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North Eastern Ethiopia is a major sorghum-growing region. A total of 415 sorghum landraces were
sampled to represent the range of agro-ecologies (three altitude ranges) as well as spatial
heterogeneity, that is, 4 zones: North Welo, South Welo, Oromiya and North Shewa with each zone
containing 2 to 5 districts. The landraces were genotyped with simple sequence repeats (SSR) and inter
simple sequence repeats (ISSR) markers. High genetic diversity was observed among the landraces for
both marker systems. STRUCTURE analysis revealed 4 clusters of genetically differentiated groups of
landraces. Cluster analysis revealed a close relationship between landraces along geographic proximity
with genetic distance between landraces increasing with an increase in geographic distance. The
grouping of landraces based on districts was influenced by clinal trend and geographic proximity. The
Fst statistics showed significant geographic differentiation among landraces at various levels of
predefined geographic origin but a large portion of the variation was among landraces within rather
than between predefined populations. The landraces from North Shewa were predominantly in one
cluster, and landraces from this area also exhibited the greatest allelic diversity and the highest number
of private alleles. There was low variation among the highland Zengada landraces, but these landraces
were quite strongly differentiated and fell into one population cluster. The low to moderate genetic
differentiation between landraces from various geographic origins could be attributed to gene flow
across the region as a consequence of seed exchange among farmers.
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INTRODUCTION

Sorghum is believed to have been first domesticated in 1951; Harlan and de Wet, 1972; Stemler et al., 1977).
the Ethiopia/Sudan region of Eastern Africa (Vavilov, Earlier reports indicated that four of the main five races of
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sorghum (except kafir) and the corresponding subraces are
grown in Ethiopia (Doggett, 1988; Teshome et al., 1997;
Ayana and Bekele, 1998). The races are found distributed
over geographic locations of the country, with some
areas of local concentration (Stemler et al.,, 1977;
Prasada Rao and Mengesha, 1987; Doggett, 1988).
Guinea and caudatum types are mainly grown in south
western and western parts of the country. The bicolor
race occurs mainly in western high rainfall highland parts
of Ethiopia, and on a minor scale almost everywhere in
other sorghum growing areas of the country. Large
seeded and compact panicle durra and the corresponding
sub-races, particularly durra-caudatum, are typical of
northern and eastern Ethiopia. The country is one of the
main contributors of sorghum germplasm to the world
collections at the International Crops Research Institute
for the Semi-Arid Tropics (ICRISAT) (Reddy et al., 2002).
Ethiopian sorghums have been used both in national and
international sorghum improvement programs (Hawkes
and Worede, 1991). For example, the important stay-
green trait is from B35 (Borrell et al., 2003) and ergot
resistance from 1S8525 (Dahlberg et al., 2001).

North Eastern (NE) Ethiopian subsistence agriculture is
dependent on sorghum, ranking first in production and
second to tef in area sown (CSA, 2003). The majority of
sorghum production in the country in general and NE
Ethiopia in particular depends on landraces (Gebrekidan,
1973; Worede, 1992; Teshome et al, 1997, 1999;
Seboka and van Hintum, 2006; Shewayrga et al., 2008).
The sorghum grain is mainly used for Injera, a fermented
flat bread and staple Ethiopian dish. Sorghum is the
preferred crop after tef for making injera (Zegeye, 1997).
The grain is also used for making local beverages (tela
and areke) as well as porridge, boiled grains and roasted
immature grains. The stalk is fed to animals, and is also
used as fuel wood and for construction.

The sorghum breeding program for NE Ethiopia and
other moisture stress areas has been focused on
developing early maturing improved varieties. However,
the adoption of early maturing improved varieties had
limited success since the varieties do not meet farmers’
needs and selection criteria (Seboka and van Hintum,
2006). Utilization of local landraces in the breeding
program is important to combine important features of
such landraces to meet farmers’ needs. Characterizing
the extent and structure of crop genetic diversity is
important to understand the genetic variability available
and its potential use in breeding programs. It is also
important to devise appropriate sampling procedures for
germplasm collection and conservation and the
establishment of core collections (Brown, 1995; Hayward
and Sackville-Hamilton, 1997; Ramanatha Rao and
Hodgkin, 2002). Different marker systems including
morphological, biochemical and molecular markers have
been used to measure the extent and structure of genetic
diversity in crop plants. Polymerase chain reaction (PCR)
based assays for plant DNA fingerprinting such as AFLP

