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== Mitochondria and chloroplasts are cell organelles of endosymbiotic origin
which carry their own genomes.

== Chloroplasts were acquired by their hosts either by primary endosymbiosis
(uptake of a cyanobacterium by the last common ancestor of Archaeplastida)
or secondary endosymbiotic events (symbiosis of a eukaryote host with
chloroplast-bearing algae).

== QOrganelle genomes differ in size, structure and gene content across taxa.

== Mitochondrial and chloroplast markers are used as standard for DNA barcoding
of animals and plants.

== Heritable bacterial endosymbionts are broadly classified as either primary
symbionts or secondary symbiont and are commonly found in eukaryotes,
especially insects.

== Endosymbiont genomes are highly streamlined and included the smallest
reported genomes of all living organisms.

2.1 Mitochondria

2.1.1 Origin and Evolution of Mitochondria

Mitochondria are double-membrane-bound cell organelles which contain their own
genome and carry out the replication, transcription and translation of DNA. With the
publication of the outstanding book Origin of Eukaryotic Cells by Lynn Margulis (1970),
the old idea that mitochondria evolved from free-living bacteria via symbiosis got broad
attention in the scientific community. The development of cloning and sequencing tech-
niques in the 1970s allowed sequencing of mitochondrial genes and basically confirmed
this hypothesis (Gray 2012). Using phylogenomic analyses of different sets of ortholo-
gous genes, mitochondria are now firmly placed within Alphaproteobacteria as part of
the Rickettsiales (Wang and Wu 2015). Interestingly, this taxon comprises a large variety
of bacterial endosymbionts which, similar to mitochondria, also harbour strongly
reduced genomes (e.g. the genera Rickettsia and Wolbachia; » see Sect. 2.3). Whereas the
phylogenetic placement of mitochondria seems well settled, the circumstances under
which this symbiosis evolved remain under debate (Gray and Archibald 2012). Several
eukaryote taxa lack mitochondria, including Microsporidia (fungi), Trichomonadida
(Excavata, Fornicata), Diplomonadida (Excavata, Fornicata) and Archamoebae
(Amoebozoa) (Cavalier-Smith 1987; Keeling 1998). It has been suggested that these taxa
primarily lack mitochondria uniting them as an early branching clade of eukaryotes
called Archezoa (Cavalier-Smith 1983). This would mean that the acquisition of mito-
chondria took place during eukaryote evolution. Interestingly, molecular phylogenetic
analyses including the first available ribosomal sequence data initially supported the
early branching of amitochondriate taxa, thereby supporting the Archezoa hypothesis
(Sogin 1989). However, this idea was later rejected based on several findings. First, all
recent amitochondriate taxa have been demonstrated to bear double-membrane-bounded
organelles which are referred to as mitosomes or hydrogenosomes (Hjort et al. 2010) and
interpreted to be derived from mitochondria. Hydrogenosomes synthesize ATP under
anaerobic condition and thereby produce hydrogen, whereas in the case of mitosomes,
the function remains unclear. Hydrogenosomes are also found in taxa which never have
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been speculated to be primarily amitochondriate, e.g. in some Loricifera (Metazoa,
Ecdysozoa) (Danovaro et al. 2010). It is obvious that these types of reduced organelles
evolved several times convergently across eukaryotes. With the oxymonad
Monocercomonoides sp., only a single case of a eukaryotic taxon lacking any form of mito-
chondrion has been described (Karnkowska et al. 2016). However, also in this case, a
secondary loss of mitochondria is clearly supported by a phylogenetic analysis. Second,
phylogenetic analyses using other or more genes clearly proofed that the basal branching
placement of amitochondriate taxa might be due to systematic errors. Instead, these anal-
yses firmly placed former archezoan taxa as derived eukaryotes. Microsporidia are sup-
ported as part of the fungi and archaeamobans group deeply within Amoebozoa, and
Diplomonadida and Triplomonadida are part of the Excavata (Embley and Martin 2006;
Katz and Grant 2014). Finally, PCR-based and genomic analyses found genes which have
been transferred from the mitochondrium to the nucleus in amitochondriate taxa
(Embley and Martin 2006). Whereas the Archezoa hypothesis has been firmly put to rest
and no recent primarily amitochondriate eukaryotes are known, it is still discussed in
which order the events leading to the eukaryotic cell have evolved (B Fig. 2.1). In a mito-
chondrial-early scenario, it is assumed that the acquisition of mitochondria basically
defines the evolution of eukaryotes, suggesting that the last eukaryote common ancestor
already had a mitochondrium. In contrast, mitochondrial-late scenarios assume that
early eukaryotes already show some cellular complexity, thereby distinguishing them
from archaeans, and that mitochondria were acquired via endosymbiosis later in evolu-
tion (Ettema 2016). Genes of eukaryotes are of different ancestry, and the origin of many
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O Fig.2.1 Origin of eukaryotic cells and their mitochondria. Three different scenarios for the acquisition
of mitochondria exist. In the mito-early scenario, the acquisition of the mitochondrium via endosymbiosis
already took place in the last eukaryote common ancestor. Mito-late and mito-intermediate scenarios
assume already complexly organized eukaryotic ancestors which later in evolution acquired the mito-
chondrion via endosymbiosis (Reprinted by permission from Macmillan Publishers Ltd: Nature (Ettema
2016), Copyright 2016)
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can be traced back to archaean or bacterial clades. As mitochondria are likely of alphap-
roteobacterial origin, genes related to them, either located in the organelle or transferred
to the nucleus, can be traced back to these bacteria in a phylogenetic analysis (McInerney
et al. 2014). By using comparative studies of the mitochondrial proteome, a conserved
core of proteins descended from the ancestral mitochondrion has been identified (Gray
2015). Similarly, core eukaryote nuclear genes of different functional classes can be iden-
tified, whose origin also can be traced back in a phylogenomic analysis, often favouring
an archaeal origin. With the help of phylogenetic gene family analyses, the relative age of
a given group of genes can be estimated. In case of the mitochondria-early hypothesis, it
has to be assumed that there are no differences in the age of genes of archaeal and alpha-
proteobacterial origin. However, a study testing this hypothesis clearly found support
that mitochondria-related genes of an alphaproteobacterial origin are significantly
younger than eukaryotic genes of other origin (Pittis and Gabaldén 2016). This would
support a mitochondria-late scenario, where an already cellularly complex organized
eukaryotic host would have acquired the mitochondrium. Whereas most of the genes
without mitochondrial origin can be traced back to an archaeal origin, several other
genes are of bacterial origin from different clades, underlining the chimeric nature of
early eukaryotes. It remains difficult to distinguish if the acquisition of these diverse sets
of genes stems from several events of horizontal gene transfer or maybe previous endo-
symbiotic associations with other bacteria (Pittis and Gabaldén 2016).

