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Summary. The Avena sterilis collection in the National 
Small Grains Collection (NSGC) is an invaluable source 
of genetic variation to be exploited by oat breeding pro- 
grams. Prior knowledge of the structure and distribution 
of genetic variation within the A.  sterilis collection would 
be useful to efficiently screen the collection for valuable 
traits. To determine genetic structure within a subset of 
the collection, restriction fragment length polymor- 
phisms were analyzed in a stratified sample of 173 acces- 
sions originating in eight countries of Africa and South- 
west Asia. Of the 48 probes used for this study 43 detect- 
ed polymorphism among accessions. The average num- 
ber of RFLP patterns per probe ranged from 2.9 among 
Ethiopian accessions to 3.7 among those from Iran. Ge- 
netic variation, as measured by genetic distances and 
polymorphic indexes, was highest in Iran and lowest in 
Ethiopia. The probability of drawing a genotype from 
Iran or Iraq that is not present in the more western 
regions was high, indicating large genetic divergence of 
the Iran-Iraq accessions from the other regional collec- 
tions surveyed. Cluster analysis of genetic distances and 
probabilities of unique genotypes clearly differentiated 
the eastern region (Iran and Iraq) from the western re- 
gion (Algeria, Ethiopia, Israel, Lebanon, Morocco, and 
Syria). The western region could be further subdivided 
into two clusters, an African cluster (Algeria, Ethiopia, 
and Morocco) and a southwestern Asia cluster (Israel, 
Lebanon, and Syria). Genetic distances were generally 
related to but not proportional to geographical distances. 
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Introduction 

Avena sterilis, a wild hexaploid progenitor of cultivated 
oats, Avena sativa, constitutes a large reservoir of genetic 
diversity that is readily accessible through conventional 
breeding (Rajhathy and Thomas 1974). This gene pool 
remains under-utilized because it is difficult to identify 
desirable traits and evaluate the agronomic potential of 
individual accessions in wild species. Screening the nearly 
7,000 accessions of A. sterilis in the National Small 
Grains Collections (NSGC) for agronomically useful 
traits would be a bewildering task. Nevertheless, A.  ste- 

rilis is known to possess several useful traits, including 
high growth rates (Takeda and Frey 1977), resistance to 
crown rust (Martens et al. 1980; Wahl 1958, 1970), resis- 
tance to nematodes (Clamor and Rivoal 1984), herbicide 
resistance (Somody et al. 1984), and high protein grain 
(Takeda and Frey 1985). 

Information on the geographic structure of genetic 
diversity within progenitor species is important to opti- 
mize the identification of useful alleles. A systematic 
grouping of A. sterilis accessions in the NSGC would 
facilitate the use of this gene pool for oat improvement 
by reducing the numbers of genotypes the breeder would 
need to evaluate and by increasing the probability of 
selection of desirable genotypes for crossing. Recently, 
restriction fragment length polymorphisms (RFLPs) 
have been employed to determine the genetic relation- 
ships of organellar DNA in Avena species (Mural and 
Tsunewaki 1986; Rines et al. 1988) and nuclear DNA in 
other plant species (e.g., Song et al. 1988; Havey and 
Muehlbauer 1989, Keim et al. 1989; Wang and Tanksley 
1989; Miller and Tanksley 1990; Furnier et al. 1990; Lub- 
bers et al. 1991). However, there has been no comprehen- 
sive study to determine the nature of nuclear genetic 
diversity within A. sterilis. 
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The pr imary  objective of  the research presented here 
was to determine the genetic relat ionships among A. ste- 
rilis accessions f rom a stratified r andom sample of  173 
accessions in the N S G C  by analysis of  nuclear RFLPs .  

Materials and methods 

Plant materials 

Seedlings from 173 Arena sterilis accessions in the National 
Small Grains Collection (NSGC) were grown in the greenhouse 
for DNA extraction. These accessions represent a stratified sam- 
ple from eight countries, Morocco, Algeria, Ethiopia, Israel, 
Lebanon, Syria, Iraq, and Iran. All accessions were originally 
obtained by the NSGC from the Canadian Department of Agri- 
culture's collection of wild species in the genus Avena (CAV 
collection). 

