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1. First question 1.3. Response from Francisco Ayala

Could you very briefly summarize, in a few sentences, the  Three different, though related, issues have been the
Neodarwinian theory at nowadays? main subjects of evolutionary investigations: (1) the fact of
evolution—that organisms are related by common descent
with modification; (2) evolutionary history—the details of
lineages when split from one another and of the changes that
occurred in each lineage; (3) the mechanisms or processes
by which evolutionary change occurs. The evolutionary
origin of organisms is accepted by virtually every biologist,
with a degree of certainty “beyond reasonable doubt”, im-
plied when biologists say that the evolution is a “fact”. The
second and third issues go much beyond the general affirma-
tion that organisms evolve. The theory of evolution seeks to
ascertain the evolutionary relationships between particular
organisms and the events of evolutionary history, as well as
1.2. Response from Emily Lyons to explain how and why evolution takes place. Recent ad-

vances in a variety of disciplines, notably paleontology and

So much is encompassed by the modern synthesis (ormolecular biology, have made possible enormous strides in
Neodarwinian theory) that it is difficult to summarize in a our understanding of evolutionary history. Think, for exam-
few sentences, but here goes. It is, of course, universallyple, of how much we now know about hominid evolution
accepted in the evolutionary biology community that phe- or about phylogenetic relationships among microorganisms.
notype is the result of the interaction between genotype andThere have also been many recent advances in our under-
environment (Gx E interaction), and that mutation and re- standing of evolutionary processes. The sequences of the
combination provide variation, the raw material for natural human and many other genomes have opened up many ques-
selection. However, researchers certainly disagree regardingions for investigation, and significantly contributed towards
the relative importance of G and E. In particular, | think that answering some old, as well as new guestions. For exam-
technology (pcr, sequencing, etc..) has led to increas- ple, think of the number of genes and their organization in
ingly reductionist, genetic explanations, thereby minimizing organisms and of genetic regulation and gene expression.
the importance of the natural history and of the organism Advances in informatics and quantitative analysis are con-
and its environment. As far as the impact of the modern tributors to many issues. There are questions that have been
synthesis on the study of infectious disease is concerned, Idebated for years, which have been all but settled, such as
think the message is clear that mutation and selection arethe neutralist—selectionist controversy. It would take a brave
important components of disease biology and treatment.  true believer to maintain that amino acid replacements are

mostly, or even often, truly neutral. It is now becoming clear
"+ Corresponding author. Tek:33-467-41-6197; fax:33-467-41-6299. that nucleotide evolution is not neutral either. GC composi-
E-mail addressmichel.tibayrenc@mpl.ird.fr (M. Tibayrenc). tion, tRNA abundance and other factors militate against the

1.1. Response from Yannis Michalakis

Evolutionary change may be adaptive or not. Adaptive
change, by definition is due to natural selection. Correla-
tion between traits, due to, for example, ontogeny, genetic
linkage or linkage disequilibrium may constrain adaptive
change. Selection may operate at different levels, not nec-
essarily in the same direction. Evolutionary change may be
neutral. Mutation is not directed.
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neutrality of nucleotide mutations. | could go on identifying 2.2. Response from Yannis Michalakis
important advances in our understanding of evolutionary
processes. We have developed sophisticated methods to Technological advances open black boxes and offer mech-
monitor the role of natural selection in specific cases; major anistic explanations/descriptions of biological processes. At
strides have taken place towards understanding parasite—-hoshe same time, they unavoidably raise new questions, re-
relationships; the evolution and function of social organi- quiring a populational framework as Francisco has already
zation have been much aided by the expansion of sociobio-pointed out. | just want to add that population geneticists,
logical knowledge; genetics, ecology and statistics have a branch of new-darwinists, have already made a massive
much furthered the investigation of epidemics; and so on. It shift towards the analysis of genomic data: traditionally,
is very satisfying to be an evolutionist at present. Advances theoretical population geneticists were more concerned with
are happening at almost vertiginous speed, and importantconceptual models of evolution while at present a very large
new issues are continuously becoming open to scientific proportion of population geneticists elaborate new meth-
research. ods for analyzing genomic data. It is likely, and at least
desirable, that as new technologies become more and more
_ applicable to the non-model organisms, other branches
2. Second question of Population Biology will use genomic data to address

