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of groups. We observed a high degree of genetic similar-
ity between the Ethiopian improved inbred genotypes and 
a subset of landraces adapted to lowland agro-ecology with 
the introduced R lines. This coupled with the genetic differ-
entiation from existing B lines, indicated that these locally 
adapted genotype groups are expected to have similar pat-
terns of heterotic expression as observed between intro-
duced R and B line pools. Additionally, the hybrids derived 
from these locally adapted genotypes will have the benefit 
of containing farmers preferred traits. The groups most 
divergent from introduced B lines were the Ethiopian lan-
draces adapted to highland and intermediate agro-ecologies 
and a subset of lowland-adapted genotypes, indicating the 
potential for increased heterotic response of their hybrids. 
However, these groups were also differentiated from the 
R lines, and hence are different from the existing comple-
mentary heterotic pools. This suggests that although these 
groups could provide highly divergent parental pools, fur-
ther research is required to investigate the extent of hetero-
sis and their hybrid performance.

Introduction

Sorghum (Sorghum bicolor (L.) Moench) is a drought- and 
heat-tolerant C4 tropical crop with wide agro-ecological 
adaptations. It is a major staple food for over 500 million 
people in semi-arid tropical Africa and Asia (Rao et  al. 
2014). In Ethiopia, sorghum has been grown in diverse 
agro-ecologies for centuries using traditional farming 
systems, where it is produced both for its grain, used for 
leavened bread, porridge and locally produced beverages, 
and biomass for animal feed, fire wood and construction 
of fences. However, the increased demand for grain due to 
human population growth, coupled with more frequently 
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occurring droughts, has led to a requirement for technolo-
gies that increase productivity while maintaining adaptabil-
ity to the changing environments.

The first commercial sales of hybrid maize seed were 
made in the USA in 1924 (Crow 1998) and subsequently 
cereal breeders have exploited the phenomena of hetero-
sis in F1 hybrids to increase the productivity of a range 
of crops including grain sorghum, sunflowers and canola 
(Duvick 1999; Reddy et  al. 2006; Miller 1999). Sorghum 
hybrids have demonstrated superior performance compared 
to inbred cultivars in a range of environments, particularly 
under drought stress (Haussmann et  al. 1998). Evaluation 
of hybrid sorghum in Ethiopia began in the 1970s using 
hybrids produced predominantly from introduced parental 
lines (Gebrekidan 1980). Despite demonstrable increases in 
grain yield, hybrids developed using the introduced paren-
tal lines were not accepted in Ethiopia. A number of fac-
tors contributed to the lack of acceptance. In particular the 
introduced hybrid parents were developed to perform in 
high-input mechanized farming systems in temperate cli-
mates and hence were neither suitable to the farming pro-
duction systems practised in Ethiopia nor for the principal 
end uses of food consumption and plant biomass (Cavatassi 
et al. 2011; Mekbib 2006).

Commercial F1 sorghum hybrids have been produced 
almost exclusively through the use of the A1 cytoplasmic 
male sterility (CMS) system first described by Stephens 
and Holland (1954). This is a three-line system. A new 
male sterile female parent (commonly called an A line) is 
created by backcrossing a maintainer line (B line) into a 
female parent with the maternally inherited A1 cytoplasm. 
After sufficient backcrossing, the new A line and its main-
tainer B line have a near-identical nuclear genome with 
different cytoplasm. The fertile F1 hybrid is then produced 
by crossing the sterile A line with a male fertile restorer 
parent or R line that carries dominant nuclear genes which 
restore fertility in the hybrid with the A1 cytoplasm. Fer-
tility restoration is a multigenic trait with most sorghum 
lines being full or partial restorers (Jordan et  al. 2010, 
2011; Klein et  al. 2005). The CMS system imposes con-
straints on the diversity of the heterotic pools, particularly 
B lines (Jordan et al. 2010, 2011). As a result the genetic 
base of B lines has remained narrow due to the difficulty 
in recovering good maintainer lines from B x R crosses 
which discourages breeders from making such crosses 
(Menz et al. 2004; Jordan et al. 2011). This is further exac-
erbated because the B lines are derived predominantly 
from the kafir race, which has more limited genetic vari-
ability compared to the other races of cultivated S. bicolor 
(e.g., Deu et al. 2006; Menz et al. 2004). For this reason, 
a practical initial strategy for developing locally adapted 
hybrids for Ethiopia would be to utilize existing B lines 
and cross these with new R lines which are locally adapted 

genotypes with farmer-preferred traits and increased levels 
of drought tolerance.

