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A b s t r a c t  The detection and analysis of DNA polymor- 
phisms in crops is an essential component of marker-as- 
sisted selection and cultivar identification in plant breed- 
ing. We have explored the direct amplification of minisat- 
ellite DNA by PCR (DAMD-PCR) as a means for gener- 
ating DNA probes that are useful for detecting DNA poly- 
morphisms and DNA fingerprinting in wheat. This tech- 
nique was facilitated by high-stringency PCR with known 
plant and animal minisatellite core sequences as primers 
on wheat genomic DNA. The products of DAMD-PCR 
from Triticum aestivum, T. durum, T. monococcum, T. spel- 
toides and T. tauschii showed a high degree of polymor- 
phism and the various genomes could be identified. Clon- 
ing of the DAMD-PCR products and subsequent Southern 
hybridization frequently revealed polymorphic probes 
showing a good degree of genome specificity. In addition, 
polymorphic, single locus, and moderately dispersed PCR 
products were cloned that may have a potential for DNA 
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fingerprinting. Our experiments were limited primarily, to 
diploid wheats and the results indicated that DAMD-PCR 
may isolate genome-specific probes from wild diploid 
wheat species that could be used to monitor genome intro- 
gression into hexaploid wheat. 

K e y  w o r d s  G e n o m e - s p e c i f i c  - D A M D  �9 

Minisatellite �9 PCR.  Triticun~ �9 Wheat 

Introduction 

The general lack of detectable DNA polymorphism in 
wheat (Tdticum aestivum L. em Thell) in respect of con- 
ventional restriction fragment length polymorphisms 
(RFLPs) (10% of genomic clones, M. D. Gale, personal 
communication) has limited cultivar identification and 
DNA fingerprinting in this species. The ability to effi- 
ciently identify hexaploid wheat cultivars or wild-species 
genomes is important in current breeding practices which 
make use of wide crosses or alien chromosome introgres- 
sion. Recent advances in rice (O13"~a sativa L.) repetitive 
DNA research has resulted in the development of minisat- 
ellite DNA probes that can identify related US rice culti- 
vars (Zhou and Gustafson 1995). These probes are the rice 
derivatives (Winberg et al. 1993) of the hmnan minisatel- 
lite probe first introduced by Jeffreys et al. (1985a, b). DNA 
fingerprinting in rice can be performed with a single min- 
isatellite DNA probe and a single restriction enzyme, 
which greatly reduces the time and financial investment 
involved in cultivar identification. Therefore, repetitive 
DNA can be a valuable source of genetic polymorphism 
for genome and variety identification, in contrast to sin- 
gle-locus RFLP markers. 

Two types of repeated sequence, polymorphic DNA in- 
clude short poly-nucleotide tandem repeats [microsatel- 
lites or simple sequence repeats (SSRs, 2-5 bp) (Roder et 
al. 1995) and minisatellites (10-60 bp) as defined by Jef- 
freys et al. (1985a)]. These repetitive DNA regions nor- 
mally contain tandem repeats that vary in the number of 
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repeat  units be tween  genotypes  and thus are referred to as 
var iable  number  tandem repeats  (VNTRs)  or hypervar iab le  
regions (HVRs) .  Ident i f ica t ion  of  microsate l l i tes  has led 
to the deve lopmen t  of  po lymorph ic ,  s i te - tagged sequence 
markers  in wheat  (Devos  et al. 1995). 

Minisa te l l i t e  D N A  regions  conta in  a V N T R  where each 
repeat  i tsel f  includes  a short, h ighly  conserved  core se- 
quence.  This form of  H V R  is found at numerous  loci  within 
the human genome and d isp lays  high levels  of  po lymor -  
ph ism be tween  individuals  (Jeffl 'eys et al. 1985a). The core 
sequences  of  several  repor ted  human minisa te l l i tes  were 
recent ly  used as pr imers  in PCR react ions  that ef f ic ient ly  
ampl i fy  regions  r ich in minisa te l l i tes  and VNTR loci  in 
fish (Heath et al. 1993). This PCR strategy is referred to 
as the direct  ampl i f i ca t ion  of  minisa te l l i te  D N A  ( D A M D -  
PCR) and overcomes  the di f f icul ty  of  searching for V N T R  
loci  with a he te ro logous  probe in a genome,  l ike that of  
wheat,  which  contains  a cons iderab le  amount  of  repeated 
DNA.  

