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ABSTRACT

The PCR amplification of tetranucleotide short tandem
repeat (STR) loci typically produces a minor product
band 4 bp shorter than the corresponding main allele
band,; this is referred to as the stutter band. Sequence
analysis of the main and stutter bands for two sample
alleles of the STR locus VWA reveals that the stutter
band lacks one repeat unit relative to the main allele.
Sequencing results also indicate that the number and
location of the different 4 bp repeat units vary between
samples containing a typical verses low proportion of
stutter product. The results also suggest that the
proportion of stutter product relative to the main allele
increases as the number of uninterrupted core repeat
units increases. The sequence analysis and results
obtained using various DNA polymerases appear to
support the slipped strand displacement model as a
potential explanation for how these stutter products
are generated.

INTRODUCTION

shadow band, DNA polymerase slippage product or stutter band
(10-12). Inthe case of dinucleotide repeat loci, the most prevalent
stutter band is generally two bases shorter than the main allele
band, with additional stutter bands four and six bases shorter also
visible (13). Because of the multiband pattern for each allele,
interpretation of dinucleotide repeat loci is sometimes comp-
licated, particularly for DNA samples that are mixtures from two
or more individuals or when two alleles from a single individual
are close in sizel().

PCR amplification results from tetranucleotide repeat loci are
easier to interpret because only a single stutter band is typically
observed, in a position four bases shorter than each allele band,
and the intensity of the stutter band is generally <10% of the main
band ¢). Given the simpler interpretation, tetranucleotide repeat
loci have been studied extensively as potential forensic DNA
markers. Nonetheless, the stutter bands that are amplified from
tetranucleotide repeat loci can still complicate the interpretation
of mixed samples, which are common in forensic DNA analysis.
Specifically, because the stutter bands are the same size as actue
allele bands, it is not always possible to identify a faint band in a
mixed sample as a real allele band or a stutter band if its position
is four bases shorter than a more intense main allele band.

Because of the importance of stutter bands in sample interpreta-

The analysis of short tandem repeat (STR) loci by PCR methatisn, the experiments described in this paper aim to address the
has proven to be informative for a variety of applications becaugkentity and properties of the stutter bands in one tetranucleotide
of the high degree of repeat number polymorphism at many of thepeat marker, vVWA14). The difference between the various
loci in the human populatiori), Dinucleotide repeat loci (for VWA alleles is generally in the number of 4 bp repeat units they
example, CA repeats) are very abundant and are routinely usedastain. Following amplification and separation by gel or
markers for use in linkage studies and for building genetic mapapillary electrophoresis, alleles are distinguished on the basis of
(2). Trinucleotide and tetranucleotide repeat loci are also used e length of the PCR products. In this paper, DNA sequences of
such studies3). Recently, tetranucleotide repeat loci have beeallele bands and their corresponding stutter band from two
studied for use as forensic markers5). Many of these samples were determined. In addition, DNA sequences of six
tetranucleotide repeat loci are highly polymorphic, with heteraallele bands of the same size were determined. Four of these
zygosity values for some loci >0.98) ( samples have virtually undetectable stutter bands for this
PCR-amplified STR loci are analyzed by gel electrophoresjzarticular size VWA allele, while the other two samples have a
and visualized using silver or fluorescent staif)8) (or using more typical amount of stutter band for the same size allele. The
primers labeled with a fluorescent ta®). (Capillary electro- DNA sequencing results revealed that all VWA alleles contain
phoresis can also be used. Amplified alleles are visualized #msee repeat unit sequences (TCTA, TCTG and TCCA) that can
bands on gels or are represented by peaks on electropherogratiffer in number and relative position within the repeat region.
All of these analytical methods detect a particular type of PCRRhe most common repeat motif in the variable expansion region
product that is produced by amplification of STR loci. Thisof a STR locus is referred to as the core repeat sequence.
product, which differs in size from the main allele by multiples o€omparison of the DNA sequences obtained from the main and
the repeat unit size, has been referred to in the literature astatter bands confirm that the two stutter bands have one fewer
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core repeat unit (TCTA) than the corresponding main allelBNA sequence analysis
bands. The sequencing results also suggest that the proportion, of . . . .
stutter band that is produced during the PCR is highest for allelR§dUencing was performed using the Perkin-Elmer Ampli-
that have long stretches of uninterrupted core repeat seque c;ld] Seqt_n_ancmg Kit, which is based on cycle_ sgque'ncmg
Additionally, ABI 373A DNA Sequencer analysis of severa!SN9g @ modified form oTaq DNA polymerase lacking's 3

