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Abstract

In this short review we report the basic notions needed for understanding the population genetics of clonal diploids. We focus on the

consequences of clonality on the distribution of genetic diversity within individuals, between individuals and between populations. We then

summarise how to detect clonality in mainly sexual populations, conversely, how to detect sexuality in mainly clonal populations and also how

genetic differentiation between populations is affected by clonality in diploids. This information is then used for building recipes on how to analyse

and interpret genetic polymorphism data in molecular epidemiology studies of clonal diploids.

# 2005 Elsevier B.V. All rights reserved.

Keywords: Clonality; Parthenogenesis; Population genetics; Linkage disequilibrium; Diploids; Heterozygosity; Population differentiation

www.elsevier.com/locate/meegid

Infection, Genetics and Evolution 6 (2006) 163–170
1. Introduction

The population genetics of clonal organisms and its

application in epidemiological studies has been the focus of

much work and controversies as testified by the almost endless

list of reviews on the topic (e.g. Suomolainen et al., 1976;

Génermont, 1980; Silander, 1985; Tibayrenc et al., 1991;

Carvalho, 1994; Tibayrenc, 1995; Milgroom, 1996; Judson and

Normark, 1996; Milgroom and Fry, 1997; Milgroom, 1997;

Anderson and Kohn, 1998; Tibayrenc, 1998; Taylor et al.,

1999; Tibayrenc, 1999; Maynard-Smith et al., 2000; Tibayrenc

and Ayala, 2002; Halkett et al., 2005). Facing such an

impressive heap of literature one may ask what might be the

point of another review dealing with the subject? Let us

reassure the reader and make clear that our aim is not to cover

once more the entirety of the topic, but rather to pinpoint some

essential points and then rapidly move on to recent results that

shed new light on the amount and apportionment of genetic

variance expected in clonal and partially clonal diploids. We

will also restrict us to clonal diploids, with emphasis on

parasitic protozoa and pathogenic fungi. A recent more general
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review on the population genetics of clonal organisms can be

found elsewhere (Halkett et al., 2005). We will conclude by an

attempt to highlight the simple, robust analyses that optimise

biological inference from genetic data in epidemiological

studies on such organisms. The paper is subdivided into six

short sections. In the first section we review the theoretical

background, some old beliefs as well as recent advances. In the

second section we will see how clonality can be detected in a

mainly sexual population. The third section deals with means to

uncover the presence of sex in essentially clonal populations. The

fourth section dwells into the effect of clonality on population

differentiation in diploids. In the fifth section we delineate a

guide for drawing sound inferences from molecular co-dominant

markers in clonal diploids, and in the final section (unsurpris-

ingly) the conclusion, we briefly highlight some issues that shall

be addressed by future research.

2. Theory of clonal genetics in diploids: old beliefs and

new advances

2.1. The effective population size of diploid clones

The effective size of a population, usually designated by Ne,

allows quantifying the rate at which a population looses its



T. De Meeûs et al. / Infection, Genetics and Evolution 6 (2006) 163–170164

Box 1. Basic definitions

The Islandmodel (Wright, 1951): Thismodel considers a

population of individuals living in n demes (or sub-

populations) each of finite size N. The life-cycle is

usually assumed to be the following: (1) each adult

individual produces independently a large number of

juveniles. All adults die. (2) Each juvenile disperses

randomly to another deme with probability m. With

complementary probability (1 �m) a juvenile remains

in its natal deme. (3) Regulation occurs, among all

juvenile competing in a deme, onlyN individuals reach-

ing adulthood.

Wright’s (1965) fixation indices: In a hierarchical

population structure with two levels, such as the Island

model described above, three fixation indices can be

defined. Fis is ameasure of the inbreeding of individuals

resulting from the deviation from panmixia (random

union of gametes) within each deme. Fst is a measure

of the relatedness between individuals due to the

structure of the population (non-random distribution

of individuals among demes); Fst thus quantifies the

differentiation between demes. Finally, Fit is a measure

of the inbreeding of individuals resulting both from

non-random union of gametes within demes and from

population structure (deviation from panmixia of all

individuals of the total population).

