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Abstract

Background: Ethiopia is considered as center of diversity for barley (Hordeum vulgare L) and it is grown across dif-
ferent agro-ecologies of the country. Unraveling population structure and gene flow status on temporal scales assists
an evaluation of the consequences of physical, demographic and overall environmental changes on the stability and
persistence of populations. This study was to examine spatial and temporal genetic variation within and among bar-
ley landrace samples collected over a period of four decades, using simple sequence repeat markers.

Results: Results from STRUCTURE, neighbor joining tree and discriminant analysis of principal component (DAPC)
analysis revealed presence low-to-high genetic diversity among the landraces and grouped the landraces into three
clusters. The cluster analysis revealed a close relationship between landraces along geographic proximity with genetic
distance increases along with geographic distance. From analysis of molecular variance (AMOVA) in terms of collec-
tion year, it was observed that within-population genetic diversity much higher than between population and that
the temporal differentiation is considerably smaller. The low-to-high genetic differentiation between landraces could
be attributed to gene flow across the region as a consequence of seed exchange among farmers.

Conclusion: The results demonstrate that this set of SSRs was highly informative and useful in generating a mean-
ingful classification of barley germplasms. Furthermore, results obtained from this study also suggest that landraces
are a source of valuable germplasm for sustainable agriculture in the context of future climate change and in situ
conservation strategies following adaptation to local environments.
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Introduction

In plant natural populations, genetic structure is mainly
influenced by the species breeding system, gene flow,
genetic drift and natural selection [1]. In addition,
changes in climate and/or geology (geography) can also
led to shifts in the genetic composition of a population
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through creating spatial and/or temporal heterogeneity
in the environments [2].

Recently, an increase in climate variability has led to
instabilities in agricultural production systems across the
globe, sometimes leading to food shortages and unex-
pected rises in food prices [3, 4]. To alleviate this phe-
nomenon, it is necessary to build sustainable systems
that can ensure food security through the stabilization
of agricultural production [5]. Genetic variability for
traits involved in response to changes in environmental
conditions and local adaptation are one of the processes
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leading to a phenotypic differentiation of populations [6]
and a locally adapted population shows greater fitness
in its environment compared to populations from other
environments [7].

Despite a narrow genetic background, modern plant
breeding activities in the recent decades resulted in the
development of a large number of elite varieties with
a higher yield, better quality and resistance to stresses
[8]. Replacement of highly adapted landraces by mod-
ern varieties performing under optimal conditions but
failing under harsh environments resulted in the disap-
pearance of most landraces of crop plants from practical
farming [8—10]. Landraces are genetically heterogenous
and dynamic populations of a cultivated species associ-
ated with traditional farming systems [11], while locally
adapted and genetically distinct, they usually lack a his-
tory of formal crop improvement. Landraces are a criti-
cal element of food security and in many regions of the
world, the cultivation of landraces is still common, in
particular in the centers of crop diversity [12—14] and are
used in breeding due to their unique variability in regard
to adaptive traits [15, 16].

Though in many countries, landraces were replaced by
improved cultivars, in some countries, to use an advan-
tage of the specific adaptations of landraces to the agro-
ecosystem, their cultivation is still ongoing [17-19] and
in Ethiopia, they comprise more than 90% of the barley
cultivated [20]. The landraces of self-pollinated spe-
cies such as barley harboring the chromosomal regions
consisted of blocks of genes with a low frequency of
recombination which may confer a specific adaptation to
specific environments [21]. This shows that the landraces
are ideal association panels to identify genes controlling
adaptive traits in crop species [22].

Therefore, for efficient utilization of barley landraces
in breeding programs and to develop the strategies for
their optimal conservation, it is necessary to systemati-
cally evaluate genetic diversity and population structure
encompassed in the landraces collections following
spatial and temporal pattern [23]. Of the DNA markers
available, simple sequence repeat (SSR) markers have
been widely utilized to analyze population structure and
genetic diversity in barley germplasm, due to the high
polymorphism, reproducibility, co-dominant and multi-
allelic nature when compared to most of the marker sys-
tems [24-28].

Efforts have been made over the last three decades
to assess crop genetic diversity using molecular marker
technologies and have generated considerable knowl-
edge about the extent and nature of genetic diversity
present in conserved and/or actively utilized germplasm
of various crops [29]. Understanding the distribution
of genetic variation within populations is fundamental
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for the management of species, particularly in a rapidly
changing world [30]. Those changes which are induced
due climatic factors in the spatial distribution and phe-
nology of populations can influence numerous aspects of
demography including dispersal, survival, reproductive
success, and overall abundance, all of which have conse-
quences for the distribution of genetic variation within
and among populations [31, 32].

Our objective in the present study is threefold. Firstly,
we investigated the genetic diversity and population
structure of samples covering four decades. We analyzed
temporal stability of genetic differentiation among barley
samples. Secondly, we evaluated the influence of time on
genetic stability by comparing temporal genetic variance
among individual in different collection time periods.
Lastly, we tested whether demographic imbalances have
caused changes in genetic diversity, population structure
and relationship (connectivity) by analyzing gene flow in
four temporal replicates of five regional sets.

