X2) Altitudes Chi-square (X2)

Oromia Amhara Tigray SNNP ≤2000 2001–2500 2501–3000 ≥3001

StP 1 90.9 74.1 20.0 85.7 149** 63.6 65.5 73.3 86.7 63.5**

2 4.5 22.2 53.3 9.5 9.1 31.0 16.7 13.3

3 4.5 3.7 26.7 4.8 27.3 3.4 10.0 0.0

LfC 1 45.5 48.1 66.7 52.4 28.4** 63.6 58.6 50.0 33.3 40.6**

2 45.5 51.9 33.3 38.1 27.3 34.5 46.7 66.7

3 9.1 0.0 0.0 9.5 9.1 6.9 3.3 0.0

GlH 1 86.4 81.5 73.3 71.4 8.6* 54.5 75.9 80.0 100.0 60**

2 13.6 18.5 26.7 28.6 45.5 24.1 20.0 0.0

StBr 1 0.0 0.0 0.0 0.0 0 0.0 0.0 0.0 0.0 0

2 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

AwC 1 95.5 85.2 66.7 66.7 45** 90.9 75.9 76.7 86.7 50**

2 0.0 3.7 13.3 9.5 9.1 6.9 6.7 0.0

3 0.0 0.0 0.0 4.8 0.0 3.4 0.0 0.0

4 4.5 7.4 20.0 14.3 0.0 10.3 16.7 6.7

5 0.0 3.7 0.0 4.8 0.0 3.4 0.0 6.7

SpDs 3 9.1 22.2 40.0 33.3 40.4** 54.5 27.6 13.3 20.0 48.7*

5 63.3 66.7 53.33 47.6 36.4 58.6 66.7 60.0

7 27.3 11.1 6.7 19.0 9.1 13.8 20.0 20.0

GlC 1 50.0 44.4 60.0 57.1 23.8** 63.6 44.8 43.3 73.3 45**

2 9.1 0.0 0.0 4.8 9.1 0.0 6.7 0.0

3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

5 40.9 55.6 40.0 38.1 27.3 55.2 50.0 26.7

GlCM 1 77.3 59.3 86.7 66.7 57** 72.7 62.1 76.7 73.3 74.4**

2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

4 4.5 14.8 6.7 28.6 0.0 13.8 13.3 26.7

5 13.6 25.9 6.7 4.8 27.3 24.1 6.7 0.0

6 4.5 0.0 0.0 0.0 0.0 0.0 3.3 0.0

LmC 1 54.5 37.0 66.7 52.4 70.1** 54.5 44.8 46.7 66.7 87.6**

2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

3 36.4 59.3 33.3 42.9 27.3 55.2 50.0 26.7

4 0.0 3.7 0.0 0.0 0.0 0.0 0.0 6.7

5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

6 9.1 0.0 0.0 0.0 9.1 0.0 3.3 0.0

7 0.0 0.0 0.0 4.8 9.1 0.0 0.0 0.0

LmCM 1 50.0 48.4 38.0 52.4 117.2** 27.3 37.9 60.0 60.0 118**

2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

3 4.5 21.0 22.0 4.8 27.3 17.2 10.0 0.0

4 4.5 15.8 6.7 28.6 0.0 13.8 13.3 26.7

5 22.7 14.8 33.3 9.5 27.3 27.2 13.3 6.7

6 13.6 0.0 0.0 0.0 9.1 3.4 3.3 0.0

7 4.5 0.0 0.0 4.8 9.1 0.0 0.0 6.7

KrRw 1 18.2 37.0 80.0 47.0 97.8** 63.6 58.6 26.7 26.7 79.1**

3 18.2 7.4 6.7 0.0 0.0 6.9 16.7 0.0

5 63.6 55.6 13.3 52.4 36.4 34.5 56.7 73.3

LmAB 3 81.8 81.5 80.0 57.1 23.1** 72.7 72.4 73.3 86.7 8.1**

5 18.2 18.5 20.0 42.9 27.3 27.6 26.7 13.3

7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

LmA 1 0.0 0.0 0.0 0.0 0 0.0 0.0 0.0 0.0 0

2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

3 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

BkLn 1 0.0 7.4 6.7 4.8 46.3** 0.0 6.9 3.3 6.7 60.1**

2 4.5 3.7 13.3 0.0 9.1 6.9 3.3 0.0

3 27.3 33.3 46.7 42.9 27.3 41.4 26.7 53.3

(continued on next page)
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Table 2 (continued )

Traits Classes Regions Chi-square (X2) Altitudes Chi-square (X2)

