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Chromosome-specific Panels of Tri- and
Tetranucleotide Microsatellite Markers for
Multiplex Fluorescent Detection and
Automated Genotyping: Evaluation of Their
Utility in Pathology and Forensics

Anna-Karin B. Lindqvist,' Patrik K.E. Magnusson,’ Jorune Balciuniene,’
Claes Wadelius,? Eva Lindholm,’ Marta E. Alarcén-Riquelme,’ and
UIf B. Gyllensten'-

'Department of Medical Genetics, Biomedical Center, and “Department of Clinical Genetics, Uppsala
University, Uppsala, Sweden

A set of 391 microsatellite markers (Weber set &), 85% of which consist of tri- and tetranucleotide repeat
markers, were used to design chromosome-specific panels that allowed for a high degree of multiplexing with
respect to the fragment size range and fluorophore (FAM, HEX, TET). This marker set has an average
coverage of 10.5 cM, with the largest gap being 28.1 cM. The markers were divided into 49 panels, with a
maximum degree of multiplexing of 15 markers per panel. The utility of the markers for analysis of DNA
from blood, hair, and formalin-fixed archival tissue biopsies was evaluated with respect to amplification
efficiency, product yield, and degree of preferential amplification of the shorter allele in heterozygotes. The
amplification efficiency was inversely related to repeat length and amplicon length. Based on the analysis of
DNA from formalin-fixed biopsies, 51 markers suitable for loss of heterozygosity (LOH) studies were
identified. The utility of the marker set for genome scanning, LOH, and forensic analyses is discussed.

The use of markers labeled with fluorophores in
genetic linkage analysis has become widespread
as a result of a number of advantages, as com-
pared with methods employing radioactivity.
These advantages include the lack of need for
safety precautions associated with the use of ra-
dioactive labels (Schwengel et al.1994) and the
possibility of electronic data collection, includ-
ing the use of special software for fragment size
determination and calling of allele and genotype
(Ziegle et al. 1992; Reed et al. 1994).

Most of the microsatellite marker sets devel-
oped to date for genome scanning are based on
highly polymorphic dinucleotide (CA), repeats
(Weber and May 1989). Indeed, at present >5000
markers of this type have been mapped geneti-
cally in the human genome (Dib et al. 1996).
However, dinucleotide markers are less suitable
for large-scale automated analysis because (1) the
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fragment resulting from nonspecific addition of a
nucleotide may overlap with the allele-peak re-
sulting in ambiguous allele and genotype calling,
and (2) strand slippage introduces stutter-bands
that contribute to erroneous genotype calling.
These artifacts introduced by the PCR pose prob-
lems to the software used for automated genotyp-
ing. Some of these difficulties may be overcome
by modifying the amplification cycle (Smith et
al. 1995). Preferentially, these problems can be
minimized by use of markers based on tri- and
tetranucleotides instead of dinucleotides. One
such large set (Weber set 6) has been described
recently by Sheffield et al. (1995) at the Coopera-
tive Human Linkage Center (CHLC).

In the present study, we have used the Weber
set 6 and designed chromosome-specific panels
for fluorescence detection on the ABI 373 and
377 instruments, using three fluorophores (Reed
et al. 1994). To determine the efficiency and suit-
ability of individual markers, we have tested
these panels for use in genome scanning projects
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based on high molecular weight genomic DNA
derived from peripheral blood, as well as their
utility in the analysis of forensic material (hair)
and pathology material (formalin-fixed biopsies).
The latter type of evaluation is of importance for
at least two reasons. In linkage studies it is not
uncommon that only archival autopsy material,
such as formalin-fixed tissue, is available from
certain key individuals. Furthermore, the com-
parison of tumor and normal tissue for loss of
heterozygosity (LOH) across the genome is be-
coming increasingly important for the identifica-
tion of cancer susceptibility loci (Merlo et al.
1991).

RESULTS
Characteristics of the Marker Set

The complete set of 391 markers consist of 286

MICROSATELLITE PANELS FOR AUTOMATED GENOTYPING

tetranucleotides, 48 trinucleotides, and 57 di-
nucleotides (Table 1). This set was designed to
cover the human genome with a mean spacing of
10.52 cM. The largest spacing is a gap of 28.1 ¢tM
on chromosome 15. The average heterozygozity
for the 391 markers has been estimated to 76%.
Table 1 gives a summary of types of repeats on
each chromosome, the fluorophores assigned to
each marker, the number of markers in each
panel, as well as the number of panels for each
chromosome. A complete table with the results
for the individual markers will be made available
from the authors.

