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Summary. Optimal exploitation of crop genetic
resources requires a knowledge of the range and
structure of the variation present in the gene pool of
interest. Avena sterilis L., the cultivated oat progenitor,
contains a store of genetic diversity that is readily
accessible to the oat breeder. The objectives of the
present paper were: (1) to evaluate isozyme polymor-
phisms in a sample of A. sterilis accessions from the
U.S. National Small Grains Collection, (2) to analyze
the distribution of isozyme diversity across the
geographic range of the accessions, (3) to classify the
accessions into groups based on isozyme variation,
and (4) to suggest strategies for efficient sampling of
this germplasm collection. One thousand and five
accessions from 23 countries and 679 collection sites
were screened for variation using 23 enzyme systems.
Due to limited information about the genetic
relationship among individual members of families of
ispzymes in hexaploid oat species, data were recorded
solely for band presence. The frequencies of bands in
accessions from the various countries were used to
calculate the probability of genotypic identity (I, ),
the probability of a unique genotype (U, ,), and an
adjusted polymorphic index (H,). Accessions from
Turkey and Lebanon had the largest polymorphic
index values, Turkish and Moroccan accessions
displayed the greatest numbers of bands. Accessions
from Iran, Turkey, Iraq, and Lebanon had the largest
mean probabilities of containing unique genotypes.
Based on isozyme data, Turkey appeared to represent
the center of diversity in this germplasm collection.
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Band frequencies calculated among countries were
used in a principal component analysis. Accessions
from Israel and Morocco clustered together; accessions
from Iran, Iraq, Turkey, and Ethiopia formed another
group; and Algerian accessions formed an outlying
group. Several isozyme bands had a regional
distribution. These results suggested that choosing
accessions from countries based on their groupings in
the principal component analysis should secure a
greater range of diversity than sampling from the
collection at random. Cluster analyses based on
Jaccard’s distances calculated for all pairwise com-
binations of the 1005 accessions revealed six broad
genetic groups of accessions. Groups 1 and 6 contained
accessions from many countries and encompassed
half of all accessions. Groups 2 and 4 were heavily
populated by accessions from Israel and Morocco.
Groups 3 and 5 were composed almost exclusively of
accessions from Iran, Irag, and Turkey. By selecting
representative accessions from these six groups, oat
breeders could most effectively sample the range of
genetic variation in this A. sterilis collection.
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Introduction

Avena sterilis L., the wild-weedy hexaploid progenitor
of the cultivated oat (A. sativa L.) constitutes a reservoir
of genetic diversity that is readily accessible to the oat
breeder. Both of these highly self-pollinating species
are components of a hexaploid (2n = 42) gene pool
and hybrids between them are fertile (McMullen et al.



1982). The United States National Small Grains
Collection (NSGC) houses approximately 6,000
accessions of A. sterilis and, except for data on a few
readily measurable traits such as seed protein and oil
concentrations (Rezai and Frey 1988) and the
agronomic and morphological studies of Rezai (1977),
there is little published information quantifying or
categorizing genetic diversity in this Avena collection.
In some instances, random sampling of A. sterilis
accessions has been used to select donor parents that
might contribute additional genetic variability for
traits that are difficult to evaluate on field-grown
accessions of this weak-strawed, seed-shattering wild
species (Murphy and Frey 1984). In addition, the
content of the collection is unbalanced in that
disproportionate numbers of accessions have been
collected in different countries across the geographic
distribution of the species. For example, though
geographically small, Israel is represented by almost
4500 accessions, or 75% of the collection; Turkey, while
much larger, is represented by only 350 accessions, or
5.8% of the collection. An assessment of genetic
diversity within this germplasm pool must also take
into consideration the confounding implications of
studies on the wild tetraploid Avena barbata Pott ex
Link that revealed associations between allozyme
variation and different environmental niches. Signifi-
cant allozyme variation was observed between niches
separated by distances as small as meters in addition
to niches separated by hundreds of kilometers
(Marshall and Allard 1970; Hamrick and Holden 1979;
Kabhler et al. 1980).

Because the collection and presevation of crop
genetic resources have become the focus of considerable
attention, a seeming plethora of variation has been
assembled in some species. This germplasm needs to
be evaluated to ensure the optimal utilization of these
resources by plant breeding programs (Goodman
1990). Isozyme variability has been used frequently to
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characterize germplasm collections (Brown 1978;
Goodman and Stuber 1983; Price and Kahler 1983;
Bretting and Goodman 1989; Bretting et al. 1990;
Souza and Sorrells 1991), and it should provide
additional information on genetic diversity in the
A. sterilis collection.

The objectives of this research were to: (1) evaluate
isozyme polymorphisms in a representative sample of
the A. sterilis accessions in the NSGC; (2) analyze the
stratification of isozyme diversity across the range of
distribution of these accessions, (3) systematically
classify the accessions into groups based on isozyme
variation and compare this with other methods (Rezai
1977), and (4) suggest strategies for sampling genetic
variability found in this collection.

