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ABSTRACT

     Rapid, cost-effective methods for high-throughput
DNA analysis are needed to process samples currently
being gathered for large criminal DNA databases
around the world. Within the U.S., several states have
sample backlogs of over 50,000 samples with limited
funds and manpower to analyze these samples. Cur-
rently available slab gel or capillary electrophoresis
instruments can handle only a few dozen samples per
day. Using time-of-flight mass spectrometry coupled
with parallel sample preparation on a robotic worksta-
tion, we can process thousands of samples daily with a
single mass spectrometer. Analysis times on the order
of 10 seconds per sample with improved accuracy for
sizing short tandem repeat (STR) alleles compared to
electrophoresis methods have been demonstrated.

     Following polymerase chain reaction (PCR) amplifica-
tion of DNA templates, a proprietary solid-phase purifica-
tion procedure is used to prepare the samples for mass
analysis. We are currently working with over 20 tetranu-
cleotide repeat DNA markers of forensic interest includ-
ing HUMTH01, vWA, TPOX, CSF1PO and the sex-
typing marker amelogenin. Mass difference measurements
have been shown to benefit STR genotyping by permitting
analysis of nontemplated addition, repeat content identifi-
cation, and repeat spread measurements in heterozygotes.
In short, time-of-flight mass spectrometry offers rapid and
reliable genotyping of short tandem repeat DNA markers
used in human identity testing.

INTRODUCTION

     As of early 1998, over a half-million samples have
been collected from convicted felons in 48 of the 50
states in the U.S. These samples are being stored in
anticipation of future analysis and inclusion in the Com-
bined DNA Index System (CODIS). The FBI has desig-
nated 13 core STR loci for the nationwide CODIS data-
base. These STR loci include TH01, TPOX, CSF1PO,
vWA, FGA, D3S1358, D5S818, D7S820, D13S317,
D16S539, D8S1179, D18S51, and D21S11. The sex-
typing marker amelogenin is typically included in STR
multiplexes that cover the 13 core STR loci.  Each sam-
ple must have these 14 markers tested in order to be
entered into the national CODIS database. Therefore, the

current national backlog of ~500,000 samples corre-
sponds to at least 7 million genotypes. Using current
fluorescent technology, an estimated five to six years
will be needed to process these samples at an enormous
cost and commitment of labor resources.

     Time-of-flight mass spectrometry (TOF-MS) offers a
rapid, cost-effective alternative for genotyping large num-
bers of samples (1). Each DNA sample can be accurately
measured in a few seconds. In this process, commonly
referred to as MALDI (matrix-assisted laser desorp-
tion/ionization), DNA samples are mixed with an organic
matrix and allowed to co-crystallize in a spatial array on a
sample plate with each assay at a separate location. After
the sample plate is placed in the mass spectrometer, which
is under vacuum, a pulse of laser energy liberates a small
portion of the DNA sample (Figure 1). While the gener-
ated ions travel to the detector in a matter of microsec-
onds, multiple spectra are averaged for signal processing,
which extends the measurement time to a few seconds.
The DNA size is calculated by the time-of-flight to the
detector in comparison to mass standards. Due to the
increased accuracy with mass spectrometry, STR alleles
may be reliably typed without comparison to allelic lad-
ders (2). An absolute mass is measured with mass spec-
trometry rather than a relative mobility measurement (in
comparison to DNA sizing standards) as in an electropho-
retic analysis. GeneTrace-designed genotyping software
then correlates the observed peak mass back to a genotype
based on expected allele masses obtained from a reference
sequence, the PCR primer positions, and the repeat unit
mass. Each sample can be processed and genotyped in
approximately one second using a standard desktop per-
sonal computer.

