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Abstract Genetic variability of cultivated and wild bar- 
ley, Hordeum vulgate ssp. vulgare and spontaneum, re- 
spectively, was assessed by RFLP analysis. The material 
consisted of 13 European varietes, single-plant offspring 
lines of eight land races from Ethiopia and Nepal, and five 
accessions of ssp. spontaneum from Israel, Iran and Tur- 
key. Seventeen out of twenty-one studied cDNA and gDNA 
probes distributed across all seven barley chromosomes re- 
vealed polymorphism when DNA was digested with one 
of four restriction enzymes. A tree based on genetic dis- 
tances using frequencies of RFLP banding patterns was es- 
timated and the barley lines clustered into five groups re- 
flecting geographical origin. The geographical groups of 
land-race lines showed less intragroup variation than the 
geographical groups ofspontaneum lines. The group of Eu- 
ropean varieties, representing large variation in agronomic 
traits, showed an intermediate level. The proportion of 
gene diversity residing among geographical groups (FsT) 
varied from 0.19 to 0.94 (average 0.54) per RFLP pattern, 
indicating large diversification between geographical 
groups. 
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Introduction 

For conservation of genetic resources and for breeding, it 
is important to know about the genetic variation in culti- 
vated barley, Hordeum vulgate ssp. vulgate, as compared 
to that of land races of ssp. vulgate and of its wild ances- 
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tor, Hordeum vulgare ssp. spontaneum. An interesting 
question is to what extent the genes in the wild ancestors 
have contributed to the present gene pool in the currently- 
cultivated barley. Given the wide geographical range of 
wild barley, one would expect a highly-diverse gene pool 
in this subspecies. This may to some extent also be true for 
land races due to the way early domestication has taken 
place, not being a single event occurring in a confined area 
but rather a continuous process involving several areas 
(Harlan 1979; Allard 1988). 

Assessments of the genetic variation in the ssp. vulgare 
and spontaneum have been carried out by a number of re- 
searchers. These assessments have been based on variation 
in hordeins (Doll and Brown 1979), isozymes (Nevo et al. 
1979; Brown and Munday 1982; Nevo et al. 1986; Allard 
1988), morphological traits (Nevo et al. 1979; Brown and 
Munday 1982), and rDNA loci (Allard 1988; Allard et al. 
1990; Saghai Maroof et al. 1990). In studies including land 
races, different levels of variation have been found. Thus, 
Jana and Pietrzak (1988) found a similar level of isozyme 
variation in wild barley and in land races, whereas Brown 
and Munday (1982) and Nevo et al. (1986) reported a level 
of diversity in land races between that of the wild and of 
the modern cultivated barley. The latter authors also found 
that cultivated barley was characterized by a higher level 
of diversity with respect to morphological traits than was 
the case in wild barley. 

The use of restriction fragment length polymorphism 
(RFLP) provides the opportunity of assessing variation at 
the molecular level. This has been exploited by Graner et 
al. (1990) in a study of some barley varieties and by Zhang 
et al. (1993) for populations of wild barley. In addition, the 
high degree ofpolymorphism generally displayed by RFLP 
markers ensures a higher level of differentiation of the 
plant material analysed than is possible using classical 
markers such as isozymes. The two methods may, how- 
ever, uncover different classes of variation (Zhang et al. 
1993). 

The present paper reports on the genomic variation 
measured by RFLP markers in H. vulgare ssp vulgare and 
spontaneum. The purpose is to obtain an indication of 



whether the level of genetic variat ion within modern,  
par t ly-unrelated varieties is lower than that within land 
races or that within the wild subspecies. Further, the prob- 
lems encountered when interpret ing RFLP data for studies 
of genetic variat ion are discussed. 

Materials and methods 

Plant material 

The plant material used in this study include accessions/lines/varie- 
ties of H. vulgare ssp. spontaneum and ssp. vulgare (Table 1). For 
each accession/line/variety a random sample of approximately 50 
kernels is considered. The spontaneum ssp. is represented by five ac- 
cessions of diverse origin acquired from the USDA barley world col- 
lection. Twenty-one samples of vulgare ssp. are included. They con- 
sist of eight lines derived from accessions of land races from Ethi- 
opia and Nepal acquired from various sources (Weibullsholm Plant 
Breeding Institute, Landskrona, Sweden; Institute for Agronomy and 
Plant Breeding, Braunschweig, Germany; and Plant Breeding Insti- 
tute, Cambridge, UK) as well as 13 European spring and winter va- 
rieties. Homogeneity of the lines derived from the land races was en- 
sured by three generations of single-plant selection. (This material 
has kindly been provided by J. Helms J0rgensen, Rise). The Euro- 
pean varieties are chosen to represent a broad range of variation. In 

