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A targeted discovery effort is required to identify low frequency single nucleotide polymorphisms (SNPs) in human
coding and regulatory regions. We here describe combining mismatch repair detection (MRD) with dideoxy
terminator sequencing to detect SNPs in pooled DNA samples. MRD enriches for variant alleles in the pooled sample,
and sequencing determines the nature of the variants. By using a genomic DNA pool as a template, ∼100 fragments
were amplified and subsequently combined and subjected en masse to the MRD procedure. The variant-enriched
pool from this one MRD reaction is enriched for the population variants of all the tested fragments. Each fragment
was amplified from the variant-enriched pool and sequenced, allowing the discovery of alleles with frequencies as low
as 1% in the initial population. Our results support that MRD-based SNP discovery can be used for large-scale
discovery of SNPs at low frequencies in a population.

Random sequencing approaches have led to the identification of
a tremendous number of single nucleotide polymorphisms
(SNPs) in the human genome. Through the work of The SNP
Consortium, 1.4 million SNPs have been identified (Sachidanan-
dam et al. 2001). This has been followed by other public projects,
leading to the presence of ∼3 million SNPs with some level of
validation. These SNPs provide researchers with a wealth of can-
didate SNPs in their desired candidate regions. Unfortunately,
only a fraction of the disease-causing variations in regulatory and
coding regions (cSNP) are identified through this approach
(Kruglyak and Nickerson 2001; Carlson et al. 2003). The identi-
fication of low frequency cSNPs requires a targeted discovery ef-
fort. An extensive targeted effort to identify common cSNPs has
been advocated before (Johnson et al. 2001) and partially imple-
mented (Haga et al. 2002). Cost has been a major drawback for
the targeted approach. To have 95% confidence of identifying an
allele with a 2% frequency, 75 individuals need to be sequenced
due to the Poisson statistics of chromosome sampling. In addi-
tion, detection of these alleles assumes the ability to detect het-
erozygote peaks in a sequencing trace with good accuracy.

We present our utilization of mismatch repair detection
(MRD; Faham et al. 2001) to enrich fragments amplified from
pooled genomic DNA samples for variant alleles that are then
subjected to standard dideoxy sequencing. MRD has been de-
scribed before as a method for multiplex variation scanning (Fa-
ham et al. 2001). Here we describe its use in combination with
standard dideoxy terminator sequencing to discover variant al-
leles in pooled genomic DNA. MRD detects variants using the
mismatch repair system of Escherichia coli (Modrich 1991). A spe-
cific strain (mutation sorter) is engineered to sort a mixture of
transformed fragments into two pools: those carrying a variation
and those that do not.

The basic approach is shown schematically in Figure 1.
Sanger sequencing does not have sufficient sensitivity to detect
rare alleles from genomic pools, as demonstrated in Figure 1, top

trace, in which the PCR product from the pooled sample is se-
quenced directly. Instead, individual PCR reactions using pooled
genomic DNA as a template are, in turn, pooled together and
hybridized to PCR fragments from a single homozygous source
(standard). These heteroduplexes are transformed into the mu-
tation sorter strain, generating a pool of colonies enriched for
variant alleles (compared with the standard). One amplification
reaction from the variant-enriched pool is done for each ampli-
con, followed by a sequencing reaction to identify variant alleles
in the population examined. The end result of this process is that
the necessity of amplifying and sequencing many individuals is
replaced with a pooled enrichment process that is carried out for
hundreds or thousands of amplicons in a multiplexed fashion.
The sequencing effort is thus reduced to the task of sequencing a
standard and the variant-enriched pool.

