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Automated DNA Profiling by Fluorescent 
Labeling of PCR Products 

Kevin M. Sullivan, Susan Pope, Peter Gill, and James M. Robertson 1 

Central Research and Support Establishment, The Forensic Science Service, Aldermaston, Reading, Berks RG7 4PN, UK; 
]Applied Biosystems, Foster City, California 94404 

DNA profiling has been automated 
by the fluorescent tagging of ampli- 
fied variable number tandem repeat 
(VNTR) loci. This was achieved by the 
use of fluorescently labeled primers 
in the amplification of 10 ng of ge- 
nomic DNA, coupled with laser detec- 
tion of the products during electro- 
phoresis. The PCR products are sized 
by co-electrophoresing a standard 
size ladder mixed with every sample, 
thereby eliminating errors in size es- 
timation caused by lane-to-lane dif- 
ferences in migration rate. This 
increases the precision of VNTR char- 
acterization and enables alleles that 
differ by a single 1S-bp repeat to be 
resolved. The system is capable of 
high throughput: Twenty-four sam- 
ples are electrophoresed and ana- 
lyzed within 6 hr. Also, because four 
different dyes are available, three 
different loci can be simultaneously 
characterized with the fourth dye 
used for the internal standard. Ap- 
proximately 100 unrelated British 
caucasians were analyzed at the loci 
DIS80, D17SS, and ApoB. The proba- 
bilities of two unrelated individuals 
matching by chance (pM) at these 
three loci were determined to be 
0.065, 0.040, and 0.069, respectively, 
with a combined pM of 1.8 • 10 -4. 

V a r i a b l e  number tandem repeat 
(VNTR) loci display considerable varia- 
tion within human populations and are 
useful markers for the construction of 
human linkage maps r and in the iden- 
tification of individuals for forensic pur- 
poses. (2~ VNTRs were originally charac- 
terized by restriction enzyme digestion 
of genomic DNA, followed by agarose 
gel electrophoresis, Southern blotting, 
and hybridization with labeled minisat- 
ellite probe. PCR amplification of these 
loci has greatly improved the sensitivity 
of the technique, enabling as little as 1 
ng of genomic DNA to be typed. ~3~ The 
most informative VNTR loci commonly 
used in DNA profiling, such as D7S22 
and DIS8, have alleles of several kilo- 
bases in size. (4,s~ Thus, because of the in- 
verse correlation between the efficiency 
of amplification versus the length of 
PCR product, these large amplification 
products still require Southern blotting 
and hybridization with an appropriate 
probe to be detected. Conversely, the 
amplified alleles from small VNTR loci 
such as D17S5 and DIS80 can be directly 
visualized and resolved on ethidium bro- 
mide-stained agarose or acrylamide gels, 
which significantly reduces analysis 
time. (~ However, when distinguish- 
ing between alleles differing by a single 
short repeat, such as D1S80 (16 bp) and 
ApoB (15 bp), it is often essential to run 
allelic size ladders in adjacent lanes. 

We describe here the use of fluores- 
cent tagging of the PCR products cou- 
pled with their detection by laser scan- 
ning during electrophoresis to increase 
the precision and to provide automatic 
characterization of three VNTR loci: 
DIS80, D17S5, and the hypervariable re- 
gion 3' to ApoB. Such technology is rou- 
tinely used in sequence analysis and has 
been applied recently to other applica- 
tions, such as quantitative determina- 

tion of Duchenne muscular dystrophy 
status. (1~ It is ideally suited to VNTR 
analysis because an internal sizing lad- 
der labeled with a distinguishable dye is 
included in every lane. This allows the 
software to size the PCR products auto- 
matically based on the DNA migration 
rate in the individual lanes. Thus, with 
this system, lane-to-lane electrophoretic 
differences do not affect the precision of 
the size calls. Furthermore, since four 
different dyes are available, it is possible 
to analyze independently amplification 
products from three different loci elec- 
trophoresed simultaneously in the same 
lane, thereby providing a highly discrim- 
inating test from a single electrophoretic 
run. 

