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Abstract Chloroplasts are generally known as eukaryotic
organelles whose main function is photosynthesis. They
perform other functions, however, such as synthesizing
isoprenoids, fatty acids, heme, iron sulphur clusters and
other essential compounds. In non-photosynthetic lineages
that possess plastids, the chloroplast genomes have been
reduced and most (or all) photosynthetic genes have been
lost. Consequently, non-photosynthetic plastids have also
been reduced structurally. Some of these non-photosynthetic
or “cryptic” plastids were overlooked or unrecognized for
decades. The number of complete plastid genome sequences
and/or transcriptomes from non-photosynthetic taxa possess-
ing plastids is rapidly increasing, thus allowing prediction
of the functions of non-photosynthetic plastids in various
eukaryotic lineages. In some non-photosynthetic eukaryotes
with photosynthetic ancestors, no traces of plastid genomes
or of plastids have been found, suggesting that they have
lost the genomes or plastids completely. This review sum-
marizes current knowledge of non-photosynthetic plastids,
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their genomes, structures and potential functions in free-
living and parasitic plants, algae and protists. We introduce
a model for the order of plastid gene losses which combines
models proposed earlier for land plants with the patterns of
gene retention and loss observed in protists. The rare cases
of plastid genome loss and complete plastid loss are also
discussed.
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Abbreviations

EGT Endosymbiotic gene transfer

TOC Translocon of outer chloroplast membrane
TIC Translocon of inner chloroplast membrane

Glu-tRNA  Glutamyl-tRNA

acetyl-CoA  Acetyl co-enzyme A

ACC Acetyl-CoA carboxylase

IR Inverted repeat

LSC Large single copy

SSC Small single copy

fMet-tRNA  Formylmetionyl-tRNA

Met-tRNA  Metionyl-tRNA

DOXP Non-mevalonate isoprenoid biosynthesis
pathway

IPP Isopentenyl pyrophosphate

FAS Fatty acid synthesis

CoRR Co-location for redox regulation

Introduction

In the beginning of the twentieth century, Mereschkowsky
formulated the hypothesis that plastids were once free-living
cyanobacteria (Mereschkowsky 1905). A bacterial origin
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was later suggested for mitochondria (Wallin 1927). These
ideas, however, were neglected until plastid DNA (Ris and
Plaut 1962) and intramitochondrial fibers with DNA charac-
teristics (Nass and Nass 1963) were discovered. Thereafter,
a modern complex theory proposing that these eukaryotic
organelles originated from prokaryotic organisms was pos-
tulated (Sagan 1967). The process of the conversion of an
intracellular prokaryotic (i.e., bacterial) endosymbiont into
an organelle is called primary endosymbiosis. The primary
endosymbiotic origin of mitochondria and primary plastids
(plastids bounded by two membranes) from a-proteobacteria
and cyanobacteria, respectively, is currently the generally
accepted paradigm.

Unlike facultative endosymbionts, endosymbiotic orga-
nelles are dependent on their host cells and they are inher-
ited by progeny. The conversion of an endosymbiont into an
organelle is, however, a complex process accompanied by
the transfer of endosymbiont genes into the host nucleus,
a process known as endosymbiotic gene transfer (EGT),
and consequent evolution of a mechanism for the import
of the protein products of these genes back into the endos-
ymbiont/organelle (Cavalier-Smith and Lee 1985; Giovan-
noni et al. 1988; Gray et al. 1999; Yang et al. 1985; for
reviews see Kleine et al. 2009; Ku et al. 2015; Zimorski
et al. 2014). With EGT and the evolution of import machin-
ery, the endosymbionts gradually lose their own essential
genes and become organelles, retaining miniature versions
of their genomes which indicate their origin. The genomes
of primary plastids and mitochondria encode approximately
100-250 (Green 2011) and a few dozen genes (Gray et al.
1999; Zikova et al. 2016), respectively. Phylogenies based on
bacterial, mitochondrial and plastid genes provide direct evi-
dence that mitochondria and primary plastids are descended
from a-proteobacteria and cyanobacteria, respectively (Gio-
vannoni et al. 1988; Gray et al. 1999; Yang et al. 1985).

As a result of the primary endosymbiosis, eukaryotes
belonging to the Archaeplastida supergroup (glauco-
phytes, red and green algae and land plants) possess plas-
tids bounded by two membranes (Fig. 1) which most likely
arose via a single engulfment of a cyanobacterium by a het-
erotrophic host (Archibald 2015; Ponce-Toledo et al. 2017,
Rockwell et al. 2014). The nature of the ancestor of primary
plastids of Archaeplastida is currently unclear. It was pro-
posed that it could have been a relatively complex nitrogen-
fixing (heterocyst-forming) cyanobacterium (Deschamps
et al. 2008; Deusch et al. 2008). However, a recent phy-
logenetic analysis of 97 plastid-encoded proteins and their
cyanobacterial homologs suggested that it was more likely a
freshwater/terrestrial cyanobacterium related to Gleomarga-
rita litophora (Ponce-Toledo et al. 2017). It was speculated
that the successful cyanobacterial endosymbiosis might have
been facilitated by a chlamydial parasite of the host (Becker
et al. 2008; Facchinelli et al. 2013; Moustafa et al. 2008). On
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the other hand, more recent investigation of the origin of the
key “chlamydial effector” enzymes of Archaeplastida casts
doubt on this hypothesis (Domman et al. 2015).

The plastid genomes of Archaeplastida are typically up to
200 kb in size and they encode up to 250 genes (for a review
see Archibald 2015; Rockwell et al. 2014). Considerable
diversity of plastid genome sizes has been discovered in red
algae with the largest observed in Corynoplastis japonica
(1.13 Mbp) (Mufioz-Gémez et al. 2017). Many cyanobacte-
rial genes were transferred to the host nucleus via EGT and a
large number of them currently encode proteins that function
in plastids, i.e., proteins involved in plastid gene expression,
division, trafficking and metabolism (Kleine et al. 2009;
Martin et al. 1998). These nucleus-encoded plastid proteins
have to be targeted to plastids. The N-terminal targeting pre-
sequence called the transit peptide serves in most cases as
a signal for plastid import. The proteins are recognized and
post-translationally transferred through the translocon of
the outer chloroplast membrane (TOC) and the translocon
of the inner chloroplast membrane (TIC). These TOC and
TIC complexes consist of transit peptide receptors, protein
conducting channels, regulatory elements and TOC-TIC
translocon-connecting subunits (Gagat et al. 2013; Nakai
2015a; Schleiff and Becker 2011).

Another independent primary endosymbiosis of cyano-
bacteria occurred in a rhizarian amoeba Paulinella chroma-
tophora (Marin et al. 2005; Nowack et al. 2008; Yoon et al.
2000). Paulinella chromatophora cells contain two kidney-
shaped intracellular symbionts called chromatophores. The
division of chromatophores is synchronized with the divi-
sion of the P. chromatophora cell and phylogenetic studies
confirmed that chromatophores are related to the Synechoco
ccus/Prochlorococcus lineage of cyanobacteria (Marin et al.
2005; Nowack et al. 2008; Yoon et al. 2006). Although the
chromatophore genome is reduced in comparison to its free-
living relatives, its size is relatively large (1.02 Mb) and its
coding capacity (867 protein-coding genes) is much larger
than any other known plastid genome (Nowack et al. 2008).
There is some evidence of a role for the Golgi apparatus
in the transport of nucleus-encoded proteins through the
chromatophore outer membrane (Nowack and Grossman
2012) and some homologs of cyanobacterial and plant TIC
proteins are encoded by the chromatophore genome (Bodyt
et al. 2010; Mackiewicz et al. 2012), but the exact mecha-
nism of protein import into chromatophores is unknown.
The differences between the protein targeting machineries of
the chromatophore and plastids of Archaeplastida reflect the
fact that these organelles originated independently and that
chromatophores arose relatively recently (~60-200 million
years ago) (Marin et al. 2005; Nowack 2014; Nowack et al.
2008) compared to the primary plastids of Archaeplastida
(~1-2 billion years ago) (Falkowski et al. 2004; Parfrey
et al. 2011; Yoon et al. 2004).
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Fig. 1 The distribution of non-photosynthetic plastids among eukar-
yotes. The unrooted eukaryotic tree includes five supergroups—SAR
(Stramenopiles, Alveolata and Rhizaria) (violet), Amoebozoa (yel-
low), Opisthokonta (blue), Excavata (orange) and Archaeplastida
(green). Haptophyta and Cryptophyta (both gray) are lineages of
uncertain phylogenetic position. The unclear relationships between
lineages are shown by dashed gray lines. The plastids gained by pri-
mary endosymbiosis/es are bounded by two membranes, while plas-
tids gained by secondary or tertiary (or alternatively quaternary)
endosymbioses are bounded either by three or by four membranes as
schematically shown by the number of circular lines. Non-photosyn-
thetic plastids are shown in white, and the number and color of circu-
lar lines corresponds to the photosynthetic plastids from which they
were derived. The primary plastids of Archaeplastida including glau-
cophytes (bright blue), red algae (red), green algae and land plants
(green) likely arose via a single primary endosymbiosis and they
are bounded by two membranes (two circular lines). The presence
of non-photosynthetic plastids among red and green algae and land
plants is shown in white. Paulinella chromatophora (Rhizaria) repre-
sents an example of another independent primary endosymbiosis. Its
plastids are also bounded by two membranes (dark blue, two circu-
lar lines). Complex plastids of red algal origin can be found in Stra-
menopiles (plastids bounded by four membranes), alveolates (plastids

