
Abstract RFLP variation revealed by protein disulfide
isomerase (PDI) coding gene sequences was assessed in
170 accessions belonging to 23 species of Triticum and
Aegilops. PDI restriction fragments were highly con-
served within each species and confirmed that plant PDI
is encoded either by single-copy sequences or by small
gene families. The wheat PDI probe hybridized to single
EcoRI or HindIII fragments in different diploid species
and to one or two fragments per genome in polyploids.
Four Aegilops species in the Sitopsis section showed
complex patterns and high levels of intraspecific varia-
tion, whereas Ae. searsii possessed single monomorphic
fragments. T. urartu and Ae. squarrosa showed fragments
with the same mobility as those in the A and D genomes
of Triticum polyploid species, respectively, whereas dif-
ferences were observed between the hybridization pat-
terns of T. monococcum and T. boeoticum and that of the
A genome. The single fragment detected in Ae. squarrosa
was also conserved in most accessions of polyploid
Aegilops species carrying the D genome. The five species
of the Sitopsis section showed variation for the PDI hy-
bridization fragments and differed from those of the B
and G genomes of emmer and timopheevi groups of
wheat, although one of the Ae. speltoides EcoRI frag-
ments was similar to those located on the 4B and 4G chro-
mosomes. The similarity between the EcoRI fragment lo-
cated on the 1B chromosome of common and emmer
wheats and one with a lower hybridization intensity in
Ae. longissima, Ae. bicornis and Ae. sharonensis support
the hypothesis of a polyphyletic origin of the B genome.
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Introduction

Protein disulfide isomerase (PDI) (EC 5.3.4.1) is an en-
zyme located in the cell endoplasmic reticulum (ER) of
plants (Shimoni et al. 1995a; Coughlan et al. 1996) and
vertebrates (Freedman et al. 1994), loosely associated to
the luminal surface, where it catalyzes the formation of
disulphide bonds that stabilize the tertiary and quaterna-
ry structures of many extracellular proteins (Freedman 
et al. 1994). PDI cDNA sequences have been cloned
from plant species such as alfalfa (Shorrosh and Dixon
1991), barley (Chen and Hayes 1994), wheat (Shimoni 
et al. 1995b), maize (Li and Larkins 1996) and castor
bean (Coughlan et al. 1996). They all contain a C-
terminal KDEL signal sequence for ER retention, a puta-
tive N-glycosylation site and two thioredoxin-like cata-
lytic sites, which are also present in the vertebrate and
yeast PDIs (Freedman et al. 1994). Alfalfa, maize and
castor bean PDIs are encoded by single copy sequences,
whereas two independent loci were detected in barley.
The maize PDI gene is located in the short arm of chro-
mosome 4, between the zpr10 and adh2 loci (Li and 
Larkins 1996), within a conserved region potentially or-
thologous to wheat (Ahn et al. 1993).

Restriction fragment length polymorphism (RFLP)
analyses of nuclear DNA, using single-copy (Takuni 
et al. 1993; Ogihara et al. 1994; Mori et al. 1995; 
Sasanuma et al. 1996) or repeated sequences (Dvorak
and Zhang 1990; Dvorak et al. 1993) as probes, and 
of organellar DNA (Ogihara and Tsunewaky 1988; 
Miyashita et al. 1994), have been successfully used for
establishing interspecific relationships in wheats. Intra-
specific variation has also been investigated using mole-
cular markers in diploid (Takuni et al. 1993; Castagna 
et al. 1994), tetraploid (Miyashita et al. 1994; Mori et al.
1995) and hexaploid wheats (Siedler et al. 1994) and in
the Aegilops species of the Sitopsis section (Miyashita 
et al. 1994; Sasanuma et al. 1996).

Four fragments that hybridized with a PDI probe con-
taining most of the sequence coding for the mature pro-
tein were recognized in the DNA of common wheat cv.