These fixation indices are generally defined (Nei,

1977; Cockerham, 1969, 1973; Rousset, 2004) as:

Fis ¼
Fi � Fs

1� Fs

Fst ¼
Fs � FT

1� FT

Fit ¼
Fi � FT

1� FT

8>>>>><
>>>>>:

(a)

where Fi is the probability that two homologous genes

(e.g. the paternal and thematernal gene) drawn from an

individual are identical, Fs is the probability that two

randomly sampled genes from two different individuals

within a sub-population are identical and finally, FT is

the probability that two randomly sampled genes from

two individuals in two different sub-populations are

identical. One can also define the fixation indices in

terms of ‘‘heterozygosities’’ by using the relationship

Hi = 1 � Fi which are then substituted into Eq. (a).

Finally, from Eq. (a) one can easily retrieve the classical

equation (1 � Fit) = (1 � Fis)(1 � Fst).

The value of Fis can vary between �1 (all individuals

heterozygous for the same allele pair), 0 (random dis-

tribution of alleles within individuals) to +1 (all indivi-

duals are homozygous). By contrast, the value of Fst
varies between 0 (random distribution of individuals

between demes) to +1 (all demes fixed for one of the

available alleles). Except when all individuals from all

populations are sampled and genotyped, these F-sta-

tistics are biased if applied to real data. Weir and Cock-

erham (1984) have defined unbiased estimators of

F-statistics: f for Fis, u for Fst and F for Fit. The range

of values taken by these estimates are the same as those

of the parametric F-statistics, except for u which can be
genetic diversity. Indeed, the reciprocal of the effective size (1/

Ne) gives the long-term probability that two randomly sampled

genes in the population are replicates (or descend) from a single

gene in the parental generation. Such repeated ‘‘coalescence

events’’ of several genes in one gene imply that other genes do

not contribute to the future of the population. Hence, genetic

diversity is lost. The ratio of the actual census size Nc to the

effective size Ne of a population is a measure of the dynamics of

quantities linked to genetic diversity (e.g. heterozygosity) in the

population under scrutiny compared to an ‘‘ideal’’ population.

This ‘‘ideal’’ population is in fact a population that loses

genetic diversity at rate (1/Nc) per generation so that its

effective size is equal to its census size. Such a condition is met

for populations of semelparous monoecious individuals mating

at random and living in a constant environment with no

selective pressure. As an example of a population, which loses

genetic diversity faster than the ‘‘ideal’’ one, we can consider

100 dioecious individuals with uneven sex ratio. The effective

population size of a herd of one bull (Nm = 1) and 99 cows

(Nf = 99) yields Ne = 4NmNf/Nc �4 (e.g. Hartl and Clark, 1989,

p. 86), i.e. a 25-fold decrease compared to the census size

(Nc = Nf + Nm = 100). Under such a scenario, genetic diversity

is lost very rapidly. Other factors such as population subdivision

might also be important; let us for example consider a

population of total size Nc = Nn = 10,000, structured as an

island model (Wright, 1951; Box 1) with n = 1000 demes of

N = 10 individuals each, and where migration occurs at rate

m = 0.001. This population will be characterized by a Wright’s

(1965; Box 1) Fst = 1/(4Nm + 1) �0.96, at equilibrium (e.g.

Hartl and Clark, 1989, p. 310), translating into an effective

population size of Ne = Nc/(1 � Fst) �26,000 (Rousset, 2004,

page 14), i.e. a 2.6-fold increase. Population structure thus

slows down the rate of loss of genetic diversity.