After the primary endosymbiosis of a cyanobacterium
in the ancestor of Archaeplastida, several “higher order” or
“serial” endosymbiotic events (secondary, tertiary or even
quarternary) occurred independently in various ancestrally
heterotrophic lineages. During these endosymbioses, eukar-
yotic cells already possessing a plastid were engulfed by
other eukaryotes. Such endosymbioses gave rise to organ-
isms bearing complex plastids surrounded by three or four
membranes. In the process of secondary endosymbiosis, var-
ious non-photosynthetic eukaryotic lineages independently
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bounded by three or four membranes), and haptophytes and crypto-
phytes (both containing plastids bounded by four membranes). If
plastids are present in apicomplexan and perkinsozoan species, they
are exclusively non-photosynthetic, while both photosynthetic and
non-photosynthetic complex plastids can be found among Strameno-
piles, dinoflagellates, chrompodellids and cryptophytes. Chlorarach-
niophytes (Rhizaria) possessing plastids bounded by four membranes
and euglenophytes (Excavata) possessing plastids bounded by three
membranes arose via two independent secondary endosymbioses of
green algae. Evidence for the loss of photosynthesis and retention of
non-photosynthetic plastids exists among euglenophytes (white cir-
cle, three green circular lines). The residual nuclei of endosymbionts,
nucleomorphs, are present between the second and the third plastid
membranes of chlorarachniophytes (dark green dot) and cryptophytes
(dark red dot), while they were lost in other complex plastids. Some
apicomplexans and dinoflagellates have likely lost plastids completely
(crossed circles), while genome-less non-photosynthetic plastids
occur among perkinsozoans (asterisk) and likely also among chrom-
podellids and euglenophytes (asterisks with question marks). It is
currently unknown if colpodellid plastids are bounded by four mem-
branes like the plastids of their sister group, chromerids, or only by
three membranes. Hence, the outermost fourth membrane of chrom-
podellids is indicated by a dashed circular line

engulfed red or green algae. While the endosymbiont plas-
tids and their genomes have been retained, the nucleus of the
endosymbiotic alga has been lost in most cases. Interesting
exceptions include members of Cryptophyta and Chlorarach-
niophyta, which have retained a remnant of the endosymbi-
ont nucleus in the form of a vestigial eukaryotic nucleus—
the nucleomorph (Douglas et al. 1991; Gilson et al. 2006;
for reviews see Archibald 2009; Keeling 2013; Maier et al.
2000; Moore and Archibald 2009; Vesteg et al. 2009). A
single secondary endosymbiosis or more likely a series of
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secondary and tertiary (or even quarternary) endosymbioses
of unknown number resulted in the emergence of diverse
groups with complex plastids of red algal origin—strameno-
piles, haptophytes, cryptophytes, apicomplexans, chromerids
and dinoflagellates (Fig. 1) (Archibald 2009; Baurain et al.
2010; Cavalier-Smith 1999; Keeling 2013; Petersen et al.
2014; Zimorski et al. 2014). Two independent secondary
endosymbioses with green algae led to the origin of the plas-
tids of euglenids and chlorarachniophytes, while a plastid
replacement by a secondary green plastid (‘“‘serial secondary
endosymbiosis”) occurred in the dinoflagellate genus Lepi-
dodinium (McFadden 2001; Stiller 2014; Watanabe et al.
1990). In addition, in some other dinoflagellate lineages
“serial endosymbioses” occurred which led to the replace-
ment of their ancestral peridinin-containing plastids by plas-
tids of haptophyte, cryptophyte or diatom origin (Chesnick
et al. 1997; Dodge 1969; Dorrell et al. 2017; Hackett et al.
2003; Schnepf and Elbrichter 1988; Takishita et al. 2002;
Tengs et al. 2000; Yamada et al. 2017).

Since complex plastids possess typically three or four
membranes, protein import into these plastids is more com-
plex than protein import into primary plastids. Although the
mechanisms of protein import into plastids differ among
organisms possessing complex plastids, the first steps gen-
erally require the involvement of the endomembrane sys-
tem (for reviews see Maier et al. 2015; Sheiner and Striepen
2013; Vesteg et al. 2009).

The typical functions of mitochondria and chloroplasts
are respiration and photosynthesis, respectively. However,
pathways providing other essential functions for the cell
(e.g., synthesis of amino acids, isoprenoids, fatty acids,
heme or iron sulphur clusters) are also localized in mito-
chondria and/or plastids (Kleffmann et al. 2004; Ralph et al.
2004; Sickmann et al. 2003; Terashima et al. 2011; Zikova
et al. 2016). In some lineages, the respiratory or photosyn-
thetic functions of these organelles have been reduced or
completely lost and consequently, these organelles have also
been structurally reduced. Some of these organelles were
overlooked or unrecognized for decades. Since it was not
possible to identify them easily and the evidence for some
of them was initially based only on the presence of their
nucleus-encoded hallmark proteins, they were called “cryp-
tic organelles” (Archibald and Keeling 2002; Klinger et al.
2013; Williams and Keeling 2003). The reduced forms of
mitochondria include hydrogenosomes (hydrogen-produc-
ing organelles), mitosomes and several intermediate forms,
which usually do not contain the respiratory chain and the
genome (Makiuchi and Nozaki 2014; Miiller et al. 2012).
Interestingly, a complete loss of the mitochondrion is also
possible as exemplified by Monocercomonoides sp., an
excavate possessing no identifiable traces of mitochondria
(Karnkowska et al. 2016).
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Non-photosynthetic plastids are relatively common, but
in contrast to reduced mitochondria they have generally
retained a reduced genome, although there are some excep-
tions (Molina et al. 2014; Smith and Asmail 2014; Smith
and Lee 2014). Non-photosynthetic plastids have been found
in many heterotrophic land plants (e.g., parasites, mycohet-
erotrophs) as well as in free-living (e.g., Euglena longa) and
parasitic (e.g., Apicomplexa, Perkinsus sp., Helicosporid-
ium sp.) protists (Figs. 1, 2). This review summarizes cur-
rent knowledge about non-photosynthetic plastids, their
genomes, structures and potential functions. We also discuss
rare cases of complete plastid genome loss and plastid loss.

Non-photosynthetic plastids in parasitic red algae

Red algae as well as glaucophytes, green algae and land
plants possess primary, two-membrane-bounded plastids of
cyanobacterial origin and they all belong to the supergroup
Archaeplastida (Fig. 1). The loss of photosynthesis among
red algae is tightly connected with a parasitic lifestyle and
it has occurred more than a hundred times in this group
of organisms (Blouin and Lane 2012; Salomaki and Lane
2014). Parasitic red algae are usually assigned either as adel-
phoparasites (Greek “adelpho” = kin) that invade closely
related species, or alloparasites (Greek “dllos” = other) that
can infect not only their sister taxa but also lineages that
are more evolutionarily distant from them (Blouin and Lane
2012).

It has been shown that all adelphoparasites studied to
date have lost their plastids and they incorporate dedif-
ferentiated plastids from hosts into their spores (Goff and
Coleman 1995; Salomaki et al. 2015). Before an adel-
phoparasite fuses with a host cell, it forms a conjunction
with it. When cells fuse, the parasite delivers its nucleus
and organelles into the host cell. In this heterokary-
otic cell (containing both nuclei from the parasite and
the host), the parasite nucleus and mitochondria divide
alongside the division of the host nucleus, mitochondria
and plastids. The host nucleus and mitochondria thereaf-
ter disappear and the host cell contains only the nucleus
and mitochondria of the parasite and the plastids of the
host (Goff and Coleman 1995). Most adelphoparasites
are unable to reactivate photosynthesis in the stolen plas-
tids. Nevertheless, in Janczewskia sp. or Plocamiocolax
sp., mature reproductive spores are pigmented, although
their plastids are colorless in vegetative tissues (Court
1980). It has been hypothesized that colorless genome-
containing plastids in red algal parasites may perform
pyrimidine, amino acid and fatty acid biosynthesis (Goff
and Coleman 1995) or, in adelphoparasites, they might
be present only as a consequence of the parasite—host
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Fig. 2 The distribution of non-photosynthetic plastids among green
algae and land plants. The green circle represents a photosynthetic
primary green plastid bounded by two membranes (two circular
lines), which was present in the common ancestor of green algae and
plants, and photosynthesis was retained in almost all green algal and
plant lineages (not shown). Green algae and land plants are divided
into two monophyletic lineages—(1) chlorophytes including prasino-
phyte green algae (basal yellow lineage) and chlorophyte green algae

cellular fusions without any other reason (Goff and Zuc-
carello 1994). Experimental evidence for any function of
these plastids is lacking.

Photosynthetic activity has been observed in the allo-
parasite Choreocolax polysiphoniae, but there is a possi-
bility that this photosynthetic tissue comes from the host
(Callow et al. 1979; Goff and Zuccarello 1994; Kugrens
and West 1973). Recently, the genome of a non-photo-
synthetic plastid in this alloparasite has been sequenced
(Salomaki et al. 2015). Its 90 kb genome encodes 98
genes while having lost all genes for light harvesting and
photosynthesis (Table 1; Online Resource 1) (Salomaki
et al. 2015). Amino acid, fatty acid and isoprenoid bio-
synthesis likely occur in these plastids (Salomaki et al.
2015).