Table 1 Description of accessions/varieties included 

Taxa No. Geographical Year of 
in origin collection/ 
text entry 

H. vulgare ssp. spontaneum 
Accessions 

PI 245739 1 Ceylanpinal, Turkey 1958 
PI 296897 2 Eshtaol, Israel 1964 
PI 296926 3 Kinneret, Israel 1964 
PI 227019 4 Shustar, Iran 1955 
PI 268242 5 Kerman, Iran 1960 

H. vulgare ssp. vulgare 
Accessions 

K385 10 Shoa, Ethiopia 1973 
K446 11 Genu Gofa, Ethiopia 1973 
FAL015657 12 Ubarmer Baco, Ethiopia Unknown 
FAL004779 13 Cherem, Nepal Unknown 
FAL004782 14 Pangu, Nepal Unknown 
FAL004789 15 Gonba, Nepal Unknown 
PBI5654 16 Nachipundo, Nepal 1971 
PBI4770 17 Salung, Nepal 1971 

Spring variety 
Hanna 20 Austria 1884 
Prentice Tystofte 21 Denmark 1900 
Pallas 22 Sweden 1961 
Jupiter 23 United Kingdom 1979 
Corgi 24 United Kingdom 1985 
Regatta 25 United Kingdom 1985 
Digger 26 United Kingdom 1987 
Derkado 27 East Germany 1989 
'Segu' Sejet 28 Denmark 1989 

Winter variety 
Vogelsanger Gold 30 West Germany 1965 
Igri 31 West Germany 1980 
Sonate 32 Denmark 1983 
Marinka 33 The Netherlands 1985 
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the following the term line will be used to refer to the pooled sam- 
ple of 50 kernels of an accession, line or variety. 

DNAprobes 

Variation in the plant material was studied by means of ten cDNA 
and 11 gDNA probes (see Table 2). The cDNA probes derived from 
wheat, Triticum aestivum, were kindly provided by M. D. Gale, Cam- 
bridge, UK. (Sharp et al. 1989). The gDNA probes were construct- 
ed as described in Giese et al. (1993), and two probes, MSU12 and 
MSU21, were kindly provided by T. Blake, Montana State Univer- 
sity, USA (Shin et al. 1990). 

DNA preparations 

Fifty seeds of each accession were grown in a greenhouse for 10 
days. Barley seedlings were harvested, frozen in liquid nitrogen, and 
stored at -80~ DNA was extracted from the pooled sample by the 
method described by Sharp et al. (1988). 

Restriction enzyme digestion, electrophoresis, 
and Southern blotting 

The purified high-molecular-weight DNA was digested to comple- 
tion with the following four restriction enzymes: BamHI, EcoRI, 
EcoRV, and HindIII, according to manufacturer's instructions 
(Amersham). Horizontal gel electrophoresis and Southern blotting 
were performed according to Maniatis et al. (1982). Nylon mem- 
branes (Amersham) were used for the transfer of DNA. 

Hybridization methods 

Before hybridization, the blotted membranes were prehybridized at 
42~ for 1-24 h in a 45% formamide, 4xSSPE (lxSSPE=180 mM 
NaC1, 10mM sodium phosphate, 1 mM EDTA, pH7.5), 6• 
Denhard's solution (0.025% BSA, PVP360 and Ficoll400, w/v), 
200 gg/ml salmon sperm, and 0.1% SDS. The hybridization was per- 
formed overnight at 42~ in an identical buffer except that 10% dex- 
tran sulphate was added (Christiansen and Giese 1990). The dena- 
tured insert DNA was labelled with 32p-deoxynucleotides by random 
priming for 4 h at room temperature or 1 h at 37~ (Feinberg and 
Vogelstein 1983). The hybridized membranes were washed once for 
15 min and twice for 30 rain with 2x SSC and 0.1% SDS (sodium 
dodecyl sulphate) at 42~ Occasionally, it was necessary to carry 
out an additional wash, either by using 0.2• or increasing the 
temperature to 65~ The membranes were exposed to X-ray films 
(Hyperfilm-MP, Amersham) at -70~ for 7-14 days, typically. 

