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ABSTRACT

Hypervariable minisatellites can be amplified from human DNA by the
polymerase chain reaction, using primers from DNA flanking the minisatellite
to amplify the entire block of tandem repeat units. Minisatellite alleles up
to 5-10 kb long can be faithfully amplified. At least six minisatellite loci
can be co-amplified from the same DNA sample and simultaneously detected to
provide a reproducible and highly variable DNA fingerprint which can be
obtained from nanogram quantities of human DNA. The polymerase chain
reaction can also be used to analyse single target minisatellite molecules
and single human cells, despite the appearance of spurious PCR products from
some hypervariable loci. DNA fingerprinting at the level of one or a few
cells therefore appears possible.

INTRODUCTION

Tandem-repetitive minisatellite regions in vertebrate DNA frequently
show high levels of allelic variability in the number of repeat units [1-4].
Hybridization probes capable of detecting multiple minisatellites and
producing individual-specific DNA fingerprints have been developed [5-7]1, as
well as cloned human minisatellites which provide locus-specific probes for
individual hypervariable loci [5,8-10]. These highly informative genetic
markers have found widespread application in many areas of genetics,
including linkage analysis [9,11-13], determination of kinship in for example
paternity and immigration disputes [6,10,14,15], monitoring bone marrow
transplants [16,17], and for individual identification in forensic medicine
[10,18,19]. Applications to typing forensic samples such as blood and semen
stains or hair roots are however limited by the sensitivity of the
hybridization probes, which require at least 50ng of relatively undegraded
human DNA for typing with locus-specific minisatellite probes [10] and
0.1-1ug DNA for analysis with multi-locus DNA fingerprint probes [6].

The enzymatic amplification of DNA by the polymerase chain reaction
(PCR) [20] enables much smaller amounts of human DNA to be analysed. The
remarkable specificity of thermostable Taq polymerase has greatly simplified
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PCR [21] and has allowed typing of some classes of human DNA polymorphism to
be extended to single hair roots [22] and indeed to individual somatic cells
and sperm [23]. In most work to date, PCR has been used to amplify short
regions of human DNA, usually a few hundred basepairs long [21-23]. Base
substitutional polymorphisms can be detected by hybridizing PCR products with
allele-specific oligonucleotides [22,23], by DNA sequence analysis of PCR
products [24], or, if the base substitution affects a restriction site, by
cleavage of PCR products with a restriction endonuclease [25]. Deletion/
insertion polymorphisms can likewise be analysed by sizing PCR products by
gel electrophoresis [22]. Most of these marker systems are however dimorphic
and their utility in for example forensic medicine is limited by their
relatively low variability in human populations.

Since Taq polymerase is capable of efficiently amplifying regions of DNA
up to 2 kb long [21], it therefore appeared possible that PCR could be
extended to the amplification of entire human minisatellites. We now show
that high fidelity amplification of hypervariable loci is possible, even from
minute amounts of human DNA.

MATERIALS AND METHODS
Preparation of genomic DNA, oligonucleotides and hybridization probes

Human DNA samples were provided by CEPH, Paris, or were prepared from
venous blood as described elsewhere [26]. Oligonucleotides synthesised on an
Applied Biosystems 380B DNA synthesiser using reagents supplied by Cruachem
were purified by ethanol precipitation and dissolved in water. The 5.6 kb
Sau3A insert from human minisatellite clone AMS32 [10] was subcloned into the
BamHI site of pUC13 [27]. Similarly, the minisatellite inserts from
recombinant M13 RF DNAs 33.1, 33.4 and 33.6 [5], isolated as a 1.9 kb
BamHI-EcoRI fragment, a 2.7 kb Sau3A-EcoRI fragment and a 0.7 kb BamHI-EcoRI
fragment respectively, were subcloned into pUC13 digested with BamHI plus
EcoRI to produce the plasmid series p33.1, p33.4 and p33.6. Appropriate
minisatellite-containing DNA fragments were isolated from restriction
endonuclease digested plasmid DNAs by electrophoresis through 1% low gelling
temperature agarose (SeaPlaque); gel slices containing DNA fragments were
dissolved in water at 65° to a final concentration of 2ug/ml DNA. 10ng
aliquots of DNA were labelled with 32P by random oligonucleotide priming
[28].

