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Abstract

Tef [Eragrostis tef (Zucc.) Trotter] is an indigenous cereal crop widely cultivated and utilized in Ethiopia. Its grain
provides healthy and nutritious human diet while the straw is used as livestock feed. This study was designed to
analyze the genetic diversity and population structure of 189 tef genotypes including improved varieties, breeding
lines and pure lines derived from germplasm collections using 10 SSR primer pairs. All studied primer pairs were
polymorphic and generated a total of 168 alleles with the number of alleles; polymorphic information content and
gene diversity per locus ranging from 2 to 26, 0.30 to 0.92 and 0.38 to 0.90 respectively. North Shewa and West
Shewa populations had the highest gene diversity unlike breeding lines which had lowest values of all genetic
parameters. Analysis of molecular variance revealed 55%, 42% and 3% of the total variation due to variation within
individual, among individuals and among populations, respectively. Cluster analysis grouped both populations and
individual genotypes into five major clusters. Structure bar-plot also inferred five gene pools, but with high level of
admixtures. This study generally revealed substantial variations among the studied genotypes to be used in future
tef improvement.

Keywords: Eragrostis tef; Genetic diversity; SSR markers; Population
structure

Introduction
Tef [Eragrostis tef (Zucc.) Trotter] is an indigenous staple cereal

crop for about 70 million people in Ethiopia. It is a crop adapting to a
wide range of climatic and soil conditions. The grain of tef is excellent
source of human food while its straw is used as livestock feed [1,2]. Tef
is therefore a crop well-integrated into the socio-economic and cultural
values of Ethiopian people and is the most preferred cereal by both its
growers and consumers. Besides, its potential use as global and popular
life-style diet is also increasing due to its gluten free and healthy nature
[3]. However, the productivity of tef is very low compared to other
cereal crops due to wider uses of low yielding cultivars, drought and
other stresses as well as lodging or falling of the stalk by heavy rain and
wind [4].

Ethiopia has rich diversity of tef germplasm resources due to its
diverse geographic, climatic and soil conditions. Such diversity in
indigenous germplasm resources is a major source of genetic
variability for the improvement of tef crop. Ethiopian Biodiversity
Institute (EBI) has so far collected and deposited in its gene bank over
5,000 accessions from various tef growing regions of the country to
conserve the existing variabilities in our germplasm resources [5].

Various markers systems including phenotypic or morphological as
well as molecular markers have been used to assess the extent of
genetic diversity in tef germplasm accessions. Earlier tef germplasm

characterization based on morphological markers showed existence of
huge diversity in terms of morphology and other phenotypic traits
[4,6-9]. Molecular markers, on the other hand, are the most efficient
tools compared to phenotypic markers in assessing genetic diversity
and relationships, classifying germplasm resources. Hence, these
markers are very effective to construct genetic linkage maps, employ
marker-assisted selection and link phenotypic and genotypic variations
[10,11]. Thus, restriction fragment length polymorphism (RFLP),
amplified fragment length polymorphism (AFLP), random amplified
polymorphic DNA (RAPD) and QTL mapping based on enhanced SSR
markers have been so far employed in tef [12-17].

Simple sequence repeats (SSRs) or microsatellites have been used to
identify polymorphism among diverse germplasm and are the most
recently utilized marker unlike those reported previously in tef.
However, studies conducted in tef using SSR markers had some
limitations in terms of using representative germplasm resources from
various sources. For instance, study conducted by Abraha et al. [18]
utilized tef germplasm collected from northern part of Ethiopia alone
while Desta et al. [19] focused on germplasm related to acid soil
problem alone. Similarly, study by Fikre et al. [20] had also dealt with
improved varieties and limited number of landraces. This study was,
therefore, performed to assess the extent and patterns of genetic
diversity and population structure among tef genotypes from 14
diverse populations using SSR markers.
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Materials and Methods

Plant materials
A total of 189 tef genotypes representing 14 populations including