While the influence on the effective size of factors such as

sex ratio or population subdivision have been extensively

analysed and are discussed in any population genetics textbook,

the effect of clonality has been essentially neglected leading to

statements such as: ‘‘the prevailing assumption has been that

more genetic diversity is to be found within predominantly

sexual populations and species’’ (Silander, 1985) or ‘‘strongly

contrasting viewpoints have appeared in the literature’’

(Marshall and Weir, 1979). An illustration of this perplexity

is culminating in the statement within the otherwise pioneering

work by Orive (1993): ‘‘both of the clonal examples resulted in

ratios of effective population size to census size that were

generally lower than those published for non-clonal organisms.

Whether this means that organisms with clonal reproduction

necessarily have lower genetic diversity is unclear’’. Probably

the main reason why this problem has been seen as challenging

is that classical definitions of effective population size strictly

focus on the loss of alleles. Under clonal reproduction,

segregation and recombination, the two fundamental con-

sequences of meiosis, are not realised, leading to an

accumulation of heterozygosity at all loci and to an

accumulation of identical multilocus genotypes in populations

(see the next paragraph). The situation gets thus much clearer

when disentangling between the amount of genetic diversity
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negative when the different samples share allelic fre-

quencies that are more similar than expected under the

null hypothesis. Sampling error is indeed expected to

generate some variance between samples drawn out of

the same population.

Linkage disequilibrium measures: Linkage disequili-

brium occurs when the different alleles at different loci

are not randomly associated. Ideally, if two loci with two

allele each (allelesA and a at the first locus, and alleles B

and b at the second locus) are in linkage equilibrium,

then the gamete AB should occur at frequency PAB =

pApB in the population, pA and pB being the allelic

frequencies of A and B, respectively in the population.

If not, then PAB = pApB � D, where D is the linkage dis-

equilibrium between the two loci. Linkage may occur

and be maintained because the different loci are phy-

sically linked, because selfing rate or clonal rate is

significant, because the population has not reached

equilibrium since the last disturbance (e.g. bottleneck)

or because the sample is composed of individuals

belonging to different units. Note that a statistical asso-

ciation between loci is always expected in populations

of finite size (e.g. Hedrick, 1987). Linkage disequilibrium

may be measured between pairs of loci. If L loci are

analysed, this lead to L(L � 1)/2 possible measures.

Linkage disequilibrium can also be measured overall

loci (multilocus linkage disequilibrium). RGGD (Garnier-

Géré and Dillmann, 1992) is a correlation coefficient of

allele occurrence between a pair of loci. r̄D by Agapow

and Burt (2001) is the standardised correlation coeffi-

cient of allele occurrence at a multilocus scale. r̄D is

unbiased in panmictic populations but strongly variable

in clonal populations. RGGD behaves to some extent (but

unfortunately not always) better than r̄D in purely clonal

populations but is biased in panmictic populations (de

Meeûs and Balloux, 2004).

Wahlund effect: Whenever a sample consists of

individuals that were sampled from genetically differ-

entiated sub-populations, a loss of heterozygosity is

expected. We can illustrate this with an extreme exam-

ple. Let us assume two populations that are completely

isolated and display private alleles at one locus, say

allele A for population 1 and a for Population 2. Popu-

lation 1 is thus only composed of AA and population 2

of aa. Sampling individuals from these two popula-

tions into one sample will lead to a sample composed

of AA and aa individuals only (complete lack of hetero-

zygotes, Fis = 1).

Bonferroni correction for multiple tests: In the case

of multiple testing the chance of finding a significant

P-value (say P < 0.05) is increased. The rationale

behind this correction is that if 100 tests were handled

in a population that verifies the null hypothesis

(e.g. a panmictic population) then five tests are

expected to be significant at the 5% level (by defini-

tion). The Bonferroni correction is a conservative but

efficient way to avoid this caveat. It simply consists

in multiplying the observed P-values by the total

number of tests, or dividing the level of significance

(e.g. 0.05) by the number of tests (see Holm, 1979 or

Rice, 1989 for more details).
maintained in terms of alleles per locus and the genetic

diversity maintained in terms of multilocus genotypes. Recent

results on the neutral polymorphism in clonal diploids with a

simple life cycle reveal that polymorphism is considerably

enhanced at individual loci, but that at the same time multilocus

genotypic diversity is reduced (Balloux et al., 2003, de Meeûs

and Balloux, 2004). We will come back to the underlying

causes of this phenomenon in Sections 2.2 and 2.3. Note

however that more complicated life cycles, in particular where

the variance in reproductive success is variable, may lead to

different observations (e.g. Yonezawa et al., 2004).

