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Abstract

DNA markers are commonly used for large-scale evaluation of genetic diversity in farm animals, as a component of the
management of animal genetic resources. AFLP markers are useful for such studies as they can be generated relatively
simply; however, challenges in analysis arise from their dominant scoring and the low level of polymorphism of some
markers. This paper describes the results obtained with a set of AFLP markers in a study of 59 pig breeds. AFLP finger-
prints were generated using four primer combinations (PC), yielding a total of 148 marker loci, and average harmonic
mean of breed sample size was 37.3. The average proportion of monomorphic populations was 63% (range across loci:
3%–98%). The moment-based method of Hill and Weir (2004, Mol Ecol 13:895–908) was applied to estimate gene fre-
quencies, gene diversity (FST), and Reynolds genetic distances. A highly significant average FST of 0.11 was estimated,
together with highly significant PC effects on gene diversity. The variance of FST across loci also significantly exceeded
the variance expected under the hypothesis of AFLP neutrality, strongly suggesting the sensitivity of AFLP to selection or
other forces. Moment estimates were compared to estimates derived from the square root estimation of gene frequency,
as currently applied for dominant markers, and the biases incurred in the latter method were evaluated. The paper dis-
cusses the hypotheses underlying the moment estimations and various issues relating to the biallelic, dominant, and lowly
polymorphic nature of this set of AFLP markers and to their use as compared to microsatellites for measuring genetic
diversity.
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The current situation of pig breeds in Europe is marked by
the coexistence of many small populations of local breeds
and a relatively small number of intensively selected breeds
(e.g., Large White, Landrace, and Piétrain). This means that it
is of particular interest to assess the level of genetic diversity
that is present within Europe. An important aspect is the
identification and conservation of breeds that may have spe-
cial characteristics and gene variants (alleles) of future utility
and which may have been lost from the improved breeds de-
veloped over the last century.

The development of efficient methods to characterize
DNA polymorphism now allows such studies to be realized
on a significant scale. This study was undertaken to charac-
terize genetic diversity in a large number of pig populations
using a large number of markers as recommended by the
guidelines established by the FAO (1998). The general objec-
tives of the study and its organization have been described
elsewhere (Ollivier et al. 2003). Two marker systems were
utilized, microsatellites and AFLP. Both markers have been
quite extensively used on several farm animal species, and an
analysis of AFLP markers in pigs was recently described
(SanCristobal et al. in press b). The present paper builds on
this analysis using the approach recently developed by Hill
and Weir (2004) and highlights the specific problems arising
in the genetic analysis of this dominant and lowly polymor-
phic marker as compared to the standard methods applying
to codominant and highly polymorphic markers such as
microsatellites.

Materials and Methods
Populations

The sampling objective was 50 individuals from each of 58
populations representing the variety of populations present
in Europe and 1 Chinese breed. The European populations
included local breeds (23), national varieties of international
breeds (14), and commercial lines (21). A detailed list of the
populations analyzed and numbers typed is given in Table 1.
More details of the populations can be found at http://
databases.roslin.ac.uk/pigbiodiv.

AFLP Markers

The AFLP marker data were generated by the technique of
Vos et al. (1995) using fourEcoRI/TaqI primer combinations
(PCs) chosen from preliminary analyses (Plastow et al. 2003).
The PCs were EcoRI þ AAG/TaqI þ CAA (E33/T47: 28
markers),EcoRIþAAG/TaqIþCTT(E33/T62:43markers),
EcoRI þ ACA/TaqI þ CAC (E35/T48: 39 markers), and
EcoRI þ ATT/TaqI þ CAC (E46/T48: 38 markers), total-
ing 148 markers. The range of the number fingerprinted per
line was 16–46 (a total of 60 being obtained by pooling the
two samples of the Chinese Meishan). The harmonic mean
of number fingerprinted per breed/line varied very little
across loci, from 36.9 to 37.5, with an average of 37.3.

