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Abstract  A method has been developed for the forensic 
analysis of faeces by DNA amplification and direct se- 
quencing of a polymorphic segment of mitochondrial DNA. 
Starting from as little as 10 mg wet weight of faeces, 
DNA was extracted by a variety of protocols and amplified 
using primers specific to hypervariable region 1 of the mi- 
tochondrial control region. The resulting amplification pro- 
ducts were sequenced in solid phase using an automated 
DNA sequencer. In total, mtDNA sequences were gener- 
ated from the faeces of nine Caucasians and compared 
with sequences generated from their respective blood 
samples. Sequences of faeces and blood samples from the 
same individual were identical in every case, but a range 
of 1-10 nucleotide differences was observed between in- 
dividuals, with an average sequence variation of approxi- 
mately 4.88 per 400 bp. Of the various extraction proto- 
cols assessed in this study, greatest success rates were 
achieved using magnetisable beads to bind and purify the 
DNA. STR analysis of DNA extracted from faeces was 
not routinely possible. 

Key words Faeces • Mitochondrial DNA - Extraction • 
Solid-phase sequencing - Forensic DNA typing 

Introduction 

The application of PCR to the analysis of human cellular 
material has greatly increased the speed and sensitivity of 
DNA analysis compared with multilocus and single-locus 
DNA profiling (Jeffreys et al. 1985; Gill et al. 1985; 
1991). Such PCR-based tests include the amplification of 
variable number tandem repeat (VNTR) loci (Boerwinkle 
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et al. 1989; Horn et al. 1989; Kasai et al. 1990; Tully et al. 
1993) and short tandem repeats (STR) (Economou et al. 
1990; Edwards et al. 1991; Morral and Estivill 1992; 
Kimpton et al. 1993). This technology allows consistent 
typing of as little as 1 ng of genomic DNA. Even greater 
sensitivity is afforded by the analysis of mitochondrial 
DNA which is present in copy numbers of 1000-10000 per 
cell (Bogenhausen and Clayton 1974), thereby enabling 
mtDNA typing results to be generated from certain evi- 
dential materials such as hair shafts (Higuchi et al. 1988; 
Wilson et al. 1995) and severely degraded human remains 
(Sullivan et al. 1992) which contain insufficient DNA for 
chromosomal typing. The most variable region of the hu- 
man mitochondrial genome is the control region, which 
includes the origin of H-strand replication, both origins of 
transcription and the displacement (D)-loop. Polymorphisms 
are concentrated in two hypervariable regions (HV-1 and 
HV-2) on both sides of the origin of replication. 

Human excrement is encountered as an evidential ma- 
terial in a small but significant proportion of burglary and 
sexual assault cases in the UK. Faeces comprises a com- 
plex mixture of diverse micro-organisms, digested and 
undigested food residues, mucus, soluble and insoluble 
products of the gastrointestinal tract and degradative en- 
zymes derived from cells, food and bacteria (Iyengar et al. 
1991; Sidransky et al. 1992). To date forensic analytical 
procedures which have been applied to faeces include 
Edelman's test for urobilinogen, which indicates the pres- 
ence of faecal matter (Nicholls 1956); ABO blood group- 
ing of rectal contents (Oshiro et al. 1984); and phospho- 
glucomutase (PGM) analysis of faecal stained anal swabs 
(Green and Sayce 1985), all of which are generally very 
limited in their evidential value. 

MtDNA has been successfully extracted and analysed 
from the faeces of bears (H6ss et al. 1992), but most de- 
velopments in the DNA analysis of human faeces have 
been confined to the field of medical diagnostics, includ- 
ing the specific detection, by PCR, of strains of micro-or- 
ganisms present in stools (Gumerlock et al. 1991; Abebe 
et al. 1992; Katzwinkel-Wladarsch et al. 1994) and the de- 
tection of colorectal tumours (Sidransky et al. 1992). How- 
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ever ,  l i t t le  p rog res s  has  b e e n  m a d e  towards  iden t i f i ca t ion  
o f  m a n y  o f  the fac tors  p re sen t  in f aeces  that  are  inh ib i to ry  
to P C R .  It  is k n o w n  that  f aeca l  cons t i tuen t s  such  as b i l i m -  

b in  and  b i le  salts inh ib i t  P C R  e v e n  w h e n  p r e sen t  at l o w  
c o n c e n t r a t i o n s  ( W i d j o j o a t m o d j o  et  al. 1992). T h e r e f o r e ,  
for  P C R  analys is ,  D N A  pur i f i ca t i on  is r e q u i r e d  p r io r  to 

ampl i f i ca t ion ;  a l te rna t ive ly ,  inh ib i to rs  can  be  r e d u c e d  by  
d i lu t ion  o f  the ext rac t ,  bu t  this is a c c o m p a n i e d  by  a loss  in 
sens i t iv i ty  p ropo r t i ona l  to the  d i lu t ion  factor.  