Polymerase chain reaction
Aliquots of human DNA, diluted if necessary with 5mM Tris-HC1l (pH7.5) in
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the presence of 0.1uM PCR oligonucleotide primers as carrier, were amplified
in 104l 67mM Tris-HC1 (pH8.8), 16mM (NHy),SO0y, 6.7mM MgCl,, 10mM
2-mercaptoethanol, 6.7uM EDTA, 1.5mM dATP, 1.5mM dCTP, 1.5mM dGTP, 1.5mM dTTP
(Pharmacia), 170ug/ml bovine serum albumin (DNase free, Pharmacia) plus 1y M
of each oligonucleotide primer and 1.5 units Taq polymerase (Anglian
Biotech). Reaction mixes in 1.5 ml microcentrifuge tubes were overlaid with
40oul paraffin oil and cycled for 1 min at 959, 1 min at 60° and 15 min at 70°
on an Intelligent Heating Block (Cambio, Cambridge). Final amplification
reactions were generally chased by a final step of 1 min at 60°, to anneal
any remaining single-stranded DNA with primer, followed by an extension phase
at 70° for 15 min.

Southern blot analysis of PCR products

Paraffin oil was removed from PCR reactions by extraction with diethyl
ether. Agarose gel electrophoresis of PCR products, Southern blotting onto
Hybond-N (Amersham) and hybridization with 32p-1abelled minisatellite probes
were carried out as decribed previously [10], except that competitor human
DNA was omitted from all hybridizations. Restriction digests and S1 nuclease
digestion of PCR products were performed by diluting 5,1 PCR reaction with 25
ul restriction endonuclease or S1 nuclease buffer [29] and digesting for 30
min at 37° with 3 units restriction endonuclease or S1 nuclease (BRL) prior
to gel electrophoresis.

Isolation and PCR analysis of single human cells

Lymphocytes were isolated by diluting venous blood with an equal volume
of 1xSSC (saline sodium citrate, 0.15M NaCl, 15mM trisodium citrate, pH 7.0),
layering over Histopaque-1119 (Sigma) and centrifuging at 2000g for 10 min.
Cells at the interface were diluted with 3 vol 1xSSC and banded again over
Histopaque. Cells were pelleted by centrifuging at 2000g for 10 min, washed
three times with 1xSSC, with centrifugation, and resuspended in 1xSSC to 104
cells/ml.

Buccal cells were isolated by diluting 0.5ml saliva with 5ml 1xSSC and
centrifuging at 2000g for 10 min. The cell pellet was rinsed three times with
1xSSC and resuspended to 104 cells/ml.

Approximately 0.1y1 aliquots of the cell suspensions were pipetted onto
a siliconised microscope slide and rapidly examined at 100x magnification on
an inverted microscope. Droplets containing a single nucleated cell were
immediately diluted with 0.4 ;1 1xSSC and transferred to an Eppendorf tube
using a disposable tip pipette. The microscope slide was re-examined to
check that the cell had been removed with the droplet.
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Cells were lysed prior to PCR either by heating or by treatment with
sodium dodecyl sulphate (SDS) and proteinase K [23]. 1In the former case, the
cell droplet was diluted with U4.5ul1 5mM Tris-HC1 (pH 7.5) containing 0.1y M
oligonucleotide primers, overlaid with paraffin oil and heated at 95° for 3
min prior to the addition of 5,1 2x concentrated PCR buffer/primers/Taq
polymerase and amplification. 1In the latter case, the cell droplet was mixed
with 0.5l 5mM Tris-HC1 (pH7.5), 0.1yM primers plus 1ul 5mM Tris-HC1l (pH7.5),
4omM dithiothreitol, 3.4 uM SDS, 50ug/ml proteinase K [23], overlaid with
paraffin oil and digested at 37° for 45 min. 3pul water were added to the
digest, and heated at 95° for 3 min to inactivate proteinase K prior to

addition of 5u 2x PCR reaction mix as above.

RESULTS
Selection of human minisatellites for amplification by PCR

The strategy for amplifying minisatellites is shown in Fig.1.
Oligonucleotide primers corresponding to unique sequence DNA flanking the
minisatellite are used to drive amplification of the entire minisatellite by
Taq polymerase. Amplified alleles are detected by Southern blot
hybridization with a minisatellite probe located internal to the priming
sites. Six cloned minisatellites were chosen for study (Table 1). Two of
them, pAg3 and MMS32 [8,10], detect highly variable loci with
heterozygosities of 97% and more than 40 alleles varying in the number of
repeat units. The other four minisatellites, 33.1, 33.4 and 33.6 [5] and
pMS51, isolated as a Sau3A-EcoRI DNA fragment cloned from a DNA fingerprint
(A.J.Jeffreys, unpublished data), detect much less variable loci with
heterozygosities of 66-77%; the alleles are however on average shorter than
those of pig3 and AMS32 (Table 1) and should be more amenable to
amplification by PCR. The flanking sequences of pig3, 33.1, 33.4 and 33.6
have been described previously [5,8]; the flanking DNA of xMS32 and pMS51 was
sequenced as described before [8]. All flanking DNA sequences were screened
against the EMBL DNA sequence database to identify repeat elements such as
Alu, and PCR oligonucleotide primers A and B (Fig.1) were designed to avoid
such elements. Details of all primers and hybridization probes are given in
Fig.1 legend.