Materials and methods

Plant materials

A total of 376 barley landraces and eight improved cul-
tivars (hereafter considered as genotypes) were selected
from 585 landraces and 10 cultivars obtained from Ethio-
pian Biodiversity Institute (EBI) and Sinana Agricultural
Research Center (SARC), respectively, for SSR genotyp-
ing, population structure, spatial and temporal analysis.
For data analysis, the improved varieties were grouped
for diversity assessment, while each variety included in
the clustering analysis individually. As indicated above,
the 376 landraces were selected from 585 landrace col-
lections from different agro-ecological regions of Ethio-
pia using random sampling techniques and categorized
into two-rowed, six-rowed and irregular types based on
kernel row number. The altitude of the collection sites
for the landraces used in this study ranged from 1430
to 2950 m above sea level. Based on altitude of the col-
lection sites, these 376 materials were categorized into
four classes: Altitude class I (<1500 m), Altitude class
II (1501-2000 m), Altitude class III (2001-2500 m) and
Altitude class IV (>2500 m); while released varieties are
excluded from the analysis. The landraces were collected
over 41 years, ranging from1976 to 2017 and conserved
at ex situ genebank EBI in Ethiopia.

Description of experimental site

The field experiments were conducted during 2018 and
2019 main cropping seasons at Sinana Agricultural
Research (SARC) on-station and at Bale-Goba on-farm
research sites, Bale zone, Oromia regional state, south-
east Ethiopia. Both areas represent the highest altitude
for barley production areas and have bimodal rainfall
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pattern. SARC is located at 7°7'N latitude, 39°40’E longi-
tude, 2,400 masl, representing high altitude of barley pro-
duction areas. The area is characterized by Vertisol soil
type, with pH ranging from 6.3 to 7.0 (slightly acidic) at a
soil depth of 0—-15 cm. SARC experiences an annual aver-
age temperature of 9.42 and 21.16 °C and annual rainfall
totals of between 452.7 and 1129.5 mm, respectively.
Bale-Goba, which is an on-farm experimental site of
SARC, is located at 7°0'N latitude and 39°59’E longitude
and altitude is 2,743 masl. The area soil is characterized
as pellic and chromic vertisol.

Genotyping by SSR markers

Genomic DNA was extracted by the CTAB method [33]
from fresh leaves of sampled individuals. A total of 10
single individual per accession were sampled and bulked
for genomic DNA extraction. A total of 49 SSR markers
were selected for analysis, covering the seven chromo-
somes of barley genome.

Genetic diversity analysis

For each region (locality) and each year, summary sta-
tistics, such as allele number per locus (Na), number of
effective allele (Ne), Shannon’s information index (I)
[34], gene diversity (GD, [35], polymorphic informa-
tion content (PIC) [36], observed heterozygosity (Ho)
and the expected heterozygosity (He) [37], heterozy-
gosity expected under Hardy—Weinberg equilibrium
that accounts for both the number and the evenness of
alleles), allele richness (Ar) [38], inbreeding coefficient
(Fis) and the fixation index (Fgr) [39] among populations
were calculated using GeneAlEx 6.51b2 software and
the hierfstat R package [40]. The proportion of the total
genetic variance contained in a subpopulations (Fst) rela-
tive to the total genetic variance was computed within
each year also using hierfstat.

Inter-individual genetic distances

Nei’s genetic distance [41] was calculated and used for
unrooted phylogeny reconstruction based on UPGMA
methods as implemented by PowerMarker software and
the tree was visualized using MEGA-X version 10.2.2
[42]. The inter-individual genetic distances was calcu-
lated using principal components analysis (PCA) using
adegenet [43]. Principal coordinate analysis (PCoA) was
carried out in GeneAlEx version 6.51b2 [44] and analy-
sis of molecular variance (AMOVA) was calculated by R
package poppr [45].

Linear regression analysis of the PIC, Shannon Wiener
index and PI with altitude and longitude was conducted
using Excel. By inverting Wright’s formula [46], the value
of Nm can be estimated from Fgy, as Nm=(1- Fg;)/ 4 Fgr,
where ‘N is the size of each population and ‘'m" is the
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migration rate between populations. This approach is
effective to estimate gene flow indirectly.

Spatio-temporal genetic variation

To evaluate the effects of sampling sites and year of sam-
pling on patterns of genetic variation, we performed a
permutation-based multivariate analysis of variance by
using the function adonis of the vegan package [47] in
R. This method partitions sum of squares for distance
matrices in a manner similar to AMOVA, but allows for
both nested and crossed factors [48]. We also evaluated
the effects of sampling sites and year of sampling as cross
check factors on the matrix of individual genetic dis-
tances. Statistical significance was assessed using 9,999
permutations and given the signal of temporal variability
observed, subsequent analyses were done for each year
separately.