Communicated by F. Salamini

M. Ciaffi · L. Dominici · E. Umana · O.A. Tanzarella 
E. Porceddu (✉)
Department of Agrobiology and Agrochemistry, 
University of Tuscia, 01100 Viterbo, Italy
e-mail: porceddu@unitus.it
Fax: +39 0761 357256

Theor Appl Genet (2000) 101:220–226 © Springer-Verlag 2000

O R I G I N A L  PA P E R
M. Ciaffi · L. Dominici · E. Umana · O.A. Tanzarella
E. Porceddu

Restriction Fragment Length Polymorphism (RFLP) 
for protein disulfide isomerase (PDI) gene sequences 
in Triticum and Aegilops species

Received: 25 June 1999 / Accepted: 14 September 1999



221

Chinese Spring (CS), digested either with EcoRI, BamHI
or HindIII (Ciaffi et al. 1999). Southern analysis of CS
aneuploid lines indicated that each fragment corresponds
to a different gene sequence located in chromosome
arms 4BS, 4DS, 4AL or 1BS, respectively. The restric-
tion fragments assigned to homoeologous group 4 were
highly conserved in both hexaploid and tetraploid culti-
vated wheats, whereas the 1B fragment was highly vari-

able (Ciaffi et al. 1999). These findings suggested the
means of carrying out further analyses, aimed at assess-
ing RFLP variation for PDI gene sequences in Triticum
and Aegilops. The results of this investigation are report-
ed in the present paper.

Materials and methods

A set of 170 accessions belonging to different Triticum and
Aegilops species, as specified in Table 1, were used in the analys-
es. Experimental methods, including DNA extraction, electropho-
resis in agarose gels, blotting onto Hybond N+ (Amersham) mem-
branes, hybridization and digoxigenin labelling by the polymerase
chain reaction (PCR), were the same as described in Ciaffi et al.
(1999). Southern analyses were carried out on DNA digested with
EcoRI and HindIII and hybridized with a digoxigenin-labelled
cDNA clone of wheat PDI (GeneBank Ac. N. U11496)(Shimoni 
et al. 1995b).

Results

Aegilops species of the Sitopsis section (S genome)

The 5 Aegilops species in the Sitopsis section (Ae. spelto-
ides, Ae. searsii, Ae. longissima, Ae. bicornis and Ae.
sharonensis) generally showed more complex hybridiza-
tion patterns and higher intraspecific variation for PDI
RFLP than the other diploid species of Triticum and
Aegilops examined (Fig. 1). Polymorphism was observed
among the 5 Sitopsis species and between these and the B
genome of cultivated wheats. Ae. speltoides, in particular,
showed a marked polymorphism, with accessions showing
from three (lane 1, Fig. 1a) to six restriction fragments
(lane 9, Fig. 1a). Seven Ae. speltoides accessions out of
ten possessed a strong hybridization fragment, similar to
that located on the 4BS chromosome arm of CS and culti-
vated wheats (lanes 1–5 and lanes 8–9 in Fig. 1a). Al-
though unexpected, fragments similar to those located in
the 4-A (lanes 5, 9, 10) and 4D (lanes 6–10) chromosomes
of CS were also present. In addition, seven accessions
(lane 3 and lanes 5–10 in Fig. 1a) showed a well-con-
served fragment, smaller than that located in 1B chromo-
some. Conversely, Ae. searsii showed a single highly con-
served restriction fragment detected by the PDI probe
(lanes 11–19, Fig. 1a). Accessions of Ae. longissima, Ae.
bicornis and Ae. sharonensis showed four faint conserved
restriction fragments, one of them similar to that located

Table 1 Accessions of Triticum and Aegilops species used in this
study

Species Genome Form Number of
genotypes

Diploids
T. urartu Tum AA AA Wild 15
T. boeoticum Boiss AA Wild 10
T. monococcum L. AA Cultivated 7
Ae. squarrosa L. DD Wild 15
Ae. speltoides Tausch. SS Wild 10
Ae. searsii Feld. and Kis SsSs Wild 9
Ae. longissima Bowden SlSl Wild 15
Ae. bicornis Forsk. SbSb Wild 7
Ae. sharonensis Eig SshSsh Wild 7