Fidelity and efficiency of PCR amplification of human minisatellite alleles

To determine the ability of Taq polymerase to amplify long minisatel
-lite alleles in particular, a mixture of 0.1ug genomic DNA from each of 4
individuals, giving a total of 8 different AMS32 alleles ranging in length
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Figure 1. Primers and hybridization probes used in the amplification of
minisatellites by PCR. Each minisatellite locus was amplified using 20- or
24-mer primers A and B located in unique sequence flanking DNA a and b bp
respectively from the minisatellite. PCR products were detected by
hybridization with an internal minisatellite probe isolated by cleavage with
restriction endonucleases X and Y which cleave ¢ and d bp from the
minisatellite. Details for the six minisatellites are as follows, where R=
length of repeat unit (bp): pag3, A =5'-ACCACAGGCAGAGTAAGAGG-3', B=5'-CCACCCT
GCTTACAGCAATG-3', X=PstI, Y=DdeI, a=35, b=58, c=26, d=45, R=37; 2AMS32,
A=5"'-TCACCGGTGAATTCCACAGACACT-3', B=5'-AAGCTCTCCATTTCCAGTTTCTGG-3', X=Hpal,
Y=BglI, a=181, b=324, c=10, d=37, R=29; pMS51, A=5'-GATCAGCGAACTTCCTCTCGGCT
C-3', B=5'-TCCACATTGAGGACTGTGGGAAGC-3', X=DdeI, Y=HaeIII, a=117, b=131, ¢=30,
d=0, R=25 and 33; p33.1, A=5'-CTTTCTCCACGGATGGGATGCCAC-3', B=5'-GCCGTGTCAC
CCACAAGCTTCTGG-3', X=DdeI, Y=RsaI, a=6, b=27, ¢=0, d=15, R=62; p33.4, A=5'-CC
GGGCCAGACCCCAGCTGCTGAG-3", B= 5'-GCAGCATAGGGGCTGTCCTGG GCT-3', X=DdeI,
Y-=DdeI, a=11, b=96, c¢= 0, d=2, R=64; p33.6, A=5'-TG
TGAGTAGAGGAGACCTCACATT-3', B=5'-AGGTGAGACATTACTCAATCCAAG-3',X=StyI, Y=Dralll,
a=14, b=45, c= 10, d=16, R=37.

from 1.1 to 17.9 kb, was amplified for 10-20 cycles using AMS32 flanking
primers A and B, followed by Southern blot hybridization with a minisatellite
probe (Fig.2A). Using 6 min extension times for Taq polymerase, only the
four shortest alleles (1.1-2.9 kb) were efficiently amplified. Increasing the
extension time to 15 min, to improve the chance that the Taq polymerase would
progress completely across the minisatellite, gave a marked increase in yield
of the next two larger alleles (4.5, 6.6 kb), though no further improvement
was seen with 30 min extensions. The relative yield of large alleles could
also be improved by increasing the concentration of Taq polymerase (Fig.2B),
allowing the detection of an allele, albeit faintly, 10.2 kb long. Addition
of extra Taq polymerase at the 13th cycle gave only a marginal improvement in
yield, and there is no evidence for a significant drop in polymerase activity
during these prolonged extension times. Further experiments varying
annealing temperature, extension temperature and buffer concentration failed
to improve the yield of large alleles (data not shown), and all further
experiments used 15 min extension times and high concentrations of Tagq
polymerase (1.5 units per 10ul PCR reaction).
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Table 1. Properties of human minisatellites selected for PCR amplification.

Clone Locus Chromosome Heterozygosity No. alleles Allelic length %GC2 Ref.
localisation (%) range (kb)!

pAg3 D7S22  Tq36-gter 97 >40 0.6-20 66 [8,10,32]
AMS32  D1S8 1q42-ql43 97 >40 1.1-20 62 [10,32]
pMS51  D11S97  11q13 77 9 1.3-4.3 69 331
p33.1 - - 66 10 1.1-2.5 56 (5]

p33.4 - - 70 7 0.8-1.3 68 5]
p33.6 - - 67 8 0.5-1.0 70 (5]

1; lengths of alleles include both the minisatellite and the flanking DNA defined by the PCR
primers (see Fig. 1). 2; GC content of the minisatellite repeat units. The pMS51 minisatellite
repeat unit has not been previously described, and is 5'-ACATGGCAGG(AGGGCAGG) n,TGGAGGG-3", where n=1
or 2 depending on the repeat unit.