Our interest  was focused  on ampl i fy ing  repet i t ive  D N A  
present  in wheat  genomes  at or near  minisa te l l i te  loci  in 
order  to deve lop  h ighly  po lymorph ic ,  D N A  f ingerpr in t ing 
probes.  We were searching for repet i t ive  D N A  that was 
modera te ly  d i spersed  at 1 0 - 3 0  loci, so as to be reso lved  
on convent iona l  genomic  D N A  Southern blots,  and was 
hypervar iab le .  These  probes  could  potent ia l ly  be used in 
the cul t ivar  ident i f ica t ion  of  wheats,  if  suff icient  po lymor -  
ph i sm was detected,  or poss ib ly  to fo l low the in t rogress ion 
of  wi ld-spec ies  ch romosome  segments  into wheat.  It is 
more eff icient  to deve lop  a probe of  this nature through 
D A M D - P C R  as opposed  to r andomly  searching a genomic  
l ibrary for informat ive  DNA-f inge rp r in t ing  probes.  

The s t rategy used for the isola t ion and c loning o f  D N A  
f ingerpr in t ing probes  and the types of  repet i t ive  D N A  
probes  i sola ted  is presented  here. Surpris ingly,  in addi t ion 
to modera te ly  dispersed,  potent ia l  DNA-f inge rp r in t ing  
probes ,  genome-spec i f i c  probes  were i so la ted  with high ef- 
f iciency.  Examples  of  repet i t ive,  genome-spec i f i c  probes 
have been repor ted  in rye (McIntyre  et al. 1990) and in Ag-  

i lops squarrosa  (Rayburn  and Gil l  1987). The genome-spe -  
cific probes  i sola ted  with D A M D - P C R  may be equal ly  use- 
ful in ident i fy ing  al ien wheat  D N A  in a hexap lo id  wheat  
genet ic  background.  

volmne of 20 gL and included: 20 mM Tris-HCl (pH 8.4), 50 mM 
KC1, 1.5 mM MgC12. 80 ng genomlc DNA template. 1 U Taq DNA 
polymerase (Gibco BRL), 200 btM of each dNTP and 44 pmol of a 
single primer The primer synthes~s (Genosys Blotechnologws Inc., 
Woodlands Tex.) was based on published plant and ammal minisat- 
ellite core sequences (see Table 1 ). The parameters for PCR amphfi- 
cation were 95~ 2 rain then 35 cycles of 95~ 1 mm -55~ 1 min 
-72~ 1.5 min then 72~ 5 min for one cycle, using a Perkln-E1- 
mer DNA thermocycler. 

Gel electrophoresis, Southern hybridization and cloning 

The DAMD-PCR products were electrophoresed in agarose gels (2% 
w/v) in 1 x TAE (40 mM Tns-acetate, 1 mM EDTA) for 4 h at 100 V 
and were then visualized by ethidium bromide staining. Small gel 
samples of PCR products of interest were plugged from the gel and 
stored at -20~ Alternatively, the DAMD-PCR products were 
Southern blotted onto a nylon membrane (Hybond-N +, Amersham). 
PCR products were re-amplified as above by stabbing the stored gel 
plugs with a needle and agitating the needle in a PCR reaction con- 
taining the appropriate primer (Bjourson and Cooper 1992). The re- 
amplified PCR products were subsequently blunt ended with T 4 DNA 
polymerase and T 4 polynucleonde kinase (Wang et al. 1994) and 
electrophoresed in low-melting-point agarose gels (1.5% w/v) in 
1 x TAE. The re-amplified PCR products were then purified from gel 
slices, using a beta-agarase treannent (New England Biolabs) and 
ethanol precipltauon, for use in Southern hybridizations or cloning. 

