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Summary. Alleles of  the STR systems HumFES/FPS, 
HumVWA and H u m D 2 1 S l l  were sequenced and ana- 
lyzed. Sequence data revealed 3 different systems con- 
cerning the complexity of  their sequence structure. Hum- 
FES/FPS belongs to the STR polymorphism with a simple 
repeat structure. Only 2 subtypes were found with a base 
substitution in the 5"-flanking region and no variation in 
the repeat region. In the STR system HumVWA the se- 
quence structure of  the repeat region is more complex, be- 
cause 2 tetranucleotide units TCTA and TCTG were pre- 
sent. Additionally allele 14 revealed a completely differ- 
ent sequence structure leading to a different electropho- 
retic mobility. The repeat region of H u m D 2 1 S l l  is com- 
pound in structure. The possibility of  variation at 3 posi- 
tions leads to the occurrence of microheterogeneities in 
fragments of apparent length. In the upper allele range al- 
leles arise with an additional incomplete TA-repeat. 

Key words: STR systems H u m F E S / F P S / H u m V W A /  
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Zusammenfassung. Allele der STR Systeme HumFES/  
FPS, HumVWA and HumD21S 11 wurden sequenziert 
and analysiert. Die Sequenzierdaten zeigen 3 veschiedene 
Systeme die Komplexitfit ihrer Sequenzstrukturen betref- 
fend. HumFES/FPS  ist ein STR Polymorphismus mit 
einer einfachen Repeatstruktur. Nur 2 Subtypen mit einer 
Basensubstitution im 5"-flankierenden Bereich wurden 
gefunden und keine Sequenzvariation in der Repeat- 
region. Die Sequenzstruktur des STR Systems HumVWA 
ist komplexer aufgrund der 2 Tetranukleotideinheiten 
TCTA und TCTG. Zusfitzlich zeigt das Allel 14 eine voll- 
st~indig andere Sequenzstruktur, die zu einer unter- 
schiedlichen elektrophoretischen Mobilitfit ftihrt. Die Re- 
peatregion yon D21S 11 besitzt eine komplizierte Struktur. 
Die M6glichkeit der Variation an 3 unterschiedlichen Po- 
sitionen ftihrt zu dem Auftreten yon Mikroheterogenit~iten 
in Allelen von gleicher Lfinge. Im oberen Allelbereich 
treten Allele mit einem zus~itzlichen unvollst~indigen TA- 
Repeat auf. 

Correspondence to: B. Brinkmann 
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Introduction 

STR (short tandem repeat) systems are highly polymor- 
phic marker systems which offer many advantages for 
DNA typing (Edwards et al. 1992; Brinkmann 1992; 
Kimpton et al. 1992; Wiegend et al. 1993; M611er et al. 
1994). Apart from the regular repeat structure (consensus 
structure) there can exist different further types of either 
length or sequence variation, both in the repeat region and 
in the flanking region (Puers et al. 1993; Urquhart et al. 
1993; M611er and Brinkmann 1994; Adams et al. 1993). 
Such variations can grossly influence the accuracy and 
precision of allele definition and also, the reproducibility 
(M611er and Brinkmann 1994). On the other hand, precise 
knowledge of such microheterogeneities is the prerequi- 
site of the definition of allelic ladders for all systems. 
With this aim, we have investigated the sequence struc- 
ture of the STRs HumFES/FPS (Polymeropoulos et al. 
1991), HumVWA (Kimpton et al. 1992), H u m D 2 1 S l l  
(Sharma and Litt 1992). 

Materials and methods 

DNA was extracted from blood samples of Caucasians from the 
Mfinster area as described (Brinkmann et al. 1991) and quantified 
using the slot blot technique (probe D17Z1, Gibco BRL, Waye et 
al. 1989). 

PCR amplification: 

HumVWA: as described by M611er et al. (1994) 

HumFES/FPS: 5 ng template DNA, l U Taq DNA polymerase, 1 
gM each primer, 200 gM each nucleotide, 2 ml l0 x PCR buffer 
(Promega Corporation, USA) diluted with double distilled water to 
a final volume of 25 gl and overlayed with 30 gl mineral oil. 

