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Fancy a gene? A surprisingly complex evolutionary history

of peroxiredoxins.
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While the phylum Apicomplexa includes “only” several
thousand described species of obligatory parasites of ani-
mals, it may in fact be the most specious group of parasitic
protists with over a million species [1]. The best known
representatives are Plasmodium spp., Toxoplasma gondii
and Cryptosporidium spp., which belong to the most im-
portant and widespread human parasites exacting an
enormous disease burden. On the other hand, dinoflagel-
lates and colpodellids, which are monophyletic with the
apicomplexans, are ecologically highly significant, as they
belong to the most abundant marine protists [2]. As the
common ancestor of these groups was most likely a free-
living photosynthesizing protist, one wonders, which evolu-
tionary forces contributed to the dramatic transition of
some of its descendants into the arguably most successful
intracellular parasites? Although a range of various pro-
cesses and mechanisms contributed to this transition, most
likely it also involved an acquisition of genes via horizontal
gene transfer (HGT), which might have provided typical
characteristics of a parasitic cell, such as immune escape,
nutritional dependence and the capacity to invade other
cells.

HGT is a movement of DNA between two different or-
ganisms that allows them to gain novel features different
from those which can be passed from a parent to an off-
spring. Being most widespread in eubacteria, it impacts the
composition of their genomes to such an extent that multi-
gene phylogenetic analyses form a net instead of a tree,
demonstrating their extreme mosaicism. HGT also played
the most crucial role in eukaryotic evolution, as it enabled
gene transfer from endosymbionts to the host nucleus,
contributing to the emergence of extant mitochondria and

plastids. As a result of this development, organellar ge-
nomes encode only a small fraction of organellar proteins,
with the vast majority of them being encoded by the nu-
clear genome. The proteins are then post-translationally
imported to the organelles using complex targeting signals
[3].

Moreover, random HGTs from a prokaryote to a eukar-
yote have been claimed for unicellular as well as for multi-
cellular eukaryotes [3]. Indeed, the number of HGT events
documented from the latter hosts is steadily growing and
some recently described cases, such as the independent
HGTs of antibacterial toxins to supplement immune system
of higher eukaryotes, are truly stunning [4, 5]. Still, it is
protists, such as the diatom Phaeodactylum tricornutum [6]
and rumen-dwelling ciliates, that truly excel in their capaci-
ty to acquire genes of prokaryotic provenance [7]. When
focusing on parasitic protists, the cases of prokaryote-
eukaryote HGTs, resulting in the increase of fitness, obvi-
ously stand out. The prominent ones include the transfer
of y-proteobacterial N-acetylneuraminate lyase, which
boosts nutrient uptake from the vertebrate host into the
parabasalid Trichomonas vaginalis, and the acquisition of
y-proteobacterial thymidine kinase by the apicomplexan
Cryptosporidium parvum that is responsible for salvaging
pyrimidine nucleotides from the host. Another example is
the capacity of the microsporidium Antonospora locustae
to employ a bacterial class Il photolyase to repair DNA
damage caused by ultraviolet radiation [8]. Rarely, several
components of a single metabolic pathway have been ac-
quired either separately or at once, but from a single
source, as seems to be the case of the kinetoplastids
Leishmania spp., originally deficient of heme synthesis,
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which obtained enzymes for the last three steps of the
pathway from a y —proteobacterium via HGT [9].