Within-Breed Diversity and Breed Differentiation

The usual procedures with dominant markers are based on
estimating allele frequencies under the assumption of Hardy-
Weinberg equilibrium. At any locus, the frequency of the al-
lele ‘‘absence of a band’’ can thus be calculated as the square
root of the frequency of animals not showing that band. Call-
ing _p and ~p this estimate and its average over all populations,
respectively, first-order estimates of expected heterozygosity,
He, and h (or FST) can be obtained simply as He 5 2 _pð1� _pÞ
and h5V ð _pÞ=~pð1� ~pÞ; as detailed by Lynch and Milligan
(1994). Recently, Hill and Weir (2004) have investigated
a more robust moment-based method using the observed
mean �P and variance s2 of the recessive genotype frequency
P (i.e., absence of band) at any given locus. Estimates of p (p̂ )
and h (ĥ) are obtained by solving the following equations:

EðPÞ5 �P ; ð1Þ
EðVB þVW=nhÞ5 s2; ð2Þ

where VB and VW are the between- and within-population
variance components of allele frequency and nh the harmonic
mean of the number of individuals scored in each breed for
the locus considered. The left-hand sides of Equations 1 and
2 can be expressed as functions of the unknowns p and h. The
expressions to be used are EðPÞ5 p2 þ hpð1� pÞand the
VB and VW functions of p and h given by Hill and Weir
(2004), depending on the p distribution assumed. Here we
assumed a pure drift distribution of the recessive allele fre-
quencies p among populations, and used equations 6 and 7 of
Hill and Weir (2004). Equations 1 and 2 define a nonlinear
system in p̂ and ĥ which can be solved numerically, e.g., via
the Newton-Raphson algorithm (see appendix II, pp. 907–
908 of Hill andWeir 2004). This procedure provides moment
estimates of p̂ and ĥ as well as estimates of asymptotic
sampling variances. As a by-product, an unbiased estimate
of the average within-breed expected heterozygosity can
be obtained as follows:

He 5E½2pð1� pÞ�5 2ðp̂� �PÞ: ð3Þ

Genetic Distances

As previously for h, genetic distances can be computed by
using the square root estimation of allele frequency. This pro-
cedure has been implemented by SanCristobal et al. (2002) on
the genetic distances of Reynolds (Reynolds et al. 1983) and
Nei (1978). In the biallelic case, _pil and _pjl being the square
root allele frequencies of populations i and j at locus l, multi-
locus Reynolds estimator may be taken either as the arithme-
tic mean of single-locus distance estimates DRl , namely,

DRA 5
1

L

XL

l51

DRl ; where DRl 5
ð _pil � _pjl Þ2

_pil þ _pjl � 2 _pil _pjl
; ð4Þ

or as ratios of means as in the PHYLIP package (Felsenstein
2004)

DRP 5

PL
l51 ð _pil � _pjl Þ2PL

l51 ð _pil þ _pjl � 2 _pil _pjl Þ
: ð5Þ

When the l locus is identically monomorphic (IM) in popu-
lations i and j, i.e., when the two populations show the same
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Table 1. Breeds sampled in the PigBioDiv program