Tetraploids
T. durum Desf AABB Cultivated 4
T. dicoccum Schulb. AABB Cultivated 2
T. polonicum L. AABB Cultivated 2
T. dicoccoides Korn. AABB Wild 20
T. timopheevi Zhuk. AAGG Cultivated 8
T. araraticum Jakubz. AAGG Wild 15
Ae. cylindrica Host. CCDD Wild 5
Ae. ventricosa Tausch. DDUnUn Wild 6
Ae. crassa Boiss. DDMM Wild 3

Hexaploids
T. aestivum L. AABBDD Cultivated 4
T. zhukovsky Men. and Er. AAAAGG Cultivated 2
Ae. crassa Boiss. DDDDMM Wild 1
Ae. vavilovii Chen. DDMMSS Wild 2
Ae. juvenalis Eig. DDMMUU Wild 1

Fig. 1a, b Southern analysis of genomic DNA digested with
EcoRI from Chinese Spring (CS) and from different accessions of
the Aegilops species belonging to the Sitopsis section. a lanes
1–10 Ae. speltoides, 11–19 Ae. searsii. b lanes 1–7 Ae. longissima,
8–12 Ae. bicornis, 13–19 Ae. sharonensis. The deduced chromo-
somal location of each fragment is indicated for cv. CS on the left
side of each picture. The molecular-weight marker (kilobases) is
reported on the right side of the Fig. 1b
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in the 1B chromosome of CS (lanes 1–19, Fig. 1b). Ae.
longissima exhibited an additional strong hybridization
fragment similar to that located in the 4D of CS (lanes
1–7, Fig. 1b), whereas the corresponding fragment of the
Ae. bicornis accessions was slightly larger (lanes 8–12,
Fig. 1b). Ae. sharonensis accessions showed additional,
strongly hybridizing, highly polymorphic fragments (lanes
13–19, Fig. 1b).

Wild and cultivated einkorn wheats (A genome)

Southern analyses of EcoRI-digested DNA from T. 
urartu, T. boeoticum and T. monococcum accessions and
from CS indicated that the wheat PDI probe hybridized
to a single fragment in all of the T. urartu accessions an-
alyzed (Fig. 2a). This fragment had the same mobility as
that in the 4A chromosome of cultivated wheats in 14
out of the 15 T. urartu accessions (lanes 1–8, Fig. 2a) but
was larger in 1 accession from Syria (lane 9, Fig. 2a). T.
boeoticum and T. monococcum showed two conserved
fragments (Fig. 2b), one of them with a strong hybridiza-
tion signal. Both, however, had a very different mobility
in T. urartu. Only one T. boeoticum accession (from
Iraq) showed two additional faint fragments (lane 2, 
Fig. 2b). 

Aegilops species with the D genome

All of the analyzed accessions of Ae. squarrosa showed
a single restriction fragment (lanes 1–6 in Fig. 3) having
the same mobility as the one located in the 4D chromo-
some of CS and cultivated wheats (Ciaffi et al. 1999).
The same fragment was also observed in most accessions
of polyploid Aegilops species carrying the D genome: Ae
ventricosa (lanes 7–9, Fig. 3), Ae. cylindrica (lane 10)
and Ae. crassa (lanes 13, 14). It was absent only in Ae.
vavilovii and Ae. juvenalis (lanes 11, 12). The wheat PDI

clone also hybridized to a larger additional Ae. ventri-
cosa fragment (lanes 7–9, Fig. 3), which most likely is
derived from Ae. uniaristata (genome UnUn), the other
putative diploid progenitor of this species. Both tetra-
ploid (lane 13) and hexaploid (lane 14) accessions of Ae.
crassa (genome DDMM and DDDDMM, respectively)
showed two additional fragments, both faster than the
one located in the D genome. The same fragments were
also present in hexaploids Ae. vavilovii (DDMMSS, lane
11) and Ae. juvenalis (DDMMUU, lane 12), both of
which, however, lacked the D-genome fragment. The
two additional fragments might derive from the M ge-
nome of Ae. comosa, one of the putative progenitors,
with Ae. squarrosa, of the tetraploid and hexaploid spe-
cies Ae. crassa, Ae. vavilovii and Ae. juvenalis.