(Vos et al.,, 1995), SSR (Tautz and Renz, 1984) and
ISSR (Zietkiewicz et al., 1994) have become widely used.
These markers have been widely used for reliable and
robust characterization of crop genetic resources
(Godwin et al., 1997; Pejic et al., 1998; Smith et al., 2000;
Wen et al., 2002; Uptmoor et al., 2003; Medraoui et al.,
2007; Weerasooriya et al., 2016). With the development
of high-throughput sequencing (or next-generation
sequencing-NGS) technologies in recent years, marker
techniques such as single nucleotide polymorphism
(SNPs) and genotyping by sequencing (GBS) have
become very useful for exploring the diversity within plant
species, constructing haplotype maps and performing
genome-wide association studies as well as genomics-
assisted breeding (He et al., 2014). The exploitation of
molecular markers in characterizing the variability of
Ethiopian sorghums is very limited. The RAPD study of
Ayana et al. (2000) based on sorghum samples from
different parts of Ethiopia, SSR studies of Weerasooriya
et al. (2016) from two areas of Western Ethiopia, and
SSR and AFLP studies of sorghums from Eastern
Ethiopia by Geleta et al. (2006) are investigations on
small samples of accessions. Similar studies covering
those of farmers’ landraces within specific domains of the
diverse sorghum growing conditions and agro-ecologies
of the country such as NE Ethiopia would be much more
informative. Adugna (2014) evaluated diversity of
samples from 4 populations obtained from NE Ethiopia
using SSR markers. But the samples, being obtained
from four lowland sites, are hardly representative of the
agro-ecological as well as landraces diversity of the area.
In the present study, we used SSR and ISSR markers to
assess the extent and structure of genetic diversity in
large samples of sorghum landraces covering a wide
area from NE Ethiopia.

MATERIALS AND METHODS
Plant materials and the study area

In total, 415 sorghum landraces were sampled to represent the
range of sorghum growing zones and districts of NE Ethiopia. This
study area refers to sorghum growing areas of North Welo, South
Welo, Oromiya and North Shewa administrative zones in Amhara
Regional State (Figure 1). The landraces for the study included 103
from North Welo, 110 from South Welo, 60 from Oromiya and 142
from North Shewa. A total of 13 districts (woredas), small
administrative units within a zone, were covered with 2 to 5 districts
represented from each zone (Table 1). The landraces were
collected from farmers’ fields and the classification of districts is
based on the passport data available for the landraces from the
Institute of Biodiversity Conservation (IBC), Ethiopia. Thirty seeds
were sampled from each landrace.

DNA extraction

The sampled seeds were imported to Australia and the study was
conducted at the University of Queensland, Brisbane, Australia.
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The study area

Area Detail

Figure 1. Map of Ethiopia and the study area (source: http://www.usaidethiopia.org/pictureg.asp).

Table 1. Description of districts from the four administrative zones.

Zones Districts Altitude category*
North Welo Kobo Lowland
Gubalafto Lowland to highland
Habru Lowland to intermediate
South Welo Ambassel Lowland to intermediate
Tehuledere Intermediate to highland
Dessie zuria Highland
Kalu Lowland to intermediate
Debresina Highland
Oromiya Bati Lowland
Artuma Jille Lowland
North Shewa  Shewa Robit Lowland
Tegulet Intermediate to highland
Merabete Lowland to highland

*Lowland (<1650 m); intermediate (1650-2000 m); and highland (>2000
m) above sea level.

The seeds were planted in a quarantine glasshouse at the. Young
leaves from 8 to 10 seedlings (3 to 4 weeks old) pooled together
from each landrace were used for DNA extraction following a
modified Cetyl-Trimethyl Ammonium Bromide (CTAB) method
(Saghai-Maroof et al., 1984) as described in Ritter et al. (2007).
DNA concentration and purity was determined both fluorometrically

and agarose gel with appropriate standards.

