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Abstract Alleles at 12 Short Tandem Repeat loci have 
been sequenced to investigate candidate loci for a multi- 
plex Short Tandem Repeat system for forensic identifica- 
tion, and for single-locus amplification of Short Tandem 
Repeat loci. Variation from the consensus sequence was 
found at 6 loci, while one locus, D21S l l ,  was found to be 
complex in sequence. The presence of non-consensus al- 
leles does not rule out loci for inclusion as forensic iden- 
tification markers, but size differences between alleles of  
1 base pair require very precise sizing. We suggest criteria 
for the suitability of  Short Tandem Repeat loci as forensic 
identification markers, and propose a universal allele 
nomenclature for simple and compound Short Tandem 
Repeats. The effect of  the repeat unit sequence of the evo- 
lution of Short Tandem Repeats is discussed. 
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Zusammenfassung Allele an 12 Short-Tandem-Repeat 
Loci wurden sequenziert, um Kandidaten fiir ein Multiplex 
Short Tandem Repeat System ftir forensische Identifika- 
tionen und far Single-Locus Amplifikationen von Short- 
Tandem-Repeat Loci zu untersuchen. Abweichungen von 
der Konsensus-Sequenz wurden an 6 Loci gefunden, 
wfihrend ein Locus, D21S 11, als Komplex in der Sequenz 
gefunden wurde. Die Anwesenheit von Non-Konsensus- 
Allelen schlief3t solche Loci nicht aus ftir die Einbezie- 
hung als forensische Identifikationsmarker. Aber Gr6gen- 
differenzen yon einem Basenpaar zwischen Allelen erfor- 
dern eine sehr genaue Gr6genbestimmung. Wir empfeh- 
len Kriterien ftir die Eignung von Short-Tandem-Repeat 
Loci als forensische Identifikationsmarker und schlagen 
eine universale Allelnomenklamr f/Jr einfache und kom- 
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plexe Short-Tandem-Repeats vor. Die Auswirkung der 
Sequenz der Repeateinheit auf die Entwicklung von 
Short-Tandem-Repeats wird diskutiert. 

Schlfisselw6rter Short-Tandem-Repeats 
Mikrosatelliten - DNA-Sequenzierung • Polymerase 
Kettenreaktion - Forensisehe DNA-Typisierung 

Introduction 

Analysis of  Short Tandem Repeat (STR) sequences by the 
polymerase chain reaction (PCR) is becoming the method 
of choice for the forensic identification of body fluids 
(Kimpton et al. 1993, 1994; Fregeau and Fourney 1993; 
Wiegand et al. 1993). Because of problems caused by 'shad- 
ow bands'  when analysing dinucleotide repeats (Hauge 
and Litt 1993), the less common tri-, tetra- and pentanu- 
cleotide repeats are preferred. 

STR sequences vary in the length of repeat unit, the 
number of repeats and the rigour with which they conform 
to an incremental repeat pattern. 'Simple '  repeats contain 
units of identical length and sequence, 'compound '  re- 
peats comprise 2 or more adjacent simple repeats, 'com- 
plex'  repeats may contain several repeat blocks of vari- 
able unit length, along with more or less variable inter- 
vening sequences. 

We have recently studied sequence variation at 2 com- 
plex STR loci, HUMACTBP2 (SE33) and D l l S 5 5 4  
(Urquhart et al. 1993; Adams et at. 1993). Both these loci 
were originally reported to have allele sizes which dif- 
fered by 4 base pair increments (Warne et al. 1991; Phrom- 
chotikul et al. 1992). However, our sequence data showed 
that at both loci allele size differences of 1, 2 or 3 base 
pairs also exist. 

Since allele designation of STR PCR products depends 
on accurate sizing, we investigated a range of simple, com- 
pound and complex STR loci which were being screened 
in this laboratory for use as forensic identification markers. 
The markers used in our quadruplex STR system (Kimpton 
et al. 1993, 1994), a PstI digest of  bacteriophage lambda 
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Table 1 PCR primers used 
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Locus Primers Reference 