Codea Country Name (Company)b Categoryc Average number typed

CZPR01 Czech Republic Presticke L 40.5
DEAS01 Germany Angler Sattelschwein L 45.4
DEBB01 Germany Bunte Bentheimer L 44.7
DEDU03 Germany Duroc line (S) C 44.7
DEHA02 Germany Hampshire line (BHZP) C 45.0
DELR14 Germany Landrace line (BHZP) C 45.8
DELW02 Germany German Large White I 44.3
DELW10 Germany Large White line (BHZP) C 45.8
DEMA01 Germany Mangalica L 28.7
DEPI03 Germany German Piétrain I 45.3
DKLR04 Denmark Danish Landrace (contemporary) I 43.3
DKLR05 Denmark Danish Landrace (1970) I 27.8
ESMJ01 Spain Manchado de Jabugo L 34.5
ESNC01 Spain Negro Canario L 16.8
ESNI01 Spain Negro Iberico L 45.3
ESRE01 Spain Retinto L 45.6
FILR06 Finland Finnish Landrace I 42.3
FRCR01 France Créole (Guadeloupe) L 38.0
FRDR01 France DRB synthetic line (SCAPAAG) C 39.0
FRLA01 France Laconie synthetic line (PAL) C 41.0
FRLR01 France French Landrace I 43.7
FRLR13 France Landrace line (FH) C 44.5
FRLW01 France French Large White (dam line) I 39.8
FRLW08 France Large White line (FH) C 26.7
FRLW09 France Large White line (PAL) C 41.0
FRLW12 France French Large White (sire line) I 20.4
FRPI02 France French Piétrain I 42.2
FRPI05 France Piétrain line (FH) C 20.0
FRTM01 France Tia Meslan synthetic line (PAL) C 21.8
GBBK01 United Kingdom Berkshire L 46.0
GBBL01 United Kingdom British Lop L 31.9
GBBS01 United Kingdom British Saddleback L 41.7
GBDU02 United Kingdom Duroc line (PIC) C 45.7
GBGO01 United Kingdom Gloucester Old Spots L 44.7
GBHA01 United Kingdom Hampshire line (PIC) C 45.5
GBLB01 United Kingdom Large Black L 46.0
GBLE01 United Kingdom Leicoma synthetic line (PIC) C 46.0
GBLR10 United Kingdom Landrace line (PIC) C 44.2
GBLR11 United Kingdom Landrace line (PIC) C 45.8
GBLR12 United Kingdom Landrace line (PIC) C 45.4
GBLW05 United Kingdom Large White line (PIC) C 46.0
GBLW06 United Kingdom Large White line (PIC) C 43.2
GBLW07 United Kingdom Large White line (PIC) C 46.0
GBMW01 United Kingdom Middle White L 36.7
GBPI04 United Kingdom Piétrain line (PIC) C 45.5
GBTA01 United Kingdom Tamworth L 40.7
ISLR09 Iceland Icelandic Landrace I 32.8
ITCA01 Italy Calabrese L 19.0
ITCS01 Italy Cinta Senese L 29.5
ITCT01 Italy Casertana L 27.7
ITDU01 Italy Italian Duroc I 45.7
ITLR03 Italy Italian Landrace I 44.5
ITLW03 Italy Italian Large White I 44.3
ITNS01 Italy Nera Siciliana L 43.7
NOLR08 Norway Norwegian Landrace I 45.4
PLPU01 Poland Pulawska Spots L 43.9
PTBI01 Portugal Bisaro L 45.7
SELS01 Sweden Linderödssvin L 33.7
CNMS01 China Meishan Imported 59.6

Total 14 countries 59 breeds and lines 23 L/14 I/21 C 1 imported

a The breed code is the concatenation of a two-letter country code, a two-letter breed code, and a two-digit count. For example, ISLR09 is the Icelandic

Landrace, the 9th Landrace population of the project. Synthetic lines are designated by DR, LA, LE, and TM. The codes in bold are 30 populations

representing 24 L or C populations and one population from each of the six main microsatellite-based clusters DU, HA, LR, LW, PI, and Iberian. These

30 populations are assumed to approximate a starlike pattern of phylogeny.
b Companies are BundesHybridZuchtProgram (BHZP), France Hybrides (FH), Pen Ar Lan (PAL), Pig Improvement Company (PIC), Schaumann (S), and

Société Coopérative Agricole pour l’Assainissement et l’Amélioration Génétique du Cheptel Porcin (SCAPAAG).
c Breed categories are local breed (L), national variety of international breed (I), and purebred or synthetic commercial line (C).
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phenotype (either total presence or total absence of band),
Equation 4 is undetermined because both numerator and de-
nominator equal zero. In such cases we made DRl 5 0: Cor-
rections of DRl for sample size were made as in Weir (1996,
p. 195), by subtracting ½ _pil þ _pjl � ðPil þ Pjl Þ�=ð2nhl � 1Þ from
the locus numerators of Equations 4 and 5, where _p, P, and nh
are as defined previously. For consistency with the zero dis-
tance assumed for IM loci, the negative DRl were also set to
zero. The standard distance of Nei (DS) is zero for IM loci,
and the usual multilocus estimate could then be used. Neg-
ative DS were set to zero, as recommended by Nei (1978).