Previous studies (Betrân et  al. 2003; Ganapathy et  al. 
2012; Van Inghelandt et  al. 2010) have demonstrated that 
information on genetic variability of the genotypes used 
in hybrid breeding can be used to identify distinct het-
erotic parental pools, and in particular have indicated that 
hybrids developed using distantly related inbred lines tend 
to have improved heterotic responses (Reif et  al. 2005). 
Studies in maize (Parentoni et  al. 2001; Qi et  al. 2010), 
sorghum (Gabriel 2005; Jordan et al. 2003) and sunflower 
(Darvishzadeh 2012) have all demonstrated a positive cor-
relation between the genetic distance between parental 
lines and grain yield heterosis. In sorghum to date, a lim-
ited number of studies have used molecular markers to esti-
mate genetic variability among male sterile and male fertile 
genotypes (Ahnert et  al. 1996; Menz et  al. 2004; Peru-
mal et  al. 2007). However, the advent of next-generation 
sequencing technologies and whole genome-based profil-
ing provides new opportunities to fast-track the in-depth 
analysis of the genetic variability of the parental pools 
and to further study the relationship between heterosis and 
complex traits, including grain yield. Despite the wider use 
of the concept of heterosis for hybrid development, there is 
no clear understanding yet on the genetic base of hetero-
sis with dominance, overdominance and epistasis mecha-
nisms being suggested as possible causes for its expres-
sion (reviewed by Thiemann et  al. 2009). A recent study 
in sorghum (Ben-Israel et  al. 2012) identified overdomi-
nant heterosis mechanisms using heterotic trait loci (HTL) 
mapping, predominantly in pericentric-heterochromatic 
regions. In a recent study on maize grain yield heterosis, 
Thiemann et  al. (2014) also identified additive heterotic 
quantitative trait loci (QTLs) in the pericentromeric regions 
of the genome. The heterochromatic region has lower rates 
of genetic recombination than euchromatin (Morris et  al. 
2013; Paterson et  al. 2009), and previous studies in sor-
ghum have demonstrated that heterochromatin is rich in 
QTLs and genes linked to important agronomic traits (e.g., 
Mace and Jordan 2011). It has previously been speculated 
(e.g., Larièpe et  al. 2012; Mace and Jordan 2011) that 
genetic divergence in the heterochromatic regions between 
parental lines could result in the accumulation of favorable 
alleles in the F1 hybrids that are linked in repulsion phase.

Previous studies analyzing genetic diversity in the sor-
ghum gene pool have shown a high degree of correspond-
ence between sorghum racial classification and marker-
based grouping (Brown et al. 2011; Ramu et al. 2013). To 
date, a number of studies have also been conducted on sor-
ghum germplasm from Ethiopia using limited numbers of 
molecular markers, e.g., with RAPD markers (Ayana et al. 
2000), SSR and AFLP markers (Geleta et  al. 2006) and 
SSR and ISSR markers (Desmae 2007), and have shown 
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the extent of genetic diversity within the landrace collec-
tions of the different agro-ecological adaptation zones. 
However, a comprehensive genome-wide variability study, 
focused particularly on understanding genetic variability of 
the inbred lines with the view of establishing complemen-
tary heterotic parental groups for hybrid breeding in Ethio-
pia, has not yet been undertaken.

In this study, we use high-throughput genotyping-by-
sequencing approaches to generate whole genome profiles 
for Ethiopian landraces and improved inbred genotypes. 
We compare these profiles with those of introduced inbred 
lines to: (1) compare the genetic variability of Ethiopian 
sorghum landraces and improved inbred genotypes with 
introduced hybrid parents; and (2) identify complementary 
parental pools for future hybrid breeding in Ethiopia aimed 
at developing farmer-preferred hybrids adapted to different 
agro-ecological zones.

Materials and methods

Genetic materials

A total of 184 sorghum genotypes and inbred lines were 
selected based on their origin, maturity type, plant height 
and resistance to biotic and abiotic stresses (Table S1). 
These consisted of representative sets of 64 Ethiopian lan-
drace genotypes of the three major agro-ecologies, high-
land (>1900  m), intermediate (1600–1900  m) and low-
land (<1600  m) of the north eastern part of the country. 
Additionally, 35 genotypes classified as improved lines 
from the Ethiopian national sorghum pedigree breeding 
program bred using landraces and introduced genotypes 
as parents for adaptation to the intermediate and lowland 
agro-ecologies of the country were included. The remain-
ing 85 genotypes were introduced inbred lines from 
international programs for hybrid breeding in Ethiopia 

classified as R (restorer) and A/B (maintainer) lines 
(Table 1).