RESULTS

Scheme for SNP Discovery in Pooled Samples
The basic MRD protocol and the mechanism of the fragment
sorting based on the presence or absence of a mismatch (varia-
tion) by the mutation sorter have been described before (Faham
et al. 2001). The experimental procedure for SNP discovery by
MRD is depicted in Figure 2. At first, sequences of interest are
amplified by PCR using the homozygous hydatidiform mole
DNA as a template. These PCR products are pooled and cloned en
masse in a specific vector, producing a standard plasmid library
that is used to compare the test PCR products. To identify SNPs in
the fragments of interest in the population under examination,
individual PCR reactions amplified by using the pooled sample as
a template are, in turn, pooled together and hybridized to DNA
from the standards. These heteroduplex molecules are trans-
formed into the mutation sorter strain. Two features of this strain
allows for the enrichment of the variant allele in the initial popu-
lation. First, bacteria transformed with a fragment containing a
mismatch (between the test PCR product and the corresponding
sequence in the standard) repair the mismatch in such a way as
to preserve the sequence on the test (not the standard) strand.
Second, a specific selective medium selects for bacteria trans-
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formed with fragments carrying a mismatch. These bacteria se-
lected to have a mismatch repair event are collected, and the pool
of plasmid DNAs enriched for population-specific variant alleles
is purified. Then two PCR reactions for each sequence of interest
are produced: one from standard plasmid library and another
from variant-enriched plasmid pool. Each PCR product is se-
quenced, and the traces from variant-enriched pool and standard
plasmid library are compared. Sequencing PCR fragments from a
pool of colonies and not from individual clones alleviates the
problem of erroneously detecting PCR-induced mutations. Be-
cause PCR-induced mutations are expected to occur in many po-
sitions and each fragment is represented by many colonies, it is
unlikely that a specific PCR-induced mutation would dominate
the pool and be detected in the sequencing trace.

The enrichment procedure, with the exception of the PCR
and sequencing steps, allows simultaneous processing of hun-
dreds or thousands of sequences in one reaction. These multiplex
steps replace a large number of PCR and sequencing reactions
that would have been required in the traditional targeted SNP
discovery procedure.

SNP Discovery in 126 Amplicons on Human
Chromosome 21
The availability of an extensive SNP discovery study on human
chromosome 21, using chip wafer technology by Perlegen Sci-
ences (Mountain View), allowed us to design an experiment to

test our method of SNP discovery (Patil et al. 2001). We designed
primers to amplify 126 amplicons containing exons and some
flanking intron sequences. To get a good estimate on the false-
negative rate of our method, we increased the number of SNPs
that should be detected by selecting 24 of 126 amplicons on the
basis that they have SNPs discovered by Perlegen Sciences chip
wafer technology. These 24 amplicons as well as the other 102
randomly chosen amplicons were processed and analyzed to-
gether in the same fashion.

To construct a set of standards, we performed 126 PCR re-
actions using as a template a genomic DNA purified from mouse–
human hybrid carrying one copy of human chromosome 21. The
use of the hybrid ensured the presence of only one allele in the
standards. PCR products were pooled, and a library of the cloned
standards was produced. The bacterial clones were pooled, and
DNA extracted from this pool was used as the standard that was
compared with PCR products from the population of interest.

We used a pool of genomic DNA from 100 whites or 100
African Americans as a template for the PCR amplification. PCR
products for each population were pooled and subjected to an
MRD reaction, producing a variant pool of colonies enriched for
alleles that differ from the standards. Plasmid DNA was isolated
from the variant pool and used as a template for PCR reaction for
each amplicon that was then sequenced by forward and reverse
primers.

We obtained sequence information on 105 and 102 of 126

Figure 1 A schematic of the MRD SNP discovery process. Genomic DNA samples are pooled together, and PCR amplicons are generated by using the
pooled genomic DNA as a template. If this PCR product was simply sequenced, the SNP shown would be lost in the noise of sequencing (top trace).
The various amplicons (each amplified by using the genomic pool sample as a template) are pooled and hybridized to standards and transformed into
the specifically designed mutation sorter strain. The fragments containing mismatches between the test sequence and the standard grow preferentially.
This variant-enriched pool is then used as a template for PCR amplification and sequencing of the various amplicons. As seen when comparing the top
and bottom traces, the minor allele becomes dominant after enrichment. Of note is that the frequency of this SNP is 15% in the tested population, as
estimated by peak height as previously described (Kwok et al. 1994).
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amplicons in each of the white and African American popula-
tions, respectively. No sequence information was obtained for 15
amplicons in either population, and 60% of these failures was
due to failure of the PCR amplification from genomic DNA.
Seven of 111 sequenced amplicons showed many “variants” as a
result of amplifying paralogous sequences and they were re-
moved from the subsequent analysis,4 reducing the total number
of fragments analyzed to 104 fragments. For each of these 104
fragments, the sequence traces (forward and reverse) from the
enriched pool(s) were compared with the traces of the standard,
and SNPs were called. The list of SNPs identified by our method
was then compared with the SNPs detected by the wafer tech-
nology.