Oromia Amhara Tigray SNNP ≤2000 2001–2500 2501–3000 ≥3001

4 59.1 51.9 26.7 47.6 45.5 44.8 60.0 33.3

5 9.1 3.7 6.7 4.8 18.2 0.0 6.7 6.7

BkSh 1 18.2 40.7 40.0 28.6 19.4* 36.4 37.9 23.3 33.3 22.8**

2 63.6 44.4 40.0 47.6 45.5 41.4 56.7 53.3

3 18.2 14.8 20.0 23.8 18.2 20.7 20.0 13.3

4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

KrSh 1 0.0 0.0 0.0 0.0 45** 0.0 0.0 0.0 0.0 30.8**

2 4.5 3.7 20.0 0.0 0.0 10.3 3.3 6.7

3 59.1 44.4 53.3 52.4 36.4 44.8 63.7 53.3

4 36.4 51.9 26.7 47.6 63.5 44.8 33.1 40.0

KrC 1 54.5 40.7 26.7 57.1 132.5** 36.4 34.5 56.7 53.3 114.8**

2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

3 4.5 22.2 20.0 4.8 27.3 17.2 10.0 0.0

4 4.5 14.8 6.7 28.6 0.0 13.8 13.3 26.7

5 18.2 14.8 33.3 4.8 18.2 24.1 13.3 6.7

6 0.0 7.4 6.7 0.0 0.0 6.9 0.0 6.7

7 13.6 0.0 6.7 0.0 9.1 3.4 6.7 0.0

8 4.5 0.0 0.0 4.8 9.1 0.0 0.0 6.7

Abbreviations: StP ¼ Stem pigmentation, LfC ¼ Leaf colour, GlH ¼ Glume hairiness, StBr ¼ Stem branching, AwC ¼ Awn colour, SpDs ¼ Spike density, GlC ¼ Glume
colour at hard dough stage, GlCM ¼ Glume colour at physiological maturity stage, LmC ¼ Lemma colour at hard dough stage and LmCM ¼ Lemma colour at physi-
ological maturity stage. KrRw¼ Kernel rows, LmAB¼ Lemma awn barbs, LmA¼ Lemma awn, BkLn¼ Beak length, BkSh¼ Beak shape, KrSh¼ Kernel shape and KrC¼
Kernel colour. **, significant at the 1% level; * significant at the 5 % level; n.s, not significant.
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Awned LmA was monomorphic in all regions, while awnless, awn-
leted, sessile and elevated traits were absent (Table 2). This result is
comparatively consistent with the awned spikes that were predominant
(96% and 89%) of barley materials from India, Syria, Canada, the USA
and Mexico (Kaur et al., 2022) and from the world collection (Tolbert
et al., 1979), respectively. The presence of awn is an advantageous trait
in cereals (Ahmadi et al., 2018; Ntakirutimana and Xie, 2020) whichmay
be associated with tolerance to drought stress climatic conditions as well
as an adaptive structure against leaf diseases (Paperson and Ohm, 1975;
Negassa, 1986), yet further evaluations are required to understand the
relationship between awn length, and grain yield potential in moisture
deficit area as well in leaf disease affected environments. Research report
showed that the presence of awns helps the spikes to maintain higher
rates of photosynthesis and WUE throughout the grain filling period as
well as significantly enhance kernel dry weight in barley (Bort et al.,
1994). Besides, awns could improve yield potential by improving the
photosynthetic rate and WUE in wheat (Motzo and Giunta, 2002).

Spike related traits of barley accessions showed different distribution
among regions (Table 2), which are useful traits of smallholder farmers in
Ethiopia (Mancini et al., 2017) as well as a selection tool that provides
key traits for yield enhancement in breeding (Gao et al., 2015; Allel et al.,
2017). Intermediate SpDs (66.7%) was commonly found in the Amhara
region followed by lax type (40.0%) in the Tigray region and dense type
(27.3%) in the Oromia region. Two-rowed (80.0%) is the predominant
type of KrRw in the Tigray region while six-rowed (63.6% and 55.6%)
was frequently found in the Oromia and Amhara regions, respectively.
The prevalence of these traits may be related to the presence of better
precipitations in the highlands of Oromia and Amhara than in the low-
lands of the Tigray regions. These results are in agreement with Bou-
haouel et al. (2019) and Tolbert et al. (1979) who reported the
dominance of the six-rowed number in the Tunisian barley collection and
the world barley collection, respectively. Six-rowed barley is associated
with a higher number of seeds per spike and enhanced productivity at
higher elevations and high rainfall areas (Pourkheirandish and Komat-
suda, 2007), while the two-rowed barley is frequently produced in
marginal areas (García del Moral et al., 2003).
5

The high percentage distribution of long (59.1%) and medium
(46.7%) types of BkLn was recorded in Oromia and Tigray regions,
respectively (Table 2). The BkSh of slightly curved (63.6%) in Oromia
and straight (40.7%) types in Amhara regions showed the highest fre-
quency (Table 2, Figure S2B). Correspondingly, the elongated (59.1%)
and elongated-flattened (51.9%) kernel shapes were primarily originated
in Oromia and Amhara regions, respectively, and this material can be
valorized in barley quality improvement in Ethiopia and beyond. Indeed,
the landraces of barley from Ethiopia are a source of genes that control
useful nutrient traits, such as high lysine and protein quality and content
(Munck et al., 1970). The kernel size and shape related traits showed
different distribution among regions (Table 2), this may be associated
with local requirements to cultural preferences such as cooking and taste
qualities, and local adaptation. Earlier research reports showed that
kernel shape is one of the most determinant traits for the preparation of
food and taste qualities (Sun et al., 2013), and malting quality (Nielsen,
2003).