High-molecular-weight genomic DNA was digested with DraI 
or HindlII and electrophoresed for 48 h in agarose gels (0.8% w/v) 
in 1 x TBE (89 mM Tris-borate. 89 mM borate, 2 mM EDTA) until 
the 1000-bp fragments of DNA were near the bottom of the 25-cm 
gel. The electrophoresed DNA was then Southern blotted onto a nv- 
lon membrane (Hybond-N +. Amersham). The re-amplified PCR 
products were screened for informativness by southern hybridiza- 
tion prior to cloning. We were searching for probe characteristics 
such as moderate dispersal and good RFLPs. The re-amphfied PCR 
products were labeled by random primer extension (Feinber_~ and 
Vogelstem 1983) with alpha- -P-dCTP and hybridized to the genom- 
ic DNA digests. 

Informanve PCR fragments were cloned into the Sinai site of 
pBluescnpt II (SK+) (Stratagene). The cloned PCR products were 
labeled by random primer extension (Feinberg and Vo~elstem 
1983) wit'h alpha-3~-lS-dCTP and hybridized to genomic-I)NA di- 
gests.Hybridizations were performed in 250raM NaH2PO 4 
(pH 6.5), 7% (w/v) SDS and l% (w/v) BSA at 65~ Southern blots 
were washed at low stringency [2• ram, 65:C, l xSSC/0.1% 
(w/v) SDS] or subsequently at high-stringency [2x30 mm, 65~ 
0.1 x SSC/0.1% (w/v) SDS]. Autoradiograms were produced by ex- 
posing hybridized Southern blots to Kodak X-Omat film for 6 h-4 
days. 

DNA sequencing 

Methods and materials 

Germ plasm 

r. aestivum L. (cv Chinese Spring) (ABD genomes). T. durum L. 
(AB), T. monococcmn L. (Am), T. speltoides Tausch (S), T. tauschii 
Coss. (D>. T. urartn L. (A ~) and T. umopheevu Zhuk. (AG), were all 
acquired from the E.R. Sears, USDA-ARS germ plasm collection at 
the University of Missouri. 

Double-stranded DNA from the cloned PCR products was sequenced 
m both directions using T 3 and T 7 primers with the DyeDeoxy TM Ter- 
minator-Cycle Sequencing Kit (Perkin Ehner). DNA sequences were 
then compared to the DNA databases using "Basic Local Alignment 
Search Tool' (BLAST) (Altschul et al. 1990). 

Results and discussion 

DNA isolation and PCR 

All of the genotypes were greenhouse-grown in Missouri and high- 
molecular-weight genomic DNA was isolated from leaf nssue ac- 
cording to Saghai-Maroof et al. (1984). PCR reacuons had a final 

D A M D - P C R  prof i les  

The D A M D - P C R  reac t ions  were annea led  at 55~ which  
was higher  than the mel t ing  tempera ture  o f  most  of  the 
pr imers  used (Table 1). Reproduc ib i l i t y  was checked  by 
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Table 1 Minisatellite core 
sequences used as primers for 
PCR amplification of DNA 
in wheat 

Primer ~' Sequence (5'-3') Length Melt temp. Reference 
(bp) ( ~ ) 

14C2 
HBV-3 
HBV-5 
FVIIex8 
FVIIex8-C 
YNZ-22 
M13 
33.6 
Rice HVR ~-) 
Rice HVR (+) 

GGCAGGATTGAAGC 14 52 
GGTGAAGCACAGGTG 15 53 
GGTGTAGAGAGGGGT 15 49 
ATGCACACACACAGG 15 51 
TACGTGTGTGTGTCC 15 47 
CTCTGGGTGTGGTGC 15 56 
GAGGGTGGCGGCTCT 15 63 
AGGGCTGGAGG 11 48 
CCCTCCTCCTCCTTC 15 50 
AGGAGGAGGGGAAGG 15 50 

