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For species with low genetic diversity, typing using the differences in PCR fragment length resulting from
variations in numbers of short tandem repeats has been shown to provide a high level of discrimination. This
technique has been called multilocus microsatellite typing (MLMT) or multiple-locus variable-number tandem
repeat analysis, and studies usually employ genetic or sequence analyzers to size PCR fragments to a high
degree of precision. We set out to validate one such system that has been developed for Aspergillus fumigatus
(H. A. de Valk, J. F. G. M. Meis, I. M. Curfs, K. Muehlethaler, J. W. Mouton, and C. H. W. Klaassen, J. Clin.
Microbiol. 43:4112–4120, 2005). The sizes of the alleles were compared both by sequencing and from two
genotyping laboratories, where they used capillary electrophoresis (CE) for sizing. Size differences of up to 6
bases were found between the actual sizes reported by sequencing and the sizes reported by CE. In addition,
because the two genotyping laboratories used different machines and running conditions, differences of up to
3 bases were identified between them. As the microsatellite markers used differ by repeat units of 3 or 4 bases,
it was not possible to assign PCR fragments to the correct alleles without confirming the sizes of a range of
alleles by direct sequencing. Lines of best fit were plotted for each CE machine against actual sizes and will
therefore enable unsequenced PCR fragments to be assigned to the correct alleles. This study highlights the
care required to ensure that an MLMT system undergoes a suitable correction procedure before data can be
merged between different laboratories involved in the typing of individual species.

Multilocus sequence typing (MLST) is well established as
the gold standard in microbiological research for epidemiolog-
ical and population genetic studies and involves the detection
of point mutations in sequenced PCR fragments (29). How-
ever, for organisms with low levels of genetic diversity, such as
Yersinia pestis (24), Leishmania infantum (31), and Aspergillus
fumigatus (3), markers that have higher mutation rates are
required. Microsatellites are genomic sequences consisting of
tandemly repeated short motifs of 2 to 6 nucleotides. Muta-
tions occur mainly by replication slippage and result in changes
in the numbers of repeat units. These mutations occur at rates
of 10�2 to 10�6 per generation, which compare with 10�9 for
point mutations.

PCR primers are designed for the unique region on each
side of the microsatellite, and as markers differ by multiples of
the repeat unit, the length of the PCR fragment is used to assign
an allele. One of the primers is labeled with a fluorescent tag, and
the PCR product is run under denaturing conditions, using either
slab-based polyacrylamide gel electrophoresis (SE) or capil-
lary-based polyacrylamide-derived gel electrophoresis (CE).
The mobility of the labeled single-stranded DNA molecule is
dependent on both its length and its sequence. Commercially
available machines are sold as sequence or genetic analyzers,
and there has been a switch within the last decade from SE to
CE machines. Up to four or five fluorescent labels can be

detected by these machines, so the standard approach is to
analyze three differently labeled markers with a commercially
available size standard in one capillary. An appropriate cali-
bration method can then be applied to assign sizes to the
fragments of interest.

The use of microsatellite markers and this technology has
been thoroughly tested in the genotyping, forensic, and molec-
ular ecology fields. Their limitations and sources of error have
been detailed in various methodological papers. In contrast,
there seems to have been less discussion of these potential
problems within the microbial typing field. Although many
studies have been published for viruses, bacteria, fungi, and
parasites, the only problems that are commonly mentioned are
those associated with the PCR itself; these include the addition
of an adenylate to the 3� end of the DNA molecule by Taq
DNA polymerase (terminal transferase activity) (4, 7, 11, 19,
23, 26, 39) and molecules that are one, two, or three repeat
units shorter as a consequence of replication slippage during
strand synthesis (1, 4, 11, 19, 22, 26, 34). This slippage is usually
more of a problem with longer repeats consisting of dinucle-
otide units and is detectable as “stutter bands” on electro-
phoretic traces. As a consequence, this form of typing, vari-
ously called multilocus microsatellite typing (MLMT) (14),
variable-number tandem repeat typing (VNTR), or multiple-
locus variable-number tandem repeat analysis (37), is sold as
highly discriminatory and relatively easy and rapid as well as
reproducible. This technology has been described as readily
portable since alleles can be assigned either on the basis of the
total length of the PCR fragment or on the number of repeat
units. It should, therefore, be possible to set up international
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databases where the alleles and genotypes for isolates from
many laboratories can be entered and compared.

