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A Genetic Basis for Anomalous Band Patterns
Encountered During DNA STR Profiling

ABSTRACT: Since 1995 the Forensic Science Service (FSS) has carried out DNA profiling of reference samples for the UK National DNA
Database (1) and in forensic casework using two multiplex STR profiling systems (2,3). During this period, profiles with anomalous banding
patterns, although comparatively rare, have been encountered regularly. The FSS has collected instances of triallelic patterns and aberrant diallelic
patterns. A systematic examination of these patterns has provided insight into their underlying genetic cause. The triallelic patterns could be classified
into two types based on the relative intensities of their component alleles. In the Type 1 pattern the alleles were of uneven intensity, whereas in the
Type 2 pattern, all three alleles were of even intensity. Evidence is presented that the more frequent Type 1 pattern is the result of somatic mutation
at a heterozygous locus, and the Type 2 pattern is the result of a localized chromosomal rearrangement at a heterozygous locus. Directly from the
Type 1 pattern, it was possible to deduce the size difference between the progenitor and mutated allele. All mutational changes were found to be
multiples of four nucleotides, suggesting the loss or addition of one or more tetrameric repeat units. Aberrant diallelic patterns were identified by
analysts due to an unexpectedly large difference in intensity between alleles at a heterozygous locus. While some of these diallelic patterns are likely
caused by the same genetic phenomena described above occurring at a homozygous locus, others are demonstrated to be caused by a mutation in
the primer binding sequence, leading to a reduction in amplification efficiency of one allele. It is concluded that based on a visual inspection of a
profile, it is possible to infer a likely genetic basis directly from the triallelic pattern. By contrast, the aberrant diallelic patterns can be due to any
one of a number of possible genetic effects.

KEYWORDS: forensic science, STR loci, triallelic pattern, somatic mutation, mosaicism, primer binding site mutation, chromosomal rearrange-

ment, aneuploidy

Short Tandem Repeat (STR) loci are widely used as linkage
markers in forensic casework and for familial analysis. Most com-
monly, in forensic and familial applications, autosomal STR loci
are amplified using Polymerase Chain Reaction (PCR), and the
fluorescent products are separated according to size using gel or
capillary electrophoresis. Typically, a heterozygous locus produces
similar intensity signals from both alleles although there is always
a certain amount of natural variation (4). A perturbation in the bal-
anced signal can be the result of one or more of a number of factors
associated with PCR or due to degradation of the DNA template
(5). However, if PCR conditions are optimal and the template is not
degraded, then the extent of variation is generally small (4), and a
balanced diallelic signal can be obtained. Anomalous multibanded
signals at a locus can be due to a variety of artifacts associated
with amplification and detection (6,7). These effects are diagnosed
easily or can be eliminated simply by performing a re-analysis of
the sample concerned. Contamination with an exogenous source
of DNA also can result in the observation of an additional band
or bands at a locus, although this is usually evident at several loci
within a multiplex and is therefore relatively straightforward to
recognize (8). The presence of non-specific artifact bands has been
reported and is apparently the result of random priming during PCR
(4). Generally, these artifacts are recognizable because either the
fluorescent dye label is the wrong color for the locus concerned
or the questioned band is not in an allelic position with respect
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to an allelic ladder. Moreover, they tend to exhibit atypical peak
morphology and to be relatively small (4). Since the advent of
“hot start” techniques, these types of artifacts have been practically
eliminated.

While carrying out analysis of reference samples for addition to
the UK National DNA Database (1) and during routine forensic
casework, instances were uncovered where the profile of an in-
dividual displayed an anomalous tri- or diallelic banding pattern.
Analysts had initially identified an anomalous banding pattern be-
cause it could not be reconciled with any of the above explanations.
The bands observed were always in an allelic position with respect
to an allelic ladder. Individually, they were restricted to a single
locus within a profile, but collectively they were distributed across
all but one of the loci examined in the multiplex systems employed.
Aberrant, diallelic patterns were identified by analysts for one of
two reasons: there was an unexpectedly large (>60%) difference
in the peak area of two alleles at an apparently heterozygous locus,
or a minor band (in the —4 position) in an apparently homozygous
locus was unexpectedly large (>15%) (4). The anomalous tri- and
diallelic profiles were gathered and studied further, as it was consid-
ered that they had an underlying genetic cause. Where additional
samples in a case were available, these were also analyzed. The
focus of the study was to establish the genetic basis of the observed
patterns.