At low cycle numbers (10 cycles), the alleles amplified appear to be
completely faithful copies of the starting MMS32 alleles, as judged by their
electrophoretic mobilities (Fig.2A). At higher cycle numbers (14, 17 cycles),
there is an increase in background labelling; since most of this can be
eliminated by digestion with S1 nuclease (data not shown), much of this
background probably arises from low levels of single-stranded templates from
the previous cycle which have failed to prime, and from incomplete extension
products from the previous cycles which by definition cannot prime. At high
cycle numbers (20), the hybridization pattern degenerates to a heterodisperse
smear, as expected since the yield of PCR product becomes so high (>400ng/ml)
that out-of-register annealing of single-stranded tandem-repeated
minisatellite DNA will occur during the extension phase. This will lead to
the premature termination of extension at a reannealed site, to spurious
"alleles" arising from the extension of incomplete templates annealed
out-of-register to the complementary strand of a minisatellite, and to the
formation of multimolecular networks of reannealed minisatellite DNA strands.
As a consequence, it is not yet possible to amplify minisatellites faithfully
to the point where alleles can be visualised directly on ethidium
bromide-stained agarose gels (data not shown).

The yields of each AMS32 allele amplified by PCR were quantified by
scanning densitometry (Fig.3). PCR products from 0.1ug genomic DNA
accumulate exponentially at least up to cycle 17. The gain in product per
cycle decreases monotonously with allele length, with lower gains for 6 min

compared with 15 min extension times. The gain versus allele length curves
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Figure 2. Amplification of 2AMS32 minisatellite alleles by PCR. A, O.1lug
aliquots of DNA from CEPH individuals 2306, 10208, 133101 and 133304, which
together contain 8 different AMS32 alleles ranging from 1.1 to 17.9 kb, were
pooled and amplified for 10-20 cycles in 10ul reactions containing 1 unit Taq
polymerase plus flanking primers A and B. PCR products were separated by
electrophoresis in a 1% agarose gel and detected by Southern blot hybridization
with a minisatellite probe. Taq polymerase extension times at 70° were for 6,
15 or 30 min, with (+) or without (-) addition of extra polymerase (1 unit) at
the 10th cycle. H, 2ug of each CEPH DNA digested with Alul; Alul sites
flanking aAMS32 are located such that each Alul allele is 0.2 kb longer than its
corresponding PCR product. Autoradiography was for 5 hr (cycles 10, 14) or 1 hr
(17, 20) without an intensifier screen. B, effect of increasing concentration
of Taq polymerase (a-c, 0.5, 1, 2 units respectively) on the efficiency of
amplification of large alleles. The extension time at 70° was 15 min.

extrapolate back to a gain per cycle of approximately 2.0 for very short
alleles, indicating that the efficiency of denaturation and priming at each
cycle is close to 100%. Final yields of an allele can be calculated from
these curves; for an allele A with gain gy per cycle present initially at n
molecules, the yield after c¢ cycles is approximately n.gAC molecules. The
molar imbalance between alleles A and B of different lengths, arising through
more efficient amplification of shorter alleles, is given by (gA/gB)c. For
example, after 10 cycles of amplification with 15 min extension times, the
molar yield of a 1 kb allele will be 18 times higher than that of a 6 kb
allele; after 25 cycles, the imbalance will be 1300-fold. This imbalance is
diminished to some extent by the more efficient detection of longer alleles
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Figure 3. Efficiency of amplification of aMS32 minisatellite alleles as a
function of allele length, with PCR extension times of 6 min (0) or 15 min
(0). The gain in product per amplification cycle was determined by scanning
laser densitometry of tracks H, 6+ and 15+ of Fig.3, exposed to pre-flashed
X-ray film without an intensifier screen. The mean estimates of gain per
cycle determined up to cycle 10, from cycle 10 to 14 and from cycle 14 to 17
were in close agreement, indicating that the yield of PCR product is
increasing exponentially at least up to cycle 17; the Figure shows the mean
value of the three estimates of the gain for each allele.

by the minisatellite hybridization probe. Nevertheless, long alleles
amplified by PCR will become increasingly difficult to detect with the high
numbers of PCR cycles needed to analyse very small amounts of starting human
genomic DNA.

Minisatellites pig3, pMS51, 33.1, 33.4 and 33.6 were also tested for
their ability to be amplified by PCR (data not shown). In all cases, faithful
amplification of all alleles tested was observed, except for the longest (>8
kb) alleles of p>g3 which as expected failed to amplify. Again, yields of PCR
product fell with increasing allele length.