     Two issues that impact mass spec results are DNA
size and sample salts. Mass spec resolution and sensitiv-
ity are diminished when either the DNA size or the salt
content of the sample is too large. By redesigning the
PCR primers to bind close to the repeat region, the STR
allele sizes are reduced so that resolution and sensitivity
of the PCR products are benefited. Where possible, we
design our primers to produce amplicons that are less
than 100 bp although we have been able to resolve
neighboring STR alleles that are as large as 140 bp in
size. To overcome the sample salt problem, we use a
patented solid-phase purification procedure that reduces
the concentration of magnesium, potassium, and sodium
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salts in the PCR products prior to their being introduced
to the mass spectrometer (3). Without the reduction of
the salts, resolution is diminished by the presence of
adducts. Salt molecules bind to the DNA during the
MALDI ionization process and give rise to peaks that
have a mass of the DNA molecule plus the salt molecule.
Adducts broaden peaks and thus reduce resolution. Our
sample purification procedure, which has been entirely
automated on a 96-tip robotic workstation, reduces the
PCR buffer salts and yields “clean” DNA for the mass
spectrometer. Using our robotic workstation in combi-
nation with a single high-throughput mass spectrometer,
we have been able to purify and analyze over 2,000
samples in a single day.

MATERIALS AND METHODS

     DNA Templates: Human genomic DNA from K562
cell line (Promega) and samples from several ethnic
groups (Bios Laboratories, New Haven, CT). A set of 88
samples was provided by the California Department of
Justice DNA Laboratory in Berkeley, CA.

     Allelic Ladders: Profiler (PE Applied Biosystems) and
PowerPlexTM (Promega) allelic ladders were diluted 1:1000
in deionized water and reamplified using GeneTrace-
designed PCR primers

     PCR Mix: 1X STR Buffer (Promega) or PCR buffer II
for TaqGold polymerase (PE Applied Biosystems), 1 µM
GeneTrace-designed primers, 1 U Taq (Promega) or
AmpliTaq Gold (PE Applied Biosystems), 1-10 ng DNA
template.

     PCR Conditions: 2 min 94o C (11 min 95o C with
TaqGold); 30-35 cycles of 30 sec each: 94o C, 55o C,
72o C; 5 min 72o C.

     Sample Purification: A purification procedure
involving solid-phase capture and release from strepta-
vidin-coated magnetic beads was utilized (3) to purify
the DNA. Parallel sample preparation was conducted on
a robotic workdeck operated with a 96-pipet tip head
designed by GeneTrace.

     Mass Spectrometry: Each DNA sample was spotted
with a 3-hydroxypicolinic acid matrix. A GeneTrace-
designed linear time-of-flight instrument was used (4).
The mass spectrometer was calibrated daily with two
oligonucleotide mass markers (2).

     Genotyping: Expected masses for alleles at each
STR locus were calculated using GenBank sequences
and information from STRBase (http://ibm4.carb.nist.

gov:8800/dna/home.htm; ref 5). An additional mass of
313.2 Da was added to each allele to account for the
nontemplate addition of adenine (6). Genotypes were
assigned by comparing the measured mass to all
expected allele masses. Typically mass bins of ~100 Da
were used for each STR allele based on a standard
deviation of 30 Da (2).

RESULTS AND DISCUSSION

Testing of new STR primers

     New PCR primers were designed for each STR locus
with sequence information from GenBank (http://www.
ncbi.nlm.nih.gov).  The PCR products produced from
these primers are much smaller than commonly used
from commercially available STR kits because the prim-
ers are closer to the repeat region (Table 1).  We suc-
cessfully designed and tested primers from the following
commonly used STR loci: CD4, CSF1PO, D3S1358,
D5S818, D7S820, D8S1179, D13S317, D16S539,
D18S51, D21S11, DYS19, F13A1, F13B, FES/FPS,
FGA, HPRTB, LPL, TH01, TPOX, and vWA as well as
the sex-typing marker amelogenin. In addition we
examined three new tetranucleotide STR loci:
GATA132B04 (chromosome 5), D16S2622, and
D22S445. To improve the sensitivity and resolution in
the mass spectrometer, primers were placed close to the
repeat region to make the PCR product size ranges under
140 bp in size when possible. In the case of CD4, LPL,
and amelogenin, previously published primers were
used. Primers were purchased from Biosource/Keystone
(Menlo Park, CA) or synthesized in-house. One primer
in each locus-specific set was biotinylated at the 5’-end
for use in a solid-phase purification procedure (3).