SSR analysis

Seven sorghum SSR markers (Brown et al., 1996; Taramino et al.,
1997; Dean et al., 1999; Kong et al., 2000) were selected based on
their polymorphism, amplified product size range and genome
coverage. The M13 primer tailing system (Schuelke, 2000) was
used to fluorescently label PCR products. Primers that amplified
target sequences with non-over lapping fragment sizes were tailed
at the 5'-end with the same M13 sequence. A corresponding M13
primer was labeled with fluorescent dye, either 6-FAM, NED, or VIC
(Applied Biosystems, Foster, CA). The M13 primer labeled with 6-
FAM was used with three of the primers; NED and VIC each with
two primers (Table 2). The sequence specific SSR primers (forward
and reverse) were purchased from Proligo, Australia.

PCR amplification was performed for all landraces in a 10 pl
reaction volume containing 20 ng of genomic DNA, 1x PCR buffer
(Promega, Madison WI), 5 mM MgCl;, 0.125 mM dNTPs, 0.25 uM
reverse SSR primer, 0.025 to 0.125 yM forward SSR primer, and
0.125 to 0.25 yM M13 primer, 1 unit of Taq DNA polymerase
(Promega, Madison WI). Reactions were performed on an MJ
Research (PTC 200) Thermal Cycler. After initial denaturation at
94°C for 5 min, the reaction mixture was subjected to 30 cycles of
94°C (30 s), 61°C/57°C/53°C (45 s), 72°C (45 s) followed by 8
cycles of 94°C (30 s), 53°C (45 s), 72°C (45 s) and a final extension
of 72°C for 10 min. PCR products for each sorghum line from the
seven primers were multiplexed into a single lane on an ABI 3130
Capillary electrophoresis system, with Liz-350 (ABI) as the size
standard.
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Table 2. Description of the three ISSR, and M13 tail sequence and fluorescent dye used with the seven SSR primers.

ID LG Reptr);zczslze SSR sequence (5-3') M13 sequence (5'-3’)*** Dye T°
SSR markers
TCCTGTTTGACAAGCGCTTATA*
Sb1-1 08 241-217 AAACATCATACGAGCTCATCAATGH TTTCCCAGTCACGACGTTG 6-FAM 61
CTCGGCGGTTAGCACAGTCAC*
Sb4-32 07 172-216 GCCCATAGACAGACAGCAAAGCC™ TTTCCCAGTCACGACGTTG 6-FAM 61
CACAAACACTAGTGCCTTATC*
Txp-15 05 215 CATAGACACCTAGGCCATCH TAAAACGACGGCCAGTGC NED 57
AGCATCTTACAACAACCAAT*
SbKAFGK-| 07 142-166 CTAGTGCACTGAGTGATGAC™ TAAAACGACGGCCAGTGC NED 53
GCCAAGAGAAACACAAACAA*
sb5-236 10 162-222 AGCAATGTATTTAGGCAACACA™ GCGGATAACAATTTCACACAGG  VIC 57
ACAGGGCTTTAGGGAAATCG*
sb6-57 03 283-313 CCATCACCGTCGGCATCT GCGGATAACAATTTCACACAGG  VIC 57
CGAACCATGATAAATGACTG®
SbAGA-01 08 88-106 ATCCGTTTCAC oT™ TTTCCCAGTCACGACGTTG 6-FAM 57
ISSR markers
ISSR 2 310-902 (GA)9C - VIC 58
ISSR 6 255-872 (GA)9Y - NED 58
ISSR7 315-912 (AG)9C - 6-FAM 58

LG = linkage group,*Forward primer, **Reverse primer, ***sequence was tailed to 5’-end of the sequence specific forward primer. M13 primer
labeled with the respective dyes was purchased from ABI. T° = Annealing temperature.