In the 104 products that succeeded in at least one popula-
tion, 44 SNPs were previously identified by using the wafer tech-
nology. We identified 42 of 44 of these SNPs. SNPs identified by
Patil et al. (2001) generally have minor allele frequency of �10%.
The high sensitivity of our method to detect SNPs that were pre-
viously identified by Patil et al. is consistent with an excellent

sensitivity for alleles with minor frequency of �10%. It is of note
that among randomly chosen fragments, we identified 36 SNPs.

One expects that comparing the sequence against itself
would generate no variants. So in additional experiment, we sub-
stituted 49 PCR products from genomic DNA pool with PCR
product from hybrid DNA. We did not detect any variation, sug-
gesting that the false-positive rate for our method is low.

Two-Round MRD Enrichment
We reasoned that another round of MRD enrichment can im-
prove the sensitivity of the assay. A more robust enrichment
would make the SNP detection easier and more automated and
allows for the detection of less frequent SNPs. We used the vari-
ant-enriched pool obtained above as a template to amplify 49
different amplicons that were hybridized to the standard library
and subjected to another round of MRD reaction. Each of the 49
amplicons was amplified again from the twice enriched pool and
sequenced. Indeed, we found the variant alleles are further en-
riched in the second MRD round (Fig. 3).

SNP Discovery in BRCA1 and BRCA2 Genes
The above experiment with chromosome 21 markers showed
that our method has an excellent sensitivity for alleles of �10%.
However, it did not clearly define the lower limit of the sensitiv-

4In order to ameliorate this problem, amplification primers specific for one
member of the family need to be designed; we have implemented software
that would accomplish that by performing BLAST on the primer sequences and
changing primer pairs that were not unique.

Figure 2 Scheme for laboratory process for the MRD-based SNP discovery. Individual PCR reactions from a homozygous source are pooled and cloned
en masse to vector DNA to construct standards. Individual PCR reactions from the population of interest sample are pooled, hybridized to the standards’
DNA, and transformed into the mutation sorter strain that enriches for the variant fragments. The resultant colonies are pooled, and the pool plasmid
DNA is prepared followed by individual PCR and sequencing reactions for each amplicon. Sequencing traces from the enriched pool are compared with
those of the homozygous source in order to detect SNP sites.
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ity. This is especially true because we implemented multiple sig-
nificant improvements to the process, including the two rounds
of enrichment. We designed an experiment to investigate the
sensitivity of the method by testing multiple variants at different
frequencies.

We used 94 samples that had already been sequenced for all
the coding exons of BRCA1 gene (R. Kroiss, T.M.U. Wagner,
D. Muhr, D. Richards, P. Shen, M. Schreiber, E. Fleischmann,
G. Longbauer, E. Kubista, M. Kubista, et al., in prep.). There were
10 known SNPs in the BRCA1 exons. To assess our sensitivity at
different allele frequency levels, we wanted to construct genomic
pools to test each of these SNPs at frequencies ranging from 1%
to 30%. We designed 95 amplicons that encompass all the exons
of BRCA1 and BRCA2 genes. We used homozygous DNA from
hydatidiform mole as a template for PCR. The PCR products were
pooled and cloned en masse to generate the standard DNA.

We constructed five different pools. The first pool was an
equimolar ratio of all 94 samples. The other four pools were con-
structed by using five genomic samples and the homozygous
mole DNA. The five genomic samples were very carefully quan-
titated and mixed in equal amounts. This DNA pool, the five-

genome pool, was again carefully quanti-
tated and mixed with four different ratios of
excess mole DNA. The four pools had one
part of the five-genome pool to 6, 13, 34, or
69 parts of the mole DNA. The mole DNA
obviously had no variation to itself, and so
it effectively acted as a diluent of variant
alleles in the other samples. The frequency
of an allele in a pool was then the frequency
of that allele among the five individuals di-
vided by the dilution factor. For example,
an allele that is present in seven of 10 chro-
mosomes among the five individuals has
the final frequency of 10%, 5%, 2%, and 1%
in the four pools.