Hill and Weir (2004) also extended their moment method
to estimate the Reynolds genetic distances using the squared
difference of genotype frequencies Pi and Pj between popu-
lations i and j. Their reasoning relies on the following expec-
tation: EðPi � PjÞ2 5 2ðVB þVW=nhÞ; where VB and VW

are the components of variance of gene frequency, defined
above for Equations 1 and 2 and nh the harmonic mean of the
numbers of individuals scored in each population. Thus, in
order to construct an unbiased moment estimator, the differ-
ence ðPi � PjÞ2 should be corrected for the within-population
sampling variance VW=nh: We used here the average VW

over all populations expressed as a function of the common
p and h under the same model of pure drift as in Equation 2.
Letting f ðhÞ5VB; where h here is the specific value for the
pair considered, and C 5 0:5½ðPi � PjÞ2 �VW=nh�; the non-
linear system to solve can be written as f ðhÞ5C ; or, alter-
natively, gðh;C Þ5 0; where gðh;C Þ5C � f ðhÞ: Solutions
were obtained iteratively from step n to step n þ 1 via the
Newton-Raphson algorithm, as hðnþ1Þ 5 hðnÞ � gðhðnÞ;C Þ=
g#ðhðnÞ;C Þ; where g#ðh;C Þ is the derivative of g with respect
to h. The solution in h was taken as the moment estimateDRl

of the Reynolds distance between populations i and j for lo-
cus l, and the arithmetic mean of DRl was taken as the multi-
locus moment estimateDRM, wherefrom a Neighbor-Joining
tree (Saitou and Nei 1987) was drawn. The sampling variance
of DRM is given by Hill and Weir (2004) as a function of
the number of loci L and the distances, allele frequencies,
and harmonic means of sample sizes at each locus (see their
equation 21).

Similarity Index

Various measures of breed similarity, needing no genetic
model, are available. We retained the simple matching index
between populations i and j at locus l:

SMl 5 Pil Pjl þ ð1� Pil Þð1� Pjl Þ; ð6Þ
where Pil and Pjl are the frequencies of recessive genotypes at
the locus considered, which can be averaged over the L loci.

Results
Polymorphism of AFLP Bands

The amount of polymorphism observed for the AFLP bands
varied considerably because the proportion of monomor-
phic populations for a specific band ranged from 3% to
98% according to the locus (Figure 1a) (SanCristobal et al.

submitted). Overall, the percentage of monomorphic AFLP
bands per population was high (mean 63%, range 41%–
83%). Monomorphism, however, includes complete absence
as well as complete presence of a band, as shown by the av-
erage within-breed proportion of recessive homozygotes
plotted against the proportion of monomorphic populations
in Figure 1a. Figure 1b shows an even and slightly asymmetric
U-shaped distribution of the recessive genotype frequency.

Within-Breed Diversity and Breed Differentiation

Estimates of recessive gene frequency (p) and FST (h) were
obtained by the iterative method indicated above. All 148 FST

estimates were obtained after a maximum of seven iterations
and were in the parameter space 0–1, except at one locus, for
which we used the Lynch and Milligan (1994) procedure.
Table 2 shows the average within-breed parameters for each
PC and the biases involved when square roots of allele fre-
quency were used. A highly significant average FST of 0.11
and a highly significant heterogeneity of FST among the four
PCs were evidenced. Table 2 also shows that expected het-
erozygosity varied among PCs, and biases were considerably
larger for the PC with the lowest allele frequency. FST andHe

appeared to vary independently among PCs, as also shown
by the low overall correlation (�0.15) between the two
parameters.