Non-photosynthetic plastids in green algae

Multiple independent losses of photosynthesis have
occurred in Chloroplastida including in green algae and in
land plants (Figs. 1, 2). In this chapter, we briefly describe
non-photosynthetic plastids in parasitic and free-living
colorless green algae and the following chapter will be
devoted to non-photosynthetic plastids in land plants.
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(yellow), and (2) streptophytes including streptophyte green algae
(basal blue lineage) and land plants (blue). The light blue triangle
indicates angiosperms including magnoliids, monocots and eudicots.
The names of the lineages in which species with non-photosynthetic
plastid(s) (white circles, two circular lines) have been described are
underlined and the species or orders are noted. The asterisks (*) indi-
cate that Polytomella sp. and Rafflesia lagascae (Malphigiales) have
probably completely lost their plastid genomes

Cryptic plastids in parasitic green algae

The cryptic plastid of parasitic Helicosporidium sp. pos-
sesses a highly reduced plastid genome (~ 40 kb) which is
devoid of photosynthesis-related genes (Table 1; Online
Resource 1) (de Koning and Keeling 2006). Helicosporid-
ium plastid metabolism includes tetrapyrrole (heme),
isoprenoid and fatty acid synthesis, as well as several
amino acid biosynthetic pathways (de Koning and Keel-
ing 2004; Pombert et al. 2014). Although the majority of
genes responsible for photosynthesis have been lost from
the nuclear genome of Helicosporidium, some photosyn-
thesis-related genes, such as those encoding the enzymes
of the Calvin cycle, have been retained (Pombert et al.
2014). The predominantly free-living opportunistic patho-
gen Prototheca wickerhamii is closely related to mixo-
trophic green alga Auxenochlorella protothecoides (Yan
et al. 2015). The Prototheca plastid genome encodes no
genes for photosynthetic functions except for six ATP syn-
thase subunits (Knauf and Hachtel 2002) (Table 1; Online
Resource 1). The biochemical pathways localized in P.
wickerhamii plastids include amino acid, carbohydrate,
isoprenoid, lipid and tetrapyrrole biosynthesis as well as
the thioredoxin reduction pathway (Borza et al. 2005).
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Table 1 Plastid genes encoded in non-photosynthetic plastid genomes
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Table 1 (continued)
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+ Gene present PIDi Plastid division FAS Fatty acid synthesis
w Pseudogene present PrDe Protein degradation PDH Pyruvate dehydrogenase complex
+? Probably present gene Is Intron splicing Isc Iron-sulfur cluster assembly
RD RNA degradation
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Table 1 (continued)

Left column—Iist of genes encoded in the plastid genomes of 31 organisms belonging to parasitic red (Choreocolax polysiphoniae) and green
algae (Helicosporidium sp., Prototheca wickerhamii), mixotrophic green alga (Auxenochlorella protothecoides-photosynthetic species), free-liv-
ing green algae (Polytoma uvella), liverworts (Aneura mirabilis), magnoliids (Hydnora visseri), monocots (Petrosavia stellaris, Neottia nidus-
avis, Epipogium aphyllum, Rhizanthella gardneri, Corallorhiza striata var. vreelandii, Sciaphila densiflora, Thismia tentaculata), eudicots
(Pilostyles aethiopica, Monotropa uniflora, Hypopitys monotropa, Cuscuta gronovii-photosynthetic species, Lathraea squamaria, Epifagus vir-
giniana, Cistanche deserticola), apicomplexans (Plasmodium falciparum, Toxoplasma gondii, Babesia bovis, Theileria parva, Eimeria tenella,
Cyclospora cayetanensis, Leucocytozoon caulleryi, Sarcocystis neurona), Stramenopiles (Nitzschia spp.), cryptophytes (Cryptomonas parame-
cium) and euglenophytes (Euglena longa). Right column—function of the plastid genes. PF protein folding, PIDi plastid division, PrDe protein
degradation, IS intron splicing, RD RNA degradation, FAS fatty acid synthesis, PDH pyruvate dehydrogenase complex, ISC iron—sulfur cluster
assembly. + gene present, ? part of the gene is present, +? gene is probably present, empty box gene absent, ¥ pseudogene is present, ¥? pseudo-

gene is probably present. Gene and pseudogene numbers are summarized at the bottom of the table

Cryptic plastids in free-living green algae

Non-photosynthetic plastids with a genome and functional
ribosomes have been retained in the colorless chlorophytes
Polytoma obtusum and Polytoma uvella (Vernon et al. 2001).
The P. uvella 230 kb plastid genome (GC content 23%) is
the largest sequenced plastid genome among non-photosyn-
thetic organisms (Figueroa-Martinez et al. 2017a, b) (Online
Resource 1). It encodes 25 proteins (including clpP, ftsH
and ycf1 genes), 2 plastid rRNAs and 27 tRNAs (Table 1).
The function of the ycfl gene product may be connected
to TOC/TIC complexes in plants (Kikuchi et al. 2013) and
thus it was suggested to be renamed tic214 (Nakai 2015a).
However, there are ongoing debates as to whether YCF1 is
really a key TIC component or whether it has another func-
tion (Bolter and Soll 2017; de Vries et al. 2015, 2017; Nakai
2015a, b). The ycfl gene is present only in some plastid
genomes of green algae and land plants (Table 1), suggesting
that it had been acquired by the common ancestor of Chloro-
plastida and subsequently lost in some of their lineages (e.g.,
Poacae) (de Vries et al. 2017).

The large size of the P. uvella plastid genome is a conse-
quence of the expansion of intergenic DNA repeats and the
accumulation of introns (Figueroa-Martinez et al. 2017a).
Many photosynthetic relatives of P. uvella also contain
large plastid genomes with repeat-rich intergenic regions,
which are also common in plastid genomes from other,
unrelated organisms (George et al. 2015; Gogniashvili et al.
2016; Kong and Yang 2016; do Vieira et al. 2016). Such
repeat regions might have mediated gene losses leading to
the reduced gene content in the P. uvella plastid genome
(Figueroa-Martinez et al. 2017a). On the other hand, a free-
living lifestyle might have facilitated the retention of inter-
genic repeats and introns in the P. uvella plastid genome, in
contrast to parasites possessing non-photosynthetic plastids
whose genomes are generally highly compact (Figueroa-
Martinez et al. (2017b).

The complete loss of plastid genomes was for a long time
regarded as impossible because there were no known cases
of plastids without genomes. Recently, such plastids were
reported in four Polytomella species (Smith and Lee 2014)
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(Online Resource 1). No genes required for plastid division
or for the replication and repair of plastid DNA were found
in their nuclear genomes, but genes encoding plastid-tar-
geted proteins were present and expressed (Smith and Lee
2014). Polytomella sp. and P. uvella plastids represent out-
standing examples of diametrically different outcomes of the
evolution of non-photosynthetic plastids in chlamydomo-
nadalean green algae (Figueroa-Martinez et al. 2017a, b).

The loss of a plastid genome might not be a functionally
simple event even in secondary heterotrophs, because some
plastid-encoded genes functionally unrelated to photosyn-
thesis are essential in many green algae. For example, the
plastid #rnE gene encoding plastid Glu-tRNA is highly con-
served in chlamydomonadalean algae and is required for the
synthesis of heme (Atteia et al. 2005; Barbrook et al. 2006;
Beale 1999; Howe and Smith 1991; Smith and Asmail 2014,
Smith and Lee 2014). Glu-tRNA import from mitochondria
into plastids has been well described in the parasitic plant
Epifagus virginiana (Wolfe et al. 1992) and in the subter-
restrial orchid Rhizanthella gardneri (Delannoy et al. 2011),
but Glu-tRNA is not encoded by the Polytomella mitochon-
drial genome (Smith et al. 2010). Hypothetically, nucleus-
encoded Glu-tRNA might be imported into the plastid from
the cytosol, although there is currently no evidence for this
in Polytomella (Smith and Lee 2014). In some other plastid-
bearing lineages, such as in apicomplexan parasites, the ini-
tial step of heme synthesis occurs in mitochondria through
the Shemin pathway without any need for plastid Glu-tRNA
(Obornik and Green 2005). However, the Shemin pathway
seems to be absent in Polytomella. Hence, the details of
heme synthesis in these algae are currently unknown (Smith
and Lee 2014).

Non-photosynthetic plastids in land plants

The loss of photosynthesis occurred independently multiple
times among various lineages of angiosperms and in the
bryophyte Aneura mirabilis (Wickett et al. 2008) (Fig. 2).
Land plants with reduced plastid genomes include para-
sites of plants and mycoheterotrophs which are both often
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non-photosynthetic. The degree of plastid genome reduction
varies among species (Table 1; Online Resource 1).

Aneura mirabilis

The epiparasitic liverwort A. mirabilis is able to grow buried
underground without sunlight and can obtain carbon dioxide
from its association with mycorrhiza-forming fungi (Bidar-
tondo et al. 2003). It is the only known non-photosynthetic
bryophyte to date. It possesses a 108 kb circular plastid
genome containing large and small single copy (LSC and
SSC) regions and two IRs (inverted repeats) between them.
Due to the retention of GC rich IRs, the GC content of its
plastid (40.6%) is higher than in other heterotrophic plants
and algae (Online Resource 1). The plastid genome encodes
116 unique genes. Seventy-seven of these are genes of
unknown function. Twenty-five genes have been partially or
completely lost from the A. mirabilis plastid genome, while
photosynthetic psa and psb genes together with a portion of
pet genes, ndh genes and the ccsA gene have become pseu-
dogenes (Table 1) (Wickett et al. 2008). Wickett et al. (2008)
infer that the A. mirabilis plastid is essential for fatty acids
biosynthesis, because it contains an apparently functional
accD gene encoding a subunit of acetyl-CoA carboxylase
(ACC). ACC produces malonyl-CoA used for the de novo
synthesis of fatty acids which occurs in plastids in plants
(Ohlrogge and Browse 1995).