DNA extractions 

Approximately 15 g of fresh seedling leaf tissue was ground to 
a fine powder in a chilled mortar and pestle using liquid nitrogen 
with a trace of glass beads. Ground tissue was stored at - 8 0  ~ 
DNA was extracted from the frozen tissue with urea-phenol 
extraction buffer (Shure et al. 1983) using the method described 
by McCouch et al. (1988). The DNA samples were RNased (to 
33 ng/ml) and re-precipitated with 0.1 volume 3 M sodium ace- 
tate and 2 volumes of chilled 95% ethanol. The precipitated 
DNA was immediately hooked out with a glass pipette, redis- 
solved in TE, and quantified on a spectrophotometer. 

Construction of partial genomic library 

Total plant DNA of Arena sativa (cv 'Brooks') was restricted 
with PstI and size selected (1-2 kb) on a 10-40% sucrose gra- 
dient. The selected fragments were ligated into dephosphorylat- 
ed PGem4z plasmid. DH5-alpha bacterial cells were then trans- 
formed with the ligated plasmids and subsequently plated on LB 
media containing X-gal and IPTG. White colonies carrying in- 
sert DNA were selected, and plasmid DNA was isolated using 
the miniprep procedure decribed by Wilimzig (1985). Plasmid 
DNAs were digested with PstI, electrophoresed, and Southern 
blotted. Low-copy insert DNAs were identified by hybridization 
of the ptasmid filters with labelled 'Brooks' total DNA and rice 
chloroplast (cp) DNA. Clones containing inserts which did not 
produce any signal in the autoradiographs were selected. These 
low-copy clones were further selected by labelling the entire 
plasmid and hybridizing it to small survey filters. Filters were 
washed to 0.5 x SSC at 65 ~ Out of 200 clones carrying insert 
DNA, 48 low-copy clones which produced well-defined bands in 
the autoradiographs were selected for this study. 

Restriction analysis and Southern hybridizations 

Approximately 7-10 gg of total DNA from each accession was 
digested with EcoRI and electrophoresed in 0.9% agarose hori- 
zontal slab gels. Gels were Southern blotted and hybridized as 
described by Bernatzky and Tanksley (1986). The filters were 
hybridized with the selected random-hexamer labelled plasmids 
overnight, washed to 0.5 x SSC at 65 ~ and exposed to X-ray 
film (Kodak XAR-5) with a single intensifying screen for 5-7  
days. The films were scored for the presence or absence of each 
individual band. 

Genetic analysis 

An estimate of mean genetic diversity within each geographic 
region was obtained using a modification of Nei's adjusted poly- 

morphic index (Hik) (Nei and Roychoudhury 1974). Because 
Avena sterilis is hexaploid, many probes hybridized to loci on 
sets of homoeologous chromosomes, and thus allelic RFLPs 
could not be determined. Therefore, the adjusted polymorphic 
index, bIik , was computed for each probe as Hik=[nk/ 
(n k - 1)] (1 - Sj Pi~k), where n k is the number of accessions from 
region k, and Pijk is the frequency of restriction fragment pattern 
j with probe i in region k. The mean adjusted polymorphic index, 
H k, was defined as the sum of the Hik's for each probe 
0 = 1 , 2 , . . . . , L )  averged over the number of probes (Hk:  
(I/L) S i Hik ). 

Another estimate of genetic diversity was calculated based 
on Nei and Li's DNA divergence (Nei 1987; d, eq. 5.55). This is 
an estimate of the mean number of nucleotide substitutions per 
nucleotide site. DNA divergence was calculated with the pro- 
gram HyperRFLP (ZW Wang and SD Tanksley personal com- 
munication) for each pairwise combination of the 173 acces- 
sions. 