Th is  pape r  desc r ibes  the  d e v e l o p m e n t  o f  a r e l i ab le  

m e t h o d  for  the D N A  analys i s  o f  h u m a n  f aeces  by  m t D N A  
a m p l i f i c a t i o n  and s e q u e n c i n g .  D i f f e r e n t  ex t r ac t i on  p r o c e -  

dures  w e r e  e v a l u a t e d  for  the i r  ab i l i ty  to y i e ld  a m p l i f i a b l e  

D N A  templa t e ,  and a n u m b e r  o f  n o n - h u m a n  spec ies  w e r e  
tes ted  to s h o w  that  the  test  was  h u m a n - s p e c i f i c  and un-  
l ike ly  to be  a f f ec t ed  by  diet .  

Materials and methods 

Faeces samples from nine Caucasian donors were collected and 
stored at -20  ° C. Extraction of total DNA was carried out as de- 
scribed below. All samples were assayed by solid-phase DNA se- 
quencing, and results were compared to the sequence results of 
control DNA extracted from blood. 

In order to ensure no amplification was possible from faeces 
samples other than human, DNA samples from cat and dog were 
analysed to evaluate whether these would amplify with the primer 
sets under the given amplification conditions. As it is possible for 
incompletely digested foods to be passed in faeces (H6ss et al. 
1992), attempts were also made to amplify samples of DNA from 
common domestic species (cow, pig, sheep, red deer, rabbit, 
turkey and chicken) to determine whether undigested meat in fae- 
ces could theoretically interfere with the test. 

Non-human DNA was extracted from blood by proteinase K 
digestion and organic extraction and quantified by UV spectropho- 
tometry (Sambrook et al. 1989). 

DNA extraction 

Method 1 

Extraction was carried out essentially as in S idransky et al. (1992): 
100 mg of faeces was suspended in 300 gl extraction buffer (500 
mM Tris, 16 mM EDTA, 10 mM NaC1 pH 9.0). Solid particles 
were removed by centrifugation. DNA in the supernatant was pu- 
rified by SDS-proteinase K digestion, phenol chloroform extrac- 
tion and ethanol precipitation as described by Sambrook et al. 
(1989). The DNA was further purified using the Geneclean II kit 
(Bio 101, La Jolla, Calif.) 

Method 2 

Between 10 and 100 mg of faeces was suspended in 300 gl extrac- 
tion buffer (see Method l) and spun at 10000 g in a microcen- 
trifuge for 2 min. This pelleted the faecal solids, which were over- 
laid by a lighter-coloured layer of matter. The supernatant was 
&refully removed avoiding disturbance of the surface of the 
solids. After careful removal of the paler-coloured surface layer to 
a clean sterile tube, the faecal solids were discarded. The sample 
volume was made up to 300 gl with extraction buffer containing 
0.5% w/v SDS and 400 gg/ml proteinase K and incubated at 56 ° C 
for 2 h. The sample was subsequently extracted twice with phenol, 
twice with phenol : chloroform : isoamyl alcohol (25 : 24 : 1) and 
once with chloroform. Following ethanol precipitation overnight 
at - 2 0  ° C, the nucleic acids were collected by centrifugation at 
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10000 g for 30 min, washed in 70% ethanol and redissolved in 
50 gl dH20. 

Method 3 

Samples of 10 and 100 mg of faeces were extracted as in method 
2, but following proteinase K digestion, the extract was purified 
using the Geneclean II protocol, the DNA being eluted in a final 
volume of 50 gl water. 

Method 4 

Extraction was carried out using Amersham Nuclitips (Amersham, 
Buckinghamshire, UK) in accordance with the manufacturer's in- 
structions. The Nuclitips comprise a pipette tip, the end of which is 
covered by a membrane. As a sample is passed through the mem- 
brane, DNA contained therein becomes bound to the membrane, 
which is added directly to a PCR cocktail. Samples of 100 mg fae- 
ces were suspended in 300 gl of lysis buffer 1 (320 mM sucrose, 
10 mM Tris, 5 mM MgCI2, 1% Triton X-100, pH 8.0). The sus- 
pension was spun at 100 g for 30 s to remove the solids and the 
majority of bacteria. The supernatant was set aside for 5 min to al- 
low for lysis of the cells. Next, 100 gl of the supernatant was pipet- 
ted in and out of the tip until the tip became occluded. All the sam- 
ple was expelled, and cell debris was removed from the tip by 
pipetting in and out in PBS until the membrane covering the tip 
was completely clean. The Nuclitip was removed to a 0.5-ml mi- 
crofuge tube containing the PCR mix. 