Due to variation in the number of sampling sites and
the number of individuals sampled per site among years,
we performed a rarefied bootstrap to normalize for the
minimum number of sites per year and the minimum
number of individuals per site to ensure that there was
no bias due to the unbalanced sampling. We subsampled
the data keeping only 12 sites per year and 5 individuals
per site and performed the analysis of molecular variance
(AMOVA).

Clustering analysis

In this study, we searched for genetic groups using dis-
criminant analysis of principal components (DAPC)
implemented in the adegenet [43] package in R. DAPC
maximizes differences among clusters while minimizing
variation within but does not rely on a particular popu-
lation genetic model, such as Hardy—Weinberg equilib-
rium, which is unrealistic for out breeding populations
[49]. For each year, we used the function find.clusters
to determine the number of clusters and also Bayesian
information criterion (BIC) was used to identify the most
probable number of clusters (K) present in the data. Dis-
criminant analysis of principal component (DAPC) pro-
vides membership probabilities to these clusters for each
individual, which we examined for geographic structure.

Isolation by distance (IBD)

Isolation by distance (IBD) has been a common meas-
ure of genetic structure among populations and is based
on Euclidean distances among populations. The effect
of migration-selection-drift equilibrium on population
structure is governed by spatial or environmental dif-
ferences is usually elucidated by isolation-by-distance
(IBD). We evaluated for IBD by testing the correlation
between genetic distance and the geographic Euclidean
distance between all pairs of individuals. This is because,
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the Euclidean distance between two points in Euclid-
ean space is the length of a line segment between the
two points and it can be calculated from the Cartesian
coordinates of the points. Significance of the correla-
tion between the two distance matrices was assessed by
a Mantel test using the mantel.randtest function of the
ade4 R package with 9,999 permutations [50]. To test
IBD, the genetic distance was used as the response, the
geographic distance as the predictor, and the environ-
mental distance as the condition factor.

Spatial structure analysis

The combination of genetic and geographic information
can improve our ability to identify loosely differentiated
populations and can give us precise spatial locations of
genetic barriers or hidden clusters [51]. Given the weak
overall structure (i.e., clusters and IBD; see above), we
also tested for cryptic spatial genetic structure within
each year using spatial principal component analysis
(spca; [52]. As suggested by Jombart et al. [52], this spa-
tial multivariate method employs Moran’s index (/) of
spatial autocorrelation [53] to detect global structures.
We used the spca function employed in the adegenet
[52] of R package. We used the inverse distance analysis
method for testing linkages in the system, given that: (a)
sampling sites were unevenly spread over the study area;
(b) we had no a priori hypothesis about their connec-
tivity. Significance was checked using permutation test
(n=9999) [52].

Results

Population genetic diversity

The PIC (Polymorphic Information Content) is an indica-
tor of the level of polymorphism and it ranges between
0 and 1 among the populations under study. As shown
in Table 1, relatively medium levels of genetic diver-
sity were observed in Ethiopian barley populations with
average value of 0.552. Based on the regions of origin,
the PIC values varied from 0.474 (SNNP) to 0.652 (Oro-
mia). For altitude classes it ranged from 0.374 (Altitude
class I) to 0.504 (Altitude class III). The Shannon’s infor-
mation index incorporates the following two factors:
species richness and the equitability or evenness of indi-
vidual distributions. Among all the populations, based
on regions of origin, the index ranged from 0.463 (B/
Gumuz) to 0.615 (Oromia). The PIC and Shannon levels
of the populations showed increasing trend with altitude,
but tend to decline at highest altitude (Table 1).

Nei’s gene diversity (h) values calculated was greater
than 0 for all the populations, ranging from 0.301 (B/
Gumuz) to 0.426 (Oromia). The observed heterozygosity
(Ho) for regions of origin, ranged from 0.594 (Oromia)
to 0.662 (Ambhara) and the expected heterozygosity (He)
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ranged from 0.688 (Ambhara) to 0.773 (Tigray). The sub-
population genetic variance fixation index (Fgp) is a
measure of population differentiation due to genetic
structure. Its value ranged from 0.034 (B/Gumuz) to
0.082 (Oromia) based on regions of origin, from 0.053
(Altitude class I) to 0.082 (Altitude class III) based on
altitude classes and from 0.011 (Year IV) to 0.056 (Year
I) in terms of year of collection (Table 1). Taking all indi-
cators into account, samples collected from Oromia had
relatively high genetic diversity but this should be con-
firmed using the same sample size with more power-
ful marker like SNP. Frequency calculations for all SSR
marker based genetic distance calculated as expected
heterozygosity (He), polymorphic information content
(PIC), major allele frequency (MAF) and number of pri-
vate (unique) allele (Npa) are shown in a column graph
in the range of 0.2-0.8, 0.1-0.9, 0.3-0.8 and 0-6, respec-
tively (Fig. 1A-D).