Kernel colours (KrC) of barley accessions showed different distribu-
tion among regions (Table 2, Figure 2A–E). KrC was variable with 1–8
classes (Table 2). The existence of different KrC could be linked to the
local requirement of farmers’ traits for making cultural purposes (Asfaw,
1988), which could ensure the in-situ conservation of indigenous
knowledge by the farming community in Ethiopia (Abebe et al., 2010).
White colour was predominantly observed in the SNNP region (57.1%)
followed by Oromia (54.5%), Amhara (40.7%) and Tigray (26.7 %) re-
gions (Table 2, Figure 2A), which may be associated with Ethiopian
smallholder farmer selection pressures operating for white phenotypic
class (Demissie and Bjørnstad, 1996). A similar finding was reported by
(Assefa and Labuschagne, 2004; Tanto Hadado et al., 2009) indicating
that the majority of Ethiopian barley landraces have white kernel colour.
Unlikely, the barley accessions were largely characterized by the grey
kernel colour (91%) in Tunisia (Bouhaouel et al., 2019). The highest
frequency of black kernel accessions was observed from the region of
SNNP and Amhara regions (Table 2, Figure 2C). The brown kernel was
only sourced from Oromia and SNNP regions while the red kernel was
absent in all regions. The purple kernel was frequent in Amhara and



Figure 2. Diversity of kernel colour of barley acces-
sions (A) White (64255, 17672, 242096, 27507,
17190, 236254, 15397, 29689, 18319, 244774,
235059, 29524, 15366, 208857, 244890, 25915,
29523, 29682, 235057, 239077, 29705, 15277, 1625,
16857, 208843, 208845, 16853, 64265, 237839,
242092, 30228, 1661, 15291, 16739, 16861,
236811,30230,243574, 3248), (B) Grey (242583,
242584, 234311, 4496, 235252, 242067, 15255,
17220, 239538, 18871, 208815, 3509, 17231,
16862) (C) Black (16804, 1637, 26514, 244771,
244772, 15260, 243605, 16737, 1652, 16863,
235530, 24126) (D) Purple (24237, 3470, 244944,
3489, 3473, 240795, 242094, 26519, 17255, 243586,
238349) and (E) Amber colours (25919, 9950,
243598). Numbers in the bracket are accession
numbers at various classes of kernel colour. The
kernel colours of barley accessions are measured with
a scale of 1–8 classes (white-1, red-2, purple-3, black-
4, grey-5, amber-6, yellow-7 and brown-8) following
the barley descriptors.
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Tigray regions (Table 2, Figure 2D). Grey was dominant in the Tigray
region (Table 2, Figure 2B).

3.2. Distribution of qualitative traits in the four altitude ranges

The frequency distribution of the 17 qualitative traits of barley ac-
cessions was observed in relation with four altitude ranges (Table 2). Chi-
square (X2) values are also indicated to understand the degree of devia-
tion of the observed frequency distribution of qualitative traits from
expected values. Research report showed that variations of barley traits
at different altitudes may have resulted from the random or selective
accumulation of certain genes at high or low altitudes and partly from
farmers’ selection of morphological types (Asfaw, 1989). High percent-
age frequency distribution was obtained in the green stem (86.7%) at
higher altitudes followed by the purple stem (31.0%) (basal only) at
medium altitudes. Consecutively, medium (66.7%) and light green
(63.6%) leaves were observed at higher and lower altitudinal ranges,
respectively. Leaf traits are important for breeding of enhanced grain
yield in cereals (Mathan et al., 2016: Shaaf et al., 2019) and determining
yield potential (Tesso et al., 2011), traits related to photosynthetic effi-
ciency as well as to water balance are less exploited in barley breeding
programs in Ethiopia. Leaf traits could be useful for enhancing the per-
formance of triticale under drought stress growing conditions (Lonbani
and Arzani, 2011). Therefore, it is good to consider strategic breeding
combines leaf traits with measured traits to enhance the grain yield of
barley under both favourable and marginal production conditions.

The distribution of the two classes of GlH, glabrous and hairy, showed
a strong trend in the four altitude ranges (Table 2). Glabrous increased its
frequency of distribution from 54.5% in lowland (�2000) to 100% in
highland (�3001), while hairy type decreased its distribution from
45.5% in low altitude (�2000) and absent at greater than 3001 masl.
Higher altitude in Ethiopia is characterized by high rainfall, low tem-
perature and frost (Etana et al., 2020). The more abundance of glabrous
in highland and hairy in lowland may be associated with adaptive sig-
nificance in drought and frost-affected areas in Ethiopia, respectively.
Glume hairiness is usually common in Ethiopian wheat (Negassa, 1986),
it can be used by breeders engaged in resistance breeding to insects. A
similar finding was reported in this study by Belay et al. (1997) indi-
cating that the greater parts of Ethiopian wheat landraces have glabrous
glume with preset at the highest altitudes.