Data analysis 

Standard genetic parameters were used for describing diversity 
(Hartl and Clark 1989). The following assumptions were made: one 
probe corresponds to one locus, only one allele per locus is present 
in each line, and alleles are defined by the entire banding pattern ob- 
tained using a specific probe. 

Genetic distances (Dxy) between lines were calculated using the 
formula: 

Dxy = -ln(Jxy / a/J~J~-y ) 

where Jx, JY, and JxY are the means of Zpi 2, Eq 2, and ~]Piqi over all 
loci, Pi and qi being the frequencies of the ith allele in the popula- 
tions X and Y, respectively. This can be reduced to -ln[Jxy] accord- 
ing to the above assumptions. Based on these genetic distances, an 
unrooted tree was estimated using the programmes FITCH and 
DRAWTREE (Felsenstein 1993). These programmes use the Fitch- 
Margoliash procedure, which successively includes all lines and 
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finds the tree for which the sum of the length of all branches between 
two lines is closest to the observed genetic distance (Fitch and Mar- 
goliash 1967). Several runs were carried out with the lines being in- 
cluded in different order. 

Based on the branching of the observed tree, the lines were 
grouped and the variation within and between groups was consid- 
ered. The variation within a group, using the different samples as 
"individuals" and the group as the "population", was described us- 
ing four parameters: the percentage of polymorphic loci (P), the av- 
erage number of alleles per locus (A), the average gene diver- 
sity (Hs; 1-s 2 for each locus), and the maximal possible gene 
diversity per locus when all lines in the group have different alleles 
(maxHs). 

For each locus a measure of gene diversity between groups, the 
fixation index FST, was calculated: 

FsT = (H T - HS)HT 

where Hs is the average gene diversity within group, and H T is the 
total gene diversity calculated from the pool of all lines, 

The estimates of genetic parameters were not corrected for dif- 
ferent numbers of "individuals" in the different groups as these num- 
bers were of similar order, and the estimates were used solely to ob- 
tain comparisons within this study and not for making general state- 
ments. 

Results 

Twenty-one probes (Table 2) are used to study genetic vari- 
ation in 26 lines of/-/, vulgare ssp vulgare and spontaneum 
(Table 1). In most cases, the cDNA probes reveal a lower 
degree of polymorphism than the gDNA probes. The 
cDNA probes give rise to approximately three different re- 
striction patterns on the average (Table 2), while the aver- 

age number  o f  res t r ic t ion pat terns  ob ta ined  with the g D N A  
probes  is seven.  The probe  size has no c lear-cut  inf luence  
on the number  o f  res t r ic t ion  patterns,  as h i g h l y - p o l y m o r -  
phic  pat terns  are found using both large and small  probes .  
Fur thermore ,  an increase  in probe  size is not re la ted  to an 
increased  number  of  f ragments  per  pattern.  

For  each line, the d is t r ibut ion  of  res t r ic t ion  pat terns  for 
each probe  (Table 3) is used to es t imate  the genet ic  dis-  
tance be tween  any two l ines and, based  on these dis tances ,  
a tree can be drawn (Fig.  1). The tree i l lus t ra tes  the genet ic  
re la t ionship  be tween  the l ines and shows that the l ines 
c lear ly  c luster  into separate  groups which  cor respond  to 
the geograph ica l  or igin of  the lines. The s p o n t a n e u m  ac- 
cess ions  spli t  into two groups:  the two Israel i  access ions  
(nos. 2 and 3) and the three access ions  co l lec ted  in Iran 
and Turkey (nos. l ,  4, and 5). The l ines o f  land races  also 
spli t  into two groups:  Nepa l  (nos. 13-17)  and Eth iop ia  (nos. 
10-12) .  Final ly ,  the European  var ie t ies  (nos. 2 0 - 2 8  and 
30-33)  may  all  be ass igned to a s ingle group. However ,  a 
s l ight  t endency  towards  a subgroup cons is t ing  of  three of  
the four inc luded  winter  var ie t ies  (nos. 30, 31 and 33) is 
present .  The most  s imi lar  l ines are found among the Nep-  
alese assess ions  and among the spr ing variet ies .  Two win- 
ter var ie t ies  differ  as much as di f ferent  access ions  f rom Is- 
rael .  When  the genet ic  var ia t ion  is cons idered  in deta i l  (Ta- 
b le  3), it is seen that d i f ferent  a l le les  are often found  in 
l ines f rom different  geograph ica l  groups and this resul ts  in 
a high value  of  the f ixat ion index (FsT) for  each of  the po ly-  
morph ic  loci  as wel l  as for the average  over  p o l y m o r p h i c  
loci  (FsT=0.54).  

