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1. INTRODUCTION 

A zoonosis has been defined by WHO (1959, 1979) as: “Those diseases 
and infections [the agents of ] which are naturally transmitted between 
[other] vertebrate animals and man”. This definition separates a zoonosis 
from those infections, such as malaria, transmitted by invertebrate vectors, 
e.g. mosquitoes. At least 150 zoonoses have been recognized world-wide 
(Bell et al., 1988), the best known of which are listed in the Annex in WHO 
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1. INTRODUCTION 

In the last 20 years, since t..e pioneering work by Kilgour anc Godfrey 
(1973), a considerable amount of effort has been spent on exploring 
parasite diversity with biochemical or molecular tools. Although valuable 
results have been obtained in terms of epidemiology and basic science, 
the general outcome has been somewhat disappointing. Many basic 
questions remain unanswered. For example, is the pig a reservoir of 
human trypanosomiasis in Africa? Are clinical forms of Chagas disease 
specifically associated with particular strains of Trypanosoma cruzì? This 
field of research is at a standstill, and many epidemiologists are getting 
disenchanted with, and distrustful of, genetic studies. 

It seems to me that three facts have hampered this line of research. First, 
the rather narrow application of strain typing has been overemphasized to 
the detriment of broader and richer approaches. Second, as a direct con- 
sequence of this, many workers have relied on an empirical, descriptive 
interpretation of the results only. Third, this field of research has been 
highly compartmentalized. 

(i) Strain typing overemphasis. Although strain typing is very useful in 
epidemiological investigations, studies dealing with genetic variability of 
parasitic protozoa and other microorganisms are much more rewarding, not 
only in basic science (evolution and population genetics), but also in 
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applied research (virulence, resistance to drugs, immunological properties, 
etc.). 

(ii) Empiricism. Overemphasis of strain typing is mainly responsible for 
this deficiency. But even within this application, empiricism remains a 
problem. There is a tendency merely to continue describing zymo- 
demes”, schizodemes”, rapdemes”, karyodemes”, etc. The merely descrip- 
tive stage must be followed by constkction of a model and clear, falsifiable 
working hypotheses must be stated. A theoretical study must, therefore, 
precede and accompany any benchwork dealing with genetic variability of 
microorganisms, and priority must be given to basic research. 

(iii) Compartmentalization. Consider a few practical situations: a mala- 
riologist worried by the spread of chloroquine resistant malaria; a veter- 
inarian in Africa surveying cattle disease caused by trypanosomes; an 
agronomist trying to elucidate an epidemic of heart-rot in coconut trees; 
a clinician noticing that a normally harmless yeast becomes lethal in 
patients with acquired immune deficiency syndrome (AIDS); a doctor 
finding that antibiotics no longer work to cure tuberculosis; a supermarket 
owner losing money because his stocks of Roquefort cheese or rillettes 
caused listeriosis in his customers. All these situations have in common 
that they are related to the genetic variability of the microorganisms 
involved. Although the same questions are asked, the answers are sought 
separately. With few exceptions, each microbe has its own group of 
researchers, with their own methods of analysis. “Leishmaniacs” use 
techniques that are different from those used by malariologists, and both 
are generally poorly aware of work dealing with genetic variability in 
bacteria, etc. 

Since the problems are closely similar from one microbe to another, I 
have long advocated a common approach, with standardized techniques 
and statistics, in order to study comparatively the population genetics of 
microorganisms (Tibayrenc et al., 1990, 1991a; Tibayrenc and Ayala, 
1991). Such a common approach would both save effort’and money and 
allow informative comparison which would reveal the “common denomi- 
nators”, the general laws governing microbe population diversity and 
evolution, as well as the peculiarities of each category of microorganisms. 

The present paper is another attempt to reach this goal. Although it 
focuses mainly on medically important parasitic protozoa, some fungal 
organisms are considered, and extensive comparisons are made with 
population genetics of bacteria. 

* Terms marked with an asterisk are defined in the Appendix. 
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2. WHAT IS THE PROBLEM UNDER STUDY? 

In the present text, “sex” is used in a very broad sense and refers to any 
kind of genetic exchange. Bacterial conjugation will therefore be called 
“sex” here. The problem emphasized by population genetics, rather than 
sex itself, is the “downstream” impact of sex on the diversity of natural 
populations. Indeed, broad-sense sex is one of the main features that 
condition population structure and evolution. 

The present paper hence has a rather different goal thAn a previous 
review (Baker, 1989), which focused on the sexual processes of parasitic 
protozoa rather than on their consequences for population diversity. 

Whatevei species is considered, population genetics can extend basic 
knowledge of microbial evolution, which is its explicit goal. But, apart 

Table 1 The applied and basic aspects of population genetics of microorganisms. 

Main applications of population genetics and 
evolutionary studies in microbiology 

Translation in terms of 
basic science 

Epidemiological tracking 
Checking for the stability of microbial genotypes over 
space and time 

Short-term level: nosocomial epidemiology” 
Long-term level: broad-scale epidemiologyb 

Taronomy 
Must be first based upon phylogeny‘ 

Exploring the relationships between genetic 
diversity and the commonly accepted taxonomical 
nomenclature 
Looking for hidden genetic subdivisions within 
presently identified species 

Studies downstream front genetics 
Impact of genetic diversity and phylogenetic 
divergence on the relevant properties of 
microorganisms 

. pattems, susceptibility to potential vaccines 
Virulence, resistance to drugs, immunological 

Vector and host specificity 

Structure and dynamics of 
microbial populations 
Impact of genetic 
recombination on 
population structure; 
evolutionary role of sex 

Molecular phylogeny; 
evolutionary role of sex 

Adaptative significance of 
microbial genetic diversity 
Vector/host/parasite co- 
evolution 

a Time and space scales: days-months, hospital based. 
Time and space scales: months-years, village based. 
Time and space scales: millions of years, country- or continent-wide, up to the 

whole geographical range of the species. 
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from basic research, population genetics can provide valuable insights into 
three main applications (Table 1). 

(i) Epidemiological tracking. When characterizing microbe genotypes to 
study epidemic spread, only population genetics is able to evaluate rigor- 
ously the stability of these genotypes over space and time. What is the use 
of strain characterization, if microbe genotypes have no stability .because 
sex regularly re-forms their genetic make-up? The risk of this occurrence 
can never be ruled out, and it is especially high in some species (see 
below). 

(ii) Taxonomy in a broad sense. Not only is population genetics useful in 
defining and delimiting currently described taxa, but one of its major 
applications is in the search for hidden genetic subdivisions within species. 

(iii) Evaluation of the impact of the genetic diversity of microbes on 
their biological properties that are of practical importance (virulence, 
resistance to drugs, immunological diversity, etc.). 

These three lines of research are closely linked to one another since, for 
example, it is vain to search for links between given microbe genotypes and 
virulence if these genotypes are unstable (unless the very genes“ that 
govern virulence are studied), or if hidden, stable gene& subdivisions 
exist within a species, causing it to exhibit a range of distinct biological 
properties, 

In this review, emphasis is placed on those aspects of population genetics 
which are more specifically relevant to microbiology. More general infor- 
mation about population genetics and phylogenetic methods can be 
obtained from textbooks in which the use of molecular markers is espe- 
cially emphasized (Ayala and Kiger, 1984; Richardson er al., 1986; Pasteur 
et al., 1987; Hart1 and Clark, 1989; Hillis and Moritz, 1990; Avise, 1994). 

, 

3. TECHNIQUES FOR THE STUDY OF POPULATION GENETICS OF 
MICROORGANISMS 

.3.1. Technical Tools 

3.1.1. Isoenzymes” 

Isoenzyme analysis remains the “gold standard” for population genetics, 
especially in the case of microbes (see Figure 5) ,  for three reasons. (i) 
Isoenzymes represent a universal marker, as they can be used, from a 
technical point of view, for any organism (see Section 9). (ii) Isoenzymes 
have been widely used for many years to study many different organisms; 
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thus it is possible to make informative comparisons between organisms 
whose formal genetics are well known (humans and fruitflies) and other 
organisms whose formal genetics are still obscure (many microorganisms). 
(iii) The mendelian inheritance and evolutionary behaviour of isoenzyme 
markers are well known. 

3.1.2. Random Amplification of Polymorphic Deoxyribonucleic Acid 

This new, fashionable marker is presently widely used in population 
genetics. It seems to me to have the same status, and the same hopes, as 
isoenzymes studies in the 1960s. RAPD has a double interest. (i) Since 
each primer generates a specific kind of variability, and the number of 
different primers that can be used is virtually unlimited, the discriminative 
level of the method itself is potentially unlimited. (ii) RAPD can be used 
for any organism. A promising peculiarity of RAPD variability, at least for 
parasitic protozoa (Tibayrenc et al., 1993), is that many RAPD fragments 
convey valuable phyIogenetic information, and appear to be specific to 
given phylogenetic subdivisions: species, intraspecific subdivisions, or 
individual genotypes (synapomorphic characters). These specific RAPD 
fragments can thus be used conveniently to design specific probes and 
diagnostic tools for use in the polymerase chain reaction (PCR). 

The method at present has two drawbacks, which may be reduced in the 
future. (i) The technique is “touchy”, and some people are disappointed in 
its lack of reproducibility. Nevertheless, in my experience, reproducibility 
is fair provided that the experimental conditions (especially the brands of 
Taq polymerase and thermocyclers) are strictly controlled. (ii) The men- 
delian inheritance of RAPD variability is difficult to elucidate for those 
organisms with which mating experiments are difficult or impossible (most 
microorganisms). This last drawback does not, however, prevent the use of 
population genetic statistics (see below). 

(RAPD)” 

3.1.3. Restriction Fragment Length Polymorphism (RFLP)” 

When used simply by cutting deoxyribonucleic acid (DNA) with restriction 
enzymes and reading the band profiles on agarose gels, the RFLP technique 
generally gives poorly informative, smeared patterns with many bands. A 
notable exception is the schizodeme technique (Morel et al., 1980), an 
RFLP technique applied to purified kinetoplast DNA* which gives highly 
discriminative patterns with discrete bands. Two drawbacks of schizo- 
deme analysis are that it explores the variability of an extranuclear 
genome and it is limited to the study of Kinetoplastida. Sometimes the 
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term “schizodeme” is extended to include the result of any kind of RFLP 
analysis. 

When RFLP is performed in conjunction with Southern hybridization 
and probes, its resolution is generally much better. 

3.1.4. Pulse Field Gel Electrophore& (PFGE)” 

Although promising, the PFGE technique gives results which are presently 
difficult to interpret in terms of population genetics, and have been used 
rather for empirical typing or gene mapping on chromosomes. The evolu- 
tionary behaviour of the variability recorded is still obscure. Nevertheless, 
some attempts have been made to interpret PFGE data in population 
genetics terms by Bastien et al. (1992) and Dujardin et al. (1993). The 
latter study suggested that PFGE polymorphism is adaptive, and is driven 
by environmental pressures. 

PFGE studies on bacteria represent a different approach. In this case, the 
single bacterial chromosome is cut into large fragments by low-frequency 
cutting restriction endonucleases, and hence the fragments separated by 
PFGE do not represent chromosomes; this is actually a special kind of 
RFLP technique. 

3.2. Concepts and Statistics 

The techniques involved in microbe population genetics (described in 
Section 3.1) are standard. However, the theoretical basis of the study is 
far less codified than in population genetics of humans, mice, fruitflies, etc. 
It is a nascent and rather controversial field. 

3.2.1. General PrincipIes 

As stated above, the main goal of microbe population genetics is to see 
whether natural populations of microorganisms are subdivided into discrete 
genetic lines between which gene flow is either restricted or absent. The 
question might be addressed by mating experiments in the laboratory; but 
such experiments, even when successful (Jenni et al., 1986; Walliker et al., 
1987), show only that the potentiality for gene exchange is still present in 
the organism under study, and reveal nothing about the frequency and 
actual impact of these phenomena in natural microbe populations, 

An indirect approach based on the study of natural populations is hence 
preferred. A null hypothesis is proposed, in which the population under 
study is considered as panmictic*, because this is the only situation for 
which statistical expectations are well codified. The null hypothesis is 
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evaluated by various statistical tests (see below). If the results are ’incom- 
patible with panmixia*, the null hypothesis will be rejected; this is circum- 
stantial evidence that gene flow is restricted in the population under survey, 
for whatever reason. The working hypotheses explored in this approach 
deal with biological obstacles to gene flow (either clonality or cryptic 
speciation). Explanations by either physical separation or natural selection 
are considered as biases which must be evaluated (see below). 

A most important point is that inability to reject the null hypothesis 
(panmixia) is by no means a confirmation of this hypothesis. Such a result 
can very often be due to lack of resolution of the tests employed, or too 
small a sample, or both. This point is too often forgotten in statistics. 

No population is perfectly panmictic, and the biases due to physical 
separation are discussed in Section 3.4.1. Throughout the remainder of 
this review, the term “panmictic” refers to potentially panmictic situations, 
in which the only obstacles to gene flow are physical ones - the situation 
obtaining in “normal” sexual species, such as humans, fruitflies, etc. 
Similarly, the term “sexual” refers to organisms in which gene exchange 
is obligatory, occurring at each generation. It is not used of organisms that 
are merely capable of gene exchange. Conversely, “non-panmictic” refers 
to a species subdivided into discrete genetic units (either cryptic species or 
clones) between which free gene flow is inhibited by biological obstacles. 

The two main consequences of gene exchange in natural populations are 
segregation* of alleles” at given loci and recombination” of genotypes 
from one locus to another. Various statistical tests have been proposed by 
Tibayrenc et al. (1990) to explore these two biological phenomena. All 
these tests, listed in Table 2, are related to either the Hardy-Weinberg 
equilibrium* (segregation tests) or linkage disequilibrium* (recombination 
tests). 

Table 2 Statistical tests (a-g) used to reveal departures from panmictic expecta- 
tions (after Tibayrenc et al. 1990); for more details see Section 3.2.4. 

~~ ~ ~ 

Criterion Description 

Segregation (within locus) 
a Fixed heterozygosity 
b Absence of segregation genotypes 
C Deviation from Hardy-Weinberg expectations 

Recombination (between loci) 
d l ,  d2 
e Deficit of recombinant genotypes 
f Classical linkage disequilibrium analysis 
g 

Over-represented, identical genotypes widespread 

Correlation between two independent sets of genetic markers 
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3.2.2. Segregation Tests 

The classical Hardy-Weinberg statistics are applicable only when (i) the 
ploidy level of the organism under study is known, (ii) this level is greater 
than unity, and (iii) the alleles can be identified. These requirements are 
difficult to meet in the case of microorganisms. Bacteria have a haploid” 
genome, as do the stages of Plasmodium spp. which occur in humans. Hardy- 
Weinberg statistics are hence not valid for them. The level of ploidy is 
difficult to ascertain in most microorganisms. Even for the genera Trypano- 
soma and Leishmania diploidy* remains a mere working hypothesis (Lanar et 
al., 1981; Maazoun et al., 1981; Tibayrenc et al., 1981a). Finally, even if a 
working hypothesis exists conceming the ploidy level of the organism 
involved, alleles are often difficult to discriminate in genetic studies of 
microbes. Even with isoenzymes, an allelic interpretation of the zymograms 
is always tentative since control mating experiments are either difficult (Jenni 
et al., 1986) or impossible. For these reasons, segregation tests should be 
interpreted cautiously and used only as a complement to recombination tests. 

