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Abstract

This study compares the properties of dominant markers, such as amplified fragment
length polymorphisms (AFLPs), with those of codominant multiallelic markers, such as
microsatellites, in reconstructing parentage. These two types of markers were used to
search for both parents of an individual without prior knowledge of their relationships,
by calculating likelihood ratios based on genotypic data, including mistyping. Experi-
mental data on 89 oak trees genotyped for six microsatellite markers and 159 polymorphic
AFLP loci were used as a starting point for simulations and tests. Both sets of markers
produced high exclusion probabilities, and among dominant markers those with domin-
ant allele frequencies in the range 0.1–0.4 were more informative. Such codominant and
dominant markers can be used to construct powerful statistical tests to decide whether a
genotyped individual (or two individuals) can be considered as the true parent (or parent
pair). Gene flow from outside the study stand (GFO), inferred from parentage analysis
with microsatellites, overestimated the true GFO, whereas with AFLPs it was under-
estimated. As expected, dominant markers are less efficient than codominant markers
for achieving this, but can still be used with good confidence, especially when loci are
deliberately selected according to their allele frequencies.
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Introduction

 

Gene flow is an important feature of population genetics,
shaping the diversity of species. Actual gene flow can be
studied with the help of genetic markers, by reconstructing
relationships between parental and offspring generations
(i.e. paternity or parentage analysis). Paternity or parentage
assignment can be achieved by any type of genetic marker
provided it is sufficiently polymorphic. For that reason,
microsatellites are usually preferred to isozymes. Several
studies using microsatellites for paternity analysis have
recently been published for animal (Höggren & Tegelström
1995; Mommens 

 

et al

 

. 1998; Moran & Garciavazquez 1998;
Alderson 

 

et al

 

. 1999; Kichler 

 

et al

 

. 1999) and plant (Dow
& Ashley 1998; Sampson 1998; Ziegenhagen 

 

et al

 

. 1998;
Streiff 

 

et al

 

. 1999) species. The study of gene flow through

associated paternity and maternity analysis is less common,
being seen mostly in animals, where male and female indi-
viduals are usually distinct (Oreilly 

 

et al

 

. 1998; DeWoody

 

et al

 

. 1998; Prodöhl 

 

et al

 

. 1998), but also occasionally in plants
where, for most species, hermaphroditic plants allow selfing
(Dow & Ashley 1996).

The development of microsatellite markers for a given
species is expensive, and markers based on random
amplification of DNA fragments, such as random amplified
polymorphic DNA (RAPD; Williams 

 

et al

 

. 1990) or amplified
fragment length polymorphism (AFLP; Vos 

 

et al

 

. 1995),
are easier to use but show dominant–recessive inherit-
ance. The possibility of using RAPD markers for paternity
analysis has already been addressed through the study of
probabilities of excluding all males except the true father
(Lewis & Snow 1992) and through a model for estimating
male mating success (Milligan & Mcmurry 1993). Paternity
analysis with RAPD markers has been applied in many
animal (Fondrk 

 

et al

 

. 1993; Hadrys 

 

et al

 

. 1993; Levitan &
Grosberg 1993; Tegelström & Höggren 1994; Hooper &
Siva-Jothy 1996; Gachot-Neveu 

 

et al

 

. 1999) and plant
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(Akerman 

 

et al

 

. 1995; Grashof-Bokdam 

 

et al

 

. 1998; Billot 

 

et al

 

.
1999) species. AFLPs provide a greater number of poly-
morphic fragments than RAPDs in a single experiment,
but fewer studies involving the use of AFLPs have been
published: AFLPs have been used for paternity analysis
in a bird (Questiau 

 

et al

 

. 1999) and in a plant species
(Krauss & Peakall 1998; Krauss 1999).

In the majority of the studies cited above, genotypes
are simply compared to reconstruct parentages. How-
ever, when several loci and many potential parents are
available, statistical analysis of the results are necessary,
especially when paternity and maternity are analysed at
the same time: likelihoods can be calculated as described, for
instance, in Meagher & Thompson (1986) for codominant
markers. In the present study, our aim was to extend statis-
tical analysis to dominant markers and thus to compare
codominant microsatellite to dominant AFLP markers
for parentage analysis in a population. The population
considered here was nonisolated, and the adult trees
genotyped were only a subset of all the potential parents
of the population. The total gene flow (GF) can therefore
be subdivided in two different components: gene flow
from outside the stand (GFO) and gene flow from inside
the stand (GFI). Hence, GFO estimated using parentage
analysis will probably be underestimated because foreign
gametes and local gametes may be indistinguishable,
generating an undetected ‘cryptic gene flow’ (Devlin &
Ellstrand 1990). Cryptic gene flow corresponds therefore
to GFO events that have been falsely attributed to GFI
events by parentage analysis.