HUMVWFA31 

HUMTH01 

HUMF 13 A01 

HUMFES/FPS 

HUMCD4 

HUMPLA2A1 

HUMFOLP23 

HUMCYAR04 

HUMTFIIDA 

HUMFABP 

HUMGAB RB 15 

HUMD21S11 

5'CCCTAGTGGATGATAAGAATAATCAGTATG 
3' GGACAGATGATAAATACATAGGATGGATGG 

5' GTGATTCCCATTGGCCTGTTCCTC 
3' GTGGGCTGAAAAGCTCCCGATTAT 

5' GAGGTTGCACTCCAGCCTTT 
3' ATGCCATGCAGATTAGAAA 

5' GGGATTTCCCTATGGATTGG 
3' GCGAAAGAATGAGACTACAT 

5'TTGGAGTCGCAAGCTGAACTAGC 
3'TCATGCGTCCATGGTCCGGAGCCTGAGTGACAGAGTGAGAACC 

5'CCCACTAGGTTGTAAGCTCCATGA 
3'TACTATGTGCCAGGCTCTGTCCTA 

5' ATTGTAAGACTTTTGGAGCCATTT 
3'TTCAGGGAGAATGAGATGGGC 

5' CTCTGGAAAACAACTCGACCCTTC 
3'TGGGTGATAGAGTCAGAGCCTGTC 

5' GCCTATTCAGAACACCAATA 
3'TGGGACGTTGACTGCTGAAC 

5' GTAGTATCAGTTTCATAGGGTCACC 
3' TTACGCGTCTCGGACAGTATTCAGTTCGTTTC 

5'CTAGAAAGCTAGCAAGGTGGAT 
3' GCTCATTAAACACTGTGTTCCT 

5' ATATGTGAGTCAATTCCCCAAG 
3' TGTATTAGTCAATGTTCTCCAG 

Kimpton et al. 1992, 
GenBank M25858 

Polymeropoulos et al. 
1991f, GenBank D00269 

Polymeropoulos et al. 
1991cm, GenBank M21986 

Polymeropoulos et al. 
1991b, GenBank X06292 

Edwards et al. 1991, 
GenBank M86525 

Polymeropoulos et al. 
1990b, GenBank M22970 

Polymeropoulos et al. 
1991 d, GenBank J00145 

Polymeropoulos et al. 
1991a, GenBank M30798 

Polymeropoulos et al. 
1991e, GenBank M34960 

Polymeropoulos et al. 
1990a, GenBank M18079 

Dean et al. 1991, GenBank 
M59216 

Sharma and Litt 1992, 
GenBank M84567 

DNA labelled with the fluorescent dye ROX, sized alleles 
precisely but  not accurately, and in our hands sizing alle- 
les differing by only 1 bp could not  be performed without 
the use of an allelic ladder. Since many  laboratories are 
now involved in STR analysis, and before STR data be- 
comes widespread as courtroom evidence,  it would be 
convenient  if a universal  system of allele designation and 
nomencla ture  were adopted. To this end, we have investi-  
gated 12 prospective human  STR identification markers 
to ascertain convenient ,  easily understood and scientifi- 
cally accurate methods of allele nomenclature.  

Materials and methods 

The 12 loci studied and their respective PCR primer sequences are 
shown in Table 1. All primers were derived from the published or 
GenBank sequences, but the HUMFABP 3" primer was lengthened 
to incorporate and MluI restriction site, and the HUMCD4 5" 
primer had a 20 bp extension, designed by Jeffreys and co-workers 
(Jeffreys et al. 1991), to produce allele sizes compatible with one 
of our multiplex STR systems (Kimpton et al. 1993). DNA was 
prepared from whole blood as described previously (Gill et al. 
1990). Allele designations at each locus had been made previously 
(Kimpton et al. 1993). For sequencing, heterozygotes with allele 
sizes differing by at least 12, and ideally 20, base pairs, were se- 
lected, and between 8 and 22 alleles were sequenced at each locus. 
This was intended to be a representative sample, rather than an ex- 
haustive survey, of alleles at each locus. 

PCR amplification was performed using 10 ng of genomic 
DNA in a 50 gl reaction volume. Reactions included 1 × Parr-Ex- 
cellence buffer (10 mM Tris-HC1 pH 8.3, 50 mM KC1, 1.5 mM 
MgC12, 1% Triton X-100; Cambio Labs, Cambridge, UK), 1.25 U 
Taq polymerase (Perkin Elmer Cetus, Norwalk, CT, USA), 200 
gM each deoxyribonucleotide triphosphate and 0.5 gM each of 
2 primers for each locus: 35 cycles of PCR (1 min 95°C, 1 rain 
54 ° C, 1 min 72 ° C) were performed for the loci HUMVWFA31, 
HUMF13A01 and HUMFES/FPS. For the other 9 loci the anneal- 
ing temperature was 60 ° C; other conditions were identical and 35 
cycles were again performed. 

PCR products were electrophoresed in agarose gels, excised 
and purified as described previously (Urquhart 1991). Purified 
PCR products were sequenced from both ends with a Taq Dye-De- 
oxy Terminator Cycle Sequencing kit (Applied Biosystems, Foster 
City, Calif., USA) using the PCR primers as sequencing primers. 
Sequence analysis was performed on a 373A Sequencer (Applied 
Biosystems, Foster City, Calif., USA) using 373 Data Collection, 
373 Analysis and SeqEd software (Applied Biosystems, Foster 
City, Calif., USA). 