Hedrick's probability of drawing a unique genotype 
(Hedrick 1971), defined as restriction fragment banding pattern 
for a particular probe, was used to describe genetic differences 
between two geographic regions. This probability is defined as 
U~m=(1/L) SiSj  Pijk when Pijm=0, where L is the number of 
probes, Piik is the frequency of restriction fragment pattern j with 
probe i in region k, and P~jm, the frequency of restriction frag- 
ment pattern j with probe i in region m, is zero. Ukm is the 
probability of drawing a genotype in region k not present in 
region m, averaged over all probes. 

Cluster analyses were performed on a matrix of Nei's DNA 
divergence averaged within countries (8 x 8) and on the matrix 
of Hedrick's probability of drawing a unique genotype, using 
the average linkage option of SAS's Cluster procedure (SAS 
1985). Principal coordinate analysis based on Nei's DNA diver- 
gence (173 x 173 matrix) was performed using SAS's Princomp 
procedure. 

Results 

Of the 48 probes examined in this study, 43 probes were 
polymorphic ,  producing between 1 and 11 distinct frag- 
ments and between 2 and 36 restriction fragment  banding 
patterns. A total  of  230 fragments were scored with an 
average of  4.8 fragments produced  per  probe.  A total  of  
379 different restriction fragment  pat terns  were observed 
over the 48 clones with an average of  7.9 pat terns  per 
probe.  

Genetic diversity, as measured by the mean polymor-  
phic index (Hk) , ranged from 0.31 in Ethiopia  to 0.45 in 
I ran  and, as measured by Nei 's  mean genetic distance for 
all pairs of  accessions from a single country,  ranged from 
0.10 in Ethiopia  to 0.16 in I ran  (Table 1). These two 
diversity parameters  were highly correlated (RZ=0.98).  
The average number  of  R F L P  pat terns  per probe ranged 
from 2.9 in Ethiopia  to 3.7 in Iran. Accessions from I ran  
possessed the greatest genetic diversity as measured by 
these three parameters .  I raq and Israel also showed 
higher levels of  genetic var ia t ion than the other countries, 
Ethiopia  possessed the least genetic variation.  

I ran and I raq were the countries in which there were 
the greatest probabil i t ies  of  drawing a genotype that  was 
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absent from some other country. These mean probabili- 
ties, averaged over probes and countries, were 0.223 and 
0.189, respectively (Table 2). However, the probabilities 
of  drawing a genotype from Iran that was not present in 
Iraq and vice-versa were low (0.151 and 0.080, respective- 
ly), indicating that accessions from Iran and Iraq are 
genetically closely related. There was a high probability 
of  drawing a genotype from other countries that was not 
present in Iran (mean of  0.199) or Iraq (mean of  0.163), 
also suggesting considerable genetic divergence of  the 
Iran-Iraq region from the more western regions surveyed 
(Algeria, Ethiopia, Israel, Lebanon, Morocco,  Syria). 
The large genetic divergence of  the Iran-Iraq region from 
the western regions produces an upward bias in the mean 
Hedrick's probability when averaged over countries. 

Iran also had the greatest proport ion of  accessions 
with unique fragment banding patterns (0.075, averaged 
over probes) (Fig. 1). Algeria had the lowest proport ion 
of  unique genotypes (0.008), but this could be due in part 

Table 1. Number of accessions, average number of RFLP pat- 
terns, mean polymorphic index, and mean Nei's genetic distance 
for each country 

Region Number Average Mean Mean 
of acces- number of poly- Nei's 
sions RFLP morphic genetic 

patterns/ index (Hk) distance 
probe 

Algeria 16 2.7 0.34 0.11 
Ethiopia 25 2.9 0.31 0.10 
Iran 24 3.7 0.45 0.16 
Iraq 18 3.2 0.39 0.13 
Israel 23 3.4 0.39 0.13 
Lebanon 24 2.9 0.33 0.11 
Morocco 24 3.4 0.34 0.12 
Syria 19 3.0 0.35 0.11 

to the smaller sample from this country (16 versus 24 
accessions). The probability that a country possesses a 
restriction fragment pattern present in another country, 
averaged over probes and countries, was greatest for 
Israel (0.901) and lowest for Iran (0.801) (Fig. 2). Israeli 
accessions had the greatest probability of  possessing re- 
striction fragment patterns common to other regions. 
When Rezai (1977) clustered A. sterilis accessions by a 
combination of  disease resistance, chemical composition, 
and agronomic traits, Israeli accessions occurred in all 
major clusters. 

