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1. First question 1.2. Comment from Michel Tibayrenc

to Una Morgan’s response

The definition of the CDC for molecular epidemiology

is: “the various techniques derived from immunology, bio- | do know that the CDC researchers use wisely molec-
chemistry, and genetics for typing or subtyping pathogens”. ular epidemiology. Still the fact remains that many studies
This definition is technology-based and does not make published in the literature rely only on the assumption that
any reference to evolutionary genetic concepts. Do you genetic identity based on a very limited set of markers im-
think that this approach is misleading for medical and plies recent clonal descent. Let us take a practical example:
epidemiological applications, or do you think that molec- a set ofStaphylococcus aurewstocks that prove to be iden-
ular epidemiology can be performed based only on tical with four RAPD primers (example encountered many
technology? times in the literature). Does it imply that the common

ancestor of these stocks is only a few months old?
1.1. Response from Una Morgan

1.3. Response from Howard Ochman

| do not believe that the CDC approach is “misleading for

medical and epidemiological applications”. It is clear from Michel, my “before coffee” thoughts about the first ques-
the research being conducted at CDC that their definition tion: Whoever wrote the original definition of molecular
of molecular epidemiology is an inclusive one. Within the epidemiology did not want to pass judgement on the quality
framework of “molecular epidemiology” CDC laboratories or utility of research performed under the guise of molecular
use state-of-the-art technologies and concepts of evolu-epidemiology. How about this slight, albeit cumbersome,
tionary genetics in addressing the inter-related issues ofrewrite of the definition? Does anyone find this a bit more
When? Where? Why? and How? of pathogens. Investiga-acceptable? Molecular epidemiology is: “the application of
tions are never technique driven alone. Indeed, the majority the various techniques derived from immunology, biochem-
of CDC studies are conducted in the context of clinical istry, molecular biology and genetics for the purpose of
epidemiologic studies which therefore links genetics with identifying, typing, or determining the origins, ancestry or
clinical manifestations of illness. One can find examples of relationships of microorganisms, particularly pathogens”.
CDC'’s work on many infectious agents including malaria,
Cryptosporidium Cyclospora TB, and HIV in the current 1.4, Comment from Michel Tibayrenc
literature (Xiao et al., 2001; Biswas et al., 2000). to Howard Ochman'’s response

Your point is excellent. | would make it clear that: (i)
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that people will try to understand where, when and how response to Una). Example: identical patterns with a lim-
pathogens spread over (what the CDC epidemiologistsited set of markers is often taken as evidence for common
do). However, in its strict statement, the definition is clonal descent in molecular epidemiology. Now even in a
technology-based, and | used it to illustrate the fact that sexual organisms and panmictic populations, the probability
many studies rely only on description/comparison of band- of observing identical genotypes can be non negligible, and
ing patterns. Please react on the comment | sent to Una. increases when the number of loci surveyed and their vari-
ability decrease. It is only one example among many of the
1.5. Response from Francois Renaud to the first question traps caused by empiritical interpretation of genetic data.