Results and discussion 

The consensus sequences of repeat regions at the 12 loci 
are shown in Figs. 1-3. The repeat uni t  at each locus was 
defined as the first in-frame repeat unit  on the strand listed 
in the GenBank database. Where necessary, ambiguity codes 
were used, in accordance with the recommendat ions  of 
the Nomencla ture  Commit tee  of the Internat ional  Un ion  
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LOCUS 
Simple 

HUMFES/FPS 

HUMPLA2A1 

HUMFABP 

(ATTT)8-14 

(ATT)8_I7 

(ATT)8_I5 

15 

Simple with non-consensus alleles 

HUMTH01 

173bp allele 

HUMFOLP23 

174bp allele 

HUMCD4 

141bp allele 

HUMF13A01 

181bp allele 

HUMCYAR04 

166bp allele 

(TCAT)5-11 

(TCAT)4CAT(TCAT) 5 

(AAAC)4_8AAAA-AAAC 

(AAAC)I0 ......... 

(TTT~C)3_I3 

(TTTTC)3CTTTC(TTTTC) 8 

(GAAA)4_I7GAGTAAAA 

(GAAA) 5 ...... AA 

AT(CTT)2TTTTGTCTATGAATGTGCCTTTTTTGAAATCATATTTTTAAAATAT(TTTA)7_I3 

AT(CTT)ITTTTGTCTATGAATGTGCCTTTTTTGAAATCATATTTTTAAAATAT(TTTA) 7 

Fig. 1 Simple repeat sequences. The variable repeat regions are 
shown along with their flanking sequence where relevant. Differ- 
ences from the consensus sequence for each locus are underlined 

of Biochemistry (1985). Hence, M signifies A or C, Y sig- 
nifies C or T, K signifies G or T, R signifies A or G and V 
signifies A, C or G. 

Of  the 12, 8 loci (HUMFES/FPS,  H U M P L A 2 A 1 ,  
HUMFABR HUMTH01,  HUMF13A01, HUMCYAR04, 
HUMFOLP23 [formerly HUMDHFRP2] and HUMCD4) 
were classified as s imple repeats (Fig. 1), al though 
HUMTH01,  HUMF13A01 and HUMCYAR04 each had 
one common allele which differed from the consensus, 
while in HUMFOLP23 and HUMCD4 there was variation 
in individual repeats units. For HUMF13A01 and HUM- 
CYAR04 the non-consensus allele was the smallest allele 
found, and each involved a deletion outside the repeat re- 
gion (Fig. 1). The deletion in HUMCYAR04 is 1 of  2 CTT 
trinucleotides 51 bp 5" to the repeat region, while that in 
HUMF13A01 was a GAGTAA hexanucleotide immedi- 
ately 3" to the repeat. This deletion occurred in all 6 of the 
181 bp alleles sequenced. At the HUMTH01 locus, the 
largest common alleles, although a 178 bp allele is found 
very occasionally (Edwards et al. 1992; our unpublished 

data), are sized at 173-174 bp. We have sequenced 11 al- 
leles sized at 173/174 bp, of which 8 were 173 bp and 3 
were 174 bp. All the 173 bp alleles had the same single- 
base deletion of a thymidine residue in the fifth of 10 
TCAT repeats. These observations have recently been re- 
ported elsewhere (Puers et al. 1993). 

The HUMFOLP23 locus has been called a simple re- 
peat in this study, although most alleles contain the oc- 
tamer AAAA.AAAC following the run of AAAC repeats. 
Nine alleles (including one 174 bp allele, the largest allele 
size found at this locus) had 4-8  AAAC repeats followed 
by AAAA.AAAC. One 174 bp allele had 10 AAAC re- 
peats without the following 8 bp. Since the two 174 bp al- 
leles are indistinguishable by band-sizing methods, we 
decided to designate both as alleles with 10 AAAM re- 
peats. It is not known whether smaller alleles consisting 
solely of AAAC repeats exist. Similarly, the HUMCD4 
locus has been called a simple repeat although both the 
GenBank sequence (Edwards et al. GenBank M86525) 
and one allele (out of  11) that we sequenced had CTTTC 
as the fourth repeat instead of the consensus TTTTC. Al- 
leles were designated as YTTTC repeats. 

Three loci (HUMGABRB 15, HUMTFIIDA and HUM- 
VWFA31) were classified as compound repeats (Fig. 2). 