- 33 i
VWA alleles of different lengths revealed that the proportion EOHUCI%SQ activity.oaf*"PJdATP (2.5 uCi) was used for

stutter band generally increases with allele length. Likel beling and detection. The sequencing reaction was performed

mechanisms for stutter band formation and ideas for improvi deSCF'bEd in _the kit instructions, using 25 cycles for the
the interpretation of stutter bands are discussed. sequencing reaction and 4 pmol one primer. Completed sequenc-
ing reactions were run on a 6.0% acrylamide gel containing 8.3

M urea, run at a constant 70 W for 80 min. Film exposure times

ranged from 1 to 2 days.
MATERIALS AND METHODS

Sample analysis and band intensity quantitation

DNA amplification ) .
Samples were prepared for analysis by mixing ll.%°CR

e : - roduct with 4ul formamide and 0.5l GeneScan 500 Rox
Samples were amplified in PCR mix containing 50 mM KCI, 1 . S
mM Tris—HCI, pH 8.3, 1.5 mM Mg@) 200pM each of dATP, (f;beled internal lane standard. This mixture was heat denatured

: at 95 C for 2—-3 min and then quickly cooled on ice. After 5 min
ggng:%-arcphanr?n?;Tgnts rlfm/?amﬁgmeﬂo\%%ﬁ% agd onice, a 41 sample was then loaded on a 6.5% acrylamide (19:1
P P : P Y acrylamide:bis-acrylamide) gel containing 7.5 M urea. The
for those samples analyzed on the ABI 373A DNA Sequenc%ell—to—read distance was 12 cm. The gel buffer was TEE

Cycling was performed in a Perkin-Elmer DNA Thermal Cyclerand the running buffer was &.@BE. Electrophoresis (1200 V

480 (Norwalk, CT), using GeneAmp thin-walled reaction tUbestr 4 h) and fluorescence detection were performed on the ABI

set to heat at 9€ for 60 s (denature), incubate af 6ffor 60 s : -
(anneal) and incubate atT2for 60 s (extend) by the ‘step-cycle’ g;gzgﬂl:l/\grseequencer. The data were analyzed with GengiScan

program. After 25—-29 cycles, the samples were incubated for an

additional 30 min at 6GC. Additional PCR enzymes were also

tested, according to the manufacturer’s instructions for the PCRESULTS

conditions. The enzymes tested were as follows: the Stoffglya sequence analysis of main allele and stutter products
fragment ofTag DNA polymeraseThermus thermophilu@th),

AmpliTag DNA polymerase CS, AmpliTag DNA polymerase FSPNA from two individuals possessing the 174 bp VWA allele was
(Perkin-Elmer) Pyrococcus furiosu@Pfu) (Stratagene, La Jolla, amplified as described above. Following gel electrophoresis, the 174

CA) andThermus brokianu€Tbr) (Amresco, Solon, OH). bp main band and the corresponding 170 bp stutter band from each
individual were isolated and sequenced (Bligln this figure, only

the repeat unit regions are shown; the flanking sequences were
identical to previously reported VWA sequendes. (