| agree with my two colleagues, and | believe that the CDC 1.7. Response from Howard Ochman
does not restrict molecular epidemiology to a technological
concept. But, | found that the question of Michel “stirs up” This brings up a question that we are too often asked,
the crucial debate on the species concept, which is partic-which is: What is the best technique for typing (or identify-
ularly sharp in ecology and evolution of parasitism, specifi- ing or classifying) samples? Certainly, the answer depends
cally for the knowledge of epidemiological foci. So, if we try on the particular question being investigated, but also on the
to analyze the parameters responsible for parasitic diseaseechnology and analytical tools (and also the time, funds
epidemiology, we have first to answer the following ques- and personnel) available to the investigator. In the types of
tion: Who transmits what, where and when? In this context, studies that you mentioned, do you think that the problem
the knowledge of population biology and species determina- is linked to insufficient data, or to insufficient expertise in
tion are essential to understand “Who transmits what”, and interpreting the data. Both of these problems are curable,
it is clear that if we had at disposal a non ambiguous defini- but | think that researchers (and, sorry to sound philistine
tion of what is a species, we would use it since a long time. | here, funding sources) embrace new technology much more
perform the proposed definition for molecular epidemiology readily that new ways to analyze, interpret or augment
in this way, and it is unquestionable that various techniques old data.
derived from immunology, biochemistry and genetics are
essential tools to identify different pathogen genomes. But, 1.8. Response from Frangois Renaud
it only constitutes a first stage. Indeed, the real problem for
parasitologists (sensu lato) is to understand why a parasite | think that there are two main ways in science. The first
is a pathogen, more specifically why and when it becomes aone concerns formal or “hard” science (i.e. physique for
pathogen in different molecular and physiological host envi- example) where processes are defined under global equa-
ronments. For example, why and whenEscherichia coli tions, and where predictions follow the different parameters
or a Plasmodiumpresent different levels of pathogenicity? of these equations. The second concerns the non-formal or
Why the same genotype is or is not pathogen in the envi- “soft” sciences (i.e. medicine, biology, ecology and evolu-
ronment where it develops? These questions must be solvedion sensu lato) where processes are so complex that they
at both individual and population scales (i.e. expression of cannot be defined under equations, or requires thousands of
pathogenicity, evolution of resistance and virulence). them. In this case, it is unquestionable that we need to obtain
We are confronted to the interactions between genotypesthe “optimal information”. But, what is the optimal infor-
and environments which define phenotypes. Because selecmation in disease epidemiology? At a first stage, we have to
tion acts on phenotypes, and because phenotypes are thanswer the question asked before: “Who transmits what"?
expression of genotypes in the different environments where To answer this first question we should have at disposal
phenotypic plasticity play a key role, the knowledge of dis- (i) the largest possible number of characters (morphology,
ease epidemiology should be investigated from molecules toanatomy, genetics..) and (ii) the most appropriate sam-
ecosystems. . But what could we do now, and what should pling. Knowing that we cannot obtain all these informations
we do in this crucial domain of evolutionary parasitology? from pathogens (specifically morphology and anatomy), the
relevance of our results depends on a compromise between
1.6. Comment from Michel Tibayrenc the two points. So, identical patterns obtained with a limited
set of markers are not relevant! Indeed, we should analyse
In his interesting answer, Francois anticipated on a future a large number of pathogens, sampled in different hosts and
e-debate | am planning on the species concept in microbio-localities, on different variable and neutral molecular mark-
logy. | feel sorry | did not formulate very well my first ques- ers. Just one example, | find that most of studies realised
tion and | am obsviously trapped with my reference to the on population biology oPlasmodium falciparunfiailed to
CDC definition of molecular epidemiology. Before | launch respond to these criteria because (i) antigenic determinants
the second question, possibly you could comment a little generally used are under selection; (ii) their number and
bit on these many studies which rely only on band counting their variability are weak and (iii) samples are most often
and empirical comparison of patterns. | do see a real dangerobtained from free clinics where people come from differ-
of misleading conclusions with such an approach (see my ent undetermined locations. But | do accept that | am unable
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to give you the minimum number of markers and samples in high transmission places and clonal in low transmission

required for a relevant analysis. cycles. Others (like me) think rather that this parameter
After discussion with my colleague Thierry de Meels, is strongly driven by in-built biological properties and is
who works on population genetics, he suggests that: only moderately modulated by the environment. According

to your personal experience, what is your opinion on this

e less than five loci will lead to inconclusive results, seven . )
important point?

loci is a good minimum and 10 loci is really good but 30
loci would be the top;

e 5-10 alleles per locus, each one with a frequency over
0.05 are nice;

e the number of individuals per sample is much more critical
than the number of samples: 60 individuals per sample is
ideal, but 30 individuals per sample is good providing all
samples have 30 individuals (balanced sampling);

e two samples is not appropriate for any investigations in

2.1. Response and comment from Francois Renaud

First, | just want to notify that my previous answer was
a little bit provocative, because it is clear that all investi-
gations depend on the question under study as underlined
by Michel. Anyway, | think that we have to keep in mind
that sampling constitutes often the “Achilles-heel” of many
. : . . studies focusing on population biology. For my opinion,
popqlatlon blqlogy; thus three is the minimum ”“mbef disease epidemiology should be investigated in the context
required; but in order to analyse accurately the genetic of population biology!
structur_e .Of natural populations, 10 samples seem 1o be a Response to the present question: this is another great
good minimum number. question: “When and why parasites or pathogens do sex?”.
| just want to add that these conditions are seldom gath- The problem can be easily solved for asexual parasites like