Vergnaud (1989) 
Nakamura et al. ( 19871 
Nakamura et al. (19871 
Murray et al. (1988) 
Murray et al. (1988) 
Nakamura et al. (1987) 
Vassart et al. (1987) 
Jeffreys et al. (1985 a'l 
Winberg et al (1993) 
Winberg et al. (1993) 

a Primers are a core sequence from a plant or ammal mimsatellite array 

Fig. 1A-C Direct amphfica- 
tion of minisatelhte DNA by 
PCR in five genotypes of 
wheat A, B Minisatellite core 
sequences were used as primers 
in PCR reactions annealed 
stringently at 55~ and the 
PCR products were separated m 
agarose gels. Within each prim- 
er, the wheat genotypes are left 
to right: T. aest~vum, T. durum, 
T. monococcum, T speltoides 
and T. tauschii. C Re-amplified 
DAMD-PCR products by "band 
stabbing'. The genomic DNA 
that served as template for the 
original PCR fragments were 
T aesuvum (ABD). T. monococ- 
cure (A'"), T. speltoides (SI and 
T. tauschii, (D). The DAMD- 
PCR primers are hsted in Table 
1 and are indicated above the 
lanes. Wlnte dots to the left of 
bands are referred to in the text 

performing D A M D - P C R  on DNA from two separate DNA 
extracts from each of three individual  plants (data not 
shown). The D A M D - P C R  profiles were always consis-  
tent, pr imari ly due to the high anneal ing  temperature.  This 
strategy was in contrast  to random amplif ied polymorphic  
DNA (RAPD) analysis,  where the anneal ing  temperature 
is typical ly 36 -42~  and lower than the mel t ing temper-  

ature of the primers used. The D A M D - P C R  reaction also 
used a relatively high quanti ty of primer (44 pmol) which 
was optimal for ampl i fying repetitive DNA regions from 
mult iple loci. Lower primer quanti t ies (5-20 pmol) are 
typically used in the amplif icat ion of s ingle-locus PCR 
products but could be exhausted when ampl i fy ing repeti- 

tive DNA. 



The DAMD-PCR profiles indicated that a large amount 
ofpolymorphism was detectable among the five wheat gen- 
otypes, and each primer amplified a unique set of products 
(Fig. 1A, B). There were bands of major and minor abun- 
dance within the DAMD-PCR profiles. Six primers which 
amplified discrete PCR products were informative, but 
primers rice HVR(+), rice HVR(-) and YNZ-22 generally 
amplified a smear of products, as did one additional primer 
(33.6, not shown in Fig. 1A,B) (Table 1). This less-infor- 
mative smearing pattern was still evident at annealing tem- 
peratures of 60 and 62~ (data not shown). 

Since single primers were used in the PCR reaction, two 
copies of the priming sequence must exist in an inverted 
orientation to produce a PCR product. Heath et al. (1993) 
suggests that amplification is possible due to an inversion 
present in the minisatellite region that creates the ampli- 
con. There is no direct evidence for this hypothesis in our 
data. or in the data of Heath et al. (1993). The minisatel- 
lite core sequences at one locus normally occur as direct 
tandem repeats, thus an inversion that included a minisat- 
ellite core sequence could include some flanking DNA. 
Heath et al. (1993) reported the isolation of a single-locus 
VNTR sequence which most likely contained a unique se- 
quence, flanking DNA. 

A high degree of polymorphism was detected among 
the five wheat genotypes with each of the six informative 
primers (14C2, FVIIex8, FVIIex8-C, HBV-3, HBV-5 and 
M13). The A, S and D genomes (lanes 3, 4, 5 respectively 
within each primer) (Fig. 1A, B) were easily identified by 
distinct band profiles for each of these primers. There were 
numerous bands in tetraploid T. durum that were not 
present in hexaploid T. aestivum. Also, there were no sig- 
nificant differences in the number of bands amplified 
between the three wheat ploidy levels (Fig. 1A, B). 

