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S u m m a r y .  Gender identification of forensic samples was 
determined by amplifying a segment of the X-Y homo- 
logous gene amelogenin. Using a single pair of primers 
spanning part of the first intron, 106 bp and 112 bp PCR 
products were generated from the X and Y homologues 
respectively, which were then resolved by agarose gel 
electrophoresis. This test enabled as little as 20 pg of 
DNA from severely degraded bones to be amplified and 
typed in a single tube reaction. Furthermore, using dye- 
labelled primers, it was possible to quantitate, by auto- 
mated fluorescence detection, the relative yields of X 
and Y-specific PCR products generated from mixtures of 
male and female DNA. The versatility of this sex test was 
further demonstrated by co-amplifying with the HLA- 
DQA1 Amplitype kit in a combined gender/identity DNA 
test. 
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Zusammenfas sung .  Durch Amplifikation eines Segments 
des X-Y-homologen Gens Amelogenin wurde eine Ge- 
schlechtsidentifikation forensischer Proben durchgefahrt. 
Mit einem einzigen Primerpaar, welches einen Tell des er- 
sten Introns tiberspannt, wurden PCR-Produkte mit 106bp 
und l l 2bp  yon den homologen Anteilen des X- und des 
Y-Chromosoms generiert, welche dann mit Hilfe der Aga- 
rosegelelektrophorese aufgetrennt wurden. Dieser Test er- 
laubte es, dab so geringe Mengen wie 20pg DNA von 
stSxkergradig degradierten Knochen amplifiziert und in 
einer Einzelreaktion typisiert wurden. Durch Benutzung 
yon farbstoffmarkierten Primern war es ferner m6glich, 
durch automatisierte Fluoreszenzdetektion die relative 
Ausbeute yon X- und Y-spezifischen PCR-Produkten zu 
quantifizieren, wie sie von Mischungen mfinnlicher und 
weiblicher DNA generiert wurden. Die Vielseitigkeit die- 
ses Sex-Tests wurde ferner dadurch nachgewiesen, dab 
eine Co-Amplifikation mit dem HLA-DQA1 ,,Ampli- 
type"-Kit in einem kombinierten Geschlechtsbestim- 
mungs- und Identifizierungs-DNA-Test m6glich war. 
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Introduct ion  

Many techniques have been proposed for gender identifi- 
cation of DNA including direct visualisation of restriction 
digestion patterns on agarose gels [1], hybridisation of re- 
stricted DNA with Y-specific probes [2] and various PCR- 
based methodologies. PCR analysis offers the advantages 
of greater speed and sensitivity compared with the afore- 
mentioned techniques and can be achieved by amplifying 
either multiple copy or single copy sequences. Multicopy 
repeat sequences on the X and Y chromosomes can be 
amplified separately or in the same reaction mix using 
two pairs of primers [3-9]. This provides a highly sensi- 
tive assay by which single copies of DNA have been de- 
tected in some instances [10]. However, although the X 
chromosome product acts as a positive control, quantita- 
tion of the relative concentrations of X and Y chromoso- 
mal DNA is not possible due to differences in the copy 
number of the repeated sequences in the sex chromo- 
somes, and in the efficiency of their amplification with 
different primer pairs. Alternatively, single copy X-Y ho- 
mologous regions such as amelogenin [11, 12] can be am- 
plified to provide a rapid sex test [13, 14]. Only one pair 
of primers is required to amplify both X and Y regions 
and both sequences are of equal copy number. Although 
this is theoretically less sensitive than typing multiple 
copy loci, optimisation of conditions and amplification of 
short segments of the amelogenin gene have enabled less 
than 1 ng of template DNA to be analysed [15]. By per- 
forming 2 rounds of nested amplification of amelogenin, 
single DNA molecules have been typed [16]. 

We describe here a simple, rapid and ultra-sensitive sex 
test for the analysis of forensic samples by amplifying 
part of the amelogenin gene. Blood, degraded muscle and 
bone samples were readily typed from as little as 20pg of 
template DNA. Furthermore, mixtures of DNA could be 



A. Mannucci et al.: Forensic application of a DNA sex text 

analysed by tagging the PCR products with a dye and 
measur ing the relative fluorescence of the X and Y prod- 
ucts. This enabled 1 ng of male DNA to be detected in a 
100-fold excess of female DNA. Development  of a com- 
bined identif icat ion/gender assay by co-amplif icat ion of 
HLA-DQA1 is also discussed. 