evolutionary questions.
Until now, the theory of evolution remained somewhat

speculative for the reason that our knowledge of the struc- 2.3. Response from Emily Lyons

ture and function of the genome, the main actor and wit-

ness of evolution, was rudimentary (my last editorial). This s vannis has pointed out, tremendous advances have
is changing with the advent of megatechnologies, such asjready been made by population geneticists in the anal-
automatic sequencing, DNA chips and bioinformatics. How ysjs of genomic sequence data. With the advent of these
the theory of evolution could help channel and direct this ‘megatechnologies’ we are afforded the possibility of exam-
technological effort so that more knowledge is obtained with jning the past (selection, recombination, mutation, linkage
less effort? In other words, if you were the main coordina- gisequilibrium, etc. . .) in a whole new way. This approach
tor of this international technological effort, what would you s extremely powerful but at present the technology is far

change? more advanced than the tools we have for analysis. As
) the main coordinator of this technological effort, | would
2.1. Response from Francisco Ayala endeavor to get more mathematicians and statisticians inter-

ested in biological problems. Algorithms for gene finding,

Substituting a populational framework for typological fine scale gene mapping, phylogeny construction, detection
thinking is a (the?) fundamental advance that Darwin and of polymorphism will undoubtedly enhance our ability to
the Neodarwinian SyntheSiS have contributed to the Study of exp|oit the genomic resources available. Progressy in this
evolution and, indeed, of organisms in general. A popula- post-genomic era, is to be made at the interface of math-
tion approach to genomics is absolutely necessary and musematics, statistics, computer programming and biology
be implemented as soon and as widely as possible (from itsthereby necessitating a truly collaborative effort between
inception and for a number of years, | was in the advisory these disciplines.
council of NIHs Human Genome Project and persisted in  Additionally, given that it is now possible to sequence
seeking to convince the council of the populational perspec- whole genomes more and more quickly, | would suggest that
tive: “the” human genome is not a reality). The comparative more than one genotype of the same species (field isolate
approach of evolutionary biology is an eminently success- versus lab isolate) be sequenced as much can be gained from
ful strategy for developing null hypotheses and designing simple sequence comparisons, particularly when there are

experiments. Proper sampling of DNA polymorphisms in particular phenotypes associated with the genotype.
human populations at successively smaller levels of geo-

graphic inclusion will help to understand the history and

patterns of dispersion of our species. Investigating large 3. Side question from Michel Tibayrenc

DNA segments will give us insights about how natural

selection (as well as drift and other processes) has shaped Dear Francisco, since you were involved in the NIH
the genetic make-up and geographic structuration of our board, do you know what happened with the “Human
species. As we seek to understand the genetic causes anBiversity Genome Project” supported by Cavalli-Sforza, if
correlates of humanness, we need to sequence the genomdsam not wrong?

of chimpanzees and other primates. Due to the consid-

erable investment required for sequencing full genomes, 3.1. Response from Francisco Ayala