ISSR analysis

PCR amplification of inter-simple sequence repeats was performed
using three fluorescently labeled primers (Table 2). The PCR
mixture was made up by: 20 ng of template DNA, 0.5 uM of primer,
0.25 mM of each dNTP, 1x colourless GoTag® Flex Buffer
(Promega, Madison WI), and 1.25 unit of Tag DNA polymerase
(Promega, Madison WI) in a total volume of 20 pl. The thermocycler
PTC-200 (MJ Research) was programmed as follows: 95°C for 4
min; 10 cycles of 94°C (45 s), 58 to 1°C per cycle (45 s) and 72°C
(90 s); and then 26 cycles of 94°C (45 s), 52°C (45 s) and 72°C (90
s). A final extension at 72°C for 10 min was used. A separate PCR
was run for each of the 3 ISSR primers and the PCR products for
each sorghum line were multiplexed for a single lane capillary
electrophoresis after dilution of 1:4. The genotyping was performed
on an ABI 3130 Capillary electrophoresis system, with Liz-1200
(ABI) as the size standard. Each fluorescent peak from the capillary
run was treated as an allele (band) and the size scored using
GeneMapper software (ver.3.7) (Applied Biosystems, Foster City,
CA).

Statistical analyses

A Bayesian model-based clustering method implemented in the
software STRUCTURE 2.2 (Pritchard et al., 2000) was applied to
infer genetically differentiated populations or clusters (K) to reflect
structuring of sorghum landraces variability in NE Ethiopia other
than the predefined populations based on geographic origins. The
number of clusters (K) was varied from one to ten with a burn-in of
10000 cycles and 50000 Markov Chain Monte Carlo (MCMC)
iterations and 10 replicate runs performed for each K value to
determine the appropriate K. The statistic delta K (AK) criterion

(Evanno et al., 2005), which is based on the log likelihood of the
data [In Pr(X/K)], was used to estimate K. Admixture ancestry
model and correlated population allele frequencies with and without
population prior information were used for the parameter set of the
analyses. The final run consisted of a burn-in of 100000 cycles and
500000 Markov Chain Monte Carlo (MCMC) iterations and repeated
5 times for appropriate value of K. We also used the prior
information ancestry model to identify migrants and hybrids.

Cluster (heatmap) analysis was performed based on Jaccard
genetic similarity coefficients (Jaccard, 1908) using Ward's
clustering method (Ward, 1963) in R-project statistical package (R
Development Core Team, 2010). PowerMaker ver.3.25 (Liu and
Muse, 2005) was used to estimate Nei's (1972) genetic distance
between zones and between districts for each marker system and
MEGA 3.1 (Kumar et al., 2004) was used to draw the dendrograms.
Analysis of molecular variance (AMOVA) was performed according
to Excoffier et al. (1992) to study the differentiation of landraces
among predefined geographic domains such as zones and districts
and among populations identified using STRUCTURE. Wright's
(1951) F-statistics (Fst) was used to measure population structure
and it was calculated by the methods of Weir and Cockerham
(1984). Arlequin 3.5 population statistical software (Excoffier and
Lischer, 2010) was used to estimate all the genetic diversity and
differentiation parameters for both SSR and ISSR markers.

Genetic diversity of the landraces was measured at various
levels of population structure: Model based clusters, zones and
districts. For the SSRs, the mean number of alleles, and expected
heterozygosity (gene diversity) at Hardy-Weinberg proportions (He)
(Nei, 1987) were calculated. Allelic richness was also determined
based on the rarefaction method using HP-Rare package
(Kalinowski, 2005). Use of rarefaction compensates for the effect of
sample size on estimates of the number of alleles and number of
private alleles in samples. In the case of ISSRs, the total number of
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Table 3. Genetic diversity within groups of sorghum landraces for SSR & ISSR markers.
. . SSR ISSR
Geographic domains
A Ap Ar Arp Ho He b PIC
NEE 151 - - - 0.24 0.72 161 0.129
Zones
North Welo 104 2 1048 118 0.25 0.69 135 0.127
South Welo 106 2 1083 0.75 0.19 0.70 144 0.132
Oromiya 8.7 0 939 035 0.18 0.73 117 0.119
North Shewa 13.3 15 1187 199 0.26 0.69 136 0.127
Model based populations
Cluster 1 96 11 6.82 086 0.23 0.62 129 0.118
Cluster 2 111 8 6.83 0.70 0.20 0.64 140 0.109
Cluster 3 9.1 5 988 1.06 0.25 0.77 118 0.117
Cluster 4 9.6 6 108 210 0.26 0.66 106 0.140
Districts
Kobo 8.0 1 723 016 0.27 0.71 109 0.126
Gubalafto 5.6 1 6.14 008 029 069 71 0.123
Habru 8.3 0 716 015 024 065 111 0.125
Ambassel 7.3 2 714 023 026 064 90 0.127
Tehuledere 3.7 0 371 013 0.12 063 52 0.134
Dessie zuria 2.1 0 214 0.00 0.17 052 22 0.091
Kalu 8.1 0 715 0.01 0.17 0.66 125 0.125
Bati 3.0 0 3.00 0.00 0.03 0.47 41 0.098
Debresina 2.7 0 414 005 0.19 0.71 113 0.120
Artuma Jille 8.4 0 763 025 0.20 0.75 116 0.113
Shewa Robit 11.3 7 764 063 0.26 068 54 0.135
Tegulet 7.7 6 757 086 029 0.73 90 0.156
Merabete 7.3 2 714 039 024 064 99 0.137