3.2.3. Recombination Tests 

These can be considered as more reliable than segregation tests for the 
reasons listed above. They can be used whatever the ploidy level of the 
organism, and even without identifying individual alleles and loci* 
(Tibayrenc et al., 1990, 1991a, 1993; Stevens and Tibayrenc, 1995; 
Tibayrenc, 1995). 

(a) General procedure. In random recombination, the expected fre- 
quency of a given genotype composed of n individual genotypes occurring 
at n different loci is the product of the observed frequencies of the 
individual genotypes which constitute it (the probability of occurrence of 
independent events). With isoenzymes, which remain the most widely used 
genetic markers, for a given enzyme system (which can be equated gen- 
erally to an individual genetic locus), when it is difficult or impossible to 
discriminate individual alleles, each distinct and reproducible enzyme 
pattern is equated to a distinct genotype of which the allelic composition 
remains unknown. It is then possible to estimate the observed frequency of 
each genotype at given loci. Even when allelic interpretation is possible, 
this “blind” approach may be used, for it is the most parsimonious. 

(b) A practical example. If two enzyme loci, A and B, are studied in two 
parasite strains, at each locus two different genotypes, 1 and 2, will be 
observed, and each will have an observed frequency of 0.5. The frequen- 
cies of the individual genotypes A 1, A2, B 1 and B2 are hence all 0.5, and 
the expected frequency of the composite genotype A l m l  is 0.5 X 0.5 = 
0.25 (see allelic frequency*), as are the frequencies of the other possible 
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combinations, Al/B2, A2/B2, and A2/E31. If the number of loci ex'amined 
increases, the procedure still is the same. For example, if 10 loci, A to J, are 
studied, with two genotypes of equal frequency (0.5) at each locus, the 
frequency of any composite genotype will be only ( O S ) " ,  which makes 
this approach extremely powerful. Indeed, studies involving 15 to 20 
different enzyme loci are commonplace, and the expected frequency of 
individual genotypes then becomes very low. The mere repetition of 
genotypes can thus be quite improbable, and becomes in itself a telling 
indication of departure from panmixia. 

(c) Cases in which identification of individual loci is impossible. Even a 
given isoenzyme system is not always attributable to a unique locus. 
Several enzyme systems involve more than one locus. Sometimes it is 
easy to separate the study of the different loci involved in a given enzyme 
system; sometimes it is not. Linkage disequilibrium tests nevertheless 
remain possible. For a given enzyme system, each distinct and reproduc- 
ible pattem is equated to a given elementary genotype, of which the 
composition in terms of alleles and loci remains unknown. The observed 
frequency of each elementary genotype is estimated, and the expected 
probability of the composite genotypes is the product of the observed 
probabilities of the elementary genotypes of which each is composed. 

This procedure does not introduce any bias into the statistical tests, only 
a loss of information (for it is impossible to check for linkage among the 
possibly different loci that are plotted together for a given enzyme system). 

In the case of RAPD, this procedure is the only one that can be used. 
Each primer amplifies DNA fragments whose relationships to identifiable 
loci are impossible to establish. It is even uncertain whether a given primer 
will amplify DNA segments of the same loci in different microbial stocks. 
Nevertheless, even in this extreme case, linkage disequilibrium tests (Table 
2, f )  can provide useful information (Tibayrenc et al., 1993). As with 
isoenzymes (see above), for a given primer each distinct and reproducible 
pattem is equated to a given elementary genotype whose composition in 
terms of alleles and loci remains unknown. The expected probability of the 
composite genotypes is calculated as described above for isoenzymes. 

(d) A general principle for linkage disequilibrium analysis. It does not 
matter whether linkage analysis is performed between loci or between 
groups of loci (see above). The only requirement is that it must be done 
between genetically independent sets of loci. If the loci or sets of loci are 
not independent of each other, considerable bias favouring linkage dis- 
equilibrium is introduced. 

When individual loci can be discriminated, the problem is not large. In a 
sexual organism, it is generally considered that two loci must be tightly 
linked on the same chromosome to generate a statistically detectable 
linkage in natural populations (Hart1 and Clark, 1989). This risk is con- 

POPULATION GENETICS OF PARASITIC PROTOZOA 57 

sidered very low if loci are randomly selected (Pujo1 et al., 1993), and 
decreases geometrically when the number of loci studied increases. 

When identification of individual loci becomes a problem, one has to be 
cautious. For example, the enzyme systems of the kinase family (hexoki- 
nase, fructokinase, etc.) can have overlapping specificities, and hence be 
partly redundant. It could therefore be misleading to perform linkage 
statistics between these systems; this could amount to doing the tests on 
the same loci, and the bias favouring linkage could hence be considerable. 
' This risk should not exist while performing linkage statistics involving 

different RAPD primers, as the probability of different primers involving 
the same locus is considered negligible (M. McClelland, personal 

This is not the case with RFLP studies involving the same hybridizing 
probe; the variability generated by the use of different restriction endonu- 
cleases cannot safely be considered to relate to totally independent sets of 
loci. The situation is different when different probes involving independent 
sequences are used. 

communication). 4 

3.2.4. Some Peculiarities of the Tests 

(a) Segregation tests. These are all related to Hardy-Weinberg statis- 
tics. Nevertheless, the results may be so extreme as not to require statistical 
verification. Fixed heterozygosity is one of these cases: some genetic lines 
of Trypanosoma cruzi, for example, show constant heterozygous* patterns 
at certain isozyme loci (Tibayrenc and Ayala, 1988), which is incompatible 
with segregation (with random mating, even if the parents are heterozy- 
gous, there is an obligatory 50% of homozygous* segregants among the 
offspring). Fixed heterozygosity can help in deciding whether the genetic 
line under survey is a cryptic sexual species or a clone (Tibayrenc et al., 
1991a; see also Sections 3.3 and 9.3), with the reservation that such an 
assumption is dependent upon the working hypothesis of diploidy in 
Trypanosoma (see above). 

(b) Recombination tests. These are all related to linkage disequilibrium, 
but explore different facets of it. They should hence be considered com- 
plementary to each other rather than redundant. In given situations and 
given data structures, some of them will be negative, while others will be 
positive. Only a single positive result is, in itself, a sufficient indication of 
statistical departure from panmixia. 

Test d l  (Table 2) specifically checks for the spread over given geogra- 
phical areas of genotypes that are over-represented in the sample according 
to panmictic expectations (Tibayrenc et al., 1990). Indeed, as recalled 
recently by Maynard Smith et al. (1993), the mere observation of repeated 
genotypes is not in itself evidence of clonal propagation, and can be 
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statistically compatible with panmictic predictions. However, gehotypes 
that are widespread and over-represented are strongly suggestive of clonal 
propagation, and this is especially telling when the geographical area 
involved is vast. The d l  test is performed either by a simple x2 test 
(when expected sizes are sufficient), or by a combination analysis accord- 
ing to the following formula: 

n!x’( 1 - X ) n - i  P‘C z!(n . - i)! 
i=m 

in which x is the expected probability Òf the multilocus genotype, as stated 
above (product of the observed frequencies of the single genotypes of 
which it is composed), n is the number of individuals sampled, and m is 
the numbers of individuals in the sample with the particular genotype. 

Other tests listed in Table 2 include: d2, the probability of observing any 
genotype as often as, or more often than, the most common genotype in the 
sample; e, the probability of observing as few or fewer genotypes than 
actually observed (identical to the test designed by Cibulskis, 1988); f, the 
probability of observing a linkage disequilibrium level as high, or higher 
than, as that actually observed in the sample; and g, the correlation between 
independent sets of genetic markers. Tests d2, e and f a r e  based on Monte 
Carlo simulations with io4 runs. 

Tests d l ,  d2 and e are all based upon the observation of repeated 
genotypes. They are hence not directly usable when each stock represents 
a distinct genotype, and tend to be negative as data tend towards this 
extreme situation, which is not in itself evidence for sex. Clonal variability 
can be considerable and, if the genetic marker used has high resolution, 
every stock can exhibit a distinct genotype. The only condition to take into 
account in this case is linkage disequilibrium. 

Even when repeated genotypes are lacking, tests d l ,  d2 and e can be 
performed by discarding the most discriminative loci. These tests can then 
be conveniently used to explore linkage among the rest of the loci, if 
repeated multilocus genotypes are revealed by this procedure. 

Tests f and g can directly detect linkage disequilibrium, even if there are 
as many genotypes as individuals in the sample. 

Test g (correlation between independent sets of genetic markers) is an 
especially telling example of linkage disequilibrium. Indeed, in the case of 
panmixia, the data related to a given marker (for example, isoenzymes) 
should have no predictive value on the data taken from another marker (for 
example, RAPD or RFLP), since the genes governing these distinct classes 
of marker should recombine independently. A convenient way to perform 
the g test is to estimate, between all possible stock pair-wise comparisons 
in the sample, the genetic distances for the two sets of markers (for 
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example, isoenzymes and RAPD), and to test their correlation by either a 
classical correlation test (Tibayrenc and Ayala, 1988; Tibayrenc et al., 
1993) or by a Mantel test (Mantel, 1967), as proposed by Stevens and 
Tibayrenc (1995) and Tibayrenc (1995). The second procedure (Mantel 
test) is more rigorous for, with the classical correlation test, it is difficult 
properly to evaluate the degree of freedom (the cells of the two matrixes of 
genetic distance are not totally independent of each other). 

Test g can be further extended (Stevens and Tibayrenc, 1995; Tibayrenc, 
1995) as a very general linkage disequilibrium test, by considering not only 
sets of data generated by technically distinct markers (for example, iso- 
enzymes and RAPD), but also any two sets of distinct loci or groups of loci 
(for example, two sets of isoenzyme loci, or two sets of RAPD primers). To 
take a practical example, for a given set of strains, if results obtained from 
four different isoenzyme loci 1, 2, 3 and 4 are available, the correlation 
measured between the distances estimated from 1 and 2 on the one hand, 
and 3 and 4 on the other, will represent a measure of linkage disequilibrium 
in the same way as the correlation measured between isoenzyme and 
RAPD distances. It is possible to increase the resolution of this procedure 
by testing the correlation between all pairs of distances possible in the 
sample under study: not only 1-2/34, but also 1-3/24, 1 4 ,  2-3, etc. 
With populations at equilibrium, in which genetic recombination occurs at 
random (null hypothesis), these correlations will remain non-significant. 

This extended g test makes it possible to avoid a major loss of informa- 
tion inherent in tests d l ,  d2, e and f. These last statistics take into account 
only two different classes of genotype: either identical, or non-identical. As 
an example, in Figure 1 it is obvious that genotypes A and B are more 
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Figure 1 Three hypothetical genotypes corresponding to three different micro- 
bial strains. Profiles A and B are obviously more similar to each other than they are 
to C. Nevertheless, in the linkage disequilibrium tests dl, d2, e and f (see Table 2), 
they all fall into the same category: “non-identical genotype”. The extended g test 
(Table 2) avoids this loss of information (see Section 3.2.3.(e)). 
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closely related to each other than they are to genotype C. With testidl ,  d2, 
e and f, all three fall into only one category, “distinct genotypes”. Test g, 
which is based upon the estimation of genetic distances, will take into 
account the closer similarity of genotypes A and B. 

3.3. Possible Biological Obstacles to Gene Flow 

3.3.1. Clonalìty* 

A clonal* population structure is the main working hypothesis that has 
been tested in microbe population genetics and that will be discussed in the 
present article (see Sections 4-8 for practical examples in various micro- 
organisms). The tests described above have been designed chiefly to test 
for clonality. 

Two important points about the clonal model proposed for several 
parasitic protozoa (Tibayrenc et al., 1990) should be noted (see also 
Section 4.1.3): (i) the term “clone”* here has a broad genetic definition 
(see Appendix) and is not limited to mitotic propagation; and (ii) the 
“classical” clonal model does not imply that recombination never occurs 
in natural populations of microorganisms, but only that it is too rare an 
event to disrupt a prevalent pattem of clonal population structure. It is 
stated in the framework of this model that the natural clones exhibit a 
considerable degree of stability in space and time (Tibayrenc et al., 1990). 
This has recently been a point of debate, which will be extensively 
discussed in Section 9.3, mainly in relation to the possible existence of 
“pseudoclonal models” differing slightly from the “classical” one in 
their inferred mechanisms, but also to a small extent with respect to 
the evolutionary consequences. 

3.3.2. Cryptic Speciation 

An alternative explanation of departures from panmixia, less frequently 
considered than clonality in the case of microbes, is cryptic speciation 
(Mayr, 1940). “Classical” speciation leads to genetic isolation, and can 
mimic many aspects of clonality. If two or more cryptic species are 
wrongly considered as a single panmictic unit, both departures from 
Hardy-Weinberg expectations and linkage disequilibrium will be 
observed. The evolutionary and epidemiological implications of cryptic 
speciation and clonality are in fact rather similar (see the full discussion of 
clonality vs. cryptic speciation in Section 9.3). 
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3.4. Possible Biases 

All the tests listed above indicate nothing but departures from panmixia. In 
addition to the “true” biological obstacles to gene exchange (Section 3.3), 
the factors able to lead to departures from panmixia, and hence to cause 
positive results to be obtained in these tests, may be physical or biological 
in nature. 

3.4.1. Physical Obstacles to Gene Flow 

When populations are separated either by geographical distance or time, or 
both, they tend to accumulate different allelic frequencies (genetic drift). 
When such separated populations are wrongly considered a single panmic- 
tic unit, the tests listed above will indicate apparent departures from 
panmixia - deviations from Hardy-Weinberg expectations and linkage 
disequilibrium; this is referred to as the “Wahlund effect”. The best way to 
avoid this bias is to design sampling conditions so that the stocks are 
sympatric* and are collected during a short period of time (Tibayrenc et 
al., 1991a; Souza et al., 1992). This is not always feasible, for many 
analyses of microbe population genetics have been performed in retro- 
spect, using data from the literature that had not been collected for that 
purpose. Moreover, even with purpose-designed samples, the definition of 
sympatry* is not easy in the case of microorganisms; at the levels usually 
accepted to assess sympatry in higher organisms, it is not clear whether 
microorganisms have an actual opportunity for mating. This is most 
probably highly dependent upon the ecological behaviour and transmis- 
sion cycle of each microbe species. Finally, strictly sympatric conditions 
make it impossible to evaluate the spread of given microbe genotypes over 
vast geographical areas and long periods of time, which is one of the main 
goals of microorganism genetic epidemiology. 

