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Abstract Crop germplasm collections contain a consider-
able percentage of misclassified accessions which may
affect the use of germplasm for agricultural crop improve-
ment. The objective of this study was to determine if
random amplified polymorphic DNA (RAPD) analysis
could be used to reclassify misclassified ¹riticum acces-
sions. Twelve accessions suspected to be misclassified,
based on morphological characters, as either macha or
vavilovii wheat were studied using RAPD and cytological
analyses. In the RAPD analysis, a dendrogram, based on
Jaccard genetic similarity coefficients, grouped 5 dicoc-
cum-like, 1 timopheevii-like, and 6 monococcum-like acces-
sions with ¹riticum dicoccum, ¹. timopheevii, and ¹.
monococcum accessions, respectively. These results were
confirmed by the cytological analysis. A RAPD marker
specific to the D genome was also detected. This study
suggests that RAPD analysis can be used to classify
germplasm and to distinguish some species in ¹riticum.
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Introduction

Germplasm collections play a very important role in
the genetic improvement of cultivated plants. However,
germplasm collections may have a considerable per-
centage of accessions misclassified, either from erron-
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eous identification or inadvertent misplacement of the
correct label (Hurka 1994). In the collection of the Inter-
national Centre for Agricultural Research in the Dry
Areas (ICARDA), more than 2,000 of 11,647 durum
accessions were found to be hexaploid wheats, primarily
bread wheat (¹. aestivum L.) (Pecetti et al. 1992). An-
other problem of germplasm collection is accession du-
plication. Approximately 15% of the accessions in the
same durum wheat collection were duplicated, mainly
because the same entries had been received from differ-
ent sources (Pecetti et al. 1992). Accession duplication
not only increases the cost of storing, handling, and
regenerating duplicate accessions but also decreases the
efficiency of evaluating collections (Toledo et al. 1989).
Thus, careful examination is required to identify the
species or accessions correctly and list them appropriate-
ly. Molecular markers are potential tools to effectively
and efficiently identify genetic relatedness (Kresovich et
al. 1992). The random amplified polymorphic DNA
(RAPD) technique has been used to produce species-
specific molecular markers in the Triticeae (Wei and
Wang 1995). Thus markers can be used to identify
species or reclassify misclassified germplasm.

While investigating relationships among five groups
of hexaploid wheat (¹riticum aestivum): macha, spelta,
common wheat, vavilovii, and semi-wild wheat (SWW),
16 of 124 accessions of either macha, vavilovii, or spelta
were considered to be misclassified based on morpholo-
gical characteristics. The objective of the study presented
here was to use these materials to determine whether, in
the absence of any other data, RAPD analysis could be
used to correctly classify ¹riticum accessions.

Materials and methods

Plant materials

The 12 accessions included in collections as either macha or
vavilovii but apparently misclassified (based on phenotype) and the



Table 1 Twelve accessions
thought to be misclassified and
accessions of the six known
¹riticum species used in
the study

Number Accession Species! Growth Chromosome
habit number

1 PI 352369 ¹. tur.-dicoc. (CK) Spring 28
2 G 1910 Misclassified Winter 28
3 G 1911 Misclassified Winter 28
4 G 1914 Misclassified Winter 28
5 P GR3975 Misclassified Spring 28
6 P GR3978 Misclassified Spring 28
7 PI 355512 macha wheat (CK) Winter 42
8 PI 352267 ¹. monococcum (CK) Spring 14
9 PI 428154 Misclassified Spring 14

10 PI 428155 Misclassified Winter 14
11 PI 428156 Misclassified Winter 14
12 PI 428157 Misclassified Winter 14
13 PI 428159 Misclassified Winter 14
14 PI 428162 Misclassified Winter 14
15 PI 428343 vavilovii wheat (CK) Winter 42
16 PI 343447 ¹. timopheevii (CK) Spring 28
17 PGR 4005 Misclassified Spring 28
18 PI 355503 ¹. tur.-dicoc. (CK) Spring 28

! CK, Check; ¹. tur.-dicoc., ¹. turgidum ssp. dicoccum

6 known ¹riticum accessions used in this study are listed in Table 1.
The PI series accessions were kindly provided by Dr. Harold E.
Bockelman, National Small Grains Collection, United States De-
partment of Agriculture, whereas the accessions with a PGR desig-
nation were supplied by Dr. G. Baillargeon, Plant Gene Resources
of Canada (PGRC), Ottawa, Canada. The remaining G series acces-
sions were provided by Dr. L. Seidewitz, Bundes Forschunganstalt
für Landwirtschaft, Braunschweig, Germany.