Materials and Methods

The six of the ten STR loci used in this study are contained in
a multiplex kit (FSS Second Generation Mulitplex — SGM) devel-
oped by the FSS in 1995 (2). The FSS SGM multiplex was used
from 1995 until the beginning of 1999 for DNA profiling for the
UK National DNA database (1). It contains the vVWFA31/A, THOI,

Copyright © 2004 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. 1



JOURNAL OF FORENSIC SCIENCES

e 1 7 1 1 r ¥ T e Tt T S o
o] T o) - ] - ] ] Lo ] 1] L35 ] 5] =]
- gTEa Tk AA

i
II" "III I|'lI : II . a A
! L | Il
11 .lll '.__ __l "._ ___I I'-\. -'\..III L L. _II k _-.-I-"l. = __Ir'x_ : __,' I'.___ o
"T.-L-' u L= A kL] |I"|I| |ﬁ'¢' e L Lk l.lll | )
_— I-_] I_I e Bl n e 1% [II l_i rIII"l _| -I =
.
&H ]
ln '—rn,l |.,-vn- E ] 1-.'|
Ty
[B ¥
'.l T i) L - -] Ly B L] Nio LS L k] (k]
Aleiniahids DN s ®Di45i00
J*
I'h
\
i . I\
-__l | - 1,_\.-_- I _
=5 - -
f1n} 11 la7
T, Dy Wy
Lo | L= L
Fard 4 I_:-M &7 il al
e e e
1T e | TS
T T - T T T ] e T — T |
a =i 1% alatl Fred Ji8 a8 2481 247 =0
= s 0 ke AL
A "'| f fl
k] | f N AT | 1
-:-'I. . % [} I": I ,'l." -'I'_,l L) l'.'l. PR
el e ~, Jud e e L eame el Tl _____l - L Y -
E 55 i9] [d] 57 B EEEE
i
T T T T T T T T T
27 1% % 0 =3 2 T 240 43 =0
IREOEEEET W ke ROORSENE

FIG. 1—Upper panel (A): D18S51 locus in the FSS SGM multiplex. Lane 33 shows a sample displaying a Type 1 triallelic pattern, and lane 27 contains
the corresponding allelic ladder with allelic designations in the boxes beneath. Peak area information is provided in the lower set of boxes under lane 33.
Note that the peak area of the 15 and 16 allele (13629 and 10641) approximately sum to that of the 17 allele (22885). Lower panel (B): D21S11 locus in
the FSS SGM multiplex. Lane 28 shows a sample displaying a Type 2 triallelic pattern, and lane 10 contains the corresponding allelic ladder with allelic
designations in the boxes beneath. Note the even signal intensity of the alleles.

D8S1179, FGA, D21S11, and D18S51 loci together with a sex
test based on the XY homologous gene Amelogenin. The ten locus
AMPFISTR® SGM Plus™ was developed and introduced in 1999
to replace FSS SGM (3). The kit is manufactured commercially
by PE Biosystems (Warrington, England) and incorporates the
six FSS SGM loci and Amelogenin together with four additional
loci (D2S1338, D3S1358, D16S539, and D19S433). With the
exception of the D2S1338 and D19S433 loci, these loci are also
contained with the commercially available Powerplex™ 16 kit
(Promega, Madison, WI, USA). The Promega kit utilizes different
primer sets to those employed in both FSS SGM and AMPFI STR®
SGM Plus™,

Extraction and Quantification of DNA

DNA was extracted from blood, cheek (buccal) scrapes, and hair
using the Chelex extraction method of Walsh et al. (9). Quantifica-
tion of the DNA was performed in a dot blot assay using a primate
specific probe (D17Z1) according to Walsh et al. (10).

Amplification

DNA amplification was carried out on Perkin Elmer 9600 ther-
malcyclers using 1 ng of DNA template according to the conditions
specified in (2,3) and, in the case of Powerplex™ 16 (Promega),
according to the conditions specified by the manufacturer.

Electrophoresis and Detection of Amplified Fragments

Electrophoretic separation of flourescently labeled amplified
fragments was achieved using 6% polyarlamide denaturing gels on
the PE Biosystems 373 or 377 platforms as described (2,3). Sizing
was achieved using GS350/500 Tamra as the internal size standard
(PE Biosystems) and GeneScan Analysis v2.1.1 software. Alleles
were designated using Genotyper v2.1 software in conjunction with
allelic ladders. Nomenclature of alleles follows the recommenda-
tions of the International Society for Forensic Genetics (11) with
the exception of D21S11, which, historically, used a different form
of notation in the FSS SGM kit (12).