We used these four pools as well as the
pool of all 94 samples as a template for 95
PCR reactions amplifying BRCA1 and
BRCA2. The 95 PCR reactions from each of
the five genomic mixtures were pooled and
subjected to two rounds of MRD enrich-
ment as described above. Eighty-nine out of
95 fragments yielded sequencing results
from at least one of the five MRD reactions,
and the failure in four of six cases was in the
initial genomic PCR reaction. The sequenc-
ing traces from the standard and those from
each MRD reaction were independently
compared, and SNPs were called. A list of
the SNPs detected in each pool was then com-
piled and compared with the known SNPs.

False Negatives
Two of the 10 SNPs were not detected in
any of the pools. One of these SNPs was on
an amplicon that failed the initial PCR step.
The other SNP was missed even when pre-
sent at 30% frequency. Further investiga-
tion of the sequencing data showed that an-
other SNP that is perfectly correlated with
this missing SNP was present one nucleo-
tide away from the 3� end of one of the
primers. This secondary SNP caused allele-
specific amplification, resulting in the ab-
sence of the primary SNP from the ampli-

con. Given that these two nondetected SNPs (one for amplifica-
tion failure and the other because of allelic drop-out due to
secondary SNPs) would be missed in all PCR-based methods, we
did not include them in the further analysis.

Sensitivity
As can be seen in Figure 4A, all the variants were detected when
their frequency was at least 10%. The discovery rate decreases
when the allele frequency is lower with most of the variants still
detected when present at 1% frequency. An example of a SNP
detected at the 1% frequency is shown in Figure 5. Variant 8 is in
the same amplicon as variant 7 and is not detected underscoring
the difficulty with this technology to detect two SNPs with dif-
ferent frequencies on the same amplicon.

False Positives
In addition to the already known SNPs, we found eight new
variants (seven of them in BRCA2 and one in BRCA1) in the four
pools constructed from pooling the five individuals. We se-
quenced these eight amplicons in the five individuals that made

Figure 3 Sequencing traces assessing enrichment after one and two MRD rounds. Sequencing
traces of products that had undergone zero (top), one (middle) or two (bottom) MRD rounds. The
red box indicates the site of variation (C/T SNP). The reference has the C, and the variant base is
the T. The bases have the following colors: A, green; G, black; T, red; and C, blue. The top trace is
a sequence of the PCR amplified from 100 whites. The T/C polymorphism is evident after the first
round of enrichment, and after the second round, the T becomes the only major peak. Of note is
that this SNP is the same as that in Figure 1.
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up the pools and detected seven of eight variants in at least one
individual. The frequency of each SNP in the initial genomic
mixture was calculated and is depicted in Figure 4B. As seen in
Figure 4B, the detection of SNPs at 1% frequency is robust, and
some variants were detected at a frequency as low as 0.5%.

The last SNP that was detected in one of the pools could not
be seen in any of the individuals. This estimates that this method

generates a false positive in ∼0.25% of the
amplicons (one false positive in ∼400 am-
plicons in the four pools) and that the pro-
portion of false-positive SNPs is ∼2% of all
SNPs detected (in the four pools). It is likely
that this false positive is secondary to PCR-
induced mutation that happened to be un-
usually enriched in one of the four pools. Of
note is that this false-positive variation had
a very modest enrichment, and one could
potentially reduce the false-positive results
by implementing more rigorous rules about
the extent of enrichment for accepting a
variation. Given the traces seen in this
study, such rules would likely decrease the
sensitivity of detecting alleles at <1% fre-
quency but have minimal effect for alleles
that are >1% that are generally robustly en-
riched.

Reproducibility
As a first indication of reproducibility, we
noted that variation number 5 was present
in another overlapping amplicon. This
variation was detected in all five pools in
the two amplicons (data not shown). To fur-
ther assess reproducibility, we did the MRD
enrichment in duplicates for the four pools
that were constructed from the five-genome
pool and the mole DNA. The results were
essentially identical for all the duplicates
with two exceptions: missing one variation
at 0.7% frequency and the absence of the
false-positive SNP that was described above.
So all the variations with an allele fre-
quency of �1% that were detected in the
first experiment were also detected in the
replication experiment. This underscores
the general reproducibility of these results
as well as the fact that the false-positive re-
sult is due to random rather than systematic
error consistent with an enrichment of a
PCR-induced mutation.