The most abundant GlC at the hard dough stage was white colour
(73.6%) at higher altitudes (�3001 masl) followed by purple colour
(55.2%) at medium altitudes (2001–2500 masl) (Table 2, Figure S1A and
B). At the GlCM stage, white (76.7%) and purple (27.3%) colours were
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also mainly occurred at altitudes 2501–3000 and �2000 masl, respec-
tively (Table 2). The variations of glume colours from the medium alti-
tudes towards the lower and higher altitudes were decreased; this is
possible due to the direct influence of both human and natural selection
(Shumet and Tesema, 2014). The LmC of amber or normal (66.7%) in
higher altitudes and purple (55.2%) in medium altitudes had abundantly
occurred while yellow (9.1%), brown (9.1%) and black (6.7%) colours
were the least abundances. This predominance of LmC in this study is in
line with Demissie and Bjørnstad (1996), the amber or white or normal
colour was the prevalent lemma colour in Ethiopian barley collections.
Additionally, white or normal colour was predominately found at higher
altitudes (60%) followed by purple (27.3%) and grey (27.3%) colours
recorded at lower altitudes during maturity.

The distribution of spike density (SpDs) in barley accessions showed
different distributions in the four altitude ranges (Table 2). Intermediate
SpDs (66.7%) was the most abundant class for all altitude ranges except
in lower altitude (�2000). Lax SpDs was found in higher frequency at
lower altitude while the dense type had a relatively higher frequency at
higher altitude (Table 2). This result is in agreement with the finding of
Kebebew et al. (2001), who reported that intermediate SpDs was largely
found at higher altitudes whereas the lax type concentrated below 2650
masl. Research report showed a significant association between altitude
and spike related traits in Ethiopian barley (Asfaw, 1989). Indeed, vari-
ation in altitude ranges affects barley cultivation in Ethiopia by influ-
encing the amount of rainfall and temperature (Engels, 1994). Further,
moisture deficit is decreased from lower altitudes towards higher altitude
ranges in central Ethiopia (Etana et al., 2020).

The distribution of KrRw types varied in the four altitude ranges
(Table 2). Six-rowed type in barley accessions (73.3%) was the most
dominant in higher altitude range (�3001 masl) while two-rowed barley
(63.6%) was more dominant in lower altitude (�2000 masl), this could
be related to local adaptation/related to the amount and distribution of
rainfall and temperature (Demissie and Bjørnstad, 1996; Kebebew et al.,
2001). Two-rowed barley over six-rowed barley is earlier to mature,
which is a useful trait for breeding to escape high temperature and low
precipitations during grain filling periods (Kandic et al., 2018), while
six-rowed barley is a high yielder type at higher altitudes and high
rainfall areas (Pourkheirandish and Komatsuda, 2007).

Kernel related traits of barley accessions including beak length
(BkLns), beak shape (BkSh) and kernel shape (KrSh) showed different
distribution in the four altitude ranges (Table 2). High frequency of long
(60%) and medium (53%) BkLns was common in higher altitudes. The
slightly curved (56.7%) BkSh was mainly observed at 2501–3000 masl,
followed by the straight (37.9%) BkSh at medium altitude (Figure S2B).
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However, KrSh of the elongated-flattened and elongated were mainly
found at altitudes �2000 and 2501–3000 masl, respectively. The domi-
nant traits of BkLn and BkSh were largely originated from higher alti-
tudes except for KrSh which was concentrated at lower and higher
altitudes. This showed that most of them are high variations may due to
they are particularly influenced by altitude, climate and soil conditions
and human selections. Previously described by the human being
dependent on the yields for it is the existence or a variation of it is
desirable traits (Fuller, 2007).

The high frequency of long, slightly curved and elongated traits of
kernels in this study (Table 2) indicates that these barley accessions may
be valorized in quality and yield enhancement breeding programs.
Indeed, kernel related traits are important yield related traits in barley
breeding (Xin et al., 2018). Yield has been highly related with enhanced
kernel size in cereals (Kesavan et al., 2013; Tshikunde et al., 2019).
Kernel size is characterized by the grain width, grain length and thousand
grain weights (Li et al., 2019). Variation of kernel size related traits in
Ethiopian barley germplasm has received little research attention.
Therefore, future barley research should focus on understanding the
variation and relationship among kernel related traits and grain yield
potential, which will enhance the efficiency of genetic selection in barley
breeding and improvement programs.

The barley accessions showed a wide range of kernel colour (KrC)
distribution in the four altitude ranges (Table 2, Figure 2A–E). Among the
KrC, the high frequency was observed in white colour (56.7%) followed
by purple (27.3%), black (26.7%) and grey (24.1%) colours, and the
white colour was the most abundant for all altitude ranges. The possible
factors explained by responsible for the highest frequency of the white
kernel colours could be the human selection for barley against the pig-
mented strains (Demissie and Bjørnstad, 1996). The white colour showed
an increasing trend from low to high altitude, while the brown colour
showed decreasing trend from low to high altitude ranges this may be
related to the local requirement of smallholder farmers for making
various traditional foods and local adaptive evolution. This result agreed
Table 3. Estimates of morphological diversity index (H0) for 17 qualitative traits of bar
from 0 to 1, with greater values corresponding to greater diversity in the corresponding