Results
Collection of Data

Three hundred and forty two triallelic patterns were collected and
studied. These were mainly (97%) profiles produced with the FSS
SGM kit. This was due, in part, to the fact that historically more
samples were processed with the FSS SGM kit and, in part, to the
cessation of an internal policy for systematically collecting anoma-
lous profiles after inception of the AMPFISTR® SGM Plus™ kit
into forensic casework. Four hundred instances of aberrant diallelic
profiles also were uncovered during the same period.

Investigation of Triallelic Patterns

Analysis of the collection of triallelic patterns revealed two dif-
ferent types that could be differentiated according to the relative
intensity of the component alleles. The Type 1 pattern was the more
frequent (274/342) and consisted of three alleles of unequal signal
intensity. A representative example is shown in the upper panel of
Fig. 1. These patterns possessed a second distinctive characteris-
tic in that the peak areas of the two smaller (minor) alleles when
summed together were approximately equivalent in peak area to
the larger (major) alleles. The 68 Type 2 patterns consisted of three
alleles of even signal intensity. A representative example is shown
in the lower panel of Fig. 1. The data are summarized in Table 1,
broken down by locus and type of pattern. From these data it can be
seen that there are clear differences in the distribution of both types
of triallellic patterns dependent on which locus is considered. Note
that the D8S1179 locus accounts for less than 7% of the total of the
Type 1 pattern but about 35% of the Type 2 pattern. This contrasts
with the D18S51, where that locus accounts for 33% of the total of
the Type 1 pattern but about 12% of the Type 2 pattern.

Are Type 1 Patterns the Result of Somatic Mutation?

It was suspected that the Type 1 patterns were the result of somatic
mutation at a heterozygous locus as illustrated in the schematic dia-
gram in Fig. 2. If this hypothesis was correct, then the relative copy
number of each of the two minor alleles should be variable from
case to case depending upon the particular stage of tissue devel-
opment at which the mutational event occurred. The data showed
that there was indeed variation in the relative ratios of the peak area
values between the minor alleles in different individuals. In some
instances the two minor alleles were of equal intensity (10:5:5), in
others one of the minor alleles was of marginally greater intensity
than the other (10:6:4), and in extreme cases one of the minor alleles

TABLE 1—Data by locus and pattern type.

Locus Type 1 Type 2
vWA 42 8
THO1 2 1
D8 19 24
D21 53 13
D18 91 8
FGA 60 12
D2* 3 1
Dl16* 3 0
D19* 0 0
D3* 1 1
274 68

* These loci account for only 3% of the total observations. Refer to text for
explanation of data.
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FIG. 2—Schematic explanation of somatic mutation. This example begins
with two cells undergoing mitotic division. One of the two cells undergoes
a mutation (denoted by the star), in which the progenitor 14 allele loses
one tetrameric repeat unit to create a mutant 13 allele. Assuming the
relative proportions of the four daughter cells are maintained throughout
the subsequent divisions, then after genotyping, the relative intensities
of the wild type 11 and 14 alleles to the mutant 13 allele are indicated
schematically on the right.
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was only just detectable (10:9:1). Furthermore, in two cases where
hair and blood samples were available for analysis, the Type 1
pattern was tissue dependent as the pattern was confined only to
the hair sample. We also discovered that the root sheath cells of
individual anagen head hairs could exhibit this effect, while other
hairs plucked from the scalp at the same time were unaffected (data
not shown). This probably can be attributed to the fact that head
hairs develop clonally from a relatively small number of progen-
itor cells in the follicle bud (13). In two other cases, where both
buccal and blood samples were available for analysis, both types of
samples displayed the same triallelic pattern, thereby showing that
more than one cell lineage can be affected in a single individual.
Finally, we encountered a case in which a man and eight members
of his immediate family had been tested. A blood sample from the
man exhibited a Type 1 pattern at the D18S51 locus (see the upper
panel of Fig. 3). This also may have been the situation in his sperm
cells because it was observed that, while the triallelic pattern itself
was not a directly heritable trait, all three of his D18S51 alleles
were apparently transmitted to offspring.