Square Root–Based Genetic Distances

As shown by SanCristobal et al. (2002), the Reynolds distances
differed depending on the multilocus estimator used. The
arithmetic mean estimator DRAwas markedly lower (average
0.10) than the PHYLIP estimator DRP (average 0.27). This
peculiar situation is due to the high proportion of AFLP loci
being IM. The standard Nei distance showed a higher cor-
relation with DRA than with DRP (r 5 0.94 versus 0.84 in
Table 3) as expected because the zero distances of IM loci
enter both DRA and the multilocus Nei distance.

Moment Estimates of Reynolds Distances and
Comparison To Other Genetic Distances and Similarity
Between Breeds

DRM estimates were made equal to zero in case of negative
value of C, which mainly occurred for IM loci, because then
ðPi � PjÞ2 5 0; and made equal to one in the few cases where
C � pð1� pÞ: The average of the 1,711DRM was 0.12 (range
0.03–0.32), very close to the average FST. An approximate
standard error of individual distances of 0.016 was derived
from Hill and Weir (2004), taking 0.11, 0.47, and 37.3 as
the average distance, allele frequency, and harmonic mean
of sample size, respectively.

A comparison ofDRM to the other three genetic distances
and the similarity index is presented in Table 3 (all five ma-
trices are available at http://databases.roslin.ac.uk/pigbiodiv/
publications.html). A much higher correlation of DRM with
DRA and DS than with DRP (0.94 and 0.91 versus 0.73) was
observed, reflecting the exclusion of IM loci in the PHYLIP
algorithm. The same reason probably explains the particularly
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Figure 1. AFLP polymorphism. (a) Average within-breed frequency of the recessive genotype (range 0.001–0.998) versus

proportion of monomorphic populations (0.034–0.983) over 148 AFLP loci. (b) Distribution of average within-breed recessive

homozygote frequency over 148 AFLP loci. Ordinate, number of loci; abscissa, intervals of 10 percentage points of recessive

genotype frequency (1 5 0–10, 2 5 10–20, . . . , 10 5 90–100).

Table 2. Moment estimates of the within-breed parameters and FST values per PC, derived from mean and variance of recessive
genotype frequency (P)

PC Number of loci pa He
a FST

b Standard errorc of mean FST

E33/T47 28 0.69 (2.5) 0.145 (5.5) 0.091 (13.1) 0.019a
E33/T62 43 0.21 (20.1) 0.098 (16.3) 0.094 (66.9) 0.019a
E35/T48 39 0.49 (3.5) 0.112 (4.5) 0.138 (17.3) 0.020ab
E46/T48 38 0.57 (2.7) 0.141 (2.1) 0.165 (17.4) 0.014b
Total of 59 breeds 148 0.47 (10.7) 0.124 (8.1) 0.114 (31.0) 0.009
Subsample of 30 breedsd 137 0.47 (11.6) 0.124 (8.1) 0.078 (42.2) 0.005

p, Within-breed frequency of recessive allele (absence of band); He, within-breed expected heterozygosity 2(p � P); FST, weighted average of moment

estimate h (or Wright’s FST).
a In parentheses negative bias of the square root estimate (%).
b In parentheses positive bias of the square root estimate (%).
c Based on average asymptotic sampling variances: values with no letter in common correspond to significantly different FST at P , .01 (t test).
d Populations shown in bold in Table 1, assumed to exhibit a starlike pattern of phylogeny.
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low correlation of DRP with the simple matching index. The
Neighbor-Joining tree based on DRM is given in Figure 2.

Discussion
AFLP Polymorphism

The high average proportion of monomorphic populations
and the large variation observed in allelic frequencies are
sources of difficulties in the analysis, as already pointed
out by Hill and Weir (2004) in their analysis of a subsample
of our data. In such a situation one may consider excluding
the more monomorphic loci, as suggested by Lynch and
Milligan (1994) and done on our data by SanCristobal
et al. (in press b). However, the choice of a truncation point
is subjective, and loss of information and bias are incurred.
Here we have shown the results obtained by using the
method of Hill and Weir (2004) without excluding any locus.