HumD21S11:2 ng template DNA, 1 U Taq DNA polymerase, 1 
gM each primer, 100 gM each nucleotide, 2 gl 10 x PCR buffer 
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allele fragment sequence structure number of 
* *  sequenced alleles designation (1) length (blO) (2) 5"-rR*V 3"-FR 

_~8 211 I A ](ATTT) s I"1 2 

9 215 I A I(ATTT) [ ]  1 
9 

10a 219  I c I (ATTT) [ ]  3 
~Q 

10 219  I A I (ATTT) 10 I ' - I  5 

11a 223  I c "~(ATTT) [ ]  5 
11 

1..~1 2 : 2 3  F A. I (ATTT)  r - ' ]  5 
11 

1?. 227  ] A , I(ATTT) ~: , [~  2 

113 231 I '~ I (ATTT) r'-'l 1 
1.~ 
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Fig. 1. Sequence structure of the STR sys- 
tem HumFES/FPS. Underlined alleles are 
included in the allelic ladder (Fig. 2). 
(1) allele designation according to the re- 
peat nurnber, the alleles 10a and l l a  are 
named according to their faster electropho- 
retic mobilities to the anode (a = anodal); 
(2) fragment length in base pairs (bp) as 
determined by Taq-Cycle-Sequencing. 
* 5"-flanking region, 155 bp; ** 3"-flanking 
region, 24 bp; • sequence variation at posi- 
tion 34 in the 5"-flanking region 

(Promega Corporation, USA), 200 ng/txl BSA (bovine serum albu- 
min); diluted with double distilled water to a final volume of 25 gl 
and overlayed with 30 gl mineral oil. 

Primer sequences: 

HumVWA (Kimpton et al. 1992) 
PI: 5"CCC TAG TGG ATG ATA AGA ATA ATC 3" 
P2: 5"GGA CAG ATG ATA AAT ACA TAG GAT GGA TGG 3" 

HumFES/FPS (Polymeropoulos et al. 1991) 
PI: 5"GGG ATT TCC CTA TGG ATT GG 3" 
P2: 5"GCG AAA GAA TGA GAC TAC AT 3" 

HumD21S11 (Sharma and Litt 1992) 
PI: 5"GTG AGT CAA TTC CCC AAG 3" 
P2: 5"GTT GTA TTA GTC AAT GTT CTC 3" 

Amplification conditions: 

HumVWA: according to MOller et al. (1994) 
HumFES/FPS: 95 ° C-1 rain, 54 ° C-1 min, 72 ° C-1 rain; 30 cycles 
with an additional extension step of 72 ° C for 10 min (Biometra 
Triothermoblock, Germany) 

HumD21Sll: 94 ° C-15s, 62 ° C-30s, 72 ° C-75s; 29 cycles (Bio- 
metra Triothermoblock, Germany) 

Non-denaturing gels and electrophoresis: Polyacrylamide (6% T, 
3% C, 750 gm), piperazine diacrylamide as crosslinker, 28 ram 
CHES (Cyclohexylaminoethane sulfonic acid), 81 mM formate 
(pH 9.0). - 18 cm separation distance (HumVWA, HumFES/FPS), 
16 cm separation distance (HumD21S 11), 2% agarose plugs in 2 x 
tris (0.5 M)/borate buffer. - Initial 1000 V, 40 mA, 5 W with ramp- 
ing every 90 min up to 15 W which was continued until the bro- 
mophenol blue marker had reached the anode. Bands were visual- 
ized by silver staining (Budowle et al. 1991). 

Denaturing gels and electrophoresis: The alleles of HumFES/FPS 
and HumVWA were also separated on a 6% denaturing gel (8.3 M 
urea, 6% acrylamide/bis-solution and 1 x tris/borate buffer, sepa- 
ration distance 12 cm, 800 V, 45 raM, 30 W) using the fluores- 
cence detection system (Applied Biosystems, Foster City, CA). 
The fragment sizes were automatically analyzed using the internal 
standard Genescan 2500 labelled with ROX (6-carboxyrhodamin 
X) and the Genescan software 672 (Applied Biosystems, Foster 
City, CA). 

Taq-Cycle-Sequencing and analysis of sequence data: 
Isolation of DNA fragments from the gel after silver staining, Taq- 
Cycle-Sequencing and analysis of the sequence data was per- 
formed as previously described (MNler and Brinkmann 1994). 
The PCR primers were used as sequencing primers. 

Allele designation: Allele designation of the STR systems 
HumVWA and HumFES/FPS was according to the repeat number 

repeat number 
13 ~ 12 
11 

~ ~ 1 0  

" ~ 1 0 a 9 .  