These results suggested that there was a large degree of 
genome specificity to the DAMD-PCR reactions. Since 
T. aestivum did not show all the products of the diploid 
species combined, the data suggested that the DNA of the 
diploid species was partially unrelated to T. aestivum DNA 
(Fig. 1A, B). The A, D and B genomes in T. aestivtun are 
thought to have originated from the three diploid species 
T. monococcztm, T. tauschii and T. speltoides respectively. 
yet our data show that there has been some degree of se- 
quence divergence since the genomes combined. The poly- 
morphisms could also result from very little sequence di- 
vergence among the species. For example, a single nucle- 
otide change in the 3" terminus of a primer is known to in- 
hibit the amplification of microsatellite loci in wheat 
(Roder et al. 1995). Therefore, it is possible that the PCR 
products observed are those from loci that match the exact 
primer sequence and that subtle sequence variation 
between core sequences can influence the final DAMD- 
PCR profile. 

Re-amplified DAMD-PCR products 

Figure 1C is included to demonstrate the results of re-am- 
plification of the DAMD-PCR products via the band-stab 
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method (Bjourson and Cooper 1992). Each lane in Fig. 1C 
shows the PCR products derived from stabbing a gel plug 
from a band present in gels similar to Fig. 1A and B. Oc- 
casionally, a re-amplification reaction would not yield any 
fragments (Fig. 1C, 14C2, lane 1 ABD genomes) or com- 
monly would yield fragments of smaller size (Fig. 1C, 
HBV-3, lane 1 ABD genomes). Faint fragments also re- 
amplified to a greater extent; for example, the fragments 
indicated in Fig. 1C, 14C2, lane 4, A m genome, are re-am- 
plified from those indicated in Fig. 1A, 14C2, lane 3, T. 
monococcunl. This increased the number of original 
DAMD-PCR products that could be screened by the selec- 
tion of even low-quantity DAMD-PCR products. In addi- 
tion, bands from less informative DAMD-PCR profiles 
(e.g.. Fig. 1A, HBV-3, lane 1, T. aestivum) re-amplified 
with sufficient resolution and abundance (Fig. 1C, HBV-3, 
lane 3 ABD genomes), which further increased the num- 
ber of DAMD-PCR bands to be screened (Fig. 1C). A fi- 
nite number of minisatellite primers could be used in 
DAMD-PCR, so mechanisms of re-amplification that in- 
creased the number of DAMD-PCR products to be 
screened were vital to the overall strategy. 

Primer-specific DAMD-PCR products 

There were only two occurrences where all five wheat spe- 
cies displayed a common, monomorphic PCR product at 
equal intensity (i.e., primer 14C2 at 270 bp and 180 bp) 
(Fig. 1A). The vast majority of the PCR products were 
polymorphic between the five wheat species. Two pairs of 
primers were complementary, FVIIex8/FVIIex8-C and 
rice HVR(-)/rice HVR(+). The former are directly com- 
plementary over the 15-bp length and the latter are com- 
plementary for 10 bp internally and possess 5-bp 3' tails 
which complete the complementarity (Table 1). Each mem- 
ber of these primer pairs amplified unique products. The 
rice HVR primers showed similar smears of PCR prod- 
ucts in contrast to the FVIIex8 primers (Fig. 1A, B). The 
different banding patterns derived from different prim- 
ers, and particularly complementary primers, suggested 
that the DAMD-PCR reactions were amplifying unrelated 
regions of DNA. A probe derived by DAMD-PCR with 
primer FVIIex8 showed homology for other FVIIex8-de- 
rived PCR products only (Fig. 2). The probe was a 800- 
bp DAMD-PCR fragment from T. aestivum DNA and it 
did not hybridize to any other PCR products amplified 
with the other ten primers, including PCR products am- 
plified from the complementary primer FVIIex8-C 
(Fig. 2). Therefore, it appeared that each primer may have 
the potential to amplify a primer-specific family of prod- 
ucts 

Repetitive, genome-specific probes 

A few different types of repetitive DNA probes were iso- 
lated by DAMD-PCR. Clone pTsl9.3 (Table 2), amplified 
from T. speltoides, hybridized to all five wheat species. 
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I 
33.6 I YNZ-22 I M13 r i c e  HVR(+)  I r i c e  HVR( . )  