Materials  and methods  

Blood samples were taken from 50 male and 50 female donors; the 
DNA was extracted using a protocol described previously [17]. 
DNA samples extracted from degraded muscle tissue were recov- 
ered from the scene of a mass disaster. DNA from severely de- 
graded bones believed to have been buried for more than 70 years 
was extracted using a modified previously published method [18]: 
the outer surfaces of a bone fragment were removed by sanding 
with emery paper, and the remaining bone, approximately 1 g, was 
frozen in liquid nitrogen, then ground into a fine powder using a 
Spex freezer mill. This powder was mixed thoroughly in 2ml 0.5 
M EDTA (pH8.0) containing l mg of Proteinase K, plus 0.5% 
Tween 20, and incubated overnight at 37°C. This mixture was then 
extracted twice in phenol, twice in phenol/chloroform and once in 
chloroform before spinning in a Centricon 30 microconcentrator 
for 1 h. The DNA was quantitated by fluorimetry in most instances 
but because of low DNA content, extracts from bones were quan- 
titated in a hybridisation assay with a human-specific DNA probe 
kit (Gihco BRL, New York, USA, cat. no 4220 SA) [19]. DNA from 
muscle and blood samples was quantitated fluorometrically with a 
Hoefer TKO 100 Mini Fluorometer with Hoechst dye 334258 
(Hoefer Scientific Instruments, San Francisco, CA, USA). Primers 
used in amplification were designed using the OLIGO computer 
program [20]: 5'CCCTGGGCTCTGTAAAGAATAGTG3' (Amel- 
A) and 5'ATCAGAGCTTAAACTGGGAAGCTG3' (Amel-B) were 
synthesized by Oswel Ltd, Edinburgh, UK. These primers flank a 
6bp deletion within intron 1 of the X homologue resulting in 106 
bp and l l2bp  PCR products from the X and Y chromosomes re- 
spectively. PCR conditions were as follows: extracted DNA sam- 
ples ranging from 10pg to 100ng were amplified in a 50 btl reac- 
tion mix comprising 0.2 gM each primer, 0.2raM each dNTP 
(Boehringer Mannheim GmbH, Mannheim, FRG), 1.25U Ampli- 
Taq DNA polymerase (Perkin-Elmer, Norwalk, CT) and 5 gl 
PARR buffer (Cambio Ltd, Cambridge). Samples were amplified 
through 35 cycles comprising 1 min at 94°C, I min at 60°C and 1 
rain at 72°C in a Perkin Elmer 480 thermal cycler. 

Following amplification, 20 J.tl aliquots of PCR products were 
loaded in a 4% agarose gel and separated by electrophoresis for 90 
rain at 100V, then visualised by ethidium bromide staining with 
UV transillumination. 

Automated fluorescence analysis and multiplex PCR. Dye labelled 
PCR products were generated using primer Amel-A coupled with 
fluorescent dye 'FAM' via a 5' aminolinker (Oswel Ltd, Edin- 
burgh, UK) in conjunction with unlabelled Amel-B. These pro- 
ducts were analysed on either an ABI 362A GeneScanner or 373A 
Sequencer in conjunction with 672 software (Applied Biosystems, 
Foster City CA, USA): 1 gl of each PCR product was combined 
with 2.5 gl formamide and 6fmol internal size standard compris- 
ing PstI restriction fragments of bacteriophage lambda DNA la- 
belled with dye 'ROX', then denatured for 2rain at 90°C and 
loaded in a 6% denaturing acrylamide gel. Samples were electro- 
phoresed for 4h at 800V in the GeneScanner or 1650V in the 
373A Sequencer. The fragment sizes were automatically deter- 
mined by the software using the method of second-order regres- 
sion to establish a curve of best fit generated from the internal 
standard in each lane. From this analysis, electrophoretograms 
were generated in which the DNA segments were depicted as 
coloured peaks. Peak area was automatically estimated as a mea- 
sure of product yield. 
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Amelogenin was co-amplified with the HLA-DQA1 locus to 
provide a combined gender/identity test. This was achieved by 
adding primers Amel A and B at a final concentration of 0.4 btM 
to the stock mix provided in a standard Amplitype amplification 
kit (Perkin Elmer, Norwalk, CT, USA). Amplification was per- 
formed in a Perkin Elmer 9600 thermal cycler under the following 
conditions: 94°C for 3 min then 32 cycles comprising 94°C for 20 
s, 60°C for 20s and 72°C for 20s followed by a final extension of 
10 min at 72°C. Dot-blot analysis of the HLA DQA 1 PCR products 
was performed according to the manufacturers instructions. Sex 
was determined by running 15 gl of the products in an agarose gel 
as described previously. 

Results  and discussion 

A total of 50 male and 50 female D N A  samples extracted 
from liquid blood stocks were sexed with this test: all 
gave the expected results of  a single band (106bp) in fe- 
males and a doublet  (106/112bp) in males. PCR products 
generated from as little as 1 ng of male and female tem- 
plate were readily visible on an agarose gel after e thidium 
bromide staining followed by UV transillumination (Fig. 1). 

