
Abstract Capillary electrophoresis with laser-induced
fluorescence was applied to the analysis of six STRs 
and the amelogenin sex test with the purpose of verify-
ing accuracy and precision of the sizing method with 
the GS500 internal standard. Sequenced dye-labeled,
PCR-amplified alleles from amelogenin, HumVWA31,
HumTH01, HumF13A01, HumFIBRA, D21S11 and
HumCSF1PO loci were run several times on the same
capillary and on multiple capillaries and the offset of
computer-measured fragment sizes from the expected
molecular weights was calculated and analysed. All loci
except D21S11 showed a poor degree of accuracy. Preci-
sion results from run-to-run and day-to-day injections dis-
played a maximum standard deviation (SD) > 0.15 nt for
HumVWA31, HumF13A01, D21S11 and HumFIBRA, al-
though the maximum range of calculated sizes in multiple
runs was lower than 1 basepair. No variation in precision
was observed according to the quality of the DNA tem-
plate. Allele typing by comparison with allelic ladders for
each locus is recommended.
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Introduction

Capillary electrophoresis (CE) with laser-induced fluores-
cence (LIF) detection is a high-resolution and light-sensi-
tive analytical technique recently introduced in DNA
analysis [1–4]. Due to the high voltages which may be ap-
plied to the thin-walled fused silica capillaries containing
the separation medium, CE is more efficient and faster
than conventional slab-gel electrophoresis and the labor-
intensive and time-consuming procedures intrinsic to slab
gel techniques are therefore avoided. Capillary elec-

trophoresis has recently been described as a useful tool in
genomic DNA typing of the D1S80 and amelogenin loci
[5–7], as well as short tandem repeats (STRs) [8–14].
With respect to early experiments, presently available in-
struments and software can collect and analyse DNA data
and sizing may be achieved by comparing the retention
times of forensic samples against molecular weight mark-
ers or the allele ladder. The development of multi-wave-
length detection technology for CE analysis, as used in
automated slab-gel instruments, allows samples and stan-
dards to be run and analysed simultaneously, avoiding the
lack of precision in sequential injections [15]. The use of
different fluorescent dye markers also allows CE to dis-
criminate the PCR products of multiple STRs coamplified
in a single multiplex reaction, even from loci with over-
lapping allele size ranges.

Before introducing this new tool into forensic analysis,
it is however necessary to validate the method for the
DNA systems used by the scientific community in foren-
sic identification and paternity testing. Several STRs rou-
tinely employed in human identification were therefore
amplified and submitted to capillary electrophoresis with
laser-induced fluorescence to verify the precision, accu-
racy and efficiency of this technique in DNA sizing analy-
sis.

Materials and methods

DNA was extracted from fresh whole blood according to standard
procedures by phenol-chloroform, followed by slot blot quantita-
tion using a specific higher primate probe [16].

Analysis was performed on the HumVWA31 [17], HumTH01
[18], HumF13A01 [19], HumFIBRA [20], D21S11 [21], Hum-
CSF1PO [22] and amelogenin [23] loci, using primers commer-
cially synthesised and labelled from Perkin Elmer/Applied Biosys-
tems (PE/ABD, Foster City, Calif.) (Table 1). Except for Hum-
CSF1PO, these loci have been investigated and extensively ap-
plied in forensic casework by the Forensic Science Service (Birm-
ingham, UK) in first and second generation multiplexes [24, 25].

Amplification reactions were carried out on a Perkin Elmer
2400 thermal cycler as either multiplex: HumVWA31 and
HumF13A01 (tetraplex HumVWA31, HumTH01, HumFES/FPS,
HumF13A01); HumFIBRA, D21S11 and amelogenin (triplex
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HumFIBRA, D21S11 and amelogenin); HumTH01 and Hum-
CSF1P0 (triplex HumTH01, HumTPOX and HumCSF1PO) or
singleplex, following the manufacturer’s recommendations (Proto-
cols P/N 903223 and 903843 from PE/ABD). PCR amplification
was performed using 1–3 ng of genomic DNA in a final volume of
50 µl.