Spatio-temporal genetic variation partitioning

From a permutation-based multivariate analysis of vari-
ance, we observed a significant interaction effect among
regions of origin and altitude classes (F}, g,5=10.98,
p<0.001), region and years of collection (Fy, gy5=20.77,
p<0.001) and region, altitude and year (Fsq gy5=13.42,
p<0.001) (Additional file 1: Table S1) on barley geno-
types genetic variation. However, the interaction effect
of altitude and year was non-significant ((Fy g,5=7.02,
p=0.157). The result of rarefied bootstrap approach indi-
cated that with a standardized number of sites per year
and number of individuals per region, the effect of the
year and the region were significant in 100% of the 9999
replications. The effect of the interaction was significant
in 70% of the replications.

The frequency of loci that were polymorphic in all the
five barley populations in year category I, II, III, IV and in
overall years was 96.43, 93.58, 94.71, 95.61 and 96.59%,
respectively. The percentage of polymorphic loci (PPL)
and gene diversity (expected heterozygosity; He) values
for each of the five studied barley populations are given
in Table 2. In all year categories, higher PPL values were
found in the populations from Oromia, Amhara and Tig-
ray and also had higher gene diversity values than popu-
lation from SNNP and B/Gumuz. On the other hand,
gene diversity values did not differ significantly between
years (Table 2). Those populations from Oromia, Amhara
and Tigray regions, the high PPL was accompanied by a
high value of He and in population SNNP and B/Gumuz
lower PPL was accompanied by a lower value of He. In
the year I and II category, there were more unique alleles
per population than in Year III and IV.

Analysis of molecular variance (AMOVA) on genetic
differentiation among and within regions of origin,



(2021) 10:56 Page 5 of 14

Dido et al. Agric & Food Secur

1>0] d1ydiowA|od Juadiad 744 ‘Jua3u0d uoizewoul dydiowA|od i ‘Xapul uonexy 54 yuadye0d buipaaiqui =>4
‘ssauydL 3|3||e Jy ‘KIs0BAz019)aYy pa3dadxa a ‘AHs0BAZ0I219Y PanIaSCO Of ‘AUSISAIP 2132UaB 1IN Y ‘XSPUl UOI}RULIOUI SUOUURYS [ ‘S3]3|| SAI}IDY JO JaqUInU ap ‘sndoj Jad sajajje Jaquinu by ‘azis djdwes N
£107-L00T= Al 1e3A '9007-L66 L = 11| 1BIA '966 L -L861 =11 1BIA ‘9861 -9L61 =] JB3A ¢
W 00ST < =1 SSeJ2 PN ‘W 00SZ-L00Z = Il SS[> PNUIY ‘W 000Z-L0SL = I SSE|D 9PNV ‘W 005 L > =| SSe|> 9pnI|Y ,

000001 8¢t0 €00 0600 99¢€8 60 S0 0cr'0 6090 6e/L'1 yA4d 4 ueay
000001 7440l 1100 L0~ €062 6770 S/€0 6Cv0 6190 L2271 vyl 44 JARLEEN
000001 LE€0 6¢00 /800 0088 GEYO £5¢0 Sr 0 GL90 JASTAN! LEL'L Ly [lIREEN
000001 150 100 8600 IRV 60%'0 LLY0 S0¥'0 7650 5691 [45%4 L6 [IRI=SIN
000001 3940 9500 €900 0949 a4l 29¢€0 6170 6090 ceLl c06'C 8l¢ | JBSA

q1eak uonss|jod

000001 [4440l 6,00 7500 GCe9 LLY0 7170 4540 0090 6L/l L'l Uesy
000001 L0¥0 /00 0¢00- 00L'8 ¥0¥'0 S/E0 66£0 /850 891 6/CL 9L Al SSe|2 9pnily
000001 7050 800 §80°0 00cOL 8¢r0 00 1440 9190 LG/7L LCYC /81 Il SSepP opninfy
000001 €870 8500 8100~ 00€'S LZS0 8670 L1Y0 £090 LeL'L 96C'C 4y I SSEJ3 9PNy
000001 /€0 €500 900 0041 9550 08€0 S0¥°0 1650 9L/l 0L 6 | SSe|> apniiy