Method 5 

Genereleaser (Cambio, Cambridge, UK) was assessed using two 
methods: 

a) Samples of 100 mg faeces were suspended in 300 gl water. 
Aliquots of between 1 and 8 gl of the suspension were added to 20 
~tl of Genereleaser and the samples were heated as follows: 65°C 
for 30 s, 8°C for 30 s, 65°C for 90 s, 97°C for 180 s, 8°C for 60 
s, 65°C for 180 s, 97°C for 60 s, 65°C for 60 s, 80°C for 5 min, 
in accordance with the manufacturer's instructions. The PCR reac- 
tion mix was added to the samples at 80 ° C, then heated at 95°C 
for 3 rain followed by the thermal cycling programme for amplifi- 
cation of mtDNA. 

b) Samples of 100 mg of faeces were suspended in 300 gl water. 
Solids were removed by centrifugation and the supernatant was 
discarded. Aliquots between 0.5 ~tl and 5 ~tl were added to 15 ~tl 
Genereleaser and placed in a microwave oven on full power for 5 
min in accordance with the manufacturer's instructions. The am- 
plification reaction was set up as described in 5 a. 

Method 6 

Samples of l0 and 100 mg of faeces were extracted as previously 
described by Sullivan et al. (1994). The sample was vortex mixed 
in 300 gl of water plus 100 gl G1 buffer from the Qiagen cell cul- 
ture DNA kit (Qiagen, Dorking, UK) and incubated at 55 ° C for 20 
min. To this was added 400 p.1 G2 buffer plus 0.4 mg proteinase K, 
followed by brief vortex mixing and 60 min incubation at 55 ° C. 
Undigested solids were removed by centrifugation in a microfuge 
at 10000 g for 10 min. The supernatant was decanted to a clean 
microcentrifuge tube, spun again at 10000 g for 10 min, and the 
supernatant removed to a clean microcentrifuge tube. DNA was 
extracted from the supernatant and resuspended in 40 gl dH20 us- 
ing the Geneclean I1 kit in accordance with the manufacturer's in- 
structions. 
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Table 1 Sequence of primers 
used in mitochondrial amplifi- 
cation 

Primer Nucleotide sequence 

L15933 
H00575 
5"Biotin L15997 
M13(-21) H16401 
5"Biotin H16401 
M13(-21) L15997 

5"-CAGTCTTGTAAACCGGAGATG 
5"-TGAGGAGGTAAGCTACATAAACTG 
5"Biot in-CACCATTAGCACCCAAAGCT 
5"-TGTAAAACGACGGCCAGTTGATTTCACGGAGGATGGTG 
5"Biot in-TGATTTCACGGAGGATGGTG 
5"-TGTAAAACGACGGCCAGTCACCATTAGCACCCAAAGCT 

Method 7 

Samples of 100 mg faeces were suspended in 300 btl extraction 
buffer as in method 2, except that following removal of the pale- 
coloured surface layer to a clean sterile tube, the DNA was ex- 
tracted using the DNA Direct kit (Dynal, Wirral, UK). Aliquots of 
200 btl of beads in buffer A were added to the tube and left to stand 
for 5 min. This allowed lysis of the cells and binding of DNA to 
the surface of the beads. The tube was then placed in a MPC-E 
magnetic particle separator (MPC) (Dynal, UK) and the beads 
were allowed to migrate towards the magnet. The beads were 
washed 3 times in 200 gl of buffer B, each time allowing the beads 
to migrate towards the magnet. The beads were resuspended in 30 
ILl buffer C. This extract was used directly in the PCR reaction. 

Quantification of human DNA from faeces 

From each DNA extract 5 gl was quantified by direct comparison 
to standards of known concentration by the dot blot method, em- 
ploying a biotinylated human-specific DNA probe to alpha satel- 
lite locus D17Z1, and ECL detection (Amersham) as described by 
Walsh et al. (1992). Quantitation was not carried out on extracts 
from the Genereleaser or Nuclitips methods, as DNA was not ob- 
tained as a solution from these protocols. 