Materials and methods

The 1005 accessions of A. sterilis evaluated in this study were
obtained from two sources. Nine hundred and sixty accessions
were provided by Dr. H. E. Bockelman, USDA, ARS, National
Small Grains Collection, Aberdeen, Idaho, USA. The remaining
45 accessions were provided by Dr. K. J. Frey, Department of
Agronomy, Iowa State University, Ames, Iowa, USA. The
accessions were selected as representative of the range of
geographical origin of accessions maintained by the NSGC,
based upon information contained in The Germplasm
Resources Information Network. Only accessions with passport
data that included country of origin and location of collection
site within that country were chosen. A total of 23 countries
and 679 collection sites were represented (Table 1).

All isozyme analyses were conducted on seedlings tracing
to one greenhouse-grown self-pollinated plant per accession.
Details of various plant tissues, extraction buffers, gel and
electrode buffers, and numerous enzyme staining protocols that
were evaluated in the process of selecting the 23 most
reproducible and consistent enzyme systems utilized in this
study (Table 2) are contained in Phillips (1992). Preliminary
studies showed that variation in isozyme phenotypes among
plants tracing to a single self-pollinated plant was rare; so, for
each accession, leaf blades and sheaths of three to five 14-day-old
seedlings (150-250mg) were macerated on ice with 100ul of
extraction buffer (Arulsekar and Parfitt 1986). Up to six paper

Table 1. Numbers of A. sterilis L. accessions, collection sites, and countries and islands of accession origin

Country No. No.
accessions collection sites
Afghanistan 3 3
Algeria 56 39
Cyprus 4 4
Ethiopia 70 21
Greece 7 5
Iran 115 91
Iraq 64 31
Israel 195 93
Italy 12 10
Kenya 12 4
Lebanon 39 24
Libya 19 15

Country No. No.
accessions collection sites
Morocco 103 70
Pakistan 2 2
Portugal 4 3
Sardinia 5 5
Sicily 12 12
Spain 49 34
Syria 25 13
Tunisia 39 37
Turkey 167 160
United Kingdom 1 1
Yugoslavia 2 2

Total 1005 679
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Table 2. Enzyme systems investigated in an isozyme study of 1005 A. sterilis accessions

Abb. Enzyme Stain protocol E.C. Gel
source® no. syst.®
ACP Acid phosphatase Stuber et al. 3.1.32 1
ACO Aconitase Stuber et al. 4213 2
AK Adenylate kinase O’Malley et al. 2743 2
ALD Aldolase Conkle et al. 4.1.2.13 1
AMP Aminopeptidase Stuber et al. 34.11.6 1
AMY Amylase Soltis and Soltis 3.2.1.1 2
CAT Catalase Conkle et al. 1.11.1.6 3
DIA Diaphorase Stuber et al. 1.6.2.2 3
ENP Endopeptidase Stuber et al. 3411~ 1
EST1-5 Esterase Stuber et al. 3.1.11 3
FLEST1,2 Fluorescent esterase Conkle et al. 3.1.1.2 2
GOT Glutamate oxaloacetate transaminase Stuber et al. 26.1.1 3
G2DH Glycerate-2-dehydrogenase O’Malley et al. 1.1.1.29 3
IDH Isocitrate dehydrogenase Stuber et al. 1.1.1.42 2
LAP Leucine aminopeptidase Conkle et al. 34.11.1 1
MDHs, f Malate dehydrogenase Stuber et al. 1.1.1.37 1
PER Peroxidase Conkle et al. 1.11.1.7 3
PGM Phosphoglucomutase Stuber et al. 2751 3
PGD 6-Phosphogluconate dehydrogenase Stuber et al. 1.1.1.44 1
PHI Phosphohexose isomerase Stuber et al. 53.19 2
SAD Shikimate dehydrogenase Stuber et al. 1.1.1.25 1
SOD Superoxide dismutase O’Malley et al. 1.15.1.1 3
TPI Triose phosphate isomerase Stuber et al. 5.3.11 3

@ References: Conkle et al. (1982); O’Malley et al. (1980); Soltis and Soltis (1989); Stuber et al. (1988)
> Gel systems: 1, Morpholine-citrate, pH 6.1; 2, Tris-citrate, pH 6.2; 3, Tris-citrate, pH 8.0

wicks (15 x 3 mm, Whatman chromatography paper, no. 3MM)
were saturated with extract and then used to load extract into
gels precooled for 1h in a 4°C refrigerated cabinet. The gels
(16 x 18 x 2cm) were made of 109 hydrolyzed potato starch
(w: volume of buffer) from Sigma Chemical Company (P.O. Box
14058, St. Louis, Mo. 63178, Cat. #54501). After 15-20 min the
loading wicks were removed from the gels. Constant voltage
was applied to the gel systems as follows: the T8.0 gel ran at
280V, T6.2 at 220V, and M6.1 at 240 V. When front migration
had progressed 10cm from the origin, the gels were cut
horizontally to yield six assayable slices per gel. Duplicate gels
for each assay were run simultaneously to aid in scoring isozyme
phenotypes. Enzyme activity staining protocols (Table 2) were
adapted from O’Malley et al. (1980), Stuber et al. (1988), Soltis
and Soltis (1989), and Conkle et al. (1982).