ered in all works we could read in the literature! Trypanosoma cruzivhere sex seems to be very sporadic.
For these organisms, multilocus genotypes can be consid-
1.9. Comment from Michel Tibayrenc ered as epidemiological tracers. There are two cases for

sexual parasites (i) gonochorism and (ii) hermaphroditism.
Thank you, Francgois. In reaction to your response, two For gonochoric parasites (male and female functions sepa-
comments: rated in different individuals lik&Schistosomi the mating
system is clear, and demography plays a main role for part-
ner meeting inside the host. Multilocus genotypes cannot
be used as stable epidemiological tracers because genetic
Irecombination often breaks them. The problem is sharper
for hermaphrodite parasites (male and female functions in
the same individual) which can invest differentially in one of
the two functions. In this case, | agree with Levin et al. that
mating system could highly depends from host environmen-
tal conditions.Plasmodiumare hermaphrodite parasites! In
a very interesting paper, Paul et al. (2000) showed that, at
least forP. gallinaceumthe investment for an individual in
the male and the female function depends on the evolution of
the infection inside the host. So, the parasite is able to con-
trol the quality of its gamete production in front of different
environmental parameters. Elsewhere, we showed (Trouvé
. . . et al., 1996, 1999) that differential sex allocation (selfing
with our early studies offrypanosoma cruzithe agent . .
. . . . . vs outcrossing) of arEchinostoma(Trematoda) depends
of Chagas disease, dealing with four isoenzyme loci and -
T . on parameters (number and origin of partners) encountered
no more than 70 individuals. The conclusions have been. . . .
- inside the rodent host. These observations emphasize the
fully corroborated by more sophisticated samples.
consequences that such a phenomenon could have on par-
asite population structures, and the difficulty to use multi-
2. Second question locus genotypes as stable epidemiological tracers when
sex occurs.

1. In medical microbiology, ideal samples are sometimes
very difficult to gather. One has to make do with what is
available.

2. Sampling depends on the question under study. The goa
is not always to get a comprehensive knowledge of a
pathogen’s genetic diversity and population structure
on its whole geographical range. In the type of studies
performed by the CDC (and IRD), the goal is rather
to follow the route of an epidemic (example: which
Escherichia coliclone contaminated a stock of meat in a
fast-food chain). In this case, the sample will be stricky
focused on its target. If one analyses mating system and
population structure, and the linkage disequilibrium is
extremely strong, you may have fair presumptions of it
with few individuals and few loci. It has been the case

You all know the strong implications of a pathogen’s
mating system on its population structure, and hence, on2.2. Response from Howard Ochman
the possibility to use its multilocus genotypes as stable epi-
demiological tracers. In a recent paper, Levin et al. (1999) Perhaps | am sounding a bit ornery, but | believe the topic
have proposed that the mating system of a pathogen isof the evolution and maintenance of sex to be among the
highly flexible and depends on the ecological cycle consid- largest source of “just-so” stories in biology. We can all
ered. ExamplePlasmodium falciparunvould be panmictic think of cases where a successful pathogen is clonal and
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non-recombining, and others where it is virtually panmictic. progress in molecular epidemiology and population genetics
Everyone can pick their favorite organism to favor whichever of pathogens?

view they wish to support that day. Naturally, we tend to

study the successful (as opposed to the extinct) pathogens3.1. Response from Una Morgan

so we are forced to come up with reasons why a patrticu-

lar organism has prospered as a result of (or in spite of) its  Traditionally multilocus phylogenies have been based
mating system. Based on the phrasing of the question, andon MLEE markers and more recently RAPD markers.
the types of responses given so far, | cannot tell whether One of the most serious technical disadvantages of these
Levin et al. meant that individual pathogens (or pathogenic markers is lack of reproducibility between laboratories,
species) have flexible mating systems, or whether they meantparticularly RAPD markers. Another drawback of RAPD
that pathogens, in general, show a diverse array of matingdata is the amplification of non-specific products which
systems. In any case, | would bet that Levin et al. tend to can result in unreliable phylogenies. MLST is a develop-
agree with Michel's statement about moderate environmen- ment of multilocus enzyme electrophoresis in which the