Fidelity of amplification of single minisatellite molecules

To test whether faithful amplification of single molecules is possible,
6 and 60 pg aliquots of human DNA, equivalent to 1 and 10 cells respectively,
were co-amplified for 25 cycles using primers for both MS32 and pMS51 (Fig.
4A). Both alleles of pMS51 (1.6 and 1.5 kb) amplified in the 60pg sample,
and amplification products of one or both alleles were also seen in most of
the 6pg samples, indicating that single target molecules can be faithfully
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Figure 4. Co-amplification of two minisatellites from single cell
equivalents of human DNA. A, 60 or 6pg aliquots of DNA from blood from an
individual heterozygous for alleles a, b at aMS32 and ¢, d at pMS51 were
amplified for 25 cycles with 15 min extension times in the presence of
primers A and B for both loci, followed by Southern blot hybridization
analysis of amplification products. Low levels of allele a could be detected
in three of the 6pg samples on prolonged autoradiographic exposure (arrows).
B, analysis of spurious amplification products of AMS32. Two 60pg aliquots
of DNA were amplified for 30 cycles, followed by digestion with S1 nuclease
(S1), BglI (B) or Hpal (H). Bgll cleaves once in the flanking DNA, between
the AMS32 minisatellite and primer B, and removes 311bp of flanking DNA.
Hpal cleaves between primer A and the minisatellite, removing 195bp of
flanking DNA (see Fig 1. legend).

amplified. Similarly, the 2.8 and 5.9 kb alleles of AMS32 could be
successfully amplified from 6pg samples of human DNA, although the yield of
the larger allele was as expected very low. Successful amplification
of AMS32 and pMS51 alleles in 6pg samples appeared to occur independently, as

expected, with a mean failure rate per allele per reaction of 63%. From the
Poisson distribution, this indicates on average 0.46 successful amplification

events per 6pg DNA sample,compared with 1 event predicted since 6pg human DNA
will on average contain one molecule of an allele. Thus, single target
minisatellite molecules can, with reasonable efficiency, be amplified by PCR.

No spurious amplification products were seen with pMS51. In
contrast, AMS32 frequently gave unexpected products in both the 60pg and 6pg
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DNA samples (Fig.4A,B). S1 nuclease digestion eliminated one band (Fig.4B)
which appears only occasionally, which comigrates with denatured PCR product
and which can be largely eliminated by chasing the PCR products by a final
annealing/ extension step (data not shown, see Materials and Methods). This
S1 nuclease-sensitive band presumably corresponds to single-stranded template
which failed to prime in the final PCR cycle. The remaining spurious bands
detected by WMS32 were resistant to S1 nuclease but were reduced in size,
along with the correct PCR product, by digestion with restriction
endonucleases which cleave DNA flanking the minisatellite (Fig.4B). These
spurious bands presumably represent abnormal PCR products with normal
flanking DNA but altered numbers of minisatellite repeat units. They are
particularly prominent after 30 cycles of amplification, are generally
present in low amounts compared with the authentic allele, and vary in length
from reaction to reaction, in contrast to the parent allele. They are
unlikely to be the result of contamination of the PCR reactions with human
DNA or with products of previous PCR reactions, since they only appear in
reactions where successful amplification of an authentic allele has occurred
(Fig.UA) and have been consistently seen with all human DNAs tested (data not
shown). Since almost all of the spurious products are shorter than the
authentic allele, it is 1likely that they arise fairly early in the PCR
reaction and accumulate preferentially due to their short length and
concomitant higher efficiency of amplification. It is not yet clear how
these "mutant" alleles arise, nor whether PCR conditions can be found which
will suppress their apperance. A similar frequency of appearance of abnormal
"alleles" has been seen with pxg3, and at a lower frequency with the other
four minisatellites tested.

Somatic mutations at minisatellite loci in the starting human genomic
DNA could also be a source of unexpected PCR products. Such mutations do
exist, particularly for AMS32, as shown by the appearance of mutant
minisatellite alleles in clonal tumour cell populations [30]. Somatic
mutants are however unlikely to be a major source of the spurious bands shown
in Fig.4, since no PCR reactions on 6pg human DNA have yet been seen which
show a mutant allele appearing in the absence of the normal parental allele.

