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Abstract Sequence characterization of the flanking re-
gions of 52 sequence-tagged microsatellite loci and two
gene fragments from 11 Zea mays inbred lines identified
a total of 324 sequence polymorphisms. The sequence
polymorphisms consisted of both single-nucleotide poly-
morphisms and insertions/deletions in a ratio of approxi-
mately two to one. The level of sequence variation with-
in the flanking regions of microsatellites linked to ex-
pressed sequence tags was lower than microsatellites that
were unlinked to expressed sequence tags. However,
both types of microsatellites generated a similar number
of sequence-based alleles across the 11 genotypes sur-
veyed. In two out of 20 microsatellites examined in de-
tail, evidence was found for size-based allele homoplasy.
Conversion of the observed sequence polymorphisms in-
to alele-specific oligonucleotides followed by covalent
binding to glass dlides allowed the sequence polymor-
phisms to be used in a simple hybridization-based geno-
typing procedure. This procedure enabled us to discrimi-
nate between different inbred lines and allowed varia-
tions within a single inbred to be identified. The se-
guence information presented in this report could be
used as a starting point for other programmes in the
further development of a non-gel based, multi-locus,
multi-allele screen for large-scale maize genotyping.
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Introduction

Marker-assisted breeding and genome mapping both rely
upon the availability of polymorphic genetic markers.
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Such markers include restriction fragment length poly-
morphisms (RFLPs; Helentjaris et al. 1986), amplified
fragment length polymorphisms (AFLPs, Vos et al.
1995) and sequence-tagged-microsatellites or simple se-
guence repeats (SSRs; Weber and May 1989). Recently,
SSR markers have become the marker of choice for mo-
lecular plant breeders (Gupta et al. 1996). SSR markers
are co-dominant, highly polymorphic and multi-allelic.
Unfortunately, the methods for detecting both SSRs and
the other types of polymorphic markers, rely upon the
electrophoretic separation of DNA in agarose or poly-
acrylamide gels. For example, at an individual SSR
locus, the variation in allele fragment size arising from
differences in the number of repeat units can be detected
by a combination of the polymerase chain reaction
(PCR) and denaturing polyacrylamide gel electrophore-
sis (Sambrook et al. 1989). Developments in fluorescent
DNA fragment analysis have made it possible to both
analyze many SSR loci simultaneously and automati-
caly capture the resulting data. However, despite the
advent of these semi-automated systems and refinements
such as capillary gel electrophoresis (Gonen et al. 1999),
gel-based technology is still 1abour-intensive and time-
consuming for the large-scal e genotyping required in ex-
perimental genome analysis, marker-assisted breeding
programmes and linkage disequilibrium studies (Brookes
1999).

The requirements for a high-throughput genotyping
system might include increased scope for automation
and a simple binary scoring system that can be reliably
read by machine, with no human intervention. The dif-
ferential hybridization between probe DNA and allele-
specific oligonucleotides (ASOs) which underpin so-
called ‘DNA genotyping chips could provide the basis
for such a system. ASO technology is based upon the
principle that when hybridized under appropriate condi-
tions, synthetic DNA oligonucleotide probes (15-25
bases) will anneal to their complementary PCR-generat-
ed target sequences only if they are perfectly matched.
Under the correct conditions, a single base pair mis-
match can be sufficient to prevent the formation of a



stable probe-target duplex. Hybridization/nonhybridiza-
tion can then be monitored via a suitable detection
system. This two-state system is binary in nature and is
therefore ideal for automated scoring (Brookes 1999).
ASOs can only be designed when sequence polymor-
phism exists between two individuals. Suitable se-
guence polymorphisms may consist of either single-nu-
cleotide polymorphisms (SNPs; Brookes 1999) or inser-
tions/deletions (indels). Characterization of SNPs and
indels in humans suggest that when comparing two indi-
viduals, one SNP or indel can be found in every kilo
base pair of sequence (Li and Sadler 1991). Unfortu-
nately, only a limited amount of work has been carried
out to examine the occurrence of SNPs and indels in
plants. Bryan et a. (1999) found that the sequence vari-
ation present between different wheat RFLP alleles was
insufficient to design ASOs. However, Germano and
Klein (1999) have shown that SNPs are present in the
nuclear and chloroplast DNA of both Picea rubens and
Picea mariana. Moreover, these variations were shown
to be capable of genotyping individuals more efficiently
than RFLPs. In soybean, Coryell et al. (1999) identified
two SNPs in 400 bp of sequence from the nuclear RFLP
locus A519-1, whereas de Barros et al. (2000) suggested
that the flanking regions around soybean SSRs could re-
present some of the most hypervariable regions of the
genome.

Because SNPs and indels, via ASOs, have the poten-
tial to be converted into a quick, cheap, multi-allelic
and multi-locus test, they should be in regular use
within large-scale genotyping laboratories. Unfortunate-
ly, whilst they are in regular use for the detection of
certain human genetic diseases (Saiki et a. 1989) they
are, as yet, not in regular use for non-human genotyping.
The reason for this becomes apparent when one consid-
ers the enormous cost of developing SNP and indel-
based markers. Work by our group and de Barros et al.
(2000) has suggested that the amount of effort required
to produce such markers would be considerably reduced
if existing molecular markers could be converted. These
markers would already have been mapped and therefore
could be converted based upon their useful map position.
Current RFLP and SSR markers offer such aresource. In
our search for sources of seguence polymorphisms we
chose to examine the existing maize SSR markers avail-
able, within either MaizeDB or Genbank (http://www.
agron.missouri.edu/maps.html and http://www.ncbi.nlm.
nih.gov/Entrez/).

In this study we have compared the sequences from
the flanking region of 52 SSR loci and two gene frag-
ments in 11 diverse temperate maize inbred lines. We
have used the sequence polymorphisms identified to
both determine the level of sequence variation present at
the loci and identify individual SSR-linked sequence-
based alleles. In addition, the sequence polymorphisms
from 32 loci were used to design 123 ASOs, which were
then used in a hybridization-based assay to examine dif-
ferences between the original 11 inbred lines and a sec-
ond source of the inbred B73.
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Materials and methods

The maize inbred lines T232, CM 37, T303, CO159 (obtained from
Dr Ben Burr, Brookhaven National laboratory), B14, F2, F7,
CO125 (obtained from ICl Seeds) and MO17, B73 and OH43
(obtained from Dr Michael McMullen, University of Columbia,
Missouri) were used in this study. A second source of B73 was
obtained from ICl Seeds.

DNA preparation and amplification

Genomic DNA was extracted from individual 10-day old etiolated
seedlings using the procedure of Edwards et al. (1991). Amplifica-
tion was carried out using primers from 52 SSR loci and two genic
loci as described in Table 1. The primer sequences used for
these amplifications can be found on the MaizeDB web site
(http://www.agron.missouri.edu/maps.html). Amplifications were
carried out in a 25 pl reaction volume containing 25 ng of DNA,
2.5 ul of 10 x PCR reaction buffer (Perkin-Elmer), 100 ng of both
the forward and reverse SSR primer, 200 uM of each dNTP and
two units of AmpliTaq Gold (Perkin-Elmer). After an initial hot-
start at 94 °C for 7 min, the following PCR cycling parameters
were employed: denaturation at 94 °C for 20 s, annealing at 53 °C
for 60 s and extension at 72 °C for 60 s. After 40 rounds of ampli-
fication, afinal extension step was performed at 72 °C for 10 min.
All PCR reactions were carried out in a 9600 DNA Thermal
Cycler (Perkin-Elmer).

Purification of PCR products from agarose gels

Following amplification, PCR products were purified by electro-
phoresis and subsequent elution from 1.2% agarose gels (Hanley
et al. 2000).