Because published information on the inheritance of isozyme
polymorphism in hexaploid oat species was limited to esterase
(Clegg and Allard 1972), diaphorase (Souza and Sorrells 1989)
and peroxidase (Yen and Sadanaga 1977) when this study was
initiated, and because our survey of 1005 accessions revealed
band patterns additional to those published for esterase and
diaphorase, isozyme phenotypes were recorded and assumed to
be analogous to homozygous genotypes. Although only 23
enzyme systems were stained, three had more than one distinct
zone of band activity (Table 2) based on migration distances
(Kaliler et al. 1980). Esterase gels were divided into five zones
that approximated loci described for the hexaploid weedy
A. fatua (Clegg and Allard 1972). In addition, fluorescent esterase
and malate dehydrogenase had two zones each, giving a total
of 29 zones of band activity across all 23 enzyme systems. Band
patterns observed for each zone were diagrammed in Phillips
(1992).

For each accessiomn, an isozyme band presence/absence pro-
file was recorded, consisting of a series of 134 designations of

either 1s (presence) or Os (absence) describing the two alternate
states at each of the 134 positions at which scorable bands were
observed over all 29 zones. For each enzyme zone, bands were
numbered consecutively relative to migration distance ~ i.e., po-
sition ‘1’ was nearest to the origin. Based upon the numbers of
bands per zone, the scant available information on the genetics
of isozymes in hexaploid oat, and the numbers of loci controlling
activity in more thoroughly characterized species [primarily
maize (Zea mays L., Stuber et al. (1988)], the 29 zones were
divided into three groups based upon the relative number of loci
possibly involved in expression of isozyme genotypes: putative
one ‘locus’ (ESTI-5, G2DH, FLEST2, and AMY); putative two
Goci’ (SOD, SAD, ACP, ALD, AK, CAT, ENP, FLESTI, TPI,
PGM, AMP, DIA, GOT, IDH, and PER); and putative three
‘loci’ (LAP, PHI, ACO, MDHs, MDHf, and PGD).

For each locus class, Jaccard’s distances (Sneath and Sokal
1973) were estimated between all pairs of the 1005 accessions
using the following formula:

IDL)=1——
T+ T)—M

where M was the number of band matches between accessions
I and J, T; was the total number of bands in accession I, and T,
was the total number of bands in accession J. Standardization
of Jaccard’s distances between pairs of accessions was accom-
plished by calculating the distances based on each of the three
putative locus groups separately and dividing by the standard
deviation of the distances within the appropriate putative locus
group. The three standardized distances were weighted accord-
ing to the purported portion of genetic information contained in
each distance estimate. Eight zones were assumed to be con-
trolled by a single ‘locus’, 15 zones by two ‘loci’, and six zones
by three ‘loci’. The combined Jacard’s distances between pairs of



accessions were calculated using these weightings (8:30:18) for
the three separate estimates and the appropriate standard devia-
tions. Because these distances had been adjusted for variances
and the number of enzyme bands, they did not fall in the range
of 0 to 1. To remedy this, the distances were ranged by dividing
by the maximum value of all distances.

A clustering procedure [unweighted pair-group-method algor-
ithm (Sneath and Sokal 1973)] was employed to produce a
dendrograph of the 1005 accessions of A. sterilis based upon
these standardized, weighted, and ranged Jaccard’s distances.
This dendograph was pruned arbitrarily at a level of between-
group correlation of 0.40 to reveal 50 clusters of accessions. This
level of pruning identified distinct clusters of accessions with
between three and 53 members. Other levels of pruning produced
clusters with excessively large or small numbers of accessiors.
Frequencies for each of the 134 possible bands were obtained for
these 50 clusters and for the 11 countries each represented by
more than 24 accessions.

Subsequently, these frequency data were utilized to estimate
Hedrick’s (1971, 1985) probability of genetic identity (I, ,) be-
tween each of the 50 clusters of accessions and between the
countries of accession origin. The probability of genetic identity
was calculated as follows:

Ix'y=% g |:<2 % Piijijy>/< §: Pi2jx>< i Piv)il

where B was the number of band positions, P;;, was the fre-
quency of band j at position i in group x, and g; was the number
of genotypes (1 if the band was omni-present or never present in
a group; 2 if both genotypes — presence and absence of the band —
were observed) at position i. Genetic distances were obtained by
taking the complement of the I, , values and were utilized to
construct a dendrograph of the 50 clusters of accessions using
an unweighted pair-group algorithm. This analysis revealed six
clusters of accessions (hereafter referred to as ‘broad genetic
groups’) each containing between 69 and 502 members.

A second measure of among-population diversity, the prob-
ability of a unique genotype, focused on the presence or absence
of specific genotypes averaged over all loci (Hedrick 1971). This
measure, U, had two components:

| B
UX-y=_z
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1
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B
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The first component, U, ,, was the mean probability of a band
occurring in group x but not in y, while U, , was the probability
of a band occurring in group y but not in x.

Nei and Roychoudhury’s (1974) adjusted polymorphic index
was computed for each enzyme band in the countries of origin
and the six broad genetic groups. The adjusted polymorphic
index, or gene-diversity index, for band position iin group x, H,,,
was computed as follows:

Bi
H; = [n,/(n, —1)] <1 -2 Pfjx>
j=1
where n, was the number of accessions in group x, P;;, was the
frequency of band j at position i in group X, and g; was the
number of genotypes at position i in group x. The mean gene
diversity value over B band positions was computed as:

B
H, =(1/B)<2 H)

i=1
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where B was the number of band positions. The gene diversity
value described intrapopulation diversity and was influenced
both by the number of bands and their frequencies within the
groups of accessions. A FORTRAN program for computing
Jaccard’s distance, Hedrick’s probability of genotypic identity,
the probability of a unique genotype, and Nei and Roychoud-
hury’s adjusted polymorphic index, constructed by Drs. J. P.
Murphy (North Carolina State University) and T.S. Cox
(USDA-ARS, Kansas State University), was combined with parts
of programs written by D. M. Rodgers (Murphy et al. 1986) and
McCammon and Wenninger (1970) to estimate these statistics
and to construct dendrographs (Lubbers et al. 1991). Principal
component analyses based on covariance matrices of band fre-
quencies were conducted for countries of accession origin and
the six putative broad genetic groups (SAS 1985).