Population Diversity

The moment estimations avoid the biases implied in the

Lynch-Milligan (LM) procedure. The LM recommendation

for minimizing biases is to prune loci for which P is below

3/n. In our data set, where nh 5 37:3; the LM pruning crite-

rion would be P, 0.08 and would lead to exclude 43% of the

loci. This is well above the level of 10% considered as accept-

able by Lynch and Milligan (1994), though below the level of

55% applied in SanCristobal et al. (in press b). Our situation is

thus typically one in which the moment-based estimations

have most merit against the standard square root–based

methods. As shown in Table 2, the negative bias for the re-

cessive allele frequency reached 20% for the PC showing the

lowest null phenotype frequency. The positive bias of the

square root method for FST was even higher and also con-

siderably higher for the PC with the lowest allele frequency.

The particularly high biases observed for low allelic frequen-

cies confirm the simulations of Hill and Weir (2004: table 4).

A scaling effect is, however, to be noted because bias in

absolute value tends to decrease with increasing FST, which

leads to overweight large deviations when biases are

expressed in relative value. One would expect a positive bias

in the Reynolds genetic distances also, contrary to the lower

genetic distances derived from square root gene frequency

(Table 3). The high correlation between DRA and DRM,

however, indicates a rather uniform bias over all population

combinations, suggesting that the ranking of distance com-

parisons between populations would not be much affected by

the chosen estimator.
Hill and Weir (2004) have detailed the basic assumptions

underlying their method and possible sources of bias remain-

ing, such as, primarily, randommating and homogeneous dis-

tances between breeds. The latter implies a starlike pattern of

relationship between populations. In our sample of popula-

tions, phylogeny has been shown to deviate from a starlike

pattern of relationship because lines derived from the same

breed tended to cluster significantly based on microsatellite

data (SanCristobal et al. 2002, in press a). A star phylogeny

can be approximated by keeping only one population from

each microsatellite-based cluster. The calculations were re-

done on a subsample of 30 populations (shown in bold in

Table 1) and 137 loci because 11 loci became fully monomor-

phic after removal of 29 breeds. The results in Table 2 show

that average gene frequency was not changed, whereas FST

was lowered and also more accurately estimated. Alternative

estimation methods exist, such as maximum likelihood, based

on gene frequency distribution, or Bayesian procedures,

which have been reviewed by Hill and Weir (2004).
AFLP markers have been used successfully in livestock

species, such as goat (Ajmone-Marsan et al. 2001; Marsan

et al. 2002), cattle (Buntjer et al. 2002, Negrini et al.

2002), and pigs (Cameron et al. 2003), though AFLP studies

appear to be less numerous than microsatellites. The FST

estimate of 0.11 for this sample of pig populations is in keep-

ing with the 0.11 and 0.15 estimates reported in goats

(Ajmone-Marsan et al. 2001) and cattle (Negrini et al.

2002), respectively. We have no clear explanation to offer
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Figure 2. Neighbor-Joining tree drawn from the moment-

based Reynolds distances (breed codes are given in Table 1).

Table 3. Mean values of and correlations between genetic
distances and similarity index among the 59 breeds analyzed

DRM DRA DRP DS 1 � SM

Mean 0.123 0.097 0.273 0.052 0.137
DRM 1 0.935 0.730 0.908 0.887
DRA — 1 0.774 0.957 0.867
DRP — — 1 0.838 0.583
DS — — — 1 0.891

DRM, moment estimate of Reynolds distance (Hill and Weir 2004); DRA,

arithmetic mean of single-locus Reynolds distances (Reynolds et al. 1983)

based on square root estimates of allele frequency; DRP, weighted mean

of single-locus Reynolds distances based on square root estimates of allele

frequency (same weights as in the PHYLIP software); DS: standard distance

of Nei (1978) based on square root estimates of allele frequency; SM, simple

matching index.
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for the heterogeneity among PCs evidenced in our study,
which is contrary to the assumed random amplification of
AFLP loci. Most studies simply ignore this possible source
of variation (e.g., see for plants the review of Nybom
2004). Campbell et al. (2003), however, noted effects of
the PC on assignment success in fish.