MATERIALS AND METHODS 

Amplification Conditions for D17SS, 
D1S80, and ApoB 

For all three loci, - 10  ng of genomic 
DNA was used in each amplification. Lo- 
cus DIS80 was amplified in the follow- 
ing reaction mix: 200 I~M each dNTP 
(BCL), 2.5 units of Taq polymerase 
(CamBio), 1.5 mM MgClz, 50 mM KCI, 10 
mM Tris.HCl (pH 8.4), 1% Triton X-IO0, 
and 0.1 t~M each primer (7~ labeled with 
fluorescent dye JOE (Applied Biosys- 
terns), in a total volume of 50 i~l. Sam- 
ples were denatured at 94~ for 4 min, 
followed by 27 cycles of 94~ for I min, 
56~ for 1 min and 70~ for 1.5 rain, 
with a final extension at 70~ for 5 min. 

The hypervariable region 3' to the 
ApoB locus was amplified in essentially 
the same reaction buffer as DIS80 except 
that the relevant primers (8~ were labeled 
with the fluorescent dye FAM. Samples 
were amplified through 26 cycles at 94~ 
for 1 min, followed by 58~ for 6 rain. 

An ApoB allelic ladder was generated 
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by pooling a collection of amplif ied 
products that in combina t ion  repre- 
sented approximately alternate bands 
throughout  the allele size range. A 10 -6 
dilution of this cocktail was amplif ied as 
before, except primers labeled with the 
dye JOE were utilized. 

Locus D17S5 was amplif ied in a reac- 
tion mix containing 1.5 mM each dNTP, 
5 units of Taq polymerase, 6.7 mM 
MgClz, 6.7 mM Tris.HC1, 16.6 mM 
(NH4)2SO4, 6.8 [J,M EDTA, 2 mM DTT, 
10% DMSO, 5 ~g BSA, and 0.1 [J.M each 
primer (6~ labeled with the dye TAMRA, 
in 50 izl total volume. Samples were de- 
natured at 94~ for 5 min,  followed by 
27 cycles of 94~ for 0.5 min,  53~ for 
0.5 min, and 65~ for 4 min,  with a final 
extension at 65~ for 7 min.  A minor i ty  
of the alleles are greater than 1 kb in size, 
and thus products were verified by elec- 
trophoresing 20-t~1 aliquots for 2 hr at 80 
V in a 1.0% SeaKem (FMC BioProducts) 
agarose gel and visualized by e th id ium 
bromide staining/UV light. 

Automated Product Analysis 

Amplification products from different 
loci of the same individual  were pooled 
and analyzed on an Applied Biosystems 
362A as follows: 1 p.l of each PCR prod- 
uct from ApoB, D17S5, and D1S80 was 
combined with 6 fmoles of internal lane 
standard comprising AluI digest frag- 
ments of pBR322 labeled with the dye 
ROX, then loaded in a 2% SeaPlaque 
(FMC BioProducts) agarose gel at a dis- 
tance of 4 cm from the point  of detec- 
tion. Electrophoresis was for 5.5 hr at 
100 V with 24 samples loaded per run; 
the same gel was reused up to five times. 
A single large D17S5 amplif icat ion prod- 
uct was sized by electrophoresing against 
a ROX-labeled PstI digest of bacterio- 
phage h as a standard, using a 1.8% Sea- 
Plaque gel. 

The fragment sizes were automati- 
cally determined by the software using 
the method of second-order regression 
to establish a curve of best fit generated 
from the internal standard in each lane. 

Determination of Accuracy and Precision 

The accuracy and precision of band size 
estimation by the 362A GeneScanner 
were determined for all three loci. These 
were calculated for all allele sizes using 
the following equations: 

%Accuracy = 

[ "~v/(x/Obs - Exp)Z] 
1 -  Exp • 100 

where ~ Obs = average observed band 
size and Exp = theoretical allele size de- 
termined from previously published se- 
quence data. (7'8'17~ This was calculated 
for each allele and an overall value was 
determined for each locus by calculating 
the weighted average. 