DNA extracted from muscle  samples that had been re- 
covered from the scene of a mass disaster and were there- 
fore of unconf i rmed origin, gave clear-cut results with the 
sex test, using 2ng  of template DNA, and this assisted in 
the identification of the remains (Fig. 2). Control samples 
of known sex from the same invest igat ion were analysed 
"bl ind" and were typed correctly (results not shown). 

1 2 3 4 5 6 7 8 91011121314 

Y:112bp ~ .  
X: 106bp 

Fig. l. Agarose gel electrophoresis of PCR products generated 
from different concentrations of male and female DNA templates. 
Lanes 1-6, products from 100ng, 10ng, 5ng, 2ng, 1 ng and 100pg, 
respectively of male genomic DNA; lanes 7-12, products from 100 
ng, 10ng, 5ng, 2ng, lng and 100pg respectively of female ge- 
nomic DNA; lane 13, negative control water blank. Lane 14, 123 
bp ladder size standard 

1 2 3 4 5 6  

Y:112bp ~ .  
X:lO6bp / 

Fig. 2. Agarose gel separation of PCR products generated from 
muscle samples retrieved from the scene of a mass disaster. Lane 
1-4, questioned specimens, with 1 and 2 identified as female, 3 
and 4 identified as male; lane 5, negative control water blank; lane 
6, 123bp ladder size standard. Sizes of PCR products are shown 
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1 2 3 4 

Y:112bp ~ .  
X:106bp 

Fig. 3. Sexing of bone material exhumed 74 years after burial. 
Lane 1, negative control water blank; lanes 2 and 3, PCR products 
from bone specimens, identified as male and female respectively; 
lane 4, 123bp ladder size standard 
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Fig. 4. Electophoretogram of male/female mixed DNA derived 
PCR products generated by an Applied Biosystems 373 A Gene- 
Sequencer. Amplification products are depicted as peaks but re- 
striction fragments of the internal size standard are not shown. The 
male specific peak (ll2bp) is clearly distinguishable from the 
larger female peak (106bp). Size in bp, plus peak height and area 
in arbitrary units are determined for each fragment. Time (min) 
and scan number of band detection from the start of electrophore- 
sis are also given. Male/female DNA template ratio 1/100 

Peak/ Min. Size Peak Peak Scan # 
lane bp height area 

1B, 11 209 107.20 7122 46374 1047 
2B, 11 216 112.87 54 203 1084 

The extracted DNA from the bone samples was se- 
verely degraded and of low concentration. Approximately 
20pg from each of two samples were amplified, and the 
number of cycles was increased to 39. The products were 
clearly visible following electrophoresis in an ethidium 
bromide-stained agarose gel (Fig. 3), and the results con- 
firmed conclusions drawn from physical examination of 
the bones, regarding their sex. 

Allelic dropout due to stochastic variation is a major 
concern when amplifying such low copy numbers of 
DNA template, but this did not appear to affect these par- 
ticular samples because repeating the amplifications 
yielded the same results. For this reason we do not advo- 
cate amplifying under a large number of cycles without 
recourse to replicate analyses due to the extreme sensitiv- 

HLA-DQA1 : 
239-242bp 

Y: 112bp 
X: 106bp 

Fig. 5. Amelogenin/HLA-DQA1 coamplification product evalua- 
tion gel. Lanes 1 and 2, 15~tl of PCR product from male and fe- 
male DNA samples respectively; lane 3, negative control water 
blank; lane 4, size standard phage Phi X174 digested with HaeIII. 
Faint heteroduplex bands are visible above the HLA DQA1 prod- 
ucts and the male amelogenin products 

ity of the test, and the subsequent risk of mistyping due to 
stochastic fluctuation in allelic copy number. This prob- 
lem is avoided by limiting the cycle number to 35. Other- 
wise, contamination becomes more problematic as the 
sensitivity of detection is increased, and requires extra 
care to be taken in manipulation of the samples. In one in- 
stance we observed random contamination of a negative 
control in which only the Y-specific product had been am- 
plified (data not shown). This indicated that 39 cycles of 
amplification enabled very few or even single DNA mol- 
ecules to be typed which means that sensitivity of the pro- 
tocol described in this work may be close to the theoreti- 
cal limits. 