8 
Fig. 2. HumFES/FPS. Allelic ladder composed of 7 sequenced al- 
leles. Samples were separated on a high-resolution/non-denaturing 
gel and visualized by silver staining (Budowle et al. 1991). C = al- 
lelic ladder (designation according to Fig. 1; 1 -- allele No. 11; 2 = 
alleles No. 10a, 13; 3 = alleles No. l la ,  11; 4 = alleles No. 11, 12) 

(ISFH Recommendations 1992; ISFH Recommendations 1993). 
For HumD21S 11, which has a complex sequence structure, alleles 
were designated according to the total number of tetranucleotide 
units in the repeat region consisting of TCTR (Nomenclature com- 
mittee of the International Union of Biochemistry 1985). Accord- 
ing to the recommendations interalleles have been designated by a 
suffix, indicating the number of bases of the incomplete repeat. 

R e s u l t s  

HumFES/FPS 

A total of 25 alleles were sequenced and analyzed (Fig. 1). 
All  alleles showed a regular repeat structure with the 
n u m b e r  of repeats vary ing  be tween  8 and 13. The  5"- 
f lanking region (FR, 155 bp) showed a transversion from 
A to C at posit ion 34 in the alleles 10 and 11, while in the 
3"-flanking region (24 bp) no variation was found. The 
variant  alleles called 10a and l l a  occurred with a fre- 
quency of 3 out of 8 (10a) and 5 out of 10 (1 la)  respec- 
tively. The electrophoretic mobil i t ies of the variant alleles 
1 0 a / l l a  differed from the regular ones (10/11) in high- 
resolut ion/non-denatur ing gels (Fig. 2), while they were 
indist inguishable in a denaturing gel system. 

Hum VWA 

A total of 50 alleles were sequenced and analyzed (Table 
1). The f lanking regions (FR) consisted out of 43 bp (5"- 
FR) and 39 bp (3"-FR) respectively. All  alleles sequenced 
so far showed the same basic repeat structure TCTA 
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Table 1. Sequence structure of the repeat 
region, fragment lengths and allele designa- 
tion of the STR system HumVWA 

Allele Fragment 
desig- length 
nation (bp) 
(1) (2) 

Sequence structure Number 
of se- 
quenced 
alleles 

13 134 TCTA (TCTG)4 (TCTA)8 2 
14 138 TCTA TCTG (TCTG)4 (TCTA)3 TCCA (TCTA)3 12 
15 142 TCTA (TCTG)4 (TCTA)10 5 
15" 142 TCTA (TCTG)3 (TCTA)11 1 
l__fi6 146 TCTA (TCTG)4 (TCTA)I1 5 
16" 146 TCTA (TCTG) 3 (TCTA)12 1 
1_7_7 150 TCTA (TCTG)4 (TCTA)12 6 
188 154 TCTA (TCTG)4 (TCTA)13 6 
L9 158 TCTA (TCTG)4 (TCTA)t 4 5 
20 162 TCTA (TCTG)4 (TCTA)15 4 
21 166 TCTA (TCTG)4 (TCTA)16 2 
22 170 TCTA (TCTG)4 (TCTA)17 l 

Underlined alleles are included in the allelic ladder. (1) allele designation according to the 
repeat number; (2) fragment length in base pairs (bp) as determined by Taq-Cycle- 
Sequencing 

5' repeat region FR 3' 

~A TCI~A TC C A TC C A I ~  C A TO C T ! ATCT ATCIGBIoCT AICTGTCJoGICTG IC IGfoCT ATC I ATC~ATCCATC I Ag~CT ATC] 

Fig. 3. Electropheretogram of 
the non-consensus allele No. 
14 at the locus HumVWA in 
the white Caucasian popula- 
tion. Sequence data were ob- 
tained after separation of the 
samples in a 6% denaturing 
gel and automatically ana- 
lyzed on the ABI 373A Se- 
quencer. ( ~ )  TCTA, 
( ~ )  TCCA, ([----]) TCTG, 
( - - )  part of the 3"-flanking 
region with the base substi- 
tution at position 7 (arrow). 
FR = flanking region 

(TCTG)3_4 (TCTA)n except  allele 14 which  revealed a 
strongly different sequence structure leading to a different 
electrophoretic mobility in a high-resolution/non-denatur-  
ing gel system (Fig. 4). Differences occurred at 3 sites (Fig. 
3; Table 1): (1) Before the beginning of  the basic repeat 
structure (read f rom 5") 2 tetranucleotides are additionally 
inserted, (2) the 4 th repeat of  the (TCTA)n shows a T to C 
transition, (3) the 3"-FR shows a T to C transition at posi- 
tion 7. - So far, 12 alleles 14 (from 12 unrelated individu- 
als) have been sequenced, all o f  them showing the same 
structure. However  none of  the other alleles exhibited any 
of  these alterations. - In addition, sequence variation was 
found in 2 alleles (15", 16", see Table 1) which were in- 
distinguishable f rom the consensus variants (15 and 16) in 
high resolution/non-denaturing and denaturing gels. 