144 pure lines, 35 released varieties and 10 breeding lines were studied
(Table 1). Thus, the 144 pure lines were derived from germplasm
collection of 12 administrative zones in North and Central parts of
Ethiopia by the Ethiopian Biodiversity Institute (EBI) between 1979
and 2011. For this study, 12 pure lines were sampled from each of the
12 Administrative Zones of Tigray, Amhara and Oromia Regional
States. Districts or Woredas in Ethiopia from where tef accessions were
collected originally are shown in Figure 1. The 35 released varieties, on
the other hand, were obtained from seven agricultural research centers
in Ethiopia while, eight of the breeding lines were derived from crosses
of Kinde × Kaye Murri and Quncho × Kinde. The other two breeding
lines were the parents of those crosses: Kaye Murri and Kinde. Kaye
Murri is a cultivar having very white seed and compact and purple
panicle while Kinde is a mutant line with shorter plant height and
better lodging tolerance. Quncho, on the other hand, is a popular
released tef variety having wider market demand due to its extra white
seed color. The seeds of all breeding lines and their parents were
obtained from Debre Zeit Agricultural Research Center (DZARC).

Figure 1: Districts or Woredas in Ethiopia from where tef accessions
were collected.

Population Number Name Altitude (m a. s. l)

Central Tigray 12 (1-12) Acc. nos. 19132-2, 19132-3, 19166-1,19253-1,19253-2,
234407-1, 234407-2, 237184-1, 237205-2, 243513-1, 243513-3 &
243520-2

1350-2640

East Tigray 12 (13-24) Acc. nos. 15297-1, 15297-2,15299-1,15299-3,19201-1,19201-3,
19202-2, 234460-1, 234460-2, 234460-3, 242540-1 and 242540-2

1979-2632

West Tigray 12 (25-36) Acc. nos. 9419-1, 9444-2, 9444-3, 19241-1, 19241-2, 234435-2,
237236-3, 237236-4, 237239-3, 243526-2, 243526-4 and
243526-5

1260-2054

East Gojam 12 (37-48) Acc. nos. 9545-1, 9556-1, 19516-1, 19516-3, 55221-1, 55221-2,
212698-2, 229768-1, 229768-3, 229768-4, 55046-2 and 55046-3

1470-2650

East Gojam 12 (49-60) Acc. nos. 19394-1, 19443-3, 19452-4, 19506-2, 19506-4,
242140-3, 242144-1, 242144-3, 242155-1, 242155-3, 55029-2
and 55029-3

1890-2735

North Gonder 12 (61-72) Acc.9448-1, 9448-2, 9451-2, 9469-2, 9472-2, 9472-4,19343-2,
242186-3, 242186-4, 243540-1, 243540-3 and 243540-4

1840-2208

South Gonder 12 (73-84) Acc. nos. 19341-2, 19341-3, 19367-2, 19374-1, 55293-2,
212717-0, 212720-1, 225919-2, 225919-3, 225919-4, 225919-7
and 242160-1

1804-2950

North Wello 12 (85-96) Acc. nos. 55104-3, 215196-1, 215200-1, 215200-2, 215200-3,
234356-4, 234985-2, 234993-1, 234993-3, 237148-1, 237148-5
and 243501-2

1520-2950

South Wello 12 (97-108) Acc. nos. 212607-2, 212612-3, 212614-1, 212614-2, 225898-1,
242214-1, 242214-2, 243491-2, 2433497-2, 243504-1, 243504-2
and 243504-3

1550-3090

East Shewa 12 (109-120) Acc. nos. 15361-3, 17335-1, 18460-0, 18466-2, 18466-3,
236963-1, 236963-2, 236965-1,236965-3,236967-1, 236967-2
and 236972-0

1657-2303

North Shewa 12 (121-132) Acc. nos. 9559-1, 9559-2, 15309-2, 15309-3, 15322-1, 15322-2,
18385-2, 212482-1, 236745-2, 236746-0, 236748-2 and 236957-1