Co-amplification of multiple minisatellites: PCR-derived human DNA

fingerprints
Fig.l4 demonstrates that two minisatellites can be successfully
co-amplified in the same PCR reaction. Further analyses showed that at least

six minisatellites could be co-amplified without any apparent interference
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Figure 5. Co-amplification of six different human minisatellites by PCR. A,
amplification of 10ng (first four lanes) or 1ng DNA (last two lanes) from
individual 1 for 15 or 18 cycles respectively, using a cocktail of primers A
and B for minisatellites p g3, aMS32, pMS51, 33.1, 33.4 and 33.6. PCR
products were detected by Southern blot hybridization with a cocktail of all
six 32p-labelled minisatellite probes. The individual tested had been
previously characterised at all six loci separately, which enabled all
hybridizing DNA fragments to be assigned as shown; this individual is
heterozygous at all six loci. These DNA fingerprints are from three separate
experiments. Note that 33.4 has failed to amplify in the last track. B, DNA
fingerprints of 8 unrelated individuals (2-9) following amplification of 1ng
samples of DNA for 18 cycles. C, DNA fingerprints of a 3-generation family
(CEPH kindred 1435), following amplification of 10ng DNA for 15 cycles.
Three bands, corresponding to alleles of 33.4 and pMS51, failed to amplify in
individual 12, as shown by a second analysis of this family (first track,
bands marked with an asterisk). In all experiments, PCR products were
digested with S1 nuclease (see Materials and Methods) prior to gel
electrophoresis, to reduce background labelling. DNA-free controls in all
experiments were conaistently blank (not shown).

between loci. Furthermore, the PCR products could also be typed
simultaneously by Southern blot hybridization with a cocktail of all six
minisatellite probes.

Examples of such multilocus PCR-derived DNA "fingerprints" are shown in
Fig.5. In all cases, the PCR reaction was limited to 15-18 cycles, to
minimise the appearance of spurious products as seen in Fig.l. These DNA
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Figure 6. Variability of DNA fingerprints produced by co-amplifying six
minisatellites simultaneously by PCR. 1ng samples of DNA from 21 unrelated
individuals were analysed in duplicate as described in Fig.5. Left panel,
variation in the number of resolvable DNA fragments per individual. The mean
number of bands resolved per individual is 8.9 * 1.4 (S.D.). Right panel,
distribution of the number of differences seen between the DNA fingerprint of
pairs of unrelated individuals, based on 39 independent pairwise comparisons.
The number of discordant bands is the total number of bands not shared by the
two individuals being compared. The theoretical maximum number of
discordancies with 6 loci is 24, and the observed mean is 10.8 + 2.8 (S.D.).
The distribution of discordancies approximates to a Poisson distribution
with this mean (dots).

"fingerprints" could be readily derived from 1ng human DNA. Repeat analyses
of the same individual showed that the pattern was reproducible, with all
hybridizing DNA fragments representing authentic minisatellite amplification
products. On occasion, one or two loci failed to amplify (individuals 1,12,
Fig.5A,C); this failure usually affected 33.4, followed by pMS51, and was
least likely to affect 33.1 (data not shown). The 1likelihood of failure
appears to correlate with the GC content of the minisatellite repeat units
(Table 1), and suggest that non-amplification results from failure to
denature GC-rich minisatellites at 959, probably due to localised
temperature variations in the heating block or to poor thermal conductivity
between the block and the reaction tube.

These PCR DNA fingerprints are derived from six loei with widely
differing levels of variability (Table 1). To determine the overall
complexity and level of variability of these patterns, unrelated individuals
were compared (Fig.5B). On average, 8.9 bands were resolved per individual
(range 6-11, Fig.6). The maximum possible number of bands is 12 (Fig.54),

corresponding to heterozygosity at all loci, with no electrophoretic
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Figure 7. Amplification of minisatellites from single human cells. A,
samples containing 0, 1 or 3 lymphocytes (from the individual analysed in
Fig.5A) were lysed either with proteinase K plus SDS or by heating in water,
followed by co-amplification with primers for AMS32, pMS51, 33.1, 33.4 and
33.6 for 27 cycles. PCR products were Southern blot hybridized sequentially
with each of the five minisatellite probes. B, amplification products of
single buccal cells, analysed following lysis with proteinase K plus SDS and
PCR as above. Cells from two individuals, a and b were tested; b is

homozygous at pMS51, 33.1 and 33.6. O, no cell control. Spurious PCR products
are indicated with arrows.

comigration of alleles from different loci and with no alleles too large to
be amplified by PCR. In pairwise comparisons of unrelated individuals, there
are on average 10.8 bands which are discordant between pairs of individuals
(range 5-18). Since the distribution of discordancies approximates to a
Poisson distribution, then the chance that two unrelated individuals would
show identical DNA fingerprints (no discordant bands) can be estimated at
e~10.8 - 2 x 1075, These patterns therefore show a good degree of
individual-specificity, despite the fact that four of the six loci used show
relatively modest levels of variability (Table 1). Differences in
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PCR-derived DNA fingerprints are also readily detectable between closely
related individuals, in for example the 3-generation family shown in Fig.5C,
in which faithful transmission of bands from parent to offspring can also be
seen.