     The new primers were tested with 10 ng of K562
DNA template and the universal PCR conditions listed
in the materials and methods section. In all cases, the
expected K562 genotypes were obtained for the STR
loci tested. We then proceeded to test samples from dif-
ferent ethnic groups to verify that the primers worked on
a variety of DNA templates. Mass spectra from several
samples for the D7S820 locus are shown in Figure 2. We
have successfully detected PCR products from all 23
STR markers tested.

Validation Tests

     A number of analytical tests have been performed to
verify sensitivity, accuracy, precision, and resolution for
STR analysis by mass spectrometry (2). For example,
using our TPOX primers, we have been able to detect as
little as 200 pg of genomic DNA from a serial dilution of
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K562 DNA (no attempts were made to go below this
quantity of DNA due to possible stochastic effects). The
precision of measurements over multiple samples is
approximately 30 Da or 0.1 nucleotides for each allele
while we have obtained mass accuracies better than 6 Da
or 0.02 nucleotides without using allelic ladders.  How-
ever, we have found allelic ladders to be useful in demon-
strating resolution with tetranucleotide STR alleles (Fig-
ure 3). In a previous publication, we demonstrated the
ability to completely separate the peaks of a single base
microvariant from a full allele with the separation of a
TH01 allelic ladder containing alleles 9.3 and 10 (2).

     As part of our validation testing for this new mass spec
technology, we have compared our genotyping results
with those obtained from an established, validated tech-
nique accepted in forensic DNA laboratories. The Califor-
nia Department of Justice Berkeley DNA Laboratory sup-
plied 88 genomic DNA samples that had been previously
typed with an ABI 310 capillary electrophoresis method
and primers from the PE Applied Biosystems’ Profiler
STR multiplex kit. We have successfully typed these
samples at several STR loci. In all cases where we
obtained a result, we have made the correct genotype call.
For example, with the TH01 locus, we obtained successful
results in 82 out of the 88 samples on the first pass
through the samples. The remaining six samples yielded a
genotype on the second attempt for those samples. Most
importantly, there was a 100% correlation for all of the
genotypes obtained with the two methods.

Multiplex STR Analysis

     To reduce analysis cost and sample consumption and
to meet the demands of higher sample throughputs, multi-
plex STR analysis has become a standard technique in
most forensic DNA laboratories. STR multiplexing is
most commonly performed using spectrally distinguish-
able fluorescent tags and/or non-overlapping PCR product
sizes (7). Due to the size constraints of mass spectrometry,
we have adopted a different approach to multiplex analy-
sis of multiple STR loci. Primers are designed such that
the PCR product size ranges overlap between multiple loci
but have alleles that interleave and are resolvable in the
mass spectrometer. The high accuracy, precision, and
resolution of our mass spec approach permit multiplexing
STR loci in such a manner.

     The expected masses for a triplex involving the STR
loci CSF1PO, TPOX, and TH01 (commonly referred to
as a CTT multiplex) are schematically displayed in Fig-
ure 4a. All known alleles for these STR loci, as defined
by STRBase (5), are fully resolvable and far enough
apart to be accurately determined.  For example, TH01

alleles 9.3 and 10 fall between CSF1PO alleles 10 and
11. For all three STR systems in this CTT multiplex, the
AATG repeat strand is measured, which means that the
alleles within the same STR system differ by 1260 Da.
The smallest spread between alleles across multiple STR
systems in this particular multiplex exists between the
TPOX and TH01 alleles where the expected mass differ-
ence is 285 Da. TPOX and CSF1PO alleles differ by 314
Da while TH01 and CSF1PO alleles differ by 599 Da.
By using the same repeat strand in the multiplex, the
allele masses between STR systems all stay the same
distance apart. Each STR has a unique flanking region
and it is these sequence differences between STR sys-
tems that permit multiplexing in such a fashion as
described here. An actual result with this CTT multiplex
is shown in Figure 4b.