Fig. 2 Southern hybridization of DAMD-PCR products with a 
DAMD-PCR product. Minisatelhte core sequences served as prim- 
ers for PCRs annealed stringently at 55~ to wheat genomic DNA. 
PCR products were separated in agalose gels and Southern blotted. 
An 800-bp PCR fragment derived from T aesttI'Um using primer 
FVIIex8 was hybridized and washed at 1 x SSC/0.1% SDS. 65~ 
Within each primer, the genomic DNA template for the PCR prod- 
ucts on the blot are left to right: T. aestivum (ABD), T. monococcum 
(A"), T. speltoldes LS) and T. tauschii, (D). The primers are listed in 
Table 1 and are indicated abox e or below the lanes 

2 , 3 -  

2.0- 

Table 2 DAMD-PCR clones used 

Clone Template DNA Primer ~ Size (bp) 

pTm2.3, l T. monococcum 14C2 277 
pTm2.3.2 T monococcum 14C2 542 
pTs3.6 T. speltoides 14C2 480 
pTs3.7 T. speltotdes 14C2 300 
pTsl9.3 T. speltoides 14C2 460 

Primer 14C2 is a core sequence from a human minisatellite array 

Multiple loci were detected and the three diploid wheats 
showed clear species-specific D N A  fingerprint patterns 
(Fig. 3A). Many RFLPs found in the diploid species were 
not detected in T. aes t ivum and f .  durum,  which was con- 
sistent with observations from the D A M D - P C R  profiles 
(Fig. 1). The RFLP pattern o f  T. aes t ivum (ABD genomes) 
and T. durum (AB genomes) were qualitatively similar, 
which could be related to T. spel toides  (the putative B ge- 
home) being the source of  the clone and this cloned se- 
quence not having diverged since the emergence of  T. aes-  
tit 'um (Fig. 3A). 

Clone pTs3.6 (Table 2), amplified from T. spel toides ,  
hybridized to several fragments in T. aes t ivum and one or 
two fragments in the diploid wheats. This appeared to be 
a one- or two-locus hybridization pattern (Fig. 3B) which 
contrasted with the multi-locus profile of  pTsl9 .3  

Fig. 3 A, B Southern hybridization of wheat genomic-DNA digests. 
Genomic DNA was digested with DraI and was hybridized with 
DAMD-PCR clones pTsl9.3 (A) and pTs3.6 (BL The wheat geno- 
types are indicated above the lanes: T. aestivum (ABD). T. durum 
(AB). T monococcum ( A'"), T. speltoides ( S), T. tauschii (D), T. urar- 
tit (A") and T. timopheevd (AG) 

(Fig. 3A). Clone pTs3.6 could distinguish between T. 
m o n o c o c c u m  and T. u rarm  (both A genome species) and 
showed that T. spel to ides  and T. t imopheevi i  shared a 
unique band. The frequency of  single-locus clones was 2 
out of  19 D A M D - P C R  products cloned, with the remain- 
der being multi-locus or repetitive in nature. The frequency 
of  clones that were potentially useful for D N A  fingerprint- 
ing. e.g., pTsl9.3,  was also 2 out of  19. 

Two clones were isolated from a single ligation of  a sin- 
gle re-amplified D A M D - P C R  fragment from T. monococ -  
cure (pTm2.3.1 and pTm2.3.2) (Table 2). Clone pTm2.3.1 
was 2-fold larger than pTm2.3.2 and, except for the S ge- 
nome, hybridized to similar fragments on Southern blots 
(Fig. 4A. B). A similar result f rom a single ligation was 
also observed in a concurrent study in rice. Clones 

