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ABSTRACT

Our purpose was to identify an experimental procedure

using PCR that provides a reliable genotype at a
microsatellite locus using only a few picograms of

template DNA. Under these circumstances, it is possible
(i) that one allele of a heterozygous individual will not

be detected and (ii) that PCR-generated alleles or ‘false
alleles’ will arise. A mathematical model has been
developed to account for stochastic events when
pipetting template DNA in a very dilute DNA extract and
computer simulations have been performed. Laboratory

experiments were also carried out using DNA
extracted from a bear feces sample to determine if
experimental results correlate with the mathematical

model. The results of 150 typing experiments are
consistent with the proposed model. Based on this

model and the level of observed false alleles, an
experimental procedure using the multiple tubes
approach is proposed to obtain reliable genotypes
with a confidence level of 99%. This multiple tubes
procedure should be systematically used when geno-

typing nuclear loci of ancient or forensic samples,

museum specimens and hair or feces of free ranging
animals.

INTRODUCTION

In molecular studies using ancient samples, forensic samples,
museum specimens and hair or feces of free ranging animals, the
amount of DNA available for genetic typing can be very low and
is often in the picogram range. Under these circumstances, it is
possible for one allele of a heterozygous individual not to be
detected, leading to an incorrect genotyping of this individual as
a homozygote. This kind of problem has been encountered in a
microsatellite study using BonobBgh pygmeyseces (1). A
theoretical study by Naviét al. (12) suggested that the use of a
multiple tubes approach, distributing the extract DNA among
several tubes, provides more reliable genotyping of dilute DNA
samples than a single tube approach. To our knowledge, this has
not been tested experimentally.

In order to identify each individual of the endangered Pyrenean
brown bear populatior¢sus arcto} we are currently studying
microsatellite polymorphism of DNA extracted from hairs and
feces collected in the field$,14). Our preliminary results clearly
demonstrated that the amount of extracted DNA varies greatly
among samples and that an incorrect conclusion of homozygosity
may be reached for some extracts. We therefore decided to use the
multiple tubes approachZ). Our basic purpose was to determine
how many times an experiment would have to be repeated in
order to obtain a reliable genetic typing of a homozygous locus,
with the constraint that only a limited amount of template DNA
is available. So, the greater the number of PCRs, the fewer the
number of loci that can be analysed.

Furthermore, we initially obtained many more genotypes than

The polymerase chain reaction (PCR}3) is an enzymatic expected, with each additional genotype corresponding to a
process by which a specific region of DNA is replicateddreviously observed genotype but with a single difference: one
repeatedly to yield several million copies of a particular sequencazxtra allele at an otherwise homozygous locus. We tried repeating
Typically, nanogram to microgram quantities of genomic DNAexperiments in order to confirm the presence of these alleles, but
are used as a template for the PCR. This corresponds ttey were not reproduced, even with six or seven repetitions. The
[BO0-300 000 copies of a unique target sequence. Refinemeptgblem became even more complex when three alleles were
of the standard technique have even enabled the amplificationadiftained at the same locus for some heterozygous individuals.
DNA extracted from a single spermatozoid (see for exampl@ene possible explanation for these unusual results is sporadic
4-6), demonstrating that a single molecule can be reliablgontamination, either by cross-contamination between extracts or
amplified (7). In order to improve the sensitivity of the reactionby PCR product carry-over. However, in our case, the contamination
when the template DNA contains very few copies of the targéypothesis can be ruled out. First, the alleles concerned were
sequence, a two-step PCR can be perforge@écause of this always obtained for the first time in our laboratory, therefore,