Dendrograms constructed from the cluster analyses 
of  the matrix of  Nei's D N A  divergence averaged within 
countries (8 x 8) and the matrix of  Hedrick's probability 
of  drawing a unique genotype are presented in Figs. 3 
and 4. Both dendrograms illustrate that Iran and Iraq 
(eastern region) are genetically divergent from the six 
western countries examined. Two clusters can be differ- 
entiated within the western region, a cluster of  African 
countries (Algeria, Ethiopia, and Morocco) and a cluster 
of  Southwest Asian countries (Israel, Lebanon, and 
Syria). Principal coordinate analysis of  Nei's D N A  diver- 
gence matrix (173 x 173) indicated that 60% of the vari- 
ation could be explained by the first principal axis, which 
separated Iran and Iraq from the more western regions 
(Fig. 5). The second principal coordinate, which ac- 
counted for almost one-fourth of  the remaining varia- 
tion, loosely divided the western region into a cluster of  
African countries and a cluster of  Southwest Asian coun- 
tries. The remaining variation was relatively homoge- 
neously distributed. 

Discussion 

Many surveys of  intraspecific diversity have been con- 
ducted using morphological and protein traits, but to 

Table 2. Hedrick's probability of drawing a unique genotype between pairwise combinations of the eight countries averaged over 48 
probes a 

Country in Country in which RFLP pattern is absent 
which RFLP 
pattern is Algeria Ethiopia Iran Iraq Israel Lebanon Morocco Syria Other Mean b 
present region 

Algeria - 0.113 0.216 0.152 0.059 0.092 0.089 0.111 0.008 0.119 
Ethiopia 0.128 - 0.271 0.174 0.061 0.087 0.107 0.101 0.032 0.133 
Iran 0.289 0.232 - 0.150 0.181 0.234 0.251 0.221 0.075 0.223 
Iraq 0.237 0.230 0.080 - 0.176 0.207 0.194 0.201 0.030 0.189 
Israel 0.139 0.146 0.193 0.194 - 0.092 0.138 0.091 0.020 0.142 
Lebanon 0.124 0.108 0.210 0.159 0.056 - 0.115 0.078 0.014 0.122 
Morocco 0.117 0.121 0.210 0.157 0.085 0.128 - 0.099 0.042 0.131 
Syria 0.127 0.111 0.213 0.158 0.076 0.093 0.107 - 0.027 0.126 

a Genotype is defined as restriction fragment pattern for a particular probe 
b Mean calculation excludes the probabilities of a country with itself 
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Country 

Fig. 1. Proportion of accessions with fragment banding pat- 
terns unique to that country averaged over probes 
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0.75 

Country 

Fig. 2. Probability that a country possesses at least 1 accession 
with a restriction fragment pattern drawn from another country 
averaged over probes and countries 
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Fig. 3. Dendrogram constructed using a matrix of Nei's DNA 
divergence among the eight countries 

date few have employed RFLPs. While intraspecific 
polymorphism has been detected in mitochondrial and 
chloroplast DNAs (e.g., Chowdhury and Smith 1988; 
Baum and Bailey 1989), the level has generally been inad- 
equate to discriminate patterns of diversity, as shown in 
this survey. Holwerda et al. (1986) did find sufficient 
mtDNA and cpDNA polymorphism within two species 
of Hordeum to discern geographic patterns of diversity. 
Rines et al. (1988) included only 2 accessions ofA. sterilis 
in their survey of mtDNA variability in Arena, but these 

Ethiopia 
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Algeria 

Israel, 

Lebanon ~ _ _  

Syria 

] 
Iran 

0.0 0.04 0.08 0.12 0.16 0.20 0.24 

Mean frequency of unique genotypes 

Fig. 4. Dendrogram constructed using a matrix of Hedrick's 
probabilities of drawing a unique genotype among the eight 
countries 

showed different banding patterns in three of the five 
digests. One limitation of plastid DNA in studies of in- 
traspecific relationships is its inability to reveal introgres- 
sion (e.g., Furnier et al. 1990). 