tal modulation. alleles at multiple house-keeping loci are assigned directly
by nucleotide sequencing, rather than indirectly from the
2.3. Response from Una Morgan electrophoretic mobilities of their gene products. A major

advantage of MLST is that sequence data are unambigu-
In my experience, | tend to agree with Michel that mat- ous and electronically portable, allowing molecular typing
ing systems of pathogens are influenced much more byof infectious agents via the Internet. MLST has confirmed
in-built biological properties than by their environment. both the existence of clones and the high rates of recombi-
TakeCryptosporidiumas an example. It is a ubiquitous pro- nation for several bacterial pathogens (Smith et al., 2000).
tozoan parasite that is transmitted by the faecal-oral route A recent study ofStreptococcus pyogenezamined the nu-
and by contamination of water supplies. Since the infamous cleotide sequences of internal fragments of seven selected
1993 Milwaukee outbreak in which 400,000 individuals housekeeping loci for 212 isolates. A total of 100 unique
contracted cryptosporidiosis as a result of drinking con- combinations of housekeeping alleles (allelic profiles) were
taminated water supplies, there has been extensive researciflentified. The MLST scheme was highly concordant with
into this pathogenCryptosporidiumhas a highly complex  several other typing methods (Enright et al., 2001). One
life cycle that involves both sexual and asexual stages, yetdisadvantage of MLST methods is that they are laborious
despite the numerous loci that have been examined by se-and time-consuming however, semiautomated methods for
quence analysis, there is very little evidence for genetic MLST using a 96-well format liquid handler and an auto-
recombination. Genetic evidence to date has establishednated DNA sequencer have been developed for pathogens
the existence of numerous distinct “genotypes” or discrete such asNeisseria meningitidisvhich should greatly speed
typing units that have remained stable over time and acrossup the process (Clarke et al., 2001).
widespread geographic areas (Morgan et al., 1999; Xiao
et al., 2000). This appears to be independent of whether3.2. Response from Howard Ochman
infections were symptomatic or asympomatic or whether
epidemiological studies were conducted in areas where lev- The question of “considerable progress” has two parts:
els of transmission were high or low. Therefore the evidence the first pertains to the technical aspects and utilty of MLST,
to date withCryptosporidiumstrongly supports the concept but more importantly, we should realize that researchers
of an essentially clonal population structure that appears tousing MLST, as well as those reading papers where MLST
be largely independent of environmental conditions. has been applied, are putting and understanding these data
in an evolutionary/phylogenetic/population genetic context.
With regard to the first issue, | think that the standardiza-
3. Third question tion and portability of data offered by MLST is a great
improvement over MLEE; and moreover, the utility of these
Gene phylogenies have a sharp resolution due to the con-data for purposes other than epidemiological tracing is very
siderable amount of information conveyed by sequences.appealing. | see that | have already begun to segue into the
However, the phylogeny of one gene or of a limited number second part of my response without mentioning any of the
of genes may not be representative of the overall phylogenyimpressions of the different methodologies. There are many
of the organism under study (“species phylogeny”). On the papers explaining the advantages of MLST over previous
other hand, multilocus phylogenies based on markers suchmethods (e.g. Enright and Spratt, 1999), so there is little
as MLEE or RAPDs have drawbacks such as lack of resolu- need to repeat those here. A quick search through my (per-
tion and/or homoplasy. Multilocus sequence typing (MLST) haps not up-to-date) citation manager yields less than 20
(Maiden et al., 1998) is supposed to combine the advantageoriginal papers on MLST, and a few of these were apply-
of gene phylogeny and multilocus typing. According to your ing new analytic approaches to previously published data.
own experience, do you consider MLST as a considerable Moreover, the authors of these papers display a somewhat
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high coefficient of co-publication relatedness, though we migration, genetic drift, gene flow, genetic recombination
might expect there to be a lag before other labs apply MLST ...)? The debate is still open!
to their organism. On the positive side, many of the types of
guestions that interest me rely on data from MLST studies 4.2. Response from Howard Ochman
(though | must admit that a 450-bp fragment is less interest-
ing than having the complete sequence of a gene). Having a The shortest answer that | can come up with, based on the
large standardized dataset on diverse pathogens introducegse of the term in a wide range of papers, is: “a microbial
cohesion to the field, promotes comparative analyses, andvariant”. The term has been rather loosely applied to distin-
allows us to think beyond our own individual studies. guish among isolates that differ sufficiently with respect to
the trait in question, and, hence, no set amount of difference
) (genetic or otherwise) distinguishes one strain from another.
4. Last question Am | satisfied with this? Yes, but only to the degree that an
investigator knows (and can state) the basis for distinguish-
Give as briefly as possible your definition of the term ing among strains. | can conceive of cases where a single