A non-photosynthetic magnoliid

A bizarre non-photosynthetic plant, Hydnora visseri,
belongs to one of the oldest parasitic plant lineages—
Hydnoraceae (Naumann et al. 2013). It contains a highly
reduced ~27 kb plastid genome encoding only 24 genes
including 4 rrn genes, 3 trn genes (trnE, trnfM, trnl-CAU),
several genes for ribosomal proteins, and accD, ycfl and
ycf2 genes (Naumann et al. 2016) (Table 1). The ycf2 gene
could be involved in water-usage efficiency (Ruiz-Nieto et al.
2015). Despite its extreme reduction, the H. visseri plastid
genome has retained the typical plastid genome structure
with IRs. However, the IRs are shortened and the plastid
genome has a very low GC content (~24%) (Naumann et al.
2016) (Online Resource 1).

Non-photosynthetic plastids of angiosperm monocots

The mycoheterotrophic lifestyle and the loss of photosynthe-
sis are quite common in several monocot orders—Petrosa-
viales, Liliales, Asparagales, Pandanales and Dioscoreales
(Merckx and Freudenstein 2010) (Fig. 2). The complete
plastid genome sequences are currently available for a
single representative of Petrosaviales, Petrosavia stella-
ris (Logacheva et al. 2014), for various species of orchids

belonging to the Asparagales order (Barrett and Davis 2012;
Barrett et al. 2014; Delannoy et al. 2011; Funk et al. 2007,
Logacheva et al. 2011; McNeal et al. 2007; Schelkunov et al.
2015), for Sciaphila densiflora (Pandanales) (Lam et al.
2015) and Thismia tentaculata (Dioscoreales) (Lim et al.
2016) (Table 1; Online Resource 1).

The P. stellaris plastid genome is ~ 104 kb in size and
contains two IRs which split the genome into LSC and SSC
regions (Logacheva et al. 2014); the GC content is 37.5%
(Online Resource 1). It shows a wide variety of rearrange-
ments in comparison to plastid genomes in other monocots.
It has retained only a minority of photosynthetic genes
(rbcL, psbZ, petG and atp) and some genes related to other
plastid metabolic functions—accD and cIpP encoding ATP-
dependent Clp protease proteolytic subunits (Table 1). This
plastid genome appears to be in an early stage of reduction
and rbcL probably performs a non-photosynthetic function
(Logacheva et al. 2014).

The GC content of the 92 kb plastid genome of the
orchid Neottia nidus-avis is 34.4% and it appears to have
typical plastid genome architecture (Logacheva et al. 2011)
(Online Resource 1). It has lost all plastid genes encoding
proteins involved in photosynthesis and transcription, while
it has retained most genes whose products are involved in
translation. The accD and clpP genes have been retained as
well as two genes encoding proteins of unknown function
(Logacheva et al. 2011) (Table 1).

Sequence analyses of plastid genomes from other myco-
heterotrophic species of orchids, Epipogium aphyllum and
Epipogium roseum, have revealed drastic reduction (31 kb
encoding 27 genes and 19 kb encoding 29 genes, respec-
tively) (Table 1; Online Resource 1) and indicated that these
genomes have undergone multiple rearrangements (Schelku-
nov et al. 2015). The plastid genome of E. aphyllum has a
tripartite structure. It contains two IRs located next to each
other and only one single copy region. In contrast, the plas-
tid genome of E. roseum has extremely reduced IRs and it
contains two single copy regions. The GC contents of both
genomes are very low (30 and 33%, respectively). Schelku-
nov et al. (2015) hypothesize that the retention of the plas-
tid genome in Epipogium sp. is necessary for translation of
accD and/or clpP proteins.

Another orchid species, Rhizanthella gardneri, possesses
a 59 kb plastid genome encoding only 37 unique genes, none
of which is involved in photosynthesis (Delannoy et al.
2011) (Table 1; Online Resource 1). accD and cIpP are
among the genes that have been retained in the R. gardneri
plastid genome (Delannoy et al. 2011).

In contrast to R. gardneri, the plastid genome of the
orchid Corallorhiza striata var. vreelandii with 137.5 kb
in size is in a relatively early stage of reduction (Barrett
and Davis 2012) (Table 1; Online Resource 1). The plastid-
encoded photosynthesis-related genes (including 7bcL) have
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been either lost or pseudogenized. The rbcL gene has been
pseudogenized several times independently within this genus
(Barrett and Davis 2012; Barrett and Freudenstein 2008). All
plastid-encoded ATP synthase subunit genes are putatively
functional in C. striata (Barrett and Davis 2012), A. mirabi-
lis (Wickett et al. 2008) and Cuscuta sp. (Funk et al. 2007,
McNeal et al. 2007), while they have been lost in R. gardneri
and N. nidus-avis (Delannoy et al. 2011; Logacheva et al.
2011). C. striata has retained many housekeeping genes
along with accD, clpP, matK, ycfl and ycf2 genes (Table 1).
Besides the plastid genome of C. striata, another three non-
photosynthetic plastid genome sequences from the Coral-
lorhiza genus recently became available (Barrett et al. 2014).

The mycoheterotroph Sciaphila densiflora (Pandanales)
has a very small plastid genome (21.5 kb) with a high GC
content which encodes 28 non-photosynthetic genes (Lam
et al. 2015) including accD, cIpP and matK genes (Table 1;
Online Resource 1). Wicke et al. (2013) propose that it is on
the way to complete plastid genome loss.

Thismia tentaculata, a mycoheterotrophic representative
of Dioscoreales, possesses a non-photosynthetic plastid with
a genome which is only 16 kb in size and thus the small-
est known plastid genome among angiosperm monocots. It
includes only 5 rRNA genes and 7 protein encoding genes
including accD (Table 1). Interestingly, its IRs probably
arose secondarily, while the original ones were lost (Lim
et al. 2016) (Online Resource 1).

Non-photosynthetic plastids of angiosperm eudicots

Non-photosynthetic plants are also quite common within
the eudicot lineage of angiosperms (Fig. 2). The complete
sequences of plastid genomes are currently available for two
Pilostyles species belonging to the Apodanthaceae family
(Cucurbitales), two species from Ericales, the Cuscuta genus
from the Convolvulaceae family (Solanales) and many spe-
cies from the Orobanchaceae family (Lamiales) (Table 1;
Online Resource 1).

Although plastid-like structures were observed in Raf-
flesia lagascae (Rafflesiaceae, Malphigiales), the endopara-
site of Tetrastigma sp., it was impossible to detect a plastid
genome using multiple approaches (Molina et al. 2014).
Hence, R. lagascae is the only known plant species puta-
tively without a plastid genome (Molina et al. 2014) (Online
Resource 1).

Pilostyles aethiopica and Pilostyles hamiltonii, parasites
of Fabaceae, contain 11 and 15 kb plastid genomes retain-
ing 5 and 6 genes, respectively (Table 1; Online Resource
1) (Bellot and Renner 2016). The fatty acid biosynthesis
pathway is likely the essential metabolic pathway occurring
in Pilostyles plastids, since the accD gene has been retained
in both plastid genomes (Bellot and Renner 2016) (Table 1).
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Two non-photosynthetic plastid genomes from plants
of the Ericaceae family have been sequenced only recently
(Gruzdev et al. 2016; Logacheva et al. 2016). Monotropa
uniflora and Hypopitys monotropa possess 46 kb (Logacheva
et al. 2016) and 35 kb (Gruzdev et al. 2016; Logacheva et al.
2016) plastid genomes, respectively. Unlike in M. uniflora,
the plastid genome of H. monotropa lacks IR regions and
has a slightly higher GC content (Online Resource 1); it also
encodes four additional tRNA genes. cIpP and accD genes
are encoded by the H. monotropa plastid genome (Table 1),
but their sequences are highly divergent. clpP is absent from
the M. uniflora plastid genome and accD is present in the
form of a pseudogene (Logacheva et al. 2016).

Photosynthetic ability is variable in species of the para-
sitic Cuscuta genus (Convolvulaceae) (Braukmann et al.
2013). Although all Cuscuta spp. plastid genomes lack ndh,
rpl32 and rpl16, they have retained many plastid genes that
are generally required for photosynthesis, such as rbcL,
psa, psb, pet and atp (Table 1), indicating that some spe-
cies might be cryptically photosynthetic (Braukmann et al.
2013).

Lathraea squamaria (Orobanchaceae) is a holoparasite
that likely exhibits the lowest degree of plastid genome
reduction among non-photosynthetic land plants (Samigullin
et al. 2016) (Table 1; Online Resource 1). The 150.5 kb plas-
tid genome of L. squamaria has retained all photosynthetic
genes typically present in plant plastid genomes, but some
of them are pseudogenized (Table 1; Online Resource 1).
Epifagus virginiana (Orobanchaceae), a parasite of Ameri-
can beech roots, possesses a highly reduced 70 kb plastid
genome with the common quadripartite structure (Wolfe
et al. 1992) (Online Resource 1). In contrast to L. squamaria,
the E. virginiana plastid genome has lost all photosynthesis-
related genes (Wolfe et al. 1992) (Table 1; Online Resource
1). Another orobanchid, Cistanche deserticola, has retained
only a single photosynthesis-related gene, psbM, and almost
a whole set of tRNA genes is encoded by its 105 kb plastid
genome (Table 1; Online Resource 1). The retention of these
genes might be a consequence of either a reduced level of
parasitism or a recent transition to parasitism (Li et al. 2013).
All three plastid genomes encode the cIpP gene, while the
accD gene has become a pseudogene in the C. deserticola
plastid genome (Online Resource 1).