9 "  pTm2.3.1 and pTm_.m2 showed strong homology  to the 
A m genome of  T. m o n o c o c c u m  and the fragments the 3, iden- 
tified appeared to be widely dispersed (based on a smeared 
hybridization pattern) with several h igh-copy number frag- 
ments detected, particularly by pTm2.3.2.  Both clones 

l O" showed ~ eaker homology  to T. tauschi i  DNA and less dis- 



Fig. 4 A - C  Southern hybridization of wheat genomlc DNA. Ge- 
nomic DNA was digested with DraI and was hybridized wuh 
DAMD-PCR clones pTm2.3.1 (A) and pTm2 3.2 (B, C). Blots A and 
B were washed at 1 x SSC/0,1% SDS, 65~ and blot C was washed 
at 0.1 x SSC/0.1% SDS, 65~ The wheat genotypes are indicated 
above the lanes. T. aestivum (ABD), T. durum (AB), T. monococcum 
(A"L T. speltoides (S) and T. tauschii (D) 
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persal than T. monococcum. The detection of fragments in 
T. speltoides DNA by pTm2.3.2 was unique compared to 
pTm2.3.1 with only a 4.4-kbp fragment showing strong ho- 
mology after washing at high-stringency (Fig. 4C). The 
fragments detected by these two probes in T. tauschii were 
generally qualitatively similar at low stringency (Fig. 4A, 
B). This was good evidence that clones showing some de- 
gree of genome specificity could be isolated from wheat 
using DAMD-PCR. In this case, pTm2.3.2 included addi- 
tional DNA that showed homology to T. speltoides DNA 
(Fig. 4A. B). 

Clones pTm2.3.1 and pTm2.3.2 were sequenced and 
neither showed any significant homology to DNA se- 
quences in databases (Altschul et al. 1990). The entire se- 
quence in Fig. 5 represents pTm2.3.2, and the sequence 
from nucleotides 266-542 represents pTm2.3.1. The orig- 
inal DAMD-PCR product selected for cloning was approx- 
imately 270 bp. pTm2.3.2 appeared to be an unexpected 
product of the ligation and included ligated PCR fragments 
from two different loci, based on the different sequences 
defined by the DAMD-PCR priming sites (Fig. 5, under- 
lined and with open arrowheads). The sequence data 
showed that DAMD-PCR could amplify similar-sized PCR 
products (e.g.. 266 bp and 276 bp) from different locations 
and that these products could be ligated into a single plas- 
mid. This demonstrated that each original DAMD-PCR 
band was potentially a population of fragments from dif- 
ferent loci. There are additional, potentially informative 
clones to be isolated fi'om each DAMD-PCR product; thus 
many transformed bacterial colonies from a single ligation 
should be screened to make full use of this strategy. 

An analysis of the sequence data also revealed several 
repetitive DNA elements, including three with high homol- 
ogy to the DAMD-PCR primer 14C2 sequence (Fig. 5, 
dashed arrows). In addition, sequencing revealed four pairs 

Fig. 5 Nucleotide sequence of 
clones pTm2.3.1 (nucleotides 
266-542) and pTm2.3.2 (nucle- 
otides 1-542). Both clones 
originated from T. monococcum 
and are the products of a single 
hgation reaction involving 
DAMD-PCR fragments approx- 
imately 270 bp in length. 
pTm2.3.2 showed two inverse 
DAMD-PCR priming sites cen- 
tered at nucleotide 266. 
DAMD-PCR priming sites 
(underlined open-arrowhead), 
homologous DAMD-PCR 
priming sites (dashed arrow); 
homologous, direct repeat pairs 
(number and bracket) 

1 GGCAGGAT T GAAGCTATACACATAC TACT GGCCTAT GNAANTCANCATAACATNCTCCTG 

61 TNTCAAAT GGAT GT GAAGAGTGCC T T TC TCAAT GGNAAGAT T GANGAAGAAGTGTNT GTT 
-->. 

121 GCACAACC T CCTGGCT TGGANGAT CCAAAACATCAT GACAT GGT TTACAGCTCAACAAGG 

! 