and the “law” of diminishing returns, we must pursue this

primate—genome project with effective sampling designs. No, at least, not with sufficient detail to comment about it.
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There is another activity, along the lines of what | called of research, since there is here only one evolutionary phe-
the “Primate Genome Project” in my previous e-mail. This nomenon: the co-evolution host/pathogen. Unfortunately,
activity has been led by Morris Goodman (with me as a this type of holistic research is hard to settle. Could you
co-principal) and sponsored by the American Academy of suggest an example of field research or experimental re-
Arts and Sciences and the NSF. We have had three meetsearch based on this principle, and taking into account the
ings/symposia, about 1 year apart. The idea is to have NSFhost and the pathogen (and the vector in case of vector-born
sponsoring a full research program on the subject. At our disease)?
first meeting, the participants were all in favor of pursu-
ing the project and some suggested names for the project4.1. Response from Francisco Ayala
such as the “Human Genome Evolution Project”. | pre-
vailed in convincing the group that an NSF project with Some parasites store in their genome sets of antigenic
a separate budget-line item including the phrase “human variants and they switch expression from variant to variant
evolution” would die, as soon as one of a number of US in order to escape recognition by the immune response
Congressmen happened to discover it. Something like “Hu- of the host directed at previously expressed variants. The
man Variation”, or “Primate Genome” is more likely to evolution of the sets of variants and of the switch mech-

survive. anisms has been the subject of numerous investigations
in a great variety of parasites. This evolution can only be

3.2. Comments from Michel Tibayrenc on the first understood by reference to the immune system of the host.

responses One interesting question concerns the degree of diversity

among the sets of antigenic variants. For example, the spiro-
According to his answer to the first question, Francisco cheteBorrelia hermsii(which causes Lyme disease and is
is a happy and optimistic evolutionist. However, many of transmitted by ticks) is controlled by IgM antibodies with
the progresses he talks about are hopes rather than realitiegelatively low affinity and high cross reactivity (Barbour
since they are based on the in-depth knowledge of genomeand Bundoc, 2001). In contrast, many parasites are con-
structure permitted by modern megatechnologies. trolled by the more highly specific IgA and IgG antibodies.
Responses to the second question: Francisco informed udAn interesting question is whethdorrelia has evolved
about his valuable action in the NIH human genome commit- greater molecular distance between variants than parasites
tee, and underlines the need for a “Human Diversity Genome controlled by the highly specific IgA antibodies. A recent
Project”, a view which | definitely share (Tibayrenc, 2001). paper (Rich et al., 2001) provides an affirmative answer.
Yannis speaks rather aboutiawnstreamuse of genomic ~ The vsp alleles (encoding surface lipoproteins) differ by
and postgenomic data by evolutionary biology, while Emily 30-40% in amino acid composition, which is achieved by
shares my concern (Tibayrenc, 2001) about the gap be-intragenic recombination. Many fascinating questions arise
tween technological and conceptual progress, and proposesoncerning the diverse evolution of antigenic variants and
to upstreamdirect the technological efforts by evolutionary their switching mechanisms. These questions can be best,
concepts. In the framework of various pathogen sequencingor only, understood by joint consideration of host and par-
projects, | have been advocating for years for the sequenc-asite evolution. One situation occurs in the highly diverse
ing of at least two strains for each species, selected so thawar genes ofPlasmodium falciparumEach parasite exports
they are as phylogenetically distant as possible accordingonly onevar type to the erythrocyte surface, but a clone of
to multilocus markers. parasites switches amongr types (Smith et al., 1995). On
The three of you definitely agree on the invaluable fu- the contrary,P. vivax (which diverged tens of millions of
ture contribution of megatechnologies to the evolutionary years ago fronf. falciparun) expresses in each erythrocyte
science: data rather than speculation. severalvir genes (out of the 600—1000 copies per haploid
genome; del Portillo et al., 2001). Examples of the coevo-
lution of host, parasites, and vectors can be found in Frank
4. Third main question (in press).