Non-photosynthetic plastids in alveolates

Alveolates include ciliates, dinoflagellates, perkinsozoans,
apicomplexans, colpodellids, chromerids and other related
taxa (Adl et al. 2012; Burki 2014). While ciliates are non-
photosynthetic, species with photosynthetic and/or non-
photosynthetic complex plastids can be found among the
other lineages (Fig. 1), collectively classified as Myzozoa.
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Either the common myzozoan ancestor possessed photosyn-
thetic plastids of a red algal origin (Cavalier-Smith and Chao
2004) which were replaced via secondary and tertiary (or
alternatively quaternary) endosymbiosis multiple times (at
least in dinoflagellates), or there were independent higher
order endosymbioses in the ancestors of individual myzo-
zoan lineages. In either case, photosynthesis was lost many
times among Myzozoa (Janouskovec et al. 2015).

Apicoplasts: rudimentary plastids in apicomplexan
parasites

Apicoplasts are highly reduced four-membrane-bounded
non-photosynthetic plastids of apicomplexan parasites such
as Toxoplasma gondii (which causes toxoplasmosis) and
Plasmodium falciparum (which causes malaria) (McFad-
den and Yeh 2017; Waller et al. 1998; Wilson 2004). The
complete apicoplast genome sequences are available for
many apicomplexans parasites (Brayton et al. 2007; Cai
et al. 2003; Gardner et al. 2005; Imura et al. 2014). The
size of apicoplast genomes ranges from 28 to 48 kb. The
first sequenced apicoplast genome was that of Plasmodium
falciparum (Wilson et al. 1996). It is highly reduced (35 kb),
it has a low GC content (14%) and it contains approximately
30 protein-coding genes including orfs; rRNA genes and 25
tRNA genes (Arisue et al. 2012; Wilson et al. 1996; Wilson
and Williamson 1997) (Table 1; Online Resource 1). Api-
coplast genome sequences are generally very similar to each
other (Cinar et al. 2016), but they differ in their arrangement
of the genes into clusters (Huang et al. 2015), in GC content
(Cinar et al. 2016) (Online Resource 1) and in the presence
of several ribosomal protein genes and genes of unknown
function (Cinar et al. 2016; Huang et al. 2015) (Table 1).

Inhibition studies in P. falciparum and T. gondii have
revealed that the apicoplast and its genome are necessary
for the survival of apicomplexan parasites (Wilson 2004).
Several biosynthetic pathways occur in the apicoplast, i.e.,
the non-mevalonate DOXP isoprenoid biosynthesis pathway,
heme biosynthesis and the type II fatty acid biosynthetic
pathway (Ralph et al. 2004; Wilson 2004, 2005; Yeh and
DeRisi 2011). The treatment of P. falciparum by inhibitors
of apicoplast metabolism, gene expression and replication
should have only a minimal harmful effect on humans.
Besides the inhibitors of apicoplast metabolic pathways,
several different antibiotics have been used for malaria treat-
ment—the inhibitors of apicoplast DNA replication (e.g.,
ciprofloxacin), transcription (e.g., rifampin) and transla-
tion (e.g., macrolids) (for a review see Gaillard et al. 2016;
Mukherjee and Sadhukhan 2016).

Antibiotic treatments leading to the loss of apicoplast and
cell death in P. falciparum can be reversed in the asexual
blood stage by the addition of isopentenyl pyrophosphate
(IPP), the isoprenoid precursor, suggesting that IPP is the

only essential compound synthesized in apicoplasts during
this life cycle stage (Yeh and DeRisi 2011). These experi-
ments (Yeh and DeRisi 2011) have demonstrated that the
loss of the apicoplast in P. falciparum is principally pos-
sible, but only under very specific conditions. Importantly,
there is no evidence for the presence of apicoplasts in the
apicomplexans Cryptosporidium parvum (Abrahamsen et al.
2004; Zhu et al. 2000), Gregarina niphandrodes (Toso and
Omoto 2007) and Ascogregarina taiwanensis (Templeton
et al. 2010). These species have likely lost the apicoplasts
secondarily. The ability to synthesize fatty acids via a type
I cytosolic pathway instead of the type II plastid-dependent
pathway might have been a prerequisite for complete plastid
loss in these species (Abrahamsen et al. 2004; Templeton
et al. 2010; Toso and Omoto 2007; Zhu et al. 2000).

Cryptic plastids in Colpodellida

Colpodellids are closely related to apicomplexan parasites.
Interestingly, transcripts with plastid-targeting presequences
were found in the transcriptomic data of three predatory
colpodellids—Voromas pontica, Alphamonas edax and Col-
podella angusta—suggesting the presence of non-photosyn-
thetic plastids (Gile and Slamovits 2014; JanouSkovec et al.
2015) (Fig. 1). The loss of photosynthesis likely occurred
independently several times in various colpodellids and api-
complexans (Gile and Slamovits 2014; JanouSkovec et al.
2015). The biosynthetic pathways present in the plastids of
different colpodellid species probably differ, but isoprenoid
synthesis seems to be preserved in the plastids of all studied
species (Janouskovec et al. 2015). There is no evidence for
the presence of genomes in colpodellid plastids.

Cryptic plastids in Dinoflagellata

Despite the fact that about 50% of dinoflagellates are non-
photosynthetic, dinoflagellates are generally thought to have
had a photosynthetic ancestor which possessed complex,
peridinin-containing, three-membrane-bounded plastids of
red algal origin (Cavalier-Smith 2002; Janouskovec et al.
2017) (Fig. 1). This implies multiple losses of photosyn-
thetic ability and plastids in the dinoflagellate lineage. One
of the free-living non-photosynthetic dinoflagellates is an
osmotrophic marine species Crypthecodinium cohnii. Anal-
ysis of C. cohnii ESTs revealed the presence and expres-
sion of numerous genes whose products possess N-terminal
plastid-targeting presequences, indicating the presence of a
cryptic plastid (Sdnchez-Puerta et al. 2007). One of these
genes is RbcL which is often encoded by plastid genomes
in other non-photosynthetic lineages (Wolfe and de Pamphi-
lis 1998). The presence of a nuclear RbcL transcript in C.
cohnii ESTs is, however, not surprising, because dino-
flagellates are known to use a prokaryotic type II form of
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RuBisCO, which was apparently acquired by horizontal
transfer from a-proteobacteria to their nucleus (Delwiche
and Palmer 1996; Morse et al. 1995; Rowan et al. 1996;
Whitney et al. 1995). In addition, several metabolic path-
ways occur in C. cohnii’s putative non-photosynthetic plas-
tid—the non-mevalonate (DOXP) pathway of isoprenoid
biosynthesis, iron—sulfur cluster assembly and probably the
heme biosynthesis pathway (Sanchez-Puerta et al. 2007).
Analysis of EST data from another free-living dinoflagel-
late, Oxyrrhis marina, revealed the presence of transcripts
encoding enzymes involved in similar metabolic pathways
(Slamovits and Keeling 2008). Since these enzymes possess
N-terminal plastid-targeting presequences, O. marina also
likely contains a cryptic plastid-derived organelle (Slamovits
and Keeling 2008). The transcriptomes of Noctiluca scintil-
lans and O. marina have revealed the presence of plastid
pathways for the synthesis of isoprenoids and tetrapyrroles,
an additional ferredoxin redox system and the iron—sulfur
cluster assembly pathway, while the pathway for fatty acid
biosynthesis is likely absent (Janouskovec et al. 2017). There
is currently no evidence for the presence of plastid genomes
in these non-photosynthetic dinoflagellates. It has been sug-
gested that it might be difficult to achieve a complete loss of
a plastid in free-living non-photosynthetic dinoflagellates
ancestrally possessing peridinin-containing plastids due to
the dependency on plastid metabolic pathways (JanouSkovec
et al. 2017). Indeed, the only dinoflagellate in which the
complete plastid loss is well-corroborated to date is the para-
site Hematodinium sp. (Gornik et al. 2015). Nevertheless,
various dinoflagellate lineages have replaced their peridinin-
containing plastids by other secondary or tertiary (or even
quaternary) plastids and this plastid replacement was accom-
panied by the reduction or complete loss of the ancestral
peridinin-containing plastid (Hehenberger et al. 2014).

Cryptic plastid in Perkinsus sp.

The loss of photosynthesis also occurred in the oyster par-
asite Perkinsus sp. (Matsuzaki et al. 2008) (Fig. 1). This
alveolate genus is closely related to dinoflagellates and it
possesses a small, vestigial, four-membrane-bounded plastid
compartment (Robledo et al. 2011; Teles-Grilo et al. 2007)
which is the location of isoprenoid synthesis (Grauvogel
et al. 2007; Matsuzaki et al. 2008; Robledo et al. 2011), fatty
acid synthesis and iron—sulfur cluster assembly (Stelter et al.
2007). It has probably lost the plastid genome as well as the
heme biosynthesis pathway (Robledo et al. 2011).

Cryptic plastids in Stramenopiles

Pteridomonas danica and Ciliophrys infusionum, both
belonging to Dictyochophyceae, have independently lost

@ Springer

photosynthesis (Fig. 1) while retaining plastid remnants.
Although their plastid genomes have not been sequenced to
date, there is evidence that their non-photosynthetic plastids
contain at least rbcL and rbcS genes (Sekiguchi et al. 2002)
(Online Resource 1).