Traits Regions Alt

Oromia Amhara Tigray SNNP BSE BSs.e �2

H′ H′ H′ H′ H′

StP 0.46 0.69 0.96 0.58 0.83 0.02 0.8

LfC 0.87 0.99 0.95 0.87 0.77 0.03 0.8

StBr 0.00 0.00 0.00 0.00 – – 0.0

GlH 0.65 0.76 0.89 0.91 0.8 0.05 0.0

GlC 0.94 0.99 0.99 0.91 0.9 0.01 0.9

LmC 0.89 0.77 0.96 0.79 0.68 0.02 0.9

AwC 0.41 0.64 0.90 0.83 0.67 0.04 0.5

KrRw 0.91 0.88 0.73 0.99 0.97 0.01 0.9

SpDs 0.91 0.83 0.81 0.95 0.89 0.02 0.8

GlCM 0.79 0.95 0.68 0.83 0.82 0.02 0.9

LmCM 0.91 0.97 0.94 0.88 0.88 0.01 0.9

LmAB 0.76 0.76 0.79 0.99 0.85 0.04 0.8

LmA 0.00 0.00 0.00 0.00 – – 0.0

BkSh 0.89 0.93 0.97 0.97 0.94 0.02 0.9

BkLn 0.87 0.83 0.91 0.86 0.81 0.01 0.9

KrSh 0.91 0.92 0.96 0.99 0.93 0.01 0.9

KrC 0.91 0.96 0.92 0.84 0.89 0.01 0.9

0.71 0.76 0.79 0.77 0.7

Overall mean in Ethiopia 0.76

Abbreviations: H0 ¼ Shannon-Weiner index, BSE ¼ Bootstrap estimate, BSs.e ¼ Boot
GlH ¼ Glume hairiness, GlC ¼ Glume colour at hard dough stage, LmC ¼ Lemma colo
density, GlCM¼ Glume colour at physiological maturity stage, LmCM¼ Lemma colour
BkSh ¼ Beak shape, BkLn ¼ Beak length, KrSh ¼ Kernel shape and KrC ¼ Kernel col
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with the findings of, Amsalu and Endashaw (1998) for sorghum and
Woldeyohannes et al. (2020) for teff crops, who reported that kernel
colours showed altitude variations in Ethiopian accessions. Though the
adaptive implication of kernel colour has not been well-known, a pre-
vious study by Abate et al. (2013) revealed that the brown seeded Dima
variety (nationally released teff variety for production) showed better Al-
tolerance indices than the white seeded ones.

3.3. Diversity index of qualitative traits

The level of barley diversity was analyzed using the Shannon-Weaver
diversity index (H0) in relation to region of origins and altitude ranges
(Table 3). Across the region of origins, the overall mean values for H0 in
Oromia, Amhara, SNNP and Tigray regions were 0.71, 0.76, 0.77 and
0.79, respectively (Table 3), indicating high H0 in the barley accessions
for the current and future barley breeding purpose. High H0 values were
estimated across the regions with the highest (0.99) values for LfC and
GlC in Amhara, GlC in Tigray and KrRw, KrSh and LmAB in SNNP re-
gions. However, very low to low H0 values were estimated for StBr (H0 ¼
0.00) and LmA (H0 ¼ 0.00) in all regions, AwC (H0 ¼ 0.41) and StP (H0 ¼
0.46) in the Oromia region, and StP(H0 ¼ 0.58) in SNNP regions. Rela-
tively overall lower estimates of H0 in the Oromia region are probably
related to the cultivation of commercial varieties of barley by smallholder
farmers in the highlands of the region (Dawit and Zewdie, 2019).
Therefore, future collection campaigns should focus on remote areas of
the Oromia region to capture the barley diversity for the breeding
program.

The H0 values for each qualitative trait, over regions and altitude
ranges, varied from 0.68 for AwC to 0.94 for KrRw, GlC and KrSh with an
overall mean of 0.76 (Table 3), indicating the accessions harnesses many
useful traits and merit further evaluation. The overall mean H0 obtained
in this study was higher than that reported in earlier Ethiopian barley
germplasm collection (Demissie and Bjørnstad, 1996, H0 ¼ 0.71; Addisu
et al., 2018, H0 ¼ 0.55), Nepalese naked barley landraces (Yadav et al.,
ley accessions within region of origins and altitude ranges, the value of H0 ranges
class. Mean bootstrap estimates are given with the corresponding standard error.