Two microsatellite typing systems have been published for
the filamentous fungal opportunistic pathogen Aspergillus fu-
migatus (4, 11), and they have been proposed as suitable for
large-scale epidemiological studies. The earlier scheme has
been used for many years to type isolates in our laboratory (4).
Because we did not usually have access to a properly set-up
machine, isolates were assigned allele sizes by direct sequenc-
ing, and the sizes that we obtained were concordant with those
described in this scheme. The publication of the de Valk et al.
study in 2005 (11) prompted us to validate it as a suitable
typing system. We did this by determining the sizes of alleles by
direct sequencing and by sizing single strands relative to inter-
nal size markers in two laboratories offering genotyping ser-
vices. The results of this study were to show that (i) the size
obtained from a CE machine does not always correspond to
the size obtained by sequencing and that (ii) the use of differ-
ent machines can result in the assignment of different sizes for
the same allele. We believe that knowledge of these technical
issues will assist other laboratories whose members are think-
ing of setting up microsatellite typing systems for their micro-
organisms of interest.

(Part of this work was presented at the 2nd Trends in Med-
ical Mycology meeting, 2005 [32a].)

MATERIALS AND METHODS

Isolates. Eleven clinical isolates of A. fumigatus were typed from our culture
collection.

DNA extraction. Mycelium from overnight liquid cultures was used for DNA
extraction. Two hundred milligrams (wet weight) was placed in a Lysing Matrix
A tube (FastDNA Kit; Q-BIOgene, Cambridge, United Kingdom). Buffer AP1
was added (800 �l; DNeasy Plant mini kit; QIAGEN, Crawley, United King-
dom), and the cells were disrupted using a FastPrep FP120 homogenizer (Q-
BIOgene, Cambridge, United Kingdom) twice at speed 5.0 for 45 seconds.
RNase A was added (8 �l), and from that point, the DNeasy Plant Mini Hand-
book (January 2004 revision) was followed, except that double the volume of
buffer AP2 was used (260 �l).

PCR amplification and analysis. Reaction conditions and primer pairs used
for microsatellite analysis were as described by de Valk et al. (11), except as
described below. According to the genomic sequence of the published strain
(30), the sequence of the reverse primer for STRAf 4C is incorrect and should be
TCCAACCCATCCAATTCGTAA. Single rather than multiplex PCRs were set
up, since multiplex reactions did not work so consistently and it was easier to
check for the presence of single PCR products on agarose gels before analyzing
them on a CE machine. Primers were used at 1 �M for each primer, with 10 ng
of genomic DNA per 25-�l reaction. The forward STRAf 3C and STRAf 4C
primers were labeled with NED (2,7�,8�-benzo-5�-fluoro-2�,4,7-trichloro-5-car-
boxyfluorescein) instead of TET (6-carboxy-4,7,2�,7�-tetrachlorofluorescein) in
order to minimize interference with the other labels. PCR amplifications were
performed with 1 U of FastStart Taq DNA polymerase (Roche Diagnostics,
Burgess Hill, United Kingdom) in an iCycler thermal cycler (Bio-Rad, Hemel
Hempstead, United Kingdom). Products were pooled according to their loci as
M3 (STRAf 3A, 3B, and 3C) or M4 (STRAf 4A, 4B, and 4C) and sent for analysis

by capillary electrophoresis. University service facilities were used in the Biolog-
ical Sciences department at The University of Warwick (Coventry, United King-
dom) (hereinafter referred to as “Warwick”) and at the Advanced Biotechnology
Centre, Imperial College (London, United Kingdom) (hereinafter referred to as
“Imperial”). The CE machines and running conditions used in each laboratory
are shown in Table 1. Depending on the signal intensity, differing dilutions were
used, ranging from neat to 1:150.

DNA sequence analysis. The six microsatellite loci were sequenced for all 11
isolates used in this study. PCRs were run as described above, except with
nonfluorescent primers. BigDye Terminator ready reaction mixture (version 3.1;
Applied Biosystems, Warrington, United Kingdom) was used for cyclic sequenc-
ing. Final products were ethanol precipitated and analyzed in an ABI PRISM
3100 genetic analyzer.