The same set of oak trees (

 

Quercus petraea

 

 and 

 

Q. robur

 

),
genotyped for both types of markers, was used as a start-
ing point for simulations to compare the ability of codom-
inant and dominant markers to reconstruct parentage.
LOD score (log-likelihood ratio) calculations and statist-
ical approaches were used to search for both parents of a
given offspring. As only a small subset of all potential
parents were available and genotyped, a rationale had to
be set to decide whether a given individual could be con-
sidered as a true parent or not and whether a given pair
of individuals could be considered as a true parent pair or
not. For this purpose, simulations based on a theoretical
large random mating population were performed, first to
build empirical statistical tests minimizing both type I
and II errors, second to measure the ability of those tests
to make the correct decisions concerning parentage and
third to compare their impact on the evaluation of gene
flow with both types of markers.

 

Materials and methods

 

Plant material

 

The trees of the present study were located on a 5.76-ha

(240 m 

 

×

 

 240 m) stand of white oak trees (

 

Quercus petraea,
Q. robur

 

) in the northwest of France (part of the ‘Petite
Charnie’ forest; Streiff 

 

et al

 

. 1999). The 296 mature trees
(100 years old) originated from natural regeneration, and
89 were included in the present study. We considered this
data set as a theoretical population in which random
mating occurs.

 

Molecular markers

 

The 89 trees of the study were previously genotyped
for six microsatellite loci (ssrQpZAG104, ssrQpZAG9,
ssrQpZAG1/5, ssrQpZAG36, MSQ4 and MSQ13) by
Streiff 

 

et al

 

. (1998). These loci exhibited, respectively, 31,
14, 19, 20, 24 and 16 different alleles. Their frequencies
were in the range of 0.002–0.244 (mean 0.049, standard
deviation 0.056).

The same 89 trees were genotyped for 214 AFLP loci as
follows. Fifty nanograms of DNA was digested and
ligated for 3 h at 37 

 

°

 

C with 1.5 U of 

 

Pst

 

I (Pharmacia),
1.6 U of 

 

Mse

 

I (Biolabs), 1 pmol of 

 

Pst

 

I adapter, 10 pmol of

 

Mse

 

I adapter, 0.1 m

 

m

 

 of ATP and 0.15 WeissU of 

 

T4

 

 DNA
ligase in 1 

 

×

 

 One Phor All (OPA; Pharmacia) buffer in a
total volume of 25 

 

µ

 

L. Digested/ligated DNA fragments
were diluted twofold and used as a template for the first
amplification (preamplification). Primers were complement-
ary to the adapters 

 

Pst

 

I and 

 

Mse

 

I, with one additional
selective 3

 

′

 

 nucleotide: C for 

 

Pst

 

I and A, C or G for 

 

Mse

 

I.
Preamplification was performed in 20 

 

µ

 

L of 1 

 

×

 

 buffer
(20m

 

m

 

 Tris-HC1, pH8.4, 50m

 

m

 

 KC1), 0.2 m

 

m

 

 of each dNTP,
0.3 m

 

m

 

 of each primer, 2 m

 

m

 

 MgCl

 

2

 

, 0.4 U of 

 

Taq

 

 DNA
polymerase (Gibco BRL) and 5 

 

µ

 

L of diluted DNA frag-
ments. The polymerase chain reaction (PCR) was carried
out in a Perkin-Elmer 9600 thermocycler using the following
procedure: preliminary denaturation (for 4 min at 94 

 

°

 

C)
followed by 28 cycles of denaturation (30 s at 94 

 

°

 

C),
annealing (1 min at 60 

 

°

 

C) and extension (1 min at 72 

 

°

 

C).
The preamplification products were diluted 10–15-fold

for use as the starting material for the second amplifica-
tion reaction (selective amplification). Both 

 

Pst

 

I and 

 

Mse

 

I
primers contained the same sequences as those used in
preamplification, with two additional selective nucleot-
ides at the 3

 

′

 

 end. The 

 

Pst

 

I primer was labelled with
IRD800 (purchased from MWG Biotech), a dye that is
sensitive to the infrared laser of the LI-COR automated
sequencer (LI-COR Inc.). Selective PCR reactions were
performed in 20 

 

µ

 

L of 1 

 

×

 

 buffer (20m

 

m

 

 Tris-HC1, pH8.4,
50m

 

m

 

 KC1), 0.2 m

 

m

 

 of each dNTP, 0.25 m

 

m

 

 

 

Pst

 

I-labelled
primer, 0.3 m

 

m

 

 

 

Mse

 

I primer, 2 m

 

m

 

 MgCl

 

2

 

, 0.4 U of 

 

Taq

 

DNA polymerase (Gibco BRL) and 5 

 

µ

 

L of diluted DNA
preamplification fragments. Selective amplifications
were carried out in a Perkin-Elmer 9600 thermocycler using
the following cycling parameters: preliminary denatura-
tion (for 4 min at 94 

 

°

 

C); one cycle of 30 s at 94 

 

°

 

C, 30 s at
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65 

 

°

 

C, 1 min at 72 

 

°

 

C; 12 cycles with the annealing tem-
perature decreasing by 0.7 

 

°

 

C per cycle; followed by 23
cycles of 1 min at 94 

 