Extent of Enrichment
We have estimated from the sequencing
traces, the frequency of the SNPs in the vari-
ant pool as described previously (Kwok et al.
1994). Because the starting frequency of
each SNP was known, we were able to esti-
mate the level of enrichment for each SNP.
Figure 6 shows the average level of enrich-
ment for variants at different allele fre-
quencies. Rarer alleles have higher fold
enrichment than do common alleles. The
incomplete enrichment stems from the
background of the system that is mainly a
reflection of PCR error as described in the
Discussion section.

DISCUSSION
Dideoxy terminator sequencing is the standard method to deter-
mine the nature of a variation. However, to identify a relatively
infrequent allele, a large number of sequencing reactions need to
be performed. The premise of our method is to combine a highly

Figure 4 Detection of the various SNPs in the study. (A) Detection of known SNPs. This panel
depicts the allele frequency (y-axis) of the seven detected variations in the four constructed ge-
nomic mixtures (x-axis) with data from each pool represented with a different color. Pool 1 is where
all 94 samples are mixed. The other four pools are different mole DNA dilutions of the five-genome
pool. To distinguish SNPs that were detected from those that were not detected in a particular
genomic mixture in the MRD-based SNP discovery, we depict the undetected SNPs with negative
allele frequency. Variations 7 and 8 are in the same amplicon. Sequence data for this amplicon was
obtained for only two pools. Data from pool 1 of this amplicon demonstrates how the presence of
a common variant (variation 7) masks other rare variant(s) (variant 8) in the same amplicon. (B)
Detection of unknown SNPs. This panel depicts the allele frequency (y-axis) of the seven detected
variations in the four constructed genomic mixtures (x-axis) with data from each pool represented
with a different color. The four pools shown are for the different mole DNA dilutions of the
five-genome pool. To distinguish SNPs that were detected from those that were not detected in a
particular genomic mixture in the MRD-based SNP discovery, we depict the undetected SNPs with
negative allele frequency. Some variations are detected when present at frequency as low as 0.5%.
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multiplexed assay to provide a variation-enriched sample that
can be analyzed with a much smaller number of sequencing re-
actions. At least 1000 fragments can be processed in parallel by
MRD without loss of sensitivity (H. Fakhrai-Rad, E. Namsaraev,
and M. Faham, unpubl.), making it an ideal method for gener-
ating the variant-enriched sample (we have compared the dis-
covery rate when the experiment was done in 200 plex and 950
plex and obtained identical sensitivity). In this proof of principle,
we demonstrated that SNPs with frequency as low as 1% can be
detected with high sensitivity.

The sensitivity threshold of 1% is largely defined by the PCR
error rate. By using pfu ultra, we have determined that ∼1% of the
fragments contain a PCR error in some position (J. Zheng and M.
Faham, unpubl.). These PCR errors that occur at many sites are
enriched in the variant pool. The occurrence of the errors in
many sites ensures that no single error is dominant enough to be
detected by sequencing the pool of colonies. Although these er-
rors are not detected by sequencing, they are enriched in the
variant pool, creating a minimum allele frequency threshold of
∼1% for a SNP to be detected. For example, after enrichment of
fragments carrying SNPs at 0.1%, 1%, and 10% frequencies, the
proportion of the SNP in the sequencing traces is expected to be
∼10%, 50%, and 90%, respectively, and the proportion of colo-

nies with PCR errors is expected to be ∼90%, 50%, and 10%,
respectively. The observed enrichment (Fig. 6) is somewhat lower
than these expected numbers because of other sources of back-
ground such as mutations in the oligonucleotides. Because the
dominant background is due to PCR-induced error, improve-
ment of the sensitivity requires the utilization of a polymerase
with lower error rate.

This work describes the first methodology that uses pooled
genomic DNA to detect previously unknown variations in many
fragments. Methodologies that study genetic variations in pooled
genomic DNA can be divided into three classes. The first class of
methods is focused on the estimation of the frequency of a
known SNP in a specific population (Krook et al. 1992; Kwok et
al. 1994; Werner et al. 2002; http://brie2.cshl.org). The second
class targets the identification of a specific allele in vast excess of
the other alleles (Parsons and Heflich 1998; McKinzie and Par-
sons 2002). The third class attempts to identify unknown varia-
tions in a pooled sample (Amos et al. 2000; Wolford et al. 2000).
Unlike the first two classes, our MRD-based SNP discovery detects
variations that are previously unknown. Our method differs from
the third class because the enrichment step it uses is highly mul-
tiplexed.