All four of the isolated products contain the following 4 bp
. ) repeat unit sequences: TCTA, TCTG and TCCA. The TCTA
Isolation of PCR product bands prior to DNA sequence analysigquence is the most frequent and is considered to be the core
was necessary fortwo reasons: (i) separation of stutter bands frﬂ!ﬁeat unit for the VWA locus. To aid comparison of the main
main bands; (ii) separation of one allele from the other allele ijele and stutter sequences, all non-core repeat units in Eigure
a het_erozygous |nd_|V|duaI. The first step of band isolation was {ge shaded. However, it should be noted that by convention the
amplify the genomic DNA samples (10-20 ng) for 29 cycles, a§st two repeat units shown in Figdrare not counted as part of
described above, using unlabeled VWA primers. The PC{Re total number of repeat units in VWA alleles (i.e. the main
products (2ul) were then heat denatured and run at a constagjieles for samples NF and RH contain 16 repeat units by
40 W for 2.5 h on a 6.5% acrylamide gel containing 7.5 M ureonvention, instead of 18).
The PCR product bands were then detected by silver staining the:or hoth samples (NF and RH), the stutter product has one less
gel directly on the glass plate. The bands of interest (stutter bangdse repeat unit (TCTA) than the corresponding 174 bp allele. The
or main bands) were then carefully scraped off the plate usinggguences of the NF and RH alleles demonstrate that there can be
small pipette tip (e. g. P20) and swirled into BDUE buffer in sequence variation between alleles that are the same length. The
a 0.5 ml microcentrifuge tube. This tube containing the sma#y 174 bp allele has a TCTG substituted for TCTA at the fourth
scrap of acrylamide gel was then heated 8C85r 10 minto  repeat unit relative to the NF main allele. The substitution of a
elute the DNA from the gel. Two microliters of this eluate werercTG fora TCTA repeat at this position is common among VWA

then added to VWA PCR Mix and amplified for 25 cycles. Theyeles (5). The TCTG substitution was also observed in the RH
PCR products from this amplification were then run again on&ytter product.

6.5% acrylamide gel containing 7.5 M urea to verify that the band
of interest had been successfully amplified and isolated. Finall%
i

Band isolation

these PCR products were subjected to two rounds of Ce ?grlllseitr;cgtﬁtrgy;;g alleles with typical and reduced
ricon”-100 microdialysis (Amicon, Beverly, MA) in TE buffer to

remove primers and other PCR Mix components. The dialyzé€dne of the advantages of using the 373 DNA Sequencer is that
PCR products were then used as DNA templates for thelative quantities of PCR products can be determined. In
sequencing reactions. particular, the amount of stutter product amplified relative to the
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Figure 1. DNA sequence analysis of VWA alleles and stutter products. DNA ™
samples from two individuals (NF and RH) containing a VWA allele of the same |
length were amplified. The 174 bp PCR product corresponding to the main _
allele and the 170 bp stutter product were isolated from each individual and::: 1
sequenced as described in Materials and Methods. Only the repeat unit regiomw
of the sequence is shown here; the flanking sequences were identical for alls; ]
samples and consistent with published VWA sequences (15). The VWA core 3 ]
repeat unit sequence is TCTA. TCTG and TCCA sequences were also present>
in the repeat unit region and have been shaded. The non-core repeat units appear
at the beginning and end of the repeat unit region allowing for a long stretch of __ |
consecutive TCTA sequences. For each individual, the stutter product _ |
contained one less core repeat unit than the actual allele (dotted line indicates

arbitrary position of the deleted repeat unit). 7 (9.8%)

200

(6.6%)
N\

—
%

RH (166, 174 bp)

(9.5%),

NF (166, 174 bp)

=

main allele can be quantitated. DNA samples from two

individuals (‘]WS and C043) were Obs_’erVEd to have _typ|cqliigure 2. Electropherograms indicating the proportion of stutter product for
amounts of stutter produdi4% of the main allele peak height) several samples. All of the electropherograms show samples containing a 166
for a 166 bp VWA allele. DNA samples from four other bp vWA allele (left peak).The electropherograms for JW5 and C043 show a
individuals (NF, RH, C028 and C044) were noted to have reduceypical stutter peak df4% of the peak height of the allele. In comparison, the
; ; . ! ; ; . 66 bp allele of samples C044, C028, RH and NF does not have a detectable
Intensity stutter peaks for ﬂ;ls Same size VWA.a”ele (166 bp), .thgutter peak. The electropherograms for RH and NF also demonstrate how the
stutter peak heights were 1% or less of the main allele peak heighoportion of stutter peak can be overestimated for alleles that are 8 bp longer
Electropherograms of these samples with typical and reducashn the other allele in the sample. The stutter peak for the longer allele rests on
stutter are shown in Figug(note the 166 bp shorter allele for the ‘shoulder’ of the smaller allele, thereby increasing its percentagé®irom
each sample). Because all of these individuals were heterozygdtfsto 10%-

at the VWA locus, the 166 bp allele band had to be isolated from

each sample prior to sequence analysis, as described abovegAjunt of stutter product. These results indicate that the
shownin Figurg, the two samples with typical stutter peaks haveyonortion of stutter product is associated with the number and

the same sequence for this allele. These two sequences are siriigfiive positions of the three repeat unit sequences.
in structure to the sequences described in Figjuteere is a

cluster of TCTG repeat units preceding the uninterrupted stret . . .