“strain” for pathogens. point mutation might warrant classification as a different
strain, and others where the gain or loss of several genes

4.1. Response from Francois Renaud (such as those encoding some antibiotic resistance determi-

to third and last question nants) would still be viewed as constituents of a single strain.

It is clear that technical advances during these last years4.3. Response from Una Morgan
have lead to substantial progresses for the knowledge of
biology and evolution of organisms. In molecular epidemiol- ~ This term has engendered much confusion as there
ogy, MLST represents one relevant tool compared to MLEE have been numerous definitions of “strains” in the litera-
or RAPD because (i) it provides direct information on diffe- ture. Amongst parasitic protozoologists, the term has been
rent gene sequences distributed within the genome; (ii) defined as a homogenous population possessing a set of
results can be compared and used in different research labdefined genetic and biological characters (Thompson and
oratories worldwide. But in spite of this important technical Lymbery, 1990). The emphasis is on a combination of
aspect, we have to think about the relevance of phylogenyboth genetic and biological characteristics since reliance
in epidemiology of pathogens. The classical goal of phy- on genotype alone may confer significance on a feature of
logeny is to reconstruct, or at least to give a proposal on, thelittle biological relevance. Thus a “strain” can be defined
relationships between taxa during time. “Phylogeneticists” as an artificial term of relevance mostly in epidemiological
try to understand the evolutionary connections between studies that refers to a group of organisms that are geneti-
species which are not supposed to exchange genetic inforcally different in gene frequencies and which share one or
mation since different time scales (often a long time). But more characters of epidemiological significance.
the problem for epidemiology is quite different because we
are most often confronted by pathogen genotypes belonging4.4. Concluding remarks from Michel Tibayrenc
to one taxon, evolving in one ecosystem at one time and
supposed to have the possibility to exchange genes. Whatis This was a tricky question. At the MEEGID Il congress
a phylogeny and how is it relevant in this context? | think in Montpellier, 1997, we had organized a whole roundtable
that it is more appropriate to talk about genetic relationships on the notion of strain. We collected roughly as many diffe-
between genotypes based on the molecular parameters arrent responses as the number of participants. The less
alyzed, than phylogeny, and this is not a semantic problem. disputable proposal was “a collection of stocks that share
If for pathogens which almost present an asexual or a self-the same multilocus genotype”. Una’'s definition adds a
ing mode of reproduction the different genotypic lineages relevant notion of biomedical/epidemiological specificity.
can be considered as genetic entities (“strains”) where phy- | wish to thank you for your very valuable contribution
logenetic approaches reflect their evolution, the situation is to this debate.
totally different when gene flow occurs between individuals
and/or lineages in one ecosystem. The life time expectancyreferences
of one genotype can be very short, and phylogeny could
only represent an instantaneous situation which is not rel- giswas, s., Escalante, A., Chaiyaroj, S., Angkasekwinai, P., Lal, A.A.,
evant for our understanding of disease epidemiology. This  2000. Prevalence of point mutations in the dihydrofolate reductase and
remark lead to the last question on the definition of the term  dihydropteroate synthetase genesRésmodium falciparunisolates
“strain“ for pathogens. | am sorry, but | have no clear defi- from India and Thailand: a molecular epidemiologic study. Trop. Med.
nition be_cause we are Conf_rontEd to_the same PrObIem thanCIa:ﬂ(t.e,Hgia(I;h, 5D|£|Ze_7l<4/IBA Edwards, G.F.,, 2001. Semiautomation of
the species concept. What is the strain concept in the context  muitilocus sequence typing for the characterization of clinical isolates
of population biology parameters (i.e. mutation, selection, of Neisseria meningitidisJ. Clin. Microbiol. 39, 3066—-3071.
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