Given the Type 1 patterns were attributable to somatic mutation,
the magnitude of each mutational change could be inferred directly
from the pattern of alleles. This inference relied on an extrapolation
from cases where data were available from either an unaffected cell
lineage or from both biological parents. In these situations, it was
possible to establish the identity of the two ‘wild type’ alleles.
Consequently, the identity of the mutant allele could be deduced.
From such cases it was observed that, as predicted from the model
in Fig. 2, the mutated allele was always one of the two minor
alleles and never the major allele. Therefore, it was concluded that
the size difference between the two minor alleles would reflect the
magnitude of the mutational change. Analysis of the data for all
the Type 1 patterns revealed that all changes were multiples of four
nucleotides. By analogy with germline mutations, this suggests that
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FIG. 3—Upper panel (A) — A Type 1 triallelic pattern at the DI8S51 locus in the FSS SGM kit. The putative mutant allele is denoted by*. The male
concerned had six children by two different mothers shown diagrammatically as a family tree. Samples were available from each family member and their
genotypes at the D18S51 locus are indicated. Note that three different D18S51 alleles (14, 17, and 18*) are represented amongst the man’s six offspring.
Lower panel (B) — A Type 2 triallelic pattern at the D8S1179 locus in the FSS SGM kit. The family concerned comprised a mother, father, and five offspring
shown diagrammatically as a family tree. From this it can be seen that three of five offspring from the family inherit a triallelic pattern. Beneath the familial
tree, lane 30 shows the triallelic pattern obtained from DNA from a buccal scrape from one of five offspring. Lane 10 is an allelic ladder from the same gel
run. The ‘M’ shape of the alleles in lane 30 is due to pronounced ‘N’ (‘A’) banding at the D8S1179 locus in the FSS SGM kit.
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FIG. 4—Upper panel (A) — D3S1358 locus in the AMPFISTR® SGM Plus™ kit showing an aberrant diallelic pattern. Peak area information is supplied
in column 5 of the table beneath. Note that the 18 allele is about 12% of the 16 allele. Lower panel (B) — D21S11 locus in the AMPFISTR® SGM Plus™
kit showing an aberrant diallelic pattern. Peak area information is supplied in column 5 of the table beneath. Note that the 30 allele is about 44% of the

32.2 allele.

each mutational event could be attributed to the loss or gain of one
or more of the tetrameric repeat units (14). The majority (89.8%)
of the mutational events appeared to involve the loss or gain of a
single repeat unit.

Are Type 2 Patterns the Result of Chromosomal Rearrangement?

It was suspected that the Type 2 patterns might reflect the pres-
ence of three copies of the STR allele in an individual cell and could

be due, for instance, to some type of chromosomal rearrangement
at a heterozygous locus. One explanation for this effect could be
autosomal aneuploidy (e.g., because of trisomy or a gross chro-
mosomal translocation) involving that chromosome (15). Alterna-
tively, a more restricted localized event could cause a duplication
of a smaller region of the chromosome containing the STR locus
concerned. However, in order to generate a triallelic pattern, this
duplicative event also would have required some kind of slippage or
recombination event to generate a distinct third allele. Without this
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FIG. 5—Upper panel (A) —vWFA31/A locus in the AMPFISTR® SGM Plus™ kit. The left box shows the results obtained from the buccal scrapes of three
siblings (Lanes 13, 15, 17) and the corresponding allelic ladder (Lane 27). Note the small peak area of the 16 allele in each sibling compared to its partner
allele. The right box shows the results obtained from the same DNA after amplification with the Powerplex™ 16 kit (Lanes 5, 6, 7) and the corresponding
allelic ladder (Lane 10). Note the restoration of the balanced signal after amplification with Powerplex™ 16 kit. Lower panel (B) D16S539 locus in the
AMPFISTR® SGM Plus™ kit. The left box shows the results obtained from the buccal scrapes of three siblings (Lanes 3, 4, 5) and the corresponding
allelic ladder (Lane 10). Note the small peak area of the 12 allele in each sibling compared to its partner allele. The right box shows the results obtained
from the same DNA after amplification with the Powerplex™ 16 kit (Lanes 8, 9, 11) and the corresponding allelic ladder (Lane 27). Note the restoration
of the balanced signal after amplification with Powerplex™ 16 kit.



second event, the locus may present as an imbalanced and therefore
aberrant, diallelic pattern (15).