Fig.2 Compound repeat 
sequences. The variable repeat 
regions are shown. Differences 
from the consensus sequence 
for the HUMVWFA31 locus 
are underlined 

LOCUS 
Compound 

H UMGABR815 ( GATA ) 5 - 12 ( GATC ) 2 - 4 ( TATC ) i - 2 

HUMTFIIDA (CAG) 3 (CAA) 3 (CAG)9_IICAA(CAG. CAA)0_ 1 (CAG)g_24CAA. CAG 

Compound with non-consensus alleles 

HUNIVWFA31 (ATCT)2 (GTCT) 3 - 4 (ATCT) 9 -13 

144bp allele (ATCT)2 (GTCT)4 (ATCT) 5AT(ATCT)4 
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x y 

GenBank  

Odd 

Even  

(TCTA)4 (TCTG)6 (TCTA)3TA(TCTA)3TCA(TCTA)2 ...... (TCTA)8 ........... TC 

(TCTA)4_6(TCTG)5_6(TCTA)3TA(TCTA)3TCA(TCTA)2TCCATA(TCTA)8_I6 ........ TC 

(TCTA)4_6(TCTG)5_6(TCTA)3TA(TCTA)3TCA(TCTA)2TCCATA(TCTA)B_I6TA.TCTA.TC 

GenBank  
Odd 
Even  

GTCTATCTATCCAGTCTATCTACNTCCTATNNAG 
GTCTATCTATCCAGTCTATCTACCTCCTATT-AG 
GTCTATCTATCCAGTCTATCTACCTCCTATT-AG 

Fig.3 Complex repeat sequence at the D21Sll locus. The vari- 
able repeat region is shown along with 33 bp of 3" sequence for the 
GenBank sequence (Sharma and Litt 1992) and our consensus se- 
quences for the odd-numbered and even-numbered alleles. The in- 
variant hexanucleotide which we found in all alleles and the 2 
amendments we made to the GenBank sequence are singly under- 
lined. The hexanucleotide found in all even-numbered alleles is 
doubly underlined. The segments marded x and y are those used 
for allele designation (see text) 

The HUMGABRB15 locus consists of blocks of GATA, 
GATC and TATC repeats, all of  which vary in number be- 
tween alleles. The aggregate number of the 3 repeat types 
(i.e. the number of KATM repeats) was used for allele des- 
ignation. Similarly, the HUMTFIIDA locus contains 7 or 
9 blocks of CAG or CAA repeats, and allele designation 
was for CAR. 

Apart from one allele in one individual, HUMVWFA31 
was a straightforward compound repeat with the sequence 
(ATCTh(GTCT)m(ATCT) n, and allele designation is for 
RTCT. However, one non-consensus allele of 144 bp was 
observed in which the 3"ATCT tract contained an AT di- 
nucleotide (Fig. 2). This could have arisen either by dele- 
tion of TC from a 146 bp 16 allele or by duplication of TA 
in a 142 bp 15 allele. This allele was the only HUMVWFA31 
allele seen which differed from the 4 bp repeat pattern in 
over 1500 alleles sized at the locus (unpublished data). 

The repeat at the D21Sl l  locus was classified as a com- 
plex repeat. Although originally reported to have 4 bp in- 
crements between alleles (Sharma and Litt 1992), later 
work (Kimpton et al. 1993) revealed that alleles differing 
by 2 bp were common. The consensus sequences of the 
repeat at the D21Sl l  locus are shown in Fig.3, aligned 
with the sequence from GenBank (Accession number 
M84567; Sharma and Litt 1992). A total of 16 alleles was 
sequenced, including the largest and smallest, and 2 pairs 
of identically sized alleles, one pair or which had identi- 
cal sequence. The variable sequence consisted largely of 
TCTA and TCTG repeat blocks, although an invariant TA 
dinucleotide and an invariant TCA trinucleotide were also 
present. Alleles which were given even-numbered allele 
designations (see 'Allele designation and nomenclature'  
below) had a TATCTA hexanucleotide after the final block 
of TCTA repeats. Alternatively, this can be viewed as a 
TA insertion before the last TCTA repeat. In all 16 alleles 
sequenced, a TCCATA hexanucleotide was found which 
does not appear in the GenBank sequence (Sharma and 
Litt 1992). If  the absence of this hexanucleotide genuinely 
occurs, this is a further mechanism for 2 bp allele differ- 
ences. Sequencing the D21S l l  locus also allowed us to 
make 2 amendments to the GenBank sequence. In all 16 

alleles sequenced, the N at position 288 in the GenBank 
sequence was a C, and the NN at positions 295-6 was a 
single T residue (Fig. 3). 