NEE = North Eastern Ethiopia; A = mean number of alleles per locus; Ap = private alleles, Ar =
allelic richness, Arp = private allelic richness, Ho=Observed heterozygosity, H. = expected
heterozygosity (genetic diversity); PIC = Polymorphic information Content; b = total number of
bands. Allelic richness values for SSR markers were estimated with 150 genes for zones, and 50

genes for districts.

bands and average number of bands per primer and the
Polymorphic Information Content (PIC) were calculated. The PIC
was estimated according to Botstein et al. (1980) as PIC =

2
Z(l— P, )/n , where n is the number of band positions
analyzed in the landraces, Pi is the frequency of the i" pattern.

RESULTS

Genetic diversity

The observed values for the diversity parameters are
given in Table 3. A total of 106 alleles were amplified
from the 7 SSR loci across the landraces with the number
of alleles per locus ranging from 8 (Sb6-57) to 26 (Sb1-
1), with an average of 15.1 alleles per locus. Observed

heterozygosity among the landraces ranged from 15%
(Sb5-236) to 47% (SbAGA-01) with an average of 24%
per locus. The genetic diversity (expected heterozygosity)
for the entire landraces ranged from 0.50 (sbKAFGK-I) to
0.85 (sb4-32) with mean 0.72. The genetic diversity for
the model based populations ranged from 0.62 to 0.77 for
SSR markers and from 0.11 to 0.14 for ISSR markers.
Partitioning of the observed diversity for SSR markers
into geographic origins showed high diversity with means
of 0.70 for zones, and 0.66 for districts, while the figures
for ISSR markers were 0.22 and 0.20, respectively. The
mean number of alleles per locus for SSR markers at the
zonal level ranged from 8.7 in Oromiya to 13.3 in North
Shewa. Of the total alleles observed, 53 (50%) alleles
were shared between the four zones while the remaining
alleles were distributed across narrower geographic
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domains. On average, 4.75 private alleles (that is, alleles
found only in a single subpopulation) were observed per
zone with North Shewa sorghums having the highest
number of private alleles (15 alleles). There were no
private alleles in Oromiya. Overall, high altitude districts
such as Tehuledere, Dessie zuria and Debresina had
lower allelic diversity compared to low altitude districts
like Kobo, Habru, Ambassel and Shewa Robit. Allelic
diversity was highest in Shewa Robit with 11.3 alleles per
locus. Adjusted for sample size, districts form North
Shewa showed the highest allelic richness followed by
Oromiya zone. ISSR markers generated 34 to 87 bands
per primer, with 161 bands in total. No significant
differences were observed in banding pattern among the
four zones. The numbers of bands were smaller for
highland districts.

Population structure and

distribution

genetic geographic

For both SSR and ISSR markers, using procedures
described by Evanno et al. (2005), the maximum AK
occurred at K = 4 for the admixture model with prior
population information. Therefore, the final analysis for
the assignment of landraces into four (K=4) clusters was
performed by using population information (collection
zones) as prior with admixture ancestry model. The
number of clusters (K = 4) was consistent with clustering
based on genetic distances (Figure 2). The landraces
from North Shewa tended to be grouped together both in
the STRUCTURE analysis and distance based clustering.