DNA sequencing of PCR products

Gel-purified PCR products were sequenced using the ABI BigDye
Terminator cycle sequencing reaction kit (Perkin-Elmer). Se-
quencing reactions were carried out in a 10 pl volume containing
2.5 ul of the purified PCR product, 100 ng of either the forward or
reverse primer and 4 pl of the BigDye sequencing mix. Cycle se-
quencing was carried out for 25 cycles in a 9600 DNA Thermal
Cycler as described in the Perkin-Elmer handbook. Samples were
resuspended in 10 pl of 100% formamide and analyzed using an
ABI 377 automated DNA sequencer. To obtain an accurate con-
sensus sequence, individual PCR products were sequenced a mini-
mum of two times and up to five times.

Allele sequences from each SSR locus and inbred line
were compared using both the Sequencher (GeneCode) and
CLUSTALW programmes employing the default settings. Before
the CLUSTALW analysis was carried out, the regions containing
the simple sequence repeat were removed. In most cases only one
side of the flanking region of the SSR allele was used in the
CLUSTALW analysis. Sequence variation between inbred lines
was expressed as bhoth sequence-based alleles (i.e. different
aleles are sequences that do not share the same SSR flanking
sequence) and size-based aleles (i.e. different alleles are frag-
ments that do not share the same size amplification product as
judged by denaturing polyacrylamide gel-electrophoresis). It
should be noted that in our comparison of the various sequences
we have avoided the use of the term ‘haplotype’ to describe
sequence-based alleles as, according to the currently accepted
definition, this is an incorrect use of the term (Brown 1999).
Manual comparisons of the sequence variations were used to de-
sign 20-mer ASOs. ASOs were designed to include the maximum
number of base pair mismatches between the different sequence-
based alleles. In designing the ASOs, no account was made of the
GC content of the oligonucleotide.
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ASO array preparation and hybridization

ASOs containing a 5 amino group linked to a 12 carbon chain
‘linker group’ attached to a 10- mer poly dT followed 3' by the al-
lele-specific sequence, were custom synthesized by Sigma-Ge-
nosys and re-suspended to a concentration of 1 mg/ml in 5 x SSC.
ASOs were spotted onto silylated microscope slides (Telechem)
using a hand-held arrayer. Silylated glass slides contain reactive
adehyde groups, which covalently bind amino-linked nucleic
acids to their surface. After the spotting operation was complete,
the slides were re-hydrated in a humid chamber for 4 h and
alowed to air dry. Unbound ASOs were removed from the slide
surface by washing in 1% SDS for 5 min.

Microscope slides with attached ASOs were pre-hybridized for
1 h, with constant shaking, in 6 x SSC, 0.1% SDS, 5 x Denhardt’s
solution, 50 mM of NaPO, pH 7.0 and 1 mg/ml of salmon sperm
DNA. Labelling of the gel-purified fragments with a-33PdCTP
(Amersham) was carried out using the Ready-to-Go reaction kits
supplied by Pharmacia Biosystems. Only 1 pl of the 1:10 diluted
gel fragment (DNA unquantified) was needed for probe labelling.
Following incubation at 37 °C for 1 h, the probe was phenol-chlo-
roform extracted, denatured and added to the hybridization solu-
tion. The hybridization solution was identical to the pre-hybridiza-
tion solution. Hybridization was carried out in custom-made
chambers (VH Biolabs) at 50 °C for 12 h.

Following hybridization, slides were washed twice at room
temperature for 10 min in 6 x SSC, 1% SDS. This was followed
by two TMAC (3 M Tri-methyl-ammonium-chloride, 50 mM
TrisHCI pH 7.5, 2 mM EDTA, 1% SDS) washes at 65 °C for
15 min. Two final washes in 1 x SSC were carried out at room
temperature for 10 min. The resulting hybridization pattern was
detected by autoradiography and scored independently by two
researchers. In all cases, hybridization was determined to have
occurred if the intensity of hybridization (as measured by densi-
tometry) to a specific oligonucleotide was greater than 10-fold
higher than the background for the slide as a whole. The degree
of similarity between the hybridization patterns of the inbred
lines used was calculated using UPGMA (unweighted pair-group
method using arithmetic averages) clustering analysis with
distance matrices calculated using restdist (PHYLIP). The con-
sensus tree's robustness was measured by the bootstrap method
(Felsenstein 1985) using 100 data sets.

Results and discussion
Flanking sequence characterisation

Previous work by our group and others has suggested
that the regions that flank SSRs contain relatively large
numbers of sequence variations, which consist of both
SNPs and indels (Grimaldi and Crouau Roy 1997; Mogg
et a. 1999; de Barros et a. 2000). To investigate this
further, we amplified and sequenced DNA from 52 SSR
linked loci and two loci unlinked to SSRs, in 11 maize
inbred lines. In all cases, each of the amplified products
were sequenced up to five times and the results com-
pared using the Sequencher and CLUSTALW programs.
In most cases the position of the primers used in the am-
plification procedure allowed us to determine the se-
guence from only one side of the SSR repeat. In addi-
tion, the primary SSR motif was removed from the se-
guences before sequence alignment. An example of a
typical sequence comparison is provided in Fig. 1. Inthis
example, locus MMC0071 was found to have one null
alele (inbred line CO125). Sequence alignment of the

ten remaining sequences indicated that the region con-
tained a total of six SNPs and four indels (not including
the primary GA SSR motif) within a total of 2,120 bp of
sequence. Therefore, within the sequences generated at
this locus, there is a sequence polymorphism for every
212 bp of primary sequence. The total sequence varia-
tion at the MM CO0071 locus could be accounted for with-
in three distinct sequence-based alleles, with lines T232,
B14 and B73 representing sequence-based allele one,
lines CM37, CO159, F2 and F7 representing sequence-
based alele two and lines T303, M017 and OH43 repre-
senting sequence-based alele three. We were able to
generate a total of 530 out of a possible maximum of
594 sequences for the 54 loci (89.2%). Within these
sequences we found a total of 324 sequence-based poly-
morphisms (SNPs and indels) or an average of six per
loci (Table 1). These sequence polymorphisms consisted
of 218 SNPs (representing an average of just over four
per locus) and 106 indels (representing an average of just
under two per locus). Four of the 54 loci examined
(MMCO0551, UMC1004, EST600.967 and EST619.213)
had no sequence polymorphism. For 15 of the loci
(10.8% of sequences), we were unable to confirm the
exact consensus sequence of at least one inbred line from
five sequencing runs. In these cases the locus-specific
sequence information from those inbreds was not ana-
lyzed further.

Null aleles (defined as an inability to amplify a spe-
cific PCR product from a specific inbred) appeared to be
present in at least one inbred line for 18 of the 54 loci
(33.3% of al loci or 7.2% of the total number of se-
guences possible). In each case, when a specific primer
set failed to amplify a product, the amplification was re-
peated with fresh genomic DNA from that inbred before
anull allele was considered to be present at that locus. In
one case (UMC1007), null aleles were observed in six
of the 11 inbred lines, whilst five null alleles were ob-
served at both the UMC1004 and EST619.213 loci. Null
alleles are thought to occur due to sequence variation at
one or both priming sites (Alexander et al. 1996). Al-
though a figure of 33.3% of loci having null alleles may
be regarded as relatively high, high levels of null aleles
have been reported previously for anima SSRs. For
instance, Alexander et al. (1996) reported that 50 out
of 400 (12.5%) porcine SSRs exhibited null alleles. The
authors suggested that this number of null alleles indi-
cated that the sequences, which flank SSRs contained a
relatively high level of sequence polymorphism. They
suggested that for sequence variation at the primer bind-
ing site to disrupt PCR amplification the variant nucleo-
tides are likely to be located within five nucleotides at
the 3' end of the primer. Thus, each primer pair assays
ten nucleotides for polymorphisms. If this hypothesis is
correct, using the information that 7.2% of the total se-
guences fail to amplify a product, we can predict that for
these sequences, there is a minimum of one sequence
polymorphism in the ten bases covered by both the for-
ward and reverse primers (2 x 5 bp). In the work de-
scribed here, this would suggest a minimum polymor-