Multiple applications can be considered for this technology,

Figure 5 Sequencing traces allowing detection of 1% allele. This is an example of the enrichment of 1% allele detected by the mutation surveyor
software (variation 1 in Fig. 4A). The top two traces are the forward traces from the standard and the variant-enriched pool, and the bottom two traces
are the reverse traces. The letters R and S in the left side of each trace denote the standard and variant-enriched pool, respectively. The middle traces
are the software graphical representation of the “difference” between the traces. At the top, the sequence of the traces (uppercase letters) are aligned
with the public database sequence (lowercase letters), allowing the localization of the variation.
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including the identification of somatic mutations in which only
a fraction of the cells carry mutant alleles, or the cataloguing of
mutations in many genes in a pool of mutagenized animals. We
believe an important application of this SNP discovery platform
is the large-scale discovery of coding and regulatory SNPs in hu-
man populations.

One limitation for MRD-based SNP discovery is that mul-
tiple SNPs can occur on a particular sequencing fragment. If this
occurs with the two SNPs having very different frequencies, the
SNP with the higher frequency will tend to dominate the en-
riched pool, suppressing the signal of the rarer SNP. This effect
can be mitigated in several ways. The first is to use fairly small
PCR fragments to minimize the chances of the presence in the
tested population of more than one SNP within a single fragment
(we use fragments with average size of ∼300 bp). For application
of SNP discovery in human exons, this technical limitation does
not create a large burden because the average size of human
exons is 150 to 160 bp. Second, in cases in which common SNPs
are known to occur, PCR primers can be designed to exclude
these SNPs. The a priori knowledge of SNPs can be obtained from
databases or the use of information from the MRD-based SNP
discovery. In this latter scheme, all amplicons for which a SNP is
found can be retested using primers that avoid the SNP discov-
ered in the first round. This approach of performing two cycles of
discovery is certainly more comprehensive than relying on the
databases, but it doubles the time needed for the experiment.

This limitation is to be weighed against the high costs of
sequencing and analysis of many individuals in the traditional
sequencing approach. Reducing the number of individuals se-
quenced in the classical manner reduces coverage by introducing
Poisson noise in the choice of a small population. For example,
by sequencing 15 individuals there is 40% chance of missing a
3% allele and a 37% chance of seeing the allele once. When an
allele is seen only once, it is difficult to distinguish this allele
from other private alleles that are present in the sequenced indi-
viduals. This is a distinct advantage for the MRD-based SNP dis-
covery, which is insensitive to private variations. For example, by
using 300 individuals, a 2% allele is represented on average 12
times and can be readily enriched, whereas a private allele at
frequency of 0.16% would not be sufficiently enriched to be de-
tected.

We have modeled the expected performance of MRD-based
SNP discovery and compared it to the performance of traditional

sequencing. As is shown in Figure 7, the sensitivity of the MRD-
based SNP discovery is comparable to that obtained from se-
quencing 50 individuals. In this model, we assumed that for the
MRD-based SNP discovery we would design our amplicons in
such a way as to avoid validated SNPs in the public databases (to
ameliorate the effect of having two SNPs in one amplicon). A
better performance would be obtained by doing another cycle of
SNP discovery, avoiding all SNPs detected in the first cycle.

The use of MRD to enrich for variant alleles can cut the cost
and effort involved in sequencing. With MRD enrichment for
each amplicon, two samples need to be sequenced: the variant
pool and the standard compared with 50 individuals in the tra-
ditional approach. Therefore, MRD enrichment can lead to 25-
fold reduction in sequencing. The cost and effort of performing
the MRD reaction are amortized over hundreds of distinct frag-
ments that can be processed in one reaction. With 1000 frag-
ments processed simultaneously, each MRD reaction replaces
∼96,000 sequencing reactions (48 forward and reverse sequenc-
ing reaction saved per amplicon multiplied by 1000 amplicons)
and the associated trace analysis overhead.