of core repeat units and the last two repeat units contain TCC%éaﬂgrnnsgelf (E)fert\e/vseear][ Lhrﬁtg roportion of stutter product

followed by TCTA. The four samples with reduced stutter peaks

all have the same sequence. However, the structure of these alldéle unusual allele structure described above is the only such
sequences is dramatically different from the sequence obtainexhmple that has yet been observed at the VWA locus. Mdbller
for the samples having typical stutter peaks. First, one of tla (15) have sequenced all of the common alleles at the VWA
repeat units in the typical TCTG cluster is TCTA. Second, thiecus from several individuals and found that, with the exception
stretch of core repeat units is interrupted in these alleles. Relatfethe described unusual allele, all of the other VWA alleles
to the other alleles with typical stutter peaks, three of the cent@ntain consecutive, uninterrupted stretches of TCTA repeat
core repeat units have been replaced by a cluster of three TCli@ts. Indeed, increasing allele length is due to the number of
repeat units and another core repeat unit has been replaced BYCA G repeat units (VWA alleles can have either three or four, as
TCCA repeat unit. The third difference is in the last two repeatescribed above for the NF and RH alleles) plus an expanding
units, where the reduced stutter allele has a TCCA instead ohamber of consecutive TCTA repeat units. Thus, increasing allele
TCTA for the last repeat unit. This unusual allele structure hasngth is primarily correlated with an increasing number of
been observed previously, but only in alleles of this particular sibensecutive TCTA repeat units. One of the early observations
(15). This unusual allele has not previously been related to tiiem this laboratory was that the longer alleles in heterozygous
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Typical Reduced  (proporion of (see the long alleles for samples RH and NF in BigThe
siutier) overestimation is due to the fact that the stutter peak resides on the
o it ‘shoulder’ of the peak for the shorter allele. It might be possible
oG [Terg | to minimize this effect by running longer gels or implementing
TCRI TCTA_ other gel condition modifications that increase peak sharpness or
TG resolution. None of the alleles described in Talave stutter
e e peaks that are near the shoulder of a shorter allele, so the percen
TETA TCIG : . .
e TCTE stutter that is noted in the table should be quite accurate.
TLTR TCTA
TETh TCTH H :
YCiR iz Effect of different enzymes on proportion of stutter
ol %—' Our laboratory has compared several thermostable DNA poly-
ey i merases with AmpliTag DNA polymerase in an attempt to
TCTR TCTH identify an enzyme that gives a lower proportion of stutter peak
E:E?'* | | 'E':HJ following amplification of tetranucleotide repeat loci. Four of the
b TCCA enzymes tested have different exonuclease activities compared
JNS NF with AmpliTag DNA polymerase, which has nd-3%'
=t RH exonuclease (proofreading) activity, but does have 35
gﬁ exonuclease activity. Experiments were performed by amplifying

several DNA samples with AmpliTag and also with one of the
alternative enzymes, in the same thermal cycling run. PCR
Figure 3. DNA sequence analysis of VWA alleles that yield typical and reduced prquCtS were then_analyzed together on a 373A gel, as descrlbed
amounts of stutter product. DNA samples from six individuals containing aearlier. The proportion of stutter product observed for at least six
VWA allele of the same length were amplified. The 166 bp PCR product fromg|leles of differing length was then compared between the two
each sample was isolated and sequenced as described in Materials and Metho‘%iﬁz mes. Tabl2 summarizes the DNA p0| merases tested. their
The non-core repeat unit sequences have been shaded. Two of the individuals y ’ o y l
have identical allele sequences as indicated; the other four individuals have @XONuclease activities and the degree of stutter product relative to
different sequence. For samples JW5 and C043, the proportion of stuttefaq polymerase. None of the enzymes resulted in an improve-
product was¥% of the main allele, which is typical for alleles that are in the ment in the proportion of stutter peak; in most cases, the
size range of 1|66 bp. Rfeiuced i”diﬁaltes( that the prOpO”ic(’j” of St““e[)pmdU'(?ropor‘tion of stutter product for a particular allele was within 1%
was significantly <4% of the main allele (i.e. no stutter product was observe .
in these four samples). Refer to Figure 2 for additional details. of the PrOPO”'O” obse-r-ved- fd"aq polymerase. However, as
shown in Figurel, amplification with Stoffel fragment resulted
in a 3-fold increase in the proportion of stutter peak compared