Wild emmer T. dicoccoides (AABB)

The RFLP variation for PDI gene sequences assessed in
T. dicoccoides accessions collected across the entire nat-
ural distribution area of this species revealed the pres-
ence of four different restriction patterns (Fig. 4). The
hybridization fragment assigned to the 4BS chromosome
arm of CS and cultivated wheats was highly conserved,
whereas fragments located in the 1B and 4A chromo-
somes showed some variation. Three out of the four pat-
terns (e.g. lanes 1–3 in Fig. 4) were characterized by
variation only for the 1B fragment and were identical to
those detected in cultivated emmer wheats (Ciaffi et al.
1999). The 1B fragment was absent (e.g., lanes 3–9) in
70% of the T. dicoccoides accessions, whereas only 2 out
of the 20 accessions showed the commonest pattern in
cultivated tetraploids (Ciaffi et al. 1999) (lane 2). The re-
maining 4 accessions were characterized by the presence
of a smaller 1B fragment (lanes 1 and 10, Fig. 4). Only 2

Fig. 2a, b Southern analysis of genomic DNA digested with
EcoRI from CS and several accessions of T. urartu (a), T. boeoti-
cum (b, lanes 1–3) and T. mococcum (b, lanes 4–8). The deduced
chromosomal location of each fragment is indicated for cv. CS on
the left side of each picture. The molecular-weight marker (kilo-
bases) is reported on the right side of Fig. 2b

Fig. 3 Southern analysis of genomic DNA digested with EcoRI
from CS and from different accessions of the Aegilops species be-
longing to the D genome cluster. Lanes 1–6 Ae. squarrosa, 7–9
Ae. ventricosa, 10 Ae. cylindrica 11 Ae. vavilovii, 12 Ae. juvenalis,
13 Ae crassa (4x), 14 Ae. crassa (6x). The deduced chromosomal
location of each fragment is indicated for cv. CS on the left side of
the pictur. The molecular-weight marker (kilobases) is reported on
the right side
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accessions from Israel possessed a 4A fragment (lanes 7
and 12) larger than that usually present in cultivated
wheats (Ciaffi et al. 1999). It is interesting to note that
this fragment showed a mobility identical to that detect-
ed in the previously mentioned Syrian accession of T. ur-
artu (lane 9 in Fig. 2a).

Tetraploids (AAGG) and hexaploids (AAAAGG) 
with the G genome

When hybridized with the wheat PDI probe, EcoRI-
digested DNA from wild T. araraticum accessions dis-
played a pattern with two strong hybridization fragments
(lanes 1–5 in Fig. 5). The mobility of one of them (esti-
mated size of 5.3 kb) was similar to the one located in
the A genome of common and emmer wheats (lanes CS
and D in Fig. 5); the other fragment (about 2.0 kb) was
slightly slower than that located in the 4BS chromosome
arm of cultivated polyploids and always present in wild
emmer T. dicoccoides (Fig. 4, and lane D in Fig. 5). This
2.0-kb fragment could correspond to a PDI-related se-
quence located in the 4G homoeologous chromosome.
None of the T. araraticum accessions had the fragment
located in the 1B chromosome of common and emmer
wheats, but they did show some additional weakly hy-
bridizing larger fragments. Cultivated T. timopheevi ac-
cessions (lanes 6–10 in Fig. 5) showed a highly con-
served pattern, characterized by the presence of seven
hybridization fragments, four of them (10.4, 6.5, 5.0 and
2.0 kb size) similar to those observed in T. araraticum.
The hybridization pattern of the hexaploid T. zhukovskyi
(lane 11) was very similar to that of T. timopheevi, ex-
cept for the presence of an additional strong hybridiza-
tion fragment having the same mobility as that found in

T. boeoticum and T. monococcum (lanes B and M in 
Fig. 5).

In order to further assess the relationships among ac-
cessions belonging to the emmer and timopheevi tetra-
ploid groups, and between these and wild diploid spe-
cies, we also digested DNA from some representative
genotypes of Triticum and Aegilops with HindIII and hy-
bridized it with the same PDI probe (Fig. 6). The pattern
of the species belonging to the emmer group (lanes 1–5
and 12 in Fig. 6) consisted of two fragments of about 4.5
and 3.7 kb size, respectively, corresponding to those lo-
cated in chromosomes 4B and 4A, respectively (Ciaffi 
et al. 1999). T. urartu (lane 6 in Fig. 6) showed a hybrid-
ization fragment having the same mobility as that located