The ancestry coefficient (Q) for individual landraces
revealed that many of the landraces share significant
ancestry from two or more populations. The landraces
from North Welo and Oromiya appeared to have mixed
ancestry with landraces mainly from South Welo, which is
geographically located between North Welo and Oromiya
zones. A limited number of landraces from the two zone
shared ancestry with landraces from North Shewa. This
was more evident for SSR markers (Figure 2). All the
landraces were assigned to one of the four populations
based on the highest proportion of ancestry even if some
of them derive significant ancestry from more than one
population. The number of landraces in the 4 populations
varied from 36 to 181 for SSR markers, and from 39 to
211 for ISSR markers which accounted for 9 to 51% of
the 415 landraces (Table 4). Cluster | included mixture of
landraces like Keteto, Cherekit and Jetere many of which
are from North Shewa. Cluster Il is the largest cluster
containing approximately half the landraces (211 based
on ISSR markers; 181 based on SSR markers). This
group included important landraces such as Degalet types
(Chibte, Abola, Watigela, Tengele) and Jamyo, most of
which are characterized by white, yellow and straw seed
colors, and semi-compact to compact panicle types.
These landraces are preferred for making injera, the daily

staple of farmers in the area. Cluster Il included 86
landraces (ISSR markers) and 103 landraces (SSR
markers) most of which are from North Welo. The cluster
included landraces such as Tikureta, Tinkish, Humera,
Gomdade and Ahyo which are mainly used for roasted
grains, sweet stalk or beverages. Many of these
landraces have pinkish and brown seed colors. Cluster
IV, containing 36 landraces (for SSR markers) and 39
landraces (for ISSR markers), is characterized mainly by
Zengada types. These landraces are adapted to high
altitude areas like Dessie Zuria, Tehuledere and Debre
Sina districts.

The patterns of individual landrace phylogeny revealed
evidence of relationship between genetic distance and
geographic distance for both SSR and ISSR markers.
Many of the landraces from North Shewa were grouped
together, most markedly with SSR markers. The general
tendency of landraces to cluster based on geographic
proximity can also be observed in the clustering of zones
and districts (Figure 3). Most of the districts from low and
intermediate altitude areas were clustered together (e.qg.
Kobo, Habru, Ambassel, Kalu) while districts from higher
altitude (>2000 m) areas like Debre Sina, Dessie zuria
and Tehuledere were grouped together. The grouping of
Shewa Robit, Merabete and Tegulet; and that of
Tehuledere and Dessie Zuria appear to reflect
geographic proximity. The migrant analysis using
STRUCTURE software identified fewer migrants
(Supplementary Figure 1).

AMOVA analyses among the sorghum landraces,
zones, districts, STRUCTURE populations and distance
based clusters showed all variance components to be
significant (P < 0.001) (Table 5) for both SSR and ISSR
markers. The variance at zones level for SSR markers
(4%) and for ISSR markers (2.1%) appeared to be small.
The values were relatively higher for districts. However,
clusters obtained from STRUCTURE and distance based
cluster analyses accounted about 12 to 15% of the
variability. F-statistic (Fst) was significant but it revealed
a small differentiation among predefined populations
based on geographic origins, that is, zones and districts.
The Fsyvalues ranged from 0.04 to 0.06 for SSR markers
and from 0.02 to 0.05 for ISSR markers.

DISCUSSION
Genetic diversity

The average number of alleles, 15.1 per locus, for the
seven SSR loci was higher than values reported in other
studies on sorghum (Brown et al., 1996; Taramino et al.,
1997; Dean et al., 1999; Kong et al., 2000; Deu et al.,
2010; Weerasooriya et al., 2016). We used a higher
number of landraces than previous authors, and this may
account for some of these differences. However, this is
also a reflection of the diversity in Ethiopia, both arising
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Figure 2. A clustering profile of landraces from STRUCTURE analysis for K = 4 and genetic distance based heatmap
using (A) SSR and (B) ISSR markers. In both cases, geographic (zones of collection) information was used as a prior
information in running the STRUCTURE analyses. Each landrace is represented by a line divided into K coloured
fragments proportional to its membership in the corresponding genetic cluster. The names on the side of STRUCTURE
graph denote the predefined population names, that is, administrative zones (North Welo, South Welo, Oromiya and
North Shewa) from which each landrace is sampled. The landraces on distance based heatmap were colored according
to STRUCTURE membership to show the correspondence of the two clustering results, that is, red color on the
STRUCTURE histogram corresponds to red on the heatmap (dendrogram) leaf of distance based cluster and so on.
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Table 4. Distribution of landraces in the four clusters (K = 4) from the 4 administrative zones based on STRUCTURE analyses using SSR and ISSR markers.