Crosses and cytological study

Three spring-type accessions (PGR3978, PI428154, and PGR4005)
representing misclassified dicoccum-like, timopheevii-like, and
monococcum-like accessions, respectively, were used in a cytological
analysis. For chromosome pairing observations, crosses between
those known species accessions and plants suspected to be of same
species were made based on morphological similarity and root-tip
chromosome counts. These were ¹riticum turgidum ssp. dicoccum
(PI352369)/PGR3978, ¹. turgidum ssp. dicoccum (PI355503)/
PGR3978, ¹. timopheevii (PI343447)/PGR4005, and ¹. monococcum
(PI352267)/PI428154. F

1
s and their parents were planted in the field,

and young spikes were collected between 10 : 00 a.m. and 1 : 00 p.m.
and fixed with Carnoy’s solution (6 : 3 : 1, alcohol : chloroform : acetic
acid) for meiotic studies. The number of chiasmata was estimated for
each F

1
and its parents by observing approximately 100 pollen

mother cells and calculated using the following formula: estimated
number of chiasmata"2(number of ring bivalents)#1(number
of rod bivalents)#2(number of trivalents)#4(number of ring
quadrivalents).

Oligonucleotide primers

Oligonucleotide primers (10-mer) were purchased from the Biotech-
nology Laboratory, University of British Columbia, while 9—mer
primers were synthesized on an Applied Biosystems Model 394
DNA synthesizer using beta—cyanoethyl phosphoramidite chem-
istry. Each primer (10-mer and 9-mer) was dissolved separately in
water to yield a DNA concentration of 5 lM and stored at !20°C.

DNA isolation and polymerase chain reaction (PCR) procedure

DNA extraction was based on the methods described by Procunier
et al. (1990). The PCR methodology followed that described by Joshi
and Nguyen (1993). The PCR products with 5 ll of loading buffer
were separated by electrophoresis using a 1.5% (w/v) agarose gel in
TRIS-acetate (TAE) buffer. Gels were stained with ethidium bro-
mide (68 lg/ml). DNA fragments were then visualized under UV
light and photographed using a gel documentation system (DiaMed
Lab Supplies). Sizes of amplified products were estimated by com-
paring with a 1-kb DNA ladder (BRL, Bethesda, Md.).

Data scoring and analysis

The amplified fragments were scored from the lower molecular-
weight products to the higher molecular-weight products. The
presence of a product was identified as ‘‘1’’ and its absence was
designated as ‘‘0’’. Although a few faint bands were produced, only
the bright ones were used in this study. The data were analyzed using
the SIMQUAL (Similarity for Qualitative Data) routine to generate
Jaccard similarity coefficients. These similarity coefficients were used
to construct dendrograms using the unweighted pair group method
with arithmetic averages (UPGMA) employing the SAHN (Sequen-
tial, Agglomerative, Hierarchical, and Nested clustering) from the
NTSYS-PC (Numerical Taxonomy and Multivariate Analysis
System), version 1.80 (Applied Biostatistics) program.

Results

Morphological and cytological study

Six of the potentially misclassified accessions had 28
chromosomes, and 6 had 14 chromosomes (Table 1).
Thus, the root-tip chromosome counts confirmed that
these 12 ¹riticum accessions were not hexaploid
wheats.
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Fig. 1a–c Spikes of ¹riticum timopheevii accession PI343447 a,
a misclassified accession PGR4005 b, and vavilovii wheat accession
PI428343 c

Spikes of 1 accession (PGR4005) with 28 chromo-
somes resembled ¹riticum timopheevii (Fig. 1). This
wheat had a laterally compressed spike and long awns
and was non-free-threshing as a result of glumes which
tightly held the grains. The spike was tapered at the
base and tip, rather brittle, and easily disarticulated
into individual spikelets at maturity, each with an at-
tached rachis segment. Each spikelet contained two
long grains. In addition, the entire plant was pubescent.