If sympatry is not strictly ascertained, some tricks make it possible to 
evaluate the role of physical separation in generating departures from 
panmixia (Tibayrenc et al., 1991a). (i) When segregation tests are consid- 
ered, a Wahlund effect leads to a deficit in heterozygotes, rather than the 
converse (see Table 3, showing how an extreme case of allelic frequency 
difference in each of two geographically distinct populations can lead to a 
total absence of heterozygotes). An excess of heterozygotes, with its 
extreme case of fixed heterozygosity (see Section 3.2.4.(a)), is therefore 
an indication of biological obstacles to gene flow rather than of physical 
separation. (ii) When physical separation is responsible for a departure 
from panmixia, the over-represented genotypes identified by either segre- 
gation or recombination tests tend to be localized in restricted parts of the 
sampling area, whereas they can be widespread in the case of biological 
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Table 3 A model with two geographical locations (X and Y ) ,  one locus~‘(A) and 
two possible alleles (1 and 2) at this locus, showing how extreme allelic frequency 
differences among populations can generate extreme departures from Hardy- 
Weinberg expectations when the two populations are unwittingly plotted together 
and considered as a unique population. 

Observed frequency 

I 

Population X Population Y Population X + Y 

1 O 0.5 
O 1 0.5 

. Locuslallele 
Al 
A2 

Genotype 
All1 
A212 
AID 

1 
O 
O 

O 0.5 (expected: 0.25) 
1 0.5 (expected: 0.25) 
O O (expected: 0.5) 

obstacles to gene flow. Table 4 shows how an extreme case of fixed 
genotypes in each of two geographically distinct populations can lead to 
apparently total linkage between loci A and B. 

Tables 3 and 4 show that there will be a tendency for the excess 
genotypes (either unilocus or multilocus) to be strictly localized, propor- 
tionally to the genetic drift and differences in allele or genotype frequen- 
cies among localities. In other words, to explain extreme departures from 
Hardy-Weinberg expectations or extreme linkage disequilibriums by geo- 
graphical separation alone, one has to assume the occurrence of extreme 

Table 4 A model with two geographical locations (X and Y ) ,  two loci (A and B) 
and two possible genotypes (1 and 2) at each locus, showing how extreme genotype 
frequency differences among populations can generate an extreme linkage dis- 
equilibrium when the two populations are unwittingly plotted together and con- 
sidered as a unique population. 

Observed frequency 

Genotype Population X Population Y Population X + Y 
Al 
A2 
B1 
B2 
AlBl 
A2B2 
A1B2 
A2B 1 

1 O 0.5 
O 1 0.5 
1 O 0.5 
O 1 0.5 
1 O 0.5” 
O 1 0.5” 
O O O“ 
O O O” 

a Expected values are 0.25 in each case. 
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genetic drift, which can be often refuted by the observation of widespread 
genotypes. 

3.4.2. Biological Factors: Natural Selection 

Apart from factors (either physical or biological) that interrupt gene flow 
“upstream” from the actual gene exchange, natural selection could inter- 
fere “downstream”, by selecting for or against some geqotypes, so that 
genotype distribution no longer meets panmictic expectations. It is prob- 
able that natural selection interferes with genotype distribution, but it is 
hardly conceivable that this alone is able to explain extreme departures 
from panmixia (Tibayrenc et al., 1990, 1991a). Indeed, to explain the 
maintenance of strong linkage disequilibriums over generations, one 
would have to accept that most of the possible multilocus combinations 
are eliminated in every generation (genetic load). Table 5 shows that, even 
for a limited number of loci, the genetic load makes this a not very 
parsimonious explanation. 

Two particular cases of the natural selection hypothesis are the infer- 
ences that apparently extreme linkage disequilibriums are due to the 
elimination of many genotypes either by immunological defences or by 
culture medium selection. Although it is very probable that these two 
factors do interfere with genotype distribution, it is again difficult to 
accept that they would be able to maintain by themselves the considerable 
extent of linkage observed in many microbial species (see below). Indeed, 
most of the possible genotypes, and always the same ones, would have to 
be systematically eliminated either by the immunological response or 
during cultivation in vitro. Possible ways to evaluate the impact of these 

Table 5 A model with two possible genotypes at each locus, showing the 
proportion of genotypes that has to be eliminated in every generation to maintain 
complete linkage disequilibrium. 

No. of loci” No. of possible multilocus Proportion of genotypes 

2 4 0.5 
3 8 0.75 
4 16 0.875 
5 32 0.9375 
6 64 0.9687 

eliminated combinations 

With two loci, there are four possible genotype combinations, AIBI, A2B2, AlB2, 
and A2B1; to maintain complete linkage (only the two first genotypes observed), 
50% of the genotypes (A1B2 and A2B1) have to be eliminated; similarly for higher 
numbers of loci, as shown. 

I 
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factors would be (i) to study microbe genotype distribution in im’muno- 
compromised patients (see Section 9.2) or (ii) to omit the culture step by 
typing strains isolated directly from the host with the aid of the PCR. The 
second procedure is made difficult by the facts that (i) multilocus analysis 
is required for population genetic analysis and (ii) if microbe DNA from a 
given patient is amplified by several primers involving different loci, there 
is a high risk that the patient will actually be harbouring several genotypes 
of the microbe under study, and that the different primers will not amplify 
DNA from the same genotype. 

4. A PARADIGM OF THE CLONAL MODEL: TRYPANOSOMA CRUZ/ 

Pioneering work by Miles et al. (1 977, 1978, 198 1) revealed considerable 
isoenzyme variability in T. cruzi, which provided a favourable background 
for further extensive population genetics studies. 
T. criizi exhibits the clasical manifestations of clonal propagation, 

namely drastic departures from Hardy-Weinberg expectations and 
extreme linkage disequilibrium. This was soon recognized (Tibayrenc et 
al., 1981b), and has been subsequently confirmed with many larger samples 
(Tibayrenc and Desjeux, 1983; Tibayrenc et al. 1984a, 1985, 1986, 1993; 
Tibayrenc and Ayala, 1988). 

4.1. Circumstantial Evidence for Clonal Propagation of T. cruzi 

4.1.1. Lack of Segregation 

An example of lack of segregation in T. cruzi is shown in Figure 2 
(Tibayrenc et al., 1981b): among 73 Bolivian isolates, many genotypes 
that could occur by segregation were lacking: Pgm 1/2,2/2,1/3,3/3, Me I J 
2, Gpi 111. Similar “missing” genotypes have been repeatedly identified in 
more than 500 stocks to date, and careful calculations have been made on 
ample sympatric samples from southern Bolivia (Tibayrenc et al., 1984a) 
(Tables 6 and 7). The value of x2 for the Gpi locus is 198, with 8 degrees of 
freedom, giving a value of P << lou3. For the same locus, the expected 
overall number of observable genotypes was 37.5, while the observed 
number was 99. Conversely, the expected global number of absent geno- 
types was 61.5. Interestingly, the heterozygous genotypes 214 and 314 were 
heavily over-represented, which does not support the hypothesis that these 
results were due to genetic drift and the Wahlund effect (see Section 3.4.1. 
(a)). Similar conclusions can be reached about the Pgm locus. It is worth 
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noting that these large departures from panmixia are still observed (Table 
7) when the tests are performed only on zymodemes 2, 2a and 2c of 
Tibayrenc et al. (1984a), which roughly correspond to genotypes 32, 33, 
39 and 43 in Figure 3. The hypothesis thus tested was that this group of 
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Genotype II1 2l3 11 I 

II 

Gpi 

Il I I  

212 2 / 2  112 

Figure 2 Diagrammatic representation of three different T. cruzi genotypes char- 
acterized for three enzyme systems, and showing lack of both segregation and 
recombination (linkage disequilibrium). (After Tibayrenc et al., 1981b.) 

Table 6 Hardy-Weinberg calculations for the Gpi and Pgn2 loci in 99 T. cruzi 
stocks from southern Bolivia. (After Tibayrenc et al., 1984a.) 

Genotype Number observed Number expected 

Gpi locus 
313 
515 
214 
314 
212 
414 
213 
215 
315 
415 

Pgm locus 
I I I  
313 
213 
212 
112 
113 

9 
45 
31 
14 

O 
O 
O 
O 
O 
O 

45 
9 

45 
O 
O 
O 

2.5 
21 ~ 

6.8 
7.2 
2.3 
5.3 
4.8 

13.6 
14.6 
20.9 

20.9 
10.1 
13.9 
4.9 

20.1 
29. I 
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Table 7 Hardy-Weinberg calculations on the Gpi and Pgm loci on 54 T. cruzi 
stocks from southern Bolivia, pertaining to the cluster of closely related zymo- 
demes 2, 2a and 2c (see Figure 3). (After Tibayrenc et al., 1984a.) 

I 
Genotype Number observed Number expected 

Gpi locus 
313 9 4.9 
214 31 12.8 

14 13.2 
4.6 

314 

414 O 9.1 
213 O 23.1 

I 

. 212 O 

Pgm locus 
313 
213 
212 

9 
45 

O 

18.2 
26.3 
9.5 

zymodemes, which are more closely inter-related than they are to other 
zymodemes, might represent a distinct cryptic species (see Sections 3.3.2 
and 9.3) rather than a cluster of clones; the hypothesis was not, however, 
corroborated. 

4.1.2. Lack of Recombination 

Natural populations of T. cruzi consistently show high levels of linkage 
disequilibrium. The Pgm I I I ,  Me I I I  and Gpi 212 genotypes are consis- 
tently associated with each other, as are Pgm 213, M e  212 and Gpi 112 
(Figure 2). Although the method has been refined, the overall pattern has 
been verified with more than 500 stocks to date. Cross genotypes such as 
Pgm 111 $. Gpi 112 have never been observed. In other words, knowing the 
genotype at one of these loci makes it possible to predict the genotypes at 
the two other loci with a high probability of success, which is not the case 
in a sexual organism. 

Linkage tests (see Table 2) performed on the 99 sympatric southern 
Bolivian stocks of T. cruzi (Tables 6 and 7) gave values of P = 4.3 X 

for tests d2, e and f. In other words, the 
probability of sampling the dominant genotype more frequently than 
actually observed, assuming that the null hypothesis of free genetic 
exchange was valid, would be only 4.3 X Clearly, a considerable 
degree of linkage must exist in this parasite population, although the 
sampling was reasonably sympatric (within a circle of 20 km diameter). 

Two facts are worth emphasizing concerning linkage in T. cruzì. (i) It 
has been verified in Amazonian sylvatic cycles also. In a study in my 
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laboratory on 26 T. cruzi stocks from French Guiana (Lewicka, 19$1), the 
linkage tests d l ,  d2, e and f gave values of P = 4.6 X 
8 X and < respectively, supporting the hypothesis that clonal 
propagation was active in this situation also. (ii) It persists even in a 
situation of extreme sympatry, since the most distantly related T. cruzi 
zymodemes are currently some isolated in Bolivia from the same indivi- 
dual host, whether a triatomine bug or a human patient (Brenière et al., 
1985; Tibayrenc et al., 1985). Another observation suggesting clonal 
propagation is the presence of over-represented, identical genotypes 
throughout vast geographical areas and long periods of time. For exam- 
ple, zymodeme 19 (Tibayrenc and Ayala, 1988) was isolated in 
Venezuela in 1976 and in Bolivia in 1983; zymodeme 20 was isolated 
in Bolivia in 1984 and in São Paulo, Brazil (date unknown); zymodeme 
39 was isolated in Chile in 1977 and in Bolivia in 1983, etc. Such 
dominant, ubiquitous clonal genotypes of T. cruzi have been referred to 
as major clones (Tibayrenc and Brenière, 1988). This notion is quite 
different from the concept of “principal zymodeme” (Ready and Miles, 
1980), which refers instead to predominant phylogenetic subdivisions of 
the species. 

The final piece of persuasive evidence for clonal propagation of T. cruzi 
is the correlation between independent sets of genetic markers, a striking 
case of linkage disequilibrium (test g, Table 2). This has been shown to be 
true between (i) isoenzymes and kDNA RFLP (Tibayrenc and Ayala, 1988) 
and (ii) isoenzymes and RAPD (Tibayrenc et al., 1993). Two phylogenetic 
trees constructed for 24 T. cr-uzi stocks from various sources are shown in 
Figure 3. Clustering pattems within each of the two trees are quite similar, 
due to the linkage between isoenzyme and RAPD characters. The correla- 
tion between the genetic distances inferred from the two sets of data was 
highly significant ( P  <: (Tibayrenc et al., 1993). PFGE data also show 
a high correlation with isoenzyme results, which has been taken as addi- 
tional evidence for a clonal population structure in T.  cruzi (Sanchez et al., 
1993). 

5 X 

4.1.3. General Conclusions 

(i) T. cruzi appears to be composed of two major phylogenetic lineages, 
each extensively polymorphic and subdivided into smaller clusters (see 
Figure 3). The first major cluster, at the top of the trees in Figure 3, 
includes all those stocks more or less related to the formerly described 
zymodeme I (Miles et al., 1977, 1981; Ready and Miles, 1980). The 
original zymodeme I stock corresponds to genotype No. 17 in Figure 3. 
The second cluster includes zymodemes II and III (genotypes No. 30 and 
27, respectively). The genetic distances* separating the major lineages are 
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considerable, with values of Nei’s standard genetic distance (Nei, 1972) up 
to 2 (Tibayrenc et al., 1986). This value is about four times greater than 
that between humans and chimpanzees. Recent studies (C. Bamabé and M. 
Tibayrenc, unpublished data) using more markers (22 enzyme loci) and 
considerably more stocks (384), although they indicated considerably more 
variation (identifying a total of 258 different zymodeme?), fully corrobo- 
rated this overall pattern of two major lineages. 

(ii) The most parsimonious hypothesis about the origin of the discrete 
phylogenetic lines of T.  cruzi is long-term clonal evolution. Nevertheless, 
other hypotheses, such as short-term clonal propagation or the existence of 
two cryptic biological species, are also possible (Tibayrenc et al., 1984b; 
see also Maynard Smith et al., 1993), and will be discussed later (see 
Section 9.3.4.(c).(i)). 

(iii) Circumstantial evidence for uniparental propagation does not mean 
that gene exchange never occurs in T, cruzi, but rather that it is not frequent 
enough to prevent the propagation of clones that are stable in space and 
time. This temporal stability could even reach an evolutionary scale. 
Nevertheless, even if this is generally true, occasional bouts of sex could 
still interfere with the evolutionary fate of the clones. This is a general 
caveat, applicable to all population genetic analyses. Throughout the rest of 
this review, the term “clonal” must be understood to mean “predominantly 
clonal”. 

a b c  

Figure 4 A hypothetical phylogenetic tree depicting the evolutionary divergence 
among some microbial genotypes. If a marker with a low molecular clock (= low 
resolution) is used, only three different genotypes will be distinguished (level a). If 
a more discriminative marker is used, six different genotypes will be detected 
(level b), and if a fast-evolving marker is used, the number will be increased to 18 
(level c). 
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(iv) It is misleading to consider genetic lines characterized by a limited 
set of markers as “true” clones. They should rather be regarded as families 
of closely related clones. Improving the genetic labelling is certain to 
reveal additional variability within each of the previously characterized 
“clones” (see Figure 4). This has been verified in our laboratory in the case 
of the major “clone” 39 (Tibayrenc and Ayala, 1988), which has been split 
into 20 minor genotypes by using 22 isoenzyme loci instead of 15 (C. 
Barnabé and M. Tibayrenc, unpublished data). It is most important to 
emphasize this point in the context of recent debates on the perennialty 
of microbial natural clones (see Section 9.3). 

