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Abstract The genetic diversity produced by the ampli-
fied fragment length polymorphism (AFLP) method was
studied in 94 genotypes of wild barley, Hordeum sponta-
neum (C. Koch) Thell., originating from ten ecologically
and geographically different locations in Israel. Eight
primer pairs produced 204 discernible loci of which 189
(93%) were polymorphic. Each genotype had a unique
banding profile and the genetic similarity coefficient var-
ied between 0.74 and 0.98. The phenogram generated
from these similarities by the UPGMA method did not
group genotypes strictly according to their geographical
origin, which pattern was also seen in the principal coor-
dinate (PCO) plot. Genetic diversity was larger within
(69%) than among (31%) populations. Associations
between ecogeographical variables and the mean gene
diversity were found at one primer pair. The results are
discussed and compared with data obtained by the sim-
ple sequence repeat (SSR) method.
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Introduction

Genetic diversity, the basis of evolution by natural selec-
tion, is gravely threatened by the progenitors of cultivat-
ed plants, and its exploration, evaluation, conservation in
situ and ex situ is imperative to guarantee sustainable
development (Nevo 1998a). Wild barley is the progeni-
tor of cultivated barley, Hordeum vulgare L., and there-
fore is a valuable genetic reservoir for barley breeding.
Several studies have been conducted to establish the ex-
tent of variation in wild barley at the allozyme (Nevo et
al. 1979, 1981, 1986; Chalmers et al. 1992; Nevo et al.
1997) and DNA level (Weining and Henry 1995; Baum
et al. 1997; Owuor et al. 1997; Nevo et al. 1998;
Turpeinen et al. 2001). These studies have shown macro-
and micro-scale adaptive divergence of genetic diversity
at the protein and DNA levels.

After the introduction of the polymerase chain reac-
tion (PCR), different types of molecular genetic markers
have become abundant. Many of these have become
valuable tools for searching answers to problems of
diversity in the coding and noncoding genome. In partic-
ular there is a lack of understanding of the role of non-
coding sequences. Are they largely junk DNA or do they
participate in regulation of the coding sequences?

AFLP (amplified fragment length polymorphism;
Zabeau and Vos 1993) is a marker method which can de-
tect polymorphism at many loci over the entire genome,
simultaneously from both coding and noncoding se-
quences (Vos et al. 1995). It combines strategies of
restriction fragment length polymorphism (RFLP) and
PCR. Many aspects (i.e. no need for prior sequence in-
formation, a large number of polymorphisms and a small
amount of genomic DNA required) have made AFLP a
very attractive method to study DNA polymorphism in
general. AFLP analysis has been applied to genetic map-
ping (Becker et al. 1995; Waugh et al. 1997; Van der
Voort et al. 1997; Alonso-Blanco et al. 1998), phyloge-
netic relationships and genetic diversity (Donini et al.
1997; Pakniyat et al. 1997; Russell et al. 1997; Schut et
al. 1997; Miyashita et al. 1999) studies. The ability of
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Table 1 AFLP primers, their sequences, and the number of bands produced by eight combinations of primers

Primers/adapters Sequences
EcoRI adapter 5-CTCGTAGACTGCGTACC-3’

3’-CATCTGACGCATGGTTAA-5
Msel adapter 5-GACGATGAGTCCTGAG-3’

3-TACTCAGGACTCAT-5
E00 5-GACTGCGTACCAATTCA-3’
MO0 5’-GATGAGTCCTGAGTAA-3’
Primer E32M61 E33M58 E35M48 E35MS55 E38M54 E38M55 E39M61 E45M55
E00 AAC AAG ACA ACA ACT ACT AGA ATG
MO0 CTG CGT CAC CGA CCT CGA CTG CGA
Number of bands produced 12 21 46 31 20 16 28 30

the AFLP method to differentiate individuals in a popu-
lation has also made it useful for paternity analyses
(Krauss 1999), gene-flow experiments and for Plant Va-
riety registration (Law et al. 1998).

In the present study we have analysed the genetic
diversity pattern in natural populations of wild barley,
H. spontaneum, from ten different locations in Israel by
using the AFLP method. The results were correlated to
environmental variables, and compared to the data of a
previous study from the same material produced by sim-
ple sequence repeats (SSRs).