Allele designation and nomenclature 

Designation and nomenclature of alleles at STR and 
VNTR loci has been fairly haphazard in the past. For pre- 
sentation of forensic evidence in the courts, and for trans- 
fer of  data between different laboratories, some standard- 
isation of allele designation is necessary. The most widely 
applicable method would be to call each allele by its 
length in basepairs. This method would be suitable for 
VNTRs, normal STRs and hypervariable STRs such as 
HUMACTBP2 (Urquhart et al. 1993) and D l l S 5 5 4  
(Adams et al. 1993). However, the allele size is dependent 
on the primers used, and requires a precise and accurate 
sizing method. An alternative is to call alleles by the num- 
ber of repeat units they contain. This is easy for simple re- 
peats and some VNTRs, and can be applied to compound 
repeats with the use of ambiguity codes, but is too cum- 
bersome for complex repeats. Problems also arise when 
intermediate alleles occur, as with the HUMVWFA31 144 
bp allele in this study and the various anodic and cathodic 
allele variants in some VNTR systems. Both allele desig- 
nation methods discussed above may involve loss of in- 
formativeness, since the repeat pattern at any individual 
allele is not specified. However, this is inevitable with all 
methods which distinguish alleles solely by size, and the 
increase in informativeness gained by sequencing every 
allele is more than offset by the increased cost. In line 
with the recommendations of the DNA Commission of 
the International Society for Forensic Haemogenetics 
(1992), we have called alleles at all simple and compound 
repeat loci by their repeat number, using redundancy 
codes for compound repeats. For intermediate alleles and 
other alleles that fail to align with the incremental ' ladder '  
at each locus, digits after a decimal point were used to in- 
dicate the number of  basepairs by which the allele ex- 
ceeded the previous 'rung'  of the ladder. Thus, the 144 bp 
allele at the HUMVWFA31 locus was designated 15.2, 
the 166 bp allele at the HUMCYAR04 locus was desig- 
nated 6.1, the 173 bp allele at the HUMTH01 locus was 
designated 9.3, and the 181 bp allele at the HUMF13A01 
locus was designated 3.2. It should be noted that the use 
of the number after the decimal point does not necessarily 
imply the presence of a partial repeat (cf. HUMF13A01, 
HUMCYAR04),  but many indicate variation outside the 
repeat region. 
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Locus Accession Reference 
number 

Sequence motif 

Alternative repeat 
(longest block) 

Shortened repeat a 
(number present) 

TCTG TCCA TCA TA 

D21S1 ~ M84567 
HUMVWFA31 (A) b M25858 
HUMVWFA31 (B) b " 
HUMVWFA31 (C) b " 

HUMGABRB 15 M59216 
T03428 T03428 
Dl8S53  Z16461 
D2S 121 Z16545 
D7S513 Z16989 
D10S225 Z17156 
HS7SKP41 X04237 
HSCSF1PO X14720 
HSIGK6 Z00004 
H U M B K M  M35828 
HUMCD4(A)  b M86525 
HUMCD4(B)b ,, 
HUMCD4(D)b ,, 

HUMHPRTB M26434 
HUMRPTPOLF L02066 
HUMSIRPOBD M87698 
HUMSIRPOCP M87736 
HUMPGK1 $75476 
HUMPAH L 10305 
DXS981 M38419 
D12S66 
D12S67 
DYS19 

This study 5-6  1 1 2/3 
This study 3 -4  2 - 0/1 
Mancuso et al. 1989 2 - 1 - 
Mancuso et al. 1989 1 - 2 - 
This study . . . .  
Khan et a1.1992 . . . .  
Weissenbach et al. 1992 - 1 - - 
Weissenbach et al. 1992 . . . . .  
Weissenbach et al. 1992 1 - - - 
Weissenbach et al. 1992 1 2 1 l 
Murphy et al. 1984 1 - - - 
Hampe et al. 1989 - - - _ 
Jaenichen et al. 1984 . . . .  
Erickson et al. 1988 1 - - 2 
Edwards et al. GenBank - - 1 - 

E d w a r d s  et al. GenBank 1 - - 1 

Edwards et al. GenBank 2 2 1 - 
Ansorge et al. 1990 1 - - - 
Weber  and May 1989 - - 1 - 

H u d s o n  et al. 1992 . . . .  
Hudson et al. 1992 1 - 1 - 
Riley et al. 1991 1 - - -. 
Goltsov et al. 1993 1 - 3 - 
Mahtani and Willard 1993 1 - 0/1 - 
Roewer et al. 1992 1 ?c _ _ 
Roewer et al. 1992 6 ?c _ _ 
Roewer et al. 1992 1 ?c - 1 

a TCA trinucleotides and TA dinucleotides were only included if  
they had at least one TCTA, TCTG or TCCA tetranucleotide re- 
peat immediately adjacent on each side 

b HUMVWFA31 A region: bases 1683-1770; B region: bases 
1889-2063; C region: bases 2084-2343. HUMCD4 A region: 
bases 5624-5686; B region: bases 5944-6043;  D region: bases 
7101-7340 
c Full sequence not given in reference 