Sorghum genotyping

Total genomic DNA was extracted from 2-week-old 
seedlings as described by DArT P/L (DArT, www.diver-
sityarrays.com). The samples were genotyped follow-
ing an integrated DArT and genotyping-by-sequencing 
(GBS) methodology involving complexity reduction of 
the genomic DNA to remove repetitive sequences using 
methylation-sensitive restrictive enzymes prior to sequenc-
ing on next-generation sequencing platforms (DArT, www.
diversityarrays.com). The sequence data generated were 
then aligned to the sorghum reference genome sequence 
(Paterson et  al. 2009) to identify SNP (Single Nucleotide 
Polymorphism) markers.

Genetic differentiation analysis of sorghum

Analysis was conducted using a combination of SNP data 
and genotype origin and adaptation to allocate the sor-
ghum genotypes into groups and assess the relative genetic 
distance of these groups with the existing hybrid parental 
pools (B and R lines). The Sokal and Michener dissimi-
larity index was used to generate dissimilarity matrices 
(Sokal and Michener 1958), based initially on the com-
plete set of SNP markers and then also based on subsets 
of SNPs located in the euchromatic and heterochromatic 
regions in the genome separately. Correlation between the 
genetic distances was computed using the three subsets of 
SNPs: euchromatic, heterochromatic and whole genome. 
Principal Coordinate Analysis (PCoA) and Unweighted 
neighbor-joining cluster analyses, using DARwin 5.0 
statistical software (Perrier et  al. 2003), were then used 
to identify pattern of genetic differentiation within and 
between the groups of sorghum genotypes. Comparisons 
were made between the neighbor-joining trees constructed 
using SNP marker subsets individually, with a consensus 
tree using the complete data set generated using the soft-
ware DARwin 5.0 (Perrier et al. 2003). Polymorphic infor-
mation content (PIC) and expected heterozygosity were 
computed for each SNP marker locus. The PIC value was 
calculated using the formula PIC =  1 − Σpi

2; where pi
2 

referred to the sum of the allelic frequency of each SNP 
for the tested genotypes and inbred groups (Anderson 
et al. 1993). Specific heterotic groups were then identified 
through a combination of genotype origin and agro-eco-
logical adaptation zones, in addition to the outputs from 
the PCoA and cluster analyses. Analysis of molecular vari-
ance (AMOVA) and pair-wise population diversification 
analysis were conducted using Arlequin ver 3.0 statistical 
software (Excoffier and Schneider 2005).

Table 1   Details of the seven groups of sorghum inbred lines based 
on their origin, agro-ecological adaptation and fertility restoration (B 
and R)

Origin Agro-ecology Genotype number

Introduced R lines 68

Introduced B lines 17

Ethiopian landraces Highland 21

Intermediate 14

Lowland (G1) 16

Lowland (G2) 13

Ethiopian improved inbred Lowland 25

Intermediate 10

Total 184

http://www.diversityarrays.com
http://www.diversityarrays.com
http://www.diversityarrays.com
http://www.diversityarrays.com
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Population structure analysis was also conducted for the 
identified groups of sorghum genotypes using the Bayesian 
model-based clustering algorithm in the software STRUC-
TURE ver 2.2 (Pritchard et  al. 2000) using the SNP data 
excluding markers with  >10  % missing data points. The 
admixture model with correlated allelic frequencies was 
used assuming regions of the genome in common across 
groups for each genotype (Falush et al. 2003). The model 
was run for the burn-in period of 1 ×  104 with Markov 
Chain Monte Carlo (MCMC) replicates of 1  ×  104 for 
five iterations for each population size (k  =  1–10), and 
the probability values were averaged across runs for each 
cluster. The size of the population (k) was determined by 
the estimated logarithm of likelihood Ln P(D) for each sub-
population, where the lower variance between runs was 
considered as the appropriate population size (Casa et  al. 
2008), based on the second-order rate of change of the like-
lihood (∆ K) (Evanno et al. 2005).