Table 2 Probe characteristics. 
Probes are sorted according to DNA probes Size 
origin and size (kb) 

Chromo- Restriction No. of No. of 
somal enzyme restriction fragments/ 
location applied patterns pattern 

eDNA probes 
PSR 154" 0.4 6 
PSR 101" 0.6 2 
PSR 118" 0.7 7 
PSR 161" 0.7 5 
PSR 167" 0.7 6 
PSR 156" 0.9 3 
PSR 135" 1.0 2 
PSR 129" 1.2 1 
PSR 144" 1.3 4 
PSR 162" 2.0 5 

Average 

gDNA probes 

Xrisi2** 0.2 5 
Xrisl9** 0.2 1 
Xris25** 0.3 1, 6 
Xrisl6** 0.4 2 
Xris7** 0.4 7 
Xris44** 1.0 1 
Xrisl5** !.1 1 
Xris17** 1.6 1 
Xrisl4** 2.0 5 
MSU12*** 3.0 1 
MSU21*** 3.0 2 

Average 

EcoRV 9 2-3  
EcoRI 2 1 
EcoRI 1 2 
HindIII 1 4 
BamHI 3 2 - 4  
EcoRI 3 2 
EcoRV 1 1 
HindIII 3 1 -2  
EcoRI 5 3-4 
EcoRV 1 4 

2.9 2.5 

EcoRV 7 2 - 5 
HindIII 6 2 -  3 
EcoRI i 1 4 - 6 
BamHi 12 3 -7  
EcoRI 10 3 -  7 
EcoRV 8 1 - 2 
HindIII 2 1 
EcoRI 9 3 - 6 
HindIII 8 13- !4 
EcoRi 2 12-16 
EcoRV 2 2-  6 

7.0 5.4 

* Sharp et al. i989; ** Giese et al. (1994); *** Shin et al. 1990 
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Europe 
3~30 (H. vulgore) 
31~ 2/ 27 20 
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z v 2 

Iron & Turkey 
(H.spon~eneum ) 

Fig. 1 Tree based on genetic distances demonstrating the clustering 
of lines. The numbers refer to Table 1 

Table 4 Genetic variation for each geographical group described as 
the observed percentage of polymorphic loci (P), the observed aver- 
age number of alleles per locus (A), the average gene diversity (Hs), 
the theoretical maximal gene diversity (max Hs) and the ratio of the 
latter two 

Geographical P A H s maxH s Hs/maxH s 
group a 

Israel (2) 43 1.4 0.21 0,50 0.42 
Iran and Turkey (3) 57 1.8 0.31 0,66 0.47 
Ethiopia (3) 38 1.4 0.19 0,66 0.29 
Nepal (5) 38 1.4 0.17 0,80 0.21 
Europe (13) 71 2.6 0.33 0.92 0.36 

a Number in parenthesis gives the number of lines of that origin 

Within each geographical group a different degree of 
variation is found (Table 4). The Nepalese lines display the 
least variation. Only one allele is found in more than half 
the examined loci and only in a single case does the num- 
ber of alleles within a locus exceed two (Table 3). The two 
most similar lines in this group, nos 15 and 17, can only 
be distinguished by two probes, while the most distant, e. 
g., nos. 15 and 16, only differentiate at five loci. The re- 
sults are similar for the Ethiopian lines, which show nearly 
the same low variation taking into account the number of 
lines. Regarding the European varieties, only about a third 
of the loci are common for the 13 varieties. However, in 
many of the variable loci the same allele is found in nearly 
all lines implying that the relative gene diversity is between 
that of the land race and the spontaneum lines. The most 
different spring varieties (nos. 21 and 26) differ at ten 
loci, in contrast to the most similar (nos. 23 and 25) 

which differ at three loci. The Israeli and the Turkish/ 
Iranian lines, respectively, differ in 9-10 loci, and are the 
most variable groups taking the number of  lines into ac- 
count (Table 3). 