Performance of the Marker Primers

Table 2 shows the quality assignment used for
each primer pair. The efficiency and quality of
the primers was determined by analyzing the
sample on the ABI 373 sequencer, employing the

Table 1. Distribution of Markers of Each Chromosome, Repeat Type, Fluorophore, and
Number of Markers in each Chromosome-specific Marker Panel
Repeat type Flurophore No. of markers in each panel Total no.
Chromo- No. of
some tet tri di FAM HEX TET panels panel 1 panel 2 panel 3 panel 4 markers
1 23 5 1T 11 10 8 3 15 10 4 29
2 20 2 2 9 9 6 2 14 10 24
3 16 3 3 8 7 7 2 13 9 22
4 16 2 2 7 7 6 2 12 8 20
5 17 2 2 8 7 6 2 12 9 21
6 16 5 2 8 8 7 2 15 8 23
7 13 0 1 6 5 3 2 9 5 14
8 14 3 1 6 6 6 2 12 6 18
9 11 1 4 6 6 4 2 11 5 16
10 " 5 3 7 6 6 2 12 7 19
1 11 1 1 5 4 4 2 9 5 14
12 15 3 0 8 7 3 2 11 7 18
13 9 1 2 6 3 3 2 9 3 12
14 13 2 0 7 4 4 2 13 2 15
15 6 2 3 4 3 4 2 9 2 11
16 8 1 3 5 3 4 2 10 2 12
17 11 0 5 6 5 5 2 1 5 16
18 7 3 3 4 5 4 2 9 4 13
19 7 0 3 4 3 3 2 6 4 10
20 6 1 3 4 3 3 1 10 10
21 5 1 1 3 2 1 1 7 7
22 4 0 2 3 1 1 1 6 6
X 9 0 7 6 4 6 2 10 6 16
Y 4 0 0 2 1 1 1 4 4
Mixed 14 4 3 7 7 7 4 9 6 3 3 21
Total 286 48 57 150 127 114 391
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Table 2. Criteria for Assigning Markers
to Quality Group

Peak height

Quality group (fluorescent units)
6 > 4000

5 1000-4000

4 500-1000

3 200-500

2 100-200

1 50-100

height of the peaks as an indicator for the
amount of PCR product and a threshold of 50
fluorescent units for all fluorophores. Back-
ground level and the presence of unspecific peaks
were also taken into consideration. By use of a
single PCR composition and the same thermo-
cycle parameters, we found that 323 of the 391
markers tested (83%) showed sufficient quality
for routine analysis from blood genomic DNA
samples (Table 3). The markers that did not fulfill
these criteria are listed in Table 4. When consid-
ering the repeat type (di-, tri-, or tetranucleo-
tides), primers amplifying trinucleotide repeats
were found to have the lowest success rate (Table
4). In addition, primers labeled with HEX showed
a lower efficiency, as a result of a weaker signal,
than primers labeled with the other fluoro-
phores. The degree of multiplexing for the panels
varies from 2 to 15 markers per panel (Table 1)
(Fig 1).

Analysis of DNA of Single Hairs
Of the 391 markers, 147 were further tested for

Table 4. Characteristics of Markers That
Did Not Amplify Using the
Single Amplification

No. of
Type/color markers? Percent®
Tetra 20 7
Tri 6 12.5
Di 3 53
Total 29
FAM 10 6.7
HEX 15 11.8
TET 4 3.5
Total 29
“Total of 29 markers; see Table 3.
bPercent of the total number of markers of that type/color.

their ability to amplify DNA from a single hair.
The 147 primers chosen were among those found
to have a quality score of 4-6. Of these, a total of
125 markers were able to efficiently amplify from
single hair DNA. (The distribution among chro-
mosomes of these markers is shown in Table 5.)
In all cases, the alleles obtained from the hair
sample corresponded to those of the peripheral
blood genomic DNA of the same donor. This in-
dicates that this subset of markers shows enough
robustness to be useful for analyses when only
limited biological material is available, such as in
anthropological or forensic analyses. With the
protocol used, the digest from a single hair was
found to be sufficient for the PCR analysis of 20
independent microsatellite markers. Further ex-
periments have shown, however, that at least 2-3
times that number of markers can be analyzed

Table 3. Results of Quality Evaluation of the Marker Set

Peak height
(fluorescent
Peak quality® units) No. of markers Percent
5-6 1000->4000 131 34
4 500-1000 116 30
3 200-500 76 19
2 100-200 25 7
1 50-100 10 3
No amplification 29 7