STRUCTURE SSR ISSR
clusters North  South . North Total North South g . o  North Total Prominent landraces
Welo Welo y Shewa Welo Welo y Shewa
1 2 6 3 84 95 18 18 10 33 79 Keteto, Jetere, Cherekit
2 45 59 48 29 181 42 52 37 80 211 Degalet types and Jamyo
3 53 30 5 15 103 40 26 10 10 86 Tikureta, Merabete, Ahyo, Tinkish, Moge
4 3 15 4 14 36 3 14 3 19 39 Zengada
M orthelo C Morthiy el
A —|:Stu‘thWE!D Southielo
Cromiva _| Cromiva
Morth=hewa MathShews
EI.IZiEﬁ IIIDIED IIID=15 D.Eim IJDIDG IJDIDD n.m%zn III.DE=I15 D.DEIHD D.DIIZIDG n.m::lnn
Teguilet North
M erak ete I Shewa M erabete
4| . Tegulet
ShewaRobit
ot i ShewaRohit
Hmadle e Arumadile
Ambasze et
B Kalu Low to intermediate =
alfitude districis from Kobo
Habru II Oromiva, North and Ambazzel
Kobo South Welo -
Gukl:ualafm Highland districis Bt
Bti 111 from South Welo Gubalafto
DebreSina Tehuledere
Tehuledere | D DebreSing
Desszieduria Dessieluria
DS:D D.:ZS D.izu D.:15 D.:1I3 D.:Dﬁ DJSD l.n=35 D.n‘sn IIID=25 III.DIZEI D.EI=15 DD=1III n.n‘ns III.IJ:DEI

Figure 3. Dendrograms showing phylogeny of landraces from the 4 zones and 13 districts based on Nei (72) distance calculated from SSR

(A, B); and ISSR markers (C, D).
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Table 5. AMOVA showing the structure of variability in sorghum landraces of NE Ethiopia

using SSR and ISSR markers.

Percentage of variance components

Source of variation Groups ST
Among groups Among landraces

SSR markers

Zones 4 3.99 96.01 0.04
Districts 13 5.65 94.35 0.06
STRUCTURE populations 4 13.71 86.29 0.14
Distance based clusters 4 12.30 87.70 0.12
ISSR markers

Zones 4 2.06 97.94 0.02
Districts 13 4.62 95.38 0.05
STRUCTURE populations 4 14.80 85.20 0.15
Distance based clusters 4 13.10 86.90 0.13

from the fact that this is one of the, if not the major,
centre of origin/domestication of sorghum, and the fact
that there are diverse end-uses for sorghum in this
region. The result for proportions of rare alleles for the
SSR markers is in general agreement with values
reported for sorghum using SSR markers (Grenier et al.,
2000; Dje et al., 2000; Ghebru et al., 2001). The number
of bands per ISSR primer in the present study was higher
than bands reported in Moroccan sorghums (Medraoui et
al., 2007).

The genetic diversity values for both the ISSR and the
SSR markers were high for all landraces as well as for
landraces in each zone and the model based
populations. Other studies on sorghum (Grenier et al.,
2000; Dje et al., 2000; Ghebru et al., 2001; Medraoui et
al., 2007; Weerasooriya et al., 2016) reported values
close to the present study. The high diversity observed in
NE Ethiopian sorghum landraces could be attributed to
various factors including subsistence farming practice
that rely on landraces, introgression with wild and weedy
relatives, the geographic and agro-climatic variability of
the area affecting adaptability of landraces. The area is
characterized by a very diverse topography with valley
bottoms and hills creating niche or variable micro-
environments of sorghum production. It is also prone to
crop failures due to moisture shortage. The diverse
landraces are insurance to avert risk of crop failure as
well as to meet niche environments. Consequently,
farmers of the area have been maintaining invaluable
diversity for generations. It has been documented that
farmers make conscious decision and management
efforts based on agro-ecological condition and end-use to
maintain landraces diversity (Teshome et al., 1997,
Seboka and van Hintum, 2006). Preferences of different
landraces for various end-uses like sweet sorghum (juicy
stalk), roasted grain (milky dough stage), local beverages
(e.g. tela), and daily dishes (e.g. injera) affect the
selection and maintenance of landraces, which in turn
affect genetic diversity. Phenotypic study of a larger