samples have a higher percent stutter than the shorter alleles VAth AmpliTag. Stoffel fragment is a 61 kDa modified form of
example of this is shown in the electropherograms for samplEcombinant Ampl.lTa% DNA polymerase, from which the
JW5 and C043 in Figu Subsequent experiments analyzing thé\-terminal 289 amino acids have been deleted.

proportion of stutter from over 100 population samples has

confirmed this trend that percent stutter increases with allel@ble 2.Proportion of stutter product amplified by various DNA

length. Also, the percent stutter was observed to be quif@ymerases

reproducible for a given allele length; the standard deviation irn
percent stutter was observed to be 0.6% across all alleles (exc
for the 166 bp allele, where the percent stutter is either 4% or
undetectable, depending on the repeat structure of the allele, &s? Yes No
described above). An example of the increase in percent stutter »

yme 5.3 exo 3.5 exo Proportion of stutter
compared withiraq

. . ' ! . Yes No same agaq
with allele length is summarized for alleles from six samples in
Tablel, where the range of stutter is 3.5% for the shortest alleld Yes No same agaq
and up to 8.7% for the longest allele. Pfud Yes Yes same d&q
AmpliTag, CS No No same akRq
Table 1.Proportion of stutter peak observed for seven vVWA alleles Stoffel No No 3-fold increase
VWA allele length (bp) Percent stutter AmpliTag, FS No No same aJaq
158 <3.9 aAmpliTaq DNA polymerase.
166 4.7 bThermus brokianus
170 5.6 CThermus thermophilus
174 6.3 dPyrococcus furiosus
178 75 €Stoffel fragment of AmpliTag DNA polymerase.
182 8.1
194 8.7 DISCUSSION

The results presented in this paper reveal several interesting
Note that the proportion of stutter peak can be overestimated features of the stutter product that is produced in the amplification
alleles that are 8 bp longer than the other allele in the same sangfléetranucleotide repeat sequences. Sequencing results of the
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Figure 4. Comparison of proportion of stutter product generated using Sap 3

AmpliTaq polymerase and Stoffel fragment. DNA was amplified using 1.5 U
AmpliTag DNA polymerase (top electropherogram) or 3 U Stoffel fragment
(lower electropherogram). The amplified products were analyzed on the 373A
DNA Sequencer. The stutter peaks were observed to be 6% of the main allele

peak height in amplifications containing AmpliTag polymerase and increased
to 20% in the amplifications containing Stoffel fragment.

Biap 4

VWA main allele bands and stutter bands indicate that the stutter

band simply lacks one core repeat unit (TCTA) relative to the

main band. A similar sequencing approach was also used in our

laboratory to investigate the stutter bands in another

tetranucleotide repeat locus, ACTBP2 (core repeat unit AAAG)rigure 5. Slipped strand mispairing model. Diagrammed in this figure is a
The stutter bands at the ACTBP2 locus were also found to lagitoposed mechanism to explain the formation of stutter bands one repeat unit
a single core repeat unit relative to the main band (data n@horter than the main allele band. The template strand (main allele) in this figure

e e ; ntains seven repeat units, as represented by the dark gray shaded boxes. In
shown). Note that the missing repeat unit is not necessarily fro@‘[’ep - e DN X bolymerase h‘;s ton de{j throughgfoﬁr fepeat units

a particular position in the core repeat array; the repeat unit M&@Yyresented by the light gray boxes. Ifwhen the polymerase falls off the
be deleted from all positions equally. At least two oOthefextending strand, the template and extending strand can breath apart, as shown
laboratories have reported that stutter bands at a dinucleotidteStep 2. When the two strands re-anneal in Step 3 the template strand has
repeat locus difer fiom the maln allle by & deleted CA coréepes o i 0 g =iy e sy b o oot
repeat un|.t12,13). Thus, .the stutter bands at ma_ny short tande correct thpreg repeat units. étep 4 demonstrates therl)t at the ’completion of
repeat loci simply contain one fewer repeat units than the mafynthesis the newly extended strand contains only six repeat units, while the
allele band. template strand has seven repeat units.