2Quality groups; see Table 2.
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single hair. Further, of the
125 markers found to am-

plify from hair DNA, 63%
of the dinucleotide repeats,

i JLJL/&JL

203 .84][228.43 82.86][306.42 40% of the tetranucleotide

141.01 repeats, and 30% of the tri-

0186503 1 Green 6503 nucleotide repeats success-
fully amplified biopsy

}{L DNA. Second, the relation-
AN AL j\ M ship between amplification

[132.00] [181.07] [234.33] 31581] success and length of the

144.05 [188.85] amplified fragment was in-

0106503 1 Yellow 6503 vestigated. The amplifica-

tion efficiency of markers
with fragments >200 bp de-
creased markedly on bi-

[1e0.00] [!9568] [226.56]

016503 1 Red 6503

opsy material as compared
with blood-derived or hait-
derived DNA (Fig. 2). Fi-

nally, we analyzed the rela-
tive efficiency of amplifica-

[3oodo]  [340.00 tion of the two alleles in

Figure 1 Electropherograms demonstrating the degree of multiplexing of
panel 4, chromosome 2. The electropherograms from the top: markers labeled

with FAM, TET, HEX, size standard GS-350 TAMRA,

from a single hair by reducing the starting
amount of template DNA in the PCR (P. Magnus-
son, unpubl.).

Analysis of Archival Biopsy DNA

The 125 markers that successfully amplified
single hair DNA were further tested on DNA pre-
pared from a formalin-fixed biopsy. Of these, 51
markers were found to successfully amplify from
this material (Table 5). These markers constitute a
suitable set for the localization of LOH.

Relative Efficiency of Different Types of Repeats

First, a comparison was made of the relative effi-
ciency of different types of repeat markers to am-
plify from the various materials. Among the 147
markers tested on hair DNA, 100% of the di-
nucleotide repeats, 97% of the tetranucleotide re-
peats, but only 53% of the trinucleotide repeats

75.00] [100.00] 140.00 [200.00] [250.00]
150.00]
[160.00

00 heterozygous samples. This
was done by calculating
the ratio between allele
peak heights PH1/PH2 (the
peak height of the shorter
allele divided by the peak
height of the longer allele).
The mean value for blood
DNA and hair DNA were
close to unity with a mod-
erate variation (Fig. 3). However, when amplify-
ing from biopsy DNA, there was a preferential
amplification of the shorter allele as shown by
the mean PH1/PH2 value of 1.41 for biopsy DNA.
The corresponding value for hair DNA was 1.10
and for blood-derived DNA was 1.09 (Fig. 3).

DISCUSSION

In the present paper, we describe the use of a set
of microsatellite markers for genome scanning,
based mainly on tri- and tetranucleotide repeats,
which by optimal allocation of fluorophore al-
lows a high degree of multiplexing in the gel
analysis. The main advantage of this marker set
over those based on dinucleotide repeats is the
simple and robust allele and genotype calling.
This is attributable to the ease by which alleles
can be distinguished and the minimal PCR arti-
fact peaks. By use of one PCR condition, 85% of
the markers were successfully amplified. Most
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Table 5. Number of Markers That
Successfully Amplified DNA Extracted
from Hair and Biopsy

Chromosome Hair Biopsy

10
14
1

N—\—I—I—l—\—l—l—l—l—l
COPNONAWN=OOVRNRULNAWN=
3 : : .
O LN RANBRNWOWANNWLNWWN
RA—RO"UNW_ RS SRS S SWNONW

21
22 n.d.2 n

X

Y n n
Mixed nd. nd.
Total 125 51

2n.d. = no data.

likely, many of the markers that were not ampli-
fied can be made to work by modifying the buffer
and/or ramp conditions. Tetranucleotide repeats
were most useful for this study because we en-
countered fewer problems in calling allele sizes
with the Genotyper software with these as com-
pared with dinucleotide repeats.