extreme sensitivity, there is a high risk of contamination, againBICR product carry-over cannot be responsible. Second, all of the
which strict measures must be taken (see for exdirifle bear DNA samples currently in the laboratory have been analysed
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and do not carry the alleles concerned, ruling out the possibiligxtraction from ancient samples, hair and feces. In order to
of cross-contamination. As an alternative hypothesis, we suggesbduce enough template DNA for the subsequent amplification,
that slippage artifacts generated during the first cycles of the PGiRe DNA extractions were carried out at the same time for a
may explain these false alleles. single feces sample of a brown bear. This sample was collected
In this paper, we present an experimental procedure whiahthe field by J.-J.Camarra in the Pyrenees mountains. Extraction
provides reliable genotyping using very low amounts of templatgas performed using the silica metha8+17). The bear feces
DNA, taking into account (i) the possibility of not detecting arsample was preserved dry until DNA extraction.
allele in heterozygous individuals and (ii) the problem of For each extraction50 mg dry bear feces was added to 1 ml
PCR-generated false alleles. Such procedures should be appliécextraction buffer (10 M GuSCN, 0.1 M Tris—HCI, pH 6.4,
when a few picograms of DNA are to be amplified to a detectab®02 M EDTA, pH 8.0, 1.3% Ton X-100). After incubation
level, as is the case in studies of forensic samples, musewgernight at 60C with constant agitation, 5Q0 of the liquid

specimens and fossils. phase was added to 5QDfresh L6 extraction buffer and gb
silica suspension prepared as previously describéd The

MATERIALS AND METHODS mixture was incubated at room temperature for 10 min with
constant agitation. After centrifugation (1 min, 7@pahe silica

General strategy pellet was washed three times with 540L2 buffer (10 M

&USCN, 0.1 M Tris—HClI, pH 6.4), once with 1 ml 100% ethanol

d once with 1 ml acetone. The pellet was then dried Gtf60

min and nucleic acids were eluted at®@or 5 min with
00pl TE (10 mM Tris—HCI, 10 mM EDTA, pH 8.3). The tube

s centrifuged (3 min, 10 0@) and 160ul supernatant was

efully removed to avoid pipetting silica particles and transferred
to a new Eppendorf tube. The tube was centrifuged again (3 min,
10 000g) and only 12Qul was removed to ensure that no silica
particles remained in the extract. The products of the five
extractions were then pooled, constituting the 1:1 extract. Two
The model is restricted to the genotyping of an individual bearir@]quots of this 1:1 extract were used to make two extract dilutions
alleles A and B at an autosomal locus. The main purpose of tie1:2 and 1:4. Five microlitres of each extract was used as
model is to take into account the stochastic sampling of DNJ¢MPplate for each PCR. To detect whether contamination of
molecules when pipetting the template DNA for each PCR. Tre&mPples with exogenous DNA had occurred during the extraction
following assumptions have been made: (i) the DNA extradtrocedure, atube without bear feces (extraction negative control)
contains equal numbers of the alleles A and B; (ii) a single targ&@s treated identically through both the extraction procedure and
molecule can be amplified and detected; (iii) each single targéte @mplification. _
molecule has the same probability of being amplified; (iv) 100 Fifty PCRs were carried out for each of the 1:1, 1:2 and 1:4
PCRs can be performed using the DNA extract and the targgfiracts. The DNA amplifications were performed in a two-step
DNA molecules are distributed randomly among the 100 PCRCR. The first step used diluted external microsatellite primers to
tubes; (v) if the initial proportion between alleles A and B (A/B'éduce the formation of primer—dimer artifaéls [n the second

or B/A) in the PCR tube ig 5, then only the most common allele Step, & nested primer was introduced. Three primers were
will be detected. designed from the sequence of locus G10B):(G10BF

Assumption (iii) is related to previous studies concerning PCf-AAGCCTTTTAATGTTCTGTTG-3); G10BFI (3-TGCTA-
on single spermatozoids that have shown that@0y-70% of ~ATATTTTCTTGAGGACT-3); G10BR (5>AGGACAAATCAC-
each DNA molecule can be amplifie&-6), so only amplifiable AGAAACCT-3.. Th_e first step was performed in a total volume
DNA is considered later. Assumption (v) is included because it & 25H! [750 mM Tris—HClI, pH 9.0, 200 mM (N)»SOy, S0uUM
difficult to score an allele when the band intensity on th&ach dNTP, 1.5mM Mggl5 ng BSA, 0.1 U Red GoldStar DNA
autoradiograph is five times weaker than the other allé)e ( Polymerase (Eurogentec), 0.pM primer G10BF, 0.01uM
Other proportions were also tested, but the results were risimer G10BR, il extract] and a PCR amplification of 20 cycles
substantially different. was carried out (9% for 30 s, 58C for 30 s, 72C for 1 min,