Capillary electrophoresis was carried out on an ABI Prism 310
Genetic Analyzer (Applied Biosystems, Foster City, Calif.) using
1 µl of the PCR product and 0.5 µl of an internal size standard
(GS500) denatured with deionized formamide and samples were
run in a 47-cm length capillary (36 cm to detector) with an internal
diameter of 50 µm. The capillary was filled with the run buffer
Performance Optimized Polymer POP4 (PE/ABD), consisting of
linear dimethylacrylamide, 8 M urea, 5% 3-pyrrolydinone and 
1 mM EDTA. Samples were electrokinetically injected in 5 s at 
15 KV and electrophoresis was carried out for 24 min at 
413 Vcm–1 and 60°C.

The length of amplified fragments was established automati-
cally from the internal run standard by the Southern Local method
[26] using the manufacturer’s software (GeneScan Analysis 2.0.2).

Casework samples

A series of 38 samples involving various kinds of biological evi-
dence collected in our laboratory over a period of 4 months was
also considered in this study. Table 2 lists the samples and meth-
ods of extraction [27–32]. DNA was tested for quality and quantity
by agarose gel and slot blot quantitation. These samples were am-
plified and submitted to capillary electrophoresis in a daily work
session for each singleplex or multiplex and sized as detailed. Al-
lelic ladders were injected at the beginning and end of the work
session, to compare forensic samples with allelic ladder allele
sizes.

Allelic ladders for the HumVWA31, HumF13A01, D21S11
and HumFIBRA systems made by mixing a series of alleles of
known molecular weight, preliminarily sequenced using Taq-Dye-
Deoxy-Terminator Cycle Sequencing, or supplied in the Green I
triplex (HumTH01, HumTPOX, HumCSF1P0) (PE/ABD) were
used for allele designations.

Taq-cycle-sequencing was performed on both strands using the
Taq-Dye-Deoxy-Terminator Cycle Sequencing kit (Applied
Biosystems, Foster City, Calif.) in the conditions indicated in the
P/N 402078 protocol, with some modifications: 15–20 ng DNA
template and half the amount of dye-labeled terminators were
used, taken to 20 µl with deionized water. Analysis was carried out
by capillary electrophoresis on an ABI Prism 310 (Applied Biosys-
tems). The data were analysed with PE/ABD Sequencing Analysis
3.0 software.

Results

The best sizing method for STRs of forensic interest
should be able to identify all alleles of loci submitted to
analysis and to give precise sizing results. Since STRs
may show alleles differing from each other by up to only
1 bp, the ideal automatic system of sizing should have
similar resolution power. The six STRs commonly used in
forensic analysis and employed in this study were classi-
fied, on the basis of sequencing analysis [33] as simple
(HumTH01, HumF13A01, HumCSF1P0), compound
(HumVWA31) and complex repeats (D21S11, HumFI-
BRA). These loci and the amelogenin sex test were cho-
sen because of their current use in forensic science, be-
cause they are imperfect tetranucleotide STRs, composed
of tetrameric repeat alleles as well as intermediate alleles
which differ by 3, 2 or only 1 bp (e.g. TH01 allele 9.3,
F13A01 allele 3.2, FIBRA alleles 21.2, 22.2, etc.) and be-
cause they cover a broad range of sizing analysis (from
107 bp in the shorter amelogenin allele to 317 bp in the
longest HumCSF1PO alleles analysed here).

Like any sizing method, capillary electrophoresis with
internal standard GS500 has an inherent measurement er-
ror which may cause the sized PCR products not to reflect
actual nucleotide sizes. Additionally, the molecular
weight values obtained may vary between different instru-
ment platforms or from one run to the next inside the
same daily work session, depending on differences in run-
ning conditions, e.g. buffer, temperature, electric field,
etc. The accuracy of the sizing method may be estimated
by calculating how close any given allele is to the actual
value, and the measurement reproducibility of the sizing
method may be evaluated by running the same allele sev-
eral times. The latter may be indicated as precision, which
is expressed by the standard deviation in the size values
obtained for alleles run in several injections.
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Table 1 Principal features of
STRs and amelogenin sex test
employed in this study

Locus Chromosome Repeat Size GenBank Dye label
location sequence range access. no.