Fig. 1 Sequence alignment of
SSR locus MM CO0071. The
forward primer sequence is not
included, but is situated 5' to
base number one. The GA
repeat motif is not presented,
but is situated 3' to base num-
ber 212. The SNPs and indels
are highlighted in bold. The
sequence for the inbred line
C0125 is not included as this
line hasanull aleleat this
locus. Inbred lines T232, B14
and B73 had identical sequenc-
es (seguence-based allele one),
asdid inbred lines CM 37,
C0159, F2 and F7 (sequence-
based allele two) and inbred
lines T303, M017 and OH43
(sequence-based alele three)
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TECCTETCTTGTCTTATGTAGCAGCTGCC-AGCCTAGAARTATGTGTGAGRAGATCTTTGT
TGCCTETCTTGTCTTATGTAGCAGCTGCC-AGCCTAGARATATGTGTGAGAGATCTTTGT
TECCTETCTTGTCTTATGTAGCAGCTGCC-AGCCTAGARATATGTGTGAGAGATCTTTGET
TECCTGTCTTGTCTTATGTAGCAGCTGOC-AGCCTAGAAATATGTGTGAGAGATCTTTGT
TECCTETCTTGTCTTATGTAGCAGCTGOC- AGCCTAGAAATATGTGTGAGAGATCTTTGT
TGCCTETCTTGTCTTATGTAGCAGCTGCC-AGCCTAGAAATATGTGTGAGAGATCTTTGT
TGCCTGTCTTGTCTTATGTAGCAGCTGCC-AGCCTAGAAATATEGTGTGAGAGATCTTTGT
TGECCTETCTTGTCTTATGTAGCAGCTEGCCCAGCCTAGARATATGTGTCAGA--TCTTTGT
TECCTETCTTGTCTTATGTAGCAGCTGCCCAGCCTAGAAATATGTGTCAGA - -TCTTTGT
TECCTGTCTTGTCTTATGTAGCAGC TGCCCAGCCTAGAAATATGTGTCAGA - -TCTTTGT

GGCAC--~--TGECCCTCGTGCGATTTGATTTTGETCGACCCAGTCCTTTACGGACAAGAC
GGECAC~--~-TGECCCTCETGCGATTTEATT TTGETCGACCCAGTCCTTTACGGACAAGAC
GGCAC--~-TGGECCCTCETGUCGATTTGATT TTGGTCGACCCAGTCCTTTACGGACAAGAC
GGCAC----TGGCCCTCETGCGATTTGATT TTGGTCGACCCAGTCCTTTACGGACAAGAC
GECAC----TGECCCTCGTGCGATTTGATTTTGATCGACCCAGTCCTTTACGGACAAGAC
GGCAC----TGECCCTCGTGCGATTTGATTTTGETCGACCCAGTCCTTTACGGACAAGAC
GGCAC----TGEGCCCTCGTGCGATTTGATTTTGETCGACCCAGTCCTTTACGGACAAGAC
GGCACGTACTGGCCCTCGTGCGATTTGATT TTGGTGCACCCAGTTCTTTACGGACAAGAC
GGCACGTACTGGCCCTCGTGUCGATTTGATT TTGGTGCACCCAGTTCTTTACGGACAAGAC
GGCACGTACTGGCCCTCGTGCGATTTGATTTTGGTGCACCCAGTTCTTTACGGACAAGAC

GCTACTACCAARGAGTACTATTAGCGEGATTCATATA - --~-CTACTAGGACTAGGACCTAR
GCTACTACCAAGAGTACTATTAGCGGGATTCATATA- - - ~CTACTAGGACTAGGACCTAR
GCTACTACCAAGAGTACTATTAGCGGGATTCATATA - - - ~-CTACTAGGACTAGGACCTAR
GCTACTACCARGAGTACTATTAGCGGGATTCATATA - - - - CTACTAGGACTAGGACCTAR
GCTACTACCARGAGTACTATTAGCGEGATTCATATA- -~--CTACTAGGACTAGGACCTAR
GCTACTACCARGAGTACTATTAGCGGEGATTCATATA - - --CTACTAGGACTAGGACCTAR
GCTACTACCAAGAGTACTATTAGCGGGATTCATATA~ ~ - ~CTACTAGGACTAGGACCTAR
GCTACTACCAGGAGTACTATTAGCGGGATACATATATATACTACTAGGACTAGGACCTAR
GCTACTACCAGGAGTACTATTAGCGGGATACATATATATACTACTAGGACTAGGACCTAR
GCTACTACCAGGAGTACTATTAGCGGGATACATATATATACTACTAGGACTAGGACCTAR

TAATGGCATTATGATAGTGAAAARGTTCCAACT 212
TAATGGCATTATGATAGTGAARAGTTCCAACT
TAATGECATTATGATAGTGAAARGTTCCARCT
TTATGEGCATTATGATAGTGARARGTTCCARCT
TTATGGCATTATGATAGTGAAARGTTCCARCT
TTATGGCATTATGATAGTGAAAAGTTCCAACT
TTATGGCATTATGATAGTGAAAAGTTCCAACT
TTATGEGCATTATGATAGTGAAAAGTTCCARCT
TTATGEGCATTATGATAGTGAAAAGTTCCARCT
TTATGEGCATTATGATAGTGAAARGTTCCARCT

MMC0071

phism rate of one base per 139 bp. Although only a mini-
mum value, this figure is similar to that observed by
Alexander et al. (1996), which suggested a sequence
polymorphism rate of one polymorphism per 80 base
pairs.

Of the 52 SSR linked loci used in this study, 24 were
derived for sections of the genome associated with tran-
scribed regions and 28 were thought not to be associated
with transcribed regions (Table 1). However, it should be
noted that in no case did we sequence beyond the primer
sequences and it is therefore possible that some of the
“non-EST-linked” sequences are linked to transcribed
regions. Six of the 24 (25%) EST linked SSRs had null
aleles, whereas 12 of the 28 (43%) non-EST linked
SSRs had null alleles. This result suggests that the flank-
ing regions of SSRs that are not linked to transcribed re-
gions, might have a higher rate of polymorphism than
those associated with transcribed regions. A comparison
of the number of SNPs and indels present per locus in
the non-EST linked and EST linked SSRs suggested that
there was no significant difference between the two. For
instance, the average number of SNPs per locus was 4.08
for non-EST linked SSRs versus 3.89 for EST linked

SSRs whereas the average number of indels per locus
was 2.08 for non-EST linked SSRs versus 1.85 for EST
linked SSRs. However, when corrected for the fact that
the average non-EST linked SSR locus used in our study
covered 212 bp, compared to 381 bp for the average EST
linked SSR locus, the rate of polymorphism per base pair
for non-EST linked SSRs was found to be one per
298 bp (range of 78-967 bp) compared to an average of
one per 437 bp (range of 68-1,380 bp) for EST linked
SSRs (Table 1). In both cases, the two SSRs that did not
show any sequence polymorphism across the 11 inbreds
were not included in the calculation. Although only two
genic regions, not linked to SSRs, were included in our
experiments, the average rate of polymorphism for these
was found to be one per 229 bp. However, these two
genic regions were included in our original experiments
because our previous work (K.J.E., unpublished) had
suggested that they both had a relatively high rate of
sequence polymorphism. The rate of polymorphism for
maize SSR flanking regions suggested above and in
Table 1 are lower than those determined by the method
of Alexander et a. (1996). We believe that this differ-
ence is due to the manner in which we have classified
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Table1 Summary of SSR locus information used in this study