°

 

C, 30 s at 56 

 

°

 

C and 1 min at 72 

 

°

 

C.
After selective amplification, AFLP fragments were

denaturated by adding an equal volume of loading buffer
(95% formamide, 10 m

 

m

 

 EDTA, pH 7.6, 0.1% Bromophenol
Blue and 0.1% xylene cyanol) and heating for 5 min at
75 

 

°

 

C. Finally, 1–1.5 

 

µ

 

L of denaturated template was loaded
onto 41-cm denaturing gels composed of 6% Long Ranger
acrylamide (TEBU), 7 

 

m

 

 urea and 1.2 

 

×

 

 TBE (134 m

 

m

 

 Tris,
45 m

 

m

 

 boric acid, 2.5 m

 

m

 

 EDTA). Electrophoresis and
detection were performed on a LI-COR automated
sequencer (models 4000 and 4000L), in 1 

 

×

 

 TBE running
buffer, with running parameters of 50 W, 1500 V, 37 mA
and 50 

 

°

 

C plate temperature. The 

 

rflp

 

scan, version 3.0,
software (Scanalytics) was used to score the AFLP frag-
ments. Fragment sizes were determined with reference to
the STR marker (purchased from LI-COR, Biotechnology
Division). Among the detected bands, 159 were polymor-
phic and 

 

≈

 

 3.6% of the data were missing, as judged when
the presence or absence of a band was unclear. We
assumed that each band corresponded to a locus at which
two alleles determined either the presence (dominant
allele) or the absence of the band. We also assumed that
these loci were unlinked.

 

Statistical analysis

 

Exclusion probabilities.

 

 An exclusion probability can be
defined as the average capability of any marker system to
exclude any given relationship. It is conditioned by the
genotypes of the reported relatives, by the frequency of
alleles at the loci and by the number of independent loci
tested (Sandberg 1994, cited in Jamieson & Taylor 1997).
Three types of exclusion probabilities can be calculated.
The most commonly used concerns paternity in which a
mother–offspring pair is compared with a potential father.
The second concerns a single parent compared with an
offspring (without any information on the other parent) and
the third concerns a pair of potential parents compared
with an offspring.

 

Codominant markers.

 

 Exclusion probabilities were computed
for codominant markers (microsatellites) according to the
formulae given in Jamieson & Taylor (1997). These formulae
are expressed in terms of powers of allelic frequencies, to
simplify the computation (see details in Jamieson & Taylor
1997).

For one locus with 

 

n

 

 different alleles, each i

 

th

 

 allele having
a frequency 

 

p

 

i

 

 in the population, let 

 

k

 

 be the power of
allelic frequencies and let 

 

a

 

k

 

 be:

(1)

Then, the different exclusion probabilities can be written
as follows.

Single parent exclusion (when a parent and an off-
spring are compared, without any other information):

(2)

Paternity exclusion (when the genotype of the mother is
known):

(3)

Parent pair exclusion:

(4)

 

Dominant markers.

 

 For dominant markers, consider two
phenotypes [+] and [–] (i.e. presence vs. absence of a
given AFLP band). Let 

 

p

 

 be the frequency of the presence
allele at the corresponding locus. In a panmictic popula-
tion, the frequencies of the [–] phenotype and of the [+]
phenotype are (1 –

 

 p

 

)

 

2

 

 and 

 

p

 

(2 –

 

 p

 

), respectively.
When a single parent is compared to an offspring at a

given AFLP fragment, no exclusion can be made: [+] or
[–] parent can both give rise to a [+] or a [–] offspring.
The single parent exclusion probability is zero.

When the mother is known, the only triplet that can
exclude a potential father is when the mother is [–], the
offspring is [+] and the father is [–]. In a panmictic popu-
lation, such mothers are present with a frequency of (1 – 

 

p

 

)

 

2

 

.
They produce a [+] offspring with a probability of 

 

p

 

, and the
excluded fathers are present with a frequency of (1 – 

 

p

 

)

 

2

 

.
The resulting paternity exclusion probability is:

 

P = p

 

(1 – 

 

p

 

)

 

4

 

(5)

When a parent pair is compared to an offspring, the
single case where it can be excluded as the parent pair is
when both parents are [–] and the offspring is [+]. The
parent pair exclusion probability is then:

 

P

 

 = 

 

p

 

(2 – 

 

p

 

)(1 – 

 

p

 

)

 

4

 

(6)

For 

 

K

 

 independent loci, the overall exclusion
probabilities are calculated as:

where 

 

P

 

i

 

 is the exclusion probability at the i

 

th

 

 locus
(eqns 2 to 6).

 

Likelihood ratio.