Data analysis. Size differences were calculated as the differences between the
actual sizes (obtained by sequencing) and the mean allele sizes obtained from
each CE machine and similarly for the differences between the sizes obtained
from the three CE machines. For comparison of allele sizes obtained from
sequencing and capillary electrophoresis, the correlation and the linear regres-
sion equation were calculated for each marker using Microsoft Excel.

RESULTS

The de Valk et al. study (11) involved the development of
nine microsatellite markers for typing A. fumigatus, each of
which consists of three repeats of dinucleotide repeat units,
three of trinucleotide repeat units, and three of tetranucleotide
repeat units. Each unlabeled primer has been designed to
ensure that Taq DNA polymerase terminal transferase activity
results in the addition of a 3� adenylate to the labeled DNA
strand. This removes one source of error in assigning the cor-
rect sizes to alleles. As also mentioned in that study (11),
stutter bands are a problem especially with dinucleotide repeat
units but also to a lesser extent with trinucleotide repeat units.
Because a sufficiently high level of discrimination is possible
with the use of the tri- and tetranucleotide repeat unit markers,
the problem of assessing stutter bands was minimized in our
study by avoiding the dinucleotide repeat unit markers as rec-
ommended by de Valk et al. (11). They proposed the use of CE
machines and stated that “the assay combines high reproduc-
ibility with the easy exchange of results” (11).

On this basis, we set out to validate this typing panel in our
laboratory. Eleven isolates of A. fumigatus were used, and
initially, every allele for all six markers was sequenced. This
generated a total of 42 sequenced alleles and resulted in the
first source of conflict, as the sizes we obtained for an allele
containing a specific number of repeat units differed by up to
5 bases from the sizes reported by de Valk et al. (11) (Table 2).
These size differences were both larger and smaller than the
sequenced sizes, so, for instance, a STRAf 3B allele containing
35 repeat units was 5.0 bases shorter by CE analysis (240 versus
235.0), whereas the STRAf 3A allele with 46 repeat units was
4.8 bases larger (245 versus 249.8). One of the isolates that we
analyzed was Af293, a strain whose genome has been se-

TABLE 1. Running conditions used in the two genotyping laboratories

Laboratory Machine
Length of
capillaries

(cm)

Run
voltage

(kV)

Injection
voltage

(kV)

Injection
time (s)

Temp
(°C) Polymer Size standard Calibration method

Warwick Applied Biosystems 3130
genetic analyzer

36 15 1.2 23 60 POP-7 GeneScan 500 LIZ Local Southern

Imperial ABI PRISM 310 genetic
analyzer

47 15 15 5 60 POP-4 GeneScan 500 ROX Local Southern
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quenced (30), and although there is agreement on the number
of repeat units, the sizes that we obtained from both direct
sequencing and the published genome sequence differ by up to
4.8 bases from the sizes recorded by de Valk et al. (11). Inter-
estingly, although the STRAf 3B allele for Af293 contains 20
repeat units, it is actually 3 bases longer than expected, as it
contains an additional 3 bases just 5� of the repeat region,
which are not present in other isolates. If this extra sequence
were to be found in the general population, then this marker

would be less than ideal for use in population genetic studies,
as it would not be possible on the basis of size alone to know
the actual sequence of each allele. The other markers should
be well suited for any population genetics study, especially as
they are all on separate chromosomes (3A, 3C, 4A, 4B, and 4C
are on chromosomes 4, 3, 6, 7, and 8, respectively). It is also of
particular interest to note that marker STRAf 3A is located
within the coding region of a gene (the Afu4g09070 gene), with
the resulting expansion and contraction of a run of glutamate

TABLE 2. Comparison between fragment sizes (in numbers of bases) revealed by DNA sequencing and capillary electrophoresis

Allele Size obtained by
sequencinga

No. of
repeats

Size obtained by capillary electrophoresis from
indicated source (difference from size

obtained by sequencing)

Difference between sizes obtained from
indicated sources

de Valke Warwick Imperial de Valke vs
Warwick

de Valke vs
Imperial

Warwick vs
Imperial

STRAf 3A 158 17 159.7 (�1.7) 159.3 (�1.3) 157.1 (�0.9) �0.4 �2.6 �2.2
164 19 166.5 (�2.5) 165.7 (�1.7) 163.6 (�0.4) �0.8 �2.9 �2.1
173 22 175.3 (�2.3) 175.0 (�2.0) 172.6 (�0.4) �0.3 �2.7 �2.4
185 26 187.8 (�2.8) 187.2 (�2.2) 184.7 (�0.3) �0.6 �3.1 �2.5
224 39 228.4 (�4.4) 226.3 (�2.3) 223.4 (�0.6) �2.1 �5.0 �2.9
233 42 236.7d (�3.7) 235.1 (�2.1) 232.7 (�0.3) �1.6 �4.0 �2.4
242 45 246.8d (�4.8) 244.7 (�2.7) 241.7 (�0.3) �2.1 �5.1 �3.0
245 46c 249.8 (�4.8) 247.4 (�2.4) 244.7 (�0.3) �2.4 �5.1 �2.7