1260-2670

West Shewa 12 (133-144) Acc. nos. 17365-1, 17371-3, 18410-1, 18410-2, 18410-3,18414-2,
18414-4, 18423-3, 236757-2, 236760-1, 236760-4 and 236760-6

1640-2674
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Improved varieties 35 (145-179) Enatite (DZARC), Asgori (DZARC), Magna (DZARC), Wellenkomi
(DZARC), Menagesha (DZARC), Melko (DZARC), Tsedey
(DZARC), Gibe (DZARC), Ziquala (DZARC), Dukem (DZARC),
Holetta Key (HARC), Ambo Toke (HARC), Gerado (DZARC), Koye
(DZARC), Key Tena (DZARC), Gola (SARC), Ajora (ArARC),
Genete (SARC), Zobel (SARC), Dima (AARC), Yilmana (AARC),
Dega Tef (DZARC), Gimbichu (DZARC), Amarach (DZARC),
Quncho (DZARC), Gudurru (BARC), Gemechis (MARC), Mechare
(SARC), Kena (BARC), Etsub (AARC), Laketch (SARC), Simada
(DZARC), Boset (DZARC), Kora (DZARC) and Were-Kiyu (SARC)

-

Breeding lines 10 (180-189) Kaye Murri (cultivar, parent), Kinde (Mutant line, parent), Quncho
× Kinde (RIL-85), Quncho × Kinde (RIL-91), Quncho × Kinde
(RIL-96), Kinde × Kaye Murri (RIL-11), Kinde × Kaye Murri
(RIL-302), Kinde × Kaye Murri (RIL-44), Kinde × Kaye Murri
(RIL-69) and Kinde × Kaye Murri (RIL-81)

-

Note: DZARC, HARC, SARC, ArARC, AARC, BARC and MARC refer to the Debre Zeit, Holetta, Sirinka, Areka, Adet, Bako and Melkassa Agricultural Research
Centers, respectively.

Table 1: Tef populations used in the study.

DNA extraction and PCR amplification
Leaf tissues were harvested from 3-4 weeks old seedlings of 189 tef

genotypes shown in a 40 mm diameter pot using sterile soil in a long
day growth room at the Institute of Plant Sciences, University of Bern,
Switzerland. The harvested leaf tissues were pressed onto FTA cards
(Sigma, Germany) until the card was soaked with a leaf extract.
Samples were sent to Sci-Corp (the former INCOTEC) laboratory,

South Africa for DNA extraction and SSR study. The DNA was isolated
using Whatman FTA Card extraction protocol following the
manufacturer protocol. Ten polymorphic SSR markers were selected
for PCR amplification based on previous study report [21] (Table 2).
The PCR amplicons were fluorescently labeled and separated via
capillary electrophoresis on an ABI 3130 automatic sequencer (Applied
Bio systems, Pietermaritzburg, 3201, South Africa).

No Primer Forward primer Reverse primer (5’…3’) Repeat type and size Expected size (bp) Source

1 CNLTs 538 CCATCTTAGCTTTGGCGAGA ACAAGAGGCAACAAGC
CAGA

AG18AGA20 176 (Zeid, Belay,
Mulkey, Poland,
and Sorrells,
2011)2 CNLTs 42 ATGCATGGATGGATGGCTA TTACCCAATTGCCCTAG

CTG
TC27 179

3 CNLTs 136 TGAGAAGGTAATAACTGGTG
AAGC

CAAGGTTTACACACCG
TGACTT

CT18 246

4 CNLTs 150 AACACGTCCTTGCCGTATTC CGGGGTAGCCATAGCC
TAAT

AG5&AG16 225

5 CNLTs 157 GGATCCGACATGACGTGTA
GT

CACAGAATGAGATTGG
GGAGA

CT18 168

6 CNLTs 315 ATAGCTGCTCCGTTTTGCAT GGTCCACTTGGCATTC
TGTT

AG8 TAG6 233

7 CNLTs 416 AACAGATACAGTTGGAGACA
GAAATG

CTCTGAGTGCGTCGCA
AG

AG19 151

8 CNLTs 438 CTAACCGGCGGCGAGAGA CTGCCACATGCGTCGT
TAGA

GA14 153

9 CNLTs 484 GAGATCCTACCACGGCGATA CGCTTTCCCCTCCTTTT
GTA

GA18 157

10 SSR3.3 GGGAAGAGGAGTGTACAGA CCCTGGCAACTGCTTT
AAGA

(AAG)6 226 (Cannarozzi et al.,
2014)

Table 2: Description of SSR markers used in the current study.