Much effort is being spent to develop linkage disequilibrium
maps for the human genome to be used in later association stud-
ies (Dawson et al. 2002; Gabriel et al. 2002; International Hap-
Map Consortium 2003). Integration of coding and regulatory
SNPs in these maps can be of great use for the identification of
the basis of human common disease. We believe MRD-based SNP
discovery can be an enabling technology to generate this re-
source.

METHODS

Construction of Standards
All enzymes used were from New England Biolabs (NEB) unless
otherwise specified. Amplicons were designed to amplify exons
and flanking intron sequences. Primer selection was done
through a batch version of PRIMER3 (Rozen and Skaletsky 1996,
1997, 1998). The amplicon sizes were designed to have approxi-
mately the same size, 100 to 500 bp. Restriction sites were added
to the 5� ends of all the primers; the sites were Cla I and Sac II
sites for the chromosome 21 study and Cla I and Asc I for the
BRCA study. PCR was performed by using 0.8 U pfu turbo hotstart
(or pfu ultra in the BRCA experiment) polymerase (Stratagene)
with the standard buffer, dNTP concentration in 20 µL reaction,
and a human-mouse hybrid containing one copy of chromo-
some 21 (Corriell) as a template or hydatidiform mole (Corriell)
for the BRCA study. The cycling conditions were 95°C 30 sec,
57°C 1 min, and 72°C 1 min for 35 cycles. The PCR products were
run on a 1% agarose gel, and equal mass were pooled and purified
through gel electrophoresis. The product pool was digested with
Cla I and Sac II (or Cla I and Asc I) at 37°C for 2 h. One hundred
nanograms of the digested products were ligated to 100 ng di-
gested and dephosphorylated plasmid pMRD300 carrying the ac-
tive Cre gene. pMRD300 is an improvement over the previously
published vector pMRD100, which in combination with a new
Mutation Sorter strain (MS3) can reduce the background by as
much as fourfold (M. Faham and R.W. Davis, unpubl.). After
overnight ligation at 16°C, a QiaQuick purification column (Qia-
gen) was performed to purify the product from the ligase and
salts. Transformation is then done to a standard cloning strain
such as DH5�, and selection for transformants was done in liquid
by adding 100µg/mL carbenicillin. DNA was prepared and trans-
formed into GM2929. The two step transformation is because
dam� strains have low efficiency of transformation. DNA ob-
tained from this transformation was used in later steps.

MRD Protocol
For the chromosome 21 study, equal amount genomic DNA from
100 whites and 100 African Americans (Corriell) were pooled. For
the BRCA study, different pools were generated. In one pool,

Figure 6 Extent of enrichment. This figure shows the average enrich-
ment for detected SNPs with starting allele frequencies of 1%, 2%, 5%,
and 10%. To generate this graph, we obtained the average frequency in
the variant pool of the detected SNPs that were initially at 1%, 2%, 5%,
or 10%. The estimation of the enriched frequency was done as previously
described (Kwok et al. 1994). As expected, the rarer alleles have higher-
fold enrichment but continue to have lower frequency in the enriched
pool. For example 1% and 10% alleles get enriched 36- and 8.5-fold,
respectively, to achieve in the variant pool 36% and 85% frequencies,
respectively.
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equal amounts of each of 94 samples were mixed. In the other
four pools, five genomic DNA samples were mixed after pico-
green and real-time PCR quantitation. The pool along with DNA
from a hydatidiform mole were carefully quantitated again by
using picogreen and real-time PCR. The pool and the mole DNA
were then mixed at four different ratios.

PCR reactions using the genomic pool as a template was
performed by using pfu turbo hotstart (or pfu utra for the BRCA
experiment) polymerase using a similar protocol as described
above. The PCR products from each population were pooled, and
a purification column QiaQuick (Qiagen) was performed. Meth-
ylation of the PCR products was carried out by addition of Tris
(ph 7.6) to a final concentration of 50 mM, as well as SAM (NEB)
to a final concentration of 80 µM and 8 U dam methylase (NEB)
at 37°C for 1 or 2 h. The PCR pool was then digested with Cla I
and Sac II h at 37°C for 1 to 2.