Materials and methods

Plant material and DNA extraction

Ninety four genotypes from ten populations of H. spontaneum col-
lected from different mesic and xeric sites across the ecological
spectrum of wild barley in Israel were used for analysis. Each
population contained between eight and ten genotypes. A map
showing the site locations, as well as the ecogeography and cli-
matic profile, was documented by Turpeinen et al. (2001). Plants
were grown and DNA extracted as described by Turpeinen et al.
(2001).

AFLP analysis

AFLP analyses with a minor modification followed the protocol
according to Vos et al. (1995). Total DNA (100 ng) was double-di-
gested with EcoRI (recognition sequence 5’-GAATTC-3’) and
Msel (TTAA). After ligating EcoRI and Msel adaptors to the di-
gested DNA, pre-amplification was conducted with an EcoRI
primer (EOO + A as a selective nucleotide) and a Msel primer
(MO0 + C as a selective nucleotide). The pre-amplification prod-
uct was used as a template for selective amplification. The ampli-
fication was conducted using three selective nucleotides for both
EcoRI and Msel primers. Eight pairwise combinations of selective
primers previously documented in Hordeum vulgare by Qi and
Lindhout (1997) were employed (Table 1). All the EcoRI selective
primers were labeled at the 5" end with either a 700 or 800 nm in-
frared dye (IRD700 and IRD800). The amplification products
were run on a sequencing gel connected to a LI-COR automated
sequencer (Li-Cor Inc., Lincoln, Neb., U.S.A.). The gel image was
visualized by the program Base ImagIR v. 4.1 (Li-Cor Inc., Lin-
coln, Neb., U.S.A.), and band scoring was done by using the pro-
gram Cross Checker (Buntjer 1999). Bands with lengths between
50 and 500 base pairs were included for statistical analysis.

Data analysis

H. spontaneum plants were considered homozygous because of
the high rate of selfing (Brown et al. 1978). The bands of AFLP
gels were scored for present (1), absent (0) or as a missing obser-
vation (2), and we regarded each band as a locus. Scored bands
were designated by labels using primer combination information
as a prefix with an ascending order of band lengths from high to
low. The genetic similarities (gs) were calculated according to Nei
and Li (1979):

2Nyy
gsxy e ——
Nx +Ny
where N, is the number of bands present in both genotypes x and

y, N, is the number of bands present in genotype X, and Ny is the
number of bands present in genotype y. Missing observations for a
marker in genotype x and/or y were excluded from the calculation
of gs,,. A similarity matrix was used for the average linkage clus-
ter analysis between the groups (UPGMA) using the method of
Sneath and Sokal (1973) to construct a phenogram, and the same
matrix was also used for principal coordinate (PCO) analysis in a
multivariate statistical program (MVSP 2001). The gene diversity
(H,) and relative degree of genetic diversity (Gg;) were estimated
for each locus and population according to Nei (1973). The mean
gene diversity was calculated over all loci from each primer pair,
and used in Spearman rank correlation analysis between the mean
gene diversity and ecogeographical factors. In our previous paper
(Turpeinen et al. 2001) we employed principal component analysis
(PCA) to analyse ecogeographical data, and wild barley popula-
tions could be separated by three factors (water, temperature and
geography). We used the principal component scores produced
previously by PCA in this study for stepwise multiple regression
analysis. The programs POPGENE (Yeh et al. 1997) and SPSS
(SPSS 1998) were used to perform these analyses.

Results
The distribution of genotypes

Eight primer pairs produced a genotype x loci (bands)
matrix of 19,176 observations with 300 missing cases
comprising a total of 18,876 observations. The missing
cases were due to failure in amplification. The distribu-
tion of number of observations within each primer pair
between absence (0) and presence (1) of loci across all
genotypes is presented in Fig. 1. The highest number of
loci per genotype was detected with the E35M48 primer
pair (46) and the lowest with E32M61 primer pair (12)
(Table 1). The total of 204 loci was identified and 189 lo-
ci were polymorphic among the genotypes. The propor-
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Fig. 1 The number of observations (y-axis) produced by eight
AFLP primer pairs (x-axis) of 94 H. spontaneum genotypes
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tion of polymorphic loci out of all loci was 0.93 and they
were distributed within populations and primer pairs as
shown in Table 2. Because of the missing values some lo-
ci and samples were omitted from the genetic similarity
estimation, creating a 90 X 90 genotypes data matrix
based on Nei and Li’s formula. The range between genet-
ic similarity coefficients varied from 0.74 to 0.98. Each
genotype had a unique banding profile and the genotypes
were clustered as seen in Fig. 2. When testing the resolv-
ing power of a single primer pair there were four primer
pairs, which distinguished all genotypes separately
(E35M48, E35MS55, E39M61 and E45M55). The similar-
ity matrix was further used for principal coordination
analysis, and the plot of genotypes based on the first two
axes is presented in Fig. 2. The first axis accounted for
11% and the second for 8% of the total variation. The ge-
notypes belonging to populations from Mt. Meron and
Mehola were grouped together, and genotypes from pop-
ulations of Maalot and Revivim comprised almost uni-
form groups. For the rest of the populations the genotypes
were more scattered inside the plot.