itude ranges Overall mean
diversity

000 2001–2500 2501–3000 �3001 BSE BSs.e

H′ H′ H′

8 0.73 0.79 0.64 0.80 0.02 0.72

4 0.82 0.75 0.96 0.77 0.03 0.89

0 0.00 0.00 0.00 – – –

0 0.86 0.79 0.99 0.81 0.05 0.88

3 0.99 0.92 0.94 0.90 0.02 0.94

1 0.99 0.75 0.83 0.68 0.02 0.86

2 0.74 0.81 0.68 0.66 0.03 0.68

8 0.88 0.93 0.95 0.97 0.01 0.94

6 0.89 0.88 0.92 0.90 0.02 0.90

5 0.94 0.78 0.93 0.83 0.02 0.91

5 0.92 0.88 0.87 0.88 0.01 0.89

9 0.89 0.89 0.65 0.84 0.05 0.76

0 0.00 0.00 0.00 – – –

5 0.97 0.93 0.90 0.94 0.02 0.92

5 0.92 0.84 0.89 0.81 0.02 0.90

8 0.96 0.90 0.94 0.92 0.01 0.94

6 0.93 0.93 0.90 0.89 0.01 0.92

4 0.79 0.75 0.76

strap s.e., StP ¼ Stem pigmentation, LfC ¼ Leaf colour, StBr ¼ Stem branching,
ur at hard dough stage, AwC ¼ Awn colour, KrRw ¼ Kernel rows, SpDs ¼ Spike
at physiological maturity stage, LmAB¼ Lemma awn barbs, LmA¼ Lemma awn,
our.
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2018, H0 ¼ 0.73), Algerian barley accessions (Taibi et al., 2019, H0 ¼
0.53), Tunisian barley landraces (Bouhaouel et al., 2019, H0 ¼ 0.28) and
the world barley collection (Tolbert et al., 1979, H0 ¼ 0.50). This is likely
due to variation in source and type of barley materials, and the variation
of studied qualitative traits. In general, our results confirm the huge
variation of Ethiopian barley genetic resources and need further evalu-
ation for breeding purposes.

The diversity index of barley accessions was also estimated across
four altitude ranges. Across the altitude ranges, the overall mean value
for H0 was 0.74 for altitude �2000, 0.79 for altitude ranges 2001–2500,
0.75 for 2501–3000 and 0.76 for altitude �3001 masl, suggesting high
genetic diversity and this calls for barley breeding to valorize these re-
sources to improve new barley varieties for different growing areas. Most
qualitative traits such as spike, kernel and leaf related traits showed very
high diversity index values (Table 3) over the four altitude ranges,
indicating that the barley accessions had high divergence for these traits.
However, a very lowH0 value was estimated for StBr (H0 ¼ 0.00) and LmA
(H0 ¼ 0.00) in all altitude ranges. The barley accessions showed higher
diversity at an altitude range of 2001–2500 masl, this may be associated
with climatic variability and agro-ecological heterogeneity in these
altitude ranges (Demissie and Bjørnstad, 1997). The research report also
showed that the variation in the collection of genetic resources is related
to the climatic variation existing across the adaptation zones (Wol-
deyohannes et al., 2020). Our result is in agreement with the highest
variation of traits at medium altitude ranges in the Ethiopian barley
collection (Shumet and Tesema, 2014).

The analysis of the variance of diversity index (H0) based on the re-
gions showed highly significant (P < 0.01) variation for StP, LfC, GlC,
LmC, LmCM, KrRw and KrC. There were also significant variations for
GlCM and KrSh (P < 0.05) (Table 4) showing a variation for useful
morphological traits of breeding importance. Previous research reports
showed that high variability for agro morphological traits in Ethiopian
barley collection (Demissie and Bjørnstad, 1997; Abebe et al., 2010), an
ancient world barley collection (Karag€oz et al., 2017), North African
barley germplasm (Allel et al., 2017), Tunisia barley landraces (Bou-
haouel et al., 2019), Algerian barley accessions (Taibi et al., 2019) and
Table 4.Mean square values from the analysis of variance of diversity index (H0)
for the region of origins and altitude ranges based on 15 morphological traits.

Traits Region of origins (df ¼ 3) Altitude ranges (df ¼ 3)

Mean square Mean square

StP 0.08** 0.020***

LfC 0.007** 0.0070ns

GlH 0.008ns 0.363**

GlC 0.020** 0.432***

LmC 0.003** 0.002ns

AwC 0.149ns 0.002ns

KrRw 0.022** 0.004*

SpDs 0.014ns 0.017ns

GlCM 0.027* 0.387**

LmCM 0.002** 0.008*

LmAB 0.025ns 0.032*

BkSh 0.001ns 0.0002ns

BkLn 0.003ns 0.0002ns

KrSh 0.003* 0.0008ns

KrC 0.001** 0.003*

Significant codes: 0 ‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05, ‘ns’ 0.1, ‘ns’ 1, ns-non sig-
nificant. Abbreviations: StP ¼ Stem pigmentation, LfC ¼ Leaf colour, GlH ¼
Glume hairiness, GlC ¼ Glume colour at hard dough stage, LmC ¼ Lemma colour
at hard dough stage, AwC ¼ Awn colour, KrRw ¼ Kernel rows, SpDs ¼ Spike
density, GlCM ¼ Glume colour at physiological maturity stage, LmCM ¼ Lemma
colour at physiological maturity stage, LmAB ¼ Lemma awn barbs, BkSh ¼ Beak
shape, BkLn ¼ Beak length, KrSh ¼ Kernel shape and KrC ¼ Kernel colour.
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the world barley collection (Tolbert et al., 1979), which could be a source
of a new gene for valorizing in future barley improvement program for
world agriculture. A very high significant difference (P < 0.001) was
observed at altitudinal ranges for StP and GlC (Table 4). The altitudes
exhibited a highly significant difference (P < 0.01) in traits of GlH and
GlCM. However, KrRw, LmCM, LmAB and KrCwere significant variations
(P < 0.05) (Table 4). In general, this huge morphological variation
suggests that theremay be amargin to further enhance useful traits either
through a crossing of molecular breeding to support barley yield poten-
tial in both favourable and marginal environments. The regional and
altitudinal level of significant difference in traits in this study is sup-
ported by Kebebew et al. (2001), the distinctive agro-ecological condi-
tions, and differences in natural and artificial selection pressure may
have resulted in the significant difference. The present result is explained
by the humans selecting traits based on particular needs and utilization
may have also an effect on variation (Fuller, 2007).
3.4. Principal component analysis

