














6 Nucleic Acids Research, 2010

experiments reported here contained five repeats). We
have no good explanation for the very poor signal
obtained with the six repeat universal oligonucleotide—it
may simply have been a bad oligonucleotide preparation.

Maximum STR length

Because the ligation partner oligonucleotides used in
RML-STR must span the entire length of the repeat
region in an STR, there must be an upper STR length
limit for successful STR genotyping. In other words, if
the repeat region is too long, RecA filaments will be able
to align with it independent of the flanking sequence,
which will make accurate genotyping impossible. Results
obtained with an 11 repeat universal oligonucleotide
suggest that the maximum repeat length that can be
accurately genotyped may be around 80nt (20 repeats in
the case of TPOX). When the 11 repeat universal oligo-
nucleotide was used to genotype a 9,11 heterozygote,
the 11 repeat genotype was easily detected (Figure 7).
(The nine repeat allele could not be detected since it is
smaller than the universal oligonucleotide.) However,
when the same universal oligonucleotide was used to
genotype an 8,12 heterozygote, both the 11 and
12 allele-specific oligonucleotides could ligate to the uni-
versal oligonucleotide. It may be that, when there are
44 bases of repeat sequence available for RecA to use in
homology searching, i.e. in the filament oligonucleotide,
the RecA filament can align without regard to the flanking
sequence. The fact that the 12 repeat specific

oligonucleotide did not ligate to the universal oligonucleo-
tide with the 9,11 homozygote suggests that 40 bases of
repeat sequence are not sufficient to align without the
flanking sequence.

It may be possible to genotype STRs with more repeats
by increasing the ratio of flanking sequence to repeat
sequence in either universal or allele-specific oligonucleo-
tides. Current oligonucleotide manufacturing technology
does not allow high-yield production of oligonucleotides
longer than ~100nt, although advances in technology
may make such oligonucleotides practical and affordable.
However, it may be that the intrinsic properties of the
RecA protein create an absolute limit to the amount of
repeat sequence that can be included in either the universal
or allele-specific oligonucleotides before alignment can be
determined by the repeat sequences rather than the
flanking sequences. If so, it may still be possible to
genotype STRs with longer repeat regions by using three
oligonucleotides and two ligation events. In such a system,
there would be two universal oligonucleotides: (i) a labeled
oligonucleotide containing a relatively low number of
repeats and sufficient flanking sequence to assure align-
ment and (ii) a ‘bridging’ oligonucleotide containing
only repeat sequence. Allele-specific oligonucleotides
used in this system would need to be designed such that
they could be ligated to the labeled universal only via the
bridging oligonucleotide. For example, a 30 repeat STR
might be genotyped using a 15 repeat allele-specific oligo-
nucleotide, a five repeat labeled universal oligonucleotide

Figure 6. TPOX STR genotyping by RML with 5 biotin-labeled universal oligonucleotides containing 1-8 units of the tetranucleotide repeat
sequence. Each reaction included one of the biotin-labeled universal oligonucleotides (all 60nt in length) at 40nM. Reaction conditions and
microarray detection method were as described in ‘Materials and Methods’ section.
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Figure 7. Maximum STR length that can be genotyped by RML-STR. Each reaction included a 5 biotin-labeled universal oligonucleotide with 11
repeat units (85nt in length) at 40nM. Reaction conditions and microarray detection method were as described in ‘Materials and Methods’ section.

and a 10 repeat bridging oligonucleotide. Target DNA
with more repeats would produce a hybridization
product with a gap somewhere between the three oligo-
nucleotides and target DNA with fewer repeats would
produce a hybridization product with an overlap of the
oligonucleotides. Neither structure would allow the two
ligation events necessary for genotyping.

RML-STR assay speed

In order for an STR genotyping method to meet the
demonstrated market need for rapid sample turnaround,
it must be simple, i.e. involve few steps, and avoid long
assay or hybridization times. In order to shorten assay
times for RML-STR from PCR amplicons, we have
adopted the KAPA Blood PCR system (KAPA
Biosystems, Woburn, MA), which allows small blood
samples (1 ul in our hands) to be used directly in PCR,
avoiding the need for a separate extraction step (Figure 8).
Use of KAPA has allowed us to reduce total assay to 3h
(Figure 9).