LSISSB[D 2PNIIY

89¢€'86 8950 0200 /900 08¢/ SLL0 0090 S/E0 ¢SS0 L59°L 1G6'L uesapy
088'¢6 GES0 €00 6¢00- 00C¢e 5690 €190 10€0 €90 6//'L [¥E0 6 Znuno/g
09626 090 00 6€00 0088 €40 €190 6170 8650 a8yl 7691 LS AeibiL
000001 /%0 1800 ¥81°0- 00t'S 0€20 /150 S6¢°0 G/S0 60/'L 697 | [4% dNNS
000001 590 800 800 00¢'6 €690 7650 7440 S190 €91 ol 831 eIwoIO
000001 €50 8/00 GE00 0046 8890 2990 GEE0 7150 1651 1544 88 eleyuwy

u1blIo Jo suolbay

1dd did 59 s4 v °H OH 4 I 3N eN N uonejndog

1P9A UOND3||0D

pue sassed apnuie ‘ulbLo Jo suolbal e A0 pabelane (1dd) 190] diydiowAjod 1uadiad pue 154 [eqolD ‘(SiH) JUSIDYS0D bulpasiqul ‘() ssauydll dIdje ‘(o) AHsobAzolsisy
pa123dxa ‘(o) A1IS0BAZOIa19Y PaAISSO ‘() AUSIDAIP D11auUdb S 19N ‘([) Xopul UOIBULIOJUI SUOUURYS ‘() S3|9]|8 9AIIDRY3 ‘(D) S3I9||e JO Jaquunu ‘() 3zIs 9jdules Alewwuns | ajqeL



Dido et al. Agric & Food Secur (2021) 10:56

Page 6 of 14

16
14
12
10

Number of loci

o N b OO

7
é 2
'\ 0%
Heterozygosity

A
30
25
20
15

Number of loci

10 é
3
5 2
0 0 0
BE =
oo~o“0‘°b/\

RS A °> {\nge-

Major allele frequency

©

Qemmw
o
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Table 2 Genetic diversity estimates for five barley populations in four decades (1976-2017)

Population  Year| Year Il Year Il Year IV

(1976- (1987~ (1997- (2007~

1986) 1996) 2006) 2017)

N PPL He N PPL He N PPL He N PPL He
Oromia 128 0983  0.637a 37 0973  0611a 12 0974 0598 11 0966  0.603
Amhara 45 0.987 0.589bc 14 0.967 0.577b 26 0.951 0573 3 0.951 0592
SNNP 24 0892  0.547d 12 0832  0.539c - - - 6 0.901 0.563
Tigray 12 0.952 0.603b 34 0977 0.598ab 9 0.879 0.561 2 0.955 0.595
B/Gumuz 9 0938  0.505c - - - - - - - -
Mean 0.945 0576 - 0.937 0.581 - 0.935 0.577 - 0.943 0.588

N sample size, PPL proportion of polymorphic loci within each population, He gene diversity; He values of the same year followed by same letter are not significantly
different, (P <0.05); means of P and He of the four year classes were tested by the t test and found not significantly different

altitude classes, and observed clusters (subgroups) of bar-
ley genotypes was conducted and the results are shown in
Table 3. Findings from AMOVA revealed that 89, 84 and
81.70% of total genetic variations were contributed by
differences within regions of origin, altitude classes and
clusters, respectively, while only 11, 6 and 18.30% of total
genetic variation was due to differences among regions of

origin, altitude classes and clusters, respectively, signifi-
cantly lower than among other populations.

F, and Nm values were 0.054 (p<0.001) and 4.380 for
regions of origin of barley population, 0.049 and 4.852 for
altitude classes and 0.071 and 3.271 for clusters (Table 3).

Based on year of collection (portioned into four cat-
egories), between-populations diversity was estimated as
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Table 3 Analysis of molecular variance (AMOVA) within/among 384 barley genotypes based on 49 SSR data according to regions of

origin, altitude classes and collection years

Source df SS Ms Est. Var % Fer Nm
Based on regions of origin

Among populations 4 353.182 88.296 1.219 1% 0.054** 4.380

Within populations 379 3601.539 9.503 9.503 89% - -
Total 383 3954.721 - 10.722 100% - -
Based on altitude classes

Among populations 3 28.246 9415 0.000 16% 0.049” 4.852

Within populations 380 3926476 10333 10333 84% - -
Total 383 3954.721 - 10333 100% - -
Based on cluster

Among populations 2 384451 192.226 2.607 18.30% 0071" 3.271

Within populations 381 5921.601 15.542 15.542 81.70% - -
Total 383 - - 18.149 100% - -

Df degrees of freedom, SSsum of squares, Var. variance

shown in Table 4. The between-populations diversity in
all year categories (I to IV) showed a moderate value of
15.77, 17.19, 12.57 and 13.44% of variance, respectively.
On the other hand, the within-populations genetic diver-
sity was 84.23% for the Year-I, 82.81% for Year-II, 87.43%
for Year-III and 86.56% for Year-1V, all were much larger
than the between-populations genetic diversity (Table 4).