Results

Pattern of genetic grouping of sorghum genotypes

Sequence-based genotyping of 184 sorghum genotypes 
identified 11,788 polymorphic genome-wide SNP markers. 
The majority of the SNPs were located in the euchromatic 

region of the genome (84  %) with the remaining SNPs 
located in the heterochromatic regions. The average genetic 
dissimilarity between pairs of inbred lines based on the 
total genome-wide SNP set was 0.27, ranging from a mini-
mum of 0.01 to a maximum of 0.39. Sub-setting the SNPs 
based on location in the heterochromatic or euchromatic 
regions produced similar overall genetic dissimilarity val-
ues across genotypes, with a high correlation coefficient 
between the SNP subsets (r = 0.89) and the whole genome 
set and the euchromatic SNPs (r  =  0.99) and between 
the whole genome set and the heterochromatic SNPs 
(r =  0.92). Similarly, comparison between the neighbor-
joining trees constructed using the euchromatic and hetero-
chromatic SNP subsets with the consensus tree constructed 
with the whole genome SNP set showed a high degree of 
concordance (0.642 and 0.601).

The neighbor-joining tree generated using the genome-
wide SNPs grouped the genotypes into three major clusters 
(Fig. 1) consisting of (1) the Ethiopian landrace genotypes 
adapted to the highland and intermediate agro-ecologies, 
(2) the Ethiopian improved inbred lines adapted to low-
land and intermediate agro-ecologies and (3) introduced 
R and B lines. The lowland-adapted Ethiopian landrace 
genotypes separated into two different clusters. Cluster I 
consisted almost exclusively of the Ethiopian landraces, 
containing 46 (72  %) of the landrace genotypes, con-
sisting of the majority of the highland and intermediate 

C I 

C II 

C III 

0 0.1

Fig. 1   Neighbor-joining tree using the simple matching similarity 
coefficient based on 11,788 SNP markers for 184 sorghum genotype 
groups color coded as follows, introduced R lines (blue), introduced 
B lines (orange), Ethiopian genotypes: improved lowland (pink), 

improved intermediate (black), landrace lowland G1 (red), landrace 
lowland G2 (yellow), landrace intermediate (light blue), landrace 
highland (green)
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agro-ecological zone-adapted landrace genotypes (90 and 
79 %, respectively) and approximately half (55 %) of the 
lowland agro-ecological zone-adapted genotypes (termed 
the G1 subset). Cluster II contained the remaining subset 
of the Ethiopian landrace genotypes adapted to the lowland 
agro-ecology (termed the G2 subset), together with the 
Ethiopian improved inbred lines also adapted to the low-
land agro-ecology. The majority (95 %) of the introduced 
R lines were also grouped into cluster II. Finally, cluster III 
contained the Ethiopian improved inbred lines adapted to 
the intermediate agro-ecology, in addition to the introduced 
B lines.

A principal coordinate analysis explained 50  % of the 
total variation across the first two axes, i.e., 32 and 18 % 
for axis one and axis two, respectively (Fig. 2). The intro-
duced B lines were located predominantly in quadrant III 
of the PCoA with a small proportion (23.5 %) also located 
in quadrant IV. The introduced R lines were spread more 
widely across quadrants II and III with a small proportion 
of the introduced R lines grouping with the introduced 
B lines in quadrant III. The Ethiopian improved inbreds 
adapted to the intermediate agro-ecological zones grouped 
with the introduced B lines in quadrants III and IV. The 
most distinct grouping of genotypes from the introduced B 
and R lines was in quadrant I, which consisted predomi-
nantly of Ethiopian landraces adapted to both the highland 
and intermediate agro-ecological zones, together with the 
G1 subset of the Ethiopian landraces adapted to the low-
land agro-ecology. The G2 subset of the Ethiopian landrace 
genotypes adapted to the lowland agro-ecology grouped 

with Ethiopian improved lines adapted to the lowland agro-
ecology along with the introduced R lines in quadrant II. 
The groupings based on the PCoA were also in accordance 
with the racial classification. The two subsets (G1 and G2) 
of the Ethiopian landraces adapted to the lowland agro-
ecology also corresponded to the racial classification. The 
G1 subset was more divergent from existing R and B lines, 
grouping with the durra racial types of Ethiopian landraces 
adapted to both the highland and intermediate agro-eco-
logical zones. The G2 subset, grouping with the Ethiopian 
improved inbreds adapted to the lowland agro-ecology and 
to the introduced R lines, consisted predominantly of cau-
datum and mixed racial types. These two subsets of low-
land-adapted Ethiopian landraces were identified as a sepa-
rate group in subsequent analysis due to the clear genetic 
and racial differentiation observed between them.