 

 When genotypes are available for a set
of offspring and a set of potential parents, the most prob-
able single parents and parent pairs can be identified by

ak p i
k

i=1

n

∑=

P 1 4a2 2a2
2 4a3 3a4–+ +–=

P 1 2a2 2a3 2a4 3a5 2a2
2– 3a2a3+–+ +–=

P 1 4a4 4a5 3a6– 8a2
2 8a2a3 2a3

2+ +––+=

P 1 1 Pi–( )
i=1

K

∏–=

MEC961.fm  Page 1039  Friday, July 7, 2000  3:42 PM



1040 S .  G E R B E R  E T  A L .

© 2000 Blackwell Science Ltd, Molecular Ecology, 9, 1037–1048

the calculation of LOD scores. These ratios compare
the likelihood of an individual (or a couple) being the
parent (or the parent pair) of a given offspring divided
by the likelihood of these two individuals (or three
individuals) being unrelated. Following Meagher &
Thompson (1986), consider an offspring B and two potential
parents C and D. Let T represent transition probabilities
from parent to offspring, and P be the frequency of a
given genotype. The single parent LOD score can be
written:

The parent pair LOD score:

These LOD scores are additive over independently
inherited loci.

The transition probabilities calculated for a single parent
and a parent pair in the case of codominant parents can
be found in Marshall et al. (1998).

The transition probabilities and the likelihood ratios
for the different situations met with dominant markers
are given for single parents in Table 1 and for parent pairs
in Table 2.

Scoring errors. The impact of scoring error was taken into
account by introducing a variable, e, the probability of
error in genotyping (mistyping), into the LOD score calcu-
lation, following the method of Marshall et al. (1998).
If, for instance, an offspring B and a parent C are compared
at a locus, various errors can occur: no error at all [probabil-
ity (1 – e)2], either B or C can be mistyped [probability
e(1 – e)] or both can be mistyped (probability e2). The
single parent LOD score is therefore written as:

LOD score (C parent of B) =

A similar procedure is used for parent pair likelihoods.
We defined scoring error at a given locus, for micro-

satellites, as replacing an allele arbitrarily by any other
one. For AFLPs, the occurrence of a scoring error consisted
of deciding randomly whether the band was present or
absent, with an equal probability.

Computer programs (C language) were written to
calculate the different LOD scores. They were derived
with extensive modifications and adaptations from
programs written by E. Thompson, available at ftp://
ftp.u.washington.edu/pub/user-supported/pangaea/
PANGAEA/BOREL/estirel_96.Z.

Simulations. The simulations were made using homemade
C programs. Random numbers were generated according
to the method of Knuth proposed by Press et al. (1992).
Each simulation was made for both microsatellite and

LOD score C parent of B( )
T gB|gC( )P gC( )

P gC( )P gB( )--------------------------------------log e=

T gB|gC( )
P gB( )------------------------loge=

LOD score C Dparents of B,( )
T gB|gC gD,( )

P gB( )--------------------------------loge=

Phenotypes

Offspring B Parent C Parent D T(gB|gC,gD) Likelihood ratio

[+] [+] [+]

[+] [+] [−]

[−] [+] [+]

[−] [+] [−]

[−] [−]
[−] 1

p2 3 1 p–( )2 4p 1 p–( )++
2 p–( )2

------------------------------------------------- p2 3 1 p–( )2 4p 1 p–( )++
p 2 p–( )3

-------------------------------------------------------

1
2 p–
---------- 1

p 2 p–( )2
-------------------

1 p–( )2

2 p–( )2
---------------- 1

2 p–( )2
----------------

1 p–
2 p–
---------- 1

2 p–( ) 1 p–( )-----------------------------

1
1 p–( )2

----------------

Table 2 Parent pair transition probabilities
and likelihood ratios according to the pheno-
type at a dominant marker. The dominant
allele ([+] phenotype) has a frequency
of p. All cases not present in the table
correspond to null transition probabilities

loge
1 e–( )2T gB|gC( )P gC( ) e 1 e–( ) P gC( ) P gB( )+( ) e2+ +

1 e–( )2P gC( )P gB( ) e 1 e–( ) P gC( ) P gB( )+( ) e2+ +
--------------------------------------------------------------------------------------------------------------------------

Table 1 Single parent transition probabilities and likelihood
ratios according to the phenotype at a dominant marker. The
dominant allele ([+] phenotype) has a frequency of p

Phenotypes

Offspring B Parent C T(gB|gC) Likelihood ratio

[+] [+]

[+] [−] p

[−] [+]

[−]
[−] (1 − p)

p 1 p+( ) 1 p–( )+
2 p–

-------------------------------------
p 1 p+( ) 1 p–( )+

p 2 p–( )2
-------------------------------------

1
2 p–
----------

1 p–( )2

2 p–
----------------

1
2 p–
----------

1
1 p–
----------
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AFLP markers, and for a mistyping error of 0 or of 0.1%.
Simulations were used: first, to build empirical statistical
tests minimizing both type I and II errors; second, to
measure the ability of those tests to make the correct
decisions concerning parentage; and third, to compare
their impact on the evaluation of gene flow.