Data analysis
Data from all entries were summarized and converted into input

files suitable for various analyses using convert software version 1.31

[22]. Analysis of molecular variance (AMOVA), determination of the
number of alleles (Na), observed heterozygosity (Ho) and gene
diversity (UHe) were determined using GenAlEx software version 6.5
[23,24]. Power Marker software v.3.25 was also employed to compute
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polymorphic information content, major allele frequency and Nei’s
unbiased genetic distance [25]. Cluster analysis was carried out based
on population and individual genotypes using Pop tree2 [26] and
DARwin software version 6.0.13 respectively [27]. The dendrogram for
population was viewed and edited in tree view while that of individual
genotypes was edited for visualization using Fig-Tree software version
1.4.3 [28].

Bayesian model-based clustering method was employed using
STRUCTURE software version 2.3.4 assuming population admixture
through inferred ancestry to determine the population structure
[29,30]. Twenty independent simulations were performed for each
number of assumed sub populations (K) ranging from 1 to 14. This
was made to determine the most likely number of populations (K) by
using a burn-in period of 100,000 and a Markov Chain Monte Carlo
(MCMC) run length of 150,000. Zipped results from structure software
was submitted to STRUCTUR HARVESTER online software version
0.6.92 to determine the appropriate number of subpopulations (delta
K) that explains the structure of the studied genotypes as suggested by
Earl and Vonholdt, Evanno et al. [31,32]. Besides, the same zipped
results from structure software and names of 14 populations written on
notepad were submitted to CLUMPAK (Cluster Markov Packager
Across K) beta version to identify an optimal alignment of inferred
clusters across different values of K [33].

Results and Discussion

SSR markers and their level of polymorphism
All the 10 studied loci were polymorphic and generated a total of

168 alleles with a mean of 16.8 alleles per locus (Table 3). The observed
number of alleles and Shannon diversity index (I) per locus ranged
from 2 and 0.55 for SSR 3.3 to 26 and 2.15 for CNLT 538, respectively.
The observed total number of alleles in this study is higher than the
148 alleles reported by Desta et al. (2015) using 16 SSR markers while
it is closer to the 164 alleles reported by Abraha et al. (2016) using 10
SSR markers. Such variations in number of alleles could be due to
differences in the employed number and types of genotypes and
markers [34-36]. On the other hand, the range of alleles observed per
locus in this study is closer to the earlier reports of 2 to 27 alleles and 8
to 23 alleles while it is far larger than the 5-7 alleles per locus [18-21].

The polymorphic information content (PIC) is generally used to
measure the informativeness of a genetic marker. In this study, the PIC
values ranged from 0.30 for SSR 3.3 to 0.90 for CNLT 42 with a mean
of 0.76 (Table 3). This is a bit different from the previous findings of
0.05 to 0.86, 0.02 to 0.95 and 0.64 to 0.94 being reported based on 39,
16 and 10 SSR markers, respectively [18,19,21]. About 90% of the
markers we have employed here were selected from Zeid et al. (2012).
As a result, the PIC values in this study are closer to the earlier
investigation by Zeid et al. (2012). The fact that about 75% of our
studied loci had PIC values greater than the mean (0.78) reveals
excellent discriminatory power of the studied markers.