[ %Precision = 1 - x 100 

Where SD = standard deviation of ob- 
served band sizes for a given allele and 
Exp -- theoretical allele size. 

RESULTS 

An example of a gel picture generated by 
the coanalysis of the three loci in 24 un- 
related individuals is shown in Figure 1. 
The shortest bands are at the bot tom of 
the picture, with the internal size ladder 
shown in red and amplif icat ion products 
from loci D17S5, D1S80, and ApoB in 
yellow, green, and blue, respectively. An 
electrophoretogram generated from one 
of these samples is shown in Figure 2. 
The electrophoretogram depicts the flu- 
orescence intensity of each band as it 
passes by the detector, with the shortest 
band at the left side of the figure. The 
calculated sizes of the VNTR bands are 
given in the table below the electro- 
phoretogram (third column).  The other 
bands in the electrophoretogram repre- 
sent the size ladder. 

FIGURE 1 Genescanner gel file of electrophoresed PCR products from 24 unrelated individuals. 
D17S5, DIS80, and ApoB amplification products are shown as yellow, green, and blue bands, 
respectively, and the red bands are the internal standard of pBR322 restriction fragments. The 
smallest fragments are shown at the bottom of the picture. 
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FIGURE 2 Electrophoretogram generated by the coanalysis of three VNTR loci. D17S5, D1S80, 
and ApoB amplification products are depicted as black, green, and blue peaks; the red peaks are 
the internal standard of pBR322 restriction fragments. Size in base pairs, plus peak height and 
area in arbitrary units, is determined for each fragment. Time (min) and scan number of band 
detection from the start of electrophoresis are also given. 

FIGURE 3 Frequency distribution of D1S80 allele sizes determined by automated fluorescence 
analysis of PCR products from a population of 107 unrelated British caucasians. 

For locus D1S80, the fragment sizes 
fell in 19 distinct groups (maximum 
range 9 bp), defining the allele sizes, 
- 1 6  bp apart. Heterozygotes in which 
the two alleles differed by one repeat 
were readily typed, and analysis of ream- 
plified samples gave identical allele as- 
signments (data not shown). Frequency 
data was collected for 107 unrelated in- 
dividuals (Fig. 3) and binned (i.e., arbi- 
trarily grouped or pooled) to generate al- 
lele frequency data (see Fig. 6A). Because 
the precision of the data was very high 
(see below), the boundaries of the bins 
could be estimated realistically without 
resorting to a formal statistical analysis 
of the groups of similarly sized bands. 
For locus D17S5, 106 British caucasians 
were analyzed and alleles were detected 
in 15 discrete groups with a maximum 
size range of 6 bp for those samples fall- 
ing within the molecular weight range of 
the AIu/pBR322 internal standard (i.e., 
up to 946 bp) (Fig. 4). Allele frequencies 
generated by binning each group are 
given in Figure 6B (below). 

For ApoB, amplification products 
from 104 individuals were analyzed 
against both the pBR322/AIuI standard 
and the ApoB allelic ladder (Fig. 5A, B). 
Greater precision was obtained using the 
allelic ladder, and 15 discrete groups 
were discernible at -30-bp spacing with 
a minority of bands falling between 
these groups. Allele frequencies were 
generated from this data (Fig. 6C). To in- 
vestigate factors affecting the precision 
of ApoB band size estimation, we found 
that reamplifying ApoB loci did not alter 
the size-calling of the bands when the 
new products were electrophoresed in 
the same gel as aliquots of the original 
amplifications, regardless of the size 
standard used. Hence, the reamplifica- 
tion process was not causing detectable 
additions or deletions to the PCR prod- 
ucts. Similarly, rerunning several ali- 
quots of a single amplification product 
in the same gel gave identical calculated 
band sizes. However, aliquots of ampli- 
fication products run on different 2% 
agarose gels were sized very similarly 
when compared with the ApoB allelic 
ladder but displayed significant varia- 
tion when sized against the internal 
pBR322 digest (results not shown). From 
these experiments, we attribute the ap- 
parent difference in band sizes to anom- 
alous migration rates for the ApoB re- 
peats, which are highly rich in AT 
residues, relative to the migration rates 
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FIGURE 4 Frequency distribution of D17S5 allele sizes determined by automated fluorescence 
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FIGURE 5 Comparison of ApoB allele sizes from 104 unrelated British caucasians determined 
using two different internal size standards: (A) pBR322/AluI standard and (B) ApoB allelic ladder. 

of the fragments of the restriction digest 
of the pBR322, which  are of random base 
composition. 