2.2. Heterozygosity of clones and the Meselson effect

In the absence of segregation redistributing alleles, diploid

clones accumulate heterozygosity over time through mutation

events at each locus (e.g. Lokki, 1976; Pamilo, 1987; Tibayrenc

and Ayala, 2002) thus leading to extremely negative values of

F is (see Box 1; Balloux et al., 2003). This interesting property

leads over long evolutionary times to what has been termed the

Meselson effect (Judson and Normark, 1996), where, in ancient

strictly clonal lineages, the divergence between the two alleles

at a same locus within an individual is expected to exceed

divergence between different clonal lineages. The absence of

segregation in strictly clonal lineages leads to the result that

effective size tends towards infinity because coalescence is not

possible between the two homologous genes of an individual. In

other words, heterozygosity is maintained because it becomes

fixed within individuals and a single allele cannot reach

fixation; as long as the population does not go extinct there will

be at least two alleles present. It is however important to

mention that both the effective size and the parameter F is

converge towards their value expected under random mating

whenever there is a small amount of sexual reproduction

(Balloux et al., 2003). In Fig. 1, the expected values of F is are

presented as a function of both the size of demes (N) and

the number of demes (n) for purely clonal populations. It can be
Fig. 1. Expected Fis values at equilibrium for an organism reproducing strictly

clonally and subdivided in an island model. Migration rate was set tom = 10�3 and

mutation rate to u = 10�5. K = 99 possible allelic states are assumed. Number of

sub-populations (n) and individuals per sub-populations (N) were varied. These

are analytical results obtained from Eq. (10) in Balloux et al. (2003).
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seen that, even if the observed heterozygosity is maximal for all

situations, the minimum value for F is is bounded by the number

of alleles that are maintained, and thus by both global and

sub-population sizes.

2.3. Linkage disequilibrium in diploid clones

The absence of recombination in clonal organisms generates

a statistical association of allele between different loci, as

clonality is equivalent to absolute physical linkage over the

entire genome. As a consequence, clonality will reduce

multilocus genetic diversity (number of different multilocus

genotypes), despite increasing the number of alleles found at

each individual locus. Linkage disequilibrium progressively

decreases with increasing rates of sexual reproduction in the

population. Thus, even for reasonable amounts of sexual

reproduction (e.g. 50%) the signature of clonality should be

detectable. Indeed, contrarily to Hardy-Weinberg proportions

that are reached in one round of panmixia, linkage equilibrium

requires many generations to build up and will thus never be

reached if for instance 50% of clonal individuals are recurrently

produced at each generation. However, the increased hetero-

zygosity characterising diploid clones seems to interfere

considerably with linkage disequilibrium measures such as

IA (multilocus association index; Brown et al., 1980; Maynard-

Smith et al., 1993) or some of Ohta’s (1982) components of

linkage disequilibrium in subdivided population (de Meeûs and

Balloux, 2004), and the biases and/or variances associated

to linkage disequilibrium estimators tend in general to lead to

inaccurate estimation of clonal rates on empirical data (de

Meeûs and Balloux, 2004; see also Box 1).

2.4. Population differentiation in diploid clones

For diploid clones with simple life cycle, the expected level

of differentiation is lower than for sexual organisms, everything

else being equal (Balloux et al., 2003). In an infinite island

model (Box 1), with mutation rate u and migration rate m being

small enough, the equilibrium value for Fst (see Box 1 for the

definitions of Wright’s F-statistics or fixation indices) read:

Fst ffi
1

4Nðmþ uÞ þ 2

for purely clonal populations instead of Fst ffi (1/(4N(m +

u) + 1)) expected under panmixia.