Fig. 4 Southern analysis of genomic DNA digested with EcoRI
from 12 accessions of the wild tetraploid wheat T. dicoccoides.
The deduced chromosomal location of each fragment is indicated
in one accession of T. dicoccoides on the left side of the picture.
The molecular-weight marker (kilobases) is reported on the right
side

Fig. 5 Southern analysis of genomic DNA digested with EcoRI
from different accessions of T. araraticum (lanes 1–5), T. tim-
opheevi (6–10) and T. zhukovsky (11) compared to that of T.
boeoticum (B), T. monococcum (M) and T. dicoccoides (D). The
deduced chromosomal location of each band is indicated for cv.
CS on the left side of the picture. The molecular-weight marker
(kilobases) is reported on the right side

Fig. 6 Southern analysis of genomic DNA digested with HindIII
from CS and some representative lines of tetraploid and diploid
species of the Aegilops and Triticum. Lanes 1–2 T. durum, 3 T. di-
coccum, 4 T. polonicum, 5 T. dicoccoides, 6 T. urartu, 7 T. boeoti-
cum, 8–9 T. monococcum, 10–11 T. araraticum, 12 T. dicoccoides,
13–14 T. timopheevi, 15 Ae. speltoides, 16 Ae. longissima, 17 Ae.
searsii, 18 Ae. bicornis, 19 Ae. sharonensis. The deduced chromo-
somal location of each band is indicated for cv. CS on the left 
side of the picture. The molecular-weight marker (kilobases) is re-
ported on the right side



in the A genome of common and emmer wheats, where-
as the single hybridization fragment detected in T.
boeoticum (lane 7) and T. monococcum (lanes 8 and 9)
was different, confirming the results obtained from
EcoRI analysis (Fig. 2). The two HindIII fragments of T.
araraticum (lanes 10, 11 in Fig. 6) were similar to those
from T. timopheevi (lanes 13, 14); furthermore they had
the 4A chromosome fragment in common with the em-
mer group. Differences observed in the EcoRI digestion
patterns between T. timopheevi and T. araraticum
seemed to be due to the presence in T. timopheevi of an
additional EcoRI restriction site within the 5.3-kb frag-
ment common to all species of the emmer group and to
T. araraticum. The size of the two hybridization frag-
ments in EcoRI digests of T. timopheevi (4.0 and 1.3 kb)
is consistent with this hypothesis. The other HindIII re-
striction fragment detected in T. araraticum and T. tim-
opheevi, likely deriving from the G genome, was slower
than that located in the 4BS chromosome arm of CS. All
5 Aegilops species of the Sitopsis section (lanes 15–19 in
Fig. 6) showed different patterns. Their hybridization
fragments also differed from those located in the B and
G genomes, although one fragment characteristic of
some accessions of Ae. speltoides (lane 15 in Fig. 6) ap-
peared to be more similar to the fragment deriving from
the G genome (lanes 10, 11, 13 and 14) than to that lo-
cated in the 4B chromosome of cultivated wheats (lanes
CS, 1–5 and 12). Furthermore, some accessions of Ae.
longissima, Ae. bicornis and Ae. sharonensis (lanes 16,
18 and 19 in Fig. 6) had a 6.3-kb HindIII fragment in
common. 

Discussion

RFLP for PDI coding sequences, assessed in different
Triticum and Aegilops species, indicated that PDI frag-
ments were highly conserved within each species and
confirmed that plant PDI is encoded either by single-
copy sequences or by small gene families, as already re-
ported for common and emmer cultivated wheats (Ciaffi
et al. 1999). In fact, the wheat PDI probe hybridized to a
single fragment in a number of the diploid species ana-
lyzed, from T. urartu to Ae. squarrosa, and to one or two
fragments per genome in the polyploids. The Aegilops
species of the Sitopsis section showed a more complex
pattern and a much higher level of intraspecific varia-
tion, with the exception of Ae. searsii, which possessed a
single, well-conserved, PDI fragment.