Spikes of 5 other misclassified accessions with 28
chromosomes resembled ¹riticum turgidum ssp. dicoc-
cum (Fig. 2). These accessions had tough glumes and
were non-free-threshing. The spikes of the wheat were
laterally compressed and had long awns. The rachis
was fragile and disarticulated at the narrowest basal

Fig. 2a–c Spikes of ¹riticum turgidum ssp. dicoccum accession
PI352369 a, a misclassified accession PGR3978 b, and macha acces-
sion PI355512 c

end of each internode, each separated spikelet carrying
a fragment of rachis. Each spikelet contained two grains.

The 6 misclassified accessions with 14 chromosomes
had tough glumes and a small spike like ¹riticum
monococcum (Fig. 3). The spikes of the wheat were
compressed, erect, laterally flattened, and had long
awns. The rachis was flattened and very fragile. Each
spikelet had two florets, but only one small pointed
grain was present in the spikelet at maturity.

Chiasma frequencies in each F
1

and its parents are
presented in Table 2. Chromosome pairing in all F

1
s

was comparable to that of the parents. The data in-
dicated that the misclassified accessions PI428154,
PGR3978, PGR4005 were ¹. monococcum, ¹. turgidum
ssp. dicoccum, and ¹. timopheevii, respectively. The
results were thus consistent with the morphological
observations. In addition, a ring quadrivalent (Fig. 4)
was found in the hybrids ¹. turgidum ssp. dicoccum
(PI352369)/PGR 3978 and ¹. turgidum ssp. dicoccum
(PI355503)/PGR3978 at a very high frequency, indicat-
ing that a chromosome translocation existed between
PGR3978 and those 2 accessions.

RAPD analysis

Twelve random primers were used in this study. One
hundred and one polymorphisms were detected in the
18 accessions by the 12 primers, an average of 8.4
polymorphisms per primer. The polymorphisms pro-
duced by 1 primer with the 18 accessions of ¹riticum
are shown in Fig. 5. Species-specific markers were de-
tected for ¹riticum aestivum (AABBDD) (Fig. 6) and ¹.
timopheevii (AAGG) (Table 3). Specific markers were
not identified for ¹riticum turgidum ssp. dicoccum
(AABB) or ¹. monococcum (AA).

Fig. 3a–c Spikes of ¹riticum monococcum accession PI352267
a, a misclassified accession PI428154 b, and macha accession
PI355512 c
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Table 2 Number of chiasma observed at metaphase I in F
1
s of

3 misclassified wheat accessions crossed with ¹riticum species and
their parents

Cross or Number of Means of P value!

parent cells observed chiasma

PI352369 205 27.70$0.03" 0.49
PGR3978/PI352369 207 27.62$0.11
PGR3978 209 27.80$0.04 0.28

PGR3978 209 27.80$0.04 0.58
PI355503/PGR3978 210 27.69$0.19
PI355509 211 27.86$0.04 0.43

PGR4005 207 27.38$0.03 0.62
PI343447/PGR4005 206 27.33$0.08
PI343447 207 27.38$0.23 0.85

PI352267 225 13.29$0.10 0.67
PI352267/PI428154 231 13.25$0.00
PI428154 223 13.26$0.03 0.47

!P value calculated between F
1

and its each parent
"Standard deviation

Fig. 4 A ring quadrivalent was found in the hybrid ¹. turgidum ssp.
dicoccum/PGR3978. An arrow indicates the quadrivalent

Fig. 5 Polymorphisms revealed in 6 known and 12 misclassified
¹riticum accessions using the primer UBC229. ¸ane numbers refer to
the accessions listed in Table 1. M 1-kb DNA molecular-weight
marker

Fig. 6 D-genome specific RAPD marker revealed by the primer
RC18. MI Misclassified ¹riticum accessions, MA macha, ¹M
¹riticum monococcum, »A vavilovii, ¹D ¹riticum turgidum ssp.
dicoccum, ¹¹ ¹riticum timopheevii. M 1-kb DNA molecular-weight
marker

Table 3 Species-specific RAPD markers found in ¹riticum tim-
opheevii and ¹riticum aestivum

Species Marker!