Fig. 2 The phenogram of 90
genotypes of ten populations of
H. spontaneum in Israel based

on Nei and Li’s similarity ma-

trix. Genotypes were clustered
by the unweighted pair group
method with the arithmetic av-
erages (UPGMA) method. The
genotypes are presented at the
end of branches based on their
population number: 1 = Mount
Hermon, 9 = Mount Meron,

10 = Maalot, 11 = Damon,

14 = Talpiyyot, 18 = Revivim,
20 = Sede Boger, 22 = Mehola,
23 = Wadi Qilt, 33 = Avedat

SEBERNBRNRUNSBBBI Y- B~

I3

A—y
BRBEB-8888~

0.7 0.75

0.8 0.85 0.9

| |
0.95 1

Similarity



1336

Table 2 Summary of genetic variation based on 204 AFLP loci of ten H. spontaneum populations

Population/ E32M61 E33M58 E35M48 E35M55
primer pair
pa H} Ne P H, N P H, N P H, N
Mt. Hermon  0.17 0.03 (0.07) 9 0.33 0.11 (0.17) 8 0.59 0.22 (0.2) 10 0.55 0.17 (0.18) 8
Mt. Meron 0 0 10 0.29  0.11(0.19) 10 0.24 0.07 (0.15) 10 042 0.14(0.19) 10
Maalot 0.42 0.14 (0.17) 10 0.19  0.06 (0.14) 10 0.61 0.15(0.14) 10 0.52  0.14(0.15) 10
Damon 0.67 0.18 (0.16) 10 0.29  0.1(0.18) 10 0.70 0.22(0.18) 10 0.55 0.17(0.18) 10
Talpiyyot 0.17 0.04 (0.10) 10 0.28  0.06 (0.13) 10 0.57 0.19(0.19) 10 049 0.18(0.21) 10
Revivim 0.08  0.01(0.05 10 033 0.1(0.17) 10 054 01902 10 074 027(0.18) 10
Sede Boger 0.75 0.26 (0.19) 10 0.29  0.1(0.17) 10 0.78 0.27 (0.17) 10 0.84 0.29(0.17) 10
Mehola 0.08 0.04 (0.14) 8 0.33  0.13(0.2) 8 0.59 0.22 (0.2) 8 0.68  0.23(0.19) 8
Wadi Qilt 0.08 0.02 (0.07) 7 0.33 0.09 (0.14) 8 0.46 0.14 (0.17) 8 0.81 0.28 (0.16) 8
Avedat 0.08 0.01 (0.06) 8 0.19  0.06 (0.14) 8 0.59 0.2 (0.19) 8 0.61  0.22(0.19) 8
Mean 0.83 0.11 (0.1) 92 0.76  0.15(0.18) 92 0.98 0.28 (0.15) 94 097 0.32(0.14) 92
E38M54 E38M55 E39M61 E45M55
P H, N P H, N P H, N P H, N
Mt. Hermon  0.95 0.36 (0.12) 8 0.75  0.29(0.19) 7 0.71 0.21(0.17) 10 093 0.33(0.15) 10
Mt. Meron 0.20 0.04 (0.09) 10 0.01 0.01 (0.04) 10 0.07 0.01 (0.04) 10 0.17  0.05(0.13) 10
Maalot 0.85 0.15 (0.06) 10 0.50  0.15(0.17) 9 0.36 0.08 (0.13) 10 0.77  0.19(0.13) 10
Damon 0.95 0.4 (0.1) 10 0.87  0.34(0.15) 10 0.68 0.23(0.19) 10 0.73  0.23(0.18) 10
Talpiyyot 0.90 0.26 (0.15) 10 094  036(0.12) 10 0.32 0.11 (0.17) 10 0.57 0.14(0.15) 10
Revivim 0.45 0.15 (0.19) 10 0.31 0.09 (0.15) 10 0.25 0.08 (0.15) 10 0.23  0.08(0.16) 10
Sede Boger 0.90 0.32 (0.14) 10 0.81 0.28 (0.17) 9 0.82 0.28 (0.17) 10 0.70  0.22(0.17) 10
Mehola 0.55 0.16 (0.21) 8 0.31 0.1 (0.17) 7 0.14 0.06 (0.15) 8 0.37  0.12(0.18) 8
Wadi Qilt 0.40 0.16 (0.21) 8 0.44  0.12 (0.15) 8 0.25 0.08 (0.16) 8 0.33  0.1(0.15) 8
Avedat 0.35 0.12 (0.19) 8 0.50  0.17 (0.19) 8 0.21 0.08 (0.17) 8 0.50 0.16 (0.18) 8
Mean 1 0.31(0.14) 91 1 0.28 (0.19) 88 0.82 0.17 (0.13) 94 0.97  0.23(0.13) 8
Alld
P H, N . .
tion (Hy), the average between populations (D¢ = Hy —
Mt. Hermon 0.64 0.22 (0.19) 9 Hg) and the relative (Ggr = Dy /Hy) degree of gene dif-
Mt. Meron 0.21 0.06 (0.14) 10 ferentiation among subpopulations (Nei 1973). The pro-
11\)’1331(“ 82‘7‘ 8;; (8-}‘9‘) }8 portion of diversity between and within population-sta-
amon : 23 (0.1% tistics varied between loci having the highest G¢; (0.8)
Talpiyyot 0.52 0.17 (0.18) 10 T
Revivim 0.41 0.14 (0.18) 10 from E33M58 and the lowest (0.06) from E39M61. The
Sede Boger 0.74 0.25 (0.18) 10 mean Gy over all loci indicated that, on average, 31% of
%GB.OIQah 82% 8}2 28}2; g the variation was between populations and 69% (1- Gg;)
adl Q1 . . . LR I :
Avedat 042 0.15 (0.18) 2 was within populations.
Mean 0.93 0.24 (0.16) 93