sample of 974 accessions (from which the 415
accessions were subsampled) indicated a high variability
for both quantitative and qualitative traits (Desmae et al.,
2016)

Genetic structure and differentiation of landraces

The model based structure analyses using population
information (LOCPRIOR) revealed the presence of 4
populations of sorghum landraces in NE Ethiopia. Many
landraces share ancestry with landraces from
neighboring geographic origins. The landraces in the 4
model based clusters were significantly differentiated by
both ISSR and SSR markers with Fsy values ranging
from 0.12 to 0.15 (Table 5). The model based clusters
were consistent with distance based clusters. Odong et
al. (2011) reported a close similarity between clusters
obtained by Ward's (Ward, 1963) and STRUCTURE
(Pritchard et al., 2000).

The important evolutionary factors that affect the extent
of population differentiation are gene flow, genetic drift
and selection. Significant geographic differentiation was
observed among landraces at various levels of
predefined geographic origin but a large portion of
variation was among landraces within rather than
between predefined populations (zones and districts).
The low to moderate geographic differentiation could be
attributed to frequent gene flow among fields as a
consequence of seed exchanges among farmers, and/or
to restriction of the intensity of genetic drift due to a high
effective population size (Dje et al.,, 1999). Earlier
observations (Shewayrga et al., 2008) showed that many
landraces with the same local name are grown in two or
more zones attributed to the existing farmers’ seed
system. Seeds are shared through gift, exchange in kind,
and purchase. Low differentiations between landraces
from different geographic regions have been reported in
previous studies on sorghum (Dean et al., 1999; Dje et
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al., 1999, 2000; Ayana et al., 2000; Ghebru et al., 2001).
In addition, the phylogenic analyses showed a significant
trend but it did not reveal a strong association between
general clustering pattern of individual landraces and
geographic origin. Specifically, moderate to strong
clustering in population cluster | was evident for
landraces from North Shewa in particular, and this region
exhibited both the highest allelic diversity and the highest
number of private alleles. In addition, there was clustering
together of many landraces from North Welo in
population cluster Ill, whereas the high altitude Zengada
types were in population cluster IV. The clustering of
districts was influenced by agro-ecological similarity and
spatial proximity. Agro-ecologically similar and spatially
close districts were grouped together. Linhart and Grant
(1996) remarked that different environments generate
different selection pressures and significant barriers to
gene flow, which in turn enhance genetic heterogeneity
and differentiation among semi-isolated or isolated
populations. The present study area stretches more than
400 km from north to south with North Welo the most
northerly and North Shewa the most southerly. It is of
significance that some of the highland districts,
particularly Tegulet and Merabete are situated on the
West (Blue Nile) escarpment while the lowland and
intermediate altitude districts are situated on the East
(Rift Valley) escarpment. Further, districts from lowland
and intermediate altitudes have warmer climates
compared to those in higher altitudes. Such distance and
climatic factors may enforce physical and adaptive
barriers to gene flow.

In summary, from the observed variability, it can be
argued that NE Ethiopia is a region with high sorghum
landraces diversity. There was indication that some
areas, for example North Shewa, had a high level of
diversity with more private alleles than other regions. By
contrast, the highland areas had lower diversity than the
lowland and intermediate areas but there were several
alleles unique to the highlands. Overall, however, the
diversity of sorghum landraces was widely distributed
across NE Ethiopia. This diversity can be exploited for
improvement of sorghum in the area through
incorporating landraces in the breeding program as
parents for traits of interest. Systematic screening of the
landraces would be important to identify potential
parents. In that case, improved varieties can be
developed that meet the needs of farmers, which will
ultimately be adopted.
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