A l l e l e  d e s i g n a t i o n  fo r  t he  c o m p l e x  r e p e a t  a t  D 2 1 S  11 is 

m o r e  p r o b l e m a t i c a l .  E a c h  a l l e l e  c o n t a i n s  a m i x t u r e  o f  di- ,  
tr i- ,  t e t ra -  a n d  h e x a n u c l e o t i d e s  (Fig.  3). T h r e e  o p t i o n s  

w e r e  c o n s i d e r e d :  n a m i n g  a l l e les  b y  l e n g t h  in  b a s e  pa i r s ,  
u s i n g  an  a r b i t r a r y  s y s t e m  o f  a l l e l e  d e s i g n a t i o n ,  a n d  n a m -  
ing  a l l e les  b y  t he  n u m b e r  o f  T V  d i n u c l e o t i d e  r epea t s .  W e  

d e c i d e d  o n  t he  t h i r d  o p t i o n  l a r g e l y  b e c a u s e  it  w as  c o n s i s -  
t en t  w i t h  n o m e n c l a t u r e  at  the  o t h e r  loc i  in  th i s  s y s t e m .  

H o w e v e r ,  t h e r e  w e r e  2 m i n o r  i n c o n s i s t e n c i e s .  T h e  s y s t e m  

o f  n o m e n c l a t u r e  e x c l u d e s  the  i n v a r i a n t  T C A  t r i n u c l e o t i d e ,  

a n d  t r ea t s  the  C A  in  t he  c e n t r e  o f  the  T C C A T A  h e x a n u -  

c l e o t i d e  as a T V  d i n u c l e o t i d e .  T h e  a l l e l e  d e s i g n a t i o n  at  
t he  D21 S 11 locus  t hus  i n d i c a t e s  t he  a g g r e g a t e  n u m b e r  o f  
T V  d i n u c l e o t i d e s  (p lus  o n e  C A  d i n u c l e o t i d e )  in  the  t w o  
r e g i o n s  l a b e l l e d  x a n d  y in  Fig.  3. 

T C T A  a n d  r e l a t e d  r e p e a t s  

W e  n o t e d  s e v e r a l  s i m i l a r i t i e s  b e t w e e n  the  s e q u e n c e s  o f  
D21  S 11 a n d  H U M V W F A 3 1 .  W h e n  w r i t t e n  as T C T A  re-  

pea t s ,  b o t h  c o n t a i n  c o m p o u n d  ( T C T G ) p ( T C T A ) q  r e g i o n s  

a n d  the  s e q u e n c e  m o t i f  ( T C T A ) r T A ( T C T A ) s  a p p e a r s  (e i -  
t h e r  o n c e  or  t w i c e )  in  D 2 1 S l l  a l l e les  a n d  in  t he  144 b p  

n o n - c o n s e n s u s  H U M V W F A 3 1  al le le .  A s e a r c h  o f  G e n -  

B a n k  h u m a n  s e q u e n c e s  fo r  ( T C T A )  5 a n d  i ts  c o m p l e m e n t  

( T A G A ) 5  p r o d u c e d  22  m a t c h e s ,  i n c l u d i n g  D 2 1 S l l ,  

H U M G A B R B 1 5  a n d  3 r e g i o n s  o f  H U M V W F A 3 1  ( T a b l e  

2). T h e s e  s e q u e n c e s ,  p lu s  5 o t h e r s  r e c e n t l y  p u b l i s h e d ,  
D X S 9 8 1  ( M a h t a n i  a n d  W i l l a r d  1993) ,  p h e n y l a l a n i n e  h y -  
d r o x y l a s e  ( G o l t s o v  et  al. 1993) ,  D 1 2 S 6 6 ,  D l 2 S 6 7  a n d  
D Y S  19 ( R o e w e r  et  al. 1992) ,  w e r e  e x a m i n e d  for  s e q u e n c e  
m o t i f s  c o m m o n  to s e v e r a l  s e q u e n c e s .  T h e s e  a re  s u m -  
m a r i s e d  in  T a b l e  2. M a n y  o f  t he  T C T A  r e p e a t  b l o c k s  h a d  
s i n g l e  r e p e a t  u n i t s  t ha t  d i f f e r e d  b y  o n e  b a s e  f r o m  the  c o n -  
s e n s u s  r epea t ,  t he  c o m m o n e s t  b e i n g  T C T G  a n d  T C C A  
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(occurring in 67% and 21% of sequences respectively). At 
some loci, notably D21Sl l ,  HUMVWFA31 and D12S67, 
longer blocks of TCTG were present. Truncated repeats 
were also present at some loci. The commonest trinu- 
cleotide, TCA, occurred at 37% of the loci, while the di- 
nucleotide TA was present in 22% of loci. The frequency 
of these truncated repeats may well be an underestimate, 
since many of the reported TCTA repeats were discovered 
by hybridisation to (TAGA) n or similar oligonucleotides, 
the binding of which would be decreased by imperfect re- 
peats. 