For each MRD reaction, 2 µg of the above PCR product pool
was mixed with 2 µg of the pool of the unmethylated standard
DNA and 2 µg of digested vector carrying the inactive Cre gene
pMRD400. pMRD400 is the same as pMRD300 except for a 5-bp
deletion in the Cre gene. The three components were concen-
trated to 10 µL by using a QiaQuick minielute column (Qiagen);

0.5 µL of 0.5 M EDTA, 0.5 µL of 200 mM
Tris (ph 7.6), 0.5 µL 20� SSC, and 1.25
µL of freshly diluted 1 M NaOH was
added, and incubation for 15 min at
room temperature followed. Then 1.25
µL of 2 M Tris (ph 7.2) and 12.5 µL for-
mamide were then added, and reanneal-
ing was allowed to occur overnight at
42°C. The hybridization mixture was de-
salted by using a column (Edge Biosys-
tems). Three microliters Taq Ligase
buffer and 5 U Mbo I was added and in-
cubated for 15 min followed by addition
of 40 U Taq Ligase (NEB), and further
incubation followed for 30 min at 65°C.
Fifty units of exonuclease III (USB) and
20 U of T7 exonuclease (USB) were
added and incubated for 30 min at 37°C.
Ten microliters of SOPE Resin (Edge Bio-
systems) was added to eliminate single-
stranded DNA, and a QiaQuick cleanup
(Qiagen) was done before transforma-
tion.

Transformation of the MS3 strain
was done by electroporation (Micro-
pulser, BioRad). The electrocompetent
MS3 cells preparation and the electro-
poration procedure were done as recom-
mended (Ausubel et al. 1999). During
the 1-h recovery phase, 1 µL 0.1 M IPTG
was added into 1 mL SOC medium (In-
vitrogen). The culture was plated onto a
plate supplemented with carbenicillin
(75 µg/mL) and tetracycline (3.25 µg/
mL) to select for colonies with variant
alleles. The next day, all the colonies
from the plate were collected into a
tube with 1 mL LB. DNA from the cells
obtained after the overnight growth
with the selective media was mini-
preped by using the QIAPrep columns
(Qiagen) as recommended by the manu-
facturer.

Sanger Sequencing and
Sequence Analysis
By using DNA from the variant pool of
the two electroporations, we performed
PCR reactions followed by bidirectional
sequencing for each amplicon. For the

chromosome 21 project, the sequencing traces were analyzed by
using Sequencher software and compared with the genome da-
tabase by using BLAT (http://genome.ucsc.edu/cgi-bin/
hgBlat?command=start). SNPs were called when the dominant
base in the enriched pool was different from the hybrid or when
mixed peaks were seen in both strands of the enriched pool. For
the BRCA study, mutation surveyor software (SoftGenetics) was
used. SNPs automatically called in both strands were accepted
directly. Variations called in only one strand were then inspected
manually.
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Figure 7 Sensitivity of MRD-based and traditional SNP discovery. We have modeled the proportion
of SNPs that would be detected by various approaches. The y-axis is a relative measure of the number
of SNPs, and the x-axis is the logarithm of the minor allele frequency. The model assumes a variation
distribution consistent with neutral theory, and the total number of SNPs is shown in the blue curve.
A perfect SNP discovery approach would have essentially the same curve. This neutral theory assump-
tion is an approximation for at least three reasons. First, SNPs aggregate close together, more than
expected randomly (Reich et al. 2002). Second, this aggregation is often generally due to variants on
the same chromosome (Reich et al. 2002). Third, the variation distribution in exons is shifted toward
the rarer alleles (Cargill et al. 1999; Halushka et al. 1999). The aggregation of SNPs would make the
problem of two SNPs in the same amplicon more pronounced. This is balanced by the presence of LD
and the occurrence of variants on the same chromosome, allowing for the enrichment of both SNPs
together. The shift toward rare allele frequencies in the exons also should decrease the effect of the two
SNPs in the same amplicon. Performance of traditional sequencing assumes perfect technical detection
but takes into account the sampling error described above and requires two observations of the allele.
We show the performance for sequencing 10 and 50 people (in pink and yellow, respectively). For the
MRD-based SNP discovery (purple curve), we have taken into account the sensitivity determined from
the BRCA experiment (Fig. 4). We also assumed that we would design our amplicons in such a way as
to avoid validated SNPs in the public databases (to ameliorate the two SNPs in one amplicon effect).
The proportion of SNP detected in the model has taken into account the expected times two SNPs are
present on the same amplicon after avoiding database-validated SNPs in the amplicon design phase.
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