The loss of photosynthesis has also occurred indepen-
dently several times in the diatom Nitzschia spp. (Kamikawa
et al. 2015b). Plastid-like structures have been observed in
several isolates of the genus Nitzschia, and for many of them,
plastid 16S rRNA sequences have been obtained suggest-
ing that their plastids contain genomes (Kamikawa et al.
2015a). The plastid genome of Nitzschia sp. NIES-3851 is
almost 68 kb in size with a GC content of only 23% (Online
Resource 1). It lacks all photosynthesis-related genes, except
for atp genes, and it encodes house-keeping genes (rrn, rps,
rpl, trn); secA, secY and ratC genes (encoding thylakoid
membrane translocators) and suf genes (encoding proteins
involved in iron—sulfur cluster assembly) (Kamikawa et al.
2015a) (Table 1). Kamikawa et al. (2015b) propose that the
ATP synthase complex located in the thylakoid membrane
may allow for ATP hydrolysis to maintain a proton gradient
sufficient for the translocation of proteins into thylakoids.
Thus, the retention of atp genes might be important in the
early stages of plastid genome reduction in other parasitic
and free-living lineages (Kamikawa et al. 2015b).

The predictions of Kamikawa et al. (2017) have recently
revealed that plastids of Nitzschia sp. NIES-3581 have lost
isopentenyl pyrophosphate (IPP) synthesis and Rubisco-
dependent carbon fixation, while they have retained other
metabolic pathways such as amino acid biosynthesis, glyco-
lysis/gluconeogenesis and the reductive pentose phosphate
pathway—the latter two being parts of the Calvin—Benson
cycle. The retention of proteins for both of these metabolic
pathways may be linked to plastid amino acid biosynthesis
(Kamikawa et al. 2017).

Non-photosynthetic plastids bounded by four membranes
are also present in the chrysophyte Spumella sp., although
it is unknown if they possess a plastid genome or if they
have any essential metabolic function (Yubuki et al. 2008).
In addition, the heterotrophic ameba Leukarachnion sp.
has been placed among photosynthetic Stramenopiles in
phylogenies, suggesting the loss of photosynthesis in this
genus (Ben Ali et al. 2002; Grant et al. 2009). However, PCR
amplification of the rbcL gene was unsuccessful and plastid-
like structures have not been observed (Grant et al. 2009).
All these findings indicate that the loss of photosynthesis is
common among Stramenopiles (Grant et al. 2009) and the
presence of reduced plastids have been documented at least
in some of them (Belcher and Swale 1976; Kamikawa et al.
2015b; Sekiguchi et al. 2002).
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Cryptic plastids in Cryptophyta

In the freshwater genus Cryptomonas, at least three inde-
pendent losses of photosynthesis have occurred (Hoef-
Emden 2005) (Fig. 1). Interestingly, the nucleomorph, the
vestigial nucleus of the secondary endosymbiont, has been
retained in all three non-photosynthetic Cryptomonas spe-
cies (Hoef-Emden 2005). The Cryptomonas paramecium
nucleomorph genome is ~ 500 kb in size and it encodes 466
proteins (Tanifuji et al. 2011).

The C. paramecium plastid is likely essential for fatty
acid biosynthesis, since its genome encodes acyl carrier
protein (acpP gene) (Donaher et al. 2009). The 77.7 kb
plastid genome of C. paramecium with 38% GC content is
1.5-fold smaller than the plastid genomes of its photosyn-
thetic relatives, Guillardia theta and Rhodomonas salina
(Donabher et al. 2009; Hoef-Emden 2005), and it encodes
82 protein-coding genes, 3 rRNAs and 27 tRNAs (Dona-
her et al. 2009) (Table 1; Online Resource 1). It has lost
IRs and most photosynthesis-related genes except for rbcL,
rbeS, cbbX (Rubisco activase) and atp genes. Interestingly,
secA, secY and tatC genes have also been retained in the C.
paramecium plastid genome, similar to Nitzschia sp. NIES-
3581 (Table 1). The co-retention of genes encoding subu-
nits of ATP-synthase and thylakoid membrane translocons in
both Nitzschia sp. NIES-3581 and C. paramecium (Table 1)
might indicate that thylakoids are developed, and that thyla-
koid membrane translocation dependent upon ATP hydroly-
sis is functional in both of these organisms. ATP hydrolysis
seems to be crucial for the maintenance of proton motive
force and Tat- and Sec-mediated import of proteins into thy-
lakoids even in Arabidopsis thaliana (Kohzuma et al. 2017).
However, the function of thylakoids in C. paramecium and
Nitzschia sp. NIES-3581 remains unknown. In addition to
stromal rbcS and rbcL, the chll gene involved in tetrapyrrole
(heme and chlorophyll) synthesis and the petF gene encod-
ing ferredoxin (which might be associated with thylakoids)
have been also retained in the plastid genome of C. parame-
cium, but not in Nitzschia sp. NIES-3581 (Table 1), indicat-
ing that the function of their thylakoids might be different.

Cryptic plastids in Euglenophyta

At least five branches within the Euglenophyceae have sec-
ondarily lost photosynthesis (Marin 2004; Marin et al. 2003)
(Fig. 1). Whether Euglena quartana (previously Khawki-
nea quartana), Phacus ocellatus (previously Hyalophacus
ocellatus), Lepocinclis acus var. hyalina or Trachelomonas
reticulata have lost their plastid compartments completely,
or they still possess residual plastids and genomes, is cur-
rently unknown (Marin 2004). Nevertheless, the free-living

E. longa, a colorless flagellate closely related to the photo-
synthetic Euglena gracilis (Marin 2004; Miillner et al. 2001;
Triemer et al. 2006), possesses a non-photosynthetic plastid
bounded by three membranes and containing a genome.

Euglena longa circular 73-kb plastid DNA is about half
the size of E. gracilis chloroplast DNA (143 kb) (Hallick
et al. 1993) (Online Resource 1). The genes for photosynthe-
sis-related proteins are absent from E. longa plastid DNA,
except for rbcL (Gockel and Hachtel 2000) (Table 1; Online
Resource 1). There are also significant differences in gene
order between E. gracilis and E. longa chloroplast genomes.
The transcripts of plastid-encoded tufA, rbcL, ribosomal
protein genes, 23S and 16S rRNA genes, and three unas-
signed ORFs as well as a 53-kDa rbcL gene product were
detected in E. longa (Gockel et al. 1994; Gockel and Hachtel
2000). This indicates that transcriptional and translational
machinery in E. longa plastids is functional. The large subu-
nit of Rubisco is the only plastid-encoded protein with a
function other than genome maintenance and expression; so
it seems that the whole genome is retained only to express
this gene. Zahonova et al. (2016) have recently confirmed
that both rbcL and nucleus-encoded RbcS are translated in
E. longa, but their abundance is very low in comparison with
E. gracilis. Moreover, the rbcL subunit is highly divergent
and the function of Rubisco in E. longa is unclear (Zahonova
et al. 2016).

Interestingly, the loss of photosynthetic ability in E. gra-
cilis can be experimentally induced using various physical
(e.g., UV) and chemical (e.g., antibiotics) agents which
affect bacterial as well as chloroplast DNA replication or
gene expression—a process termed “bleaching” (for a review
see Krajcovic et al. 2002). E. gracilis bleached mutants lack
most parts (some of them probably all) of the chloroplast
genome. The plastid remnants have minimal (if any) meta-
bolic activity, making them ideal storage compartments for
proteins and value-added metabolites of biotechnological
interest produced by nuclear transformation of Euglena
(for a review see Krajcovi€ et al. 2015). If there is sufficient
carbon source in the medium, the viability of E. gracilis
bleached mutant cells is unaffected in comparison to photo-
synthetically active wild type cells (Hadariova et al. 2017).

Euglena longa was once viewed as a naturally bleached
form of E. gracilis (for a review see Bodyt 1996). The treat-
ment of E. longa with antibiotics also results in the loss of
plastid genes (Hadariova et al. 2017). However, in contrast to
E. gracilis, this is fatal for E. longa (Hadariova et al. 2017).
This suggests that an intact plastid genome is obligatory for
E. longa survival, although it still remains unknown which
plastid-encoded gene(s) and plastid-localized metabolic
pathway(s) play an essential role in E. longa (Hadariova
et al. 2017).
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Plastid genome reduction, functions
of non-photosynthetic plastids and the rarity
of complete plastid loss

Reduced non-photosynthetic plastids are present in both par-
asitic and free-living as well as unicelluar and multicellular
eukaryotes. Parasitic organisms are often reduced, possibly
as a consequence of their adaptations to a parasitic lifestyle.
Since they can metabolically profit from their hosts, many
of their metabolic pathways could be on their way to com-
plete loss. The reductive evolution of parasitic eukaryotes
is not restricted to plastids and their genomes, and nuclear
genomes, other organelles, like mitochondria, peroxisomes,
endoplasmatic reticulum, Golgi complex, and the metabo-
lism and structure of the entire cell, are often reduced as
well. On the other hand, the presence of reduced plastids or
mitochondria in the free-living eukaryotic lineages suggests
that organellar reductive evolution is not restricted to para-
sites. In some lineages, e.g., metamonads, the reduction of
mitochondrial genomes and metabolism has apparently pre-
ceded the evolution of parasitism (Klinger et al. 2016; Leger
et al. 2017). The facultatively parasitic P. wickerhamii is an
example of an alga in which the loss of photosynthesis likely
served as a pre-adaptation to the evolution of occasional
parasitism. Thus, in some parasites, the reductive evolution
of plastids might have been initially a consequence of adap-
tation to free-living heterotrophy, a likely pre-condition for
an evolutionary transition to a parasitic lifestyle. Evidence
for massive reduction or even complete loss of endosym-
biotic organelles exists in free-living as well as in parasitic
eukaryotes and the mechanisms and selective pressures for
reduction might differ between different lineages.