Empirical tests. Using the genotypes of our 89 trees at the
six microsatellite loci and at the 159 AFLP loci, with the
microsatellite allele frequencies calculated among 296
trees (89 plus 207 additional trees of the stand, Streiff
et al. 1999) and the AFLP allele frequencies calculated
among the 89 trees, we generated two sets of 10 000 random
offspring. In set 1, each offspring had both parents among
the 89 trees, randomly chosen, with selfing possible (i.e.
the same tree could be chosen twice, being the mother
and the father of the offspring). In set 2, each offspring
was constructed by selecting both alleles at each locus at
random, according to their frequencies: both parents of
these offspring were assumed not to be among the 89
genotyped trees (i.e. all progeny resulted from GFO).

The occurrence of genotyping errors was introduced
into the simulation for transmission of alleles from parent to
offspring. A random number was generated and if its value
was smaller than the error, e, a mistyping was created.

To construct statistical tests to decide whether a given
tree (or pair of trees) would be selected as the true parent
(or true parent pair), we compared the distributions of
LOD scores of the two most likely parents (or most likely
parent pair) of the offspring from set 1 with those of the
offspring from set 2. Additionally, for set 1, the identities
of the two most likely parents and the most likely parent
pair were checked against the true parents, and the
number of incorrect classifications was summed. The
LOD scores obtained from set 1 represented the distribu-
tion under the null hypothesis (H0) that the parents are
present in the genotyped individuals (inside the stand),
whereas those of set 2 represented the distribution under
the alternative hypothesis (H1) that the parents are not
present in the genotyped individuals (outside the stand).
Type I errors (α, rejecting H0 while it is true) were made
when no genotyped parent was assigned to an offspring
from set 1; Type II errors (β, accepting H0 while it is false)
when a genotyped parent was assigned to an offspring
from set 2. The levels of these two types of errors (and
hence the power of the test, 1 − β) were conditional upon
the LOD score threshold chosen, and could be evaluated.
This threshold determines the decision to be made, i.e.
keeping H0 when the LOD score is above the threshold or
rejecting H0 when the LOD score is below the threshold.
To minimize both types of errors, the thresholds were
taken at the intersection of set 1 and set 2 distributions.
Hence, a first test (single parent test), providing a criterion
for deciding whether a given tree would be chosen as

the true parent and a second test, providing a criterion for
deciding whether a pair of trees would be chosen as the
true parent pair, were both available.

Test simulation. To measure the quality of the tests built in
the preceding step, we simulated a ‘true’ population,
where each offspring could have zero, one or two parents
among the genotyped individuals. Ten thousand offspring
were generated by selecting their parent randomly among a
population of N trees (N = 500 or N = 1000). Among these
N trees, the first 89 were our genotyped trees. If the
random [1:N] number exceeded 89, the alleles of the off-
spring were randomly chosen among the alleles of the
locus considered according to their frequencies. For each
offspring, the parent test constructed according to the
preceding step was applied as follows: each potential
parent that had a LOD score greater than the threshold
determined for the single parent test was considered to be
a possible true parent.

The parent pair test was the following (Meagher &
Thompson 1986): each parent pair having a LOD score
greater than the threshold determined for the parent pairs
test, and in which each single parent was a possible true
parent, was considered to be a possible true parent pair.

The resulting decisions were compared with the ‘real’
situation to determine whether or not the correct decision
had been made.

Cryptic gene flow. Using the same procedure as described
above, 10 000 offspring were simulated with N = 500 or
1000 potential parents. The parent pair test was applied
as described above, and a decision assigning, for each off-
spring, zero, one or two parents among the genotyped
individuals, was made. For each simulated set we
deduced from the results: (i) true GFO events, i.e. the
actual number of times a parent from outside the stand
produced one of the offspring (this can be compared with
the expected GFO, based on random number generation
in the simulation program:  × 20 000 for 10 000 simu-
lated offspring); (ii) apparent GFO events, i.e. according
to the results of the statistical tests, the number of times
that neither parent from inside the stand was detected for
the simulated offspring; and (iii) cryptic gene flow events,
i.e. according to the results of the statistical tests, the
number of parents that had been detected inside the stand
whereas the true parents were outside the stand.

Results

Exclusion probabilities

We first computed the exclusion probabilities for 30
theoretical AFLP loci, where p frequencies (in the range 0–1)
of the ‘presence’ allele at each locus were equal (Fig. 1).

N 89–
N

---------------
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The exclusion probabilities have their highest values for p
between 0.1 (paternity exclusion 0.87, pair exclusion 0.98)
and 0.4 (paternity exclusion 0.80, pair exclusion 0.93). The
distribution of the 159 polymorphic AFLP loci of our sample
according to their ‘presence’ allele frequency is given

in Fig. 2. The cumulative exclusion probabilities (paternity
and parent pair) for these loci, sorted by decreasing
exclusion, are given in Fig. 3. Among the 159 AFLP loci,
45 loci (28.3%) exhibited P-values in the range 0.1–0.4. The
exclusion probabilities calculated from these 45 loci were
compared with those calculated from the 114 other loci
and with the cumulative values over the whole 159 loci
(Table 3). The subset of 45 loci was almost as informative
as the total set of loci, showing that the different loci do
not contribute equally to the total exclusion capacity.