The computer simulations were set up to randomly distribu¢sing a Perkin Elmer Gene Amp PCR System 9600). Between the
the given amount of extracted DNA (i.e. the given number dfrst and second steps, a volume ofir50 mM Tris—HCI, pH
alleles A and B) among 100 PCR tubes and then to analyse the, 200 MM (NH)>SQy, 50uM each dNTP, 1.5 mM Mggl5 ng
results of the DNA amplification in each tube using the abovBSA, 0.1 U Red GoldStar DNA polymerase,ul primer
assumptions. One thousand replications of random sampling@10BFI and JuM primer G10BR] was added to the same tube.
alleles without replacement were performed for 48 extracts dhe second step consisted of 35 cycles of amplificatictO(@3
different DNA concentrations. The amount of amplifiable DNA30 s, 58C for 30 s, 72C for 1 min). The PCR products were
in the extracts ranged from one to 1000 diploid genomepurified on a low melting point agarose gel, diluted in @DO

Our strategy consisted of developing a mathematical model whi
takes into account stochastic events when pipetting templ
DNA in a very dilute DNA extract. Laboratory experiments wer
carried out in order to: (i) determine if experimental result
correlate with the mathematical model; (ii) estimate the frequen
of PCR-generated artifacts. Based on the results obtained,
appropriate experimental procedure was designed.

Mathematical model and computer simulation

corresponding to 0.01-10 diploid genomes/PCR tube. ddH,O and 10pul were used as template for an additional
amplification of two cycles (9 10 s, 58C 30 s, 72C 1 min)
Laboratory procedures performed in a volume of 28 [750 mM Tris—HCI, pH 9.0,

200 mM (NHy)2SOy, 50uM each dNTP, 1.5 mM Mggl 0.1 U
As a precaution against contamination, the extraction procedlRed GoldStar DNA polymerase, Qu primer G10BF and
was performed in a special room dedicated only to DNA.02uM y-33P-labelled primer G10RI]. Amplification products
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Figure 2. Results of the simulation concerning the genetic typing of a
Figure 1. Results of the simulation concerning the genetic typing of a heterozygous individual bearing alleles A and B. Probability among positive
heterozygous individual bearing alleles A and B. Probability among all PCRs PCRs of obtaining a correct genotyping (alleles A and B) or only one allele
of obtaining a positive PCR (allele A or B), a correct genotype (alleles A and (allele A only), according to the amount of template DNA.
B) or only one allele (allele A only), according to the amount of template DNA.

were separated by electrophoresis on a 6% polyacrylamide getrect genotypes obtained was also correlated with the concentra-

(sequencing gel) for 2 h. This gel was dried and exposed tion of template DNA: 21 correct genotypes were obtained using

autoradiography film. the 1:1 extract, 16 using the 1:2 extract and only three using the
1:4 extract.

RESULTS

Table 1. Stochastic distribution of alleles A and B among 10 tubes, using PCR
templates equivalent to the amplifiable DNA content of 1/2, 1 and 2 cells