Results and discussion

The 29 isoenzymatic zones identified using 23 enzyme
systems across 1005 accessions of A. sterilis together
had bands at 134 positions ranging from one band
either present or absent per zone (EST3, EST4, ESTS),
to variations in the presence of up to nine bands per
zone (MDH{, MDHs) (Table 3). Nine of the one hun-

Table 3. Enzyme zones, numbers of bands observed per enzyme
zone, and frequency of occurrence of bands in all 1005 accessions

Enzyme No. bands No. bands observed in
zone
1-250 251-500 501-750 751-1005
acc.  acc. acc. acc.

ACO 8 4 4
ACP 5 3 1 1
AK 5 2 1 2
ALD 5 3 2
AMP 6 3 1 2
AMY 4 2 2
CAT 5 3 2
DIA 4 1 3
ENP 3 3 1 1
EST-1 3 2 1

-2 3 2 1

-3 1 1

-4 1 1

-5 1 1
FLEST-1 5 3 1 1

23 1

G2DH 2 1 1
GOT 6 2 4
IDH 4 1 3
LAP 7 4 2 1
MDHs 9 5 4
MDHf 9 6 3
PER 2 1 1
PGD 6 3 2 1
PGM 5 2 2 1
PHI 8 5 1 1 1
SAD 4 1 1 2
SOD 3 1 2
TPI 5 3 2
Sum 134 67 11 13 43
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dred and thirty four possible bands were present in all
accessions, 56 bands were present in at least half of the
accessions, and 78 bands were present in less than half
the accessions. The considerable diversity that could
be found by an extensive search through this sample
of accessions was underscored by the fact that 54 of the
bands occurred in 109 or less of all accessions. Fur-
thermore, 20 bands occurred in 10 or fewer accessions
(< 1%,). Using Brown’s (1978) classification system, 60%;
of bands were regarded as common (i.e., with a fre-
quency > 10%; in at least one country) and 409, were
regarded as rare (i.e., never occurred at a frequency
> 10% in any country). Forty-four percent were classi-
fied as both common and wide-spread (i.e., common in
more than two countries). Thirty percent were classi-
fied as rare but widespread (i.e., rare, but found in more
than one country), and 109 were classified as rare and
localized (i.e., rare and only found in one country).
These data suggested that over 70% of the isozymic
variation contained in this sample of accessions could
be uncovered by intense sampling of a large number of
accessions from a few carefully chosen countries; how-

ever, the remainder would be difficult to uncover, parti-
cularly the 10% in the rare and localized category,
without a much larger sampling of both accessions and
countries. These data also forewarn of the ease with
which many rare types could be lost through attrition
of accessions, or through pursuing a policy such as
maintenance of this collection by the propagation of
accessions in bulk populations.

Stratification by accession country of origin

To preclude artifactual results from insufficient sample
sizes, this analysis was based on band frequencies in
the 11 countries represented by 25 or more accessions,
retaining 925 of the 1005 accessions (Table 1). Nei’s
adjusted polymorphic index over the 925 accessions
was 0.148 (Table 4). This value was close to the mean
(0.141) within-population heterozygosity reported for
35 populations of self-pollinated species by Bretting
and Goodman (1989).

Because accessions originating in Israel comprise
75% of the NSGC A. sterilis collection, it is worthwhile

Table 4. Isozyme bands which were heavily weighted in a principal component analysis of band frequencies for A. sterilis accessions
from 11 countries, the component(s) for which bands were weighted heavily, band frequencies, numbers of accessions, numbers of
bands, and Nei and Roychoudhury’s adjusted polymorphic index

Band Principal compo- Frequency of band in:

nent(s) with eigen-

vector coefficient All Iran Iraq Turk Eth Alg Syr Tun  Moro Iber Isr Leb

>0.10 or < ~0.10 accessions
ACP2 3 0.53 066  0.53 043 061 091 056 031 046 058 044 072
AKS 3 0.33 0.13 0.41 026 016 009 008 05 035 056 050 039
ALD1 2 0.05 000 000 000 000 002 024 000 013 000 007 031
ALD2 2 0.95 1.00 1.00 1.00 1.00 098 0.76 1.00 086 .00 093 0.69
ALD4 2 0.95 1.00 1.00 1.00 100 098 076 1.00 086 1.00 093  0.69
AMP2 1,3 0.73 .00 098 081 1.00 048 048 054 075 048 061 0.46
AMP3 1 0.18 000 000 014 000 021 0.16 041 023 019 030 041
AMY1 1,3 0.34 0.61 039 059 026 077 012 021 009 014 006 041
AMY2 3 0.33 026 036 029 034 021 000 046 030 058 034 039
AMY3 1,2 0.23 010 014 012 023 002 060 026 043 017 040 021
DIA2 2 0.85 092 094 093 044 064 092 090 096 0.1 091 0.85
ENP4 3 0.73 095 072 078 076 091 064 056 050 065 072 074
ESTI1-3 3 0.75 059 072 076 097 091 080 077 0.78 050 076  0.77
EST2-3 2 0.18 014 025 019 006 002 040 021 010 010 027 031
FLESTI1-3 3 0.30 032 044 025 021 016 024 028 046 042 025 028
FLEST2-3 2,3 0.61 0.78 034 062 053 004 076 036 088 075 067  0.67
IDH6 1 0.19 033 034 027 040 002 024 026 000 000 007 0.10
LAP1 1,3 0.21 048 041 043 019 005 016 023 005 002 002 003
LAP3 1,23 0.66 037 047 043 060 079 044 082 083 0.87 090  0.67
LAPS 1,2 0.74 100 098  0.80 1.00 032 092 051 076 048 061 054
MDH(3 1 0.07 028 027 007 007 004 000 003 002 002 000 000
MDH(f4 1 091 062 080 082 097 100 096 097 099 098 1.00 1.00
MDHf6 1 0.25 092 09 036 009 009 004 005 003 002 000 005
PER2 2 0.17 004 006 019 004 043 008 005 019 033 026 010
PGD1 3 042 052 038 048 044 025 036 033 046 050 041 0.28
PGD3 3 0.44 052 038 051 044 027 036 041 048 050 042 028
PGM5 3 0.56 033 055 054 066 025 044 059 06l 0.71 068  0.59
SADI1 1,23 0.71 0.84 075 082 089 08 000 074 051 098 073 0.21
SAD4 1 0.90 072 086 0.71 0.93 0.96 1.00 095 097 1.00 099 1.00
No. accessions 997 115 64 167 70 56 25 39 103 52 195 39
No. bands 134 107 102 116 104 100 99 105 111 101 109 103
Polymorphic index .148 135 146 152 o6 102 .139 .148 A36 0 135 128 151
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Table 5. Hedrick’s probability of a unique genotype, averaged over 134 isozyme bands, for combinations of the 11 countries each

represented by more than 24 accessions of A. sterilis

Mean probability That does not occur in country: Avg. for all
of drawing a countries
genotype from Alg Eth Iran Iraq Leb Syr Tun  Turk Mor Isr Iber

country

Algeria 0000 0.016 0014 0006 0003 0.013 0.002 0001 0.003 0003 0004 0.006
Ethiopia 0.003 0.000 0001 0001 0005 0013 0.003 0002 0004 0002 0006 0004
Iran 0012 0.006 0.000 0005 0021 0024 0010 0003 0011 0023 0017 0013
Iraq 0.010 0005 0.002 0000 0012 0018 0.009 0002 0.008 0014 0013 0.009
Lebanon 0.004 0.025 0021 0016 0000 0011 0.012 0010 0002 0001 0012 0011
Syria 0.007 0.015 0019 0011 0005 0000 0012 0011 0.004 0003 0012 0010
Tunisia 0.005 0.019 0017 0010 0005 0016 0000 0001 0.007 0003 0006 0.009
Turkey 0011 0010 0.008 0.007 0012 0021 0008 0000 0008 0010 0.012 0011
Morocco 0.009 0.016 0016 0013 0007 0011 0010 0.009 0000 0003 0009 0010
Israel 0.006 ~0.015 0.014 0008 0005 0014 0005 0.005 0.003 0.000 0.005 0.008
Iberia 0.005 0.014 0014 0007 0005 0017 0003 0.003 0003 0.002 0.000 0.007
Any other country 0.007 0.014 0013 0008 0.008 0016 0.007 0.005 0005 0.006 0010

to utilize Israel as a benchmark for comparisons with
other countries. Among the countries or regions re-
presented in this study by the largest numbers of acces-
sions, within-country diversity was greatest for Turkey,
followed in decreasing order by Lebanon, Tunisia, Iraq,
Syria, Morocco, Iran, Iberia (Spain and Portugal com-
bined), and Israel. Joint consideration of the number
of representative accessions, the number of bands ob-
served, and the polymorphic indices, indicated that
accessions originating in several countries — including
Iran, Iraq, Turkey, Morocco, Spain and Portugal, and
perhaps Tunisia and Lebanon — would be as fruitful a
source of isozyme variation in this collection as acces-
sions from Israel.

Therangein I, ,, Hedrick’s probability of genotypic
identity, between pairs of these 11 countries was 0.942
to 0.990 (data not shown). The country or region pairs

=
0.841
Iran Iraq
ﬁb <r Turkey Ethiopia Tunlsla¢
3¢
0.16 4
*\\
oy | A ] A g

that had the most similar genotypic arrays were Israel-
Morocco, Israel-Tunisia, Israel-Iberia, and Turkey-
Iraq. Turkey had the highest overall genotypic identi-
ties with other countries (range 0.973-0.986), reflecting
its high level of isozyme diversity.