181 CACTGTNTGGCC T CAAACAAGCCCCT CGT TGCT TGGTAT GACACACTCAAGC4%CT T CT T G 

266 

241 AAGATC~TTCAATCCTGCC~GGATTGAAC~CCATGTCAGGTGCGCTGCACA 

2 
301 GTCACGAC~TGACGTAACTCTGCCGTCGGACAATA~T~TCGCGTCTGCAAC 

, 4 , 
361 TACTCCGGC C GT CATC T GGAGC.AAAT CGC GCCAT C CGAGAGC~TAGACCCCGCC 

2 I , 3 , , 4 
421 A T ~ C T C T C A G T  GGCGATAGAGTAACATAC T GACAT T CACCCC T TAC GAGAG 

i, 3 , 
481 CCGTGTCACCGAACCACTGGATTCACCTCCGGCCACGGACTCCGAC~CGCTTCAATCCTG 

60 

120 

180 

240 

300 

360 

420 

480 

540 

541 CC 542 
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Fig. 6 Southern hybridization 
of wheat genomic DNA. Ge- 
nomie DNA was digested with 
DraI, hybridized with DAMD- 
PCR clones pTs3.7 and washed 
at 1 x SSC/0.1% SDS, 65~ 
The wheat genotypes are indi- 
cated above the lanes T. aestt- 
rum (ABD), T. durum (AB), 
T. monococcum (Am), T. spel- 
toides (S) and T. tauschii (D) 

The genome-specific probes were very prevalent and 
were easily detected among those DAMD-PCR fragments 
screened on genomic-DNA digests. Many of the 30 DAMD- 
PCR fragments that were hybridized showed specific 
homology to two of the three A, S and D genomes. Some 
level of genome specificity was detected in 10 out of 
19 clones generated in this study (data not shown). Defin- 
itive genome specificity was not demonstrated in this study 
by hybridization of cloned DAMD-PCR products to sev- 
eral accessions of one species. These experiments are in- 
tended in the future and the genome-specific probes should 
be considered putative. 

Hybridization patterns were observed from PCR frag- 
ments that originated as monomorphic DAMD-PCR bands. 
For example, three DAMD-PCR bands (primer 14C2), that 
were monomorphic among the three diploid wheats, 
showed some degree of genome specificity to each of the 
three respective diploid wheat genomes (data not shown). 
Therefore, monomorphic bands should not be ignored 
when searching for probes to detect DNA polymorphisms 
using DAMD-PCR. 

In summary, the most frequent result of performing 
DAMD-PCR in wheat was the isolation of wheat genome- 
specific probes. Less frequent was the isolation of probes 
that were moderately dispersed and useful for DNA fin- 
gerprinting wheat cultivars. Both types of probes are very 
desirable. 

of direct repeats showing significant homology (68-93%) 
(Fig. 5, brackets). The sequences of clones pTm2.3.1 and 
pTm2.3.2 demonstrated that DAMD-PCR products can 
originate from regions of abundantly repetitive elements 
which may also possess additional, highly homologous 
DAMD-PCR priming sites. The similar hybridization pat- 
tern between these clones (Fig. 4A, B) can be explained by 
the identical sequences found in both clones. Although 
pTm2.3.2 originates from T. monococcum,  the sequence 
from nucleotides 1-265 contained DNA homologous to a 
high-copy number sequence in T. speItoides.  

Finally, clone pTs3.7 (Table 2), was amplified from T. 
speltoides but did not hybridize to T. spel toides DNA on 
Southern blots washed at low stringency (1 x SSC, 65~ 
The genomic sequences homologous to pTs3.7 appear to 
be highly dispersed and in high-copy number in T. mono- 
coccum and show very little cross hybridization to T. taus- 
chii (Fig. 6). Following a longer autoradiogram exposure, 
a single band at 4.8 kbp was seen in the T. spel toides lane 
(data not shown). This T. spel toides fragment may be the 
source of the original DAMD-PCR product that was 
cloned. The data suggest that a single-copy locus, homol- 
ogous to pTs3.7 in T. speltoides, may have evolved as a 
highly dispersed and high-copy number locus in T. mono- 
coccum but with very little presence in T. tauschii  (Fig. 6). 
We have no immediate explanation for the nature of this 
sequence among the genotypes tested. 
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