More generally, significant PC effects as well as large var-
iation of FST across loci indicate that some AFLP sequences
may depart from neutrality, as previously suggested by
SanCristobal et al. (2002). The high variability of FST across
loci may be exemplified by the extreme situation of bands
being nearly fixed in some lines and nearly absent in others,
leading to FST values close to one. Variation of FST across
loci, however, depends strongly on the pattern of relationship
between populations (Robertson 1975). Interestingly, the co-
efficient of variation of FST, expected to be inversely propor-
tional to the square root of the number of populations, was
considerably above expectation over the whole sample of 59
breeds as compared to the subsample of 30 populations. A
similar pattern was observed on microsatellites when 70
breeds were compared to 37 (Vega-Pla JL, personal com-
munication). This tends to confirm the inflation of variance
of FST which is to be expected in structured phylogenies
(Robertson 1975). The Lewontin and Krakauer (1973) test,
however, remained highly significant over the reduced sam-
ple of 30 populations because the observed variance of FST
was nearly 45 times above the value predicted under the neu-
trality hypothesis, in keeping with the extreme variability
noted above. The sensitivity of AFLP markers to selection
effects has also been demonstrated by Cameron et al.
(2003). Using the same restriction enzyme combination as
in this study, they showed that AFLP markers successfully
discriminated between animals from a set of divergently se-
lected lines of pigs that had arisen from the same base pop-
ulation. This suggests that changes of QTL frequencies due
to selection were sufficient to generate associated differences
in AFLP frequencies, though the role played by genetic drift
in selected lines of small size cannot be ignored.

AFLP Polymorphism and Genetic Distances

The low polymorphism of our data has the important con-
sequence that quite frequently the same allele happens to
be fixed in pairs of populations. Such loci, termed IM, thus
generate a number of zero monolocus distances. The overall
proportion of such distances is 47% over the 253, 228 locus-
breed pair combinations considered in our study. The mo-
lecular nature of such loci merits further consideration to

confirm Mendelian behavior. Though internal evidence from
nuclear families is lacking in our data, resemblance between
full sibs could be assessed in several breeds (as in the prelim-
inary analysis of Plastow et al. 2003). No deviation from ex-
pectation was observed even for extremely monomorphic
loci. Of note also is the successful use of AFLP for mapping
in several farm animal species including the pig (Plastow et al.
1998).

As noted by Weir (1996, p. 195), IM loci do not carry any
information on the duration of the drift process since the
populations have diverged. Obviously, the drift model breaks
down as loci start to drift all the way to fixation. The PHYLIP
software takes the option of computing a ‘‘weighted’’
Reynolds distance which in fact amounts to ignoring IM loci,
whereas the IM loci are included in the arithmetic mean es-
timator of the Reynolds distance as well as in its moment
estimation, thus yielding markedly lower distances when
the proportion of IM loci is high as in our case. Table 4 shows
that the ‘‘arithmetic mean’’ AFLP distances between Meishan
and the European breeds were quite below the microsatellite
distances. This suggests that by assuming a zero value for IM
loci one does not entirely account for the overall divergence
process between the two groups. In contrast, the bias in
terms of drift appeared to be negligible for breeds having re-
cently diverged because the AFLP distances even slightly
exceeded the microsatellite distances among the Large White
populations considered (Table 4). The agreement between
our FST estimation of 0.11 and the average Reynolds dis-
tances DRM and DRA in Table 3 confirms that Equation 4
more truly reflects the breed diversity situation than Equa-
tion 5. The peculiar AFLP polymorphism also explains the
stronger correlation between the standard Nei distance
and the Reynolds distance obtained with the mean estimator
compared to the PHYLIP estimator because the Nei distance
does not exclude any locus. A straight application of PHYLIP
on AFLP data cannot therefore be generally recommended,
unless a check is made on the proportion of IM loci.