The exclusion probabilities were higher for microsatellites
(Fig. 4), and the single parent exclusion probability was only
available for this type of marker (0.998233) because neither
combination of parent–offspring AFLP phenotypes allowed
exclusion. However, probabilities (Figs 3 and 4; Table 3)
were high and very similar for both types of markers

Fig. 1 Exclusion probabilities cumulated over 30 amplified
fragment length polymorphic (AFLP) loci, assuming the same
frequency for the ‘presence’ allele at each locus.

Fig. 2 Histogram of ‘presence’ allele frequencies for 159
amplified fragment length polymorphic (AFLP) loci sampled
from 89 Quercus petraea and Q. robur trees.

Fig. 3 Cumulative exclusion probabilities (paternity and parent
pair) for the 159 amplified fragment length polymorphic (AFLP)
loci sorted by decreasing exclusion probabilities.

Table 3 Cumulative exclusion probabilities calculated on three
subsets of the 159 amplified fragment length polymorphic (AFLP)
loci, grouped according to the range of presence allele frequencies

45 loci 114 loci 159 loci

Range of presence 
allele frequencies

0.1 ≤ p ≤ 0.4 0.0 ≤ p ≤ 0.1 and 
0.4 ≤ p ≤ 1.0

0.0 ≤ p ≤ 1.0

Paternity exclusion 
probability

0.966511 0.905031 0.996820

Pair exclusion 
probability

0.997896 0.980682 0.999959
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(paternity exclusion was 0.996820 for AFLPs and 0.999910
for microsatellites; pair exclusion was 0.999959 for AFLPs
and 1.000000 for microsatellites).

Empirical tests

Simulations were performed for both types of markers,
generating 10 000 offspring with both parents inside
or outside the stand, to build empirical tests. The two
potential parents and the parent pair giving the highest
LOD scores were recorded and the distributions of these
LOD scores are plotted in Fig. 5 for single parents and in
Fig. 6 for parent pairs. In order to minimize type I and
type II errors, thresholds of LOD scores were chosen at
the intersection of the two distributions. Type I error (α)
and power of the test (1 – β) were calculated at these
thresholds. For 0% mistyping and offspring with both
parents outside the stand, there were too few parent pairs
with an LOD score greater than 0 to draw a proper
distribution (see Fig. 6A,B). LOD score thresholds, type I
error (α), power of the tests (1 – β) and percentage of
correct decisions, are given in Table 4. Percentages of

Fig. 5 Distributions of log-likelihood ratios
(LOD scores) for the two most likely parents
of simulated offspring. Unbroken line, 10 000
simulated offspring with both parents inside
the stand; broken line, 10 000 simulated
offspring with both parents outside the
stand. Mistyping of 0%: A, microsatellites;
B, amplified fragment length polymorphic
(AFLP) markers. Mistyping of 0.1%:
C, microsatellites; D, AFLP markers.

Fig. 4 Cumulative exclusion probabilities (single parent, paternity
and parent pair) of the six microsatellite loci sorted by decreasing
exclusion probabilities.
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Fig. 6 Distributions of log-likelihood ratios
(LOD scores) of the most likely parent
pair of simulated offspring. Unbroken
line, 10 000 simulated offspring with both
parents inside the stand; broken line,
10 000 simulated offspring with both parents
outside the stand. Mistyping of 0%:
A, microsatellites; B, amplified fragment
length polymorphic (AFLP) markers. Mis-
typing of 0.1%: C, microsatellites; D, AFLP
markers. A. Among the 10 000 simulated
offspring with both parents outside the
stand: four possible parent pairs with a
LOD score greater than 0 (mean 12.75,
max 16). B. Among the 10 000 simulated
offspring with both parents outside the
stand: 295 possible parent pairs with a LOD
score greater than 0 (mean 46, max 70).

Mistyping Microsatellites AFLPs

Single parent 0% Threshold* 6.39 3.90
(Fig. 5A,B) α (%)† 21.90 16.80

1 – β (%)‡ 80.00 91.20
Correct classifications (%)§ 97.60 85.00

Single parent 0.1% Threshold 4.32 3.93
(Fig. 5C,D) α 6.00 16.60

1 – β 91.70 91.00
Correct classifications 95.50 85.20

Parent pair 0% Threshold — —
(Fig. 6A,B) α — —

1 – β — —
Correct classifications¶ 99.50 91.30

Parent pair 0.1% Threshold 11.49 49.14
(Fig. 6C,D) α 0.30 15.85

1 – β 99.60 90.35
Correct classifications 99.40 71.50

*At the intersection of distributions (see Figs 5 and 6).
H0: the parents are present in the genotyped individuals. †Rejecting H0 while it is true; 
‡rejecting H0 while it is false.
§The two most likely parents of offspring simulated with both parents among the 
genotyped individuals are the true parents.
¶The most likely parent pair is the true parent pair.
AFLP, amplified fragment length polymorphism.