It is now quite admitted that: (a) the host's genetic di- 4.2. Response from Yannis Michalakis

versity plays a major role in the transmission and severity

of infectious diseases (see the studies by Alain Dessein | can think of no example that explicitly takes into account
in Marseilles on man susceptibility to schistosomiasis); both host and parasite genetic variabilities, where the genes
(b) most pathogens have a considerable genetic diversitydirectly involved in the interaction were fully characterized.
and the diversity of their virulence genes and of their There are examples, however, where enough was known to
drug-resistance genes is epidemiologicaly highly relevant. address evolutionary questions. The authors of such studies
However, specialists working on either hosts or pathogensknew that they were dealing with a variety genotypes of
poorly interact, and it is the very ecological niche of infec- hosts and parasites. The examples that pop up in my mind
tion, genetics and evolution to try and integrate these lines are: (i) the studies of Curt Lively’s group on the interaction
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between the snaffotamopyrgus antipodarunmtermediate 5. Last question

host of a trematode parasifdicrophallussp.); for instance,

Lively and Dybdahl (2000) showed that sympatric parasites Based on your expertise as an evolutionist, which kind of
infected locally common host genotypes more often than practical recommendations would you make to public health
locally rare genotypes, a mechanism at the basis of the Reddecision makers for a better use of antibiotics in human and
Queen hypothesis; (ii) the studies of Dieter Ebert's group veterinary medicine?

on the interactions between the crustacBaphnia magna

and its bacterial parasitBasteuria ramosafor example, 5.1. Response from Francisco Ayala

Carius et al. (2001) showed that genetic variability for resis-

tance/infectivity existed in host and parasite populations and  Antibiotics should only be used whenever they are indis-
that parasites were more successful in infecting hosts of thepensable, in both human and veterinary medicine. Whenever
genotype in which they were originally isolated, while Little  antibiotics are used in humans, a cocktail of two, preferably
and Ebert (2001) examined the temporal pattern of variation three appropriate antibiotics would eliminate all bacteria,
of host resistance and parasite infectivity; (i) the studies without allowing for the survival of a few resistant mutants.
of Jeremy Burdon’s group on the interaction between the The probability of a resistant mutation to a particular an-
plant Linum marginaleand its rustMelampsora linj for tibiotic is likely to be about 10° or 1010, Therefore, such
example, Burdon and Thrall (2000) consider the variability mutations are likely to arise in an individual suffering from
of resistance and virulence at multiple spatial scales and thean infection. If only one antibiotic is used, the resistant mu-
consequences of such variability on the emerging patterns oftations will multiply and constitute a reservoir, which will
disease. | obviously owe apologies to the many colleaguesmake the particular antibiotic ineffective if the pathological
whose work should have popped up before the above statednfection reoccurs. The probability of a double resistant mu-

examples. tation is 10°18 to 10-2%, which makes it unlikely that it will
arise in any one patient.
4.3. Response from Emily Lyons The same considerations apply to antibiotics used in vet-

erinary medicine, when treating an individual animal, usu-

Michel, | disagree with you slightly. | think that at one ally a pet. The considerations also apply to the treatment of
time there was a lack of interaction between people work- cattle, chickens, and other animals (and their products, such
ing on hosts and parasites, but in the last 5-10 years, las milk) bred in large numbers to provide food for humans.
think, most researchers (particularly in evolutionary biol- If the animals are numerous (as in chicken farms), the dan-
ogy) recognize the importance of understanding the inter- gers of a double-resistant mutation are much greater. Thus,
actions of host-species with their biological enemies. In my extreme caution is called for, lest resistant bacterial strains
opinion, more confusion comes from the definition of co- arise, and be passed on to humans.
evolution versus selection pressure by parasites. There are
hundreds of studies of the interaction of parasites with their 5.2. Response from Yannis Michalakis
hosts that reveal the effects of parasite pressure on host
life-history characters such as survival and reproduction (a | agree with Francisco’s comments. The only thing | could
quick Pubmed search usingkeywostdhost—parasite inter-  add, is a comment on the costs of antibiotic resistance. In-
actions brought up 200) but very few (as Yannis suggests) deed, it is often the case that antibiotic resistant bacteria
actually demonstrate the co-evolution when it is distin- incur a cost in the absence of an antibiotic treatment. This
guished from simple directional selection, coadaptation cost puts them at a disadvantage when in competition with
or sequential evolution. Often when you look for coevo- antibiotic sensitive bacteria in antibiotic-free environments.
lution (cycles of parasite response to host characteristicsThe rationale behind Francisco's first sentence, that “antibi-
and host response to parasite pressure) it is very diffi- otics should only be used whenever they are indispensable”
cult to find. There are a few examples and discussions ofis partly based on this cost: antibiotic resistance will not
gene-for-gene coevolution (Thompson and Burdon, 1992; evolve unless antibiotics are very frequently used, because
Flor, 1956). antibiotic resistance is deleterious in the absence of antibi-