Marker CNLT 42 exhibited the largest gene diversity (0.97),
Shannon diversity index (2.15) and lowest major allele frequency
(MAF=0.15) while he highest MAF (0.75) and the smallest Shannon
diversity (0.52) and PIC (0.30) values were recorded for SSR 3.3.
Besides, CNLT 42, CNLT 484, CNLT416 and CNLT150 had also the
highest gene diversity values. In general, markers having the largest
number of alleles had the lowest MAF unlike those with lowest

number of alleles. The lowest PIC and gene diversity values of SSR 3.3
suggest that the sequence for its development is highly conserved in
the studied tef genotypes. In this study, CNLT-42 had the highest
values for most studied parameters and this is in line with earlier
studies by Desta et al. Abraha et al. and Zeid et al. [18,19,21]. The
positive and significant correlation observed between allele number
and gene diversity (r=0.85, p=0.01) and that of number of alleles and
PIC (r=0.87, p=0.01) reveals that loci with higher number of alleles
have high PIC and gene diversity. Such kind of loci is therefore useful
in assessing genetic diversity in crop germplasm including tef.

Locus MAF Na I Ho He uHe Nm PIC

CNLT 538 0.15 24 1.66 0.33 0.74 0.79 3.03 0.91

CNLT 42 0.15 22 2.15 0.61 0.86 0.9 3.12 0.92

CNLT 150 0.24 14 1.73 0.82 0.79 0.82 2.03 0.83

CNLT 157 0.35 10 1.43 0.01 0.71 0.74 3.88 0.77

SSR 3.3 0.76 2 0.54 0.47 0.36 0.38 1.57 0.3

CNLT 136 0.27 17 1.56 0.05 0.74 0.78 8.74 0.85

CNLT 315 0.52 12 1.23 0.95 0.64 0.67 3.04 0.62

CNLT 416 0.24 25 1.85 0.61 0.8 0.84 1.79 0.86

CNLT 438 0.15 18 1.83 0.26 0.8 0.85 4.09 0.9

CNLT 484 0.21 24 2.02 0.97 0.83 0.87 1.54 0.87

Mean 0.28 16.8 1.6 0.5 0.73 0.76 3.28 0.78

Note: MAF: Major Allele Frequency; Na: Observed number of alleles per locus;
I: Shannon’s Information Index; Ho: observed heterozygosity; uHe: Un-biased
heterozygosity (gene diversity); Nm: Gene flow; PIC: polymorphic information
content. 

Table 3: Informativeness and values of different diversity indices for 10
loci.

Patterns of tef genetic diversity
The results of all studied population genetic diversity indices are

summarized in Table 4 showing that improved varieties had the
highest number of different alleles (8.40) compared to breeding lines
(4.0). This shows that larger populations are expected to have wider
genetic diversity compared to smaller and newly establish ones [37].
North Shewa (1.77) followed by North Gonder (1.76) and West Shewa
(1.74) had the highest Shannon’ s information index while, North
Shewa (0.82) followed by West Shewa (0.81) and East Gojam (0.81)
had the highest gene diversity (Table 4). These administrative zones
which had high gene diversity and Shannon information index could
be considered as genetic diversity hot spots and potential in situ
conservation areas for tef crop. Hence, they are useful for future
germplasm collections and conservation. In this study, most genotypes
from germplasm accessions had high gene diversity due to more
chances of coevolving in nature than those under artificial selection.
The breeding lines, however, had the lowest values of all genetic
parameters may due to artificial selection towards homogenous
populations which drastically reduces the diversity. In the present
study, analysis of Percentage Polymorphic Loci (PPL) has showed that
the entire loci were polymorphic in the 14 studied populations.
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Population Na I Ho He uHe F PPL