The mean probability of discovering a unique geno-
type (U, ,) in country x, not represented in country vy,
was largest (Table 5) for accessions from Iran (0.013),
Turkey (0.011), and Lebanon (0.011). The converse
(U, ,), the probability of lacking a genotype found
in another country, was smallest for Turkey (0.005),
Morocco (0.005), Israel (0.006), Tunisia (0.007), and
Algeria (0.007). Iranian accessions contained the high-
est frequency of unique genotypes relative to Israeli
accessions, and the probability of finding a unique
variant in Turkish accessions, not found in Israeli ac-
cessions, was twice the reciprocal probability. The ideal

Iberia
Morocco

o

Syria

H Lebanon
T - 138 Fig. 1. Plot of the first three principal
component scores for 11 countries repre-
bas sented by more than 24 accessions of
A. sterilis, based on the covariance matrix
PC2 of isozyme band frequencies among 11

countries. The first component accounted
for 34% of the total variance; the second
and third accounted for 18 and 159,
respectively
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from the perspective of a plant breeder wishing to
screen a germplasm collection is to identify a country
or region with a high mean U, , and a low mean U,
as these accessions would contain the most compre-
hensive sample of the diversity in the germplasm collec-
tion. For this data set, Turkey best fits these criteria.

In his analysis of morphological and agronomic
traits in 457 accessions of A. sterilis, Rezai (1977) con-
cluded that Israel was the center of diversity for acces-
sions of the species in the NSGC. Nevertheless, he
found that accessions from Iran, Iraq, and Turkey had
the most variation for the vegetative traits measured.
In addition, Turkey had the greatest within-country
variance components for five of the fifteen traits mea-
sured. Approximately one-half of Rezai’s accessions
were examined in this study; joint consideration of his
findings and our data on isozyme variation suggested
that Turkish accessions may also represent a center of
diversity in this germplasm collection,

Clustering of countries based upon principal com-
ponent analysis (Fig. 1) reflected relationships previous-
ly mentioned for genotypic identities (I, ). Turkey,
Iraq, Iran, and Ethiopia were separated from the seven
other countries on the first principal component which
accounted for 34% of the variation in band frequencies.
Israel, Morocco, Tunisia, and Iberia clustered toge-
ther, as did Lebanon and Syria. Algeria was the outlier
in this analysis. It was somewhat unexpected that cluste-
ring would occur between countries at the eastern and
western end of the Mediterranean basin, yet Rezai
(1977) also reported clustering of accessions from Israel
and Morocco. Rezai and Frey (1988) subsequently de-
fined the eastern and western Mediterranean as two
distinct regions pertaining to panicle and seed char-
acteristics when Israeli accessions were excluded from
the analysis. The distinction was less evident when
Israeli accessions were included, because the means of
four of the six distinguishing traits were almost identi-
cal for Israeli and Moroccan accessions.

Sixteen enzyme systems with a total of 29 bands
were heavily weighted in the eigenvectors of the first
three principal components (Table 4). These 29 bands
exhibited significant among-country variation (data
not shown). A considerable portion of the genome
probably contributed to the differentiation among
countries, as 559 of the enzyme systems studied, 63%
of putative ‘loct’, and 229 of the total bands observed,
are included in Table 4. Examination of patterns of
distribution of the 29 bands identified as important in
the principal component analysis aided interpretation
of the clustering in Fig. 1. Iran, Iraq, and Turkey had
band frequency differences of less than 0.21 for ten of
the thirteen most important bands in the first principal
component. Israel, Lebanon, and Syria had similar
frequencies for six of the thirteen bands. Only five of
the thirteen bands had similar frequencies over acces-

sions originating in Algeria, Morocco, Tunisia, and
Iberia. The observed tendency for Israeli and Mor-
occan accessions to cluster can be explained by their
similarity in frequencies for 12 of the 13 important
bands. Regional distribution of certain bands was ob-
served for four of the six enzyme zones which were
influential in separating the 11 countries. Both AMP2
and AMP3 were at extreme frequencies in accessions
from Iran, Iraq, Turkey, and Ethiopia; other regions
had these bands at intermediate frequencies. Three
LAP bands (1, 3, and 5), and twe MDHf bands (3 and
6) also contributed to the separation of some or all of
the Iran-Iraq-Turkey accessions from other countries.
Band IDH6 was more common in the western range
of the species (Iran, Iraq, Turkey, and Ethiopia) than
in the eastern range. Band AMY3 was more common
in Israel, Syria, and Morocco than in other countries.
These data seemed to indicate that isozyme variation
was not randomly distributed across the geographic
range of the species. Regional partitioning of several
isozyme bands probably reflected correlations among
particular isozyme genotypes and certain environmental
features.

These data indicated that random sampling of acces-
sions in the NSGC would be an inefficient approach if
the goal was to maximize isozyme variation in the
resulting sample. Such a strategy would result in a
sample comprised of 759 Israeli accessions. While the
Israeli accessions contain substantial variation based
on the stratification revealed in this analysis, a more
efficient approach would be to choose equal numbers
of accessions from the countries with: (1) large poly-
morphic indices (Table 4), (2) high probabilities of con-
taining unique bands, (3) low probabilities of lacking
bands (Table 5), and (4) from countries representing the
clusters revealed in Fig. 1. On a macrogeographic scale,
Turkey, Iran, Iraq, and Ethiopia formed one cluster of
countries whereas the Mediterranean basin — particu-
larly Israel, Morocco, Tunisia, and Iberia — formed a
second cluster. Algerian accessions appeared to form a
third cluster.