Comparison of AFLP and Microsatellite Markers for
Genetic Diversity Studies

AFLP and microsatellite loci are numerous and dispersed
randomly over the genome, making them both suitable for
biodiversity analysis. Evidence against selective neutrality
of microsatellite sequences is accumulating (see the review
of Zhang and Hewitt 2003). Our data provide similar evi-
dence for AFLP, in line with the discrimination power shown
by Cameron et al. (2003).

Table 4. Comparisons between Reynolds genetic distances for microsatellites and AFLP

Reynolds distances

Average distance among (or between) Microsatellites (PHYLIP) AFLP (Equation 4) AFLP (Equation 5)

All 59 populations 0.21 0.10 (0.16) 0.27 (0.25)
Four LargeWhite populations from France 0.04 0.05 (0.09) 0.14 (0.12)
Meishan breed and European populations 0.35 0.19 (0.29) 0.44 (0.45)

AFLP distances using the 67 most polymorphic loci are given in parentheses.
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It is well-known that different marker systems provide
diversity estimates often not well correlated (e.g., Mariette
et al. 2002). The analyses presented here also show that AFLP
and microsatellites may carry different diversity information.
The overall expected heterozygosity, He, of 0.12 (Table 2)
is far below 0.56 for microsatellites (SanCristobal et al. in
press a). In addition, the individual breed Hes obtained
for AFLP (using the square root estimate of gene frequency
in each breed) were rather weakly correlated ðr 5 0:52Þ with
the corresponding 59 Hes for microsatellites (Ollivier 2002).
As to breed differentiation, the microsatellite FST of 0.23
(Ollivier 2002), on 70 breeds of which 59 are common to
the present study, was about twice as high as the 0.114 value
obtained here with AFLP. On the other hand, in a study of
breed contributions to diversity based on the same data, using
both AFLP and microsatellite genetic distances, correlations
weaker than expected were found between the two marker
systems, though the partitioning of diversity between the
three breed categories showed similar patterns (Ollivier
et al. 2005). In an extensive compilation of wild plant diver-
sity studies, Nybom (2004) compared microsatellites and
AFLP and pointed out that within-population variation for
microsatellites is usually considerably higher than that for
dominant markers, as observed in our case. In contrast, esti-
mates of among-population variation with the two types of
markers usually agree in wild plants, though large discrepan-
cies have occasionally been reported (e.g., Maguire et al.
2002). We should, however, keep in mind the rather different
plant situation because fewer microsatellite studies are avail-
able in plants and plants include selfing as well as outcross-
ing species. More studies on livestock species would therefore
be needed to confirm the differences we observe in our
pig study.

The possibility of combining diversity information arising
from different types of markers may be considered, taking
due account of their statistical reliability, though true differ-
ences may need to be kept in mind. Based on the standard
error of our moment-based estimates of distance for 148 bial-
lelic dominant AFLP loci (0.016) and that for 50 ‘‘4.5-allelic’’
microsatellite loci (0.021 in SanCristobal et al. in press a), two
biallelic dominant loci ((175/148)(0.021/0.016)2 5 2.0) may
be considered as equivalent to one biallelic codominant locus
in our polymorphism situation.

In conclusion, compared to microsatellites, difficulties of
analysis arise from the biallelic and dominant status of AFLP.
As we have shown, the moment-based estimations of Hill
and Weir (2004) can be recommended, instead of using
the square root estimator of allele frequency, which leads
to considerable biases in allele frequency and genetic diversity
estimates. A potential advantage of AFLP over microsatel-
lites is the identification of private alleles in assignment anal-
yses (see Campbell et al. 2003), as also shown by Alves et al.
(2003) in testing breed identity in pigs. Because AFLP
markers are very easily generated, a large inventory can be
made, and informative bands can be selected. We have also
shown in this study that PC effects are not to be excluded.
Appropriate PCs may thus be selected to obtain ‘‘high-quality
loci,’’ as also suggested by Cameron et al. (2003) for discrim-

inating between pigs of particular genotypes and by Campbell
et al. (2003) for assignment studies.
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