HumD21S l l  

A total of  38 alleles were sequenced and analyzed (Table 
2). Fragment  lengths ranged f rom 209 to 243 bp. The 5"- 
FR consisted out of  31 bp, the 3"-FR was 63 bp. Within 
the repeat region, 3 variable regions (vr = I, II, III, see 

repeat number 

21 

19 

18 

~ - -  17 

~ ~  16 
~ - ~  15 

14 
13 

Fig. 4. HumVWA. Allelic ladder composed of 9 sequenced alleles. 
Samples were separated on a high-resolution/non-denaturing gel 
and visualized by silver staining. C = allelic ladder (designation 
according to Table 1; 1 = alleles No.15, 19; 2 = allele No. 16) 

Table 2) and 1 constant region (cr) located between II and 
III  could be distinguished. Furthermore, part o f  the upper 
allele range (allele > 29) showed an incomplete repeat, ei- 
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Table 2. Repeat structure, fragment lengths 
and allele designation of the STR system 
HumD21Sll 

A. M611er et al.: Different types of structural variation in STRs 

Allele Fragment Sequence structure 
desig- length 
nation (bp) I II 
(1) (2) 

III 

Number 
of se- 
quenced 
alleles 

26 209 (TCTA)4 (TCTG) 6 .................. (TCTA) 8 5 
2_7_7 213 (TCTA)4 (TCTG) 6 . . . . . . . . . . . . . . . .  (TCTA) 9 2 
28 217 (TCTA)4 (TCTG) 6 . . . . . . . . . . . . . . . .  (TCTA)10 3 
2___99 221 (TCTA)4 (TCTG)6 . . . . . . . . . . . . . . . .  (TCTA)I 1 1 
29" 221 (TCTA)6 (TCTG)5 . . . . . . . . . . . . . . . .  (TCTA)w 3 
30 225 (TCTA)6 (TCTG) 5 . . . . . . . . . . . . . . . .  (TCTA)I1 4 
31" 229 (TCTA)6 (TCTG) 5 . . . . . . . . . . . . . . . .  (TCTA)12 3 
31 229 (TCTA)5 (TCTG)6 . . . . . . . . . . . . . . . .  (TCTA)12 1 
32 233 (TCTA)6 (TCTG)5 . . . . . . . . . . . . . . . .  (TCTA)13 1 
30.2 227 (TCTA)5 (TCTG) 6 ................. (TCTA)m TA TCTA 3 
31.2 231 (TCTA)5 (TCTG) 6 . . . . . . . . . . . . . . . .  (TCTA)u TA TCTA 4 
32.2 235 (TCTA)5 (TCTG) 6 . . . . . . . . . . . . . . . .  (TCTA)I 2 TA TCTA 3 
33.2 239 (TCTA)s (TCTG) 6 ................. (TCTA)t3 TA TCTA 4 
34.2 243 ( T C ~  . . . . . . . . . . . .  .. • - ** ~ C T A  1 

(TCTA)3 TA (TCTA)3 TCA (TCTA)2 TCCA TA 

Underlined alleles are included in the allelic ladder. (1) allele designation, including the 
tetranncleotides TCTR in the repeat region; (2) fragment length in base pairs (bp) as deter- 
mined by Taq-Cycle-Sequencing. cr = constant region ( ..... ); I-III = variable region (vr) 

allele designation 

33.2 
322 
31.2 
30.2 
3O 
29 

27 
26 

Fig. 5. HumD21S11. Allelic ladder composed of 9 sequenced alle- 
les. Samples were separated on a high-resolution/non-denaturing 
gel and visualized by silver staining. C = allelic ladder (designation 
according to Table 2; 1 = alleles No. 28, 29; 2 = alleles No. 28, 30.2) 