A Principal component analysis (PCA) was also used to visualize
variation among 85 accessions for 15 qualitative traits in the barley ac-
cessions (Figure 3A), which refine and reduce the number of selection
criteria into a fewmeaningful and practically useful traits. The PCA on 15
qualitative traits described 21.91% and 16.37% of the total variation in
PC1 and PC2 percent of the total variance (Figure 3A) and could be
considered as the major factors that determine morphological variation
in barley accessions. These percentages of variance captured in PC axes
were previously reported by different researchers using morphological
traits for Ethiopia barley collections (Demissie and Bjørnstad, 1996),
Nepalese naked barley landraces (Yadav et al., 2018), Algerian barley
accessions (Taibi et al., 2019) and Ethiopian wheat materials (Mengistu
et al., 2015). Qualitative traits such as KrC (0.37), GlC (0.37), LmC
(0.42), GlCM (0.43) and LmCM (0.44) were the major loadings on the
PC1 (Figure 3A and B). The majority of the morphological diversity
among barley accessions was brought because of these major qualitative
traits and should be emphasized in barley breeding (Yadav et al., 2018).
Other traits, such as KrRw (�0.46), LfC (�0.42) and SpDs (�0.36) were
the major contributors to PC2 (Figure 3A and B) showing that yield traits
including rowed types, spike density (kernel weight) and leaf colour
(light-harvesting to maximize productivity) had also a large contribution
to the total morphological diversity in the barley accessions.

The yield of barley can be enhanced by combining spike related traits
both qualitative and quantitative traits with other morphological traits
(Tshikunde et al., 2019). Hence, breeding combines spike related traits
with useful agronomic traits to boost grain yield. Further, other quali-
tative traits which loaded highly on the other principal components
should also be considered (Figure 3A and B). For example, traits such as
BkSh (�0.45) and BkLn (�0.41) and SpDs (0.5) were the major con-
tributors to the morphological variability in PC3 (Figure 3A and B). The
first three principal components (PC1, PC2 and PC3) accounted for
49.3% of the total variation (Table 5) and could be considered the major
factors that determine morphological variation in barley. Our result
comparatively agrees with Enyew et al. (2019) who showed the first
three PCs contributed 74.20% of the total variations among the 48
Ethiopian barley accessions.
3.5. Heat map analysis

The Heat map analysis based on 17 morphological traits of 85 barley
accessions was grouped into three clusters (Figure 4, Table 6). Cluster I
contained the largest number of barley accessions (40) followed by
Cluster II (25) and Cluster III (20). Similar to current findings, previous
studies grouped North African barley germplasm into three clusters (Allel
et al., 2017) and Ethiopia's sorghum accessions into five clusters using
qualitative traits (Abdi et al., 2002). In addition, clustering based on



Figure 3. Variation and relationship of morphological traits of 85 barley accessions evaluated at Kulumsain during the 2020 and 2021 main cropping seasons. A. PC
represents 15 morphological traits of barley accessions (for accession names refer to Table S1). Dots or numbers are barley accessions at various altitude ranges (1 ¼
�2000, 2 ¼ 2001–2500, 3 ¼ 2501–3000 and 4 ¼ �3001, according to the legend). Golden vectors represent the traits in the PCA. PC1 and PC2 are shown on the X and
Y axis, respectively, aside from their explained variance. B. Correlations between derived PC variables and original variables in the morphological traits. Correlation
coefficients are reported in colours, according to the legend to the right. Abbreviations: StP ¼ Stem pigmentation, LfC ¼ Leaf colour, GlH ¼ Glume hairiness, GlC ¼
Glume colour at hard dough stage, LmC ¼ Lemma colour at hard dough stage, AwC ¼ Awn colour, KrRw ¼ Kernel rows, SpDs ¼ Spike density, GlCM ¼ Glume colour
at physiological maturity stage, LmCM ¼ Lemma colour at physiological maturity stage, LmAB ¼ Lemma awn barbs, BkSh ¼ Beak shape, BkLn ¼ Beak length, KrSh ¼
Kernel shape and KrC ¼ Kernel colour.

Table 5. Total variance explained by the three principal components extracted
from a morphological data set of 15 traits in 85 barley accessions grown at
Kulumsa in the 2020 and 2021 main cropping seasons.

Principal
Components

Standard
deviation

Proportion of
Variance

Cumulative
Proportion

PC1 1.812 0.219 0.219

PC2 1.567 0.164 0.383

PC3 1.30 0.11 0.496
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regions and altitudes has also been reported in Ethiopia barely (Shumet
and Tesema, 2014; Mekonnon et al., 2015; Addisu et al., 2018).