Another example of a prokaryote-eukaryote HGT is
brought by a recent study by Djuika et al. that characteriz-
es a special subclass of peroxiredoxin 5 (Prx5) isoform in
Plasmodium falciparum [10]. This parasite has a complex
life cycle involving a mosquito vector and a vertebrate
host. Causing malaria, P. falciparum and related species
spend part of their life cycle inside of human or other ver-
tebrate erythrocytes, where they are exposed to high lev-
els of oxidative stress from host defense reactive oxygen
and reactive nitrogen species. Even though P. falciparum
possesses a superoxid dismutase, it lacks catalase and glu-
tathione peroxidase and thus its redox system relies heavi-
ly on cysteine-dependent peroxidases. P. falciparum con-
tains 5 peroxidases found in different cell compartments:
namely, Prx1 and Prx6 were localized to the cytosol, Prx1m
to the mitochondrion, PrxQ to the nucleus and Prx5 (also
called antioxidant protein, PfAOP) to the apicoplast [11].
The apicoplast is a non-photosynthetic plastid, acquired by
secondary endosymbiosis of a rhodophyte, which retains
several essential processes, such as biosynthesis of fatty
acids, heme, isoprenoids and iron-sulfur clusters [12]. A
PfAOP localization to the apicoplast was experimentally
proven by fusing its N’ terminus with green fluorescent
protein [13]. However, by careful examination of cells
stained with specific anti-PfAOP antibodies, Djuika et al.
reports a dual localization of this protein, supplemented by
immunoblot analysis of subcellular fractions of the P. falci-
parum cells. This interesting observation was further cor-
roborated by experiments with three different PFAOP-GFP
chimeras [10].

With more careful examinations of intracellular locali-
zation using various combinations of protein tags, antibod-
ies and fractionations, dual localization of proteins is
emerging as a surprisingly frequent phenomenon than
appreciated until recently. To increase usefulness of a giv-
en protein, at least in some cases, it is advantageous for
the eukaryotic cell to target it to more than one compart-
ment. Particularly in P. falciparum, three different proteins
(lipoate protein ligase A2 and isoforms of serine hy-
droxymethyltransferase) were shown to be dually targeted
to the apicoplast and the mitochondrion [14, 15]. Moreo-
ver, glutathione peroxidase-like thioredoxin peroxidase
seems to be targeted to even three compartments, namely
both organelles and the cytosol [16]. The cyto-
solic/apicoplast co-localization was also evidenced for oth-
er two anti-oxidant redox enzymes, glutathione reductase
and thioredoxin reductase [13].

Multiple targeting can be attained by either alternative
translation initiation or alternative transcription. Interest-
ingly, Djuika et al. reports another mean of dual localiza-
tion that is reflected by modular gene architecture, in the
case of PfAOP constituted by two exons. While exon 1 en-
codes the bipartite leader sequence consisting of ER-type
signal peptide followed by a transit peptide required for
import into the apicoplast, exon 2 specifies the actual en-
zymatically active Prx5 domain. Remarkably, such a modu-
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lar architecture is specific only for Plasmodium species. As
the acquisition of a transit peptide by exon shuffling seems
to be an easy way how to acquire the apicoplast localiza-
tion [17], the question remains why was this solution ex-
plored exclusively by the malaria parasites, and what are
the physiological advantages of PfAOP being dually local-
ized.

Another significant finding of Djuika et al. lies in the
phylogenetic origin of apicomplexan Prx5. Since PfAOP
contains the bipartite targeting sequence, its origin by sec-
ondary endosymbiosis is appealing. However, the authors
nicely showed that this gene was acquired by a prokaryote-
eukaryote HGT. Moreover, they offer an attractive hypoth-
esis of gene transfer between a marine bacterium and an
apicomplexan ancestor. In such case, one would expect
that the phylogenetic analysis of Prx5 homologs from free-
living chromerid algae will shed light on this interesting
issue.