We can note that when m! 0, the clonal Fst ! 0.5, instead

of 1 in the panmictic case because exactly two alleles are

maintained in each individual (Balloux et al., 2003).

3. Little clonality in a mainly sexually reproducing

population

While strongly negative F is estimates are a clear signature

for clonal reproduction, this quantity is not informative in

organisms where sexual reproduction is frequent. F is is a highly

non-linear function of the sexuality rate. F is estimates are

indistinguishable from panmixia except when the rate of clonal
reproduction becomes dominant (Balloux et al., 2003; de

Meeûs and Balloux, 2004). Further note that slightly negative

F is are also expected in small dioecious or self incompatible

monoecious populations that reproduce sexually (Balloux,

2004). A more promising measure might thus be the

standardised multilocus linkage disequilibrium r̄D of Agapow

and Burt (2001) since this quantity is strictly unbiased in

panmictic populations, for which it is centred on 0, and

progressively increases as clonality rate increases (de Meeûs

and Balloux, 2004). However, it becomes very unstable in

purely clonal populations, where negative values (only

expected under panmixia) can be observed.

4. Little sexuality in a mainly clonal population

Rare sexual reproduction in a mainly clonal population is

easier to deal with, as in that case, strong variance of F is across

loci (Balloux et al., 2003) and strong linkage disequilibria are

expected (de Meeûs and Balloux, 2004). Linkage disequili-

brium can be estimated by the correlation between pairs of loci

RGGD of Garnier-Géré and Dillmann (1992). Nonetheless one

should interpret those results while keeping in mind that such a

linkage disequilibrium measure is strongly biased in panmictic

populations (significantly above 0; de Meeûs and Balloux,

2004). It is also necessary to be able to distinguish biological

causes from technical artefacts. Null alleles or short allele

dominance are known to strongly bias the detection of

heterozygotes and thus F is estimates (e.g. Brookfield, 1996;

Wattier et al., 1998; de Meeûs et al., 2004). In purely clonal

populations where all loci are expected to display strongly

negative F is (low variance), the presence of such artefacts may

inflate the variance of F is across loci and may in turn lead to

incorrect conclusions being drawn. Note however that under

such a scenario, only a subset of loci will be responsible for the

increased variance. The same subset of loci will systematically

generate a similar bias in the different sub-samples. Such

artefacts can thus be detected when working with a sufficient

number of loci and sub-samples. For small data sets there is a

genuine risk that problematic loci cannot be recognised as such

and that purely clonal populations will be indistinguishable

from mainly clonal ones (i.e. with a low rate of sexual

reproduction).

5. Population differentiation in mainly or purely clonal
populations

The effect of clonal reproduction on population differentia-

tion has been hardly addressed in the literature. In order to avoid

pseudo-replication, which is believed to inflate population

differentiation, most authors only consider one isolate per unit

of sampling (typically the patient for medical surveys) or delete

repeated genotypes from the data set (e.g. Shaw et al., 1994;

Boerlin et al., 1996; Arnavielhe et al., 2000; Fundyga et al.,

2002; Delmotte et al., 2002). We will see that this sampling

strategy may not be ideal in most cases. In Fig. 2, we illustrate

how biased the results may be when one only considers the first

isolate of each deme (patient) or when one deletes repeated
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Fig. 2. Results obtained for f(a) and u(b), Fis and Fst estimators, respectively