Searches were also performed for (TCTG) 5 and 
(TCCA)5, but both failed to find sequences associated 
with extensive TCTA repeats. However, the TCCA repeat 
in the HUMIGCAAA locus (Yu et al. 1990) included 2 
separate TCA trinucleotides. Interestingly, the non-con- 
sensus 9.3 allele at the HUMTH01 locus (see above) can 
be regarded as a TCA trinucleotide in the middle of a 
(TTCA)n tract. 

The sequence at the HUMGABRB 15 locus (Fig. 2) can 
be written as (TAGA)5_12(TCGA)I_3(TCTA)I_2, i.e. 2 mu- 
tually palindromic TCTA tracts surrounding a TCGA 
tract. It is possible that the central tract is formed by lim- 
ited gene conversion, the 2 TCTA tracts in opposite orien- 
tation acting on each other. 

These observations suggest a scenario for evolution of 
TCTA repeats. Since the TCA trinucleotide could not be 
generated by duplication from (TCTA) n, we would sug- 
gest that this unit originates by deletion of a thymidine 
residue from TCTA. By analogy, TA dinucleotides may 
arise by deletion of C from TCA or, alternatively, by dele- 
tion of TC or CT from TCTA. Of course, they could also 
arise by TA duplication. In a simple TCTA repeat (e.g. 
D2S 121) individual TCTA units may mutate to TCTG (or 
TCCA), giving imperfect but essentially simple repeats 
(e.g. D7S513). These imperfections may then expand, ei- 
ther by genuine size expansion or by gene conversion 
(Jackson and Fink 1981; Slightom et al. 1988), producing 
a compound repeat such as HUMVWFA31. TCTA (and 
TCCA) units may also undergo deletion to TCA or TA, 
producing complex repeats such as D21Sl l .  Variation at 
the D21Sl l  locus suggests that repeat expansion can con- 
tinue after event such as TCA generation. These events 
would lead to degeneration of simple TCTA repeats with 
time into complex repeats, containing TCTA, TCTG and 
TCCA blocks interspersed with dinucleotide and trinu- 
cleotide truncated repeats. Indeed, some degnerate TCTA 
repeats such as those at the HUMVWFA31 and HUM- 
CD4 loci (Mancuso et al. 1989; Edwards et al. Gen Bank 
M86525) can reach thousands of bp in length. 

Other repeats 

As discussed above, the most common mutation in TCTA 
repeats is to TCTG, i.e. and A > G transition. The HUMT- 
FIIDA and HUMCD4 loci appear to have developed by 
similar events, respectively by CAG > CAA and AAAAG 
> GAAAG. Only at the HUMFOLP23 locus is there an 
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apparent transversion (A > C); in this case, the mutational 
event could also be a deletion. The predominance of tran- 
sitions is also seen at AAAG repeats (Urquhart et al. 
1993; Adams et al. 1993) where the usual nonconsensus 
repeat is AAGG. 

Non-consensus alleles 

Of the 12 loci studied, 6 showed non-consensus alleles, 
and 2 of these, HUMFOLP23 and HUMCD4, only dif- 
fered from other alleles in sequence and could not there- 
fore be distinguished by sizing. Nonconsensus alleles 
showed a distinct tendency towards the ends of allele size 
ranges. That at HUMCD4 was the second largest allele, 
while at HUMTH01 the 9.3 allele was 1 bp smaller than 
the largest common allele. The HUMFOLP23 non-con- 
sensus allele was the same size as the largest alleles found, 
and those at HUMF13A01 and HUMCYAR04 are the 
smallest alleles found at the loci. Only the extremely rare 
HUMVWFA31 15.2 allele falls towards the middle of the 
allele size range. 
It is possible that mutation to non-consensus allele is a 
mechanism which prevents both extreme expansion to 
high repeat numbers and extreme contraction to low-num- 
ber, non-polymorphic, repeats. For the 2 loci where the 
non-consensus allele is at the low end of the size range, 
HUMF13A01 and HUMCYAR04, deletions outside the 
repeat sequence cause the non-consensus allele, while 
those at the top end of their range are caused by either 
deletion within a repeat (HUMTH01) or substitution 
within a repeat (HUMFOLP23 and HUMCD4). 

Alleles at the D21Sl l  locus show a bimodal distribu- 
tion, with odd-numbered and even-numbered alleles 
showing distributions over different size ranges (Fig. 4). 
Presumably this is due to the effect of the TA dinucleotide 
on increase or decrease of repeat number over time. 