HumVWA31 [17] 12p-12-pter AGAT 127–167 M25858 JOE
HumTH01 [18] 11p15.5 AATG 169–189 D00269 6-FAM
HumF13A01 [19] 6p24-25 AAAG 181–247 M21986 JOE
HumFIBRA [20] 4q28 AAAG 254–294 M64982 JOE
D21S11 [21] 21q11.2-q21 Complex 211–247 M84567 6-FAM
CSF1PO [22] 5q33.3-34 AGAT 281-317 X14720 JOE
HumAMXA [23] Xp22.1-p22.3 – 107 M86932 6-FAM
HumAMGY Yp11.2 – 113 M86933

Table 2 Types of biological evidence from casework submitted to
analysis

Type Number Extraction method

Bloodstains 17 Budowle and Baetchel [27]
Semen stains 7 Budowle and Baetchel [27]
Cigarette butts 4 Hochmeister et al. [28]
Bone 3 Hochmeister et al. [29]
Soft tissues 5 Lassen et al. [30]
Paraffin-embedded tissues 2 Wright and Manos [31]

followed by phenolchloro-
phorm extraction [32]



These two parameters were investigated by running the
same alleles 3 times consecutively in the same set on a
single capillary and 10 times in different sets on multiple
capillaries, to verify run-to-run and day-to-day variations
in reproducibility results.

Sizing accuracy

CE analysis of the six loci and the amelogenin sex test
considered in this study showed poor accuracy in allele
sizing using the molecular weight marker GS500. Compa-
rable results were obtained within a set of capillary injec-
tions and between sets on multiple capillaries, with a shift
between expected allele size and the mean of estimated
sizes generally varying by more than 1 bp, with maximum
values exceeding 4 bp for HumFIBRA (Table 3). Unlike
reports in automated slab-gel analysis with GS500 stan-
dard size, where differences between true and observed
sizes increased with the allele size of STR loci [34], by
CE analysis the results tended to be independent of the
molecular weights of alleles.

Sizing precision

Reproducibility in CE analysis with the internal size
marker GS500 was very good within the same set of in-
jections. Results were equally good between different sets
of injections on multiple capillaries, with a very slight in-
crease in standard deviation values. Performance was in-
dependent of the molecular weights of the examined loci,
since the best precision was observed for the amelogenin
sex test, HumTH01, HumFIBRA and HumCSF1PO loci,
which cover a broad size range of alleles submitted to
analysis. Instrument precision [35] exceeded 99% on av-
erage, ranging from 99.85% for HumVWA31 to 99.97%
for HumCSF1PO (Table 3).

Alleles separated from by four repeats showed a stan-
dard deviation of less than 0.33 bp (maximum SD ob-
served for allele 17 from HumVWA31 locus). The maxi-
mum standard deviation for alleles differing by 2 bp was

0.266 for HumFIBRA 30.2 and 0.066 and 0.113 were the
maximum standard deviations for HumTH01 9.3 and
HumTH01 10 alleles respectively, separated by only 1 bp.
Standard deviation for each locus and maximum range
observed for a given allele are reported in Table 3.

Resolution

Alleles 9.3 and 10 from HumTH01 locus, sizing at re-
spectively 188 and 189 bp, displayed computer-generated
peaks clearly separated from each other in CE analysis.
The resolution power of CE analysis using capillaries
filled with polymer POP 4 (ABD) was comparable with
the results obtained from slab-gel instruments on stan-
dard-length gels [34, 36, 37]. The wear condition of the
capillary is a critical parameter for resolution, because the
degree of separation decreases as the capillary ages, the
resulting peaks from the two alleles being progressively
closer to each other, finally fusing in only one peak (Fig.1).
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Table 3 Maximum deviation from true allele size, average preci-
sion of sizing, standard deviation (SD) for each locus and maxi-
mum range observed for a given allele

Locus Accuracy Precision(a) SD Maximum 
bp (%) (bp) range

(bp)

Amelogenin –3.38 99.93 0.089 0.14
HumVWA31 –3.53 99.85 0.202 0.73
HumTH01 –1.75 99.95 0.094 0.30
HumF13A01 –1.72 99.91 0.181 0.83
D21S11 –0.41 99.89 0.237 0.91
HumFIBRA –4.50 99.95 0.136 0.65
HumCSF1PO –0.95 99.97 0.076 0.25