¹. timopheevii UBC225
510

, UBC225
520

, UBC254
900

, UBC295
280

¹. aestivum UBC250
410

, UBC295
410

RC18
510

!Name of primers before and the size of amplified fragments in
subscript

Fig. 7 Dendrogram of 6 ¹riticum accessions and 12 misclassified
accessions based on Jaccard coefficients using 101 RAPD polymor-
phisms. ¹D ¹riticum turgidum ssp. dicoccum, MA macha, ¹M
¹riticum monococcum, »A vavilovii, ¹¹ ¹riticum timopheevii

A dendrogram (Fig. 7) based on Jaccard coefficients
using RAPD polymorphism data indicated that 6 of
the misclassified wheats (PI428154, PI428155, PI428156,
PI428157, PI428159, PI428162) clustered together
with ¹riticum monococcum, 5 (G1910, G1911, G1914,
PGR3975, PGR3978) with ¹. turgidum ssp. dicoccum, and
1 (PGR4005) with ¹. timopheevii. The RAPD results were
thus in agreement with the cytogenetic data and the mor-
phological observations. It can be concluded that among
the 12 misclassified accessions received as ¹riticum
aestivum, 6 (PI428154, PI428155, PI428156, PI428157,
PI428159, PI428162), 5 (G1910, G1911, G1914, PGR3875,
PGR3978) and 1 (PGR4005) were ¹riticum monococcum,
¹. turgidum ssp. dicoccum, and ¹. timopheevii, respectively.
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Discussion

Genome analysis can determine the genomic composi-
tion of polyploid species and elucidate phylogenetic
relationships among plant taxa. The cultivated diploid
(¹. monococcum), tetraploid (¹. turgidum ssp. dicoc-
cum), and hexaploid wheat species (¹. aestivum) have
the genomes AA, AABB, and AABBDD, respectively
(Gaines and Aase 1926). The traditional method to
assess genomic affinities among species has been the
study of chromosome pairing in their hybrids.
The degree of chromosome pairing at meiotic meta-
phase I in a hybrid is generally a good indicator of the
degree of genomic relatedness. In the current study,
complete chromosome pairing was observed in the
hybrids of ¹. monococcum with PI428154, ¹. turgidum
ssp. dicoccum with PGR3978, and ¹. timopheevii with
PGR4005. Based on these cytogenetic findings, the
misclassified accessions PI428154, PGR3978, and
PGR4005 could be classified as members of the species
¹. monococcum, ¹. turgidum ssp. dicoccum, and ¹.
timopheevii, respectively. Genome analyses based on
chromosome pairing, however, can be misleading as
the amount of chromosome pairing not only depends
on the degree of homology between the chromosomes
but may also depend on genetic factors (Sears 1976).
Therefore, to verify the classification of wheat ger-
mplasm, one should combine cytogenetic analysis with
isozyme, storage protein, and/or DNA analyses.

Molecular markers have been used to confirm the
identity of the ancestral taxon. Restriction fragment
length polymorphism (RFLP) (Hosaka et al. 1990;
Song et al. 1990) and RAPD (Demeke et al. 1992)
analyses revealed the relationships between diploid and
amphidiploid Brassica taxa and supported the classical
U triangle relationship. The current RAPD analysis
was able to confirm that the misclassified accessions
belonged to species ¹. turgidum ssp. dicoccum, ¹. mono-
coccum, and ¹. timopheevii (Fig. 7). The results of the
RAPD analysis were consistent with those of the mor-
phological observation and the cytogenetic analysis.