4.2. Impact of Clonal Evolution on the  Biological Properties of 
T. cruzi 

It is reasonable to expect that the extent of phylogenetic divergence which 
has accumulated between the natural clones of T. cruzi will have an impact 
on this parasite’s biological properties. Studies in my laboratory have been 
based on this working hypothesis. Possible correlations between genetic 
distances (= phylogenetic divergence) and biological properties were 
calculated by quantifying the biological properties, estimating the absolute 
differences between all pairs of stocks, and then calculating the correlation 
between these differences and the genetic distances for the same pairs of 
stocks. Sixteen stocks with various origins, representing three major clones 
(Tibayrenc and Brenière, 1988), were used in all these experiments. The 
main results are summarized below. 

(i) There is a highly significant correlation between genetic distances on 
the one hand and the following properties on the other: epimastigote 
growth in culture medium, differentiation from epimastigote to trypomas- 
tigote, maximum parasitaemia in mice, infectivity to mice, mortality of 
mice (Laurent, 1994), and sensitivity in vitro of epimastigotes to both 
benznidazole and nifurtimox ( S .  Revollo and M. Tibayrenc, in preparation). 

(ii) While the differences between distantly related genotypes are highly 
significant, the properties studied show great diversity among stocks within 
each genotype (= major clone). These results ‘are in agreement with 
previous data presented by Andrade et al. (1983, 1985) and Andrade 
(1 985). They are fully consistent with the working hypothesis, but they 
do show that, within each natural clone, there is considerable variability of 
the biological properties. 
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5. OTHER PARASITIC PROTOZOA 

The methodology developed for T. cruzi has been applied to many other 
parasitic protozoa, as few species, apart from T. brucei S . I . ,  had been studied 
from the population genetic aspect. The main results are summarized in this 
section. 

5.1. Trypanosoma brucei sensu lato 

This species is the one which made sex in parasitic protozoa “fashion- 
able”, due to the innovative paper by Tait (1980), in which he proposed the 
hypothesis that T. brircei was a sexual, panmictic organism on the basis of 
the isoenzyme patterns of isolates sampled in the field. Although the 
hypothesis of panmixia has not been corroborated (see below), Tait’s 
work opened the way to an entirely new field of research, since the 
occurrence of sex in T.  brucei has undoubtedly been confirmed in the 
laboratory (Jenni et al., 1986; Gibson and Garside, 1991). 

However, under natural conditions in the field, strong departures from 
panmixia are apparent. Cibulskis (1988), noting that many of the possible 
recombinants were lacking from natural populations of T. brucei, proposed 
the existence of a potential for the evolution of distinct strains within this 
species. 

Tibayrenc et al. (1990, 1991a), analysing various data from the literature 
(see especially extensive isoenzyme analyses by Gibson et al., 1980), 
found both departures from Hardy-Weinberg expectations and strong 
linkage disequilibriums, and proposed that natural populations of T. brucei 
had a basically clonal structure. 

Further studies in my laboratory, using genetic techniques previously 
used for T. cruzi (see Truc and Tibayrenc, 1993; Mathieu-Daudé and 
Tibayrenc, 1994), favoured this proposal and, although there were some 
peculiarities, it is beyond doubt that considerable linkage is a constant fact 
of populations of T. brucei (see Table 8). Nevertheless, while many loci 
showed departures from Hardy-Weinberg expectations, it is interesting to 
note that, at other loci, all possible allelic combinations were observed, an 
observation rarely if ever recorded with T. cruzì. Moreover, the phylo- 
genetic divergence among T. brucei genotypes, although considerable 
(average Nei’s standard genetic distance = 0.27 4 0.14, maximum 1.15) 
(Mathieu-Daudé and Tibayrenc, 1994), remains much lower than the 
values observed with T. cruzi (0.76 4 0.48, maximum 2.02) (Tibayrenc 
et al., 1986). This difference, which is statistically significant, could be 
explained either by a less ancient evolutionary divergence of the clones, or 
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by inhibition of genetic divergence by genetic recombination (see Section 
9.3.3.(c)). These facts (the presence of segregant alleles and less genetic 
divergence) might, therefore, suggest that gene exchange interferes more 
actively in T. brucei than in T. cruzi with the long-term evolution of the 
clones. In this context, a recent hypothesis (Cibulskis, 1992) proposed that 
T.  brucei undergoes short-term clonal propagation, but that the clones soon 
lose their genetic individuality due to active recombination (see also 
Maynard Smith et al., 1993 and Section 9.3). 

In relation to the same problem of gene exchange frequency, more 
genotype diversity is observed in “wild” T. brucei stocks than in stocks 
isolated from humans (Mathieu-Daudé and Tibayrenc, 1994). A similar 
observation has been reported for T. cruzi by Lewicka (1991). For both 
parasites, it is at present difficult to decide whether these results are due to 
more frequent bouts of sex (Gibson, 1990) or, simply, to greater clonal 
diversity (see Section 3.2.4) in response to higher ecological variability. 
With both parasites, it is worth noting that, despite the higher genotype 
variability in “wild” populations, the levels of linkage in “wild” and 
“non-wild” populations are comparable when estimated by tests that do 
not rely on genotype repetition (e.g. tests f and g in Table 2; see Section 
3.2.4). 

Unfortunately, rigorous statistical means to estimate precisely the fre- 
quency of occurrence of sex in basically clonal populations are presently 
lacking. Nevertheless, some observations make it possible to address the 
question. This problem will be more extensively considered in Section 9.3. 

In summary, although temporal stability of T. brucei clones still is a 
matter of debate (see Section 9.3), it is hardly acceptable that this organism 
is a sexual, panmictic one. This illustrates a general fact that has to be kept 
in mind for any microorganism: successful mating experiments (e.g. those 
by Jenni et al., 1986) show that the potentiality for gene exchange is 
present in the species under study, but say nothing about the actual impact 
of this in natural populations. This last question is better explored by 
population genetic means. 

5.2. Leishmania spp. 

From a population genetics viewpoint, this genus of parasites presents a 
special case, for it has been subdivided into many Linnean species. 
Originally, the existence of these species was inferred from clinical and/ 
or epidemiological arguments. Nevertheless, genetic criteria, principally 
isoenzyme patterns, become more and more important in the identification 
of species of Leishmania (see Peters and Killick-Kendrick, 1987). This 
means that Leishmania species have increasingly been given a phylogenetic 
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basis (see Section 11). However, many of the clades that correspond to 
given species exhibit very limited genetic diversity. For example, when 
direct comparisons are made using the same genetic techniques, as has 
been done in my laboratory (Guerrini, 1993), the L. donovanilinfantuml 
chagasi “complex” appears to be genetically far more homogeneous than 
T. cruzi. Therefore, given that the power of resolution of the tests used in 
population genetics, like any statistical test, is very dependent upon the 
richness of the available information, the chances of demonstrating depar- 
tures from panmixia in L. irlfantum are less than in T. cruzì, all other things 
being equal. At the extreme, when the genetic unit studied is monomorphic, 
all tests are impossible. The more the situation approaches this extreme, the 
less is the chance of obtaining significant results. T have extensively 
discussed this methodological difficulty (Tibayrenc, 1993), and it will be 
further developed in Section 9.3. 

Despite this obstacle, a survey of data from the literature (see especially 
Maazoun et al., 1986; Moreno et al., 1986; Pratlong et al., 1986, Desjeux 
and Dédet, 1989) reveals ample circumstantial evidence for clonality 
within many Leishmania species (Tibayrenc et al., 1990, 1991a). As an 
example, within the poorly olymorphic L. infantum, the results of tests d l ,  
d2 and e (Table 2) are IO-! respectively (Tibayrenc et al., 
1990). These results have been criticized on the basis that the stocks had 
not been sampled in sympatric conditions (Bastien et al., 1992). Never- 
theless, the hypothesis that linkage is due to geographical separation is 
hardly compatible with the fact that the dominant genotype (zymodeme 
MON 1, Moreno et al., 1986) is widespread throughout the area surveyed 
(see Section 3.4.1). Anyway, more recent data obtained in my laboratory 
from more sympatric isolates by Guerrini (1993) and A.L. Bañuls (unpub- 
lished data), using the same genetic techniques as those used with T. cruzì 
and T. bl-ucei, revealed clear indications of clonality for several Leishmania 
species, including L. amazonensis, L. brazìliensis, L. guyanensìs, L. pana- 
mensis and L. peruviana, despite the smallness of the samples. In spite of 
the fact that a clonal structure is the most parsimonious hypothesis to 
account for genetic diversity among Leishmania spp., the results discussed 
above need much refinement: the samples considered were often limited 
and were never designed specifically for population genetic purposes. The 
possible impact of gene exchange events must definitely be explored in 
depth in Leishmania populations, since growing evidence suggests that 
these events do occur. The evidence for this includes: (i) the observation 
under the microscope of cell fusion in L. infantum (see Lanotte and Rioux, 
1990); (ii) PFGE results, showing putative recombinant patterns in isolates 
from southern France (Bastien et al., 1992) and Peru (J.C. Dujardin, 
personal communication); and (iii) repeated reports of biochemical evi- 
dence for the formation of “hybrids” between different species (Evans et 

and 
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al., 1987; Darce et al., 1991). Similar evidence for the existence of putative 
hybrids between L. panamensis and L. braziliensis has been obtained in my 
laboratory by isoenzyme and RAPD studies (Bañuls, 1993) (Figures 5 and 
6). 

5.3. Giardia duodenalis 

Giardia duodenalis exhibits genetic variability patterns which are compar- 
able to a large extent to those of T. cruzì, which led to its being included in 
the framework of the clonal model (Meloni et al., 1989; Tibayrenc er al., 
1990; Tibayrenc, 1994b). All the classical manifestations of clonal propa- 
gation are apparent, including strong linkage disequilibrium, widespread 
over-representation of genotypes (Tibayrenc et al., 1990), and correlation 
between independent sets of markers (Meloni et al., 1989). Moreover, as in 

Figure 5 Isoenzyme analysis at the Nh 1 locus, showing the existence of 
putative hybrids between L. panamensis and L. braziliensis. The L. panamensis 
putative parental profile is represented by samples 6 and 12 and the L. braziliensis 
putative parent by samples 4, 5, 7 and 9. The heterozygous pattems (putative 
hybrids; samples 2 and 3) exhibit five bands, for the enzyme is a tetramer. See 
also Figure 6. (After Bañuls, 1993.) 
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Figure 6 Random amplification of polymorphic DNA with two different pri- 
mers, showing evidence of the existence of putative hybrids between L. pu/~ame/~-  
sis and L. hr-aziliensis. Lanes 1 and 14 are DNA scale ladders. Lanes 2-7, primer 
A5; lanes 8-13, primer A7. Lanes 2 and 8, L. panume~~.sis; lanes 3 and 9, L. 
hr-azilieizsis: lanes 4-7 and 10-13, four putative hybrids. See also Figure 5. (After 
Bañuls, 1993.) 

T. cruzi, the putative clonal lineages are separated from each other by large 
genetic distances (Andrews et al., 1989). 

Because of this last observation, an attempt has been made to subdivide 
G. duodenalis into four cryptic species defined by their phylogenetic 
divergence (Andrews et al., 1989). The question of whether these putative 
species should be considered as sexual entities or as small clonal clades has 
been discussed by Tibayrenc (1993) (see Section 9.3). 

Although clonality is a parsimonious hypothesis in Giardia, the question 
of this parasite’s population structure should not be considered as defini- 
tively settled (nor is it settled for any species). The impact of culture 
selection on genotype distribution (see Section 3.4.2) seems especially 
high in Giardia (see Mayrhofer and Andrews, 1994) and its interference 
with population genetic statistics is an important topic for future studies. 

5.4. Plasmodium falciparum 

The malaria parasites obviously constitute a special case among parasitic 
protozoa. Sex is considered to be an obligatory event in each transmission 
cycle and recombinants have been successfully obtained in the laboratory 
(Walliker et al., 1987). A panmictic population structure has been clearly 
postulated for this species, with all its logical epidemiological implications 
- in particular, the fact that panmixia would prevent the development of 
distinct strains (Walliker, 1985). This last inference was, however, based 

on weak direct evidence, for few studies have been made of association 
between loci in natural populations (linkage disequilibrium), the only way 
to check for departures from panmixia. The stages developing in culture 
in vitro are haploid, which makes the application of Hardy-Weinberg 
statistics impossible (see Section 3.2.2). Two studies involving limited 
numbers of loci (Carter and McGregor, 1973; Carter and Voller, 1975) 
have produced results consistent with panmictic expectations. 

On the contrary, the observation of statistically significant linkages 
reported in the literature led to the proposal that some kind of uniparental 
propagation could take place in certain populations of P .  falciparum (see 
Tibayrenc et al., 1990). An alternative explanation for these observations 
was proposed at the same time, namely the existence of cryptic species 
within the taxon P .  falciparum. It must be borne in mind that, for this 
species as for any microorganism, the term “clonality” in population 
genetics is consistent with many reproductive systems that involve appar- 
ent mating, including self-fertilization (Tibayrenc and Ayala, 199 I ) .  
Indeed, self-fertilization in a haploid organism generates genetic clones. 
It should hence be considered a specific case of clonality (Tibayrenc and 
Ayala, 1991), rather than an alternative model to it (Dye, 1991). 

A lively debate followed the publication of these “non-panmictic” 
proposals (Dye et al., 1990; Walliker et al., 1990; Dye, 1991; Tibayrenc 
and Ayala, 1991; Tibayrenc et al., 1991b; Walliker, 1991; Day et al., 
1992). This led to desirable additional investigations in the field. 

Conway and McBride (1991) and Babiker et al. (1991) reported results 
supporting panmictic assumptions. The first study relied on the use of 
antigen markers, while the second was based upon isoenzymes, antigens 
and proteins. On the contrary, in my laboratory, Ben Abderrazak (1993) 
showed, by multilocus enzyme electrophoresis, the existence of statisti- 
cally significant linkage disequilibriums in five populations among six. The 
only population showing agreement with panmictic expectations was that 
studied by Babiker et al. (1991). It has to be noticed that, in non-panmictic 
populations, the linkage observed involved usually three or four loci, while 
the rest of the loci, although fairly variable, showed limited linkage. This 
pattern is quite different from that seen in Trypatiosoma or Leishmania, in 
which linkage is seen at all loci. For example, in a population of 31 stocks 
of P.  falciparum from the Congo Republic, sampled under reasonably 
sympatric conditions (within a circle of 20 km diameter) and in which 
12 enzyme loci were studied, linkage was almost restricted to the loci Ldh, 
Gsr and Gdh, which were almost totally linked (see Table 9). 