Autosomal trisomy is caused by non-disjunction of chromosomes
at meiosis. With the exception of chromosome 21, most are lethal to
the developing zygote (16). Moreover, in general, most gross chro-
mosomal rearrangements lead to severe developmental defects and
medical complications (16). As the individuals tested were appar-
ently healthy adults involved in criminal offenses, and since most
events observed did not involve chromosome 21, gross chromoso-
mal rearrangement would not seem to be a likely explanation for
the Type 2 patterns. A better proposition would therefore be that
these patterns are due to a more localized duplication event. If this
was the explanation, the two of the three alleles should be tightly
linked and therefore, if an individual’s germ cells were affected, the
two alleles should be transmitted together to offspring. Anecdotal
support for this proposition was obtained from a case in which
five members of the same family were found to have inherited the
pattern (see the lower panel of Fig. 3). Interestingly, although the
biological father did not exhibit a triallelic pattern, he did have an
aberrant diallelic pattern in that the signal intensity of his 12 allele
was twice that of the 13 allele.

Investigation of Diallelic Patterns

Approximately 400 aberrant diallelic patterns were available for
study. By analogy with the explanation for Type 1 triallelic pat-
terns, the diallelic patterns could be the result of somatic mutation
at a homozygous locus. Again, in support of this, it was observed
that the minor alleles exhibited variation between individuals such
that the peak area differences ranged from a maximum 50% (10:5)
through to those just detectable at about 10% of the intensity of the
larger allele (10:1). See for example the samples shown in Fig. 4.
It is possible that some of the 10:5 diallelic patterns encountered
may be the result of chromosomal rearrangement rather than so-
matic mutation (such as the one seen in the lower panel of Fig. 4).
Three cases were encountered in which the D21S11 locus showed
a 10:5 diallelic pattern, and these could have been due to aneu-
ploidy (15). It is also possible that some of the diallelic patterns
could be due to mutations in the primer binding sequences, lead-
ing to a reduction in amplification efficiency of one of the alleles.
To demonstrate this latter possibility, two cases were reanalyzed
using the Promega Powerplex™ 16 multiplex kit (Madison, WI)
that contained alternative primer sets for the two loci of interest
(vWFA31/A and D16S539). These particular cases were selected
because three siblings from the families concerned exhibited the
same aberrant diallelic pattern, suggesting that the trait was heri-
table and not, therefore, attributable to somatic mutation. In both
instances, the imbalanced signal could be restored to a balanced
heterozygote signal, thus indicating the effect was entirely due to
primer binding (see Fig. 5). It is accepted that the number of cases
tested in this way represents only a subset of all the diallelic patterns
collected, and that they were targeted specifically because of the
familial information. Nevertheless, the experiment does show that
a proportion of the anomalous, diallelic patterns are due to primer
binding site mutations.

Discussion and Conclusions

Of the six loci for which most data were available, it appears
that there is considerable variation between loci in the propensity
for each type of rearrangement (see Table 1). One locus (THO1)
appears to be particularly stable in any type of rearrangement con-
sidered. Crouse et al. (17) noted a similar effect when genotyping
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10 000 individuals at three STR loci (CFS1PO, THO1 and TPOX).
Of the 19 (apparently Type 2) triallelic patterns they encountered,
18 were at the TPOX locus, and none occurred at the THO1 locus.
It should be noted however, that if the Type 2 pattern is a heritable
trait, then since in most cases it was not possible to check whether
the affected individuals were related, it could have influenced the
distribution. From the evidence presented above, we conclude that
the Type 1 triallelic patterns are the result of mutation during mi-
tosis leading to mosaicism. Similar conclusions have been reached
independently by Rolf et al. (18), who encountered two paternity
cases involving triallelic patterns. Published data for germline mu-
tation (10) suggest that additions or loss of a single repeat unit
is the most prevalent type of meiotic event. The data for mitotic
events presented here confirm this propensity toward single-step,
rather than multiple-step, repeat unit changes. With regard to the
Type 2 patterns, Zamir et al. (19) have recently reported on a case
involving a triallelic pattern (apparently Type 2) at the D16S539
locus. They demonstrate a localized effect in that other markers on
chromosome 16 do not appear to show any unusual effects. It is con-
cluded therefore that the most likely genetic cause of these patterns
is a localized duplication event in the region of the chromosome
in which the STR locus is found. The data also demonstrate that
aberrant diallelic patterns could have at least three potential causes
and that visually the diallelic pattern itself offers no information
as to its cause. Thus we conclude that it is not possible to infer an
underlying genetic basis from the aberrant diallelic pattern alone.
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