While selection of accessions from several countries
would be most appropriate, our data illustrated that
Turkey was a possible center of diversity for isozyme
variation in this collection. It is noteworthy that
Turkey was represented by 160 collection sites, the
largest for any country in this study; and this may have
been very significant given the amply demonstrated
association between ecological and isozyme variation
in Avena and other species (Hamrick and Holden 1979;
Nevo et al. 1979; Kahler et al. 1980; Nevo.and Beiles
1989; Souza and Sorrells 1989). The detailed informa-
tion (e.g., latitude, longitude, altitude, minimum and
maximum temperatures, moisture, etc.) necessary for
an analysis of potential ecological and isozyme varia-
tion association was unavailable for these accessions.



Nevertheless, it would be important for any sampling
strategy to maximize the number of collection sites
within countries whenever that information is
available.

Stratification of accessions disregarding provenance
information

By defining accessions from a country as the initial
population, one can inadvertently consolidate broad
geographical areas that may contain dissimilar
environments and widely differentiated populations.
Alternatively, clustering that combines accessions from
disparate countries may be based on similarities in
environmental features at collection sites, assuming
that some isozyme variability is associated with adap-
tive value. Rezai (1977) found large within-country
variation for several traits in A. sterilis, and his analysis
revealed ten groups of accessions, many of which con-
tained accessions from several countries.

The dendrograph based on Jaccard’s distances be-
tween all pairs of 1005 accessions revealed 50 clusters
of genetically similar accessions when pruned at 0.40.
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1 6 2 4 3 5
Algeria (56) 48 0 6 0 1 1
Ethiopia (70) 61 3 3 0 1
Iberia (52) 31 0 8 13 0 0
Iran (115) 3 13 0 1 26 40
Iraq (64) 30 3 0 15 12
Israel (195) 87 10 58 35 5 0
Lebanon (39) 8 12 9 7 3 0
Morocco (103) 61 10 22 10 0 0
Syria (25) 10 2 4 7 2 0
Tunisia (39) 16 2 14 6 1 0
Turkey (167) 72 AN 18 12 15 18
Others (80) 43 10 1 13 1 2
Total (1005) 502 97 156 106 69 75

Fig. 2. Dendrograph based on a matrix of genetic distances
(1 —1,,)among six broad genetic groups of A. sterilis accessions,
with total numbers of accessions in each group and numbers
from each country in each group

Table 6. Isozyme bands which were heavily weighted in a principal component analysis of band frequencies for six broad genetic
groups of A. sterilis, the component(s) for which the bands were weighted heavily, band frequencies, numbers of bands, and Nei

and Roychoudhury’s adjusted polymorphic index

Band Principal compo- Frequency in:

nent(s) with eigen-

vector coefficient All Genetic group

>0.10 or < —0.10 accessions

1 2 3 4 5 6

ACP2 1 0.53 0.61 0.32 0.28 045 0.84 0.50
AK4 2 0.89 0.92 0.96 041 0.97 093 0.86
AMP2 1,3 0.73 0.85 0.25 0.96 0.49 1.00 0.78
AMP3 1,3 0.18 0.05 0.65 0.00 0.36 0.00 0.18
AMY1 1 0.33 0.30 0.19 0.65 0.18 0.64 045
ENP3 1,23 0.13 0.03 0.01 0.01 1.00 0.03 0.03
ENP4 1,3 0.73 0.84 0.74 0.77 0.00 0.87 0.76
ENP5 1,2,3 0.87 0.97 0.99 0.99 0.00 0.97 0.97
G2DH1 2 0.46 0.50 0.46 0.10 0.58 0.60 0.28
G2DH2 2 0.54 0.50 0.54 0.90 043 0.40 0.72
IDH6 2,3 0.19 0.19 0.05 0.74 0.09 0.17 0.12
LAP1 1,2 0.21 0.17 0.03 0.06 0.05 0.93 040
LAP3 1 0.65 0.68 0.85 0.73 0.84 0.12 0.37
LAPS 1,3 0.74 0.82 033 0.97 0.58 0.97 0.83
MDHf2 1 0.05 0.00 0.00 0.00 0.00 0.52 0.06
MDH{f4 1,2 0.91 0.96 0.99 099 1.00 0.11 0.92
MDH;f6 1,3 0.25 0.16 0.03 0.83 0.07 0.97 0.28
MDH(8 1,2 0.93 0.98 0.99 1.00 1.00 0.27 0.93
PGD3 2 0.44 0.44 0.51 0.68 0.39 0.28 0.32
PHIS 2,3 0.63 0.65 0.74 0.15 0.57 0.81 0.57
PGM5 2 0.55 0.58 0.66 0.25 0.69 044 042
SAD2 2 0.07 0.03 0.01 0.45 0.06 0.01 0.14
SAD4 1 0.89 0.92 0.99 0.97 0.98 0.41 0.83
No. accessions 1005 502 156 69 106 75 97
No. bands 134 129 114 107 106 101 119
Polymorphic index .148 132 128 117 126 126 .166
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Table 7. Hedrick’s probability of a unique genotype based on presence/absence of 134 isozyme bands, for all combinations of six