A new way of addressing the problem has recently been developed, 
namely PCR amplification of oocyst genes isolated directly from the 
mosquito (Ranford-Cartwright et al., 1993). The goal is, to estimate the 
proportion of homozygous and heterozygous genotypes and to compare it 
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Table 9 Genotype distribution of three enzyme loci in a population of P. 
fakiparum from the Congo Republic, with the probability of the results (assum- 
ing panmixia). (After Ben Abderrazak, 1993.) 

Size 

Genotype Observed Expected Probability Test used 

1/1/1 18 11.68 X2 

Other 5 18.8 X2 
21212 8 0.47 1.4 X lo-’ dla 

a See Table 2. 

with the expected proportions under panmictic expectations. Divergent 
results were obtained in Tanzania (Babiker et al., 1994) and Papua New 
Guinea (R. Paul, M. Packer and K. Day, personal communication), with 
rates of heterozygosity of 64% and 7%, respectively. This difference could 
have been due to epidemiological peculiarities in each country: both are 
considered to be highly endemic areas, but the transmission rate in Tanzania 
is higher. 

Both rates of heterozygosity, although that in Tanzania was high, were 
much lower than expected in a panmictic situation. Indeed, given the 
considerable number of alleles present at these loci, and their frequency, 
virtually all oocysts should be heterozygous. The explanation given by 
Babiker et al. (1994) was that the number of different P. falciparum 
genotypes that are present in a given human host is limited, and that 
multiple feedings by anopheline mosquitoes are rare. 

Several comments can be made concerning these results. (i) They 
(especially the data from Tanzania) confirm that outcrossing is a frequent 
event in P. falciparum natural populations. (ii) They nevertheless show 
(particularly in Papua New Guinea) the occurrence of a potential “bottle- 
neck” effect for outcrossing, since the self-fertilization rate, whatever may 
be the biological explanation, was much higher than expected. (iii) They 
provide information on crossing events in the mosquito, but are poorly 
informative about the actual consequences of these events “downstream”, 
that is to say on the parasite population structure in humans, which is the 
relevant fact from an epidemiological point of view. The consequences of 
the “bottle-neck” effect due to self-fertilization, and of possible differen- 
tial viability of the oocyst genotypes revealed by PCR, must be explored in 
depth by classical population genetics studies involving multilocus 
characterization of stocks from human hosts (Ben Abderrazak, 1993). 

An innovative recent study is bound to relaunch the debate on P. 
falciparum population structure. Gupta et al. (1994a,b) and Gupta and 
Day (1 994) have produced a model of antigenic variation in P. falciparum 

POPULATION GENETICS OF PARASITIC PROTOZOA 79 

with considerable implications for vaccine design. Although not primarily 
a consideration of the authors (Gupta et al., 1994a,b), this model has 
potentially important implications for population structure. It implies the 
simultaneous presence, in close sympatry and in a highly endemic area 
(Papua New Guinea), of distinct strains of the parasite, a situation which is, 
at first sight, (Tibayrenc, 1994a) incompatible with the panmictic model 
(Walliker, 1985, 1991). Indeed, in the context of panmictic assumptions, in 
order to explain the maintenance of sympatric but distinct strains, it is 
necessary to infer that the antigen variability studied by Gupta et al. 
(1994a,b) and Gupta and Day (1994) is either monogenetic or governed 
by a few, tightly linked genes. If it is a polygenetic character, the various 
genes involved should be shuffled and separated by recombination in every 
generation (Tibayrenc, 1994a). Natural selection for certain variants could 
help to maintain some linkage among them but, if this were the only factor 
involved, it would be necessary to assume that most of the possible 
recombinants were eliminated in every generation (see Section 3.4.2 and 
Table 5). 

In conclusion, the question of the population structure of P. falciparum 
remains unanswered. Preliminary results suggest that pobulations of this 
parasite are clearly less structured than those of Trypanosoma and Leìsh- 
munia (see Ben Abderrazak, 1993). Nevertheless, the same results are 
hardly consistent with panmictic assumptions, which are furthermore 
questioned by the more recent results described above concerning both 
oocyst genetic variability (Babiker et al., 1994; R. Paul, M. Packer and K. 
Day, personal communication) and antigenic variation (Gupta et al., 
1994a,b; Gupta and Day, 1994; Tibayrenc, 1994a). Given the considerable 
epidemiological implications of this debate, effort should be made to 
elucidate the population structure of P. fakiparum, perhaps the most 
important parasite of humans. 

5.5. Toxoplasma gondii 

Among the limited data in the literature suitable for population genetic 
analysis (Dardé et al., 1988, 1990), reports of extreme linkage disequili- 
brium and the existence of a dominant genotype distributed in both France 
and the USA led Tibayrenc et al. (1991a) to propose that Toxoplasma 
gondìì has a clonal population structure. This proposal was corroborated 
by Sibley and Boothroyd (1992), who observed moreover that the two main 
clonal lineages they delimited by genetic analysis were associated with 
distinct pathogenic properties in mice. 

It is at present not possible to decide definitely whether these two genetic 
categories correspond to sexual cryptic species or to two groups of closely 
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related clones, although preliminary indications favour the second hypbthesis 
(Tibayrenc, 1993) (see Sections 5.3 and 9.3). 

5.6. Other Species of Parasitic Protozoa 

Data in the literature which are suitable for population genetic studies of 
other species of parasitic protozoa are limited (Tibayrenc et al., 1990, 
1991a; Tibayrenc and Ayala, 1991). It is possible to discuss only two 
interesting examples. 

5.6.1. Entamoeba histolytica 

Isoenzyme studies on E. histolytica, although at first based on a limited 
number of loci, made it possible to propose a new hypothesis, namely that 
some genotypes (zymodemes) were constantly linked to virulence, while 
others were constantly avirulent (Sargeaunt and Williams, 1979). This 
proposal was criticized on the assumption that E. histolytica zymodemes 
were actually plastic phenotypes subject to modification by culture condi- 
tions (Mirelman, 1987; Mirelman and Burchard, 1987), a hypothesis that 
itself received ample criticism (Sargeaunt, 1987; Clark et al., 1992; Clark 
and Diamond, 1993). This point enters the framework of a broader debate 
that will be extensively discussed in Section 9.1. The existence of two 
distinct classes of E. histolytica genotypes linked to virulence, and attri- 
butable to distinct species, is a currently accepted working hypothesis 
(Diamond and Clark, 1993) that corroborates Sargeaunt and Williams’ 
hypothesis (1979), as well as Brumpt’s (1925) earlier views. In a phylo- 
genetic study based on a fair range of isoenzyme markers, Blanc (1992) 
postulated that the virulent and avirulent species corresponded to two 
distinct clusters separated from one another by a large genetic distance. 
Specific molecular markers have now been developed to characterize 
pathogenic strains of this parasite (Garfinkel et al., 1989; Tachibana et 
al., 1992). 

The population genetics of E. histolytica, although potentially able to 
throw some light on the above-mentioned problems, is still an unexplored 
field. Analysis of the limited data in the literature suggests clonality 
(Tibayrenc et al., 1990, 1991a); there are clear linkage disequilibriums 
in E. histolytica populations from Canada (Proctor et al., 1987) and South 
Africa (Sargeaunt et al., 1982). This linkage persists when pathogenic and 
non-pathogenic genotypes are analysed separately, which suggests that the 
two putative cryptic species inferred by Diamond and Clark (1993) and 
Blanc (1992) are clonal rather than sexual (Tibayrenc, 1993). These 
assumptions should be considered as preliminary ones, due to the scarcity 
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of available information. Gene exchange in the laboratory has been 
suspected to occur in E. histolytica (see Sargeaunt, 1985; Sargeaunt et 
al., 1988), which again is not inconsistent with a clonal population struc- 
ture (see the T. brucei case, discussed in Section 5.1). Nevertheless, 
extensive studies are required to settle the question of the population 
structure of E. histolytica. 

5.6.2. Naegleria spp. 

Amoebae of the genus Naegleria constitute an interesting case, for they are 
predominantly free-living organisms that become parasitic only second- 
arily. Their population structure is hence informative, as a test of the 
hypotheses that clonality is either a fundamental feature of protozoa, or a 
secondary adaptation to parasitism (Tibayrenc et al., 1991a). 

Naegleria was one of the first parasites to be examined by a classical 
population genetic approach (Cariou and Pernin, 1987). This study led to 
the conclusion that the species N. lovaniensis was a sexual organism 
undergoing regular mating. 

The situation seems to be different for other species of the same genus: 
N. gruberi, N. australiensis and N. fowleri show some classical indications 
of ,clonality, namely fixed heterozygosity and a widespread identical 
genotype (Tibayrenc et al., 1990). This hypothesis, based on the limited 
data in the literature (Cariou and Pemin, 1987), has been amply corrobo- 
rated in the case of N. gruberi by more extensive data (M.L. Cariou and P. 
Pemin, personal communication). N. gruberi, at least, is a well-documented 
case of a basically clonal free-living protozoon. 

6. GENERAL CONCLUSION CONCERNING PARASITIC PROTOZOA 

From this survey, it appears that “predominantly clonal”, or at least “non- 
panmictic”, situations constitute a kind of common denominator for 
several major species of parasitic protozoa, apart from the obviously 
peculiar case of P. falciparum. This overall conclusion should be consid- 
ered as provisional rather than definitive. It needs much refinement, and 
“common denominator” does not mean that peculiarities do not exist in 
particular cases. Moreover, further debate is now questioning and enriching 
this approach (see Section 9). Nevertheless, it is reiterated here, as a 
parsimonious and falsifiable working hypothesis, that, apart from P. falci- 
parum, a case that is still under discussion, natural populations of many 
parasitic protozoa are structured by ‘severe biological obstacles to gene 
flow, and cannot be regarded as panmictic units. 

I 
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7. EXTENDING THE CLONAL MODEL PATHOGENIC YEASTS 

As stated at the beginning of this review, it is desirable to use a common 
approach to address the question of genetic variability in any microorgan- 
ism, for the problems involved are common, both in terms of basic and 
applied research. 

Pathogenic yeasts are a medical problem mainly in immunocompro- 
mised patients. The AIDS epidemic has led to the development of research 
dealing with these microbes. As with parasitic protozoa, compartmentali- 
zation of this research has been an obstacle to rapid progress, and should be 
avoided in the future. 

, 

7.1, Candida albicans 

Extensive efforts have been made to develop strain identification methods 
for this yeast, based on either isoenzyme electrophoresis (Lehmann et al., 
1989) or molecular markers (see, among many others, Stevens et al., 1990; 
Soll et al., 1991; Odds et al., 1992). To my knowledge, few studies have 
relied on a population genetic approach to the study of strain diversity in C. 
albicans. Analysis of published isoenzyme results (Lehmann et al., 1989) 
led to an unexpected result, since no sexual stage is known in C. albicans: 
the data showed no linkage disequilibrium, which was unique among many 
different microorganisms considered in that study (Tibayrenc et al., 
1991a). More recently, Caugant and Sandven (1993) characterized by 
enzyme electrophoresis a wide sample of stocks of C. albicans from 
northern Europe, and found only weak evidence for linkage. A totally 
different result was reported by Pujol et al. (1993), who analysed stocks 
of C. albicans isolated from patients in Montpellier (France) infected with 
human immunodeficiency virus (HIV), and applied to their isoenzyme data 
the tests developed by Tibayrenc et al. (1990) (see Table 2 and Section 
3.2.4). Reasonable evidence of clonality was found, with considerable 
linka e disequilibrium. The level of significance of test d l  was 3 X 

for tests d2, e and f (Table 2). Interestingly, 
test f remained at the same level of significance even if the only two 
repeated genotypes were removed from the sample, which is against the 
hypothesis that this population of C. albicans had an “epidemic” structure 
(Maynard Smith et al., 1993; see the extensive discussion in Section 9.3). 

It remains to be determined whether the sample examined by Pujol et al. 
(1993) constitutes a special case, or if the hypothesis of clonality can be 
extended to the whole species C. albicans. Preliminary results (C. Pujol, 

B , while it was 

POPULATION GENETICS OF PARASITIC PROTOZOA 83 

personal communication) have shown that clonality exists also in samples 
from countries other than France. 

7.2.  Cryptococcus neoformans 

Similarly to Candida albicans, many studies have attempted to develop 
strain characterization tools for Cryptococcus neoformans, based either on 
isoenzyme electrophoresis (Safrin er al., 1986; Brandt er al., 1993) or 
molecular methods (Meyer er al., 1993; Currie et al., 1994). A first attempt 
to apply population genetic concepts to the study of this yeast, based on the 
isoenzyme data published by Safrin er al. (1986), showed clear indications 
of linkage disequilibrium within each of the two main serogroups of C. 
neoformans (see Tibayrenc et al., 1991a). Brandt et al. (1993), using more 
extensive data, reached the conclusion that C. neoformans var. neoformans 
possessed a clonal population structure, while C. neoformans var. gattii 
was not clonal. This difference between C. neoformans var. neoformans 
and C. neoformans var. gattii could be questioned, for in the data used by 
Brandt er al. (1993) strong linkage is also apparent in the gattii group 
(electrophoretic types (ETs) 13 to 19), which appears to be far from 
panmictic (M. Tibayrenc, unpublished data). Actually, within the gattii 
set, two linkage groups appear, ET 13 to 16 on the one hand and ET 17 to 
19 on the other hand. Many possible genotype compositions are lacking, 
while the genotypes actually observed are heavily over-represented. The 
probability of observing such a genotype distribution according to the d l  
test (Table 2) is only 2.2 X lov7. Of course this result, based on only eight 
stocks, must be verified with more extensive samples. 

8. THE POPULATION GENETICS OF BACTERIA 

To a large extent, it is possible to find striking similarities between 
bacterial and parasitic protozoan population structures (Tibayrenc et al., 
1986, 1990; Tibayrenc and Ayala, 1988; Hartl, 1992; Maynard Smith et al., 
1993), and this has led to a call for a synthetic approach to construct a 
unified population genetics of microorganisms (Tibayrenc I and Ayala, 
1991). 

Bacterial population genetics, initiated by Milkman (1973), has been far 
less compartmentalized than comparable studies dealing with eukaryotic 
microbes: standardized techniques (mainly starch gel electrophoresis) and 
common statistical methods of analysis have been applied to many differ- 
ent species, which makes it easier to draw direct comparisons between 
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them. Statistical analyses, although different from those propÓsed for 
parasitic protozoa (Tibayrenc et al., 1990; see Table 2), rely on the same 
principles, and explore multilocus linkage disequilibrium, which is taken as 
major circumstantial evidence for clonal propagation. Hardy-Weinberg 
statistics are not applicable to bacteria, which are haploid organisms (see 
Section 3.2.2). In the literature of bacterial population genetics, stocks 
showing the same isoenzyme profile are referred to as “electrophoretic 
types” (ETs), a concept identical to “zymodemes” in medical protozoology. 

The “clone concept” (0rskov and 0rskov, 1983) has become a kind of 
paradigm in bacterial population genetics. Indeed, the clonal model, first 
established for Escherichia coli by Selander and Levin (1980), Whittam et 
al. (1983), Hart1 and Dykhuizen (1984) and Ochman and Selander (1984), 
has been extended to many other bacterial species, including, for example, 
Legionella pneumophila (see Selander et al., 1985), Haemophiliís influen- 
zae (see Musser et al., 1985), Neisseria meningitidis (see Caugant et al., 
1986), Yersinia enterocolitica (see Caugant et al., 1989) and Borrelia 
burgdorferi (see Dykhuizen et al., 1993). The main conclusions of bacter- 
ial population genetics have been reviewed by Selander et al. (1987) and 
Young (1989). 