STRAf 3B 162 9 160.5 (�1.5) 160.1 (�1.9) 159.2 (�2.8) �0.4 �1.3 �0.9
165 10 163.5 (�1.5) 163.1 (�1.9) 162.1 (�2.9) �0.4 �1.4 �1.0
168 11 166.5 (�1.5) 165.9 (�2.1) 165.2 (�2.8) �0.6 �1.3 �0.7
195 20 192.6d (�2.4) 191.6 (�3.4) 191.3 (�3.7) �1.0 �1.3 �0.3
201 22 198.0 (�3.0) 197.1 (�3.9) 196.9 (�4.1) �0.9 �1.1 �0.2
240 35 235.0d (�5.0) 233.7 (�6.3) 234.2 (�5.8) �1.3 �0.8 �0.5

STRAf 3C 96 11 95.2d (�0.8) 94.3 (�1.7) 92.4 (�3.6) �0.9 �2.8 �1.9
114 17 114.0 (0.0) 112.5 (�1.5) 111.1 (�2.9) �1.5 �2.9 �1.4
117 18 117.2 (�0.2) 115.6 (�1.4) 114.0 (�3.0) �1.6 �3.2 �1.6
120 19 120.5 (�0.5) 118.4 (�1.6) 117.1 (�2.9) �2.1 �3.4 �1.3
132 23c 132.5d (�0.5) 130.7 (�1.3) 129.5 (�2.5) �1.8 �3.0 �1.2
135 24 135.7 (�0.7) 134.0 (�1.0) 132.6 (�2.4) �1.7 �3.1 �1.4
141 26 141.9d (�0.9) 140.3 (�0.7) 138.9 (�2.1) �1.6 �3.0 �1.4
153 30 154.4d (�1.4) 154.0 (�1.0) 152.1 (�0.9) �0.4 �2.3 �1.9
165 34 166.9 (�1.9) 166.3 (�1.3) 165.0 (0.0) �0.6 �1.9 �1.3
207 48 209.9d (�2.9) 208.4 (�1.4) 207.1 (�0.1) �1.5 �2.8 �1.3

STRAf 4A 178 8 180.6 (�2.6) 180.2 (�2.2) 178.3 (�0.3) �0.4 �2.3 �1.9
186 10 188.9 (�2.9) 188.3 (�2.3) 186.2 (�0.2) �0.6 �2.7 �2.1
190 11c 192.9d (�2.9) 192.2 (�2.2) 190.0 (�0.0) �0.7 �2.9 �2.2
194 12 197.4 (�3.4) 196.4 (�2.4) 194.1 (�0.1) �1.0 �3.3 �2.3
202 14 205.4d (�3.4) 204.3 (�2.3) 201.9 (�0.1) �1.1 �3.5 �2.4
206 15 209.6 (�3.6) 208.2 (�2.2) 206.0 (0.0) �1.4 �3.6 �2.2
209b 16 212.7d (�3.7) 211.4 (�2.4) 209.0 (0.0) �1.3 �3.7 �2.4
213b 17 216.7 (�3.7) 215.2 (�2.2) 213.1 (�0.1) �1.5 �3.6 �2.1
222 19 226.3 (�4.3) 224.7 (�2.7) 222.0 (0.0) �1.6 �4.3 �2.7

STRAf 4B 166 5 166.7 (�0.7) 166.0 (0.0) 164.3 (�1.7) �0.7 �2.4 �1.7
178 8 179.4 (�1.4) 178.2 (�0.2) 176.3 (�1.7) �1.2 �3.1 �1.9
182 9 183.0 (�1.0) 182.3 (�0.3) 180.5 (�1.5) �0.7 �2.5 �1.8
186 10c 187.6 (�1.6) 186.2 (�0.2) 184.4 (�1.6) �1.4 �3.2 �1.8
190 11 191.6 (�1.6) 190.4 (�0.4) 188.3 (�1.7) �1.2 �3.3 �2.1

