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NEWS AND VIEWS

COMMENT

Reproductive clonality in protozoan
pathogens—truth or artifact? A comment
on Ramirez and Llewellyn
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The predominant clonal evolution (PCE) model of micro-
pathogens proposed by us has been challenged by a recent
paper in Molecular Ecology. We review the main tenets of
our model and show that the criticisms raised by the
paper’s authors are based on papers that are either misun-
derstood or misquoted. We argue that the PCE model and
its recent developments (in particular the ‘Russian doll
model’ dealing with micro-clonal evolution) are supported
in most cases when adequate data are available.
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We have read with great interest the News and Views
paper by Ramirez & Llewellyn(2014): ‘Reproductive clonal-
ity in protozoan pathogens—truth or artifact?’, recently
published in Molecular Ecology (2014) 23, 4195-4202.

This comment challenges key points of the predominant
clonal evolution model (PCE), recently explained by us in
a ‘spate of recent refinement and re-iteration (Tibayrenc &
Ayala 2012, 2013, 2014a,b)’ (Ramirez & Llewellyn 2014, p.
4194). Such a spate is far from being a luxury, given that
many points of the PCE model still are either misunder-
stood or mispresented.

Does it make ‘little sense’ to explore PCE at the level
of the entire species?

Predominant clonal evolution is defined as strongly

restricted recombination, not absence of recombination.
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E-mail: Michel. Tibayrenc@ird.fr

This definition is widely accepted, not only by us, but also
by many authors working on parasitic protozoa, fungi, bac-
teria and viruses (see Tibayrenc & Ayala 2012). This means
that evidencing occasional bouts of recombination or
hybridization (many cases cited by the authors) does not
falsify the PCE model. More specifically, we propose that
PCE is verified when the species considered has reached a
‘clonality threshold” beyond which clonal evolution over-
comes the effects of recombination in the long run. This
concept of a clonality threshold is not based on precise
quantification of recombination events, but rather, on the
empirical observation that the main PCE features (LD,
near-clades, deep phylogenies) appear more and more
clearly as additional relevant data are considered, accord-
ing to the ‘congruence principle’ (Avise 2004). The increase
in the phylogenetic signal can be tested by classical linkage
disequilibrium (LD) tests and phylogenetic analyses. More-
over, as repeated many times, we have never stated that
recombination is ‘inconsequential’ (Ramirez & Llewellyn
2014). On the contrary, we think that its impact is crucial,
but on an evolutionary scale.

One of the most important consequences of PCE in a
given species is the existence, due to restricted recombina-
tion, of discrete genetic subdivisions that are extremely
stable in space and time. We have proposed to call these
entities: ‘near-clades’, to replace the many terms found in
the literature (assemblages, clusters, genoclouds, lineages,
etc.). A near-clade is a phylogenetic line that is clouded by
occasional recombination/hybridization. However, once
the species has crossed the ‘clonality threshold’, the dis-
creteness of the near-clades becomes clearer and clearer
when more relevant data are considered. The term ‘clade’
is not appropriate, as some recombination goes on among
the near-clades in most, if not all, micropathogen species
surveyed by us. This feature of the model has considerable
evolutionary and epidemiological consequences. As a mat-
ter of fact, the near-clades, due to their stability and dis-
creteness, constitute appropriate targets for molecular
epidemiology (strain typing), and tend to exhibit different
phenotypic characteristics, including with respect to epi-
demiology and clinical features. The authors aim to invali-
date this remarkable finding, by stating that ‘it makes little
sense to address each parasite species (or genus) as a
whole’, because these ‘genetic subdivisions act as repro-
ductive barriers’. The authors omit to mention that
evidencing the genetic subdivisions (that is to say: the
near-clades) and showing that they act as reproductive bar-
riers has been possible only through the PCE approach,
and constitutes one of its main achievements. This way of
presenting the affair amounts to making believe that the
main conclusion of the PCE approach was self-evident,
which is quite untrue: it is the result of long-term research
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of more than 30 years, started at a time when pathogen
population genetics was almost nonexistent. This statement
of the authors is inappropriate, because the job still has to
be completed or perfected for many pathogen species, and
only the PCE approach will allow to do so. Strangely, the
authors consider that the PCE approach at the level of the
whole species makes little sense. However, in the case of
Toxoplasma gondii, they accept the hypothesis of PCE based
on data that consider the whole species (Sibley et al. 2009).