Model‑based genetic structure of sorghum genotypes

Genetic structures of each genotype and differentiation 
between the identified groups based on genome composi-
tion were carried out using STRUCTURE. The logarithm 
likelihood value plateaued when k  =  4, with no signifi-
cant change for sub-populations between 4 and 8 (data not 
shown). Based on the second-order rate of change of the 
logarithm likelihood for each sub-population (Evanno et al. 
2005), the optimum ∆K value was obtained for population 
K =  3 (Figure S2). The model-based grouping based on 
three sub-populations confirmed the clear distinction of all 
the three groups of Ethiopian landrace genotypes, highland, 

Fig. 2   PCoA analysis for 184 
sorghum genotype groups 
based on 11,788 SNPs color 
coded as follows: introduced R 
lines (blue), introduced B lines 
(orange), Ethiopian genotypes: 
improved lowland (pink), 
improved intermediate (black), 
landrace lowland G1 (red), 
landrace lowland G2 (yellow), 
landrace intermediate (light 
blue), landrace highland (green)
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intermediate and the G1 subset of lowland-adapted geno-
types from all other groups of inbreds (Fig. 5). The genome 
composition of the Ethiopian improved inbred lines 
adapted to the lowland agro-ecologies was similar (60 %) 
to the introduced R lines. The G2 subset of lowland-
adapted Ethiopian landrace genotypes also had genome 
composition similarity with the lowland-adapted Ethio-
pian improved inbreds and introduced R lines. The model-
based grouping also showed the high degree of similarity 
in genome composition (70 %) between the introduced B 
lines and the Ethiopian improved inbred lines adapted to 
the intermediate agro-ecologies.

Genome‑wide and within‑group genetic variability 
of sorghum genotypes

The individual SNP PIC values ranged between 0.01 and 0.5 
with an average value of 0.25 across the eight groups iden-
tified. Just over a quarter (27 %) of the SNP markers had 
low PIC values (<0.1) with the improved inbred lines from 
Ethiopia and introduced genotypes having a greater propor-
tion of the SNPs with low PIC values as compared to the 
landrace groups from Ethiopia (Fig. 3). The expected hete-
rozygosity for each chromosome showed similarity between 
the Ethiopian improved inbreds and introduced genotype 
groups in contrast to the Ethiopian landrace groups, which 
had consistently higher heterozygosity values across 8 of 
the 10 chromosomes (Fig. 4). Across all chromosomes, the 
average expected heterozygosity was comparable between 
the euchromatic and heterochromatic regions for all geno-
types groups (0.25 in the euchromatin, 0.24 in the hetero-
chromatin). There were similar patterns of variability across 
genotype groups, with 3 chromosomes (SBI-01, SBI-03 and 
SBI-08) having higher heterozygosity values in the euchro-
matin in comparison to heterochromatin (Figure S1).

The polymorphic information content (PIC) and 
expected heterozygosity were calculated genome-wide 

for each of the eight identified genotype groups (Table 2). 
The Ethiopian landrace genotype groups had the high-
est PIC and expected heterozygosity values of all groups 
with the exception of the G1 subset of lowland-adapted 
landrace genotypes. The lowest PIC and heterozygo-
sity values were obtained within the Ethiopian improved 
inbreds adapted to the intermediate agro-ecology and the 
G1 subset of lowland-adapted landrace genotypes, which 
had PIC values of 0.12 and 0.13, respectively. Although 
the G1 subset of lowland-adapted landraces had a high 
proportion of group-specific SNPs, this group also had the 
highest proportion of monomorphic SNPs (56 %) after the 
Ethiopian improved inbred lines adapted to the intermedi-
ate agro-ecologies (63 %). The introduced R lines had the 
highest PIC (0.19) and lowest proportion of monomorphic 
SNPs (24 %) as compared to the introduced B lines which 
had a PIC value of (0.16) and a high proportion of mono-
morphic SNPs (49  %). The Ethiopian landrace group 
adapted to the intermediate agro-ecological zone had the 
highest number of group-specific SNPs (428), followed 
by introduced R lines (262) (Table 2). The introduced R 
lines had higher levels of polymorphism compared to both 
Ethiopian improved inbred groups and the two subsets 
of lowland-adapted landrace genotype groups. An analy-
sis of molecular variance revealed that variation between 
inbred groups accounted for 31  % of the total variation 
(data not shown).