Locus Repeat  Map Source? No. of poor  No. of No. of No. of No. of base No. of
type location sequences? null SNPs indels pairs per sequence-
aleles polymorphism  based
aleles
Non-EST SSRs
MMC0063 CA 2.00 Maizedb 0 0 12 1 152 bp 2
MMC0071  GA 3.05 Maizedb 0 1 6 4 212 bp 3
UMC128 GA 1.07 Maizedb 1 0 5 6 106 bp 5
MMCO0132  GA 3.04 Maizedb 0 1 2 3 224 bp 5
MMC0201  GA Unknown Maizedb 0 1 0 2 510 bp 3
MMCO0211 CA unknown Maizedb 0 0 7 6 88 bp 6
MMC0241  CA 6.05 Maizedb 1 0 6 2 230 bp 4
MMC0261  GA 5.02 Maizedb 1 2 9 1 78 bp 2
MMC0271  GA 2.07 Maizedb 1 0 3 1 193 bp 2
MMC0282 CA 5.05 Maizedb 0 0 3 0 157 bp 3
MMC0321  GA 4.08 Maizedb 2 1 0 3 480 bp 3
MMC0351  GA 5.03 Maizedb 1 2 2 0 178 bp 3
MMCO0371  GA 4.06 Maizedb 0 0 2 1 337 bp 2
MMCO0381  GA 2.09 Maizedb 0 0 5 0 139 bp 4
MMC0401  GA 2.05 Maizedb 2 0 2 0 357 bp 3
MMC0431  GA Unknown Maizedb 0 1 5 4 225 bp 7
MMC0461  GA Unknown Maizedb 2 0 4 1 237 bp 3
MMC0471  GA 4,04 Maizedb 0 0 1 1 616 bp 2
MMCO0491  GA Unknown Maizedb 2 2 2 1 219 bp 3
MMC0501  GA 10.02 Maizedb 0 1 1 0 600 bp 2
MMCO0511 GA Unknown Maizedb 0 0 0 0 N/A 1
UMC1004 CA 2.05 GB:G42328 0 5 0 0 N/A 1
UMC1007 GA 2.04 GB:G42322 0 6 1 0 965 bp 2
UMC59 GA 3.03 GB:G10853 0 2 2 2 405 bp 5
UMC126 GA 2.03 GB:G10810 0 0 3 4 364 bp 5
UMC1025 GA 3.04 GB:G42323 0 0 7 0 248 bp 4
UMC1027 GA 3.06 GB:G42325 0 0 4 7 275 bp 7
UMC1028 GA 2.05 GB:G42612 0 0 8 1 176 bp 6
EST SSRs
UMC1003 AAAT 204 GB:AF080567 O 0 2 1 795 bp 3
UMC1010 CA 3.09 GB:U66105 1 0 5 2 457 bp 8
UMC1016 GA 7.02 GB:U81960 0 0 4 3 282 bp 7
UMC1022 CA 4.01 GB:X76713 0 0 5 4 217 bp 6
EST491.313 GA Unknown GB:AI795636 O 2 8 5 68 bp 7
EST600.908 PolyA Unknown GB:AI600908 O 4 3 0 319 bp 2
EST600.967 CA Unknown GB:AI692055 O 0 0 0 N/A 1
EST603.742 CA Unknown GB:AI603742 O 0 2 1 634 bp 2
EST619.213  PolyA Unknown GB:AI967267 O 5 0 0 N/A 1
EST621.450 CA Unknown GB:AI795636 O 0 18 2 133 bp 7
EST622.008 PolyA Unknown GB:A1622008 0 0 4 3 161 bp 5
EST649.727 AT Unknown GB:A1461485 O 1 0 3 440 bp 3
EST649.864 GT/GA  Unknown GB:AI1649864 1 0 2 1 366 bp 5
UMC1170 GA 9.02 GB:AI649893 O 0 7 6 152 bp 6
EST649.899 CAA Unknown GB:AI855242 3 0 2 3 328 bp 3
EST665.028 CAA Unknown GB:AI833733 0 0 2 0 1,380 bp 2
EST668.131 AT Unknown GB:AI668131 O 0 4 1 997 bp 2
EST670.332 GA Unknown GB:AI712111 1 0 3 0 766 bp 3
EST670.625 CA Unknown GB:AI712273 O 0 6 6 302 bp 6
UMC1127 CA 6.07 GB:AI677270 1 0 2 3 442 bp 3
EST612250 TAC 10.01 GB:AI1612250 3 0 3 2 371bp 4
EST665.695 TA 7.0 GB:AI665695 0 0 19 4 199 bp 5
EST714.928 GAT 9.07 GB:AI714928 O 0 5 2 469 bp 7
Waxy TACA  9.03 GB:M24258 0 4 3 2 336 bp 2
Non SSRs
RADSIB None Unknown GB:AF079429 O 3 6 2 224 bp 3
GSTI PolyA 8.09 GB:M16900 0 0 5 2 235 bp 4

aSequences designated GB were derived from the accession number within Genbank

b Poor sequences were defined as sequences that contained ambiguities after five separate sequencing reactions



Fig. 2 Sequence alignment of Bl14 001 ATAAACTAGATTTGTTTTCCCTAGATAACAACGTTGATGGACAGCGACTGCTCAAAGTTC 60
SSR locus MMCO431. The cM37 ATAAACTAGATTTGTTTTCCCTAGATAACAACGTTGATCGACAGCGACTGCTCAAAGTTC 60
forward and reverse primer 23723 AAAACTAGA oo EAACAACOTIGATCOACAGOOACTOCTCARRGTTC 49
Sﬁquences are ré%t ! ?Cl uged, T232 ATAAACTAGATTTGTTTTCCCTAGATAACAACGTTGATCGACAGCGACTGCTCAAAGTTC 60
these ’are Situated 5' to base 001 g5 ATAAACTAGATTTGTTTTCCCTAGATAACAACGTTGATGGACAGCGACTGCTCAAAGTTC 60
and 3 to bases 192-205 F2 ATAAACTAGATTTGTTTTCCCTAGATAACAACGTTGATGGACAGCGACTGCTCAAAGTTC 60
respectively. In this sequence F7 ATAAAGTAGATTTGTTTTCCCTAGATAACAACGTTGATCGACAGCGACTGCTCAAAGTTG 60
alignment the GA repeat motif MO17 ATAAACTAGATTTGTTTTCCCTAGATAACAACGTTGATGGACAGCGACTGCTCAAAGTTC 60
and 3' flanking region are OH43 ATAAACTAGATTTGTTTTCCCTAGATAACAACGTTGATGGACAGCGACTGCTCAAAGTTC 60
underlined. The underlined
seguences were not used in the B14 061 AGAAGGGCCCAGGCCCATGCACCAACGATTCCTTTCCAATCGCTGGCCCCTCCTCCAGCC 120
assessment of either SNPs or cM37 AGAAGGGCCCAGGCCCATGCA- - ~ACGATTCCTTTCCAATCGCTGGCCCCTCCTCCAGCC 117
indels, but they were used to co159 AGAAGGGCCCAGGCCCATGCA - - -ACGATTCCTTTCCAATCGCTGGCCCCTCCTCCAGEC 117
assess size-based alleles. The co125 AGAAGGGCCCAGGCCCATGCA- - -ACGATTCCTTTCCAATCGCTGGCCCCTCCTCCAGCC 102
sequence for the inbred line T232 AGAAGGGCCCAGGCCCATGCA- - -ACGATTCCTTTCCAATCGCTGGCCCCTCCTCCAGCC 117
T303is not included as this B73 AGAAGGGCCCAGGCCCATGCA---ACGATTCCTTTCCAATCGCTGGCCCCTCCTCCAGCC 117
line has anull allde at this F2 AGAAGGGCCCAGGCCCATGCA---ACGATTCCTTTCCAATCGCTGGCCCCTCCTCCAGCC 117
. F7 AGAAGGGCCCAGGCCCATGCACCAACGATTCCTTTCCAATCGCTGGCCCCTCCTCCAGCE 120
locus. The SNPs and indels MO17 AGAAGGGCCCAGGCCCATGCA -~ ~ACGATTCCTTTCCARTC— =~ === = === === — == 98
;ﬁld tol def‘t'z)y l%equence' based  oma3 AGAAGGGCCCAGGCCCATGCA- - ~ACGATTCCTTTCCAATC -~~~ —— === === — === — == 98
esarein po
Bl4 121  CAATCAAAATAAAATAAAATAAAA-—---— AGAGAGA-GACG-—-———————-———————— 155
cM37 CAATCAAAATAAAATAAAATAAAA-—-—— AGAGAGAAGACG-—-———————-———————— 153
co159 CAATCAAAATAAAATAAAATAAAA-—--— AGAGAGAAGACG-—-———-———-———————"— 153
co125 CAATCAAAATAAAATAAAATAAAATAAAAAGAGAGA-GACG———-—-—-—-—-——————— 143
7232 CAATCAAAATAAAATTT--TAAAA-AGAGAGAGAGAAGAAG-~---—-=-—==—-=—====-= 155
B73 AATCCAAAATAAAATTT--TAAAA-AGAGAGAGAGAAGAAG-=—-=--====—=-==—===== 155
F2 CAATCAAAATAAAATTT--TAAAA-AGAGAGAGAGAAGAAG====-=-===========--= 155
F7 CAATCAAAATAAAATAAAATAAAG-—---— AGAGAGA-GAAG-—-———=-—==-———————=— 155
Mo17 === AAAATAAAATT---TAAGA--G--AGAGAGA-GAGAGAGAGAGAGAGAGAGAGAG 145
OH43 = —m—e- AAAATAAAATT---TAAGA--G--AGAGAGA-GAGAGAGAGAGAGAGAGAGAGAG 145
B14 156  ——————--—-- AAGTTGTACTAGTATTCAGATTTGAGATAGAAAGGCGAATCAGAAGCAG 205
cM37 0 mmmmmmmm—-- AAGTTGTACTAGTATTCAGATTTGAGATAGAAAGGCGAATCAGAAGCAG 203
co159 0 —mmmm—— - AAGTTGTACTAGTATTCAGATTTGAGATAGAAAGGCGAATCAGAAGCAG 203
co125 0 —=——————-— AAGTTGTACTAGTATTCAGATTTGAGATAGAAAGGCGAATCAGAAGCAG 192
T232 000 mmmm—mmmm—-c AAGTTGTACTAGTATTCAGATTTGAGATAGAAAGGCGAATCAGAAGCAG 205
B73 = mmmmem——e-- AAGTTGTACTAGTATTCAGATTTGAGATAGAAAGGCGAATCAGAAGCAG 205
2 e AAGTTGTACTAGTATTCAGATTTGAGATAGAAAGGCGAATCAGAAGCAG 205
FI = mmmmemmm—-= AAGTTGTACTAGTATTCAGATTTGAGATAGAAAGGCGAATCAGAAGCAG 205