To enable a high throughput of the genotyp-
ing, we divided the markers into chromosome-
specific panels that could be analyzed simulta-
neously on a gel. In the design of the panels, we
combined markers with a minimum difference in
fragment size of 10 bp. In the panel with the
highest degree of multiplexing, PCR amplifica-
tion products from 15 markers were successfully
pooled and analyzed without difficulty in distin-
guishing the alleles from each other. The large
number of markers that were amplified success-
fully from blood-derived DNA with a wide cover-
age of the genetic map makes this marker set use-

1174 @ GENOME RESEARCH

ful for human linkage projects. The marker set is
presently used in a genome scanning project.
The second aim of the study was to evaluate
the potential of using this marker set for analysis
of biological materials other than peripheral
blood DNA. In the present study, we used DNA
extracted from roots of hair and from formalin-
fixed biopsies. It is important to point out that
the DNA extracting methods, as well as the qual-
ity of the DNA obtained, differ from that of pe-
ripheral blood. This is why we believe it was es-
sential to test the marker set not only on DNA of
low concentration but on these authentic mate-
rials. Three different conclusions emerged from
our study. First, a significant fraction of the mark-
ers could be amplified successfully from single-
hair preparations. Genotyping of hair and blood
DNA from the same donor gave totally concor-
dant results. Although the preparations were
done on freshly obtained hair with roots, the re-
sults indicate that a significant number of the
markers are also suitable for the analysis of hairs
that had been collected some time ago. Based on
the proper choice of markers, genetic studies of a
relatively large number of microsatellite markers
may be possible from individual hairs. For in-
stance, single hairs have been used previously for
anthropological studies, analyzing the mito-
chondrial genome (Vigilant et al. 1989). Our re-
sults show that similar studies, based on a set of
10-20 microsatellites, should be possible to con-
duct on single hairs. In forensic casework, single
hairs constitute the most frequent type of mate-

150

=
(=3
(=)

Number of markers
a1
(=}

0 T T T
a b C

Figure 2 Length distribution among markers suc-
cessfully amplified from different DNA sources. (a)
147 markers with the best performance on blood
DNA were chosen and tested on (b) single hair DNA
and (c) DNA from formalin-fixed and paraffin-
embedded biopsy. Only markers working on hair
DNA were tested with biopsy DNA as template.
(Open bars) Markers 80-150 bp; (shaded bars)
150-200 bp; (solid bars) >200 bp.
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rial evidence. Although only a fraction of these
hairs contain roots, our results indicate that these
should be possible to amplify for a set of markers.

A subset of the markers yielded successful
amplifications from the biopsy material. Al-
though these markers are too few to allow a com-
plete genome scan, their coverage is sufficient to
scan for large deletions on most chromosome
arms. Thus, this set of markers may be useful for
analysis of genetic diseases when only archival
material is available from key individuals in the
study. Caution should be exercised, however,
when using the marker set on formalin-fixed bi-
opsy material to identify regions displaying LOH.
Our results shows that false LOH may occur with
the preferential amplification of the shorter al-
lele, in particular, when comparisons are made
between fresh, nontumorous material and forma-
lin-fixed tumor biopsies. The magnitude of this
problem remains to be determined.

The panels presented here are now being
used by a consortium including four different
laboratories in Sweden, Finland, and Germany
and are available to the labs in the Nordic coun-
tries at the Nordic Consortium Primer Resource
Center at the Department of Clinical Genetics,
Uppsala. The same marker sets also have been
made for the ALF and ALF-express systems, to
allow the seamless transfer of data between labs
using different genotyping systems.

METHODS

Design of the Marker Panels

The primer sequences, marker designation, and chromo-
somal location, as well as other information for the 391
markers included in the Weber set 6, was obtained
through the anonymous ftp (ftp.chlc.org) (Sheffield et al.
1995). Markers located on the same chromosome were di-
vided into panels. Each panel included markers with a dif-
ference in fragment size of at least 10 bp and was consid-
ered nonoverlapping, and markers within each such group
were assigned one of the ABI fluorophores 6-FAM (blue),
TET (green), and HEX (yellow) (Applied Biosystems Inc.,
Foster City, CA). A few panels contained markers from
several chromosomes, as they would not fit in the chro-
mosome-specific panels. All oligonucleotides were synthe-
sized, labeled, and cartridge-purified by GenSet, Inc.
(France).

DNA Preparation
Peripheral Blood DNA

DNA was prepared from 10 ml of whole blood from one

MICROSATELLITE PANELS FOR AUTOMATED GENOTYPING

female and one male individual. Red blood cells were lysed
in 155 mm NH,CI, 10 mM KHCO;, and 0.1 mM ethylene-
diamine tetraacetate (EDTA). The white blood cell pellet
was washed twice in SE-buffer (75 mm NaCl, 25 muM EDTA,
30 mMm Tris at pH 8.0) and then vortexed, and 25 pl of
proteinase K (10 mg/ml) was added in a final volume of 5
ml SE buffer with 10% SDS. The cells were left overnight at
room temperature. The DNA was then extracted by phe-
nol/chloroform precipitated with 3M NaAc and isopropa-
nol, collected by centrifugation, dried, and resuspended in
TE-low (10 mM Tris, 0.1 mm EDTA). Each PCR was initiated
with 25 ng.