STRAf 4C 163 5 164.0 (�1.0) 163.8 (�0.8) 163.0 (0.0) �0.2 �1.0 �0.8
171 7 172.5 (�1.5) 172.2 (�1.2) 170.6 (�0.4) �0.3 �1.9 �1.6
175 8c 176.4 (�1.4) 176.2 (�1.2) 174.7 (�0.3) �0.2 �1.7 �1.5
267 31 270.9d (�3.9) 269.3 (�2.3) 267.2 (�0.2) �1.6 �3.7 �2.1

a Includes additional 3� adenylate resulting from terminal transferase activity.
b Contains the same 1-base deletion in the 5� unique region.
c Af293 allele.
d Allele not reported by de Valk et al. (11). Sizes were extrapolated from the nearest-sized allele.
e de Valk, de Valk et al. (11).
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residues in the encoded protein, and that this is by far, along
with STRAf 3C, the most polymorphic marker (11).

In addition to the 3-base insertion found in Af293, we iden-
tified a 1-base deletion in the 5� unique region of two alleles
from marker STRAf 4A such that alleles with 16 and 17 repeat
units were in fact 1 base smaller than expected. We confirmed
that the nearest-sized alleles (with 15 and 19 repeat units) did
not contain this deletion. The de Valk et al. study (11) iden-
tified alleles with 216.7 and 221.1 bases, which the authors
assumed contained repeats where the repeat units differed by
3 bases rather than 4. However, this was not confirmed by
sequencing, so we have presumed that these represent alleles
with the 1-base deletion in the 5� unique region and that they
contain 17 and 18 repeat units, respectively. The fact that
alleles with fewer and more repeat units do not have this
deletion suggests that alleles with repeat units ranging in num-
ber from 16 to 18 are present in the A. fumigatus population
both with and without this deletion. We have, subsequent to
this study, in fact identified an isolate with a STRAf 4A allele
size of 214 bases, which is consistent with a repeat containing
17 units and no 5� unique region deletion.

Not only did the sizes of alleles differ depending on whether
they had been determined by sequencing or by using a CE
machine, we also discovered that different machines can give
differing sizes. We decided to illustrate this point by sending
our samples to two laboratories offering genotyping services
and by comparing these data with those produced by de Valk
et al. (11) (Table 2). It should be noted that reproducibility
within a laboratory can be very high, with sizes being reported
to a high degree of precision. Although our samples were
small, when the same allele was repeatedly typed (2 to 17
times) by the same CE machine, standard deviations were low
(with a mean of 0.1 bases and a range of 0.0 to 0.5 bases for one
machine and a mean of 0.2 bases and a range of 0.0 to 1.0 bases
for the other machine).

Table 2 shows that fragment sizes obtained by capillary elec-
trophoresis, in addition to being different from the sequenced
sizes, differ between the three machines, with differences
reaching 5.1 bases. In general, the size difference is usually
consistently smaller or larger for a specific marker between two
machines, though this is not the case for the STRAf 3B marker
and the Warwick and Imperial machines. The average differ-
ences between the sizes obtained from the de Valk et al. study
and the Warwick machine, the de Valk et al. study and the
Imperial machine, and the Warwick and Imperial machines are
1.1, 2.8, and 1.8 bases, respectively. These differences are also
illustrated in Fig. 1, where lines of best fit are shown for the
correlations between allele sizes obtained by sequencing and
those obtained from the three CE machines. It might be
thought that the singular factor affecting the electrophoretic
mobility of a DNA molecule during CE is its sequence com-
position. However, if this were true, then the slopes of the lines
for each marker on all three machines would be identical or
very similar. In fact, the best-fit lines for marker STRAf 3C
differed very little in slope (difference � 0.01), but the differ-
ence in the slopes for marker STRAf 4A was considerably
larger (difference � 0.05). As the slopes are not the same,
factors other than sequence composition must be important.
These factors would include the actual machine used as well as
the effects of specific running conditions.