Discussion 

In this study, restriction patterns are used as a basis for cal- 
culating genetic distances, thus excluding any attempt to 
graduate the degree of genetic similarity by means of sin- 
gle-band differences. No matter whether the unit chosen to 
reflect genetic relationships is the restriction patterns or 
single restriction fragments, false conclusions may 
emerge, as illustrated in Fig. 2. Three different patterns are 
depicted, which could be interpreted as the result of single 
nucleotide differences between A and B, and between A 
and C, respectively. Based on a calculation of shared frag- 
ments, however, the A and C genotypes would be con- 
cluded to be more closely related than A and B, whereas, 
based on the comparison of patterns, all three genotypes 
would be concluded to be equally related. This example il- 
lustrates that a conclusive measure of  genetic diversity can 
only be obtained if it is possible to establish the specific 
mutations that have generated the actual patterns. 

One of the assumptions of this study, namely that one 
probe corresponds to one locus, is not true in all cases. The 
probe Xris25 is known to recognize three different loci in 
the varieties 'Vogelsanger Gold'  and 'Al f '  (Giese et al. 
1994). This may also be true for other gDNA probes. When 
this is the case individual allele patterns may represent the 
combined allele patterns from more than one locus. The 
unambiguity of RFLP patterns can further be questioned 
as it cannot be excluded that the fragments are incompletely 
resolved, thus concealing small differences in fragment 
length. Also, two bands of similar length may not actually 
be identical (Gepts and Clegg 1989). 

The major result emerging from this study of genetic 
variation is that the lines cluster into distinct groups which 
correspond to the geographical origin of the lines. This 
could reflect either that each group is to some extent de- 
rived from different ancestors, or that different alleles have 
been retained from an original gene pool due to processes 
such as selection and drift. The latter is the more plausible 
as the nodes splitting the branches are rather close. 

As in previous studies of genetic variation, the wild bar- 
ley lines of  ssp. spontaneum are more variable (Hs/maxH s 
equals 0.42 and 0.47, respectively) than the cultivated lines 
of  ssp. vulgare (Hs/maxH s equals 0.21, 0.29 and 0.36, re- 
spectively) (Table 4). This is illustrated by the consider- 
able genetic distance between the lines of different origin 
(Fig. 1). Contrary to previous findings, the lines derived 
from land races display a level of variation similar to, or 
even less than, that of the European varieties (Hs/maxH s 
equals 0.21, 0.29 compared to 0.36). This is also in dis- 
agreement with the general belief that Ethiopia is an espe- 
cially important centre of genetic variation in barley. How- 
ever, the variation between the European varieties is based 
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Fig. 2 RFLP pattern for three hypothetical genotypes A, B, and C 
as generated by different point mutations in B and C 

on varieties selected to reflect different genetic material 
whereas the lines derived f rom the land races have been 
selected randomly f rom the respective geographical  areas. 
These considerations address the important  question 
of  how to sample plant material that allows a comparable 
estimate of  genetic variation in wild lines and lines that 
have been under selection. Selection for different charac- 
ters during a breeding programme quickly leads to very- 
divergent lines, exemplified here by the degree of  varia- 
tion between two related winter barleys 'Mar inka '  (no. 33) 
and 'Sonate '  (no. 32). Regardless of  the possible bias in 
the sampling of  the analysed barley lines, it is clear, that 
there is considerable genetic variation in cultivated barley. 
Thus, there is no indication that the gene pool in cultivated 
barley is a limiting factor in generating new barley varie- 
ties. 

Variation within lines was ignored in this study as 
pooled D N A  from 50 kernels o f  each line was analysed. 
Cultivated barley is predominant ly  self-pollinating and 
lines were maintained so as to retain homogenei ty,  e.g., the 
land-race lines were subjected to three cycles of  single- 
plant selection. However,  it cannot be excluded that vari- 
ation is present due to homozygous  variants or rare heter- 
ozygotes  in the lines. However ,  this, and the inclusion in 
the analysis of  ,,alleles" which represent more than one lo- 
cus, is not considered to have seriously biased the results. 
Thus, the RFLP technique can be concluded to represent a 
powerful  tool for the estimation of  genetical diversity in 
H. vulgare. The analysis of  only a few lines resulted in 
clear geographical  groups suggesting a potential for the use 
of  RFLP markers in assessing genetic variation for conser- 
vation as well as for breeding purposes. 
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