DNA amplification 

Mitochondrial DNA for solid-phase sequencing was amplified as 
previously described by using two rounds of nested PCR (Sullivan 
et al. 1994) using the primers detailed in Table 1. In the first round, 
1 gl of faeces extract or 100 pg of control DNA was amplified in a 
volume of 50 ILl, utilising primers L15933 and H00575 in a 25-cy- 
cle reaction. A 1 btl aliquot of this product was added to two sepa- 
rate second-round reactions of 50 ILl, with each primer pair com- 
prising one 5" biotinylated primer plus one chimeric primer in- 
cluding the M13 universal sequencing primer sequence at the 5" 
end [5" biotin L15997 with M13(-21) H16401, 5" biotin H16401 
with M13(-21) L15997]. This approach enabled both strands of 
HV-1 to be subsequently analysed and compared to verify the 
mtDNA sequence. If a sample did not give an amplification prod- 
uct, it was assessed for the presence of inhibitors by repeating the 
nested PCR with a fresh aliquot of extract to which had been added 
1 ng of human cell line DNA prior to PCR. Amplification of non- 
human DNA was carried out as above, but 1 ng of DNA was added 
as a template. All PCR primers were synthesised by Oswel DNA 
Service, Southampton, UK. 

Solid-phase sequencing 

Aliquots of 20 ILl of streptavidin-coated Dynabeads (Dynal) were 
prewashed in ten volumes of beading-washing buffer (BW; 2 M 
NaC1, 10 mM Tris, 1 mM EDTA, pH 7.5) and resuspended in 40 ~tl 
BW. Then, 40 ILl of the second-round PCR product was added and 
incubated at 48°C for 15 min. The DNAPoead complex was con- 
centrated on the side of the tube with an MPC and washed once in 
50 btl BW and once in sterile distilled water (SDW). The DNA was 
made single-stranded by denaturing with 8 btl 0.15 M NaOH for 7 

min. The supernatant was removed and the beads were washed 
with 50 btl 0.15 M NaOH. This was followed by subsequent 
washes in 60 gl BW, 60 btl 1 × TE (10 mM Tris, 1 mM EDTA pH 
7.5) and 60 [1.1 SDW. The beads were resuspended in 16 btl SDW. 
Sequencing using a Prism dye primer sequenase single-stranded 
DNA sequencing kit (Perkin Elmer) was in accordance with the 
manufacturer's instructions, except that primer annealing was car- 
ried out at 65°C for 2 min and the temperature reduced to 25°C 
over 35 min. When the reaction was complete, 15 gl of stop salt (1 
M NaAc, 20 mM EDTA, pH 8.0) was added to the T tube followed 
by addition of the A, C and G reactions. The beads were then 
washed twice in 50 gl Tris-Tween (250 mM Tris, 0.1% Tween-20, 
pH 8.0) and once in 1 x TE. The beads were finally resuspended in 
4 btl deionised formamide. The samples were denatured at 37°C 
for 4 min, placed on ice, and the supematant transferred to a new 
tube prior to loading on to a 6% acrylamide, 7 M urea gel with a 
well-to-read length of 36 cm. Data was collected on an Applied 
Biosystems 373A stretch sequencer running at 30 W and analysed 
using Applied Biosystems programs Sequence Analysis version 
2.1.0 and Sequence Navigator version 1.0. 

STR analysis 

Amplification of the locus HUMTH01 was attempted on samples 
which gave measurable results in the genomic DNA quantitation 
assay. Amplification parameters were essentially as described by 
Kimpton et al. (1993), except that the number of amplification cy- 
cles was increased from 30 to 35. 

Results and discussion 

E v a l u a t i o n  o f  ex t r ac t ion  m e t h o d o l o g i e s  

Method 1 

M t D N A  a m p l i f i c a t i o n  was  succes s fu l  f r o m  one- th i rd  o f  

the  extracts .  A l l  the  r e m a i n i n g  ext rac ts  fa i l ed  to a m p l i f y  
due  to the  inh ib i t ion  o f  the  P C R ,  assessed  by  the add i t ion  
o f  D N A  to the ex t rac t  p r io r  to ampl i f i ca t ion .  A l l  ex t rac ts  
l a c k e d  quan t i f i ab l e  y ie lds  o f  nuc l ea r  D N A .  