RML-STR using multiplexed PCR amplicon target

For RML-STR to be useful for human forensic, parentage
and identity testing requires its application to genotyping
of multiple STR loci. Based on our current estimates of
maximum repeat length that can be genotyped by

RML-STR, it appears that there are at least six additional
CODIS loci that have repeat lengths appropriate to suc-
cessful RML-STR genotyping. They are CSF1PO, THO1,
D5S818, D8S1179, D13S317 and D16S539, all of which
have fewer than 20 repeat units in their longest allele. This
panel will have a random match probability for the most
common genotype of <1 in 1.25x 10°. All seven loci
(TPOX + six other CODIS loci) were amplified together
in a multiplexed PCR reaction. Using this PCR reaction as
target for TPOX RML-STR provided accurate genotypes
as shown in Figure 10. However, the conditions employed
appear not to be optimal as signal levels were lower than
when TPOX-only PCR was used as target.

Immobilized allele-specific oligonucleotides in RML-STR

As shown in Figure 10, some depression of RML-STR
signal was observed when wusing multiplexed PCR
generated amplicons as target. Although genotyping was
clearly possible and we believe that these signals could be
improved with additional optimization, there is concern
that the complexity of an in solution multiplexed
RML-STR reaction (including more than 130 RML oligo-
nucleotides for the seven CODIS STR panel) might be
difficult to manage. The results of experiments mimicking
multiplexed RML-STR by adding to the reaction mix
additional RML oligonucleotides not complementary to
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Figure 8. Genotyping of TPOX STR locus by RML-STR using KAPA PCR as target. TPOX sequences were amplified using 1.0 pl of whole blood
in the KAPA Biosystems Blood PCR Kit. After PCR, the reaction was centrifuged and 4 pl of supernatant was used as target in standard RML-STR
reaction. Reaction conditions and microarray detection method are as described in ‘Materials and Methods’ section.

Timeline of RML-STR Assay

PCR from whole blood (90 min) Total time from whole blood: 3 hours
‘—‘ RML reaction (30 min, 37°C)
I—» Probe hybridization (30 min, 50°C)

I—v Signal development (30min, RT)
Figure 9. Timeline of RML-STR.
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Figure 10. RML-STR using multiplexed PCR amplicon as target. TPOX STR sequence was amplified in a multiplexed PCR with six additional
primer pairs, specific for the other CODIS loci listed in the text. Successful amplification of all loci was confirmed by PAGE. Four micro liter of
PCR reaction was used as target. Reaction conditions and microarray detection method were as described in ‘Materials and Methods’ section.
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Figure 11. Effect of added oligonucleotides on RML-STR. Added oligonucleotides were 5’ phosphate 85mers and a 5 biotin 60mer with non-specific
sequences and were added to be at equal concentration to the TPOX oligonucleotides. Reaction conditions and microarray detection method were as

described in ‘Materials and Methods’ section.

the target sequence, do show signal depression (Figure 11).
One way to reduce oligonucleotide complexity is to immo-
bilize the allele-specific oligonucleotides to individual
microarray spots. Such immobilization would require
only that the universal oligonucleotides (one per STR)
be in solution and effectively create spatially separate re-
actions for each ligation pair in the RML reaction.
Preliminary attempts at performing RML with
immobilized oligonucleotides have been successful
(Figure 12).

In order for a STR genotyping assay to have widespread
utility it must accurately genotype a sufficient number of
STR sequences to allow statistically significant discrimin-
ation power. The ability of the system to use
double-stranded DNA target sequences coupled with the
high fidelity of RecA-mediated homology searching
should allow RML-STR to be easily adapted to simultan-
eous genotyping multiple STR sequences. It may even be
possible to genotype directly from genomic DNA. The
only limit to multiplexing RML-STR assays should be
the number repeat units in an STR region. Some alleles

of STR regions contain incomplete repeat units or single
base insertions or deletions in individual repeat units.
With the possible exception of those variants for which
two alleles are of identical length and differ only by a
single nucleotide substitution, it should be possible to
genotype such alleles with RML-STR simply by including
an oligonucleotide that contains the variant sequence.

The RecA-based STR genotyping method described
here is simple, robust and rapid, does not require gel elec-
trophoresis and is readily amenable to automation. The
system should have widespread utility in research, forensic
and diagnostic applications.
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Figure 12. Immobilized allele-specific oligonucleotides in RML-STR. 5 Amine-labeled, allele-specific oligos were immobilized to the microarray
surface. Universal oligo (80nM) (5 P, 3’ biolabeled) and 4.5uM RecA were added to the subarray and incubated at 37°C for 15min to allow
filament formation. After addition of PCR-amplified TPOX sequences and T4 ligase, incubation continued at 37°C for 60 min. Reaction was stopped
by washing slide with 0.5M NaOH. Signal development using TSA-Cy3 was as described in ‘Materials and Methods’ section.
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