The RAPD technique is being increasingly used for
the development of chromosome-, genome-, and spe-
cies-specific markers. Chromosome-, genome-, and
species-specific markers have been developed using
alien addition lines of Brassica (Quiros et al. 1991).
Chromosome-specific RAPD markers have also been
identified in tomato and wheat using nulli-tetrasomic
lines (Klein-Lankhorst et al. 1991; King et al. 1993;
Wang et al. 1995). Wei and Wang (1995) analyzed eight
different genomes in the Triticeae using the RAPD
technique. Twenty-eight genome-specific markers were
found with 1—6 genome-specific markers per genome,
leading them to conclude that the RAPD technique can
be used to develop genome-, species-, and chromo-
some-specific markers. In the current RAPD study,
species-specific markers were detected for ¹riticum aes-

tivum (AABBDD) and ¹. timopheevii (AAGG) but not
for ¹. turgidum ssp. dicoccum (AABB) or ¹. monococ-
cum (AA). The A genome is common to all three species,
while the B genome is common to ¹. aestivum and ¹.
turgidum ssp. dicoccum, possibly explaining why no
specific markers were found for ¹riticum turgidum ssp.
dicoccum and ¹. monococcum. Thus, the species-specific
markers for ¹. aestivum and ¹. timopheevii may be
D-genome and G-genome specific, respectively. If con-
firmed using more accessions, these RAPD markers
could be useful in studies of genome evolution, the
analysis of genome composition, and genome identi-
fication. For example, the presence or absence of
a genome in a polyploid species of Triticeae can be
simply tested by RAPD analysis with a selected primer.
In traditional genome analysis, the polyploid species is
hybridized with an appropriate diploid species, and
chromosome pairing is investigated at meiotic meta-
phase of the hybrids. If seven pairs of chromosomes
are found at metaphase I it is presumed that a genome
from the polyploid species is the same as that in the
diploid species. Thus, at least three hybridizations
are needed for the genome analysis of a hexaploid. There-
fore, RAPD analysis is easier and faster than chromo-
some pairing analysis for the determination of genome
composition in a polyploid species. The availability of
these genome-specific markers for use in genome analy-
sis can eliminate the number of polyploid]diploid
hybridizations needed in traditional genome analyses.

In the current study, a ring quadrivalent was found
at meiosis in the hybrids of PI352369 (¹. turgidum ssp.
dicoccum)/PGR3978 and PI355503 (¹. turgidum ssp.
dicoccum)/PGR3978 (Fig. 1). Translocations in durum
wheat were investigated by Perera et al. (1983). They
reported that 21 of 48 cultivars (43.7%) had a translo-
cation. Preliminary studies have indicated that recipro-
cal translocations in ¹. turgidum are common. Joppa
et al. (1995) investigated chromosome translocations in
wild populations of tetraploid emmer wheat from Israel
and Turkey. Of the 171 genotypes investigated 70%
had translocations. The results also revealed that the B-
genome chromosomes were involved in translocations
more frequently than the A-genome chromosomes.
These translocations might have an important role in
wheat evolution and genetic diversity.

Misclassification of accessions is one of the con-
straints in the utilization of plant germplasm (Porceddu
and Srivastava 1990). Pecetti et al. (1992) found that
about 15% of durum accessions were misclassified in
the ICARDA germplasm collection. In the current
study, 13% of 124 wheat germplasm accessions were
misclassified. Such a high percentage of misclassified
wheat germplasm suggests that wheat germplasm col-
lections may need to be surveyed to identify and reclas-
sify misclassified accessions. In the future, more
genome- and species-specific markers should be de-
veloped. These markers would be useful for surveying
wheat germplasm collections to distinguish species and
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reclassify the misclassified germplasm. The dendro-
gram in Fig. 7 indicated that 3 accessions (G1910,
G1911, G1914) were identical based on Jaccard genetic
similarity coefficients calculated from the RAPD data
using 12 random primers. These 3 accessions were also
identical based on morphological characteristics when
grown in a greenhouse (data not shown). Thus, these
3 accessions are probably duplications, suggesting that
a survey of wheat germplasm collections is also re-
quired to eliminate duplicated accessions. Kresovich
et al. (1992) examined the use of the RAPD assay as
a quick, cost-effective, reliable means of screening ger-
mplasm collections. Their results demonstrated that
RAPD markers can be of great value in gene bank
management for the purposes of identification,
measurement of variation, and establishment of genetic
similarity at the intraspecific level. Correct classifica-
tion, effective conservation, and the use of plant genetic
resources are essential for agricultural crop improve-
ment. To utilize plant germplasm effectively, we must
use modern science and new technologies, both to
reclassify and evaluate germplasm and to make mater-
ial available for use in research and breeding programs.
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