ther caused by a TA insertion or a TC deletion between 
the last 2 repeats at the 3"-end. The vr I consisted out of  a 
(TCTA)4_6 block, vr II out of  a TCTGs_6 block and the cr 
was a 43 bp array between II and III  with hexa-, tri- and 
dinucleotides as well as further TCTA units. Vr III  
showed the highest variation in repeat number, thus repre- 
senting the actual variable region. The incomplete repeat 
occurred in 5 subsequent alleles (30.2 to 34.2) and the site 
of  insertion/deletion was the same in all alleles studied. 
The structural variants 29" and 31" (Table 2) could not be 
resolved from the consensus variants 29 and 31, neither in 
high-resolution/non-denaturing gels nor in denaturing 
gels. The alleles 30.2 to 34.2 could be resolved f rom their 
neighbouring consensus alleles (Fig. 5) in the gel system. 

Discussion 

Sequence data o f  the 3 STR systems HumFES/FPS,  
H u m V W A  and H u m D 2 1 S l l  were analyzed to generate 

allelic ladders o f  known sequence as required by the ISFH 
recommendat ions and to get more knowledge about possi- 
ble microheterogeneities in these STR systems. 

HumFES/FPS  in Caucasians seems to be a STR poly- 
morhpism with a constant basic structure. Only 2 struc- 
tural variants were observed (10 a, 11 a) with slight but dis- 
tinct migration differences in comparison to the consensus 
alleles only under  non-denatur ing conditions.  F rom a 
forensic point of  view it is important to know that the use 
o f  denaturing conditions could mask these variants: A vi- 
sual match could therefore include the possiblitiy of  a 
structural mismatch, but this possible exception seems to 
be restricted to 2 alleles. In non-denaturing gels the 2 al- 
leles are distinguishable and therefore, we do not see any 
serious argument against the application of  this system. 

The H u m V W A  system shows a more complex repeat 
structure than HumFES/FPS with 2 tetranucleotide units 
TCTA and TCTG. The vast majority of  alleles has the 
fol lowing sequence structure: TCTA (TCTG)4 (TCTA) n 
with only very few exceptions: TCTA (TCTG)3 (TCTA)n. 
These variants could not be electrophoretically resolved 
f rom the consensus variants in the elctrophoretic system 
applied. As long as an allele-ladder-match exists the pres- 
ence of  a structural mismatch at one site can be disre- 
garded. - In addition there exists a striking peculiarity, i.e. 
allele 14 which differs at 3 sites f rom the basic structure 
present in all other alleles investigated so far. Since none of  
these variations have yet been observed in any of  the other 
alleles we tentatively assume that this allele has to be re- 
garded as ancient and could have arisen by genetic drift. 
Concerning the evolution of  such a non-consensus allele it 
would be of  great interest to study its appearence in other 
human populations and e.g. in primate ancestors. Com- 
parative analyses could possibly elucidate this problem. 
Furthermore, alleles 15" and 16" seem to be quite rare and 
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this type  o f  var ia t ion might  also occur  in other  al lel ic  
classes when more  al leles  have been  invest igated.  

H u m D 2 1 S l l  is h ighly  complex  in structure and apart  
f rom the variat ions observed  so far further  variants  might  
be detected.  In the lower  al lel ic  range (al leles 2 6 - 2 9 )  
there seems to be a regular  bas ic  structure with (TCTA)4 
(TCTG)6 (TCTR)n. Higher  weight  al leles contain inser- 
t ions o f  ei ther  1 or 2 te t ranucleot ide  TCTA-uni t s  in vr I 
and the insert ion o f  2 such repeats  is a lways  associa ted  
with a dele t ion o f  1 TCTG-repea t  in vr  II. Fur thermore ,  
from allele 30 upwards there occurrs an obvious branching 
into one subsequent  series (up to 34.2) a lways  showing an 
insert ion o f  a d inucleot ide  at the same posi t ion and, an- 
other branch (up to 32) lacking  this insert ion.  - Thus, this 
sys tem is not only  ex t remely  po lymorph ic  but  also h ighly  
interesting for evolut ionary b io logy studies. In forensic in- 
vest igat ions a sys tem is required which  can resolve  al leles 
but  for prac t ica l  reasons an al lel ic  ladder  should not  con- 
tain all  variants that exist.  We propose  the use of  a con- 
sensus ladder  such as that descr ibed  here. In addi t ion it 
has to be checked  whether  further variants can be reso lved  
which subsequent ly  have  to be  def ined as well.  In  this 
case one could  o f  course app ly  a match  and bin approach  
which should be va l ida ted  before  the pract ical  appl icat ion.  
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