C. Tigray 7.1 1.66 0.47 0.74 0.78 0.33 100

E. Tigray 6.7 1.59 0.52 0.73 0.76 0.26 100

W. Tigray 5.6 1.43 0.46 0.69 0.72 0.31 100

E. Gojam 7.1 1.7 0.52 0.77 0.81 0.25 100

W. Gojam 7.6 1.68 0.46 0.74 0.77 0.34 100

N. Gonder 7.9 1.76 0.47 0.76 0.79 0.34 100

S. Gonder 7.1 1.63 0.38 0.73 0.77 0.43 100

N. Wello 5.7 1.44 0.48 0.69 0.74 0.27 100

S. Wello 7.3 1.69 0.52 0.76 0.79 0.27 100

E. Shewa 6.6 1.52 0.48 0.71 0.74 0.3 100

N. Shewa 7.5 1.77 0.53 0.78 0.82 0.27 100

W. Shewa 7.2 1.74 0.53 0.77 0.81 0.26 100

Improved Varieties 8.4 1.68 0.46 0.73 0.75 0.33 100

Breeding Lines 4 1.12 0.5 0.6 0.64 0.24 100

Mean 6.84 1.6 0.48 0.73 0.76 0.3 100

Note: Na: No. of different Alleles; I: Shannon's Information Index; Ho: Observed Heterozygosity; He: expected Heterozygosity; uH: Unbiased Expected Heterozygosity;
F: fixation index; PPL: Percentage of polymorphic loci.

Table 4: Summary of population diversity parameters for 10 SSR loci.

Population genetic differentiation
Analysis of Molecular Variance (AMOVA) showed existence of

highly significant (p<0.01) variations among populations, genotypes
within populations and within genotypes from various sources (Table
5). Thus, the largest genetic variation (55%) was attributed to variation
with in individuals followed by the variation among individuals with in
populations (42%) and variation among populations (3%). Such low
level of genetic differentiation among our studied tef populations is in
line with the previous reports [18,21] and contrary to the high genetic

differentiation among genotypes within population [19]. The overall F-
statistics also exhibited significant genetic differentiation among
populations (FST=0.033), among individuals within population
(FIS=0.436) and within individuals (FIT=0.455) (Table 5). This
estimated FST value is considered to be low to moderate may be due to
high variability resulting from gene flow among and within individuals
(Table 4) [38]. The observed little differentiation among tef
populations could be due to extensive migration and exchange of genes
through hybridization during varietal development [18,39].

Source df SS MS Variance estimated % F Statistic p values

Among populations 13 121.22 9.33 0.14 3 FST=0.033 0.001

Among individual 175 994.71 5.68 1.73 42 FIS=0.436 0.001

Within individual 189 422 2.23 2.23 55 FIT=0.455 0.001

Total 377 1537.93 - 4.1 100 - -

Table 5: AMOVA showing variation among populations, among individuals within populations and within individual tef genotypes from
different sources.

Genetic distance between populations
The pair-wise population Nei’s unbiased genetic distance ranged

from 0.16 between populations of West Gojam and improved varieties
to 0.52 between populations of North Wello and the breeding lines [39]
(Table 6). The next highest genetic distance was observed between

populations of breeding lines (BrL) and that of East Shewa (0.48), East
Tigray (0.48) and East Gojam (0.47) respectively. The mean genetic
distance of each population from the other population, on the other
hand, ranged from 0.26 (improved varieties) to 0.41 (breeding lines)
showing that the breeding lines are the most distantly related
population to the other populations. The pair-wise genetic
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differentiation (FST values) ranged from 0.03 for West Tigray vs West
Shewa to 0.11 between breeding lines and that of East Gojam, East
Shewa and West Gojam populations (Table 6). In pair-wise population
FST, the values observed between breeding lines and that of the

remaining populations other than improved varieties is very large.
Such close relationship between breeding lines and improved varieties
could be due to utilization of genetically related parents for their
development.