Method 2 

S a m p l e s  ex t r ac t ed  us ing  this m e t h o d  p r o d u c e d  ampl i f i ca -  
t ion  p roduc t s  f r o m  m t D N A  in 9 0 %  o f  cases.  T h e  m a j o r i t y  
o f  s amples  that  d id  no t  a m p l i f y  w e r e  f r o m  la rger  amoun t s  
(100 m g )  o f  s tar t ing mater ia l ,  and these  ext rac ts  s h o w e d  
inh ib i t ion  o f  the  P C R .  O n  s e q u e n c e  analysis ,  g o o d - q u a l i t y  
resul ts  for  the  ful l  l eng th  o f  the  P C R  p roduc t  w e r e  gene r -  
ated.  T h e  s e q u e n c e  f r o m  faeces  was  iden t ica l  to that  ob-  
t a ined  f r o m  the con t ro l  D N A  in each  ind iv idua l .  A typ ica l  
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Fig. 1 Sequence of mtDNA 
purified from faeces. The PCR 
product was amplified from 
DNA extracted by method 2 
using primers L15933 and 
H00575 in the first round and 
5" biotin H16401 and M13(- 
21) L15997 in the second 
round. The product was cap- 
tured onto a streptavidin- 
coated paramagnetic bead and 
sequenced using the Prism 
dye-primer sequenase single- 
stranded DNA sequencing kit 
(Perkin Elmer). The resulting 
reaction was run on an Applied 
Biosystems 373A Stretch se- 
quencer and analysed using 
Applied Biosystems Sequence 
Analysis version 2.1.0 and Se- 
quence Navigator version 1.0 
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sequencing result is shown in Fig. 1. All extracts lacked 
quantifiable yields of DNA apart from one sample for 
which 200 ng/g of genomic DNA was detected. This sam- 
ple gave a weak but reproducible result upon amplifica- 
tion and analysis of locus HUMTH01. 

Method 3 

This extraction technique was more rapid than method 2 
and gave mitochondrial sequence results of comparable 
quality. However, mtDNA amplification was successful 
from only two-thirds of the samples. The remaining third 
showed inhibition. No extracts produced quantifiable 
yields of genomic DNA. 

Methods 4 and 5 

No amplification products were generated from extracts 
using either Nuclitips or Genereleaser. Inhibition was ap- 
parent in all extracts. 

Method 6 

All extracts generated from 100 mg starting material 
failed to yield mtDNA PCR products. However one-third 
of extracts starting from 10 mg of faeces were success- 
fully amplified using the mtDNA protocol and gave good 
sequence data. No extract gave quantifiable genomic DNA. 

Method 7 

Extraction of DNA using the DNA Direct kit was both the 
fastest and the most reliable of the methods tried. DNA 
could be extracted from a batch of six samples in a form 
suitable for amplification in under 20 min. MtDNA am- 
plification products and sequence results were generated 
from 100% of faecal extracts. It was possible to amplify 
mtDNA extracted directly from faecal slurries with a 
100% success rate, showing that the beading and washing 
method employed by this protocol is very efficient at sep- 
arating DNA from inhibitors during extraction. Although 
all samples gave an apparent yield of between 40 ng and 
136 ng of human nuclear DNA per gram of faeces, all at- 
tempts to amplify locus HUMTH01 failed. No inhibition 
was apparent, suggesting that the major part of the nuclear 
DNA in the extracts may have been degraded to such an 
extent that it was not a suitable template for amplification. 
The DNA extracted by this method was readily visible and 
evident as a discrete band of high molecular weight on an 
ethidium bromide-stained 1% agarose gel (data not shown). 

Overall, method 7 is the procedure of choice for mtDNA 
analysis as it provides a simple protocol for the consistent 
extraction of mtDNA suitable for amplification and sub- 
sequent sequencing. If necessary, DNA can be extracted 
from faeces in less than 20 min without the need for or- 
ganic extraction or any precipitation steps. The kit is also 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 
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134 bp 

Fig.2 Ethidium bromide-stained agarose gel showing results of 
attempted mtDNA amplification from common animal species. 
Lanes 1, 14 l-kbp ladder (DNA molecular weight marker), lanes 
2 -10  8-ul aliquots of second-round PCR products from cat, dog, 
rabbit, sheep, pig, cow, chicken, turkey and red deer, respectively, 
lanes 11, 12 negative control water blanks, lane 13 human DNA 
yielding a 442-bp product from i00 pg starting material 

capable of extracting DNA from faecal samples in amounts 
sufficient for quantification by a human-specific probe. 
However, no positive results for STR amplification were 
gained from these extracts, although a large quantity of 
DNA was present as viewed by agarose gel electrophore- 
sis. The dot-blot quantitation assay employed may have 
given false positives by non-specific binding of the DNA 
probe to excessive amounts of bacterial nucleic acids pre- 
sent in the samples. It is more likely, however, that the nu- 
clear DNA in the extracts was in the main part degraded 
to fragments of a size which, although suitable for quan- 
tification using the probe to D17Z1, were too small to act 
as a template for PCR. 

MtDNA sequencing results 

A typical sequence electropherogram of DNA amplified 
from a faecal extract is shown in Fig. 1. There was no dif- 
ference in the quality of mitochondrial sequence from the 
amplification products of DNA from faecal or blood ex- 
tracts, and there was no evidence of interference with the 
sequence data from dietary content of faeces. This was 
confirmed by the failure to amplify DNA samples from 
common meat products under the defined PCR conditions. 
Similarly, DNA from cat and dog, which are a source of 
faeces in the domestic environment, did not yield PCR 
products under the standard amplification conditions (Fig. 
2). Pairwise comparisons of mitochondrial sequence data 
from the nine samples yielded from 1 to 10 differences 
between the nine Caucasian subjects with an average se- 
quence variation of approximately 4.88 per 400 bp. The 
sequencing results are summarised as differences to the 
reference sequence (Anderson et al. 1981) in Table 2. 