Table 4 Log-likelihood ratio (LOD score)
thresholds, type I error (α), power (1 – β)
and correct classifications for the different
empirical tests (calculated on the distribu-
tions shown in Figs 5 and 6)
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correct classifications record the situations where, for
each offspring simulated with both parents inside the
stand, the two most likely parents or the most likely
parent pair correspond to the true parents.

The comparison of single parent tests for both type of
markers (Table 4 and Fig. 5) shows that, with microsatel-
lites, threshold, type I error, power and, to a lesser extent,
correct classifications, are modified by a nonzero mis-
typing rate. Type I error and power are improved whereas
percentage of correct classifications decreases slightly.
In contrast, data obtained by using AFLP markers are
scarcely affected. This may be a result of our definition of
mistakes for these markers, stating that the true informa-
tion at a given band ([+] or [–]) can be arbitrarily replaced
by [+] or [–], which does not change this information in
50% of the cases. However, the proportion of correct clas-
sifications for parent pair identification using AFLPs is
reduced by 20% with a nonzero mistyping. These markers
give rise to higher type I errors, smaller power and
smaller correct classification percentages than microsatel-
lites, except for the single parent test without mistyping,
where AFLP markers have a smaller α and a higher 1 – β
(Table 4).

Test simulation

We applied our empirical tests to simulated data, where
offspring had zero, one or two parents inside the stand,
and the number of correct decisions provided by the test
was recorded. The percentage of correct decisions
increased slightly with the size N of the total reproducing

population, but decreased with a nonzero mistyping
(Table 5). As observed previously (Table 4 and Fig. 5),
microsatellites are affected to a greater extent by mistyping,
but parent pair choice using AFLP markers is also
affected. Nonetheless, parent pairs were correctly chosen
in nearly 100% of the cases, whatever the marker type.
The smallest percentages of correct decisions were close
to 90%.

Cryptic gene flow

With microsatellites, apparent GFO overestimated the true
GFO by 4.8% on average (Table 6). This overestimation
decreased with an increase in population size, N, and
decreased with an increase in mistyping. The situation is
different with AFLPs; the true GFO was underestimated
by the apparent GFO by 4.3%, on average. This under-
estimation increased with an increase in population size,
N, and increased with an increase in mistyping. The
cryptic gene flow was smaller for microsatellites and
decreased for a nonzero mistyping (1 to 0.4%).

Discussion

Most paternity or parentage studies are conducted using
microsatellites as genetic markers (Estoup & Angers 1998;
Parker et al. 1998). Some studies have used dominant
markers (Levitan & Grosberg 1993; Hooper & Siva-Jothy
1996; Billot et al. 1999; Krauss 1999), but it has been
suggested that AFLPs would only be useful for paternity
studies (Schnabel 1998). The present contribution shows

Mistyping N Microsatellites AFLPs

Single parent 0% 500 Threshold* 6.39 3.90
Correct decisions (%)† 95.04 89.05

1000 Threshold 6.39 3.90
Correct decisions 96.70 91.27

Single parent 0.1% 500 Threshold 4.32 3.93
Correct decisions 91.20 89.31

1000 Threshold 4.32 3.93
Correct decisions 91.26 90.69

Parent pair 0% 500 Threshold 16.00 47.00
Correct decisions 100.00 99.65

1000 Threshold 16.00 47.00
Correct decisions 100.00 99.77

Parent pair 0.1% 500 Threshold 11.49 49.14
Correct decisions 99.80 94.39

1000 Threshold 11.49 49.14
Correct decisions 99.93 96.69

*See Table 4, Figs 5 and 6.
†The decision made by the test corresponds to the true situation.
AFLP, amplified fragment length polymorphism.

Table 5 Results of the test simulations,
according to the mistyping rate and to
the size N of the simulated population,
for both kinds of markers
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that parentage analysis can also be performed with AFLP
markers, with favourable results.

The exclusion probabilities provided by our dominant
markers were very high, a prerequisite to any parentage
analysis and were similar to those provided by codomin-
ant markers. In the study of Krauss (1999), 125 poly-
morphic AFLP loci were detected, the mean recessive allele
frequency being 0.735. Levitan & Grosberg (1993) studied
133 polymorphic RAPD loci, which had a mean recessive
allele frequency of 0.809. Our study, with 159 polymor-
phic AFLP loci (mean recessive allele frequency 0.575),
corresponded to a slightly more favourable situation,
according to the exclusion probabilities (Fig. 1 and Table 3).
Questiau et al. (1999) studied 81 polymorphic AFLP loci
with a mean recessive allele frequency of 0.47, cor-
responding to a mean exclusion probability of 93%. Con-
venient exclusion probabilities can be reached with 120
polymorphic loci, or even fewer, if informative loci are
selected on the basis of their allele frequencies (Figs 1 and 3).