Although many studies have led to the conclusion that the species 
investigated were clonal, different situations have been recognized even 
by classical population genetic approaches. As examples, absence of 
detectable linkage disequilibrium has been observed in Neisseria gonor- 
rhoeae and Pseudomonas aeruginosa, which have therefore been consid- 
ered as non-clonal species (Selander et al., 1987). Lack of linkage 
disequilibrium has also been reported within each of the main subdivisions 
of Rhizobium meliloti by Eardly et al. (1990). In Rhizobium legumino- 
sarum, Souza et al. (1992) explored in depth the different components of 
linkage disequilibrium, and reached the conclusion that, although some 
genetic isolation was apparent in close sympatry, a notable part of the 
overall linkage was due to geographical separation and genetic drift (see 
Section 3.4.1) rather than to biological obstacles to gene flow. 

Moreover, analysis of fine gene structure has shown that some bacterial 
genes have a complex, “mosaic” structure due to recombination among 
different clonal lineages (Dykhuizen and Green, 1991; Maynard Smith et 
al., 1992; Milkman and Bridges, 1993). So, despite the clonal paradigm, it 
became increasingly apparent that gene exchange (sex in a broad sense) 
played a major role in bacterial evolution, but one which probably differed 
from one species to another. This led Maynard Smith et al. (1993) to 
propose several distinct models of population structure to account for 
linkage disequilibrium in microbe populations. These proposals are 
discussed in the following section. 
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9. EMERGING DEBATES 

9.1. Are Zymodemes and Electrophoretic Types Reliable Genotype 
Markers or Merely Plastic Phenotypes? 

Isoenzymes are the “gold standard” in population genetics, and have been 
a major tool in the exploration of genetic diversity in microbes. Although 
isoenzyme profiles represent a phenotypic variation, their use in population 
genetics relies on the assumption that they reflect directly the variability of 
the genes involved in enzyme synthesis. Nevertheless, ’ several recent 
studies dealing with parasitic protozoa overtly deviate from this consen- 
sual view, and could constitute, in the long term, a real school. These 
studies imply that, with the same underlying genotype, zymodemes can 
undergo drastic switches under environmental pressures as trivial as culture 
medium changes. This has been claimed for the main T. cruzi zymodemes 
(Romanha et al., 1979; Alves et al., 1993) and for those of E. histolytica 
(see Mirelman, 1987; Mirelman and Burchard, 1987). For both parasites, it 
is postulated that radical zymodeme switching is accompanied by drastic 
changes in biological properties such as virulence. 

Obviously these puzzling results deserve attention, since they pose a 
challenge to the whole body of population genetic evidence in parasitic 
protozoa. Indeed, the two following proposals are strictly mutually 
exclusive: (i) T. c r u i  zymodemes are plastic phenotypes and the same 
genotype can generate drastically different zymodemes under environ- 
mental pressures (Romanha et al., 1979; Alves et al., 1993); (ii) T. cruzi 
zymodemes are distinct genotypes that can be used conveniently for 
population genetic analyses and most probably represent distinct phylo- 
genetic lineages (Tibayrenc et al., 1981b, 1984a,b, 1986; Tibayrenc and 
Ayala, 1988). 

The debate extends beyond the limited case of T. cruzi. A similar 
controversy exists about E. histolytica, with exactly the same alter- 
natives. The proposals by Romanha et al. (1979), Alves et al. (1993), 
Mirelman (1987) and Mirelman and Burchard (1987) potentially cast 
doubt on any population genetic analysis of microbe isoenzyme variability. 

There are several arguments against the hypothesis of zymodeme 
phenotypic plasticity in T. cruzi. First, in my personal experience of 14 
years study of the isoenzymes of this parasite, my colleagues and I have 
never observed dramatic zymodeme switches in stocks whose cloning had 
been verified under the microscope. Such changes were sometimes 
observed in non-cloned stocks, but this is commonplace for a parasite 
in which mixed genotypes frequently occur in the same host (Brenière et 
al., 1985; Tibayrenc et al., 1985). Second, and most importantly, the 
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impressive correlation between isoenzyme markers on the one hánd and 
molecular markers on the other makes the hypothesis of zymodeme 
phenotype plasticity hardly tenable. This correlation has been reported 
in studies involving kinetoplast DNA (Tibayrenc and Ayala, 1988), 
RAPD (Tibayrenc et al., 1993; see Figure 3), and PFGE of DNA 
(Sanchez et al., 1993). Acceptance of the hypothesis of zymodeme 
phenotype plasticity would necessitate accepting the view that changes 
in culture conditions are able to upset not only the isoenzyme profiles but 
also the patterns revealed by all these different DNA markers that probe 
diverse parts of the genome. 

Clark and Diamond (1993) have suggested that the results reported for E. 
histolytica by Mirelman (I 987) and Mirelman and Burchard (1 987) could 
be accounted for by improper laboratory cloning. Nevertheless, before 
accepting this as a general explanation for the zymodeme phenotype 
plasticity hypothesis, work is ín hand in my laboratory to check carefully 
the correlation between isoenzyme and molecular markers under various 
different conditions of culture, using the very stocks studied by Alves et al. 
(1 993). 

9.2. Opportunistic Infections in Persons Infected with HIV a New 
Model for Microbial Population Genetics 

The spread of HIV epidemics could lead to a reassessment of the popula- 
tion genetic models proposed for microorganisms. Immunodeficiency must 
have a major impact on the genetic diversity of the microbes that cause 
opportunistic infections in patients infected with HIV. It can be inferred 
that many of the microbial genotypes eliminated by the immune system in 
non-immunocompromised subjects will be able to survive in HIV patients. 
These microbial populations could therefore give a more “realistic” 
picture of the actual genetic diversity of the species under study. Although 
not a parsimonious hypothesis (see Section 3.4.2 and Table 5) ,  it cannot be 
ruled out that linkage disequilibrium is generated in microbial natural 
populations, not by biological obstacles to mating (either clonality or 
cryptic speciation), but rather by elimination of most of the possible 
genotypes by immune defences. Comparing microbial populations from 
patients with and without HIV infection will make it possible to test this 
hypothesis under rigorous conditions. 

Apart from this question of basic knowledge, population genetic analysis 
of opportunistic microbial populations will provide valuable information 
for the epidemiological tracking of these pathogens in patients infected 
with HIV. 
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9.3. Does Linkage Disequilibrium Equate with Clonality? 

If one discards the biases imputable to either geographical separation or 
natural selection (Section 3.4), and if one accepts that multilocus linkage is 
barely explicable by very close proximity on the same chromosome of 
multiple genes (Section 3.2.3.(d)), linkage indicates a departure from 
panmixia, the extent of which is proportional to the level of linkage 
observed. Although clonality has been the main working hypothesis con- 
sidered in microbial population genetics (see Sections 4 4 ,  it is not the 
only situation able to generate departures from panmixia within a given 
species. Moreover, even in the framework of the clonal model, strong 
linkage is not considered evidence of absolute clonality and, in the case 
of parasitic protozoa, it has been repeatedly stated that some recombination 
could interfere with the evolutionary fate of the clones (Tibayrenc et al., 
1986, 1990, 1991a; Tibayrenc and Ayala, 1988, 1991). 

9.3.1. 

Maynard Smith et al. (1993) have recently described the following four 
possible models of microbe population structure, and have proposed a 
statistical approach to distinguish them: (i) clonal model, with clones 
stable on an evolutionary scale; (ii) cryptic speciation, in which the 
species under study is actually subdivided into two or more genetic 

Alternative Models of Microbe Popidation Structure 

A B 

Figure 7 Evolutionary pattem of the epidemic model (Maynard Smith et al., 
1993; see also Tibayrenc et al., 1984b). In a basically sexual species, occasional 
bouts of uniparental propagation generate “epidemic” clones (symbolized by dark 
lines), the lifetime of which does not exceed a few years; their genetic make-up is 
then shuffled in the common gene pool. If samples are examined at times A or B, 
the presence of repeated clonal genotypes will have increased the level of linkage 
disequilibrium of the population, although this population is basically sexual. 
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lineages, genetically isolated from one another, with each being panmictic; 
(iii) epidemic model, in which, in a basically sexual species, some geno- 
types propagate clonally for a short time (at most a few years; 3. Maynard 
Smith, personal communication), after which their genetic make-up is 
broken by recombination (see Figure 7); (iv) sexual model, with a popula- 
tion as panmictic as that of a “normal” sexual species (humans and 
fruitflies). Cases (i), (ii) and (iii) are identical to the hypotheses A, B 
and C discussed by Tibayrenc et al. (1984b) in the case of T. cruzi, while 
models (i) and (ii) have been discussed by Tibayrenc (1993) in connec- 
tion with Entamoeba, Giardia and Toxoplasma. Model (iii) is similar to 
that proposed by Cibulskis (1992) for T. brucei. 

9.3.2. Statistical Approach 

Maynard Smith et al. (1993), while describing a new linkage disequili- 
brium measurement, proposed more specific ways to distinguish between 
models (i), (ii) and (iii). 

(i) Distinguishing model (i) from model (ii). The statistics are performed, 
not on the whole array of genotypes, but within each of the phylogenetic 
lineages that subdivide it (for example, in Figure 3, they might be per- 
formed separately within each of the two main T. cruzi clusters). If the 
linkage disappears within the subdivisions, this favours model (ii); that is 
to say these subdivisions should be regarded as panmictic units (sexual 
species), rather than groups of clones. 

(ii) Distinguishing model (i) from model (iii). It is assumed that model 
(iii) will result in the recent propagation of “epidemic clones”, with all the 
members of each clone having identical genotypes. If all individuals 
sharing this genotype are taken into account in the population genetics 
statistics, this will bias the data in favour of linkage. It is hence proposed to 
take as the unit not the individual (stock) but rather the genotype (= 
zymodeme = ET). If the linkage disappears, it is taken as evidence that 
this linkage was due to epidemic clonality rather than “true” clonality. 

In the study by Maynard Smith er al. (1993), species of the model (i) type 
included Salmonella spp. and T. cruzi. The only species in model (ii) was 
Rhizobium meliloti (divisions A and B), with no parasitic example. Model 
(iii) species included, for example, Neisseria meningitidis and T. brucei. 
Lastly, sexual, panmictic species (model (iv)) included N. gonorrhoeae and 
P .  falciparum. It is worth noting that the only P .  falciparum population 
analysed by Maynard Smith et al. (1993) was also found to be panmictic 
using the linkage statistics listed in Table 2 (Ben Abderrazak, 1993). 
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9.3.3. Discussion 

The approach proposed by Maynard Smith et al. (1993) raises several 
problems that are closely related. 

(a) Statistical type-] error. In this approach in general, impossibility to 
reject the null hypothesis of panmixia is taken as confirmatory evidence for 
the hypothesis. There is need for caution here: negative statistical results 
can be due to a lack of resolution rather than to an incorrect working 
hypothesis (see, for example, the detailed analysis of this problem in the 
case of T. brucei by Cibulskis, 1988). 

(b) Lack of data weighting. The level of resolution of the linkage 
statistics proposed, as with any statistics, is heavily dependent upon the 
amount of information available. In particular, it is influenced by the 
number of alleles at each locus and the number of loci surveved. Two 
observations can be made in this connection on the proposals by Maynard 
Smith et al. (1993). 

(i) The cases analysed were not directly comparable, since the informa- 
tion available was not identical. As examples, only nine enzyme loci were 
considered in the case of N. gonorrhoeae while 24 were examined in 
Salmonella. A negative result in the tests could therefore be due to lack 
of resolution (statistical type-I error) rather than to panmixia. Data should 
be weighted to make these comparisons fully informative. 

(ii) The test to distinguish model (i) (clonality) from model (ii) (cryptic 
speciation) leads automatically to a reduction in the amount of genetic 
diversity available for comparison. This problem has been discussed by 
Tibayrenc (1993): for example, it is impossible to know whether the four 
main G. duodenalis lineages equated to four distinct species by Andrews et 
al. (1989) represent either sexual species (model (ii)) or groups of clones 
(model (i)), because there is no genetic variability within each of them. So, 
no statistics are possible. More generally, the more the pdpulation tends 
towards monomorphism, the more difficult it becomes to perform any test. 
This makes direct comparison between the species as a whole and its 
subdivisions difficult, for the amount of genetic diversity and the popula- 
tion sizes are automatically lowered by the process of subdivision. Data 
weighting is hence again needed in this case. 

(c) DiJsTculty in reliably identifying epidemic clones. In distinguishing 
model (i) (“true” clonality) from model (iii) (short-term, epidemic clon- 
ality), counting each genotype only once, while there may be numerous 
individuals with each genotype, leads to the loss of a considerable amount 
of the information available (with the risk of a statistical type-1 error; see 
above), and proportionally lowers the level of linkage (for repeated 
genotypes favour the existence of linkage). 

This approach is acceptable only if it is assumed that identical genotypes 
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must be the result of a very recent epidemic episode. This assumpfion may 
be misleading, for the distinction between identical and non-identical 
genotypes is very dependent upon the level of resolution of the markers 
used (see Figure 4); clones characterized by a given set of markers should 
be considered rather as families of closely related clones (Tibayrenc and 
Ayala, 1988). This difficulty led to the proposal of the notion of the clonet” 
(Tibayrenc and Ayala, 1991; see Section 12.3). Improving the level of 
resolution of the technique used generally reveals more genotypes. 

To illustrate the relative, rather than absolute, nature of the notion of 
identical genotypes, it is informative to discuss the complementary way of 
distinguishing clonality (model (i)) from epidemic propagation (model (ii)) 
proposed by Maynard Smith et al. (1993). This consists of taking as the 
unit for the tests neither individuals nor genotypes, but clusters of closely 
related isoenzyme genotypes (ETs). This approach relies on the working 
hypothesis that the variability observed within each of these clusters of 
closely related genotypes (for example, the difference between levels b and 
c of resolution in Figure 4) has been generated in a few years (the time- 
scale of epidemic propagation). 

Similarly, in a recent study by Hide et al. (1994), several T. brucei 
populations have been characterized by both multilocus enzyme electro- 
phoresis (MLEE) and DNA “fingerprinting”. Certain genotypes (zymo- 
demes) were repeatedly observed by MLEE, while the “fingerprint” 
revealed as many different genotypes as there were individual stocks. 
This situation can again be illustrated by Figure 4, in which the isoen- 
zymes could represent level b of resolution, while the “fingerprint” 
pattems could represent level c. In the linkage tests performed by Hide 
et al. (1994), the zymodemes were used as a unit rather than the “finger- 
print” genotypes, and the results have been taken as evidence of epidemic 
rather than clonal structure (Maynard Smith et al., 1993). This procedure 
again implies the underlying working hypothesis that, within each zymo- 
deme, the additional variability revealed by DNA “fingerprinting” (repre- 
sented by the difference between the b and c levels of resolution in Figure 
4) has been generated in a few years, which is probably not the case. 