Genetic differentiation and gene flow among populations
Fgr ranging from 0.00 to 0.05 indicates low genetic differ-
entiation between populations; F¢ ranging from 0.05 to

0.15 indicates moderate genetic differentiation between
populations; Fgp ranging from 0.15 to 0.25 indicates
large genetic differentiation between populations; and
Fgr greater than 0.25 indicates strong genetic differentia-
tion between populations [54]. The pairwise Fg between
pairs of the five regions, as shown in Table 5, ranged
from 0.033 (Amhara with Oromia) to 0.348 (Tigray with
B/Gumuz), with an average of 0.145, which indicated
presence of differences among barley populations. The
analysis indicate that genetic variation occurred within
populations rather than among populations. The degree

Table 4 Analysis of variance (AMOVA) of spatial and temporal genetic diversity estimates based on 49 SSR markers in five barley

populations and 4 decades (1976-2017)

Year Sources of variation df SS Var % of variance
Year | Between populations 4 2037.11 17.56 15.77
Within populations 213 13,142.56 61.70 84.23
Total 218 15,179.67 79.26 100.00
Year | Between populations 3 2149.27 1932 17.19
Within populations 93 7056.32 75.87 82.81
Total 96 9205.59 95.19 100.00
Year IlI Between populations 2 154.64 23.12 12.57
Within populations 44 6507.12 147.89 8743
Total 46 6661.76 171.01 100.00
Year IV Between populations 3 105.19 21.02 1344
Within populations 18 1231.27 68.40 86.56
Total 21 1336.36 89.42 100.00
All pops. in all years Between years 3 2011.67 7.08 3.15
Between populations with in years 10 3210.07 20.26 14.81
Within populations 370 903741 88.47 82.04
Total 383 14,259.15 108.72 100.00

df degrees of freedom, SS sum of squares, Var. variance
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Table 5 Pairwise Fq; values and Nm values based on 999 permutations from AMOVA according to regions of origin and altitude

classes (all Fsy values were significantly greater than 0, p <0.0001)

Regions Fer Nm Altitude classes* Fer Nm
Amhara Oromia 0.033 7.326 Altitude class | Altitude class Il 0.074 3.128
Amhara SNNP 0.189 1.073 Altitude class | Altitude class Il 0.128 1.703
Amhara Tigray 0.045 5.306 Altitude class | Altitude class IV 0.307 0.564
Amhara B/Gumuz 0.081 2.836 Altitude class Il Altitude class Il 0.053 4467
Oromia SNNP 0.047 5.069 Altitude class Il Altitude class IV 0.092 2467
Oromia Tigray 0.208 0.952 Altitude class Il Altitude class IV 0.021 11.655
Oromia B/Gumuz 0.104 2.154 Cluster Fer Nm
SNNP Tigray 0.259 0.715 Cluster| Cluster |l 0.046 5.185
SNNP B/Gumuz 0.106 2.108 Cluster | Cluster Ill 0.131 1.658
Tigray B/Gumuz 0.348 0468 Cluster |l Cluster Il 0.064 3.656

" Altitude class | (< 1500 m), Altitude class Il (1501-2000 m), Altitude class Ill (2001-2500 m) and Altitude class Il (> 2500 m), F¢; Fixation index, Nm number of migrants

of genetic differentiation among the populations that
were distributed close to one another, such as Amhara
with Oromia, Amhara with Tigray and Oromia with
SNNP, was low. On the other hand, regions like, Oromia
with B/Gumuz, SNNP with B/Gumuz and Amhara with
B/Gumuz exhibited a moderate level of genetic differ-
entiation. There was strong genetic difference between
SNNP with Tigray and Tigray with B/Gumuz populations
(Table 5).

The gene flow among the populations based on regions
of origin, altitude class and cluster was generally at a high
level with mean values for Nm are 2.801, 3.997 and 3.500,
respectively (Table 5). All the Nm values among the
populations based on regions of origin are greater than
1, except for Oromia with Tigray and SNNP with Tigray.
In addition, gene flow exhibited higher levels among the
populations based on altitude classes except for Altitude
class I with Altitude class IV.

STRUCTURE model-based population clusters and genetic
relationship

From STRUCTURE model-based simulations carried
out by varying K from 1 to 15 with 3 iterations per K, all
384 accessions, the LnP(D) value showed evident knees
at K=3 (Fig. 2A and C). The assignment analysis imple-
mented in the STRUCTURE program and the discrimi-
nant analysis of principal component (DAPC), indicated
that there are three clustered (sub-grouped) populations
in our sampling scheme based on regions of origin, alti-
tude classes and collection years (Fig. 2B and D).

Based on regions of origin, altitude class and subgroups
(clusters), Nei’s genetic distance was calculated from a
pairwise comparison and it varied from 0.025 (Tigray and
B/Gumuz) to 0.159 (Oromia and Amhara), with a mean
value of 0.085, and varied from 0.014 (Altitude class
IV and Altitude class I) to 0.060 (Altitude class III and

Altitude class II) with average value of 0.039 (Table 6).
From a Mantel test conducted for barley genotypes stud-
ied indicated a positive correlation between geographic
and genetic distance among populations (r=0.642,
P<0.001).

Discussion

Diversity (biodiversity) refers to the presence of varia-
tions at genetic, species and ecosystem levels. As to the
crop plants, if characterized, evaluated and managed
appropriately, these variation can be used in genetic
enhancement of current crop performance in terms agro-
nomic traits (specially yield) and resistance to different
biotic and abiotic stress factors. As mentioned above,
these diversity (genetic diversity) can be used in efforts
to address the challenges posed by diverse and chang-
ing production systems, particularly in present global
changes, in promoting resilience, improving livelihoods
and supporting food security and nutrition.