Pair‑wise genetic differentiation of genotype groups

Pair-wise genetic distances, as calculated by FST values 
between the eight groups, were found to be significant 
(p  <  0.001) for all pair-wise groupings except between 
the highland- and intermediate-adapted Ethiopian lan-
drace genotype groups (Table 3). The introduced B lines 
had high levels of pair-wise genetic distances with all 
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other groups. The pair-wise genetic distance between the 
introduced B lines and R lines (0.252) was lower than 
the overall mean FST values across all groups (0.314). 
Indeed 68  % of the remaining pair-wise comparisons 
(19/28) had higher pair-wise genetic distance values than 
the introduced B lines versus R lines comparison. The 
highest pair-wise genetic distance between the Ethiopian 
genotype groups and introduced B lines was between 
the G1 subset of lowland-adapted landrace genotypes 
(FST =  0.496) followed by landrace genotypes adapted 
to the highland agro-ecology (FST = 0.389). All the agro-
ecological zone adaptation groups within the Ethiopian 
landraces were more genetically distinct from the intro-
duced B lines in comparison to the B lines versus R lines 
pair-wise genetic distance. The only Ethiopian genotype 
group with a lower pair-wise genetic distance to the intro-
duced B lines, in comparison to the B lines versus R lines 
FST value (0.252), was the group of Ethiopian improved 
inbred lines adapted to the intermediate agro-ecological 
zone (FST = 0.236). In addition, the most similar group 
to the introduced R lines was the Ethiopian improved 
inbred lines adapted to the lowlands (FST  =  0.038) 
and the G2 subset of landrace genotypes adapted to the 
lowland agro-ecology (FST  =  0.061). These data also 

highlighted the overall higher genetic similarity between 
the Ethiopian landrace genotype groups compared to 
Ethiopian improved inbred groups. Furthermore, there 
was dissimilarity between genotypes adapted to different 
agro-ecological zones with the exception of the G2 subset 
of lowland-adapted landraces from the other 3 groups of 
landrace genotypes.

Discussion

Genetic variability and complementary divergent parental 
pools are pre-requisites for the successful exploitation of 
heterosis through F1 hybrids. In sorghum the development 
of new parental pools, in particular female parents (B lines), 
is complicated by constraints imposed by the cytoplasmic 
male sterility system. We present here the first large-scale 
genome-wide genetic variability analysis focused on Ethi-
opian genotypes and show clear differentiation between 
Ethiopian genotype groups and existing hybrid paren-
tal pools used for commercial hybrid development in the 
developed world. The subset of Ethiopian lowland-adapted 
landraces and improved inbreds (G2), which were predom-
inantly caudatum racial types, were found to be genetically 

Table 2   Polymorphic information content (PIC), total heterozygosity (H), number of unique SNPs (Unique) and percentage of monomorphic 
markers (Mono) for each group of inbred lines based on agro-ecological adaptation and fertility restoration (B and R)

Diversity indices Introduced Ethiopian improved Ethiopian landraces Overall

R lines B lines Lowland Intermediate Lowland (G1) Lowland (G2) Intermediate Highland

PIC 0.19 0.16 0.15 0.12 0.13 0.15 0.2 0.2 0.25

H 0.19 ± 0.2 0.17 ± 0.21 0.16 ± 0.18 0.14 ± 0.2 0.14 ± 0.2 0.17 ± 0.2 0.22 ± 0.2 0.21 ± 0.2 0.25 ± 0.2

Unique 262 50 20 32 73 147 428 185

Mono 24 49 46 63 56 48 35 31

Table 3   Pair-wise genetic distance based on FST value for sorghum genotypes grouped based on agro-ecological adaptation and fertility resto-
ration (B and R)

ns not significant at (p < 0.05); * significant (p < 0.01); ** significant at (p < 0.000)

Group of
genotypes

Introduced Ethiopian improved Ethiopian landrace

B Lowland Intermediate Highland Intermediate Lowland G1 Lowland G2

Ethiopian improved

  Lowland 0.373**

  Intermediate 0.236** 0.478**

Ethiopian Landrace

  Highland 0.389** 0.380** 0.433**

  Intermediate 0.349** 0.347** 0.395** -0.009ns

  Lowland (G1) 0.496** 0.491** 0.557** 0.040* 0.053**

  Lowland (G2) 0.357** 0.043** 0.469** 0.341** 0.314** 0.481**

  Introduced R 0.252** 0.038** 0.359** 0.334** 0.300** 0.424** 0.061**
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similar to the introduced R lines, indicating the potential 
for these two groups of Ethiopian genotypes to have simi-
lar patterns of heterotic responses to existing commercial 
hybrids when crossed with introduced B lines. These pro-
vide encouraging initial targets of complementary locally 
adapted genotypes to exploit heterosis in Ethiopia. In addi-
tion, a second potential and more divergent germplasm 
pool was identified, consisting of the Ethiopian landraces 
adapted to the highland and intermediate agro-ecological 
zones and the second subset of lowland-adapted landraces 
(G1), which were predominantly durra racial types. These 
genotypes were the most divergent from introduced B lines, 
indicating the potential for increased heterotic response 
based on parental divergence. However, as they represent 
very different germplasm to the existing commercial hybrid 
system, they present a more risky option for developing 
hybrids as they are less likely to have similar complemen-
tary alleles to the introduced R lines that have been selected 
to combine well with introduced B lines.