. 

9.3.4. Proposed Additional Approaches 

(a) Data weighting. The ideal situation, which is difficult to attain, is 
when samples with the same amount of available information are com- 
pared. Faced with already published data, or when comparing subdivisions 
of a species with the entire species (distinguishing model (i) model (ii)), the 
only possible method is artificially to lower the quantity of information in 
the bigger sample, so that it is comparable to that of the smaller one. For 
example, if two species are compared, and the first has been surveyed at 20 
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loci while the second has been characterized by 8 loci only, statistics 
should be performed with only 8 loci for the first species and, if 
possible, these loci should be the same as those used for the second species. 

Features that should be taken into account for statistical weighting are: 
(i) population size; (ii) number of variable loci; (iii) average genetic 
distance and its standard deviation (zero distances being eliminated); (iv) 
number of different genotypes at each locus; (v) relativefrequency of the 
different genotypes observed at given loci (when one genotype is domi- 
nant, the situation tends towards monomorphism - the more informative 
situation is when the different genotypes at a given locus have the same 
frequency); and (vi) multilocus genotype diversity (number of different 
genotypes divided by the number of individuals). 

(b) Technical standardization. Since data from different laboratories 
are sometimes difficult to compare, the ideal situation is when different 
species are compared in the same laboratory with similar techniques. This 
is the approach presently emphasized in my laboratory. 

(c) Alternative approaches to distinguish clonality from epidemic pro- 
pagation. (i) Looking for true phylogenetic divergence. In model (i), the 
clones can be equated to divergent phylogenetic lineages, while in model 
(iii) they amount to mere individual variants (they have exactly the same 
genetic status as identical twins in the human species). As noted by 
Tibayrenc et al. (1984b), in model (iii) (epidemic propagation in a basi- 
cally sexual species) the genetic distances separating the genotypes have no 
phylogenetic value. Two conclusions can therefore be drawn. 

First, it is improbable that large genetic distances will be observed, as 
regular genetic recombination will have inhibited much divergence among 
the genotypes. For example, if the different clones of T. cruzi were the 
result of short-term epidemic spread from the common gene pool of a 
basically sexual species, one would have to infer considerable genetic 
variability to account for the huge genetic distances that are commonplace 
among the genotypes of this species (Tibayrenc et al., 1984b, 1986) (see 
Section 4.1.3.(b)). 

Second, since genetic distances have no phylogenetic value in model 
(iii), there is no reason to expect a correlation between independent sets of 
genetic markers (test g in Table 2), such as MLEE and RAPD. The risk of 
this special approach to linkage being biased by the presence of short-term 
epidemic clones (which would have an identical genotype detected by both 
markers) can be avoided by counting repeated genotypes only once (based 
on the marker with the higher resolution), as recommended by Maynard 
Smith et al. (1993). From a statistical point of view, the approach would be 
made especially informative by selecting genotypes that represent a fair 
sample of the whole range of genetic distances recorded. 

Correlation between different kinds of marker has been extensively 
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demonstrated in T. cruzì by Tibayrenc and Ayala (1988) and Tibayrenc et 
al. (1993), which supports the hypothesis that linkage in this species is not 
due to epidemic propagation (see Section 4.1.3.(b)). Interestingly, strict 
correlation between isoenzyme and RAPD diversities was also noted 
within each of the two main subdivisions of T. cruzì (see Tibayrenc et 
al., 1993), which suggests that these two clusters represent sets of clones 
(the models (i) and A of Maynard Smith el  al., 1993 and Tibayrenc et al., 
1984b respectively), rather than cryptic panmictic species (models (iii) and 
C (see Section 4.1.3.(b)). 

With T. brucei, there is also a highly significant correlation between 
genetic distances inferred from isoenzymes and RAPD (F. Mathieu-Daudé 
and M. McClelland, personal communication). In the T. hr-ucei sample 
studied, every stock represented a distinct RAPD genotype, and so the 
risk of biasing the correlation by counting identical genotypes several times 
was avoided. This result again suggests that T. brucei genotypes have a 
certain stability at the evolutionary level. Again, this does not mean that 
sex is absent from this parasite’s natural populations; but it is evidence 
against the hypothesis that linkage disequilibrium is the result of short-term 
epidemic spread in a basically sexual species (see Section 5.1). 

(ii) Reliably identifying genotypes that result from a short-term epidemic 
spread. To use safely the means proposed by Maynard Smith et al. (1993) 
for distinguishing model (i) (“true” clonality) from model (iii) (epidemic 
propagation), it is crucial to ascertain to what extent genotypes or clusters 
of closely related genotypes characterized by a given genetic marker can be 
equated to short-term, epidemic clones. If this condition is not fulfilled, the 
approach proposed by Maynard Smith et al. (1993) could sometimes 
merely non-specifically evaluate the overall strength of linkage disequili- 
brium. This strength could equally well be reduced by more frequent, even 
though occasional, bouts of sex in a basically clonal species. The only 
means safely to identify epidemic clones, and hence conveniently to use 
the approach of Maynard Smith et al. (1993), is to select a marker with an 
appropriate molecular “clock” (level of resolution). This critical point is 
discussed in Section 11. 

The approach proposed by Maynard Smith et al. (1993) appears most 
promising, and it is fairly probable that the biological situations described 
by models (i)-(iii) do exist in nature. Moreover, this approach is worth 
using even in its present state of development, provided that the results are 
interpreted cautiously. Hopefully, the refinements and alternative 
approaches proposed in Section 9.3.4 will make it possible to distinguish 
more sharply between the four kinds of population structure proposed by 
Maynard Smith et al. (1993). 

i 
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10. TWO MAIN KINDS OF POPULATION STRUCTURE 

It is important clearly to redefine the main alternatives that must be 
considered in relation to population structure. For example, although the 
occasionally heated debate on clonality vs. sexuality could obscure the 
fact, it is worth emphasizing that, in the cases considered by Maynard 
Smith et al. (1993), the epidemic model (iii) is closer to the panmictic 
model (iv) than to the clonal model (i). It is therefore proposed that future 
studies focus on the two main kinds of population structure discussed 
below (Sections 10.1 and 10.2). 

10.1. Non-structured Species 

This category contains those species which do not appear to be subdivided 
by real phylogenetic lineages. In this situation, the genetic distances 
observed among genotypes have no phylogenetic value, and only reflect 
individual variability (Tibayrenc et al., 1984b). These genotypes can hence 
be equated to individual variants. The species grouped here are either 
panmictic or epidemic (with short-term clonality; Maynard Smith et al., 
1993). Although the evolutionary implications of the two models are not 
very different, for epidemiological tracking purposes it is important to 
distinguish panmictic from epidemic structures: the genotypes found in 
panmictic structures are quite ephemeral, while those of epidemic clones 
may last for a few years. 

10.2. Structured Species 

This category includes species of which the opposite is true: they are 
subdivided into true distinct phylogenetic lineages, and the genetic dis- 
tances between these lineages convey real evolutionary information. These 
discrete lines might represent either cryptic biological species or clonal 
lineages. The implications of cryptic speciation and clonal evolution are 
largely comparable in terms of evolution and applied research. 

Distinguishing between these two main divisions can be attempted by 
population genetic means, such as test g (Table 1: correlation between 
independent sets of genetic markers like isoenzymes and RAPD). Since 
divergent evolutionary lines occur in the second category, additional 
evidence can also be provided by the classical techniques of phylogenetics 
such as Wagner networking (Felsenstein, 1978) or “boot-strapping” 
analysis (Dodds, 1986). 
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10.3. Possible Additional Categories 

Complex situations may cut across the schematic distinctions proposed 
above, making it even more difficult to design statistical approaches to 
enable the construction of a rigorous picture of microbe natural diversity. 

10.3.1. Long-lasting Epidemic Model 

It is easy to imagine cases in which the stability of clones would exceed by 
far the lifetime of a few years inferred for epidemic clones (Maynard Smith 
et al., 1993), without attaining an evolutionary scale. If the stability of 
these clones could be counted in hundreds of years, it would have profound 
implications for epidemiology, which again raises the relevance of the 
level of resolution of genetic markers (see Section 11) in distinguishing 
such situations from the epidemic model proposed by Maynard Smith et al. 
(1993). With such time scales, especially when fast-evolving markers are 
considered, considerable genetic divergence could accumulate between 
clones before their genetic make-up were diluted in the common gene 
pool by genetic recombination. 

Other possible cases, distinct from both cryptic speciation and clonal 
evolution, and with evolutionary consequences which may closely mimic 
those of either cryptic speciation or the clonal model, are considered below. 

10.3.2. Strict Homogamy 

It is possible to imagine cases in which homogamy is very strict, and only 
those individuals that share an identical genotype, or have very closely 
related genotypes, are capable of genetic exchange (Figure 8). From an 
evolutionary point of view, this model amounts to a particular case of 
cryptic speciation, in which each species is either monomorphic or 
extremely poorly polymorphic. 

10.3.3. Progressive Speciation 

As proposed for Bacillus subtilis by Roberts and Cohan (1993), it is 
possible that gene exchange is inhibited proportionately to the level of 
genetic divergence among microbial lineages (Figure 9). 

The complex situations described above could be all the more difficult to 
distinguish from “true” clonal evolution since, in the framework of this 
last model, various numbers of episodes of sex could interfere with the 
evolutionary fate of the clones (Tibayrenc et al., 1990). These episodes of 
sex could vary in number from one species to another, and even within a 
given species, from one ecological cycle to another. As examples, although 
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Figure 8 Homogamic model in which gene exchange is free (symbolized by 
circular arrows) among individuals sharing an identical or very closely similar 
genotype, while it is inhibited (symbolized by crossed horizontal arrows) between 
non-identical genotypes. 

several lines of evidence suggest placing T. brucei in the framework of 
clonal evolution, it is likely that gene exchange is more, active in this 
species than in T. cruzi. Moreover, the possibility that, for these two 
species, gene exchange is more active in cycles involving their natural, 
wild hosts than in those involving human hosts, cannot be ruled out. 

Some of the means by which one can attempt to distinguish between the 
various kinds of population structure described above are summarized in 
Table 10. In this context, the following points are important. 

1. A negative test result is never definitive confirmation that the null 
hypothesis is verified. 

2. The selection of a marker with an appropriate resolving power (see 
Section 11) is crucial for identifying genotypes, the repetition of which 
results from epidemic propagation (see Section 9.3.4.(c).(ii)). 

3.  There is at present no precise limit to what can be called “large” genetic 
distances, although extreme values such as those estimated for T. cruzi 
do suggest phylogenetic divergence rather than individual diversity (see 
Section 9.3.4.(c).(i)). 

4. If homogamy involves closely related, rather than identical, genotypes, 
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Figure 9 Model of progressive speciation, in which gene exchange is inhibited 
proportionally to the phylogenetic divergence observed between microbial 
lineages. Gene exchange is symbolized by horizontal arrows, while the strength 
of its inhibition is indicated by the number of slanting bars. Gene exchange is 
frequent between either A and B or E and F, and becomes scarcer (one bar) 
between D on one hand and E or F on the other, and between C and A or B 
(two bars). Inhibition is maximal between the two main clusters, A to C on one 
hand and D to F on the other. 

the results could mimic either cryptic or progressive speciation (see 
above). If homogamy is very strict and involves only identical geno- 
types (at least with the marker used), the results will be identical to 
those obtained with the clonal evolution model. 

11. THE RELEVANCE OF TIME AND SPACE FOR POPULATION 
GENETICS AND STRAIN TYPING OF MICROORGANISMS 

From the points developed in Sections 9.3 and 10, it is apparent that the use 
of a given marker and a given statistical method must be determined by the 
question under study: it is artificial to speak about ''good" and "bad" 
markers. A "good" technique is simply one which appears more suitable to 
answer a given problem. These problems, often not clearly distinguished 
from each other in studies dealing with microbe strain characterization, can 
be conveniently classified as follows, according to the time and space scale 
considered (Table 1). 
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11.1.  Four Different Levels of Analysis 

1 1.1.1. Experimental Level 

The need to characterize stocks may be limited to a laboratory experiment 
dealing with immunology, virulence in mice, etc., and involving several 
stocks of a given microbe. The only requirement here is to select a marker 
with sufficient resolution to discriminate between the stocks under study. 

. Population genetic analyses are obviously not required in this case. 

11.1.2. Nosocomial Level 

The purpose may be to follow the spread of a given microbe genotype in a 
very limited time and space scale: for example, infection of a resuscitation 
unit by a methicillin-resistant Staphylococcus aureus stock over a span of 
time of a few weeks or, at most, a few months. The level of resolution of 
the marker used here is critical in order to be able to make a reasonable 
assumption that identical genotypes are truly the result of very short-term 
nosocomial propagation. On the other hand, the probability that gene 
exchange will have interfered with the genotype distribution in such a 
short space of time is limited. 

11.1.3. Epidemic Level 

The goal here is to survey the spread of given strains over extended areas 
and over a scale of time of several years. It becomes critical to estimate the 
possible impact of genetic recombination on the genotype distribution 
observed (population genetic analysis). Moreover, the molecular “clock” 
of the marker used should also be carefully considered: if it is not fast 
enough, the “identical” genotypes may actually be collections of closely 
related genotypes (lack of resolution). If too fast, the “identical” genotypes 
could have been generated by the phenomena of reversion. A central 
epidemiological question that addresses this scale of resolution is the 
research into animal reservoirs of human diseases. 

1 1.1.4. Evolutionary Level 

Rather than following the spread of given genotypes (either at the noso- 
comial or the epidemic level), the purpose of these studies is to obtain a 
general picture of the population structure and evolutionary patterns within 
a given species. Population genetic analyses are hence definitely required 
to estimate the impact of gene exchange on population structure. When 
distinguishing a clonal structure from an epidemic one, it is critical to 
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choose a marker with a level of resolution which makes it possible safely to 
identify epidemic clones. When drawing an overall picture of population 
structure, slowly evolving markers may be more convenient. 

A major problem is that the levels of resolution (molecular “clocks”) of 
the various markers available are far from finely calibrated, and it is 
difficult to select the appropriate marker ideally to fit the four situations 
described above. A few preliminary remarks can nevertheless be made. 

11.2. Two Different Categories of Genetic Marker 

Genetic markers (see Section 3.1) can be classified into “generalist” and 
“specialist”. 

1 1.2.1. Generalist Markers 

This first category refers to those markers, such as isoenzymes or RAPD, 
which are usable whatever organism is under study. They can therefore be 
conveniently used to make direct comparisons about genetic diversity and 
population structure between different microorganisms. Comparisons deal- 
ing with the levels of genetic divergence observed should be tentative if 
made between very different kinds of organism (mammals and bacteria, for 
example), but can safely be attempted between more closely related 
organisms. As an example, the levels of intraspecific phylogenetic diver- 
gence appear to be far higher in T.  cruzì (see Tibayrenc et al., 1986) than in 
T. brucei (see Mathieu-DaudC and Tibayrenc, 1994). This comparison is all 
the more informative since it was made in the same laboratory with the aid 
of similar isoenzyme techniques. 