For those markers and machines for which the slope of the
line is 1.00, it should be possible to apply a consistent correc-
tion factor in order to arrive at the actual sizes (as determined
by sequencing). Thus, for instance, with STRAf 4B and the
Imperial machine, a consistent correction factor of �2.1 bases
could be applied. Indeed, for some markers and machines, it is
possible that no correction factor might be required (e.g.,
STRAf 4B and the Warwick machine and STRAf 4C and the
Imperial machine). Finally, the application of a consistent cor-
rection factor would not be possible for some markers and
machines, since the size difference can increase with larger
fragments (e.g., STRAf 3B and all three machines), can de-
crease with larger fragments (e.g., STRAf 3C and the Imperial
machine), or indeed can go from a positive correction value to
a negative one as fragment size increases (e.g., STRAf 3C and
the Warwick machine). In these instances, the line-of-best-fit
equation can be used to correct CE values.

DISCUSSION

Any new typing system will have potential problems that can
range from technical issues with the technology to issues asso-
ciated with the specific markers developed in the study. Nearly
all studies will discuss whether or not their markers are suffi-
ciently discriminatory to address specific biological questions
but will often state that the technology used is reproducible
and readily transferable between laboratories. Lack of repro-
ducibility has been a problem with older typing techniques,
such as restriction fragment length polymorphism and random
amplification of polymorphic DNA analyses, which has re-
sulted in these techniques being less commonly used nowadays.
The newer PCR-based techniques of MLST and MLMT are
generally assumed to be highly reproducible once PCR condi-
tions have been optimized. In addition, as with any experiment,
other sources of error should always be considered, especially
human ones, such as the mislabeling of samples (12, 32). A few
genotyping studies where microsatellite length polymorphisms
were employed have attempted to quantify the sizes and na-
tures of many different types of error (6, 12, 16, 40).

Although other technologies are employed in MLMT stud-
ies, such as separating and sizing fragments on high-percent-
agarose gels, commercially available sequence analyzers are
most frequently used. However, as one of the manufacturers of
these machines points out, “A common misconception about
DNA fragment-sizing is that the calculated size of a DNA
fragment is equivalent to the length of the fragment. Because
the electrophoretic mobility of DNA is sequence-dependent,
DNA fragments of the same length can have different mobil-
ities and, therefore, can vary in calculated size” (2). The au-
thors of most MLMT systems developed for microorganisms,
including those of the two systems developed for A. fumigatus
(4, 11), fail to mention this discordance, which occurs with both
SE and CE machines. In contrast, Schouls et al. (36) state that
the addition of an extra repeat to the calculated number was
required to obtain the true number of repeats by sequencing.
Dalle et al. (8) reported a 7-base discrepancy for one of their
alleles, Maho et al. (28) reported differences of up to 3 bases,
and Foulet et al. (15) reported an example of a 2-base differ-
ence. The most dramatic examples of this discordance have
been provided by Lista et al. (27), where 25 loci were used to
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type Bacillus anthracis strains. They found differences of up to
8, 11, and 17 bases for three of their markers based on repeat
units of 9 nucleotides. Finally, Farlow et al. (13) stated that
they sequenced at least one allele for each locus because of the
lack of agreement between sequenced size and size obtained by
an SE machine, and Keim et al. (23) stated that they deter-
mined the actual sequences of most alleles because of differ-
ences of 1 or 2 nucleotides. Keim et al. (23) and Lista et al. (27)
actually provided reasons for these discordances and men-
tioned DNA conformational differences (though these should
be minimal under denaturing conditions), migrational devia-
tions of the size standard, the nature of the gel matrix used,
and sequence composition. It should be noted that in three of
these studies, this problem was mentioned only within Mate-
rials and Methods.

We were able to find only two MLMT studies published in
the microbiology literature that discussed the fact that different
machines can generate different sizes for the same allele. Even

in these cases, the differences were inferred to be caused by
switches from SE machines to CE machines (8) or were hinted
at rather than stated directly (27). In contrast, we in this study,
and others outside the field of microbiology, have shown that
different CE machines and running conditions will affect the
sizing of alleles (10, 25, 33, 38, 40, 41). Another microbiology
study made the very general statement that separation tech-
niques have been shown to produce different results for the
same locus and therefore that special care must be taken when
standardizing typing data (34).

Because these technical limitations are overlooked, MLMT
using SE or CE machines is “sold” as a technology that is
highly reproducible and readily portable between laboratories.
It has been presented as such even in those studies that have
pointed out these problems, where phrases such as “represents
a robust and easily transferable approach” (23), “are easily
compared to data generated at dispersed laboratories” (13),
and “yields unambiguous numeric profiles that can easily be

FIG. 1. Graphs of called sizes (by CE) versus actual sizes (by sequencing) for all six markers. Lines of best fit by linear regression are shown.
Correlations (r2 values) were greater than 0.999 in all cases.