A comparison of the PDI RFLP patterns of the Sitop-
sis species clearly identified two distinct groups in the
section: one formed by Ae. speltoides alone and the sec-
ond comprising Ae. longissima, Ae. bicornis, Ae. sharon-
ensis and Ae. searsii. This distinction agrees with the
original classification of Eig (1929), reviewed by Feld-
man (1978), who divided the Sitopsis section into the
subsections: Truncata, formed by Ae. speltoides alone,
and Emarginata, comprising Ae. longissima, Ae. searsii,
Ae. sharonensis and Ae. bicornis. This classification is

also consistent with the characteristics of the 5S and
18–26S rRNA loci (Dvorak et al. 1989; Badaeva et al.
1996) and with the RFLPs of nuclear (Sasanuma et al.
1996) and chloroplast DNAs (Ogihara and Tsunewaki
1988). Ae. searsii showed a PDI hybridization pattern
very different from that of other Emarginata species pro-
viding additional support to the distinction between Ae.
longissima and Ae. searsii proposed by Feldman (1978).

These results also agree with those of Sasanuma et al.
(1996) who, using random clones, found that the four
species of the Emarginata subsection had a level of 
intraspecific variation similar to that detected in the 
Triticum species. The present results indicate that,
whereas the PDI hybridization patterns of Ae. searsii,
Ae. longissima and Ae. bicornis were highly conserved,
different patterns were identified in Ae. sharonensis.
Polymorphism in Ae. speltoides was even higher, in
agreement with previous reports based on nuclear 
(Sasanuma et al. 1996) and chloroplast (Miyashita et al.
1994) DNA polymorphism analyses. While the high in-
traspecific variation of Ae. speltoides can be ascribed to
its outbreeding reproductive system, Ae. sharonensis,
like other species of the Sitopsis section and Triticum ge-
nus, is essentially an inbreeder. One explanation could
be the remote origin and larger distribution area of the
species, whereas Ae longissima, Ae searsii and Ae. bi-
cornis may be more recent and adapted to some peculiar
narrow environment. Further investigations are neces-
sary to clarify these points.

Our results also show that the single hybridization
fragment detected in T. urartu after either EcoRI or
HindIII digestions had the same mobility as that of a
fragment present in T. dicoccoides and cultivated poly-
ploids, and also located in the 4A chromosome of CS,
whereas all the fragments of T. boeoticum had a different
mobility, independently of the restriction enzyme used
(Figs. 2 and 6). Even a rare fragment detected in a Syrian
accession of T. urartu (lane 9, Fig. 2a) was present in 2
T. dicoccoides accessions from Israel (lanes 7 and 12,
Fig. 4). These findings are in line with the hypothesis
that T. urartu, rather than T. boeoticum, donated the A
genome to T. dicoccoides and, through it, to cultivated
emmer and common wheats; this conclusion in agree-
ment with studies based on RFLP analysis using single-
copy (Takuni et al. 1993) or repeated (Dvorak et al.
1993) DNA sequences. The similarity in the PDI hybrid-
ization patterns of T. monococcum and T. boeoticum also
confirm that the former is the domesticated form of T.
boeoticum.

Similarly, our results indicate that the A genomes of
the emmer and timopheevi wheat groups are both closer
to the A genome of T. urartu than to that of T. boeoticum,
as found by Dvorak et al. (1993) on the basis of the varia-
tion in repeated nucleotide sequences, but they are in dis-
agreement with previous studies on the immunological
properties of seed storage proteins (Konarev 1983),
which led to the conclusion that the A genome of com-
mon and emmer wheats could have been contributed by
T. urartu, whereas the A genome of the timopheevi group

224



would derive from T. boeoticum. The present results also
indicate that T. monococcum could be an ancestor of T.
zhukovskyi, a species which was isolated from mixed
crops of T. monococcum and T. timopheevi and consid-
ered to be an amphiploid between the 2 species (Up-
adahya and Swaminathan 1963). The EcoRI hybridiza-
tion pattern of T. zhukovskyi is in fact identical to that of
T. timopheevi except for the presence of an additional
strong hybridization fragment having the same mobility
as the one detected in T. boeoticum and T. monococcum. 