STR analysis 

Although an estimated 10 l° cells are lost per day from the 
gastrointestinal tract (Sidransky et al. 1992), routine STR 
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Table 2 Summary of mtDNA sequence differences compared to the Anderson reference sequence 

Nucleotide 16051 
position 
Reference A 
sequence 
(Anderson 
et al.) 

1 6 0 6 9  1 6 0 9 3  1 6 1 2 6  1 6 1 8 9  16192 16207 16218 16224 16274 16294 1 6 2 9 8 1 6 3 0 4  1 6 3 1 1  1 6 3 1 4  1 6 3 5 6  1 6 3 9 0  

C T T T C A C T G C T T T A T G 

1 - - - C - T G - - A T - C . . . .  
2 . . . .  C . . . . . . . . . . . .  
3 G - C . . . . .  C . . . .  C - - - 
4 - - C . . . . . .  T - - - C - - 
5 . . . . . . . . . . . . . .  C - 
6 - - C . . . .  C . . . .  C - - - 
7 - T - C . . . . . . . . . . . . .  
8 . . . . . . .  T - - - C . . . . .  
9 . . . . . . . . . . .  C - - - A 

analys is  was not  poss ib le  fo l lowing  ext rac t ion  by  any of  
the methods  descr ibed.  On ly  a s ingle sample  ext rac ted  by  
me thod  2 gave  a reproduc ib le  resul t  with a TH01 single-  
p lex  ampli f icat ion.  A s s u m i n g  each cel l  contains  approxi -  
ma te ly  6 pg of  genomic  D N A ,  this cor responds  to 600 mg 
o f  D N A  lost  da i ly  v ia  the intestine.  A s s u m i n g  the average  
mass  of  s tool  per  day  is approx imate ly  100 g (Goy  et al. 
1976; Burki t t  et al. 1972) and degrada t ion  of  D N A  is min-  
imal ,  a stool sample  might  contain  6 mg  of  D N A  per  
gram. However ,  the amount  of  quant i f iable  genomic  D N A  
extrac ted  f rom faeces  (200 ng/g f rom one sample  wi th  
method  2, 4 0 - 1 3 6  ng/g f rom method  7) was much  lower  
than the theoret ical  yield.  This  is p robab ly  due to the ac-  
t ion o f  degrada t ive  enzymes  der ived  f rom cells,  food and 
bac ter ia  on the DNA.  

The success  rate o f  STR analys is  was very  low. Mito-  
chondr ia l  D N A  was successfu l ly  ampl i f i ed  f rom the same 
extracts,  sugges t ing  that fai lure of  STR analysis  was prob-  
ab ly  a consequence  o f  degrada t ion  of  genomic  D N A  
rather  than inhibi t ion of  the PCR. The  qual i ty  of  the ge-  
nomic  D N A  extrac ted  m a y  be poor  due to the presence  of  
degrada t ive  enzymes  and harsh condi t ions  in the colon.  It 
is poss ib le  that, whi le  the ce l lu lar  and nuclear  membranes  
are d is rupted  in the gas t rointes t inal  tract, the mi tochondr -  
ial  enve lope  is somehow not  lysed,  thus affording m t D N A  
some protec t ion  against  degradat ion.  M t D N A  m a y  also be 
pro tec ted  to a cer tain extent  f rom exonuc lease  d iges t ion  
by  its conformat ion  as a cova len t ly  c losed  c i rcular  D N A  
molecule .  The  success  of  mi tochondr ia l  analysis ,  how-  
ever, is more  l ike ly  to be  due to the m t D N A  being  present  
in much  h igher  copy  number  than nuclear  DNA.  The  high 
copy  number  of  m t D N A  also a l lows analysis  in samples  
where  inhibi tors  o f  PCR are present:  fo l lowing  di lut ion of  
a sample  to a level  where  inhibi t ion is min imised ,  the nu- 
clear  D N A  concent ra t ion  m a y  be too low to genera te  reli-  
able  results  but  m t D N A  is more  l ike ly  to be present  in a 
suff icient  quant i ty  to a l low re l iab le  ampl i f ica t ion.  