(Weir and Cockerham, 1984), for different simulations and with different

sampling strategies. For all simulations, the number of demes (Island model,

see Box 1) was set to 50, the mutation rate per locus to 10�5 (20 loci), the

number of possible allelic states was limited to 99. All simulations assume a

clonal rate of 100% except for (b) where panmictic simulations were also

analysed (with the same parameter set otherwise) for comparison with 100%

clonal simulations. For each simulation, 20 demes, and 50 individuals per deme

were sampled. All simulations were run with Easypop (version 1.8) (Balloux,

2001). The data without repeated genotypes were obtained by Clonality

(version 1) (Prugnolle et al., 2004) and all data sets were analysed with Fstat

version 2.9.3.2 (Goudet, 1995). N stands for the number of individuals per

deme, and m for migration rate, All indicates the statistics have been computed

on the entire data set and first that we only considered the first individual of each
genotypes from the data set. This is so because for strongly

structured populations (N � 100 and m � 0.01), F is is strongly

overestimated and Fst is underestimated with ‘‘first isolate’’ or

‘‘unique genotypes’’ sampling strategies (Fig. 2). Alternatively,

the ‘‘All individuals’’ sampling strategy provides less biased F is

estimates but tends to slightly overestimate Fst. When deme size

is 50 and migration rate 0.001 for instance, a situation where

strongly negative values ofF is should testify of the strict clonality

of these populations, the overestimation of F is is huge for ‘‘first

isolate’’ or ‘‘unique genotypes’’ sampling strategies. Such a

sampling strategy will also produce very low Fst that are not

significantly different from 0 (P � 0.5, 15000 permutations),

despite the fact that the population is strongly structured

(expectedFst = 0.24). This strong population subdivision is more

accurately reflected by the ‘‘all individuals’’ sampling strategy

(Fst = 0.39, P � 0.00007, 15000 permutations). In such popula-

tions, the existence and subsequent reproduction of repeated

genotypes are part and consequence of the population process as

a whole. Thus, repeated genotypes are important to consider. It

can also be noticed from Fig. 2 that the observed values are often

in discrepancy with expected ones, meaning that equilibrium is

often not reached (see for instance the simulation with N = 100

and m = 0.01 in Fig. 2). In such cases, the ‘‘unique genotypes’’

strategy can sometimes provide more accurate results. To

conclude, results obtained from the analysis including repeated

genotypes are important to consider and the interpretation of data

should never rely on single genotypes only.

It is noteworthy that this recommendation does not hold in

the case of organisms with complex life cycles alternating

between sexual and clonal reproduction, such as trematodes

(Prugnolle et al., 2005), Echinococcus cestodes, Apicomplexa

protozoans (e.g. Plasmodium) or most aphids. Under alterna-

tion of sexual and clonal phases, repeated genotypes are only a

transient consequence of the last asexual cycle, which will be

broken up again in the subsequent sexual phase (rather than a

long term consequence inherent of the mating system of clonal

organisms). The inclusion of those transient repeated genotypes

in the analysis of organisms with complex life-cycles will

obscure the patterns of the underlying population structure. For

such organisms, the analysis of the data set without repeated

genotypes is indispensable (e.g. see Prugnolle et al., 2005).

6. Final recipe

6.1. Sampling

Sampling should ideally be performed at the lowest possible

scale. For pathogenic protozoa or fungi, the individual patient

or even the different organs (when relevant) could usefully be

taken as the subpopulation reference unit from which multiple

isolates should be sampled. If this scale were smaller than the
deme (20 individuals), grouped in two artificial sub-samples (of 10 individuals

each), Unique indicates computed after removal of genotypes repeated in each

demes (repetition across demes allowed), Panmixia stands for a panmictic

population with identical parameters, Expected indicates the expected value at

equilibrium obtained from Eq. (10) (for Fis) and 14 (for Fst) in Balloux et al.

(2003).
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real reproductive unit, it is always possible later to pool isolates

belonging to different sub-samples. This is not a trivial point

because sampling at a scale wider than the relevant one will

inflate the F is estimate through Wahlund effect (Box 1) thus

masking the signature of clonality, and of course precluding any

accurate inference on the population structure. All loci must

have been checked for null alleles. As F is will be a critical

criterion in diploid clones, loci with null alleles should be

avoided. Null alleles are expected to introduce strong and

systematic (in all samples) heterozygote deficits at the loci

concerned. If some sexual reproduction exists, null alleles will

produce null (homozygous) individuals.