MO17 A-===== GAAGAAGTTGTACTAGTATTCAGATTTGAGATAGAAAGGCGAATCAGAAGCAG

199

OH43

AGAGAGAGAAGAAGTTGTACTAGTATTCAGATTTGAGATAGAAAGGCGAATCAGAAGCAG 205

MMCO0431

the various sequence polymorphisms. The maize se-
guences used here contain a significant number of indels
unlike the SSRs described by Alexander et al. (1996). In
our study we have classified a single indel as being
equivalent to a single nucleotide polymorphism irrespec-
tive of the number of bases covered. For instance, locus
MMCO0071 contains six SNPs and four indels;, however,
collectively the indels cover an area of sequence equiva-
lent to 11 SNPs (Fig. 1). Given this scenario it is not sur-
prising that the number of sequence polymorphisms sug-
gested by experimentation is significantly higher than
that suggested by simply cataloguing the total number of
sequence variations. We have chosen this method to clas-
sify the observed indels because it is apparent from the
various sequence alignments that the bases covered by a
single indel cannot be considered as being independent.
We believe this to be the case because we see no evi-
dence for individual bases within an indel being inserted
or deleted; however, we do see numerous cases where
the bases are deleted or inserted as blocks of sequence
covering anything up to 25 bases. Interestingly, when
indels are present within the flanking sequences they
amost always occur in, or next to, short stretches of

repeat motifs, which are independent from the main
SSRs repeat. For example, of the four indels contained
within the sequences derived from locus MM C0071, two
are within minor repeats. This observation suggests that
the majority of indels are produced by a mechanism
similar to that responsible for the variations observed in
the major SSR repeat cluster. This observation also sug-
gests that some of the allele length polymorphisms seen
with SSRs could be due to the presence of indels within
the flanking regions rather than changes in the number of
repeats at the primary SSRs motifs. If thisis correct then
it could lead to SSR homoplasy, whereby different (se-
guence-based) SSR alleles have evolved to be of identi-
cal size (Grimaldi and Crouau Roy 1997). In this case
such fragments would be scored as being identical when
examined by denaturing polyacrylamide-gel electropho-
resis. To find out if SSR homoplasy has occurred within
maize SSRs, we compared the number of sequence-
based alleles with the number of size-based aleles as
determined by denaturing polyacrylamide-gel €electro-
phoresis. In each case the same inbred lines were used
for the comparison. The results (Table 2) suggest that for
the MM C SSRs (which are not linked to ESTSs), the num-
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Fig. 3 Allele-specific oligo- 241.1: 5’ TATATTGGCCCGATAAGAATI * Inbred T232.

nucleotides designed for SSR 241.2: 5 TATATTGGCACGATARGARATI ' InbredsCMW 3T, T3, CO159, B14, BT73,
locus MM C0241. All ol igO- F2, MO17. OH43 and CO125.
FUd ?r?tl-?ﬁs \ivg_re 2(_) tl)aSEi;_lrl 241.3: 5" TCEEACATAGAARTATATATI " Inbred T232.

s%r;\%er. on tehe 3,%?62(:'&% SO 241.4:  5’TCGGACATATAAATTTATAT3’ InbredsCM37, T303, CO159, B14, BT3,
: . ; F2, MO17. OH43 and CO125.
is not shown. Theinbred lines,

whose MMCO0241 PCR product  z41.s: 5¢ TATATACCTACGATATCGATS / InbredsCM37, T303, CO159. B14, B73,
would be expected to hybridise F2, MO17, OH43 and CO125,
to the ASO are shown. The 241.6: 5¢ ATATAGAAACGATCTCGCTG Inbred T232.

status of inbred line F7 was

unknown at the stage of ASO 241.7s 5'GTTCGCCCGCCCAATTCAGC ! Al inbred lines,

i idi 241.8: 5 TTACCETEETEECETAGTTCI F nbreds T232, T30S, XN DS, i 3.
design. B Results of hybridis- Inbreds T232.T303, BI4.BT3.F2.MO17 and OH43
i 33p-
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Iines?o 11 ASOs bound to 241.10: 5 CARTTCAGCGTCGACAGACAS Inbred MOTT.
tgfllasf? mf:(l:rozlzoee slides. N_?_te Forward 5' TATATCCGTGCATTTACGTT ¢ Al inbred lines.
e high level of non-specific
hybridization seen with ASO 8
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Table2 Comparison of the number of sequence-based alelesand  ber of sequence-based alleles is less than the number of

size-based alleles for the MM C SSRs

No. of size-based
alees

Locus No. of sequence-

based alleles

MM CO0063
MMCO0071
MMCO0132
MMC0201
MMCO0211
MMC0241
MMC0261
MMCO0271
MMC0282
MMC0321
MMCO0351
MMCO0371
MMCO0381
MMC0401
MMC0431
MMCO0461
MMCO0471
MMCO0491
MMCO0501
MMCO0511