Within-near-clade PCE: the ‘Russian doll’ (RD) model

This model (Tibayrenc & Ayala 2013) aims at exploring the
level of genetic exchange, not among the near-clades, but
rather, within each of them. As a matter of fact, many
authors consider that there is more recombination within
the near-clades than between them. The RD model takes as
null hypothesis that within the near-clades, recombination
is potentially random (not just that occasional recombina-
tion can occur), because the expectations for random
recombination are well known (linkage equilibrium). The
working hypothesis is that the near-clades each exhibit a
miniature picture of the whole species, with the two main
features of the PCE model, namely (i) strong LD, or non-
random association of genotypes occurring at different loci,
and (ii) lesser near-clades. The RD approach simply
consists in testing the PCE model within each of the near-
clades. Ramirez & Llewellyn attempt to invalidate RD by
favouring the null hypothesis. However, the examples they
advance are either weak or misleading. Some of them are
even counterexamples of what the authors try to demon-
strate.

In the case of Giardia, the only case cited by the authors
to falsify RD (Cooper et al. 2007) is not based on a popula-
tion genetics approach, but rather on the sequencing of a
few genes. The conclusions of this article are based on
observed discrepancies between the phylogenetic trees
based on three loci for seven strains. This is a possible
indication that some genetic exchange may go on (although
other explanations are possible), but says nothing about
the frequency of recombination. Moreover, with such a lim-
ited set of data, the risk of statistical type II error (impossi-
bility to reject the null hypothesis of random
recombination, not because it is proven, but because the
test lacks power) is high. Lastly, this study does not con-
cern a whole Giardia ‘assemblage’ (= near-clade), but
rather, the subassemblage A2 of the assemblage A. The
mere existence of this subassemblage, which shows that
assemblage A is subdivided into discrete units, is in itself
evidence supporting RD.

Two of the examples cited about Leishmania (Rougeron
et al. 2009, 2011) do not concern intra-near-clade recombi-
nation but rather, the whole species. They have therefore
nothing to do with the RD controversy. Moreover, the
‘widespread genetic exchange’ that the examples are sup-
posed to evidence is actually selfing/inbreeding, which is
considered by us and many, if not most, authors working
on pathogens population genetics as a particular case of
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PCE. Lastly, the tests used to infer selfing/inbreeding in
Leishmania are based on the hypothesis that these parasites
are diploid, while convergent results rather favour that
Leishmania exhibits widespread aneuploidy (Sterkers et al.
2014). This bias has been underlined by us (Tibayrenc &
Ayala 2012, 2013), as well as by Ramirez et al. (2012a).
Another study (Rogers et al. 2014), repeatedly cited by
Ramirez & Llewellyn, is actually an illustrative counterex-
ample of what they try to demonstrate, and a talking illus-
tration for RD. By high-resolution sequencing, Rogers et al.
(2014) evidence a monophyletic subdivision (near-clade)
within Leishmania donovani/infantum. They do find indica-
tion of hybridization within this near-clade. However, what
Ramirez & Llewellyn (2014) omit to mention is that Rogers
et al. (2014) clearly state that ‘extensive LD between chro-
mosomes is consistent with rare recombination and sup-
ports clonality as the primary reproductive mode” and that
there is ‘mainly clonal reproduction in the parasite popula-
tion’. The data presented do not make it possible to know
whether there are lesser near-clades within this mono-
phyletic subdivision. However, they do show that clonality
is the dominant mode of reproduction within this near-
clade, which supports a RD pattern.

The studies cited concerning Trypanosoma cruzi are not
strong evidence against RD. The first one (Ocana-Mayorga
et al. 2010) is consistent with recombination in a small sub-
population of the TCI near-clade in Ecuador. However, as
we have shown (Tibayrenc & Ayala 2013), (i) this ‘domes-
tic’ population is poorly defined (33% of selvatic strains
are included in it, while the ‘selvatic’ clade comprises 12%
of domestic strains); (ii) the risk of type II error is high,
due to very limited sampling (only 12 truly ‘domestic’
strains). Additionally, the ‘selvatic’ clade shows strong LD
and clonality, which favours the RD hypothesis. Observing
a lack of congruence between mitochondrial and nuclear
phylogenies (Ramirez et al. 2012a) indicates at best limited
introgression, as it can be observed even between different
biological species. de Paula Baptista et al. (2014) have pos-
tulated ‘substantial recombination’ in Brazilian strains of
the TCII near-clade. However, this study relies on limited
sampling and is subject to type II error. There is a strong
contradiction between the hypothesis of ‘substantial recom-
bination” (with lack of LD) and the evidence for clear struc-
turation of these populations, even in sympatry, as shown
by STRUCTURE analysis. A recently published study deals
with TCI T. cruzi populations isolated from selvatic tri-
atomine bugs in Bolivia (Barnabé ef al. 2013). The data are
compatible with frequent genetic exchange, however, as
the authors assert their data are prone to type II error and
should be corroborated by more extended sampling
(Barnabé et al. 2013).