Typing minisatellites in single human cells

Lysed cells can be subjected directly to PCR without the need for
purifying DNA [23], which greatly simplifies the analysis of specimens such
as blood. In preliminary experiments it proved possible to type
minisatellites in blood by first freezing and thawing blood to 1lyse
erythrocytes, followed by centrifugation to collect white cells and nuclei,
and heating in water to lyse cells prior to PCR. Using this method, it was
possible to reproducibly type 0.001-0.01ul blood, corresponding to about 5-50
nucleated cells (data not shown).

This analysis was extended to single lymphocytes (Fig.7A) from which
five minisatellite loci were simultaneously co-amplified and typed by
sequential hybridization. Successful and reasonably faithful amplification
was seen both from cells lysed with proteinase K and SDS prior to PCR, and
from cells lysed by heating in water. Individual nucleated buccal cells
could also be typed following lysis with proteinase K plus SDS (Fig.7B),
though these cells failed to lyse in water (data not shown).

To test the feasibility of identifying individual cells, 14 buccal
cells from two individuals were separately typed in a blinded experiment
(Fig. 7B). In four cases, no amplification products were seen from any of
the loci, suggesting either that the cell had not been transferred to the PCR
reaction, or that 1lysis had not occurred, or that nuclear DNA had degraded
prior to PCR. In the remaining 10 cases, amplified alleles could be detected
from at least two of the minisatellite loci, and in some cases all five loci
amplified successfully from a single cell. Omitting the large alleles
of AMS32, which amplify poorly and would be difficult to type at the single
cell level, we estimate that, for those single cell PCR reactions in which at
least some loci have amplified, approximately 75% of alleles present could be
detected following PCR. This estimate agrees with the efficiency of single
molecule amplification determined from PCR analysis of 6pg samples of human
DNA (Fig.4). As expected from Fig.l4, several instances of spurious bands
were seen in both buccal cell and lymphocyte PCR reactions (Fig.7A,B).
Nevertheless, distinguishing alleles from each of the two individuals tested
could be detected in the 10 successfully-typed buccal cells, and the origin
of each buccal cell was successfully predicted in this blinded trial.
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Finally, we note the presence of amplified products of 33.6 in some of
the DNA-free controls in Fig.7A,B and of 33.4 in one of the buccal cell
controls. In practice, we have found that such contamination, probably with
recombinant DNAs or the products of previous PCR reactions rather than with
human cells or genomic DNA, can only be avoided by using solutions,
glassware, disposable pipette tips and microcentrifuge tubes which have not
previously been exposed to the laboratory environment. It is noteworthy that
our most consistent contamination problem has been with 33.6, one of the
multilocus DNA fingerprint probes [5,6] which has been in continuous use in

our laboratory for the last four years.

DISCUSSION

Taq polymerase not only shows remarkable fidelity in amplifying
non-repeated DNA [21], but is also capable of faithfully amplifying entire
minisatellites and preserving the allelic specificity of the number of repeat
units. Unlike conventional PCR reactions, however, minisatellite PCR must be
terminated befoﬁe the yield of product becomes so high (>4ng per 10ul PCR
reaction) that out-of-register annealing between complementary
tandem-repeated template strands occurs during primer extension, particularly
during the lengthy extension times needed to obtain efficient amplification
of long minisatellite alleles. Also, the PCR reaction must proceed far
enough to generate sufficient product to be detectable by hybridization. The
minisatellite probes are sensitive and can readily detect 0.1pg minisatellite
PCR product [10]. The "window" of PCR cycles which generate an appropriate
amount of product for typing (0.1-4000 pg product) is therefore very wide,
and only a very approximate estimate of the amount of initial human genomic
DNA is needed to predict the number of PCR cycles required for successful
typing. As a guide, 10-15 cycles are appropriate for 100ng genomic DNA in a
10ul PCR reaction, 18 cycles for 1ng DNA and 25 cycles for single cell PCR
(6pg). The number of PCR cycles may need to be increased to detect larger
alleles which amplify less efficiently.

Since minisatellite amplifications need to be restricted to the
exponential phase of accumulation of PCR products [21], then the
hybridization signal is approximately proportional to the amount of input DNA
down to 0;1ng human genomic DNA (data not shown). Below this 1level,
stochastic variation in the number of target minisatellite molecules can
obscure the proportionality. Minisatellite PCR can therefore be used
quantitatively to estimate low concentrations of human DNA. Also, the amount

10967



Nucleic Acids Research

of primers and Taq polymerase will not be limiting during this early phase of

PCR, and in principle there should be 1little or no interference between
different loci being amplified. In practice, at least six different
minisatellites can be co-amplified simultaneously, and there seems to be no
theoretical reason why this number could not be increased further.