PNWONWOAOWRANWWWNNRAOWOITWN
W~NOOUhONUIOUIUIORAGIOITAORAOD

aAllele size was determined using 32P labelled products on 5%
denaturing polyacrylamide gel-electrophoresis

size-based alleles in 18 of the 20 loci (an average of 3.1
sequence-based alleles compared to an average of 5.5
size-based alleles). However, two loci, MMC0211 and
MMCO0431, both appear to have a larger number of
sequence-based alleles than size-based aleles. In the
case of MMCO0211, there are six sequence-based alleles
compared to five size-based alleles, and in the case of
MMCO0431 there are seven sequence-based alleles com-
pared to four size-based alleles. Examination of the se-
guence for each locus from the various inbred lines,
clearly showed that, in both cases, changes in the num-
ber of repeat units was sometimes compensated for by
indels within the SSR flanking region. As an example of
this, Fig. 2 shows the entire sequence of MMCO0431 in
ten inbred lines (inbred line T303 had a null allele for
this locus). Examination of the sequences show that for
some of the inbred lines, expansion/contraction of the
main repeat motif (GA) has been compensated for by the
presence of indels within the flanking region. Together
this has resulted in size-based homoplasy. For
MMCO0431, inbred line CO125 has one size-based allele
(192 bp), MO17 another (199 bp), CM37 and CO159 a
third (203 bp) and B14, T232, B73, F2 and F7 a fourth
(205 bp). In comparison, the sequenced-based alleles
consist of MO17 and OH43 forming one, B14 another,
CM37 and CO159 another, CO125 another, T232 and F2
another, B73 another and F7 the seventh. Therefore for
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Table 3 ASO sequences, location on the chip shown in Fig. 4 and inbred specificity

ASO Sequence (5'3") Co-ordinates  Suggested inbred specificitya
on chip
MMCO0071.5 TGTGGCACGTACTGGCCCTC Al T303,M017,0H43
MMCO0071.6 TTTGTGGCACTGGCCCTCGT B1 T232,C0159,B14,B73,F2,F7
UMC128.8 CACCGTGTCTGTGTCCATAC Cl CM37,C0125,
UMC128.9 ACCGTGTCTAATGTGTCCAT D1 T232,T303,C0159,F2,0H43,F7
UMC128.10 CACATCAACCAGATACGGTG El B14,B73
MMC0241.1 TATATTGGCCCGATAAGAAT F1 T232
MMC0241.2 TATATTGGCACGATAAGAAT Gl CM37,T303,C0159,B14,B73,F2,M017,0H43,CO125
MMC0241.3 TCGGACATATAAATTTATAT 11 CM37,T303,C0159,B14,B73,F2,M017,0H43,C0O125
MMC0241.5 TATATACCTACGATATCGAT J1 CM37,T303,C0159,B14,B73,F2,M017,0H43,CO125
MMC0241.6 ATATAGAAACGATCTCGCTG K1 T232
MMC0261.3 TTTGGTTGGGTTGAGCCCAG L1 T232,CM37,T303,B814,B73,M017,0H43
MMCO0261.4 GGCTAGGTTGGGTTGGGCTT M1 F2,F7
MMC0271.1 ATTGACGTTAGGAGACATAC N1 C0159,B14,B73,F2,0H43,CO125
MMC0271.2 ATTGACGTTGGGAGACATAC A2 T232,CM37,T303,MO17,F7
MMCO0321.1 TGTTTGACGAAGGGCGAGGA B2 MO17
MMC0321.2 CGCTTTGAGGGAGCTGGGTG c2 MO17
MMCO0321.9 ACATGACTCATGAGCTGAGC D2 CM37,C0159
MMC0321.10 CCCCACATGAGCTGAGCATC E2 T232,B14,B73,F2,0H43,C0125
MMCO0371.1 CCCTTCACCCAGTCAGTCGT F2 T303,B14,B73
MMCO0371.2 CACCCACAGTCAGTAACTCA G2 T232,CM37,CO159,F2,M017,0H43,CO125,F7
MMC0431.3 AACGTTGATCGACAGCGACT H2 CM37,C0159,CO125,F7
MMC0431.4 AACGTTGATGGACAGCGACT 12 T232,B14,B73,F2,M017,0H43
MMC0431.5 CTCAAAGTTGAGAAGGGCCC J1 F7
MMC0431.6 CTCAAAGTTCAGAAGGGCCC K2 T232,CM37,C0159,B14,B73,F2,M017,0H43,C0125
MMC0431.7 GGCCCATGCAACGATTCCTT L2 T232,CM37,C0O159,B73,F2,M017,0H43,CO125
MMC0431.8 CCCATGCACCAACGATTCCT M2 B14,F7
MMC0431.9 TGGCCCCTCCTCCAGCCCAA N2 T232,CM37,C0O159,B14,B73,F2,CO125,F7
MMCO0431.10 CTTTCCAATCAAAATAAAAT A3 MO17,0H43
MMC0461.8 AAAGCAAAGTGTGCTTGTGT B3 F2
MMCO0461.9 AAAGCTAAGTGTGCATGTGT C3 T232,CM37,T303,C0159,B14,B73,M017,0H43,CO12,F7
MMC0491.1 GGAGAAAAGTGTGGTGTCAA D3 CM37,B73,F2
MMC0491.2 GGAGAAAATTATGGTGTCAA E3 T232,T303,0H43,C0125
MMCO0491.3 GGAGAAAATTGTGGTGTCAA F3 F7
UMC1003.3 AAGAGAAGGCCATCGAATAA G3 T232,7303,B14,B73,M017,0H43,C0O125
UMC1003.4 GAGAAGGCGGCCATCGAATA H3 CM37,CO159,F2,F7
UMC1003.5 TTGAATAAGACGTTGCCCAA 13 T232,CM37,T303,C0O159,B14,B73,F2,M0O17,F7
UMC1003.6 TTGAATAAGGCGTTGCCCAA 33 OH43,C0125
UMC1010.1 CATGGATATGCATGGATGTG K3 CM37,0H43
UMC1010.2 TTCATGGATATCGATGTGTA L3 T232,T303,C0O159,F2,M017,CO125,F7
UMC1010.3 TCGATCGACCAACCATTCCG M3 T232,CM37,C0O159,B14,F2,0H43,CO125
UMC1010.4 TCGATCGATCGACCATTCCG N3 T303,M017,F7
UumMC1012.7 TGAGTGCCAAGGTTCCGTTC A4 T232,T303,B14,F2,CO125,F7
UMC1012.8 AGTGCCAACAAGGTTCCGTT B4 C0O159,B73,M017,0H43
UMC1016.9 CTCTATTAATTATAGCTCCC c4 T232,CM37,T303,B73,F2,0H43,CO125,F7
UMC1016.10 TGCTCTATTATAGCTCCCAA D4 CO159,M017
UMC1016.11 TGCTCTATTATATAGCTCCC E4 B14
UMC1019.1 AGTGGTTACAGACGTACTCC F4 T232,CM37,T303,B14,B73,F2,M017,0H43,CO125,F7
UMC1019.2 GGTTATTAGAGACGACGTAC G4 CO159
UMC1019.3 CGGCCAACAGCTAACCATGC H4 T232,C0159,B14,B73,F2,M017,0H43,CO125,F7
UMC1019.4 CGGCCAACACCTAACCATGC 14 CM37,T303
UMC1022.9 TGACAAGCCGGCTACTAGCT N7 T232,T303,B14,B73,F2,M017,0H43,CO125,F7
UMC1022.10 ACAAGCTAAGCCGGCTAGCT K4 CM37,C0159
UMC1025.8 AGTAATCGGTGGCTTGCGCT L4 T232,T303,C0159,B14,B73,F2,M0O17,0H43,CO125,F7
UMC1025.9 AGTAATCGATGTCTTGCGCT M4 CM37
UMC1027.3 GCTCAGCCTTAGCAATGGTG N4 CM37,C0125
UMC1027.4 GCTCAGCCTCAGCAATGGTG A5 T232,T303,C0159,B14,B73,F2,MO17,0H43,F7
UMC1027.5 TTATCTAGTAGTGTGGCGGA B5 T232,CM37,T303,C0159,B14,M017,0H43,CO125,F7
UMC1027.6 TCTAGTACTAGTAGTGTGGC C5 B73,F2
UMC1027.9 AGCAAAGGCGGAGTGTATAT D5 CM37,T303,C0159,B73,F2,CO125
UMC1027.10 CAAAGGCGGAGGGAGTGTAT E5 T232,B14,M017,0H43,F7
UMC1027.15 CGGAGCAGCTAGCAGAGCTA F5 T232,CM37,C0159,B14,M017,0H43,CO125,F7
UMC1027.16 AGCAGCTACTAGCAGAGCTA G5 T303
UMC1027.17 AGTCGGAGCAGCTAGCGGGG H5 B73,F2
UMC1028.4 CTGCTTGTTTCACGTGATGC 15 T303,B14,M017,0H43
UMC1028.5 CTGCTTGCTTCATGTGATGC J5 T232,CM37,C0159,B73,F2,CO125,F7
UMC1028.6 TGCATGGAACTGCACCTGAC K5 F2,CO125,F7
UMC1028.7 GCATGGAACACTGCACCTGA L5 T232,CM37,T303,C0159,B14,B73,F2,M017,0H43
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Table 3 (continued)