While focusing on these disputable examples consistent
with the null hypothesis, Ramirez & Llewellyn omit to cite
the many cases presented by us, which strongly support
the RD model, including in T. cruzi, Leishmania, Toxoplasma,
Giardia and Cryptococcus (Tibayrenc & Ayala 2013, 2014a,b).
This is all the more astonishing, since some of the best
examples of RD patterns were found in the authors’ own
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data. As a matter of fact, convergent results show that,
within T. cruzi, the near-clade TCI is subdivided into sev-
eral smaller near-clades that are widespread and stable in
space and time, including in sympatry (Guhl & Ramirez
2011). These ‘mini-near-clades’ have been corroborated by
several different molecular markers, including the mini-
exon gene, the cytochrome B gene, multilocus PCR-RFLP
and SSUrDNA (Ramirez et al. 2011, 2012b,c, 2013). Con-
trary to what the authors state, within Colombian TCI
strains, there is LD. As a matter of fact, the p values for
the LD test and the Ia index of association (another LD
test) are 4 x 10" and 0.037, respectively (Ramirez et al.
2013). As noted by Tomasini et al. (2014), this is evidence
for LD, and not for the opposite, as wrongly concluded by
the authors. Similarly, within TCI selvatic strains, strong
LD evidences ‘widespread clonality, infrequent recombina-
tion” (Llewellyn et al. 2011). Lastly, strong evidence for a
RD pattern within Argentinian TCI strains has been
recently published (Tomasini et al. 2014).

We do not state that the RD pattern is presently verified
in all pathogens. But we do argue that it has been strongly
supported by many data, especially in T. cruzi, Leishmania
infantum, Cryptococcus neoformans, Giardia and Toxoplasma
gondii, in each case when genetic and population samplings
are enough and adequate.

Conclusion

We argue that the PCE hypothesis is not just an artefact,
and that it is the most parsimonious model for many, if not
most pathogens, including viruses, bacteria, parasitic proto-
zoa and fungi. Our conclusions are based on a large set of
published data, dealing with bacteria (48 species), yeasts
and fungi (nine species), parasitic protozoa (21 species) and
viruses (11 species or categories). These data are easily
accessible to any reader wanting to verify our proposals.

If looking for recombination in pathogens amounts to
‘searching for a needle in a haystack’ (Ramirez & Llewellyn
2014), it obviously means that recombination is severely
restricted; in other words, that the PCE model is supported.
When it is not, like in some populations of Plasmodium falci-
parum, or in Helicobacter pylori, one has no trouble finding
clear indications for recombination without searching in a
haystack. Until now, the use of more resolutive markers has
reinforced the PCE and RD hypotheses. As an example,
near-clades and RDs in Toxoplasma gondii are better evi-
denced by a set of highly resolutive markers (Su et al. 2012)
than by more conventional tools such as multilocus
sequence typing. Similarly, whole-genome sequencing in
Neisseria meningitidis uncovers the existence of deep phylo-
genies that were not apparent with multilocus sequence
typing (Budroni ef al. 2011). As a matter of fact, contrary to
what Ramirez & Llewellyn (2014) state, lack of resolution
should favour the null hypothesis (random recombination)
rather than PCE, even when highly resolutive markers
make it possible to find ‘the needle in the haystack’.

Concerning the amount and frequency of recombination,
we have called for discarding vague, subjective assertions,

such as ‘widespread genetic exchange’, ‘more frequent than
expected’ (Ramirez & Llewellyn 2014), which amount to a
conflict between the supporters of the half full and the half
empty bottle. We have proposed, rather, to use a clear-cut
PCE criterion relying on the notion of a ‘clonality thresh-
old” (see ‘Does it make ‘little sense’ to explore PCE at the
level of the entire species?’). If, within a given species, a
growing phylogenetic signal is observed as more relevant
data are obtained, it means that restricted recombination
efficiently counters the effects of genetic exchange, and that
the near-clades that subdivide the species will tend to
diverge more and more. This PCE-specific signal should be
looked for, first at the level of the entire species. Only once
the near-clades have been clearly evidenced by this
approach, and are fully recognized by most authors (which
is still the case for a limited number of species only), RD
patterns should be looked for within them, but only in a
second round.
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