aP = proportion of polymorphic loci

b H, = gene diversity (Nei 1973). Standard deviations (SD) are in
parenthesis

¢N = mean sample size

d All = means across all loci

Gene diversity and genetic differentiation in populations

The y2-test showed significant differences at the 0.05
level for 117 loci between populations, indicating a non-
random distribution of alleles. The mean gene diversity
(H,) estimates are summarized in Table 2. The highest
gene diversity across all loci was observed in Sede
Boger (0.25) and the lowest for Mt. Meron (0.06). The
gene diversity measured over all loci and populations
was 0.24.

Total gene diversity of a subdivided population (Hy)
can be analysed into the mean gene diversity in a popula-

Correlations between the mean gene diversity
and ecogeographical variables

We performed the Spearman rank correlation analysis
between the mean gene diversity (H,) produced by eight
AFLP primer pairs from each population and 15 ecogeo-
graphical variables. In one primer pair (E35MS55) the
significant associations were established between H, and
the ecogeographical variables (Table 3). Also we ran a
test for the best predictor of the mean H, of eight primer
pairs by stepwise multiple regression analysis, using H,
as a dependent variable and ecogeographical variables in
the form of a principal component (pca) score as inde-
pendent variables. At one primer pair (E35M55) PCA1
(water factors) explained significantly (P = 0.017) over
50% (R% = 0.53) of the variation in gene diversity.
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Fig. 3 The principal coordinate analysis (PCO) plot of 90 geno-
types was based on Nei and Li’s similarity matrice. The percent-
age variation explained by the axis is given between parentheses
in the axis legend. For population names see Fig. 2