ASO Sequence (5'3") Co-ordinates  Suggested inbred specificitya
on chip
EST491.313.17 CTCTAGGCGCAGTGACAAGA M5 T232,0H43
EST491.313.18 AGATAGGTACGGTGACAAGA N5 T303,B14,M017,C0O125
EST491.313.19 TCTACATAGGTGACAAGATG A6 CM37,B73,F7
EST621.450.1 AATTTCTACATGGAAAAGGT B6 T303,F2,0H43,C0125,F7
EST621.450.2 AATTCATGCATGGAAAGGGT C6 T232,B73,M017
EST621.450.3 AATTCATGCTTGGAAACGGT D6 CM37,C0159,B14
EST621.450.23 ACATTTGCCAGATTAACAGA E6 T303,0H43,C0125,F7
EST621.450.24 ACATTTGCCGGATTAACAGA F6 T232,B73,F2,M0O17
EST621.450.25 ACATTTGCCGAATAACAGAA G6 CM37,C0159,B14
EST622.008.6 GTTTCTTCCATTATCAAAAA H6 CM37,B14,0H43,C0O125
EST622.008.7 GTTTCTTACATTATCAACAA 16 T232,T303,B73,F2,M017
EST622.008.8 GCATCTTCCATTATCAAAAA J6 CO159,F7
EST649.727.3 TGCTTGCCTAGCTGCCTGTA K6 C0159,B73,C0O125
EST649.727.4 TGCTTGCCTGCCTGTAACGA L6 T232,CM37,T303,B14,F2,M0O17,F7
EST649.864.1 ATGATCGATGGCTACTTGTC M6 T232,T303,C0O159,B14,F2,C0O125
EST649.864.2 ATGATCGATGACTACTTGTC N6 CM37,0H43
EST649.864.3 ATGATCGATTGCTACTTGTC A7 MO17,F7
EST649.893.1 GGATAGTATAAAATTGCACT B7 CM37
EST649.893.2 CCAGCGACAAATAAAAAGAA Cc7 CM37
EST649.893.10 AAAACGTCACATCGTCGACA D7 F7
EST649.893.11 AAAACGTCATAACTTCGACA E7 C0159,B14,F2,0H43,C0O125
EST649.893.12 AAAACGTCATATCGTCGACA F7 T232,T303,B73,M017
EST649.893.25 GCCCGCTTGCTCCAAGACTT G7 F2
EST649.893.26 GCCCGCTTGTTCCAAGACTT H7 T232,T303,C0159,B14,B73,M017,0H43,CO125,F7
EST668.131.1 GGACATCACGGCCGAGGACG 17 T232,T303,B14,0H43,C0O125,F7
EST668.131.2 GGACATCACAGCCGAGGACG J7 CM37,C0159,B73,F2,M0O17
EST668.131.3 GTTCGTCGGAAGCGGCCTCC K7 T303
EST668.131.4 GTTCGTCGGCAGCGGCCTCC L7 T232,CM37,C0159,B14,B73,F2,M017,0H43,CO125,F7
EST668.131.5 ATTAATGGTCGTGATCTGAT M7 T303,B73
EST668.131.6 ATTAATGGTGGTGATCTGAT N7 T232,CM37,C0159,B14,F2,M017,0H43,CO125,F7
EST670.332.3 CCATGAAGGTACGGGCTTCA A8 T232,T303,B14,B73,F2,M017,0H43,CO125,F7
EST670.332.4 CCATGAAAGTACGGGCTTCA B8 CM37
EST670.625.4 CTGACCGTTGTGTGCTGCAT C8 CM37,T303,B14,B73,F2,M017,0H43,CO125,F7
EST670.625.5 GACCGTTGCATTGTGTGCAT D8 T232,C0O159
RAD51B.1 AACAGCTACTGGTCCGGTCT E8 F7
RAD51B.2 AACAGCTACAGGTCCGGTCT F8 T232,T303,C0O159,B14,F2,M0O17,0H43,CO125
EST612.250.7 GCGGTGCTGGTAGTAGTACT G8 T232,T303,B14,F2,M017,0H43,C0125
EST612.250.8 GCGGTGCTGTGGTAGTAGTA H8 C0O159
EST665.695.3 TAGTACAAGGTTCGACACGA 18 B14,F2,M017
EST665.695.4 TAGTACAAGATTCGACACGA J8 T232,CM37,T303,C0O159,B73,0H43,CO125,F7
EST665.695.7 AGGGAGGGGGTTATATGTGT K8 OH43
EST665.695.8 AGGGAGGGGCCTATATGTGT L8 B14,F2,M017
EST665.695.9 AGGGAGGGGGCTATATGTGT M8 T232,CM37,T303,C0O159,B73,CO125,F7
EST665.695.22 TCGCTGCATACGTGTCTATG N8 T232,B73,F7
EST665.695.23 ACGTTGCTACATGTCTCTAA A9 CM37,T303,C0159,B14,F2,M017,0H43,CO125
EST714.928.8 CGCATGATGATACAACGAAA B9 C0159,B14,B73,M017,0H43,C0O125
EST714.928.9 TACGCATGATACAACGAAAG C9 T232,CM37,T303,F2,F7
EST714.928.12 GGTTATTTTGGAGCTGCCAC D9 T232,CM37,T303,C0159,B14,M017,0H43,C0O125,F7
EST714.928.13 GGTTATTTTAGAGCTGCCAC E9 B73,F2
GST.3 CCCAAGCATAGGACTGATGA Fo T232,C0159,B14,B73,0H43,C0125
GST.4 CCCAAGCATCGGACTGATGA G9 CM37,T303,F2,M0O17,F7
GST.12 GAAAGCAACGTCATTAGTAG H9 T232,C0159,B14,B73,F2,M017,0H43,CO125,F7
GST.13 GAAAGCAACATCATTAGTAG 19 CM37,T303
WAXY.3 CACGACGTTGCACTGGGAAG Jo T232,F2,M017,0H43,C0O125,F7
WAXY.4 CACGACGTTACACTGGGAAG K9 CM37,B14

alnbred specificity was determined by examining the sequence alignments

this locus, size-based calling of the alleles would have
incorrectly identified B14, T232, B73 and F7 as having
the same allele. Overal our observations suggest that
approximately 10% of maize SSRs show allele-size
homoplasy and hence will give rise to non-identical
alleles being scored as identical as judged by co-migra-
tion during gel electrophoresis.