In the present study of nuclear RFLPs, 88% of the 
probes detected polymorphism with one restriction en- 
zyme. Among 102 accessions of Triticum tauschii, Lub- 
bers et al. (1991) found polymorphism at 80% of the loci 
using a single restriction enzyme. Among 70 Oryza sativa 
cultivars, Wang and Tanksley (1989) detected polymor- 
phism with all 10 probes by restricting the DNA with five 
different enzymes. Considerably lower levels of nuclear 
RFLPs were found in Glycine subgenus Soja (Keim et al. 
1989). 

In digests of nuclear DNA from inbred diploids, or of 
cpDNA or mtDNA, the mutational events underlying 
RFLPs can sometimes be inferred, especially if different 
digests are compared. In the present study of a hexaploid 
species, which employed a single restriction enzyme, the 
number or kind of change(s) which had produced the 
observed variants were ambiguous. Therefore, it is uncer- 
tain how well Nei's measure of DNA divergence esti- 
mates the number of base-pair substitutions per nucle- 
otide site. The second approach that we used, condensing 
all of the fragments hybridizing to a probe to a single 
banding pattern, may result in considerable loss of infor- 
mation. Nevertheless, these two approaches produced 
similar results, which increases our confidence that either 
is useful for elucidating patterns of diversity. Surveying 
the diploid species, Triticum tauschii, Lubbers et al. 
(1991) found that clustering and principal coordinate 
analysis, both based on fragment banding patterns and 
Hedrick's measure of genotype identity, produced pat- 
terns of diversity in general agreement with those found 
in morphological and isozyme studies. Song et al. (1988) 
investigated relationships within and among Brassica 
species, selecting phylogenetic trees based on parsimony 
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analysis of restriction fragments. These trees did not cor- 
respond closely to the total number of dissimilar frag- 
ments between pairs of accessions, but they did corre- 
spond to morphological and geographic groupings. 
Those authors attempted to use fragment patterns, but 
they found that those generated by different probe-en- 
zyme combinations clustered accessions in different 
ways. 

Based upon cytological evidence, Rajhathy and 
Thomas (1974) proposed that hexaploid oats evolved 
from the magna-murphyi complex of tetraploids. Since 
the magna-murphyi complex is unique to the Western 
Mediterranean region, Rajhathy and Thomas (1974) 
considered this region to be the best candidate for the 
center of origin of the hexaploid oats. Accessions from 
Morocco and Algeria, representative of that region in the 
present study, were not particularly diverse by any of the 
measures we employed. For this species, the probable 
center of origin is not a center of diversity. It is possible 
that greater variation in other parts of its range (i.e., Iran 
and Israel) resulted from evolution under environmental- 

ly heterogeneous conditions. Nevo and Beiles (1989) 
found that Israel was a center of diversity in Triticum 
dicoccoides and attributed this to Israel's range of climat- 
ic and edaphic conditions. Rezai (1977) stated that four 
clusters of A. sterilis accessions from Iran corresponded 
to different climatic zones. Of the eight countries sam- 
pled in the present study, the sample from Iran was col- 
lected from a larger area than that from any other coun- 
try. 

Rezai (1977) and others have noted geographic differ- 
ences in mean values for particular traits in A. sterilis, but 
also considerable overlap in ranges of values for those 
traits. Breeders desiring to introgress genes for large seed 
size, for example, might restrict their attention to acces- 
sions from Western Mediterranean countries in order to 
maximize the percentage of accessions with acceptably 
large seed. However, the divergence of germ plasm from 
Iraq and Iran, compared to that from Mediterranean 
countries, argues for inclusion of the former in surveys 
for any quantitative trait. Even if the percentage of ac- 
ceptable accessions from that region would be small, 
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alleles for that  trait  are likely to be different from, and 
perhaps complementary  to, those obtained f rom other 
regions. The relat ionship of  these divergent germ plasm 
pools within A.  steri l is  to that  of  A.  sat iva remains an 
interesting question. 
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