A mechanism known as slipped strand mispairing has been
proposed to explain the stutter bands that result from
amplification of dinucleotide repeatlotif16,17). Accordingto  although the most prevalent stutter bands are shorter than the
this proposal, the template strand and extending strand can breatkin allele (J. Ziegle, personal communication). A speculative
apart during synthesis through the repeat region, perhaps whes#planation for the relative lack of longer stutter bands is that the
the DNA polymerase has fallen off during the PCR.(A single  DNA polymerase may associate with the stretch of DNA at the
repeat unit can then loop out in the template strand before the t@eend of the extending strand when the strands are unpaired (after
strands re-anneal, as shown in Figbirdhe result is that the breathing); this association may then somehow inhibit loop out
newly extended strand will have one fewer repeat unit than tfiermation in the extending strand. In the case of VWA and several
template strand when synthesis is complete. Interestinglgther tetranucleotide repeat loci, stutter bands longer than the
amplification using the Stoffel fragmentlafgactually increased main allele have not been observéd)
the proportion of stutter over that seen with AmpliTag DNA Results also indicate that stutter band formation is elevated in
polymerase. Stoffel fragment has a processivifypeflO bases, samples that have long stretches of core repeat sequences. The
whereas the processivity daq is 50-60 basesl®). This VWA sequencing results presented in this paper indicate that
observation is consistent with the slipped strand mispairinglleles in which the core repeat sequence (TCTA) is interrupted
model, since the lower processivity would allow more opporturby a related 4 bp sequence have much lower stutter bands
ity for breathing of the DNA strands during PCR. Othercompared with alleles with 10 core repeat units in a row.
researchers have predicted that a thermostable DNA polymer&sensidering the slipped strand mispairing model, it is possible
with high processivity would greatly reduce stutter bands in ththat the template strand has more of an opportunity and/or
amplification of dinucleotide repeat sequendss. ( tendency to loop out when long stretches of core repeats are

It is also conceivable in slipped strand mispairing that thpresent. Also, the strand alignment that exists when loop out does
extending strand could loop out, thus resulting in a newlgccur in annterruptedcore repeat stretch is less likely to position
extended strand having an additional repeat unit relative to thiee 3-end of the extending strand across from a complementary
template strand. Stutter bands longer than the main allele hahase; the polymerase then would not complete synthesis of what
been observed at low levels with some dinucleotide repeat loaipuld otherwise become the shortened, stutter strand. Results
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also show that the longer VWA alleles, which likely contain thelipped strand mispairing. Perhaps the most interesting finding
longest stretches of the TCTA core repeat, have a higheas the sequencing result from a particular vWA allele with low
proportion of stutter peaks compared with shorter allélgs ( stutter, showing that the TCTA core repeat unit in this allele
Interestingly, these results may relate to observations from ottsgquence is interrupted, unlike the other vWA alleles, which have
laboratories that normal alleles at the fragile X locus have singieany more consecutive TCTA repeat units. Indeed, the results
base interruptions in the core triplet repeat sequence, wherédzdicate that the proportion of stutter generally increases with
alleles with long stretches of perfect repeat are less stati@  alleles having longer core repeat unit regions. Until a method is
and more likely to change in size9). Also, other laboratories available to eliminate stutter band formation during PCR,
have indicated that alleles with greater numbers of repeats &nterpretation of results (particularly from mixed DNA samples)
more likely to exhibit instability in certain types of tumatg)(  can likely be improved by careful characterization and quantita-
Indeed, repeated sequences in general have been described ifi@Reof stutter bands for all alleles at the STR loci of interest.
literature as ‘Slippery DNAZ1). These results suggest that one

might be wise to choose loci whose alleles contain overall few&CKNOWLEDGEMENTS
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