 - CT EG ES ET NG NS NW SG SW WG WS WT IMP BrL

CT *** 0.04 0.04 0.05 0.05 0.03 0.04 0.03 0.03 0.04 0.04 0.04 0.03 0.08

EG 0.25 *** 0.04 0.04 0.05 0.04 0.05 0.06 0.03 0.06 0.04 0.04 0.05 0.11

ES 0.27 0.27  *** 0.06 0.06 0.05 0.05 0.06 0.05 0.06 0.05 0.06 0.06 0.11

ET 0.3 0.29 0.33 *** 0.04 0.04 0.04 0.06 0.03 0.05 0.03 0.02 0.04 0.1

NG 0.35 0.33 0.35 0.25  *** 0.03 0.04 0.05 0.04 0.07 0.03 0.04 0.04 0.09

NS 0.3 0.34 0.37 0.33 0.26  *** 0.05 0.04 0.03 0.06 0.03 0.03 0.03 0.09

NW 0.33 0.36 0.38 0.27 0.3 0.33  *** 0.06 0.05 0.07 0.05 0.05 0.05 0.1

SG 0.26 0.34 0.34 0.36 0.31 0.31 0.37  *** 0.03 0.05 0.04 0.04 0.03 0.08

SW 0.26 0.28 0.28 0.28 0.28 0.29 0.38 0.27  *** 0.05 0.03 0.03 0.04 0.1

WG 0.22 0.32 0.32 0.28 0.38 0.35 0.39 0.31 0.32  *** 0.05 0.03 0.03 0.11

WS 0.3 0.35 0.35 0.27 0.24 0.27 0.34 0.27 0.32 0.3  *** 0.02 0.04 0.08

WT 0.27 0.29 0.35 0.23 0.29 0.28 0.33 0.27 0.28 0.21 0.24  *** 0.03 0.1

IMP 0.19 0.29 0.32 0.25 0.27 0.22 0.32 0.2 0.26 0.16 0.24 0.2  ***  0.07

BrL 0.36 0.47 0.48 0.48 0.43 0.41 0.52 0.32 0.45 0.42 0.38 0.44 0.26 ***

Abbreviations: CT: Central Tigray; ET: East Tigray; WT: West Tigray; EG: East Gojam; West Gojam; NG: North Gonder; SG: South Gonder; NW: North Wello; SW:
South Wello; ES: East Shewa; NS: North Shewa; WS: West Shewa; IMP: Improved varieties; BrL: Breeding lines

Table 6: Population pair-wise Nei’s Unbiased Genetic Distance (lower diagonal) and pair-wise FST (upper diagonal).

Cluster analysis and population genetic structures
Cluster analysis based on 14 studied populations resulted in the

formation of five distinct groups (Figure 2). Cluster-I was solitary and
consisted of the population of breeding lines alone while cluster-II
consisted of five populations including those from North Wello, West
Shewa, Central Tigray, East Shewa and improved varieties. The third
cluster consisted of populations from North Gonder, West Gojam and
North Shewa while the fourth cluster included populations from West
Tigray, East Tigray and South Wello. The fifth and the last cluster
consisted of populations from South Gonder and East Gojam. The
patterns of grouping of populations across all clusters clearly showed
existence of high gene flow along geographical borders due to
proximity and exchange of germplasm resources. Thus, improved
varieties were clustered with accessions from East Shewa, North
Shewa, West Shewa and North Wello may be due to physical
appearance of the releasing centers in these zones to facilitate
extension and diffusion of improved varieties into their surroundings.

Figure 2: Dendrogram showing relationship among14 populations
of tef using 10 SSR markers.