As for the B and G genomes, the present results pro-
vide evidence that only Ae. speltoides in the Sitopsis
section showed a PDI EcoRI restriction fragment simi-
lar to those located in the 4B and 4G chromosomes of
emmer and timopheevi wheats, respectively. Southern
analysis of HindIII-digested DNA showed that a frag-
ment present in several Ae. speltoides accessions has a
mobility more similar to that of one in the G genome of
T. araraticum and T. timopheevi than to the fragment lo-
cated in the 4B chromosome of common and emmer
wheats. In addition, none of the T. araraticum, T. tim-
opheevi and Ae. speltoides accessions analyzed con-
tained the 1B fragment present in common and emmer
wheats. Two hypotheses can equally explain the origin
of the PDI gene sequences in the 1BS chromosome arm
of polyploids: (1) a translocation from an Aegilops dif-
ferent from Ae. speltoides or (2) duplication and translo-
cation events occurring at polyploid level. The similari-
ty observed between the 1B chromosome EcoRI frag-
ment of common and emmer wheats and the fragment
with a lower hybridization intensity in Ae. longissima,
Ae. bicornis and Ae. sharonensis strongly supports the
first hypothesis.

The RFLP for PDI gene sequences in the B and G
genomes of wild and cultivated wheats seem to lead to
the following conclusions. The RFLP pattern of PDI
gene sequences in the S genome of Ae. speltoides is clos-
er to that in the G genome of the timopheevi group than
to that found in the B genome of common and emmer
wheats. This confirms the results obtained from RFLP
analysis of chloroplast (Ogihara and Tsunewaki 1988;
Miyashita et al. 1994) and nuclear (Dvorak and Zhang
1990) DNAs and genomic in situ hybridization (Jiang
and Gill 1994).

The PDI gene sequences in the B genome may derive
from at least two different Aegilops species of the Sitop-
sis section. This would imply a polyphyletic origin of the
B genome, as first shown by Zohary and Feldman (1962)
and later supported by karyotype (Giorgi and Bozzini
1969) and enzyme (Nishikawa et al. 1992) analyses 
and satellite distribution patterns (Dennis et al. 1980).
Whereas our present results give information limited to
PDI gene sequence RFLPs, a greater number of loci, dis-
tributed all over the genome, and a wider array of acces-
sions must be analyzed before some final conclusion can
be drawn on the origin of the B genome.

In addition to the differences shown by the PDI hy-
bridization fragments in B and G genomes, present re-
sults indicate that T. dicoccoides had a much higher level

of intraspecific variation than T. araraticum, as also
found by Mori et al. (1995), suggesting a much earlier or-
igin of T. dicoccoides. This conclusion is also supported
by cytological studies (Jiang and Gill 1994) and by RFLP
and PCR-RFLP analyses of chloroplast and mitochondri-
al DNAs (Miyashita et al. 1994; Wang et al. 1997).

The wheat PDI probe hybridized to a single EcoRI
fragment in all of the accessions of Ae. squarrosa ana-
lyzed, irrespective of the subspecies, eusquarrosa or
strangulata. The hybridization fragment was identical to
that located in the D genome of cultivated polyploids be-
longing to the aestivum group (Ciaffi et al. 1999); it was
also well conserved in most of the wild polyploid species
carrying the D genome, with the exception of the hexa-
ploids Ae. vavilovii and Ae. juvenalis. These findings
support the hypothesis that the D-genome cluster does
not show a classic pivotal-differential pattern of evolu-
tion because the D genome also presents increasing lev-
els of differentiation (Kimber 1987). Our results also
agree with the classification of Kimber and Zhao (1983),
who divided the D-genome cluster into three groups,
based on homology with Ae. squarrosa: (1) Ae. ventri-
cosa and Ae. cylindrica, with essentially unmodified D
genomes; (2) tetraploid and hexaploid forms of Ae.
crassa, with slightly modified D genomes; and (3) Ae.
vavilovii and Ae. juvenalis, which show greatly modified
D genomes.
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