6.2. Translating obscure quantities into biological

parameters

The most useful quantities to estimate are the mean and

variance across loci of F is, the correlation coefficients RGGD

and r̄D and the Fst. Another useful parameter is the proportion

of multilocus repeated genotypes. Taken together those

statistics should constitute a minimal toolkit for drawing

biological inferences from genotypic and allele frequency data

in clonal or partially clonal diploids. At this point, it is useful to

discuss the neutrality assumption together with hitchhiking

problems. In clonal organisms, because all loci are linked

together, each selective event concerns the whole genome. This

however should not affect strongly the following discussion,

provided a sufficient number of samples and loci are analysed,

and that a global selective event did not recently affect the

population sampled (see Barraclough et al., 2003, for a more

extensive discussion on this topic). Let us now consider in turn a

few scenarios and how to interpret those statistics.
(i) A
ll samples and all loci display strongly negative F is

values with small associated variance, strongly significant

linkage disequilibria at many loci (RGGD and r̄D), but not

necessarily between the same pairs of loci in different sub-

samples (as would be the case for physically linked loci)

and Fst close to 0.5: the population under investigation is

purely clonal and strongly structured (the product between

subpopulation size N and migration rate m: Nm small as for

a highly endemic or a barely contagious disease).
(ii) T
he same as (i) but with moderately negative F is and

Fst � 0.5: the population is purely clonal but moderately

structured (Nm is large, most likely to be an epidemic and/

or contagious disease).
(iii) F
 is is strongly negative but highly variable from one locus

to the other, varying from nearly �1 for most loci to nearly

+1 for some loci, linkage disequilibria are strong and do

not involve specific loci pairs across populations and

Fst > 0.5: the population is strongly clonal but with a very

small amount of sex at each generation (e.g. clonal rate c

in [0.9999–0.99]) and strongly structured (small Nm).

Note that the inter-locus variance should not be system-

atically due to the same loci from one sample to the other,

in which case the null allele hypothesis should also be

considered.
(iv) S
ame as for (iii) but with moderately negative F is varying

from significantly negative F is � �1 for most loci to

significantly positive F is � +1 for some loci and with Fst

not strongly above 0.5: same population as in (iii) but

moderately structured (large Nm).
(v) F
 is is not significantly different from 0 with moderate

associated variance across loci, linkage disequilibria are

significant between some to many pairs of loci, r̄D is

significantly >0: the population is moderately clonal, but

the signal will strongly depend on the number of sub-

samples, the number of individuals (isolates) per sub-

sample and the level of polymorphism that the different

loci studied display. This means that in that case the rate of

clonal reproduction c may be in a range between 0.5 and

0.9. For example, in simulations with the following

parameter values n = 50, N = 50, m = 0.001, c = 0.8 and

sampling 20 demes and 50 individuals per demes assayed

for 20 loci gives strongly significant but moderately

negative F is = �0.076 (P = 0.0001) and 160 significant

linkage disequilibrium tests after Bonferroni correction

(Box 1) out of 190 between pairs of loci (RGGD = 0.39).

Interestingly r̄D ¼ �0:009 in this case, thus illustrating

the problems that this statistic can meet in mainly clonal

populations. When considering the same data set but

reducing the sample to 5 demes with 20 individuals in

each, and assayed for 7 loci, F is is not significantly

different from 0 anymore and only one pair of loci (out of

18) is in significant linkage disequilibrium after Bonfer-

roni corrections (RGGD = 0.26). Here r̄D ¼ 0:48 but is not

significantly different from 0 (P = 0.06). Sampling effort

can thus have considerable consequences for these kinds

of intermediate scenarios.
(vi) F
 is is close to zero for all loci, r̄D ¼ 0 and no locus pair is

in significant linkage disequilibrium at the Bonferroni

level, then the population behaves as a non-clonal one

(within deme panmixia).
(vii) F
 is is close to zero for all loci but there are strong and