The results for the combined discrim- 
inat ion power of the three loci are sum- 
marized in Table 1. A summary  of the 
precision and accuracy of band size esti- 
mat ion is given in Table 2. 

D I S C U S S I O N  

This study illustrates the feasibility of si- 
mul taneously  characterizing the ampli- 
fication products from three different 
VNTR loci in the same electrophoretic 
lane, using the dye-detection technology 
of the ABI362A GeneScanner. Because 
the overall length of the amplif ied alle- 
les is small, even bands differing by a 
single repeat can be distinguished, and 
this enables the alleles to be defined ac- 
cording to the number  of repeat units 
they contain. A major advantage to ana- 
lyzing these loci is that different labora- 
tories can directly compare their results 
regardless of the primers used or the 
technique employed to detect the ampli- 
fication products. Their use is being ex- 
tensively evaluated by the forensic labo- 
ratories of several European countries 
for whom the ability to compare results 
accurately is essential in the event of 
cross-border crime. 

The electrophoretic run of 5.5 hr en- 
abled all but one of the amplif ied alleles 
to be detected: Most D17S5 alleles com- 
prise 1-14 copies of the 70-bp repeats, 
but rare large alleles do exist: A 30-repeat 
allele has been recorded by other work- 
ers in a survey of U.S. caucasians using 
SLP analysis. (18) Thus, care should be 
taken in analyzing D17S5 by PCR to en- 
sure that the larger alleles are amplif ied 
and detected whenever  they are present. 

We routinely include with each batch 
of D17S5 amplifications a positive DNA 
control comprising a 19-repeat allele as a 
quality check of the PCR reagents and 
conditions. We observed 88% heterozy- 
gosity at this locus wi th in  the British 
caucasian populat ion by PCR/Genescan- 
ner analysis. This did not differ signifi- 
cantly from expected values assuming 
Hardy-Weinberg equi l ibr ium and was 
similar to observed heterozygosity val- 
ues for U.S. caucasians (86%) deter- 
mined  by RFLP analysis. (18) Thus, the 
problem of dropout of high-molecular- 
weight alleles was not evident, because if 
significant numbers  of alleles too large 
to be detected by amplif icat ion were 
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present, an excess of homozygotes 
would have been observed. However, it 
should be noted that these results were 
obtained with good-quality DNA; foren- 
sic samples can sometimes be partially 
degraded. Hence, it would be useful to 
include a DNA quality marker in the PCR 
reaction mix such as a coamplif ied in- 
variant segment  of h u m a n  chromo- 
somal DNA, which  is bigger than  the 
largest expected VNTR allele. Without  
such precautions, there is a risk of inad- 
vertently scoring a partially degraded 
heterozygote as an apparent  homozy- 
gote if the two alleles differ widely in 
size. 

Under the specified amplif icat ion 
conditions, no spurious bands such as 
heteroduplexes or addit ional PCR prod- 
ucts were generated at the three VNTR 
loci. Such artifacts can occur in VNTR 
amplif ication if the number  of PCR cy- 
cles is excessive for a given initial con- 
centration of target DNA template. Un- 
der such circumstances, another  aliquot 
of the target DNA should be amplif ied 
using less template or fewer PCR cycles. 
For instance, with locus DIS80, amplifi- 
cation through 27 cycles gave clean re- 
sults with 1-100 ng of template, but 23 
cycles were optimal for I p.g initial target 
DNA (results not shown). 