Genome‑wide differentiation detected 
within and among sorghum genotypes groups

In general, the Ethiopian landrace genotype groups across 
all agro-ecological adaptation zones contained more 
genetic diversity compared to both the Ethiopian improved 
inbreds and introduced genotype groups as measured 
by the highest number of uniquely polymorphic SNPs 
(17  %) and highest heterozygosity (0.22). These results 
are in line with previous studies in sorghum, which have 
also reported high genetic variation in landrace genotypes 
compared to improved genotypes (Mace et al. 2013; Menz 
et al. 2004).

The cluster- and model-based STRUCTURE analysis 
revealed distinct grouping and differentiation of the Ethio-
pian landrace groups from Ethiopian improved inbred lines 
adapted to two of the ago-ecological zones and from intro-
duced R and B genotype groups. A similar result was also 
reported by Ayana et al. (2000) who observed genetic dif-
ferentiation between Ethiopian landraces from introduced 
genotypes using RAPD markers. The genotype grouping 
observed in the current study followed racial-based clas-
sification, in line with previous reports (e.g., Deu et  al. 
2006; Ramu et  al. 2013). The majority of the landrace 
genotypes predominantly adapted to highland (90  %), 
intermediate (79  %) and lowland (55  %) agro-ecological 
zones of durra racial type grouped in cluster I along with 
a small number of bicolor racial types. Of the remaining 
landrace genotypes, the G2 subset of the lowland-adapted 
landrace genotypes were grouped in cluster II with the 
caudatum racial types and mixed races of the introduced 
R lines and the Ethiopian improved inbreds adapted to the 
lowland agro-ecology. The predominance of the durra and 

caudatum racial types within the Ethiopian landrace geno-
types included in the current study could reflect the geo-
graphic sampling. The majority of the landrace genotypes 
included in the study adapted to the highland and interme-
diate agro-ecological zones, of durra racial type originated 
from the North Eastern part of the country where sorghum 
adaptation is influenced by drought stress. The durra and 
caudatum racial types are highly suited to the local end use 
requirements, which focus on grain quality for home con-
sumption and marketability of the seed.

Both the Ethiopian improved inbred groups and intro-
duced genotype groups shared 67  % of their polymor-
phic SNPs and were located in cluster II and III of the 
neighbor-joining tree, indicating the commonality of the 
genetic background currently used for hybrid breeding. 
The study also revealed a clear genetic differentiation in 
agro-ecological adaptation within the improved inbred 
lines from Ethiopia, with the lowland-adapted genotypes 
located predominantly in cluster II, as distinct from the 
intermediate genotypes in cluster III, which grouped with 
the kaffir racial types. There was also clear genetic differ-
entiation between genotype groups that were adapted to 
the same agro-ecological zone. The improved inbred lines 
adapted to the intermediate agro-ecological zone were 
genetically distinct from the landraces also adapted to the 
intermediate agro-ecological zone, which is likely due 
to the selection pressure imposed on the improved inbred 
lines for increased adaptation to high rainfall and humid 
environments.

The Ethiopian lowland‑adapted genotypes 
as a potential complementary parental pool  
for hybrid breeding for local adaptation

Development of complementary cytoplasmic male ster-
ile (CMS) seed parent (B) and fertility restorer (R) male 
parental pools is the primary step in hybrid breeding, where 
the latter can be more readily identified from the breeding 
and landrace populations due to the prevalence of dominant 
restorer genes. However, owing to the complex nature of 
CMS and predominance of fertility restorer genes in the 
nuclear genome, B line development is both a challenging 
and costly process (Jordan et  al. 2010). The B line pools 
developed to date are adapted to mechanized farming sys-
tem in temperate environments. However, given the domi-
nance of plant height (Quinby and Karper 1954) and the 
dominance or additivity of other important traits, hybrids 
developed between the existing B lines and locally adapted 
genotypes should produce F1 hybrids that are more accept-
able to Ethiopian farmers. Thus, a logical initial strategy 
for exploiting the utility of hybrid technology in Ethiopia 
would be to use the existing B lines with locally adapted 
and high-yielding restorer parental lines to produce hybrid 
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cultivars that have better adaptation to Ethiopian environ-
ments and are better suited to local end uses and farmer 
preferences.