A model for the order of plastid gene losses

The loss of autotrophy is generally connected with elevated
non-synonymous changes in photosynthesis-related genes,
their pseudogenization and subsequent loss. Concomitantly,
essential plastid genes are transferred into the nucleus
(Wolfe et al. 1992; for reviews see Barrett and Davis 2012;
Krause 2008). A model for plastid genome evolution in non-
photosynthetic plants has been suggested by various authors
(Barrett and Davis 2012; Barrett et al. 2014; Wicke et al.
2016). According to this model, ndh genes encoding subu-
nits of the NAD(P)H dehydrogenase complex involved in
photooxidative stress response (Martin and Sabater 2010)
are the first genes lost during the transition from an auto-
trophic to a facultatively heterotrophic and/or parasitic life-
style. The ndh genes are, however, often absent not only
from plastid genomes of non-photosynthetic eukaryotes but
also from the plastid genomes of phototrophs, i.e., Eugle-
nophyceae (Hallick et al. 1993; Hrda et al. 2012). Subse-
quently, genes encoding subunits of photosystems (psa, psb
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and pet) are lost, and thereafter the loss of genes encod-
ing RNA-polymerase subunits (rpo) and transcription (inf)
and translation factors (fufA) occurs. The next reductive
step includes the loss of atp, rbcL and non-essential house-
keeping plastid genes. The final reductive stage includes the
loss of other metabolic genes (cIpP, accD) and housekeep-
ing genes (remaining rpl, rps, rpo and trnE) (Wicke et al.
2016). Recently, this model has been slightly modified. It is
proposed that except for ndh, psa, psb and pet genes, most
plastid-encoded genes can persist in plastid genomes until
the complete transition to heterotrophy occurs (Graham et al.
2017).

The distribution of plastid genes among non-photo-
synthetic plastids (Table 1) suggests that not all lineages
have lost plastid genes in the order suggested by the model
described above. The model proposed here (Fig. 3) com-
bines models proposed earlier for land plants (Barrett and
Davis 2012; Barrett et al. 2014; Graham et al. 2017) with the
patterns of gene retention/loss observed in protists (Table 1;
Fig. 3).

The first difference from the previous model is the tim-
ing of the loss of rpo genes, which are lost much earlier in
non-photosynthetic land plants than in protists. The probable
reason for this difference is the fact that land plants possess
two types of RNA polymerases—subunits of one of them
are encoded by the plastid genome (cyanobacterial PEP) (Hu
and Bogorad 1990; Hu et al. 1991) and a single subunit of
the phage-like (NEP) polymerase is encoded by the nuclear
genome (phage-derived NEP) (Allison et al. 1996), while
protists possess only a single PEP complex partly encoded
by the plastid genome (Smith and Purton 2002). Since the
ancestor of land plants likely possessed two mechanisms
for plastid transcription, they are more prone to the loss of
rpo plastid genes than protists, because after their loss, they
can still use the second NEP mechanism (for a review see
Shiina et al. 2005). In contrast, the protists are completely
dependent upon plastidial PEP RNA-polymerase, and thus
they retain rpo plastid genes until their plastid genome is
completely lost.

The second difference is the timing of the loss of the fufA
gene encoding a translation factor. This gene is retained in
all plastid genomes of non-protosynthetic protists, but absent
from all plastid genomes of non-photosynthetic land plants.
The reason for this difference is unknown, but it could be
theoretically explained by one successful transfer of this
gene into the nucleus (or its functional replacement by a
nucleus-encoded protein) in the common ancestor of land
plants followed by the loss of this gene from the plastid
genome.

The third and last difference concerns the interesting case
of accD, which encodes a subunit of acetyl-CoA carboxy-
lase. This gene is absent from all complex non-photosyntetic
plastids (i.e. apicoplasts, E. longa, etc.), but it is present in
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Land plants
(According to Barrett and Davis 2012;
Barrett et al. 2014; Graham et al. 2017)
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Fig. 3 The model for the order of chloroplast gene losses in land
plants and protists. The model for the order of plastid gene losses pro-
posed earlier by Barrett and Davis (2012), Barrett et al. (2014) and
Graham et al. (2017) in land plants is represented by the upper blue
line. ndh genes are lost first followed by photosynthesis-related psa,
psb and pet genes. The rpl and rps genes encoding ribosomal pro-
teins are being lost from the plastid genome continuosly (interrupted
line). These reductive steps are common to land plants and protists
(genes in black rectangles in the middle of the figure). After the loss
of photosynthetic genes from the plastid genomes of land plants, rpo
genes are lost next. The RNA polymerase rpo genes can be lost from
plastid genomes of land plants easily, because plants also possess
nucleus-encoded phage-derived polymerase. In contrast, rpo genes
in protist plastid genomes have to be maintained until the plastid
genomes are completely lost, because protists do not possess a second

almost all studied genomes of non-photosynthetic plastids
in Archaeplastida lineage with three exceptions (P. uvella,
M. uniflora and C. deserticola). In M. uniflora and C. deser-
ticola, accD is present as a pseudogene indicating that the
function of this plastid gene has been lost only very recently,
while in P. uvella, this gene seems to be absent from plas-
tid genome completely (Table 1). Nevertheless, it might be
possible that in these three cases, the functional version of
this gene has been transferred to the nucleus and protein
products are targeted back to plastid to keep the pathway
functional (Graham et al. 2017). The loss of the accD gene
from the plastid genome has been observed in various plant
lineages, for example in Poales (Harris et al. 2013; Katay-
ama and Ogihara 1996) and its function has been replaced
by a nucleus-encoded ACC enzyme (Cai et al. 2008; Sasaki
and Nagano 2004).

Similarly to the previous models, in our model rp/ and
rps genes are gradually being lost in both land plants and
protists, likely hand in hand with their successful transfer
into the nucleus, while clpP/clpC (involved in plastid pro-
tein degradation), rrn genes encoding plastid rRNAs and the

»

of plastid genome
rrn, rpo,
tufA,

the rest of
rpl and rps
genes

RNA polymerase mechanism. After the loss of rpo genes from plant
plastid genomes, the loss of rbcL and atp genes occurs. Housekeep-
ing (rrn, the rest of the rp/ and rps genes) and essential metabolic
genes (such as accD encoding acetyl-CoA carboxylase used for de
novo synthesis of fatty acids and #rnE, essential for the synthesis of
heme) dissapear from the plant plastid genomes last (blue rectangles,
blue line). After the loss of ndh and photosynthetic genes from pro-
tist plastid genomes, the loss of rbcL and atp genes occurs (lower red
line, red rectangles). The last step in the reduction of protist plastid
genomes includes the loss of housekeeping genes (rrn, the remain-
ing rpl and rps genes, rpo, and the tufA gene which is not present
in plastid genomes of land plants) and of essential metabolic genes
found in most reduced plant plastid genomes (red boxes). accD (a red
rectangle with a question mark) has been found to be encoded only in
the plastid genomes of Archaeplastida

trnE gene encoding Glu-rRNA are kept until the final stage
of plastid reduction.

Why are plastid genomes retained
in non-photosynthetic plastids?

The existence of EGT—the transfer of genes from organellar
genomes to the nucleus—raises the question of why organel-
lar genomes are retained at all. Several hypotheses have been
proposed to explain this phenomenon. They assume that
some membrane bound components of electron transport
chain complexes either have biochemical properties which
would complicate their transport across membranes (Popot
and de Vitry 1990), or they would cause mis-targeting to the
ER (Bjorkholm et al. 2015). The “CoRR” (Co-location for
Redox Regulation) hypothesis assumes that the expression
of individual organelle-encoded subunits enables fine-tuned
regulation of the electron transport chain in the organelles
(Allen 1993, 2003). None of these hypotheses is, however,
directly applicable to non-photosynthetic plastids, because
they generally do not retain electron transport chains.
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The “Limited transfer window” hypothesis (Barbrook
et al. 2006) relates the number of plastids in a cell to the
retention of plastid genes. Since gene transfers from the
plastid to the nucleus require plastid lysis, they are unlikely
to occur in protists containing only a single plastid which is
essential for their survival. This hypothesis could be linked
to the evolution of coordination between host and endos-
ymbiont division in the early stages of endosymbiosis. In
the beginning of the conversion of an endosymbiont into
an organelle, there could have been many endosymbiont
cells present in the host cell and a massive EGT could have
occurred prior to the host nucleus taking control over endo-
symbiont division (Doolittle 1998). One of the outcomes of
this control is the existence of protist lineages with single
plastids. In these cases, the EGT window has been closed
(Barbrook et al. 2006). This hypothesis is compellingly
supported by experiments involving Chlamydomonas rein-
hardtii, a unicellular green alga possessing a single chloro-
plast. It was shown that this species is much less prone to
plastid to nucleus gene transfers than tobacco containing
hundreds of chloroplasts per cell (Huang et al. 2003; Lis-
ter et al. 2003; Stegemann et al. 2003). Smith et al. (2011)
analyzed the traces of EGT from plastid to nucleus in 30
genome sequences from mono- and polyplastidial species
including monoplastidial apicomplexans, and the extreme
rarity of EGT in monoplastidial species was confirmed.

Another hypothesis explaining why non-photosynthetic
plastids are still present and why they have retained their
genomes suggests that it is due to the presence of some
essential tRNA genes, i.e., Glu-tRNA (¢rnE), a precursor of
tetrapyrrole (heme and chlorophyll) biosynthesis (Barbrook
et al. 2006). If this is the only pathway for tetrapyrrole syn-
thesis available for an organism, the plastid genome encod-
ing trnE has to be retained. Another example of an essential
tRNA encoded by the P. falciparum apicoplast genome is
fMet-tRNA, which is utilized by the mitochondrion. The P.
falciparum mitochondrial genome is also highly reduced and
does not contain any tRNA genes (Wilson and Williamson
1997). All tRNA gene products have to be imported into
mitochondria from the cytosol. Since the nucleus-encoded
Met-tRNA cannot be processed to prokaryotic fMet-tRNA,
this tRNA species has to be imported into mitochondria from
the apicoplast (Barbrook et al. 2006).