This  paper  demons t ra tes  the ut i l i ty  o f  m t D N A  se- 
quencing  for  the D N A  typing  of  human  faecal  samples .  
Fo r  forensic  casework  we present ly  restr ict  m t D N A  se- 
quencing  analysis  to discrete  samples .  However ,  mixtures  

of  D N A  can be  ana lysed  p rov ided  that all  poss ib le  inter- 
pretat ions o f  the data  are considered.  Scenar ios  include 
mixtures ,  exper imenta l  contamina t ion  and heteroplasmy.  
Previous  work  in our labora tory  (Sul l ivan et al. 1994) has 
shown that the combined  sequence of  a 10 : 1 mixture  cor- 
responds  to the sequence o f  the ma jo r  component .  How-  
ever, i f  the background  noise  is low enough,  the sequence 
of  the minor  componen t  can be ident i f ied  by  visual is ing  
the smal ler  peaks  under  the peaks  o f  the major i ty  species.  
Wi th  more  even rat ios of  templates ,  if  the sample  is 
known  to be a mixture  and the sequence o f  one compo-  
nent  is known,  the sequence of  the second may  be de- 
duced.  He te rop l a smy  cannot  be ruled out unless  a mixture  
is k n o w n  to be present  and both contr ibut ing sequences  of  
that mixture  have  been separa te ly  analysed.  

The  pro tocol  deta i led  above  enabled  all nine Cau- 
casians  in this s tudy to be d is t inguished f rom each other. 
Overal l ,  wi thin HV-1 the probabi l i ty  o f  a chance match  
(pM) be tween  100 unre la ted  Bri t ish Caucas ians  has been 
es t imated  to be 0.034 (Piercy et al. 1993, using p = Z x 2 
where  x is the f requency  of  mi tochondr ia l  genotype) .  I f  
this is c o m b i n e d  with  second-round ampl i f ica t ion  and se- 
quencing of  HV-2 the combined  p M  for both regions  is 
0.026. This compares  favourably  with analysis  of  a single 
S T R  locus,  for example  H U M T H 0 1 ,  which  has a p M  of  
0.086 (Urquhart  et al. 1995), but  is far less d iscr iminat ing  
than mul t ip lex  STR systems.  However ,  at present  we have 
not  found a re l iable  pro tocol  for  the ext rac t ion  and subse- 
quent  mul t ip lex  STR ampl i f ica t ion  o f  genomic  D N A  from 
faeces.  This  p rob lem is the subject  o f  further  research.  

Acknowledgement We gratefully acknowledge financial support 
for part of this work from the Police Research Group. 

References 

Abebe A, Johansson B, Abens J, StrannegSrd O (1992) Detection 
of enteroviruses in faeces by polymerase chain reaction. Scand 
J Infekt Dis 24 : 265-273 



A.J. Hopwood et al.: DNA in human faeces 

Anderson S, Bankier AT, Barrell BG, deBruijn MHL, Coulson 
AR, Drouin J, Eperon IC, Nierlich DP, Roe BA, Sanger F, 
Schreier PH, Smith AJF, Staden R, Young IG (1981) Sequence 
and organisation of the human mitochondrial genome. Nature 
290: 457-465 

Boerwinkle E, Xiong W, Fourest E, Chart L (1989) Rapid typing 
of tandemly repeated hypervariable loci by the polymerase 
chain reaction: application to the apolipoprotein B3" hypervari- 
able region. Proc Natl Acad Sci USA 86:212-216 

Bogenhagen D, Clayton DA (1974) The number of mitochondrial 
deoxyribonucleic acid molecules in mouse L and human HeLa 
cells. J Biol Chem 249 : 7991-7995 

Burkitt DP, Walker AR, Painter NS (1972) Effect of dietary fibre 
on stools and the transit times, and its role in the causation of 
disease. Lancet 2 : 1408-1412 

Economou EP, Bergen AW, Warren AC, Antonarakis SE (1990) 
The polydeoxyadenylate tract of Alu repetitive elements is 
polymorphic in the human genome. Proc Natl Acad Sci USA 
87 : 2951-2954 

Edwards A, Civitello A, Hammond HA, Caskey CT (1991) DNA 
typing and genetic mapping with trimeric and tetrameric tan- 
dem repeats. Am J Hum Genet 49 : 746-756 

Gi~l P, Jeffreys AJ, Werrett DJ (1985) Forensic application of 
DNA "fingerprints". Nature 318:577-579 

Gill P, Woodroffe S, Lygo JE, Millican ES (1991) Population ge- 
netics of four hypervariable loci. Int J Legal Med 104 : 221-227 

Goy JA, Eastwood MA, Mitchel WD, Pritcard JL, Smith AN 
(1976) Faecal characteristics contrasted in the irritable bowel 
syndrome and diverticular disease. Am J Clin Nutr 29 : 1480- 
1484 

Green RJ, Sayce MD (1985) Problems associated with the typing 
of semen on anal swabs. J Forensic Sci Soc 25 : 55-56 