     It is also worth noting that this particular CTT multi-
plex was designed to account for possible, unexpected
microvariants. For example, a CSF1PO allele 10.3 that
appears to be a single base shorter than CSF1PO allele
11 was recently reported (8). With the CTT multiplex
primer set described here, a CSF1PO 10.3 allele would
have an expected mass of 21402 Da, which should be
fully distinguishable from the nearest possible allele
(i.e., TH01 allele 10) as these alleles would be 286 Da
apart. Using our mass window of 100 Da as defined by
our previous precision studies (2), all possible alleles
including microvariants should be fully distinguishable.
STR multiplexes are designed so that expected allele
masses between STR systems are offset in a manner that
possible microvariants, which are most commonly inser-
tions or deletions of a partial repeat unit, may be distin-
guished from all other possible alleles.

The Value of Mass Spectrometry
for DNA Database Work

     Our automated DNA sample preparation and time-of-
flight mass spectrometry approach to STR analysis make
rapid development of large DNA databases feasible. We
recently demonstrated that over 2,000 samples could be
analyzed in a single day using a single 96-tip robotic
workstation and a single mass spectrometer. GeneTrace
has built a state-of-the-art facility in Alameda, Califor-
nia, to process large numbers of DNA samples using this
high-throughput approach. In the near future, we plan to
offer a DNA typing service for development of large
DNA databases such as will be required for the national
CODIS system in the United States. The more quickly
the samples can be analyzed and placed in the U.S.
national CODIS DNA database or other forensic DNA
databases, the more quickly repeat offenders may be
brought to justice.  Time-of-flight mass spectrometry
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offers an effective and efficient solution to rapid DNA
database development.
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Table 1. PCR product sizes for STR alleles using GeneTrace-designed primers compared to
commercially available primers in STR multiplex sets.

STR Locus
Known
Alleles GeneTrace Sizes

Commercially
Available Sizes*

Amelogenin X, Y 106, 112 bp 107,113 bp;
212,218 bp

CD4 4—15 81-136 bp Not available

CSF1PO 6—15 87-123 bp 291-327 bp

F13A1 3—17 112-168 bp 279-335 bp

F13B 6—12 110-134 bp 169-193 bp

FES/FPS 7—15 76-108 bp 222-254 bp

FGA 15—30 118-180 bp 206-267 bp

D3S1358 9—20 85-129 bp 114-142 bp

D5S818 7—15 89-121 bp 119-151 bp

D7S820 6—14 66-98 bp 212-244 bp

D8S1179 8—18 92-130 bp 128-168 bp

D13S317 7—15 98-130 bp 165-197 bp

D16S539 5,8—15 59-99 bp 264-304 bp

D18S51 9-27 120-192 bp 273-341 bp

D21S11 24-38 150-190 bp 189-243 bp

DYS19 8—16 76-108 bp Not available

HPRTB 6—17 84-128 bp 259-303 bp

LPL 7—14 105-133 bp 105-133 bp

TH01 3--13.3 55-98 bp 171-214 bp

TPOX 6—14 69-101 bp 224-256 bp

vWA 11—22 126-170 bp 157-201 bp

Other STRs

GATA132B04 10—14 99-115 bp Not available

D22S445 10—16 110-130 bp Not available
D16S2622 4—8 71-87 bp Not available

* Commercial sources include PE Applied Biosystems and Promega Corporation
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Figure 1. Schematic diagram illustrating the principal components of DNA analysis by time-of-flight mass spectrometry.
Each STR sample is imbedded within a matrix compound in a ~1-mm diameter spot located on the sample plate. A pulsed
laser beam liberates the DNA from the matrix for mass analysis. STR alleles are separated by their time-of-flight to the
detector, a process that occurs in a few hundred microseconds.
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Figure 2. Mass spectra from several genomic DNA samples amplified at the D7S820 STR locus.
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Figure 3. Resolution of tetranucleotide STR alleles demonstrated with D5S818 and D7S820 allelic ladders. The
allelic ladders were reamplified from diluted PE Applied Biosystems AmpFlSTR Yellow allelic ladders using
GeneTrace-designed primers and PCR conditions as described in the Materials and Methods section.
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Figure 4. (a) Expected allele masses for a CSF1PO-TPOX-TH01 (CTT) multiplex involving overlapping allele size
ranges. All known alleles are fully distinguishable by mass with this interleaving approach.
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Figure 4 (b) A mass spectrum of a CTT multiplex sample.