As far as studies that try to integrate all of the components otics. Many experimental studies have shown, however, that
of a host—parasite—vector system and the consequences foanfortunately this cost is transitory: compensatory muta-
population dynamics of all three (or at least the host and tions restore the fitness of antibiotic resistant bacteria even
parasite) the Silenkatifolia(alba)-Microbotryun{Ustilago) in antibiotic-free environments. This provides another rea-
violaceunplant—pathogen system, work done by Antonovics son for using antibiotics only when they are indispensable:
et al. (1994) is particularly thorough. As Yannis has al- not only the spread of resistance would be impeded by such
ready mentioned Curt Lively’s work, | just want to add a policy, but the opportunity for compensatory mutations
the work of Mark Woolhouse and Joanne Webster on to arise would be decreased as well. The existence of such
snails—schistosomes as another example of integrative workcompensatory mutations could also provide another reason
on host—parasite systems. for the simultaneous use of “many” (i.e. >1) antibiotics: not
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only the probability of appearance of multiply resistant bac- Smith, J.D., Chitnis, C.E., Craig, A.G., Roberts, D.J., Hudson-Taylor,
teria is weaker, but also the compensation of their fitness D.E., Peterson, D.S., Pinches, R., Newbold, C.I., Miller, L.H., 1995.

costs will be much more difficult. at least if these costs in- Switches in expression d?lasmodium falciparum vagenes correlate
’ with changes in antigenic and cytoadherent phenotypes of infected

teract in a non-additive way. erythrocytes. Cell 82, 101-110.
Thompson, J.N., Burdon, J.J., 1992. Gene-for-gene coevolution between
5.3. Response from Emily Lyons plants and parasites. Nature 360, 121-125.

Tibayrenc, M., 2001. The golden age of genetics? Infect. Genet. Evol. 1,
83-84. Editorial.

I am not well versed in the latest antibiotic resistance
literature, but certainly knowledge of truncation selection
suggests that human and veterinary health providers should
be cautioned to use antibiotics sparingly and in all cases,
the courses should be taken to completion to minimize the
occurrence of resistant mutants.

Emily Lyons (USA) is a PhD student studying
the population genetics and evolution of two hu-
man malaria specie®lasmodium falciparuend
Plasmodium vivaxShe studied both philosophy
and biology as an undergraduate and is always
keen for a debate. She has worked on plant—fungal
and snail-trematode interactions and is deeply in-
terested in the role of evolutionary biology in the
solution of medically important problems. She is
supported by a Wellcome Trust Prize Studentship
at the University of Oxford.

6. Concluding remarksfrom Michel Tibayrenc

It is urgent that clear and strict policies on the use of
antibiotics are internationally edicted, and it is clear that
evolutionists have much to contribute on this point. | thank
you very much for your kind and very valuable contribution
to this e-debate.

Yannis Michalakis, born in Athens (Greece)

is sometimes Greek and sometimes French (but
rarely both). He is Directeur de Recherches at
the Centre National de la Recherche Scientifique
(CNRS). His research focuses on the evolution-
ary biology of host—parasite interactions, and
more specifically on the coevolution of life-history
traits, the evolution of virulence, local adaptation,
parasite transmission strategies and the evolution
of genetic systems. He is author of 49 papers and
book chapters.
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