Gumerlock PH, Tang YJ, Meyers FJ, Silva J (1991) Use of the 
polymerase chain reaction for the specific and direct detection 
of Clos tr id ium diff icile in human faeces. Rev Infect Dis 13 : 
1053-1060 

Higuchi R, von Beroldingen CH, Sensabaugh GF, Erlich H (1988) 
DNA typing from single hairs. Nature 332 : 543-546 

Horn GT, Richards B, Klinger KW (1989) Amplification of a 
highly polymorphic VNTR segment by the polymerase chain 
reaction. Nucleic Acids Res 17:2140 

H6ss M, Kohn M, Pfi~tbo S (1992) Excrement analysis by PCR. 
Nature 3 5 9 : 1 9 9  

Iyengar V, Albaugh GP, Lohani A, Nair P (1991) Human stools as 
a source of viable colonic epithelial cells. FASEB 5:2856- 
2859 

Jeffreys AJ, Wilson V, Thein SL (1985) Individual specific "fin- 
gerprints" of human DNA. Nature 316:76-79 

Kasai K, Nakamura Y, White R (1990) Amplification of a variable 
number tandem repeat (VNTR) locus (pMCTlll8)  by the 
polymerase chain reaction (PCR) and its application to forensic 
science. J Forensic Sci 35:1196-1200 

Katzwinkel-Wladarsch S, Loscher T, Rinder H (1994) Direct am- 
plification and differentiation of pathogenic and non-patho- 
genic Entamoeba  his tolyt ica DNA from stool specimens. Am J 
Trop Med Hyg 51 : 115-118 

243 

Kimpton CP, Gill P, Walton A, Urquhart A, Millican E, Adams M 
(1993) Automated DNA profiling employing multiplex ampli- 
fication of short tandem repeat loci. PCR Methods Appl 3: 
13-22 

Morral N, Estivill X (1992) Multiplex PCR amplification of three 
microsatellites within the CFTR gene. Genomics 13:1362- 
1364 

Nicholls LG (1956) Seminal stains and stains of other body fluids. 
In: The scientific investigation of crime. Butterworth, London, 
pp 196-213 

Oshiro S, Nakazato M, Iha M, Kikuzato A, Omine M (1984) ABO 
blood grouping by using chemical absorbents. 2. On the semen, 
vaginal secretion, feces and contents of stomach. Rep Natl Res 
Inst Police Sci. Res Forensic Sci (Japan) 37 : 1-7 

Piercy R, Sullivan KM, Benson N, Gill P, (1993) The application 
of mitochondrial DNA typing to the study of white Caucasian 
genetic identification. Int J Legal Med 106 : 85-90 

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a 
laboratory manual, 2nd edn. Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor, NY 

Sidransky D, Tokino T, Hamilton SR, Kinzler KW, Levin B, Frost 
P, Vogelstein B (1992) Identification of ras oncogene muta- 
tions in the stool of patients with curable colorectal tumors. 
Science 256 : 102-105 

Sullivan KM, Hopgood R, Gill P (1992) Identification of human 
remains by amplification and automated sequencing of mito- 
chondrial DNA. Int J Legal Med 105 : 83-86 

Sullivan KM, Piercy R, Benson N, Ivanov P, Mannucci A, Gill P 
(1994) Solid-phase sequencing of mitochondrial DNA: towards 
a fully automated forensic DNA test. In: Uhlen M, Homes E, 
Olsvik O (eds) Advances in biomagnetic separation. Eaton, 
Natick, pp 135-148 

Tully G, Sullivan KM, Gill P (1993) Analysis of 6 VNTR loci by 
"multiplex" PCR and automated fluorescence detection. Hum 
Genet 92 : 554-562 

Urquhart A, Oldroyd NJ, Kimpton CP, Gill P (1995) Highly dis- 
criminating heptaplex short tandem repeat PCR system for 
forensic identification. Biotechniques 18 : l 16-121 

Walsh PS, Varlaro J, Reynolds R (1992) A rapid chemilumines- 
cent method for quantitation of human DNA. Nucleic Acids 
Res 20 : 5 0 6 1 - 5 0 6 5  

Widjojoatmodjo MN, Fluit AC, Torensma R, Verdonk GP, Ver- 
hoef J (1992) The magnetic immuno polymerase chain reaction 
assay for direct detection of salmonellae in faecal samples. J 
Clin Microbiol 30 : 3195-3199 

Wilson MR, Polansky D, Butler J, DiZinno JA, Replogle J, Bu- 
dowle B (1995) Extraction, PCR amplification and sequencing 
of mitochondrial DNA from hair shafts. Biotechniques 18: 
662-669 