The Bayesian approach-based assignment of 189 individual tef
genotypes to different populations and determination of their
population structure using STRUCTURE outputs predicted K=5 to be
the most likely number of clusters (Figure 3). In such clustering,
structure bar plot revealed five gene pools with wide genetic
admixtures and the proportion of membership of 14 pre-defined
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population in each of the five cluster is also summarized (Figure 3).
The breeding lines (73.3%) and improved varieties (16.0%) constituted
the first cluster with little admixture from other populations. On the
other hand, populations from South Gonder (32.7%), East Gojam
(17.1%), Central Tigray (15.5%) and West Gojam (12.1%) constituted
the second cluster. The third cluster was composed of mostly
populations from East Shewa (63.7%), improved varieties (50.9%),
Central Tigray (34.6%), West Shewa (30.4%) and North Shewa (30.1%).
Similarly, the fourth cluster consisted of populations from West Gojam
(65.6%), East Tigray (60.3%), North Gonder (58.5%), North Shewa
(47.2%) and West Tigray (42.5%). The fifth cluster consisted of a
significant level of admixture of populations from North Wello
(39.6%), West Tigray (30.5%), North Shewa (27.2%) and West Shewa
(25.4%). In general, this analysis of population structure revealed weak
sub-division among the genotypes from the 14 predetermined
populations grouped into five gene pools with potential admixtures.
Hence, it is only the breeding lines which tended to form a distinct
group with over 70% representation while, the remaining 13
populations showed high level of genetic admixtures with the various
gene pools.

Figure 3: Population structure of 189 tef germplasms. (A) Delta K
values; (B) Structure bar plot showing the pattern of assignments
for 14 pre-determined populations; and (C) Proportion of
membership of each pre-defined population in the five clusters (C1
to C5) revealed by structure analysis.

The UPGMA clustering grouped the 189 individual tef genotypes
into five groups consisting of four to 52 genotypes from various
populations (Figure 4). Cluster-I consisted of four genotypes from four
different populations while Cluster-II consisted of 36 genotypes
including one breeding line, two improved varieties and 33 genotypes
from all administrative zones of collections. Cluster-III consisted of 49
genotypes composed of 17 improved varieties and 32 genotypes from

all zones of collections. Cluster-IV consisted of 48 genotypes including
15 improved varieties, nine breeding lines and 24 genotypes from 10
administrative zones of collections. Furthermore, Cluster-V consisted
of 52 genotypes composed of one improved variety and 51 genotypes
from all zones of collections. The observed number of clusters for
individual genotypes is larger than the previously reported three
clusters [18,19]. In this clustering of individual genotypes, the 144 tef
pure lines derived from germplasm collections were grouped into all
the five clusters with various proportion. The 35 improved varieties,
however, were distributed throughout four of the five clusters (Cluster-
II, III, IV and V). Surprisingly, all breeding lines other than the mutant
parental line (Kinde) were grouped under two sub clusters of cluster-
IV. Thus, the first sub cluster of this cluster consisted of five breeding
lines (genotypes listed from 185 to 189 in Table 1) while the second sub
cluster consisted of four breeding lines (genotypes number 180, 182,
183 and 184). This indicates that the SSR markers we have employed
are very powerful to show the genetic relationship among the studied
tef genotypes.

Figure 4: Dendrogram based on Unweighted Pair Group Method
with Arithmetic Mean (UPGMA) showing the genetic relationship
among 189 tef genotypes using 10 SSR markers. Numbers refer to
individual lines which belong to the 14 populations: 1-12 (Central
Tigray), 13-24 (East Tigray), 25-36 (West Tigray), 37-48 (East
Gojam), 49-60 (West Gojam), 61-72 (North Gonder), 73-84 (South
Gonder), 85-96 (North Wello), 97-108 (South Wello), 109-120 (East
Shewa), 121-132 (North Shewa), 133-144 (West Shewa), 145-179
(Improved varieties) and 180-189 (Breeding lines written in red
font).

Conclusion
In the present study, both cluster analysis and structure bar plot

revealed five groups of genotypes. However, the latter analysis showed
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existence of high level of admixtures among the various gene pools. In
such groupings, the improved varieties were clustered with the pure
lines derived from Central Ethiopia while distantly related to those
from northern and northwestern Ethiopia. The SSR markers identified
to have high PIC values are useful in future characterization and
conservation of tef germplasm. North Shewa, West Shewa, East Gojam
and North Gonder which had high values of gene diversity and
Shannon diversity index could be important hot spot for in-situ
conservation of tef germplasm. Though the present study revealed
sufficient level of variations among the studied genotypes, using a
greater number of genotypes and markers is essential to capture
enough diversity in the tef germplasm resources.
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