The stochastic sampling of target DNA in very dilute extracts is

Simulation

illustrated by a subset of the simulation results shown in Table DNAof 1/2 cell DNAoflcell  DNA of 2 cells
The number of target alleles varies greatly among tubes and some per PCR per PCR per PCR
tubes do not contain any target molecules. Figusbows the
probabilities of obtaining a positive PCR (either allele A or B), TU0e 1 BB BBB BBBB
only allele A or both alleles (correct genotype) when using differentube 2 A B AAA
quantities of template DNA. One unit (U) of the template DNA 1pe 3 AA AB
corresponds to the amplifiable diploid content of one cell. For 1.5 U
template DNA, the probability of obtaining a PCR product is '"?€ 4 BA AAB BAAA
0.95. For 2.4 U template DNA, the probability of obtaining a PCRTube 5 BB AAB A
productis 0.99, but the probability of obtaining a correct genotyp&ype 6 A BA BABABB
is only 0.80. The probabilities of identifying the correct genotyp
atthe 0.95 and 0.99 levels are obtained for 5.0 and 8.0 U templgﬁébe ! BA ABBBABA
DNA respectively. The maximum probability of obtaining only Tube 8 A BB ABB
one allele is for 0.7 U template DNA. Figizeonsiders only  Tube 9 BAAAB
positive PCRs and presents the probabilities of obtaining a corregt, 1o BAB AABBBAAA
genotype and an incorrect genotype (e.g. only allele A) using
different quantities of template DNA. The probability of obtaining No PCR product 4 1 0
only allele A decreases rapidly when using more template DNA, .. A only 3 1 5

. . Allele B only 2 3 1
Genetic typing Correct 1 5 7

Table2 summarizes the results of the genetic typing. From 5@enotype
independent typing experiments for three concentrations of
template DNA, the numbers of positive PQRS are 44, 40 and e stochastic distribution and the analysis of the results have been determined
for the 1:1, 1:2 and 1:4 extracts respectively. The number @écording to the mathematical model presented in Materials and Methods.
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% ? 1|0 15 20 25 30 35 40 of very dilute DNA samples follows a stochastic process 8Fig.
prelavoabovoaborneboonalonnbovanbannnbornn and Table?), consistent with the proposed model.

AMFTENNC T W Hy T |
B-r xSy T FEEI=Fr- EmY Random sampling of template DNA
e ry =9 Based on our proposed mathematical model, the probability of
obtaining a correct genotype at the 99% confidence level
. _ _ . . corresponds to the use of 8 U template DNA, whidib& pg
Figure 3. Autoradiograph showing the results of 50 genotyping experiments DNA for mammals. However, the probability of obtaining a PCR
using the same extract (1:1) as template. Only the 44 positive amplifications ary roduct at the 99% level is reached at onIy 24U template DNA
shown. Both alleles A and B are represented in the experiments of lanes 4— heref h ina b 2 ds ; | h )
10, 12-15, 19, 21, 26, 28, 30, 32, 34, 38 and 40-42. Only one allele, A o B, id Nerefore, when using between 2.4 and 8 U template DNA, there
represented in the experiments of lanes 1-3, 9, 11, 16-18, 20, 22-25, 27, 29, 33 & high risk of not detecting one allele, despite obtaining positive
33, 35-37, 39, 43 and 44. Lanes 19 and 37 show two obvious false alleles. LanBXCRs in almost all experiments. This problem is illustrated in
3, 13, 20 and 34 may also contain false alleles. Figurel by the gap between the two curves corresponding to the
probability of obtaining a positive PCR and of obtaining a correct
genotype. In our experience, when working with bear hairs and
feces collected in the field, the amount of template DNA used per
Table 2. Results of 50 genetic typing experiments at a heterozygous locus f®CR is usually <8 U and therefore the risk of missing one allele

three different concentrations of template DNA is almost always present.
Extract 1:1 Extract 1:2 Extract 1:4 The problem of false alleles
No PCR product 6 11 33 . - . . . .
P Excluding the possibility of sporadic contamination, as explained
Allele A only 12 11 5 in the Introduction, an alternative explanation can be proposed for
Allele B only 11 12 8 the observation of false alleles. Amplification of microsatellite

loci often produces shadow bands below the main band. These
artifacts correspond to smaller numbers of repeats in the
Total 50 50 50 microsatellite array 10-21) and could result from slippage
during the amplification process. If a single target DNA molecule
ed’s used as template and if such a slippage occurred during the first
ddycle of the PCR, then this artifact could be amplified in
@Jproximately the same proportion as the true target molecule and
ould be visible on the autoradiograph. If this hypothesis is true,
en the occurrence of false alleles should be proportional to the