significant linkage disequilibria between many pairs of

loci and the organism studied cannot (of course) be

haploid. This may be the signature for an essentially clonal

organism where sampling has been performed at the

wrong scale, pooling individuals (isolates) that do not

belong to the same reproductive unit within erroneously a

priori defined sub-populations. F is is overestimated to

nearly 0 as a result of a Wahlund effect (Box 1). This

conclusion must however rely on a sufficient number of

loci and populations to exclude confounding causes such

as null alleles and tight physical linkage between the loci

used.
6.3. Detecting the different levels of population structure

Accurate partitioning of genetic variance at different levels

requires a sampling strategy at the lowest possible scale. The

detection of the different levels of population structure and their

significance can then be assessed by a method based on F is

estimates, allowing to test where the actual levels of population
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Fig. 3. Illustration of the Goudet et al. (1994) method. In this imaginary sample,

64 (circles) individuals were genotyped. There are four demes. Individuals

belonging to the same deme share the same filling texture (empty, oblique

stripes, vertical stripes and full black). The sub-samples where Fis can be

computed are defined following three sampling strategies. With strategy 1 (thin

squares), 16 sub-samples are defined with four individuals each. With strategy 2

(dashed squares), four sub-samples are defined with 16 individuals each.

Strategy 3 pools all 64 individuals within a single sample. Fis computed under

strategy 3 is significantly higher than under the other strategies, suggesting that

the correct population structure is better defined by the sampling strategy at

lower scales (i.e. Strategy 2).
structuring occur. This method was described in Goudet et al.

(1994) and a schematic illustration is provided in Fig. 3. F is is

first estimated at the level of the smallest sub-samples (e.g.

isolates from the same organ of the same patient). These sub-

samples are then pooled at the next hierarchical scale (e.g.

isolates from the same patient) and F is is computed again.

Those sub-samples are then pooled at the next level and so on

(e.g. patients of the same town, towns of the same region etc.).

As long as the individuals (isolates) that are pooled belong to

the same reproductive unit, no change in F is estimates is

expected. Each time the pooling meets a significant level of

population structure, F is will experience an increase compar-
able to a Wahlund effect (Box 1). The significance of any

increase can be tested by re-sampling methods (e.g. Bootstrap

over loci; see Goudet, 1995).

Another very useful method is provided by a factorial

correspondence analysis (FCA) approach as implemented in

Genetix (freely downloadable at http://www.univ-montp2.fr/

�genetix/genetix/genetix.htm). This method is particularly

useful for determining cryptic groups when no particular clue is

available for sub-population delineation. See for example

Solano et al. (2000) and Ajzenberg et al. (2002).

7. Conclusion and future needs

A sound sampling strategy is paramount for drawing

subsequent accurate inferences. The advantage of working on

clonal diploids is the possibility to infer within population

structure (F is), a very useful parameter for biological

inference in this context. The strong limitation of the

parameter F is for its wide application in various organisms is

its extremely non-linear relation with the rate of clonal

reproduction. Whenever there are rare events of sexual

recombination, F is tends towards its expectation under

panmixia. This parameter is of course useless in haploids.

What would thus be really needed are estimators of linkage

disequilibrium displaying limited dependency of underlying

population structure and with bias and variance low enough

to be translatable into rates of clonal reproduction. This is

even more desirable for haploids for which Linkage

disequilibrium based methods represent the only means to

assess clonal reproduction (see Halkett et al., 2005, for a

review). Another field that has been hardly touched upon to

date and should be tackled in the future is the population

genetics of organisms with complex life cycles alternating

asexual and sexual reproduction such as trematodes,

Echinococcus cestodes, sporozoa (e.g. Plasmodium), clado-

cerans and aphids.
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de Meeûs, T., Balloux, F., 2004. Clonal reproduction and linkage disequilibrium

in diploids: a simulation study. Inf. Genet. E 4, 345–351.
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