(a) Precision calculated formula: % precision = 1– SD/exp × 100,
where SD is standard deviation of observed band sizes for a given
allele and exp is theoretical allele size

Fig.1a–c Resolution power of capillary electrophoresis with ABI
Prism 310 and POP4 polymer according to capillary aging. Allele
ladder composed of HumTH01 5, 6, 7, 8, 9, 9.3 and 10 alleles was
repeatedly run in the same capillary on different days. Ladder sam-
ple and buffer were new at each run, without changes in electrical
parameters. Electropherogram results on capillary a) just installed,
b) after 90 runs, at warranted end of life, c) after 120 runs. Note
progressive peak coalescence up to fusion in only one peak in
worn capillary between HumTH01 9.3 and 10 alleles (188 and 
189 bp respectively)



HumFGA and D21S11 intermediate alleles separated
by 2 bp each showed baseline resolution.

Casework analysis

The biological evidence listed in Table 2 was analysed
following the same procedures adopted for the experi-
ments. The samples summarized a work period collection
of our laboratory. They ranged from bloodstains prepared
with fresh blood in paternity cases, to soft and bone tis-
sues from human remains, exposed to the air or buried
and aged from a few months to 10 years, in which ex-
tracted DNA was heavily degraded. Evidence which was
positive for identification analysis routinely performed for
loci analysed in this study was considered. Singleplex or
multiplex loci were examined in a CE work session for
each system. Fragment sizes were calculated from internal
standard GS500 and compared with allelic ladder samples
injected in the same work session. The difference between
each unknown sample allele and the reference allelic lad-
der (Fig.2) were inside the bin of only 1 bp discrimina-
tion. No variation in allele sizing between fresh blood and
aged tissue samples was observed when the DNA tem-

plates from various sources were amplified, indepen-
dently of the degradation status of the sample. Amplifica-
tion was correctly achieved in the range 0.5–1 ng of DNA
template amount. Below this value locus drop-out was ob-
served in multiplex systems. For DNA template amounts
below 100 pg, the lack of the largest fragment depending
on allelic drop-out was also observed (data not shown).

Discussion

Variations in sizing accuracy mainly depend both on the
size standard used [38] and on the STR system studied
[35]. Since the Southern Local method [26] of sizing cal-
culates the size of an unknown sample by comparison
with the closest standard fragments on either side of it, the
molecular weights of the GS500 reference digests are an
important factor influencing accuracy. This may explain
the overall better and more linear behaviour in sizing ob-
served in our study for loci with alleles in the range very
close to the main reference fragments of GS500. How-
ever, results obtained in this study for the various loci
with alleles sizing in the same range, the lack of correla-
tion in theoretically-measured size differences increasing
the molecular weight of alleles and the rough offset in ac-
curacy between adjacent alleles inside the same locus
confirmed that the sequence-dependent secondary struc-
tures assumed by DNA fragments play an important role
in the CE mobility of such molecules [39, 40].

Another factor affecting accuracy and precision, spe-
cific for capillary electrophoresis, is the separation matrix
used to fill the capillary [11, 41].
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Fig.2 Sizing precision data of unknown samples of different
sources listed in Table 1. y-axis: deviation (in basepairs) of un-
known fragment from allelic ladders injected in the same work ses-
sion. x-axis: each allele in sequenced allelic ladders. Dashed lines:
1 bp range for allele assignment. All unknown fragments, sized by
GS500 and represented by different symbols, fall inside the win-
dow for nominal allele designation



Sizing precision of STRs analysed by capillary elec-
trophoresis and the GS500 sizing marker gave similar re-
sults to those obtained by the more recent sizing methods
suggested for slab-gel techniques [36], the maximum
variation in sizing observed for any allele of each locus
being within ± 0.5 bp of its observed mean value (Table 3).
Lazaruk et al. [11] recently described the results obtained
analysing the ten loci belonging to the FISTR Profiler Kit
(PE Applied Byosystem) by CE in the same operative
conditions applied in this study. Accuracy and precision
data reported for HumTH01 and HumCSF1PO loci, am-
plified using the same primers as in our work, showed al-
most identical results, with maximum SD < 0.1 bp for
both studies. However, these authors obtained better pre-
cision results for HumFGA and HumVWA31 loci, but us-
ing primers which amplify different regions.