Correct genotype 21 16 3

Multiple x2 calculations were used with different expect
results corresponding to different units of template DNA in or
to test the null hypothesis that the results obtained in tl
laboratory experiments were not significantly different from th

simulation results obtained using our mathematical model. Th . o v .
minimum value of2was obtained for 1.2, 0.6 and 0.3 U templatémens'ty of shadow bands observed in microsatellite loci and the

DNA for the 1:1, 1:2 and 1:4 extracts respectively. The nuf?oSt common false alleles should correspond to the most
P Y %@nswe shadow bands. In addition, all intermediates between

hypothesis cannot be rejected as the ‘observed’ results obtair} ; . X ; -
e most intensive false alleles (due to slippage during the first

in the experiments are not significantly different from the . ) .
‘expected’ results of the simulatior?é 8.68, df = 5). In addition, cycle) and very faint false alleles (due to slippage during the

this suggests that the amount of 1:1 extract DNA used in ea Io_vving few cycles) _ShOUId be_ observ_ed. AL present, we _have

PCR wag1L.2 equivalents of the DNA content of one diploid cell.carMed outt1000 typing experiments involving dinucleotide
Figure 3 presents the genotypes corresponding to the 4&Peat loci using brown bear hair or feces as a source of DNA.

positive PCRs from the 1:1 extract and clearly shows that a sin gspite the difficulty in scoring faise alleles due to large

PCR is not sufficient to obtain a reliable genotype result. Land@riations in band intensity, the occurrence and the length of the
which contain both alleles can exhibit a significant variation ifa/S€ alleles observed seem to support all three of the assumptions

intensity between them. Two obvious cases of false alleles 4180Ve (data not shown).

visible in lanes 13 and 19. The relative intensity of the mainband _ _
and of the first shadow band below also suggests that lanes 3, @8idelines when genotyping very dilute DNA samples

i o ' fie guidelines we propose for genotyping very dilute DNA
allele. Using the 101 positive PCRs obtained for the thregn,,eq are only valid under the following conditions: (i) a single

concentrations of template DNA, we estimate that a particul?_crlrget molecule can be detected; (ii) the amount of template DNA

extra allele was not observed in >5% of the experiments. is very low, in the picogram range, but is not accurately known.
Our goal was to obtain a reliable genotyping, with a confidence
DISCUSSION level of 99%, taking into account the stochastic sampling of

template DNA, the possibility of generating false alleles and the
A mathematical model has been developed to design a procedtisk of contamination. One approach would be to concentrate the
to obtain reliable genotyping based on PCR when using very laextract and to perform a single PCR per locus. The results of the
guantities of template DNA. This model takes into account theomputer simulation demonstrate the dangers of the one tube
random sampling of template molecules in the extract arapproach with ‘concentrated’ extract. The problem is that the
assumes that a single template molecule can be detected. Thantity of extracted DNA is unknown and this quantity could be
results of 150 typing experiments clearly show that the genotypiiigh enough to give a PCR product, but insufficient for a reliable
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Figure 4. Flow chart diagram of the procedure used to obtain a reliable genetic typing with a confidence level of 99%.