Genetic diversity in landrace populations

Analysis of genetic relationships in crops species is an
important component of crop improvement as it helps
to analyze genetic variability of cultivars, select parental
materials for hybridization and identify materials that
should be maintained to preserve maximum genetic
diversity in germplasm. The presence of diversity among
accessions and within accessions showed the potential
of genetic variation within accessions which is a source
material for barley improving purpose [20, 55-63]. The
exploitation of within accession variation through pure
line selection has proven to provide superior germplasm
for yield and disease resistance [64, 65]. As mentioned in
[55, 64], exotic cultivars out-yield local landraces under
good management practices, but local landraces usu-
ally out-yield the exotic material under the low input
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Fig. 2 The two different methods for determining optimal value of K and inferred population structure of barley genotypes (A and C) the STRU
CTURE output described by Pritchard et al. (2000) for regions of origin and altitude and (B and D) the discriminate analysis of principal component

D)

conditions which predominate among peasant farms. For
such conditions, native germplasm should be exploited
to improve the adaptation and productivity of crops. In
addition, the presence of genetic diversity among local
germplasm could be used as source of breeding materials
as reported for barley and other crops [20, 64—68].

In this study, highest barley diversity was observed in
Oromia population followed by Amhara population,
while more unique alleles have been seen among germ-
plasm from Tigray followed by SNNP. The agro-ecologies
of Oromia in terms soil types, rainfall pattern, altitude
ranges and other socio-cultural diversities favor the exist-
ence of highest barley landrace diversity [20, 55, 64]. This
could be associated with socio-cultural values of the
community in the highland where barley is a sole food
crop [69, 70].

In general, the diversity observed within barley acces-
sions included in the study indicated that it is possible to
accommodate large proportion of variation with collec-
tion of small representative number of samples. So it is

possible to suggest that during sampling concentrating
on the accessions is more worth, time saving and costly
effective than giving more attention to regions. How-
ever, because of some traits which are region specific still
regions are important depending on target traits of selec-
tion. Regions like Harerge where drought prevails head-
ing and maturity date was important from farmers ‘point
of view to select for early matured landraces to produce
some grains while for Shewa and Sidama thousand seed
weight plays major role since farmers need barley for
market and no problem of moisture stress for barley
growing areas.

Temporal patterns of genetic variation

Genetic diversity was studied among different barley lan-
draces portioned in four categories based on years of col-
lection and relative fluctuation in genetic differentiation
parameters from Year I to IV was observed. According to
Ozbek et al. [71] research report on emmer wheat, sam-
pling of different genotypes that accommodate the same
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Table 6 Genetic distance (below diagonal), and within category expected heterozygosity and the proportion of membership of the

samples in each of the clusters obtained at the best K (K=3)

Nei genetic distance

Ambhara Oromia SNNP Tigray B/Gumuz
Amhara -
Oromia 0.159 -
SNNP 0.067 0.055 -
Tigray 0.139 0.060 0.032 -
B/Gumuz 0.020 0.139 0.150 0.025 -
Class| Class Il Class il Class IV
Altitude* class | -
Altitude class Il 0.038 -
Altitude class Il 0.040 0.060 -
Altitude class IV 0.014 0.029 0.053 -
Cluster | Cluster Il Cluster Il
Cluster | -
Cluster Il 0.037 -
Cluster Il 0.302 0.046 -

He expected heterozygosity, Pm proportion of membership, DAPC discriminate analysis of principal components
* Altitude class | (< 1500 m), Altitude class Il (1501-2000 m), Altitude class |1l (2001-2500 m) and Altitude class Il (>2500 m)

sampling point, mutation, and migration of different
genotypes from neighboring sites might contribute to the
small temporal changes.

However, the effect of mutations can account only
for a small number of changes. Migration of genotypes
from a neighboring site can also account for some of the
changes as pollen and seeds are not usually dispersed far
from their mother plant [72]. Thus, a reasonable explana-
tion for the changes between these four decades catego-
ries in the present study could be that several genotypes
grew around the sampling points and that the relative
frequency of every genotype changed between the year
categories (also within same category itself) due to vari-
ation in environmental factors such as fluctuations in
the amount and distribution of the annual rainfall. The
effects of such demographic fluctuations were reported
by Noy-Meir et al. [73] on emmer wheat.

Furthermore, the effect of changes in plant density in
different years, recolonization of “empty” spaces due to
relative drought in previous year(s) due to the germina-
tion of dormant seeds of other genotypes and the degree
of genotype shifts between years at individual sampling
points contribute to the temporal changes [74, 75]. In
general, environmental factors that have large effects on
the fluctuation of demographic processes in space and
time, and thus on population dynamics, are often impor-
tant selective forces affecting genetic composition and its
spatio-temporal variation [73]. The positive and highly
significant correlation between the between population

diversity value of year categories (Year-I to Year-IV) in
the current study, indicates closely similar trend of spatial
differentiation in all the years.