1 1.2.2. Specialist Markers 

This second category refers to those markers whose use is limited to a 
given species or a given group of species. RFLP or PFGE studies involving 
the hybridization of a specific sequence as probe are limited to the category 
of organisms that share this specific sequence (for example, RFLPs relying 
on the IS6110 probe in Mycobacterium tuberculosis; see Van Embden et 
al., 1993). Kinetoplast DNA RFLP studies (schízodeme analysis) and 
PFGE karyotyping are also limited to the study of specific kinds of 
microorganisms. It is impossible to use specialist markers to make direct 
comparisons between the organisms to which they are specific, on the one 
hand, and other microorganisms on the other hand. Moreover, it is impos- 
sible to guess in advance the level of resolution of these markers: compar- 
isons with the results obtained by generalist markers fsr the same 
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collection of strains will be necessary in order to obtain some idea’of the 
level of their molecular “clock”. 

11.3. Setting the Molecular “Clock” 

MLEE is most probably too slow a marker to fit the situations described in 
Sections 1 1.1.2 and 1 1.1.3 (nosocomial and epidemic levels; in particular, 
research into animal reservoirs of human diseases), even using a fair 
number of loci. The isoenzyme profiles in most cases reveal a set of 
related genotypes rather than a unique. genotype, and hence can provide 
only a limited presumption that given genotypes are identical. On the other 
hand, MLEE is a convenient marker for estimating phylogenetic diver- 
gences among the main subdivisions of a species. Even slower markers 
(ribosomal ribonucleic acid gene sequences, for example) could be 
required to explore better the phylogenetic divergence within species 
such as T. cruzi, the diversity of which is considerable (Tibayrenc and 
Ayala, 1988). RAPDs seem to have a finer resolution than isoenzymes, and 
will be used to complement them and to refine the picture of genetic 
diversity within each subdivision of a species. 

To address situations involving nosocomial and epidemic levels, it is 
possible that even RAPD will not be discriminative enough. RFLP 
“fingerprints” (Van Embden et al., 1993) could provide a finer level of 
resolution but, again, this will have to be verified by direct comparison with 
the results obtained using generalist markers with the same sets of stocks. 

Comparisons between the same stocks using various markers will make 
it possible to rank, in a relative manner, their speed of evolution. Never- 
theless, to estimate the stability of these markers for the time scales 
relevant to the nosocomial and epidemic levels, long-term experiments 
with microbe cultures extended over several years are required. This will 
permit the better testing of the epidemic model proposed by Maynard 
Smith et al. (1993). As an example, it could be verified whether the 
additional “fingerprint” variability recorded by Hide et al. (1994) within 
T. brucei zymodemes (see Section 9.3.3.(c)) could be generated by muta- 
tion in a few years in laboratory-cloned stocks. If this is not verified, and 
the “fingerprint” patterns remain stable over several years, the “finger- 
print’’ genotype, rather than the zymodeme, should be used as the unit in 
linkage disequilibrium tests to distinguish epidemic propagation from 
clonality (Maynard Smith et al., 1993). 

It has not yet been fully ascertained whether the molecular “clock” of 
the various markers is the same in the laboratory and in nature. Never- 
theless, this approach represents the only means to estimate experimentally 
the speed of evolution of the markers to be compared. Such long-term 
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experiments involving several major parasite species (with stocks whose 
cloning has been verified under the microscope) and different kinds of 
genetic marker are presently in hand in my laboratory. 

12. POPULATION GENETICS AND THE NOTION OF SPECIES IN 
MICROORGANISMS 

12.1. Non-clonal Microorganisms 

In microorganisms that are proved to be panmictic, as proposed for N .  
gonorrhoeae by O’Rourke and Stevens (1993), there should be no 
problem in applying the biological concept of species (Mayr, 1940), if 
the specialists involved find it desirable. 

12.2. Basically Clonal Microorganisms 

On the contrary, in those organisms in which clonal evolutiofi is suspected 
or well established and, more generally, in all cases in which gene 
exchange is not frequent enough to generate panmixia, the biological 
concept of a species is hardly applicable. The definition and boundaries 
of species hence become a matter of convenience. This problem has been 
discussed by Tibayrenc (1993). Asexual species (agamospecies) can be 
defined on the basis of biological/medical criteria, phylogenetic divergence 
(cf. the concept of genospecies in bacteriology; Grimont, 1988), or, better, 
a combination of these two criteria. As an example, the existence of four 
cryptic species within G. duodenalis has been proposed on the basis of 
phylogenetic divergence only (Andrews et al., 1989), while speciation 
within E. histolytica was inferred from both phylogenetic divergence and 
the particular virulence of some genotypes (Blanc, 1992). 

Since the number of different clones in basically asexual organisms is 
virtually unlimited, caution should be used in describing new species from 
phylogenetic inferences. At present, there is a growing risk of “species 
inflation” in the genus Leishmania. New Linnean binary names should 
obviously be limited to major phylogenetic lineages, if possible linked to 
specific biological and/or medical properties. 

It has been proposed to revive the biological concept of species (Mayr, 
1940) in the case of those bacteria such as Escherichia coli, in which gene 
exchange noticeably interferes with clonal evolution (Dykhuizen and 
Green, 1991). Nevertheless “sex” in E. coli definitely has a different 



evolutionary status than it does in “real” sexual species. Moreover, it is 
probable that there is no clear-cut limit to gene exchange among bacterial 
populations. So it is probable that the proposal by Dykhuizen and Green 

12.3. Clonets and Major Clones 

While it is not desirable to multiply Linnean binary names, some species of 
microorganisms as currently defined could be too broad for applied studies 
such as clinical research or immunology. As an example, it is well known 
that some L. infantum genotypes are more viscerotropic than others, at least 
in immunocompetent patients. The natural clone defined in the framework 
of the clonal model (Tibayrenc et al., 1990) could provide a useful 
additional taxonomic unit for such applied studies. Since the level of 
resolution of a given marker is obligatorily limited, the new term 
“clonet” has been coined (Tibayrenc and Ayala, 1991) to refer to all 
isolates of a clonal species that share the same profile for a given set of 
genetic markers. Widespread clonets (“major clones”; Tibayrenc and 
Brenière, 1988) should be the subject of priority studies dealing with 
virulence, resistance to drugs, host specificity, etc. 

13. CONCLUDING REMARKS 

I have tried to show that, even for the rather simple purpose of epidemio- 
logical tracking, the need to analyse data in population genetic terms is 
crucial, and increases proportionally with the scale of time and space 
considered. The risk that gene exchange interferes with genotype stability 
is especially great in those genera having a well-known sexual cycle 
(Babesia, Plasmodium and Toxoplasma). With such organisms, mere 
empirical “typing” is especially questionable. However, the risk of sex 
interfering with the stability of the genotype cannot be ruled out for any 
microbe, without careful population genetic analysis. 

Time scale is also a central problem in selecting the appropriate marker 
with a level of resolution which will make it possible to answer the 
appropriate question. Additional studies are required to calibrate properly 
the molecular “clocks” of the numerous markers available. 

On the other hand, progress in theoretical interpretation of genetic data 
will most probably depend upon the possibilities of building bridges 
between previously separate lines of research studying different kinds of 
microbe. The development of this comparative population genetics of 
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microorganisms (Tibayrenc and Ayala, 1991), summarized in Table 1, 
will make it possible: (i) to perfect strain typing so that it becomes a 
really routine and reliable epidemiological tool; (ii) to improve and codify 
microbial taxonomy; (iii) to address the linked central questions which are 
still unanswered - what are the evolutionary forces that drive microbe 
genetic diversity? and what is the impact of this genetic diversity on those 
biological properties, such as virulence, resistance to drugs, etc., that are of 
interest for applied research (either agronomical or medical)? 
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APPENDIX: GLOSSARY 

Allele: one of the different molecular forms of the same gene. 
Allelic fi-equency: the ratio of the number of a given allele to the total 
number of alleles in the population under survey. For example, in a fruitfly 
population (fruitflies are diploid and sexual) there are two alleles, a and b,  
of a given gene. Among 100 individuals, there are 36 homozygous geno- 
types ala 16 homozygous genotypes blb, and 48 homozygous genotypes 
alb. Since the organism is diploid, in 100 individuals there are 200 alleles. 
In a homozygous individual ala, there are two alleles a. In a homozygous 
individual blb, there are two alleles b. In a heterozygous individual alb, 
there is one allele a and one allele b. The total number of alleles a is hence 
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twice the number of ala individuals (36 X 2) plus the number of alb 
individuals, which equals 120. The frequency of this allele is 1201200 = 
0.6. Similarly, the total number of alleles b is twice the number of b/b 
individuals (16 X 2) plus the number of alb individuals = 80. The 
frequency of this allele is 80/200 = 0.4. Since there are only two alleles, 
this last result could also have been deduced from 1 minus the frequency of 
allele a = 1- 0.6 = 0.4. 
Allopatry: living in different geographical locations (cf. sympatry). 
Clone, clonal, clonality: clonal propagation is not equivalent to mitotic 
propagation; in population genetics, this term is used when the individuals 
of the progeny are genetically identical to one another and to the reprodu- 
cing individual (Tibayrenc and Ayala, 199 1). Apart from mitotic reproduc- 
tion, this may include parthenogenesis and self-fertilization in haploid 
organisms. Hence a clonal population structure can be seen in animals 
exhibiting apparent meiosis and even mating. From a population genetics 
point of view, the term clonality does not refer to the mating behaviour, but 
rather to the population structure. 
Clonet: all the isolates of a clonal species which appear to be genetically 
identical on the basis of a particular set of markers. 
Diploid the condition in which there are two copies of each chromosome, 
and hence of each gene (diploid is frequently indicated as 2N). 
Gene: a DNA sequence coding for a given polypeptide or, more broadly, 
any given DNA sequence. This broad sense is adopted in the population 
genetic tests described in this review. 
Genetic distance: various statistical quantities inferred from genetic data, 
estimating the genetic dissimilarities among individuals or populations. 
The most widely used are Nei’s standard genetic distance (Nei, 1972) 
and the Jaccard distance (Jaccard, 1908). Although the statistics differ, 
most genetic distances are derived from an estimatio? of the percentage of 
band mismatch on electrophoresis gels. 
Haploid the condition in which there is only one copy of each chromo- 
some and hence of each gene (haploid is frequently indicated as 1N or N>. 
Hardy-Weinberg equilibrium: see segregation. 
Heterozygote: in a diploid organism, the two copies of a given gene in one 
individual have a different molecular structure: this individual harbours 
two different alleles of the same gene. 
Homozygote: in a diploid organism, the two copies of a given gene in one 
individual have an identical molecular structure. 
Isoenzymes: enzymes extracted from certain samples, for example various 
parasite stocks, are separated by electrophoresis. The gel is then subjected 
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to a histochemical reaction involving the specific substrate of a given 
enzyme and this enzyme's zone of activity is specifically stained. The 
same enzyme from different samples may migrate at different rates (see 
Figure 5) .  These different electrophoretic forms of the same enzyme are 
referred to as isoenzymes or isozymes. When given isoenzymes are gov- 
emed by different alleles of the same gene, they are referred to as 
alloenzymes or allozymes. For detailed information about isoenzyme 
characterization of parasites, see Ben Abderrazak et al. (1993). 

Karyodeme: a set of individuals or stocks that share the same pulse field gel 
electrophoresis (q.v.) profile. 
Kinetoplast DNA: an extranuclear genome specific to the order Kinetoplas- 
tida (Trypanosoma. Leishmania, etc.), situated near the base of the flagel- 
lum, and representing 10-20% of the total DNA. 
Linkage disequilibrium: non-random reassortment of genotypes occurring 
at different loci (see reconrhination). 
Locus: the physical location of a given gene on the chromosome. By 
extension, in population genetics jargon, the gene itself. 

Panmixia, panmictic: a situation in which gene exchanges occur randomly 
in the population under survey. 
Pulse field gel electrophoresis (PFGE): separation of large DNA fragments 
by electrophoresis using alternately pulsed, perpendicularly oriented elec- 
trical fields. 
Rapdeme: a set of individuals or stocks that share the same random 
amplification of polymorphic DNA (RAPD; q.v.) profile for a given set 
of primers. 

Random amplification of polymorphic DNA (RAPD): a method simulta- 
neously proposed by Williams et al. (1990) and Welsh and McClelland 
(1 990) to study genetic variability (also known as arbitrarily-primed poly- 
merase chain reaction or AP-PCR). While, in the classical polymerase 
chain reaction (PCR), the primers used are known DNA sequences, the 
RAPD technique relies on primers whose sequence is arbitrarily deter- 
mined (usually 10-mer primers are used). Under low-stringency con- 
ditions, the PCR reaction generates fragments whose polymorphism (see 
Figure 6) can be analysed on either ethidium bromide-stained agarose gels 
(Williams et al., 1990), or polyacrylamide sequence gels with radiolabelling 
of the fragments (Welsh and McClelland, 1990). 
Recombination, linkage disequilibrium: free recombination implies that the 
expected probability of a given multilocus genotype is the product of the 
observed probabilities of the single genotypes of which it is composed. For 
example, in a panmictic human population, if the observed frequency of the 
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AB blood group is 0.5, and the observed frequency of the Rh(+) blood 
group is 0.5, the expected frequency of individuals who are both AB and 
Rh(+) is 0.5 X 0.5 = 0.25. Inhibition of recombination leads to linkage 
disequilibrium, or non-random association among loci (the predictions of 
expected probabilities for multilocus genotypes are no longer satisfied). As 
an example, if the observed frequency of the AB and Rh(+) individuals was 
greater than 0.25, it would suggest that the two loci were linked (not 
transmitted independently). If this frequency were OS,, this would indicate 
total linkage between AB and Rh (the two characters being transmitted as a 
unit). (Table 2 lists specialized tests of linkage disequilibrium.) 
Restriction fi-agment length polymorphism (RFLP): variability in the DNA 
of a given species revealed by the use of restriction endonucleases. The 
endonuclease cuts the DNA at given restriction sites, and the polymorphism 
of the generated DNA fragments can be analysed on gels. 
Schizodeme: a set of individuals or stocks that share the same kDNA RFLP 
profile (Morel et al., 1980). More broadly, a set of individuals or stocks that 
share the same RFLP profile. 
Segregation, Hardy-Weinberg equilibrium: in a panmictic population of a 
diploid organism, with a gene of which there are two possible alleles, a and 
b, the frequency of  a is p ,  and the frequency of b is q = 1 - p .  The Hardy- 
Weinberg law predicts that the frequency of each of the three possible 
genotypes ala, alb and blb will be p2, 2 pq and q2, respectively. This is the 
case in the population described under allelic frequency above. If the 
observed frequencies are statistically different from the expected ones, it 
is evidence that gene flow is restricted in the population under survey. 
Sympatric, sympatry: living in the same geographical location (cf. allopatry). 
Zymodeme: a set of individuals or stocks that share the same profile for a 
given set of isoenzyme markers. 