genotyping (Figl). Therefore, we propose the multiple tubesonly one of two alleles is <1%, corresponding to a confidence
approach as a more reliable method that can monitor the thieeel of 99% for characterizing homozygous individuals. Because
potential sources of errors: stochastic sampling, false alleles ahdse calculations were based on the maximum probability of
sporadic contamination. When using the multiple tubes approacatgtecting only one of two alleless 7 is a conservative estimate.
it is important to determine the number of experiments that areln all our experiments with bear feces and hair, it has been
necessary to obtain a reliable genotype. possible to determine the genotype of an amplifiable sample with
The results of the simulation (Fifjsand2) help to design an a 99% confidence level using rules one and two as decribed above.
appropriate experimental procedure. Figdredescribes the However, after seven independent experiments, it is theoretically
procedure we suggest to obtain a confidence level of 99%. In tipisssible to obtain ambiguous results (EjgFor example, a single
case, three positive PCR were analysed and then, dependincabele may be observed in six experiments and a different single
the results, additional experiments could be carried out. Thidlele may be observed in another experiment. In such cases, we
two-step procedure was designed to avoid analysing too margcommend that some additional experiments are performed to
positive PCRs if the amount of template DNA available igletermine if the allele that was observed only once is a false or a
compatible with a reliable genotyping using only three experimentsue allele. Similarly, if a particular allele is present in all seven
In order to avoid incorrect genotypes with false alleles or sporadégperiments and a second allele is observed in two experiments,
contamination, our first rule was to record an allele only if it wathen we recommend additional experiments, particularly if the
observed at least twice. Based on our estimates, the probabilitysetond allele is one repeat shorter than the most common allele
obtaining a particular extra allele (contamination or a false allelajd could therefore be formed by a PCR slippage event.
does not exceed 5%, thus the probability of obtaining this sameBased on the results of the computer simulation, we estimated
extra allele in two independent PCRs is <1%. To identifghat at least 5 U template DNA/locus$36 pg in mammals) are
homozygous samples, our second rule was to score an individnatessary to follow the procedure outlined in Figuend to
as a homozygote only if seven independent experiments detecietiieve a genetic typing with a 99% confidence level (this
the same allele. Our choice of seven experiments was based orcitreesponds to 10 independent PCRs, with 0.5 U amplifiable
simulation results presented in Figu2e the curve of the template DNA/reaction). Our proposed mathematical model can
probability of obtaining only one allele among positive PCRs hase used to design other guidelines according to the level of
a maximum at 0.5 for very dilute template DNA. Thus, theonfidence needed. Itis also interesting to note that the proportion
probability of obtaining only one out of the two alleles of aof positive PCRs is a poor indicator of the amount of DNA used
heterozygous individual is 0'5wheren is the number of as template when more thah U is used (Figl). As explained
independent experiments. Wher 7, the probability of detecting above, the fact that all or almost all PCRs work does not mean that
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the genotyping is reliable. However, the fact that some PCRs db Li.H., Gyllensten,U.B., Cui,X., Saiki,R.K., Erlich,H.A. and Arnheim,N.
not work is a strong indication that the risk of incorrectly scoring_ (1988)Nature 335 414-417. _
a heterozygous individual as a homozygous individual is very higtp A™Mneim.N., Li,H. and Cui,X. (199@enomics8, 415-419.

. . : . Arnheim,N., Li,H. and Cui,X. (1998Bnim. Genet 22, 105-115.
Based on the results obtained in this study, the m_u!uple tqbe; Ruano,G., Kidd,K.K. and Stephens,J.C. (1980} Natl. Acad. Sci. USA
procedure represents the best approach for obtaining reliable g7, 6296-6300.
genotypes when using samples with very small and unknowB Ruano,G., Fenton,W. and Kidd,K.K. (198@)cleic Acids Resl7, 5407.
DNA quantities. Therefore, the multiple tubes procedure shoul@ Kwok,L. (1990) In Innis,M.A., Gelfand,D.H., Sninski,J.J. and White, T.J.
be systematically used when genotyping nuclear DNA loci of (eds),PCR Protocols, A Guide to Methods and Applicatiohsademic

fossils, museum specimens, forensic samples, or hair and feggsiﬁzi*ssa;nmgﬁég% p(ﬁéééyzaﬁf;ée,g 937238

samples of free ranging animals. 11 Gerloff,U., Schlétterer,C., Rassmann,K., Rambold,l., Hohmann,G.,
Fruth,B. and Tautz,D. (1998)ol. Ecol, 4, 515-518.
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