Conversion of the SNPs and indels
to an ASO-based assay

One of the main purposes of this study was to find a con-
venient source of sequence polymorphisms, which might
be useful for genotyping maize. To assess if the sequence
polymorphisms found in this study are of use in genotyp-



ing maize inbred lines, we converted the sequence poly-
morphisms present in the flanking region of locus
MMCO0241 into nine ASOs and two control oligonucleo-
tides; one derived from the internal sequence and one de-
rived from the MM C0241 forward PCR primer (Fig. 3A).
In each case the ASOs were synthesized with a5 amino
group linked to a’5' poly dT tail consisting of ten thymine
residues. We chose this approach because it has been sug-
gested that such a*“ spacer” sequence might help to reduce
steric hindrance during hybridization (Guo et al. 1994).
Following binding to activated glass slides, the ASOs
were hybridized to 33P-labelled MMC0241 amplified
products derived in turn from each of the 11 inbred lines.
Following overnight hybridization the slides were washed
with a wash buffer containing TMAC. The presence of
3 M TMAC in the wash buffer eliminates the influence
that base composition (GC content) has on the melting
temperature of oligonucleotide — DNA hybrids (Melchior
and von Hippel 1973; Dilellaand Woo 1987). In our pre-
liminary studies, we had determined that 65 °C was a
suitable temperature for the high-stringency washing of
DNA duplexes containing 20-mer oligonucleotides and
PCR-derived fragments. The results of the hybridization
are shown in Fig. 3B. Using the scoring convention de-
scribed in the Materials and methods, the nine ASOs de-
tect five unique hybridization patterns; inbred line T232
having one pattern, inbred lines CM37, CO159 and
CO125 having another, inbred MO17 another, inbreds
T303, B14, B73, F2 and OH43 another, whilst inbred F7
has a fifth. Both the internal and external controls showed
hybridization to all of the inbred lines used. The result
obtained with the ASO-based hybridization procedure
was in partial agreement with the sequence data for this
locus, which suggested a total of four sequence-based
alleles (sequence-based alele one; T232, sequence-based
alele two; CM37, CO159 and CO125, sequence-based
alele three; MO17 and sequence-based allele four; T303,
B14, B73, F2 and OH43. The discrepancy between the
number of sequence-based alleles and ASO-based alleles
was due to the inclusion of the inbred line F7 in the ASO-
based assay, whereas it was excluded (due to poor se-
guence data) from the sequence-based analysis. Examina-
tion of the ASO-based result shows that the F7 hybridiza-
tion pattern represents the fifth pattern for this locus.
Examination of the hybridization pattern in Fig. 3B sug-
gested that whilst the hybridization pattern follows the
expected format for ten of the ASOs, in the case of ASO
241.10 it does not. Although this ASO does show prefer-
ential hybridization to the MO17 amplification product, it
also consistently shows higher than background hybrid-

Fig. 4 A Results of hybridising 34 locus-specific 33P-labelled PCR
products from either inbred lines F2 or B73 to 123 ASOS bound to
glass microscope slides. B Relationship between inbred lines as
judged by ASO-based hybridisation. The degree of similarity be-
tween the hybridisation patterns of the 11 inbred lines used and the
two different B73 sources used was calculated using UPGMA (un-
weighted pair-group method using arithmetic averages) clustering
analysis with distance matrices calculated using restdist (PHY LIP).
The consensus tree was bootstrapped using 100 data sets
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ization to al of the other inbred lines. This result was not
expected, as the PCR products from the remaining ten
lines did not share full sequence homology to ASO
241.10. Further washing at higher stringency (70 °C) did
not reduce this non-specific hybridization. The reasons
for this inconsistency are unclear; however, this ASO and
its counterpart ASO 241.9 share a GC-rich core sequence
in which the only polymorphic base isa G to C at posi-
tion ten. Such polymorphisms may prove unsuitable for
such discrimination as described here. Although the result
with ASO 241.10 suggest that not all ASOs are suitable
for discriminating between sequence polymorphisms, the
overall results indicate that by using TMAC in the wash-
ing buffers, it is possible to hybridize ASOs with signifi-
cantly different melting temperatures under the same
conditions and produce results which correspond to the
known genotype information.

Following our observations with locus MMC0241,
123 20-mer ASOs from 32 SSR-linked loci and two
gene-linked loci were designed and synthesized (Table 3).
A minimum of two and a maximum of nine ASOs were
designed for each locus. Again no attempt was made to
match the melting temperatures of the ASOs designed.
The 123 ASOs were bound to a single glass microscope
dlide in the format described in Table 3. Individual micro-
scope slides were hybridized with the combined 33P-la
belled PCR products from one inbred, for each of the 34
loci. Following hybridization the slides were washed in
the presence of TMAC as described previously. Each
hybridization was carried out three times and the results
scored as before. A typical autoradiograph for inbreds F2
and B14 is shown in Fig. 4A. The hybridization results
are in general agreement with the predicted results
(Table 3), confirming the ability of both locus and ASOs
to discriminate between large numbers of non-homolo-
gous PCR products under identical conditions. However,
as described for locus MM C0241 the results al so suggest-
ed that approximately 5% of the ASOs did not behave as
predicted. For instance, in Fig. 4A ASO UMC1027.5 (co-
ordinate B5) was not expected to hybridize to PCR prod-
ucts derived from genotype F2 and ASO UMC1027.9
(co-ordinate D5) was not expected to hybridize to PCR
products derived from genotype B14. In addition, ASO
UMC670.625.5 (co-ordinate D8) was not expected to hy-
bridize to PCR products derived from both genotypes F2
and B14. Of the 123 ASOs used in this study six (4.8%)
appeared to have an aberrant hybridization pattern. The
reasons for the aberrant hybridization patterns are un-
clear; however, in all cases when an ASO did have an ab-
errant hybridization pattern, this pattern was consistent
within and between genotypes and hybridization experi-
ments, thus ruling out artifacts. When converted to a bi-
nary score (“1” being used to designate hybridization and
“0” being used to designate no hybridization) each inbred
line generated a unique code of 123 characters. Conver-
sion of genotypes to a binary code could be extremely
useful for both genotype identification and purity testing
across diverse laboratories as it would provide a common
scoring system. To test the robustness of the ASO assay,

we also screened the 123 ASOs with PCR products from
a second B73 line obtained from ICl Seeds in 1994. The
binary code generated from this experiment was com-
pared to the scores generated from both the original B73
line and the other ten inbred lines used via UPGMA, and
the results visualized as a dendrogram (Fig. 4B). Our re-
sults clearly suggested that whilst the second B73 line is
more closely related to the original B73 lines than the
remaining ten inbreds, they are not identical. Altogether
the two B73 lines differ in their hybridization pattern at
seven out of the 123 ASOs. This compares with 34 differ-
ences in the hybridization pattern of the first B73 line and
line B14. Such a result was not unexpected as the two
B73 lines had been obtained from independent sources
and, in addition, both B73 lines had been grown (inde-
pendently) within our department for at least six genera-
tions. There had therefore been numerous opportunities
for genetic contamination to occur. Interestingly, the level
of polymorphism detected by the 123 ASOs was so high
that the confidence limit of the UPGMA analysis for al
but the B73: B73 comparison was relatively low as
judged by bootstrapping (Fig. 4B). This result would sug-
gest that, whilst the genotyping assay described here
would be extremely powerful for assessing an inbred
line's origin and purity, it would be less useful for exam-
ining populations with even greater levels of diversity;
for instance, temperate versus tropical maize.

In conclusion, we have developed severa hundred
SNP and indel markers from 54 maize loci. In the major-
ity of cases these loci are derived from existing SSR
markers, for which the primer sequence and map loca-
tion is known. From the results presented here it appears
that such regions of the genome are a valuable source of
sequence-based molecular markers. We have also shown
that the underlying mechanism which leads to these se-
guence variations can result in problems with scoring
SSR loci via gel-based technology. However, our work
has also shown that these markers, when converted to
ASOs, can be used to rapidly characterize inbred lines
simultaneously for several tens of loci. Such genotyping
could be very useful to both probe the origins of agro-
nomically important loci and assess the purity and/or
origin of the inbred lines used for breeding purposes.
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