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Letters

Morts d’amour: mitochondria are bacteria that
sometimes become extinct through symbiosis

Marc-André Selosse

Centre d’Ecologie Fonctionnelle et Evolutive, CNRS, 1919 Route de Mende, 34 293 Montpellier cedex 5, France

Yes! It is now time to consider mitochondria as bacteria,
as recently explored in this journal [1], and this highly
heuristic viewpoint should also be extended to plastids
[2]. Clearly, Eubacteria would be paraphyletic, as de-
fined in [1], without mitochondria and plastids. In his
thought-provoking paper, Dr Pallen raises the apparent
opposition between the views of mitochondria as either
bacteria or organelles and suggests that some bacteria
transmuted into ‘organellar bacteria’ during their evolu-
tion [1]. Here, I examine overlooked consequences of
this point of view for some endosymbiotic bacteria and
eukaryotes.

Although any definition can be debated, I see organelles
and bacteria as different in essence. Organelles are
‘enclosed compartments that are separate from the cytosol
(by lipid bilayers)’ and ‘have a mechanism for impor-
ting. . .specific proteins’ [3]. This definition is based on
topological and ontogenetic traits. What are bacteria?
To keep the same phylogenetic line of thinking as Dr
Pallen [1], and considering the eubacterial ancestry of
plastids and mitochondria, I prefer to define what are
‘Eubacteria’ by phylogenetic position, i.e. as belonging
to one of the three main domains of life. This definition
is based on evolutionary origin, which can be traced back
thanks to organellar genes. Therefore, some eubacteria
are free-living, some are parasites, and others live as
organelles: for the latter, being an organelle is a kind of
ecological niche. The story becomesmore excitingwhenwe
consider genomeless mitochondria.

During the co-evolution between organellar eubacteria,
including plastids, and their host, unnecessary bacterial
genes were lost whereas other genes were transferred to
the nucleus or even replaced by nuclear genes, leading to
smaller genomes [4]. In some anaerobic eukaryotes, this
resulted in a genomeless descent [5]: hydrogenosomes
ferment to provide ATP to the host cell whereas mitosomes
have no energetic role but perform some biosyntheses.
Hydrogenosomes and mitosomes emerged at least eight
times in eukaryotic evolution [5], including in Metazoa [6].
Just like mitochondria, they are surrounded by two mem-
branes and import cytosolic proteins that are all encoded
by nuclear genes. To answer Dr Pallen’s question as to
whether these eubacteria have ‘genuinely turned into
something quite different’ [1], at least our definitions
include them among organelles. But are they still eubac-
teria? That is, do they still have a phylogenetic position?
Although their position in the mitochondrial tree can
be indirectly inferred from the position of their host in

the eukaryotic tree, they do not contain any more genes
or features allowing a direct phylogenetic placement.
Returning to our definitions, hydrogenosomes and mito-
somes are no longer Eubacteria.

Hydrogenosomes and mitosomes are ‘morts d’amour’,
they have ‘died of love’, because they lost their genome and
phylogenetic position in their symbiotic co-evolution with
host cells. This fascinating genomic extinction by symbiosis
is not predicted by textbooks: although biotrophic life is
often considered to drive genomic reduction, symbiosis is
rarely held to have the potential to destroy genomes.
Beyond their genomic death, hydrogenosomes and mito-
somes still exist as bodies surrounded by two membranes.
These membranes are never created de novo, and these
bodies always result from pre-existing ones by division [5].
Therefore, these mitochondria never underperformed in
evolution; they have done their best to have a large de-
scent, but this is a membrane-only descent. Primary plas-
tids (i.e. plastids that are organellar cyanobacteria), to our
knowledge, never fully lost their genome [7]. Conversely, in
secondary plastids, which arose by engulfment of eukary-
otic cells with primary plastids into a second host, the
nucleus of the primary host was often lost, e.g. in Brown
Algae and Haptophyta [2,4]. Four membranes surround
these plastids: the two membranes surrounding the orga-
nellar cyanobacteria, the plasmamembrane of the primary
host, and a phagocytic membrane from the second host.
Thus, some eukaryotes are also ‘morts d’amour’ as second-
ary plastids and persist only in the guise of their mem-
branes.

This evolutionary destiny looks bizarre because we
usually base organism identity on DNA only. Let us focus
on the inherited information required to build cell mem-
branes. Some genes encode enzymes and structural pro-
teins necessary for this. But membranes are never created
de novo: cells only grow them from pre-existingmembranes
by adding lipids and proteins, and inherited membranes
are the template for this. Similarly, membrane polarity, i.e.
the two lipid layers of different composition and the orien-
tation ofmembrane proteins, which is central tomembrane
functions, is never created de novo or DNA-encoded. It is
simply specified in pre-existing membranes, which lead to
polarized insertion of new proteins and lipids during mem-
brane extension. Therefore, part of the information neces-
sary to generate membranes is in membranes themselves.
All living organisms receive membranes (at least a plasma
membrane) as part of the information inherited from the
previous generation. A similar claim was made from the
1960 s to the 1980 s for the kinetic apparatus of ciliates,
such as Paramecium and Tetrahymena, which are covered
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by numerous rows of cilia involving cytoskeletal proteins
and the plasmamembrane. Recognizing that cilia and rows
never arise de novo but that the existing ones are always
templates for the formation of new structures, the concept
of cortical (or somatic) inheritance was proposed (for re-
view, see [8]). One unusual feature in membranes (and
cilia) is that the phenotype and the information are em-
bedded within the same structure, whereas in DNA gen-
omes the information in DNA is separate from the proteins
shaping the phenotype.

Numerous lipids and proteins of eukaryotic origin are
now incorporated in membranes surrounding mitochon-
dria and plastids [9], making them chimaeras with no
indication of phylogenetic position. Hydrogenosomes and
mitosomes are devoid of genomes and phylogenetic posi-
tions but still exist as pure organelles. They emphasize
that we inherit not only DNA but alsomembranes from our
predecessors [10]. Endosymbiosis can even be fatal to
membranes: some secondary plastids, e.g. in Euglenophyta
andDinophyta, have now lost one of their four surrounding
membranes [2], therefore they too are ‘morts d’amour’.
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