broad genetic groups of A. sterilis

Mean probability That does not occur in genetic group: Avg. for all
of drawing a groups
genotype from 1 2 3 4 5 6
genetic group
1 0.000 0.001 0.005 0.023 0.007 0.002 0.008
2 0.000 0.000 0.011 0.022 0.017 0.001 0.010
3 0.000 0.002 0.000 0.025 0.006 0.003 0.007
4 0.000 0.001 0.007 0.000 0.013 0.001 0.004
5 0.001 0.008 0.019 0.044 0.000 0.005 0.015
6 0.002 0.005 0.010 0.027 0.018 0.000 0.012
Any other group 0.001 0.003 0.010 0.028 0.012 0.002

s *
PC3
1.14 jb'
0.41 -

=0.32 J

=1.06 v
237

The mean number of accessions per cluster was 20 and
ranged between three and 53 accessions (Phillips 1992).
To summarize the information in this dendrograph, an
additional cluster analysis based upon the complement
of the mean probability of genetic identity (1 —1, )
between these 50 clusters revealed five broad groups of
accessions containing a total of 908 accessions (Fig. 2).
The remaining 97 accessions not included in any of the
five clusters were assigned to a sixth group.

Genetic group 1 contained half of the accessions in
the study and 129 of the 134 bands (Table 6). It in-
cluded over 80% of the Ethiopian and Algerian acces-
sions and over 40% of the Israeli, Moroccan, Iraqi,
Iberian, and Turkish accessions (Fig. 2). It could justifi-
ably be classified as a ‘broad’ genetic group based upon
its low mean U, , (Table 7). Group 1 probably should
be the source of a considerable portion of a stratified
sampling of this germplasm collection based upon iso-
zyme variation. Each of the other five groups also

Fig. 3. Plot of the first three principal
component scores for six broad genetic
groups of A. sterilis, based on the
covariance matrix of isozyme band
frequencies among six groups. The first
component accounted for 46%; of the total
variance; the second and third accounted
for 28 and 15%, respectively

should be sampled; although they may not be as in-
clusive as group 1 in overall genetic content, their
divergent frequency arrays may reflect valuable adap-
tational variation. Group 6 was comprised of only 97
accessions and contained the second largest number of
bands (Table 6). Its large polymorphic index reflected
its contingent of accessions that failed to cluster with
any of the other five groups. It also contained unique
bands not found in group 1 and had a low mean U,,.
Group 6 contained seven of the 12 Kenyan accessions,
12 of the 39 Lebanese accessions, and 32 of the 167
Turkish accessions (Fig. 2).

The principal component plot based upon genoty-
pic frequencies in each of the six groups illustrated the
divergence between groups 3 and 5 versus groups 2 and
4 (Fig. 3). Although this reflected the previous separa-
tion of country clusters Turkey-Iraq-Iran from Israel-
Western Mediterranean, the inherent deficiency of a
simple grouping of accessions by country of origin was



demonstrated by the divergences between groups 3 and
5 between groups 2 and 4. Group 4 — containing 189,
of the Israeli, 10% of the Moroccan, and 259 of the
Iberian accessions — is notable for having the highest
mean U, , of all the groups (Table 7). It is separated
from group 2, also dominated by Israeli and Western
Mediterranean accessions, on the basis of differences
for the ENP and AMP enzyme systems (Table 6). In
contrast, groups 3 and 5 - which are distinctly com-
posed of accessions from Turkey, Iraq, and Iran - are
separated by differences for nine of the enzyme systems
(Table 6). Groups 1 and 6 plot near cach other, reflect-
ing the larger degree of similarity in band frequencies
between these groups.

Devising a strategy for sampling A. sterilis

One of the goals of this study was to devise a procedure
to sample the genetic variation contained in the NSGC
of A. sterilis. A systematic, representative sample of
the 1005 A. sterilis accessions was identified by
selecting 24 equidistantly spaced accessions across
each of the six broad genetic groups identified in the
cluster analysis. These 144 accessions contained 859,
of all band patterns observed in the 29 enzyme zones
over all 1005 A. sterilis accessions. An additional 28
accessions, identified as possessing the remaining rare
band patterns lacking in the initial set of 144
accessions, were added to give a set of 172 accessions
that comprehensively represented the range of isozyme
diversity found in this study. This collection is not the
only ‘core collection’ which could have been con-
structed from these 1005 accessions; however, it does
contain all isozyme bands and the accessions come
from throughout the geographic range of the species.

The six broad genetic groups of A. sterilis
determined by isozyme analysis in this study, together
with Rezai’s (1977) clusters based on morphological
and agronomic data, can serve as sources of parental
material in oat breeding studies. By selecting acces-
sions from each cluster, some clusters may be identified
as superior contributors of useful variation to culti-
vated oat when compared to the collection as a whole.
This information could then be used to determine
additional sources (accessions) to exploit. In a similar
manner, perhaps new collecting expeditions would be
warranted if certain regions are identified as being rich
in useful alleles.

Finally, it should be re-emphasized that this data
set was based upon evaluation of progeny from a single
self-pollinated plant per accession. This sampling
procedure was used in order to maximize the numbers
of accessions and collection sites investigated. Within-
accession phenotypic variation for seed characteristics
was sometimes observed among seeds received from
the NSGC. The relative amount of isozyme variation
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within -and between accessions warrants further
investigation. A list of the 172 ‘core’ accessions and a
list of all 1005 accessions evaluated and the putative
broad genetic group to which they belong are available
from the senior author.
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