DNA from Single Hair

DNA was prepared from freshly plucked individual hairs
(containing a root) of the female blood donor. A single
hair was cut about 0.5 cm from the root end and the root-
containing part was incubated at 56°C in 100 ul of 50 mMm
KCl, 10 mm Tris-HCI at pH 8.3, 0.2 mg/ml proteinase K,
and 25 mu dithiothreitol (DTT). After 1 hr, an additional
2 ul of proteinase K (10 mg/ml) was added and the mixture
incubated for 2 hr at 56°C. The enzyme was inactivated at
95°C for 10 min and the preparation stored at —20°C. For
each amplification, 5 nl of the mixture was used.

DNA from Archival Biopsy Samples

A formalin-fixed and paraffin-embedded pancreatic biopsy
was kindly provided by Dr. Erik Willander (Department of
Pathology, Uppsala University), and DNA was prepared

o

COOMmOND @O WO 6O 000

—
T
COSEEEMNNEMIMNNNSO0 @ 0000 @

o

Peakheight allele 1/peakheight allele 2
o

0 Blood Hair Biopsy

Figure 3 Distribution of peak height ratios for het-
erozygous markers on blood, hair, and biopsy DNA.
Each circle represents the PH1/PH2 value for an in-
dividual marker. The error bars show mean and
standard deviation.
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according to Kosel and Graeber (1994). The biopsy was cut
into small grains and divided between 12 Eppendorf tubes.
The material in each tube was deparaffinated by adding 1
ml xylene and incubated for 2 hr at room temperature,
with an occasional mixing by squeezing the pellet with a
plastic stick. The xylene was then aspirated and the mate-
rial washed for 5 min each with 95% and 70% ethanol.
After the material was dried for 20 min at 50°C, 200 ul of
a solution containing 0.2 M Tris-HCI at pH 8, 1% SDS, 1
mg/ml proteinase K, and 10 mm EDTA was added. The
digestion was left for 3 hr at 50°C followed by a 14-hr
incubation at 30°C. The proteinase K was then inactivated
and the tubes centrifuged at 14,000 rpm for 5 min. The
supernatants were collected into new tubes and the DNA
extracted twice with phenol/chloroform. DNA was finally
precipitated with 0.1 vol of 3m NaAc at pH 5 and 2.5 vols
95% ethanol and incubated 1 hr at —70°C. The DNA pel-
lets were dissolved in 100 pl Tris—=EDTA buffer each. Five
microliters of the DNA were used for the PCR amplifica-
tion.

PCR Conditions and Gel Analysis

All markers were tested under the same conditions. Ge-
nomic DNA was prepared from the peripheral blood of one
man and one woman. For the PCR amplification, 25 ng of
DNA was used in a 15 pl reaction. The PCR contained 50
mM KCI, 10 mm Tris-HCI at pH 8.3, 1.5 mm MgCl,, 2.5
pmole of each primer, 200 mMm of each dNTP, and 0.8 units
AmpliTaq (Perkin Elmer). The same thermocycle param-
eters were applied to all markers and all materials: an ini-
tial 5 min denaturation at 95°C followed by 15 sec at 95°C,
30 sec at 55°C, and 30 sec at 72°C for 20 cycles. This was
followed by 10 cycles of 15 sec at 89°C, 30 sec at 55°C, and
30 sec at 72°C, and a final extension step of 10 min at
72°C. All PCRs were performed on the Perkin Elmer 9600
model.

The amplification products from blood and hair DNA
were diluted with water as follows: FAM and TET 1:20,
HEX 1:10. Products obtained from amplification of biopsy-
derived DNA were diluted: FAM 1:15, TET 1:10, and HEX
1:7.5. A mixture of 1.5 pl of the diluted amplified sample,
3 pl formamide, and 0.5 ul of size standard (GS500-
TAMRA) was loaded onto a 6% denaturating polyacryl-
amide gel and the fragments separated on an ABI 373 in-
strument. Results were analyzed with the GeneScan 672
(version 1.0) and the Genotyper softwares (version 1.1)
from Applied Biosystems.
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