We compared the most likely parents and parent pair
with the true parent of a given individual, simulated with
both parents among the genotyped individuals. A
nonzero mistyping corresponded to a slight decrease in
the percentage of correct classifications for identification
of single parent with microsatellite markers and a much
higher decrease for identification of parent pairs with
AFLP markers. In the latter situation, wrong couples can
give rise to high LOD scores, a result with no obvious
interpretation. SanCristobal & Chevalet (1997) performed
paternity and parent pairs analysis with five or eight
codominant loci and five equiprobable alleles per loci
with a different model for error handling than the one we
used. They observed that, when the true error rate was

nonzero, the proportion of correct decisions was improved
when introducing a small, but nonzero, error rate in the
likelihood calculation. Mistyping is very likely to occur,
and was estimated to be in the range of 1–3% for micro-
satellite (Oreilly et al. 1998) or RAPD markers (Skroch &
Nienhuis 1995). LOD score calculation should include it,
but perhaps at a low rate.

The tests performed on simulated data allowed a con-
siderable proportion of correct decisions to be made, with
zero, one or two parents of a given offspring being cor-
rectly assigned in the great majority of cases. The propor-
tion of correctly identified parent pairs was always high,
whatever the type of marker (codominant or dominant).

Cryptic gene flow averaged 0.76% of the apparent GFO
for microsatellites and 6.99% for AFLPs. There is a system-
atic overestimation of true GFO by apparent GFO with
microsatellite (+4.8%), and a systematic underestimation
of true GFO by apparent GFO with AFLPs (–4.3%). This
underestimation increases with an increase in population
size, and with an increase in mistyping. Attributing a parent
inside the stand to an offspring is more likely with
AFLP marker tests, creating an apparent GFI event
that decreases apparent GFO. Tests with microsatellite
markers give opposite results. Overall, the cryptic gene
flow is minimally modified by the size of the popula-
tion. In a paternity analysis with offspring of the same
trees and microsatellite markers, the cryptic gene flow was
estimated to be between 1 and 3%, close to the present
values (R. Streiff et al., submitted). AFLP markers are
associated with higher cryptic gene flow values (greater
than 5%), increasing with mistyping. The values detected
for both types of markers are much lower than those
estimated with isozymes (Schnabel 1998). For instance,

Table 6 Estimation of gene flow from outside the stand (GFO) for 10 000 simulated offspring

Number of GFO events

Markers Mistyping Population size N Expected* True (t)† Apparent (a)‡ % a/t Cryptic (c)§ % c/a

Microsatellites 0% 500 16 440 16 464 17 052 3.57 172 1.01
AFLPs 0% 500 16 440 16 408 16 128 –1.71 843 5.23
Microsatellites 0% 1000 18 220 18 263 18 439 0.96 220 1.19
AFLPs 0% 1000 18 220 18 208 17 414 –4.36 1054 6.05
Microsatellites 0.1% 500 16 440 16 491 18 177 10.22 70 0.39
AFLPs 0.1% 500 16 440 16 395 15 543 –5.20 1390 8.94
Microsatellites 0.1% 1000 18 220 18 163 18 973 4.46 81 0.43
AFLPs 0.1% 1000 18 220 18 205 17 134 –5.88 1327 7.74

*  × 20 000

†Actual number of times a parent from outside the stand produced one of the offspring.
‡Number of times neither parent from inside the stand was detected for the simulated offspring, according to the statistical tests.
§Number of times a parent had been detected inside the stand whereas the true parent was outside the stand, according to the 
statistical tests.
AFLP, amplified fragment length polymorphism.

N 89–
N

---------------
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Devlin & Ellstrand (1990) concluded that apparent GFO by
pollen, calculated using simple paternity exclusion based
on 10 allozyme loci, underestimated GFO rates by ≈ 50%.

When comparing dominant and codominant markers,
the question of cost has to be considered. Once the markers
have been developed, AFLPs and microsatellites have
similar costs. Their development costs are very different,
however, because the use of microsatellites requires cloning,
detection of microsatellites and sequencing. This aims to
identify flanking sequences and it can be a lengthy and
costly task. Fortunately, if primer sequences surrounding
microsatellites are available in a related species, even if
the species is not closely related, homology often allows
the same primers to give accurate results in the species
under investigation ( Jarne & Lagoda 1996). The AFLP
technique is more transferable across species, with lower
initial costs.

Microsatellites, characterized by high levels of codominant
polymorphism, give rise to highly accurate assignments
of parentage. Comparatively, the loss of information
encountered with AFLPs as a result of dominance is
counterbalanced by a high number of polymorphic loci.
Thus, in the present study, fewer than 10 highly poly-
morphic codominant loci or 100–200 dominant loci
(fewer if they are first selected according to their allele
frequencies), are adequate for parentage studies. The
methodologies used in this work could be applied to
other situations where codominant or dominant markers
will probably have different levels of polymorphism
related to the breeding size, to the mating system and
to the history of the population. These levels determine
exclusion probabilities and hence the ability of resolving
parentage. In each population, simulations have to be per-
formed to determine suitable thresholds, the associated
error levels and power of the tests, the impact of scoring
errors, and the cryptic gene flow.
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