Therefore, we have searched the draft genome se-
quences (our unpublished data) of two photosynthetic
predecessors of Plasmodium and other apicomplexans,
Chromera velia [18] and Vitrella brassicaformis [19], and
for each of them we found 5 genes encoding proteins ho-
mologous to Plasmodium Prx5. The correspondingly com-
plemented dataset was analyzed by Bayesian inference
(Fig. 1) and maximum likelihood (tree not shown). Indeed,
two genes from Chromera (Cvel_16952.t1 and
Cvel_15038.t1) and a single one from Vitrella
(Vbra_19296.t1) appear to be of bacterial origin. However,
while Cvel_16952.t1 branches between cyanobacteria and
y-proteobacteria, Cvel_15038.t1 and Vbral9296.t1 togeth-
er constitute a yet different branch within the bacterial
clade (Fig 1). It should be noted that the tree is relatively
poorly supported and hence does not allow exact specifica-
tion of particular bacterial gene donors. Prediction pro-
grams revealed the presence of a mitochondrial signal pep-
tide in the bacterial protein of Vitrella and in a distantly
related homolog in Chromera, which is also clearly of bac-
terial origin (Fig. 1). However, in addition to bacterial Prx5,
also homologs of undisputable eukaryotic origins were
found in both chromerids. The Cvel_31961.t1 gene, sup-
posed to be of exosymbiont origin and confined to
Chromera, constitutes a clade together with fungi and the
early-branching apicomplexan Gregarina niphandroides.
The supposedly endosymbiont eukaryotic counterparts of
Chromera (Cvel_19916.t1 and 16350.t1) and Vitrella
(Vbra_5437.t1, Vbra_7622.t1, Vbra_2354.t1 and
Vbra_19764.t1) form a compact clade in the proximity of
green algae and plants. While this gene was obviously du-
plicated in both chromerids, in Vitrella it went through the
duplication event twice (Fig. 1). To our surprise, the sup-
posedly exosymbiont-derived protein (Cvel_31961.t1) car-
ries a bipartite targeting sequence, predicted with high
confidence at its N-terminus, and is thus likely plastid-
targeted. The second eukaryotic Prx5 from Chromera
(Cvel_19916.t1) possesses a mitochondrial signal peptide.
Two of the eukaryotic genes from the endosymbiont of
Vitrella (Vbra_5437.t1 and Vbra_7622.t1) encode bipartite
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FIGURE 1: Bayesian phylogenetic tree as
inferred from Prx5 amino acid sequenc-
es. The original dataset used by Djuika et
al. was extended by the addition of rele-
vant sequences from the chromerid algae
Chromera velia and Vitrella brassicaform-
is, and the early-branching apicomplexan
Gregarina  niphandroides.  Sequences
were aligned using MAFFT, edited by
Gblocs (both implemented in SeaView),
and the alignment was analyzed by
Bayesian inference and maximum likeli-
hood (ML) method. MrBayes 3.2 [20] was
used to assess Bayesian topologies and
posterior probabilities (PP) using WAG
model. Two independent Monte-Carlo
Markov chains were run under the de-
fault settings for 3 million generations;
we used 500,000 generations as a burn-
in and omitted them from topology re-
construction and PP calculation. ML
bootstrap support is shown for selected
nodes in the tree; ML tree was computed
by RAXML [21], using y corrected WAG
model with bootstrap analysis being
inferred from 1,000 replicates. Putative
intracellular localizations of the Prx5
proteins were predicted using the Tar-
getP and SignalP programs, respectively
[22].
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targeting sequences with corresponding proteins likely to
be delivered to the plastid. Finally, yet another eukaryotic
Prx5 is predicted to be targeted to the mitochondrion of
Vitrella (Fig. 1).

Based on our tree we suggest that the phototrophic
apicomplexan ancestor evolved its own broad repertoire of
the Prx5 proteins. While the Chromera plastid seems to
import the original exosymbiont protein, the mitochondri-
on likely uses at least two Prx5 proteins, namely the eukar-
yotic one acquired during secondary endosymbiosis, and
the prokaryotic version obtained from a bacterium. In ad-
dition to these genes, the ancestral apicomplexan also ac-
quired more Prx5 genes from various bacteria, most likely
by several independent HGT events. During the transition
of a phototroph into a parasite, all Prx5 proteins of eukary-
otic origin were lost, with a single bacterial gene being
retained in the apicomplexan genome.

The Prx5 gene found in P. falciparum is, however, very
probably unrelated to the bacterial homologues found in
both chromerid algae. At least two independent acquisi-
tions of a prokaryotic Prx5 via HGT in Chromera make an
additional event in Apicomplexa quite likely. Moreover, the
early-branching apicomplexan G. niphandroides contains
yet another bacterial Prx5, which seems to be unrelated to
its homologs in Toxoplasma, Neospora and Plasmodium
(Fig. 1). The emerging scenario is thus a complex one. At
this point, we cannot distinguish between multiple inde-
pendent acquisitions of Prx5 in various apicomplexan line-
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