526 PASQUALOTTO ET AL. J. CLIN. MICROBIOL.

 on M
ay 7, 2021 by guest

http://jcm
.asm

.org/
D

ow
nloaded from

 

http://jcm.asm.org/


electronically exchanged” (36) have been used. Only one of
these studies emphasized caution, stating that laboratories us-
ing different machines and reagents need to correct their sizes
before alleles can be called and datasets merged (27). Where
techniques and technologies have been compared for typing
specific organisms, in this example, Aspergillus fumigatus, the
only technical problems mentioned in relation to the use of SE
or CE machines were those associated with the PCR itself
(terminal transferase activity of Taq DNA polymerase and
stutter bands), which are usually readily spotted on electro-
phoretic traces (5, 26). We feel that these omissions regarding
the discordance between sizes obtained by sequencing and
sizes obtained by machine, and machine-to-machine variation,
are remiss and have the potential to mislead microbiologists
(as we were) into thinking mistakenly that it is straightforward
to set up an open-access MLMT database that could be used
by many laboratories.

There are other technical problems of which potential users
should be made aware (33). Switching to another fluorescent
label can alter the mobility of a DNA molecule by �0.5 bases
(10), and temperature fluctuations in the laboratory housing
the machine can alter mobility by up to 0.7 bases, with a
temperature difference of 5°C (9). Other, potentially more
serious problems include migrational deviations of the internal
size standard, and we have identified one study which used an
internal size standard that has been recommended not to be
employed with CE machines (1, 38). The calibration method
used is also important, and the local Southern approach is
recommended (16). A possible major problem with diploid
organisms is “allelic dropout,” where amplification of a smaller
allele is favored over that of a larger allele, with the conse-
quence that an individual is scored as being homozygous when,
in fact, it is heterozygous (6, 12, 20). Again, we could find no
mention of this problem within any studies of diploid micro-
organisms, though one study stated that heterozygosity may
be underestimated because of the existence of null alleles,
where mutations in the primer binding site cause the PCR to
fail (31, 35).

What strategies can be employed, then, to calibrate alleles
for a specific marker and to correct for interlaboratory differ-
ences? Even if the results are very precise when the determi-
nations are repeated in the same laboratory, it is important to
distinguish “called” sizes (obtained from SE or CE machines)
from actual sizes, since exact sizes can be determined only by
sequencing. The actual sizes of alleles would be those recorded
in any international database setup. By far, the best approach
is to develop marker-specific size ladders which contain all the
common alleles for a given locus. This is the approach used in
forensic medicine, and it is not an unrealistic approach for
molecular typing, as each system usually involves only a few
loci (17, 18, 25). Ideally, a ladder would be developed for every
locus in a given system. Some studies have stated that the
inclusion of controls for which the allele sizes are known is
required (6, 8, 9, 16, 23, 27, 33); however, this relies on the
assumption that the size differences are consistent across the
entire size range of those loci (21, 33, 40). The inclusion of at
least one control is, of course, sensible to ensure intralabora-
tory consistency in the reporting of allele sizes (4–7, 15, 16, 22,
39, 40). The frequency distribution of alleles can also be used
to ensure that data are consistent between laboratories (33). If

the option of marker-specific size ladders is not available, then
each participating laboratory will have to carry out an in-house
calibration by sequencing and determining the actual sizes of a
range of alleles, in the manner that we have employed, and to
use these to enable a correction factor to be applied for the
specific machine and running conditions used in that labora-
tory. This determination of correction factors is not, however,
a straightforward task, as determining the length of long re-
peats by sequencing can be difficult because slippage of the Taq
DNA polymerase results in double (and triple) peaks in the
electrophoretic trace toward the end of the repeat. Peak size
can also drop off precipitously toward the end of the repeat, as
dideoxy terminators are rapidly depleted.

In conclusion, accurate and reproducible sizing of DNA
molecules is essential for typing with microsatellites. The prob-
lem of sizing errors seems to have received little attention in
the microbiology literature, and we believe that authors have a
duty to highlight potential pitfalls when describing any new
typing system.
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