Various unrelated non-photosynthetic organisms (A.
mirabilis, P. stellaris, C. gronovii, C. paramecium, E. longa,
P. danica and C. infusionum) have also retained the plastid
gene encoding the large subunit of Rubisco (rbcL) (Table 1).
The function of the Rubisco protein in these non-photosyn-
thetic plastids is unclear, but it could still be involved in car-
bon fixation. On the other hand, several alternative functions
have been also proposed—it might act as oxygenase, it could
be involved in glycine and serine biosynthesis (Miziorko and
Lorimer 1983), it could be required for an alternative lipid
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biosynthesis pathway (Schwender et al. 2004) or it might
perform another as-yet unknown function (Sanchez-Puerta
et al. 2007; Sekiguchi et al. 2002; Wolfe and de Pamphilis
1998; Zahonova et al. 2016). Hence, the essential nature of
rbcL might also prevent chloroplast genome loss.

Another example of essential genes might be clp genes—
the clpP gene encoded in the plastid genomes of green algae
and the cIpC gene encoded in the plastid genomes of red
algae and plastids of red algal origin (Table 1). clp genes
encode proteases that may function in transit peptide cleav-
age during protein import into plastids as well as in degrada-
tion of aberrant proteins (Adam 2000; Clarke 1999). Despite
their important role in many plastids, Cahoon et al. (2003)
argued that the clpP gene does not necessarily have to be
essential for plant survival due to its dispensability from the
plastid genomes of non-photosynthetic mutants or albino
plants lacking plastid ribosomes. Therefore, clpP genes
might have an essential function only in plastids with active
gene expression (Cahoon et al. 2003). However, clp genes
are absent from at least some non-photosynthetic plastid
genomes (Table 1). In these cases, clp genes might either be
present in the nucleus, or they might not be essential at all.

Finally, several relatively well-documented cases (Poly-
tomella, Rafflesia) of complete plastid genome loss exist
(Molina et al. 2014; Smith and Lee 2014) (Online Resource
1). Other organisms such as Perkinsus and colpodellids also
likely lack plastid genomes while retaining a plastid com-
partment, although the data are currently not sufficient to
be certain about this conclusion (Gile and Slamovits 2014,
Grauvogel et al. 2007; Janouskovec et al. 2015; Matsuzaki
et al. 2008; Robledo et al. 2011; Teles-Grilo et al. 2007).
Nevertheless, it seems that complete loss of chloroplast
DNA is indeed possible under certain circumstances, while
the genome-less plastid compartment remains functional,
as in the case of genome-less derivates of mitochondria—
hydrogenosomes and mitosomes (Klinger et al. 2016).

What prevents plastid loss after the loss
of photosynthesis?

It is commonly assumed that plastids have been retained in
non-photosynthetic organisms because they perform essen-
tial function(s) unrelated to photosynthesis. Several meta-
bolic pathways frequently operate in non-photosynthetic
plastids, but the situation varies among organismal groups.
The most common biochemical pathways operating in non-
photosynthetic plastids are: (1) tetrapyrrole (heme) synthe-
sis, which requires plastid-encoded Glu-tRNA (encoded by
the trnE gene), (2) the non-mevalonate (DOXP) pathway for
the synthesis of IPP (precursors for the isoprenoid biosyn-
thesis), and (3) fatty acid biosynthesis (Ralph et al. 2004;
for a review see; Seeber and Soldati-Favre 2010). None
of the final products of these pathways have to be strictly
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synthesized in the plastid compartment. There are several
examples of organisms in which alternative pathways for
the synthesis of the same final products exist in the cytosol
or which are able to obtain these products from the envi-
ronment (the host cell in the case of parasites). In some
organisms with photosynthetic ancestors (or with ancestors
possessing non-photosynthetic plastids) such as the dino-
flagellate Hematodinium sp. or the apicomplexan C. parvum,
plastids are undetectable using currently available, highly
sophisticated techniques, and the most likely interpretation
is their complete loss. The plastid independence of the path-
ways mentioned above in the ancestors of these organisms
likely allowed the complete loss of the plastid compartment.
In Hematodinium sp., fatty acids and heme are synthesized
in the cytosol and by a combination of cytosolic and mito-
chondrial pathways, respectively (Gornik et al. 2015). The
requirements for IPP essential for isoprenoid synthesis are
apparently satisfied by uptake from the host (Gornik et al.
2015). Interestingly, complete plastid loss has been experi-
mentally induced in the bloodstream stages of P. falciparum.
After the treatment of this parasite with antibiotics which
completely destroy the apicoplast and concomitant supple-
mentation with IPP in the media for growth of the blood
stream form, cells lacking apicoplasts remained viable and
divided (Yeh and DeRisi 2011). C. parvum represents an
example of an apicomplexan which naturally lacks apico-
plasts (Abrahamsen et al. 2004; Zhu et al. 2000). Plastid
independence of the FAS pathway was a likely precondition
for apicoplast loss in this case.

Taken together, examples from nature as well as labo-
ratory experiments have shown that there is no universal
reason preventing the loss of non-photosynthetic plastids.
Once evolution “blindly finds a solution” for a cell to com-
pensate for essential plastid-localized biochemical pathways,
the plastid compartment can be lost. Since the maintenance
of a useless organelle is costly (the cost of retaining mito-
chondria has been discussed, e.g., by Lynch and Marinov
2017), the retention of non-photosynthetic plastids for per-
forming just one or a few essential metabolic pathways may
be viewed also as an evolutionary trap from which only a
few species have successfully escaped.

Conclusion

In this review, we have summarized current knowledge of
non-photosynthetic plastids which have arisen independently
by reductive evolutionary processes among several unrelated
phototrophic eukaryotic lineages. The vast majority of non-
photosynthetic plastids contain genomes lacking any genes
whose products are directly involved in photosynthesis in
their photosynthetic relatives. By the comparison of coding
capacity of plastid genomes present in non-photosynthetic

plastids, we have proposed an updated model for the order of
plastid gene losses after (or concomitant with) the transition
to an obligatory heterotrophic lifestyle (Fig. 3). Although the
scenarios for plastid gene loss are quite similar among evo-
lutionarily distant groups, i.e., losing ndh, psa, psb and most
pet genes as the first ones and clp, trnE and rrn genes as the
last ones, some differences between certain lineages should
be stressed: (1) relatively early loss of rpo genes in most land
plants and their retention in all unicellular eukaryotes, (2)
the retention of the accD gene in Archaeplastida but none of
the other phylogenetic groups, and (3) the retention of fufA
by all non-photosynthetic plastid genomes except for those
of non-photosynthetic land plants (Table 1; Fig. 3).

In contrast to quite frequent massive reduction of gene
content in non-photosynthetic plastid genomes, complete
plastid genome loss is extremely rare but possible. Some
essential biochemical pathways are restricted exclusively
to non-photosynthetic genome-less plastid compartments
and they cannot be easily replaced by pathways localized
to other compartments. This might be a likely reason for
the retention of a genome-less plastid. Loss of the plastid
genome combined with retention of the plastid compartment
has been documented in a parasitic plant, R. lagascae, in
four free-living algal species of the Polytomella genus and
an alveolate parasite Perkinsus sp. (Figs. 1, 2), but plastid
genome loss is potentially more frequent among alveolates
(e.g., candidate genome-less plastids in colpodellids).

Curiously, the complete loss of the plastid genome (and
likely the plastid itself) may be induced in the laboratory
in E. gracilis during bleaching by antibiotics without any
addition of compounds which would compensate for any
plastid-localized pathway (Krajcovi€ et al. 2002), as well
as in P. falciparum after antibiotics-induced destruction
of apicoplasts and IPP-donation-mediated rescue in the
bloodstream stage (Yeh and DeRisi 2011). Although the
complete loss of the plastid compartment seems to be even
less frequent than plastid genome loss, these experiments
suggest that it is principally possible even in experimental
models under certain conditions. Hence, it is likely that
complete plastid loss, though extremely rare, is possible
also in nature and it has been indeed credibly documented
for four protists—apicomplexans Cryptosporidium par-
vum (Abrahamsen et al. 2004; Zhu et al. 2000), Gregarina
niphandrodes (Toso and Omoto 2007) and Ascogregarina
taiwanensis (Templeton et al. 2010), and the marine para-
sitic dinoflagellate Hematodinium sp. (Gornik et al. 2015)
(Fig. 1).

We propose that the distantly related non-photosyn-
thetic lineages with non-photosynthetic plastids are caught
in an evolutionary trap that does not permit the loss of
the chloroplast compartment in which at least one essen-
tial metabolic pathway is performed. In only a few cases,
evolution has found a way to compensate for the essential
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plastid-localized pathways and thereafter, natural selec-
tion favored the loss of the compartment—a way out of
the trap. Such solutions might include the relocalization of
pathway to other compartment(s), horizontal acquisition of
a pathway compensating for the plastid-localized pathway
or evolution of a mechanism for the uptake of the essential
plastid metabolite from the external environment or host.
Interestingly, most organisms for which complete plastid
loss has been proposed belong to Myzozoa, one of the major
eukaryotic lineages whose ancestor likely possessed a com-
plex plastid(s) of red algal origin, and they are parasites.
This suggests that Myzozoa might be more prone to plastid
loss than any other eukaryotic lineage and that parasitism
is in most cases an important prerequisite for plastid loss.
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