Population clusters and genetic relationship

In the present study, the model-based structure analy-
ses using STRUCTURE software [76] and discriminant
analysis of principal component (DAPC) revealed the
presence of three clusters of barley landraces based on
regions of origin, altitude and collection years. Barley lan-
draces used in this study observed to have share ancestry
with germplasm from neighboring geographic origins
and as a result the three model based clusters were sig-
nificantly differentiated by SSR markers with Fg; values
ranging from 0.033 (between Amhara and Oromia) to
0.348 (between Tigray and B/Gumuz) based on regions
of origin and 0.021 (between Altitude class III and IV) to
0.307 (between Altitude class I and IV) in terms of alti-
tude classes (Table 6).

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 pre-
defined geographic origin, but a large portion of varia-
tion 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 barley cultivating farmers
as a result of seed exchanges among farmers, and/or to
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restriction of the intensity of genetic drift due to a high
effective population size [77]. Earlier observations on
barley by Abebe et al. [78] and on sorghum by Shewayrga
et al. [79] showed that several 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. Thus, low
differentiations between landraces from different geo-
graphic regions have been confirmed in previous studies
on barley [78, 80, 81].

Furthermore, in the present study, as shown in Fig. 3,
the population structure analysis based on both regions
and altitude classes showed no clear clustering pat-
tern or distinct grouping and none of the populations
showed a strong probability of belonging to a specific
region. According to Falush et al. [82], such phenomenon
was explained as, if degree of admixture is close to zero,
most individuals are essentially from one population or
another; whereas, an admixture (alpha) value of 1 indi-
cates that most individuals carry alleles that make it dif-
ficult to assign them to a particular subpopulation.

Therefore, the results obtained in the present study
confirmed the absence of geographical structure. In

previous research, Abebe et al. [78] reported that based
on the regions of origin, the existence of 16 subpopula-
tions with extensive admixture, and the mixed genetic
background suggested that the individuals shared the
same ancestry, which was related to the high gene flow
in the contemporary period among the studied regions.
Moreover, the presence of many subpopulations with
admixture is an indication for the absence of real popula-
tion structure.

Relative importance of spatial and temporal factors

in maintaining population polymorphism

The relative genetic diversity and the divergence esti-
mates between the five barley populations (Amhara, Oro-
mia, Tigray, SNNP, B/Gumuz) were significantly larger
than the estimates between year categories. Our findings
are relevant to geographically closely related barley pop-
ulations and to temporal effect during the last 41 years.
However, similar evidence that the spatial diversity and
divergence are larger than the temporal ones in wild
emmer populations that are not geographically closely
related were reported by Nevo et al. [75] using allozymes,
Felsenburg et al. [74] using HMW-glutenins, and Jaradat
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[83, 84] using allozymes and HMW-glutenins. Thus, spa-
tial factors account for the main portions of the popu-
lation genetic variation, suggesting strong provenance
specificity and definitely are more important than tempo-
ral ones in maintaining genetic variation in barley popu-
lations. Similar results were reported also in populations
of wild barley [85, 86]. These results support the predic-
tion of Karlin [87], on the basis of theoretical calcula-
tions, that spatial variation is more effective in protecting
a polymorphism in a population than temporal variation.
For a longer period and large number of samples, how-
ever, this may not be necessarily true.

According to the research report in different crops
by Feldman and Millet [88], Feldman [89], Huang et al.
[90], Hadado et al. [20], and Abebe et al. [55, 78, 80], the
genetic variation found in natural populations barley, is
very high, much higher than that of domesticated wheat.
Hence, genes existing in barley populations may have
direct breeding potential and should be conserved at ex
situ and on farm. Therefore, detailed information on the
genetic structure of populations of crop relatives and its
relationship to spatial and temporal factors is impera-
tive for the efficient maintenance of their germplasm.
It provides a scientific base for rational guidelines for a
detailed monitoring of variation patterns in space and
time. The information obtained in this work can assist
in planning a strategy for germplasm collection mission
and also designing in situ conservation for barley genetic
resources.

Conclusion and future studies

From the observed variability in present study, it can be
argued that Ethiopian barley landraces have high genetic
diversity. From analysis of genetic parameter, there was
indication that some areas, for example south-east and
northern parts, had a high level of diversity with more
private alleles than other areas of the country. How-
ever, the central highland had lower diversity than the
eastern and southern highlands. Overall, however, the
genetic diversity of barley landraces was widely distrib-
uted across barley growing region of the country. This
diversity can be exploited for improvement of barley in
the area through incorporating landraces in the breeding
program as donor parents for traits of interest. Hence,
additional systematic screening of barley landraces would
be important to identify potential parents that can be
used to develop improved varieties that meet the needs
of farmers.
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