Such a high sensitivity and quantitation potential im- 
plicit to the test [15] in conjunction with advantages of au- 
tomated fluorescence dye-detection technology provided 
a means to successfully type difficult mixed samples, e.g. 
detecting trace amounts of male DNA in a vast excess of 
female DNA template. Figure 4 illustrates clear detection 
of Y-specific product in a particular mixture that con- 
tained 100ng of female DNA and 1 ng of male. The ex- 
pected ratio of peak areas is 201:1, this compares with the 
observed ratio of 228:1. To achieve this result, PCR prod- 
ucts were analysed on an ABI 373 A DNA Sequencer to 
take advantage of its high resolving power. This method 
could potentially be a useful tool to detect the presence of 
sperm (or white cells in case of azoospermy) on vaginal 
swabs. 

The versatility of this sex test was further demonstrated 
by co-amplifying with the HLA-DQA1 locus, thereby 
providing a combined gender/identity DNA test. When 
0.1 gM concentrations of the Amelogenin primers were 
used in combination with the Perkin Elmer HLA-DQc~ 
Amplitype Kit, the 239-242bp products from HLA 
primers were preferentially amplified compared with the 
smaller 106/112bp products from primers Amel A and B. 
This effect was compensated for by increasing Amelo- 
genin primer concentrations up to 0.4 gM in the standard 
HLA-DQA1 PCR reaction mix (Fig.5). Comparisons 
were made between the HLA DQA1 results generated 
both with and without dual amplification of amelogenin. 
No differences were observed in the genotyping results, 
and in the intensity of the hybridisation signals (results 
not shown). Thus, we anticipate that this combined gen- 
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der / ident i ty  test may  prove  to be a va luable  tool  in foren-  
sic ind iv idual i sa t ion  and cl inical  practice.  

For  forensic  PCR appl icat ions,  it is r e c o m m e n d e d  that 
the inves t igat ion o f  X and Y sequences  should be carr ied 
out  in para l le l  or s imultaneously,  and the dis t inct ion be-  
tween male  and female  D N A  cannot  be made  based  solely 
on the absence  of  a band  [21]. Al though  several  PCR-  
based  tests have  been deve loped  for gender  identif icat ion,  
some do not  meet  these cri ter ia  and are, therefore,  not 
ideal  for forensic  casework.  A major  advantage  o f  the test 
desc l ibed  in this paper  is that both X and Y sequences are 
de tec ted  together  in the same react ion using a single 
pr imer  pair. The main  d rawback  with using separate  reac- 
t ions for X and Y templa te  is that results can be  diff icult  
to interpret  in some situations.  Lack  of  a Y-specif ic  prod-  
uct could  be due to 3 al ternat ives:  presence  of  female  tem- 
plate  only, presence  of  male  D N A  of  insuff icient  concen-  
trat ion to y ie ld  a vis ible  P C R  product ,  or  fai lure o f  the 
PCR reaction.  Our  test great ly  s implif ies  interpretat ion o f  
results,  espec ia l ly  when only  the X-spec i f ic  product  has 
been  generated,  because  this serves as an in-bui l t  pos i t ive  
control  for  the ampl i f ica t ion  reaction.  Interpreta t ion o f  re- 
sults is further  faci l i ta ted by  the X and Y-specif ic  products  
be ing  only  6bp  different  in size: even severe ly  degraded  
samples  can be  typed  wi thout  the r isk of  ampl i fy ing  only 
the smal ler  o f  the 2 alleles. This "al le l ic  drop-out"  prob-  
l em can afflict  ampl i f ica t ion  and typing  o f  loci  with wider  
ranges  of  al lel ic  sizes such as V N T R s  [22]. 

Ano the r  p rob l em which m a y  cause false sex ident i f ica-  
t ion is different  copy  number  o f  target  X and Y-specif ic  
templates.  It is a potential  d isadvantage of, for example,  c~- 
satellite based systems [7, 8]: alphoid blocks on the Y chro- 
mosome are repeated only 100 times whereas alphoid blocks 
on the X c h r o m o s o m e  are present  in about  5000 copies  
[5], this may  bias  the resul t  o f  the analysis ,  under  some 
condit ions.  Obv ious ly  such a p rob lem is c i rcumvented  
when ampl i fy ing  single copy  sequences l ike amelogenin .  

Copy  number  o f  target molecules  is not the only para- 
meter  that determines the overall  specif ici ty and sensit ivity 
of  the PCR reaction: pr imer  design and opt imisat ion of  
PCR parameters  also have a profound effect. Results  of  the 
present  work  demonstra te  that the primers uti l ised in this 
test (Amel  A and B) provide  robust  and highly efficient 
amplif icat ion,  which is of  comparable  sensit ivity to the am- 
pl if icat ion of  mul t icopy alphoid repeat  sequences [7]. It is 
envisaged that this test will  prove to be an advantageous 
addi t ion to other methods of  forensic D N A  analysis.  
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