Co-amplification of minisatellites followed by simultaneous or
sequential hybridization with minisatellite probes enables a considerable
amount of information concerning individual identity and family relationship
to be gathered from very small DNA samples. These PCR-derived DNA
fingerprints appear to be reliable down to 1ng human DNA. Information can
also be recovered from much lower amounts of DNA and single cells, although
the generation of spurious DNA fragments at some loci, during the relatively
large number of PCR cycles needed for single cell typing, could present
significant problems for individual identification at the level of one or a
few cells. Fortunately, these spurious PCR products appear to vary from
reaction to reaction, and duplicate PCR analyses of very small samples of DNA
should therefore distinguish bona fide amplified alleles from spurious PCR
products.

PCR-derived DNA fingerprints already show a good level of individual
specificity, with a chance of false association of two individuals of
approximately 2 x 1075, 1In contrast, conventional DNA fingerprints obtained
by Southern blot hybridization with a multilocus polycore probe [6] or with a
cocktail of locus-specific human minisatellite probes [10] show much higher
levels of individual specificity (<10712 and <1076 respectively). However,
several approaches could be used to improve the variability of PCR-derived
DNA fingerprints. First, highly informative alleles particularly at pxg3 and
AMS32 cannot be detected above approximately 8 kb (1ng human DNA) or
approximately 5 kb (single cell). This could be overcome by using highly
variable minisatellites with a more restricted range of allele lengths. Such
loci appear to be scarce since high levels of variability are usually
associated with large numbers of minisatellite repeat units and long alleles
[5,8,10]. Some possibly appropriate loci have however been isolated ([9],
J.A.L. Armour and A.J. Jeffreys, unpublished data). Second, the number of
minisatellites being amplified simultaneously could be increased. Third,
loci which are particularly prone to generate spurious PCR products, such as
pAg3 and aMS32, could be identified and avoided. If these goals can be
accomplished, then we see no reason why reliable identification at the single

cell level should not be possible, provided that inadvertant contamination of
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PCR reactions is avoided and that the potential presence of

somatic mutations at hypervariable loci is taken into account [30].

The use of multilocus DNA fingerprint probes in for example individual
identification in forensic medicine, paternity testing and monitoring bone
marrow transplants is limited by the sensitivity of these probes which
require at least 0.1-1ug human DNA for typing [6]. Similarly, locus-specific
minisatellite probes can only be used successfully on a minimum of
approximately 50ng human DNA [10]. PCR-derived DNA fingerprinting improves
sensitivity by orders of magnitude and can be used to type specimens which
are relatively intractable by conventional Southern blot hybridization. For
example, human hair roots typically contain 10-500ng DNA [22] and while
approximately 70% of roots can be typed using locus-specific minisatellite
probes (Z. Wong, J.A.L. Armour and A.J. Jeffreys, unpublished data), all hair
roots so far tested can be typed by PCR-derived DNA fingerprinting (data not
shown). Similarly, 0.001-0.01ul blood can be typed without the need first to
purify DNA. Likewise, saliva contains on average 400 nucleated buccal cells
per ul (range 100-800 in 14 individuals tested), and PCR-derived DNA
fingerprint analysis of submicrolitre samples of saliva is therefore
possible. The potential for typing trace amounts of hair, blood, semen,
saliva and urine in forensic specimens, including partially degraded samples,
is obvious. The potential for inadvertant contamination of specimens, for
example with traces of saliva, is likewise evident.

PCR-derived DNA fingerprints should eventually become sufficiently
individual-specific to provide a statistically highly polarised test for
establishing parentage in for example paternity disputes. Not only would the
need to isolate DNA be obviated, but much smaller samples of blood obtained
by finger-pricking rather than venepuncture could be used. Alternatively,
the determination of parentage could be based on the analysis of saliva.
This would avoid the problem of individuals who object to giving blood
samples, and would remove the trauma of taking blood from infants.

Finally, PCR could be used to study mutation processes at
minisatellites. The minisatellites used in the study, and the multilocus DNA
fingerprint probes, share a common "core" sequence in the repeat units which
we suspect may serve as a recombination signal promoting unequal crossing
over at these tandem-repeated loci and generating high levels of allelic
variability [4,5]. A significant level of germline and somatic instability
at the most variable human minisatellites has been detected by studying human
pedigrees [31] and clonal human tumours [30] respectively. The ability to
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amplify single target minisatellite molecules will permit a much more
detailed analysis of the rate of production of mutant minisatellite alleles

and the structure of the products of the (recombinational?) mutation

processes which generate these hypervariable loci.
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