Alleles at other polymorphic STR loci require investi- 
gation to determine the extent to which sequence effect 
evolution at these loci. 

Implications for forensic use 

We have surveyed 12 STR loci to investigate candidate 
loci for an STR system for forensic identification. The 
major considerations for selection of loci were discrimi- 
nating power, absence of linkage, agreement with Hardy- 
Weinberg equilibrium, low levels of 'shadow bands' 
(Hauge and Litt 1993), compatibility with other loci (for a 
multiplex STR system) and accurate sizing of alleles. 
Where alleles differ by 2 bp or more, sizing using the Pst 
I digest of bacteriophage lambda as a marker consistently 
distinguished alleles, but alleles differing by 1 bp required 
sizing by an allelic ladder. Hence, the non-consensus alle- 
les at HUMF13A01 and HUMVWFA31 were sized and 
designated accurately. However, at the HUMTHO1 locus, 
the 9.3 and 10 alleles were treated as a single pooled allele 
group, since it was not possible to consistently distinguish 
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Fig. 4 Allele distribution at the 
D21S 11 locus. Odd-numbered 
alleles are solid, even-num- 
bered are hatched, showing 
two overlapping normal distri- 
butions. Data are pooled from 
157 British individuals (i.e. 
314 chromosomes' or various 
racial origin 
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Table 3 Allele size ranges and 
non-consensus alleles at the 12 
STR loci. Sizes are as deter- 
mined by sequencing the alle- 
les 

a Excluding TCA trinucleotide 
(see text) 

56  57  5 8  5 9  60  61 62  63  64  65  66  67 68  69  70  71 72  73 74 75  76 

ALLELE DESIGNATION 

Locus Repeat Consensus alleles Non-consensus 
allele 

Smallest Largest 
allele allele 

HUMFES/fPS ATTT 8 (211 bp) 14 (235 bp) - 
HUMPLA2A1 ATT 8 (110 bp) 17 (137 bp) - 
HUMFABP ATT 8 (213 bp) 15 (234bp) - 
HUMTH01 TCAT 5 (154 bp) 11 (178 bp) 9.3 (173 bp) 
HUMF13A01 GAAA 4 (183 bp) 17 (235 bp) 3.2 (181 bp) 
HUMCYAR04 TTTA 7 (169 bp) 13 (193 bp) 6.1 (166 bp) 
HUMFOLP23 AAAM 6 (158 bp) 10 (174 bp) 10 (174 bp) 
HUMCD4 YTTTC 3 (96 bp) 13 (146 bp) 12 (141 bp) 
HUMGABRB15 KATM 9 (124bp) 15 (148 bp) - 
HUMTFIIDA CAR 27 (168 bp) 40 (207 bp) - 
HUMVWFA31 RTCT 12 (130 bp) 21 (166 bp) 15.2 (144 bp) 

D21Sll  TV" 56 (209 bp) 76 (249 bp) - 

be tween  them. This led to a sl ight  loss o f  in format iv i ty  at 
this locus. 

The sequence data  presented  here are of  less re levance  
to non-f luorescent  STR analysis  in which al lele  des igna-  
t ion is by  compar i son  with an allel ic ladder. However ,  the 
al lele  des ignat ions  sugges ted  here are re levant  whichever  
method  o f  analysis  is used. Smal l  (1 or 2 bp) differences 
in allele sizes can cause problems using non-fluorescent de- 
tect ion methods ,  par t icu lar ly  where  there is an apprec iab le  
difference in mot i l i ty  be tween  denatured  D N A  strands.  

In the future, an ideal  mul t ip lex  STR sys tem would  
consis t  of  loci  in which al leles  differ  by  a m i n i m u m  of  2 
bp. The presence  of  non-consensus  al leles does not  rule 
out  loci  for  inc lus ion as forensic  ident i f ica t ion markers ,  
but size dif ferences  be tween  al leles o f  1 bp require  very  
prec ise  sizing. With  the use o f  al lel ic ladders,  more  dis-  
c r iminat ing  hypervar iab le  loci  such as H U M A C T B P 2  
(Urquhart  et al. 1993) and D l l S 5 5 4  (Adams  et al. 1993) 
could  be used. D21S 11, though complex  in sequence,  can 
be sized in our system and, as a highly discriminating locus, 
wou ld  be a useful  componen t  o f  a mul t ip lex  STR system. 

F rom the loci inves t iga ted  in this study, we  have  devel-  
oped a quadruplex  STR sys tem inc luding  the loci  H U M -  

FES/FPS,  H U M T H 0 I ,  HUMF13A01,  and H U M V W F A 3 1  
(Kimpton  et al. 1993, 1994), and further, more  discr imi-  
nating, systems are under  invest igat ion.  
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