With the exception of the Ethiopian improved inbred 
lines adapted to the intermediate agro-ecological zone, all 
of the Ethiopian genotype groups were genetically distinct 
from the introduced B lines (Figs. 2, 5). Based on STRUC-
TURE analysis, the Ethiopian improved inbreds adapted to 
the intermediate agro-ecological zone were unique among 
the local genotypes in sharing at least 70 % of the genome 
composition with the introduced B lines. Additionally, 
these two groups (Ethiopian inbreds adapted to the inter-
mediate zone and the B lines) shared the lowest pair-wise 
genetic diversity (FST value) of all pair-wise comparison of 
the B line groups with the other inbred groups and had the 
highest proportion of monomorphic SNPs. These results 
indicate the potential for lower heterotic performance of 
any hybrids derived between these two groups.

Although the remaining local genotype groups were 
all genetically differentiated from the introduced B lines, 
only two local groups showed similarity with the existing 
introduced R lines; Ethiopian improved inbred lines and 
the G2 subset of landrace genotypes adapted to the low-
land agro-ecology. The high degree of genetic similarity 
and genome composition as revealed through STRUC-
TURE analysis has provided evidence that a similar pat-
tern of heterotic response could be expected if these 
Ethiopian landraces and improved inbreds adapted to the 
lowland agro-ecology were used in hybrid combination 
with introduced B lines in place of introduced R lines. 
The high precision of predicted breeding values for geno-
types showing similar genetic grouping and linkage dise-
quilibrium patterns has been previously reported in maize 
(Windhausen et al. 2012). The Ethiopian lowland-adapted 
landraces (G2) and improved inbred lines are expected to 
have similar patterns of heterotic expression as observed 
between the existing B and R line pools, with additional 
benefits of developing locally adapted hybrids contain-
ing farmers preferred traits. This represents a clear initial 
target for local breeding programs in Ethiopia to further 

explore the benefits of hybrid technology with the exist-
ing B line pools.

In contrast, the Ethiopian landraces adapted to the high-
land and intermediate agro-ecologies and the G1 subset 
of lowland-adapted genotypes were not only genetically 
differentiated from the introduced B lines but were also 
genetically distinct from the existing introduced R lines. 
Previous studies have reported that hybrids derived from 
divergent parental pools are expected to have higher hetero-
sis due to increased level of general combining ability (Reif 
et al. 2005), although some studies have indicated that the 
extent of genetic distance for expression of heterosis is not 
critical (Lee et al. 2007). Additionally, the complementary 
trait complexes that have been selected for over the last few 
decades in the existing hybrid parental populations may 
reduce the likelihood that new inter-population combina-
tions would be superior, even when these populations are 
highly divergent. However, the value of adaptation traits for 
the different agro-ecologies in Ethiopia including drought 
and other biotic stress, coupled with high degree of genetic 
divergence with the existing introduced B lines, indicates 
the value in further investigating the benefit of hybrid 
technology using these locally adapted landrace genotype 
groups with the existing B lines.

Conclusion

Genetic analysis of the Ethiopian landraces and improved 
inbreds adapted to the three major agro-ecologies revealed 
the presence of unique alleles and distinct groupings, iden-
tifying six Ethiopian groups based on origin, agro-ecolog-
ical adaptation and whole genome sequence-based SNP 
genetic differentiation. The Ethiopian improved inbreds 
and subset of landraces adapted to the lowland agro-ecol-
ogy had similar patterns of differentiation with the intro-
duced R lines and were identified as a primary target to 
develop locally adapted, farmer-preferred hybrids. The 
highly divergent Ethiopian landrace group adapted to the 
highland and intermediate agro-ecologies in addition to the 

B IL IM R LH LI LLG1 LLG2 

Fig. 5   Model-based estimation of population structure for (K =  3) 
for inbred lines identified as follows: introduced B lines (B), intro-
duced R lines (R), Ethiopian improved lowland (IL) and improved 

intermediate (IM), Ethiopian landrace highland (LH), intermediate 
(LI), and lowland (LLG1 and LLG2). Each group is separated by a 
black vertical line
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subset of lowland-adapted landraces were also identified as 
a potential second heterotic group to use with existing B 
lines, which would need further investigation to verify their 
suitability to develop locally adapted hybrids.
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