The size distribution of the ApoB 
alleles confirmed previous observations 
that these are comprised predominant ly  
of 2 x 15 bp repeats. (8'19) Anomalous 
migration rates of the ApoB alleles rela- 
tive to an internal size marker could 
have been due to a DNA-gel interaction 
that is affected by slight differences in 
gel conformation,  which  in turn may be 
related to a DNA-bending type phenom-  
enon to which  a d e n i n e - t h y m i n e  repeti- 
tive sequences are susceptible(2~ The 
ApoB repeats comprise 97% A/T, 3% 
G/C, (8) whereas pBR322 is 53% G/C. In 
contrast, D17S5 (64% G/C wi th in  the re- 
peat) amplif icat ion products that were 
coelectrophoresed in the same gels did 
not display significant gel-dependent 
migration rates relative to the internal 
standard. However, scoring ApoB ampli- 
fication products on agarose gels against 
an internal allelic ladder appeared to 
compensate for anomalies  in migrat ion 
rate by decreasing the average standard 
deviation in size calling to 0.95 bp (from 
3.59 bp using pBR322/AIuI). This anom- 
aly in migrat ion rate is the subject of fur- 
ther investigation. 

With loci D1S80 and D17S5, no bands 
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TABLE 1 Discrimination Power of Amplified VNTR Loci 

Number of Probability 
Repeat unit observed of random Commonest 

Locus length (bp) allele sizes match (pM) genotype 

D17S5 70 15 0.040 0.11 
D1S80 16 19 0.065 0.17 
ApoB 15 16 0.069 0.15 

Combined: 1.8 • 10 -4 2.8 • 10 -3 

Probability of a random match (pM) was calculated from the equation pM = Epj2, where Pj is the 
genotype frequency. 

TABLE 2 Accuracy and Precision of Band Size Estimation 

Percent Percent 
Locus Size standard accuracy precision (SD) 

D 1 7 S 5  pBR322/AIuI 99.19 99.75 (1.02 bp) 
DIS80 pBR322/AIuI 97.80 99.67 (1.63 bp) 
A p o B  pBR322/AluI 96.32 96.72 (3.59 bp) 
ApoB allelic ladder 97.29 99.85 (0.95 bp) 

were recorded that  fell midway between 
the respective allelic groups, indicating 
that adequate precision was afforded by 
the pBR322/AIuI size standard. However, 
if rare alleles exist that have fractions of 
repeat units or insertions/deletions of 
several base pairs within the amplified 
nonrepeat  flanking regions, distinguish- 
ing these from the c o m m o n  bands may 
require the inclusion of appropriate al- 
lelic ladders to improve further the pre- 
cision of band size estimation. 

The combined probability of a ran- 
dom match at loci D1580, D17SS, and 
ApoB is 1.8 • 10 -4  for British caucasians 
and the frequency for the combined 
most  c o m m o n  genotype is 1 in 300 (Ta- 
ble 1). The test compares favorably with 
the Amplitype HLA DQ alpha Forensic 
DNA Amplification and Typing Kit (Ce- 
tus Corporation, Emeryville, CA), cur- 
rently the most extensively reported fo- 
rensic PCR test, which in caucasians has 
a probability of a r andom match of 0.07 
plus commones t  genotype frequency of 
- 1  in 8. (21-23) Thus, the test has applica- 
bility in all fields of h u m a n  identity test- 
ing such as forensic analysis and pater- 
nity testing. Multiplex amplification of 
the loci would further increase the auto- 
mation and efficiency of the combined 
VNTR analysis test. In our hands, ApoB 
and D1580 coamplify under  the condi- 
tions stated earlier for D1580, but  these 
are not compatible with D1755 amplifi- 
cation. Multiplex amplification of small 

VNTRs will become easier as more loci 
that  have similar optimal amplification 
conditions become available. Unfortu- 
nately, only four distinguishable fluores- 
cent tags are currently available, but this 
l imitation can be overcome if the same 
dye tag is used on loci with mutually ex- 
clusive allele size ranges such as in the 
multiplex analysis of rnicrosatellite loci, 
which typically display restricted size 
spans. 

The results show that the accuracy 
and precision of the fluorescence mea- 
surements are sufficient to enable 
VNTRs to be correctly and reproducibly 
characterized by the automated tech- 
nique. 
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