The number of accessions per cluster varied from 20 accessions in
cluster III to 40 accessions in cluster I (Figure 4, Table 6). Cluster I included
accessions from four regions with the prevailing percentage in Amhara
(12.94%) followed by Oromia (11.76%), Tigray (11.76%) and SNNP
(10.59%) regions. The majority of the accessions were mainly found be-
tween 2001-3000 masl. Cluster II contributed 8.24% and 10.59% of ac-
cessions from the SNNP and Oromia regions, respectively. Most of the
accessions included from an altitude of 2001–3000 masl. Cluster III con-
sisted of less number of accessions from four regions with the highest
percentage in the Amhara (11.76%) and the accessions encompassed both
9

in themedium and above 3001masl. These barley accessionsmay be used
as a source of breeding material to enrich genetic variation in barley
breeding through crossing programs. Indeed, clustering accessions into
the phenotypically similar cluster of diverse collections are valuable for
barley breeding such as selecting parents for crossing (Abebe et al., 2010;
Allel et al., 2017) and the selection of parents should be based on specific
objectives of hybridization program (Chahal andGosal, 2002). In general,
hybridization involving parents belonging to the most divergent cluster
may producemaximum heterosis in the F1 population and wide variation
in genetic architecture (Hosan et al., 2010).

Morphological traits did not cluster the 85 barley accessions along the
collection region of origins and altitude ranges (Figure 4, Table 6). For
example, Cluster-I was the largest cluster containing 40 accessions which
were composed of 11 accessions from Amhara (Agew Awi, West and East
Gojjam, North Gondar and shewa zone), 10 accessions from Oromia
(Arssi, Bale, East Hararghe andWelega, East and North Shewa zone), and
10 accessions from Tigray (Central, East and South zone) and 9 acces-
sions from SNNP (Gamo-Gofa, Sidama, North Omo, and Gurage zone).
This shows that barley accessions from different collection origins
(Amhara, Oromia, Tigray and SNNP) were clustered into different clus-
ters with different sizes (Figure 4, Table 6). This admixture between
barley accessions regardless of their collection region of origins could be
associated with the continuous exchange of seeds of landraces among



Figure 4. Heatmap analysis shows similarity
distance based on the colour distribution
among 85 barley accessions of 17 qualitative
traits evaluated at Kulumsa in the 2020 and
2021 main cropping seasons (for accession
name and collection origins refer to
Table S1). On the left of the matrix, barley
accessions are grouped into 3 distinct clus-
ters. Abbreviations: StP ¼ Stem pigmenta-
tion, LfC ¼ Leaf colour, StBr ¼ Stem
branching, GlH ¼ Glume hairiness, GlC ¼
Glume colour at hard dough stage, LmC ¼
Lemma colour at hard dough stage, AwC ¼
Awn colour, KrRw ¼ Kernel rows, SpDs ¼
Spike density, GlCM ¼ Glume colour at
physiological maturity stage, LmCM ¼
Lemma colour at physiological maturity
stage, LmAB ¼ Lemma awn barbs, LmA ¼
Lemma awn, BkSh ¼ Beak shape, BkLn ¼
Beak length, KrSh ¼ Kernel shape and KrC ¼
Kernel colour.

Table 6. Clustering of 85 barley accessions into three groups using morpholog-
ical traits, the distribution of accessions across region of origins and altitude
ranges.

Regions Cluster I Cluster II Cluster III Total

Oromia 10 9 3 22

Amhara 11 6 10 27

Tigray 10 3 2 15

SNNP 9 7 5 21

Total 40 25 20 85

Altitude Ranges

�2000 3 6 2 11

2001–2500 14 8 7 29

2501–3000 18 8 4 30

�3001 5 3 7 15

Total 40 25 20 85
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smallholder farmers throughout the country (Abebe et al., 2010; Yadav
et al., 2018; Alemu et al., 2020; Woldeyohannes et al., 2020).

4. Conclusion

This study showed broad morphological diversity in region of origins
and different altitudinal ranges based on 17 qualitative traits. The ma-
jority of themorphological traits indicatedenormous variation inAmhara,
SNNP and Tigray regionswithmedium altitude ranges. These are a sign of
the potential of the regions and altitudes in contributing toward primary
barley diversity areas. The first two principal components (PC1 and PC2)
accounted for 38.3 % of the total variation and could be considered as the
major factors that determinemorphological variation in barley and should
be emphasized in barley breeding program. Besides, KrC (0.37), GlC
10
(0.37), LmC (0.42), GlCM (0.43) and LmCM (0.43) were the major load-
ings on the PC1while other traits, such as KrRw (�0.46), LfC (�0.42) and
SpDs (�0.36)were themajor contributors toPC2.Hence, our studymainly
provides useful information for further barley breeding as well as critical
indication for in-situ conservation. This result shows that wide collection
fromvarious regionof origins andaltitude ranges is veryuseful thanbarley
collection from specific agro-ecology, suggesting to capture important
alleles diversity from different growing environments. Thus, this material
could be manipulated for improvement either through the usual conven-
tional breeding (direct selection) or advanced tools to study the genetic
basis of phenotypic differences of these traits. Based on the result, further
work is ongoing to identify a very useful gene in these barley accessions
through phenotyping and genotyping.
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