Discussion
Assessment of AFLP polymorphism

The major advantage of the AFLP-method has been its
capacity for simultaneous identification of a large num-
ber of amplification products in the same lane, i.e. a high
multiplex ratio. Our material primer pairs differed in
their capacity to amplify bands, but the number of loci
detected with even the less-sensitive primer pair
(E32M61) was moderately high (12) compared to sever-
al other methods. The genotypes each had a different
banding profile and therefore genotype identification
was possible even with one AFLP primer pair combina-
tion. The level of polymorphism has not been as high
with AFLPs as with some other techniques (Russell et al.
1997). When compared over all populations the poly-
morphism rate was high (93%) but within populations
the rate was lower (21-74%). The disadvantage of the
AFLP has been that it is mainly a dominant marker type.
But since H. spontaneum has an estimated outcrossing
rate of 1.6% (Brown et al. 1978), it was not regarded as a
problem. Considering the technical ease and high infor-
mation it produces, it is an advantageous method for car-
rying out population genetic studies in wild barley.

Genetic diversity pattern in wild barley

Gy analysis overall loci showed that the degree of diver-
sity is greater within than between populations. This is in
contrast to expectations under conditions of limited
migration between populations and the high selfing rate
within the population. However, this is in agreement
with other wild barley studies where a higher degree of
genetic diversity is partitioned within, rather than be-
tween, populations (Nevo et al. 1979, 1986; Dawson et
al. 1993; Baum et al. 1997; Turpeinen et al. 2001).

The results based on genotype information through
hierarchical clustering and principal coordinate analyses
are in accordance with the results of Gst-analysis. The
genotypes were not clustered into distinct groups corre-

sponding to their population, but were merely scattered
along the phenogram and the PCO plot.

In a predominantly inbreeding organism the observa-
tion of high genetic diversity within populations should
be taken into account when sample sizes of studies are
considered. Low numbers of samples per population
seem not to be enough to reveal the existing genetic dif-
ferentiation structure of wild barley.

Comparison of gene diversity of AFLP and SSR,
and associations with ecogeographical factors

Since the same genotypes have been analysed previously
by simple sequence repeat (SSR) markers, straight com-
parisons were possible with the results of our present
study. The populations for the highest and lowest gene
diversity estimates were the same, Sede Boger and
Mount Meron, respectively. A comparison of gene diver-
sity estimates of all populations between SSR and AFLP
by the Pearson correlation analysis showed a significant
correlation (r = 0.65, P = 0.043) between them. We were
able to show associations between gene diversity and
ecogeographical factors of some SSR loci, and we spec-
ulated on the possible adaptive role of the diversity pat-
tern of SSR allele distribution in wild barley. Interesting-
ly some SSR loci were in the same linkage group with
dehydrin genes, which are identified as proteins induced
by water deficits and may function against drought resis-
tance. With AFLP, the significant association between
gene diversity and ecogeographical factors was observed
in one primer pair where negative correlation was linked
to water factors and positive to temperature factors. As-
sociations follow the trend where larger diversity could
be traced from their more stressful environments, as
have been reported in several other papers on wild barley
(Nevo et al. 1979, 1981, 1986; Dawson et al. 1993;
Baum et al. 1997; Nevo et al. 1997; Owuor et al. 1997,
Pakniyat et al. 1997). Our result is in accordance with
the niche-width variation hypothesis (Van Valen 1965)
where species living in a spatio-temporally more hetero-
geneous environment are predicted to have larger genetic
diversity. The niche-width is the proportion of the total
multidimensional space of limiting resources used by a
species. The relationships between environmental factors
and genetic diversity are based on correlation and regres-
sion analyses. The use of these methods has the potential
drawback that the obtained relationships, even though
statistically significant, are spurious. The robustness of
the patterns obtained could be estimated by comparing
the results of SSR and AFLP with other similar studies.
The accumulated data available from different species
and genera support the pattern observed by SSR and
AFLP (reviewed by Nevo 1998b).

What advantage could the larger genetic diversity offer
for species living in a more heterogeneous environment?
Environmental unpredictability selects for higher levels of
genetic diversity, possibly because of their buffering ef-
fects in heterogeneous environments (Nevo 1988). The



spatial patterns and environmental correlates, and predic-
tors of genetic variation of H. spontaneum in Israel, may
indicate that genetic variation in wild barley populations is
not only rich but also at least partly adaptively selected
and predictable by the environment (Nevo 1998a). Conse-
quently, conservation and utilization programs should
optimise sampling strategies by following the ecological-
genetic factors as effectively predictive guidelines.
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