The resolution power of the capillary electrophoresis
instrument used here was capable of separating fragments
differing by only 1 bp (Fig.1). The state of wear of the
capillary is critical for single basepair resolution because
progressive broadening of the peak occurs near the end of
column life and the final fusion of the two adjacent peaks
does not distinguish alleles differing by 1 bp. Formamide
is responsible for the wear condition of capillaries and
Buel at al. [42] using formamide deionized with various
mixed bed resins, improved the resolution and life of
columns significantly.

The resolution power of capillary electrophoresis and
the standard deviations from allele mean values measured
for the STR loci into this analysis indicate the possibility
of discriminating between any allele of each locus. Taking
into account that rare variant alleles differing by only 1 bp
may occur for any locus, the reliable statistical criterion
for unambiguous typing represented by a mean size dif-
ference of ± 3 SD defines non-overlapping windows only
for the amelogenin, HumTH01 and HumCSF1PO loci.
The maximum standard deviation found in this study was
> 0.15 nt for the HumVWA31, HumF13A01, D21S11 and
HumFIBRA loci, although for the latter three only one al-
lele exceeded this statistical threshold. However these val-
ues are higher than the reasonable upper limits for confi-
dent discrimination between alleles differing by only 1 bp.
Nevertheless, the maximum range of calculated size was
lower than 1 bp for any allele in multiple runs performed
over several days, with extreme values obtained for the
D21S11 locus (0.91 bp) and the amelogenin test (0.14 bp)
(Table 3).

Although capillary electrophoresis with the GS500
size marker is a reliable method of sizing STR loci, the
considerable shift between expected and observed allele
sizes for some loci preventing automatic conversion of the
measured DNA fragment to the nominal allele. Interlabo-
ratory differences in the analytical system used and day-
to-day laboratory variations due to electrophoresis condi-
tions – polymer and buffer concentration, temperature,
field, etc. – further affect fragment sizing and indicate that
this approach to allele assignment should not be used.
Genotype assignment to measured sample fragments
should therefore be reached by comparison with an allelic

ladder, injected at the beginning and end of every set of
samples run, as suggested by the manufacturer. This pro-
cedure, which allows visual genotype designation by
overlap of computer-generated peaks of sample and al-
lelic ladder (Fig.3) is recommended for unambiguous typ-
ing.

CE analysis performed in routine forensic casework
showed no variation in precision sizing depending on
degradation or amount of DNA template. When the opti-
mal range of 0.5–1 ng of sufficient molecular weight
DNA template was used, fresh and highly degraded evi-
dence showed the same performance. The resulting frag-
ment sizes were generally very close to the corresponding
alleles of ladder samples used for allele typing, allowing
unambiguous designations. According to previous reports
[43, 44], a locus or allele drop-out phenomenon was ob-
served when amplifying low copy numbers of DNA tem-
plate, depending on unequal amplification resulting from
a stochastic effect. These observations indicate that ampli-
fication is the critical point of analysis because when am-
plified, DNA samples of different quality and quantity are
not able to influence capillary electrophoresis precision in
fragment sizing.

In conclusion, capillary electrophoresis with laser-in-
duced fluorescence detection is a robust technique for STR
analysis, and the GS500 internal standard method permits
reproducible sizing of fragments and identification of al-
leles differing from each other by up to only 1 bp can be
easily achieved by comparison with allelic ladders at each
particular locus.
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Fig.3a, b Visual allele designation of unknown sample by profile
overlap with a) HumTH01 ladder composed of 5, 6, 7, 8, 9, 9.3 and
10 alleles, b) D21S11 ladder composed of 27, 28, 29, 29.2, 30,
30.2, 31, 31.2, 32, 32.2 and 33.2 alleles. Resulting profile of un-
known sample was HumTH01 8–9 and D21S11 28–31 heterozy-
gous
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