Several adaptive hypotheses exist to explain the ancestral function of mitochondria
(Lynch 2007). The primary function of recent mitochondrial organelles is the acquisition
of energy, and this might also reflect their ancestral role. Other hypotheses describe ances-
tral functions like oxygen scavenging, photosynthate acquisition or hydrogen acquisition.
Under the latter hypothesis, mitochondria are postulated to originate in a hydrogen-
dependent autotrophic archaeal host that lived in a fully anaerobic environment. In this
relationship the ancestral role of mitochondria was to provide the host with hydrogen
produced by fermentation of organic substrates (Martin and Muller 1998).

Given that mitochondria are coevolving with their hosts for more than 1.5 billion
years, it comes without surprise that recent mitochondria differ strikingly across taxa.
Notably, mitochondrial genomes of extant eukaryotes differ strongly in size, structure and
gene content (Burger et al. 2003b; Nosek and Tomaska 2003). Usually the mitochondrial
genome is organized as a single circular molecule, as typical for most prokaryote genomes.
However, many deviations from this circular organization have been described. Linearly
organized mitochondrial genomes are not rare, as, for example, found in ciliates or medu-
sozoan cnidarians (Kayal et al. 2012; Burger et al. 2000). Several different solutions of
maintaining the telomeres of linearly organized mitochondrial DNA have been reported,
including hairpin structures, inverted and non-inverted repeat sequences or terminal pro-
teins (Nosek and Tomaska 2003). Mitochondrial genomes are not always encoded on a
single molecule, but can also be organized on two or more circular (e.g. in several insects
and nematode species or in the flowering plant Amborella trichopoda) or linear molecules
(e.g. the cnidarian Hydra magnipapillata with two linear fragments or the opisthokont
Amoebidium parasiticum bearing many linear fragments) (Burger et al. 2003a; Gibson
etal. 2007; Cameron et al. 2011; Voigt et al. 2008; Rice et al. 2013). Mitochondrial genomes
show major differences in the size, with the smallest genomes in a range of around 6-7 Kb
(e.g. in several apicomplexans) to the biggest known genomes in the size of several Mb
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(e.g. 11.3 Mb in the flowering plant Silene conica), thereby exceeding the size of some
nuclear eukaryote genomes (Hikosaka et al. 2010; Sloan et al. 2012).

The gene content of mitochondrial genomes is greatly reduced compared with
Alphaproteobacteria. Large-scale phylogenetic comparisons differ in the number of pro-
teins from 394 to 842 that were (minimally) likely part of the ancestral mitochondrial
proteome (Gabaldén and Huynen 2007; Wang and Wu 2014). In contrast, proteins
encoded in recent mitochondria range from 3 (as in the apicomplexan Plasmodium) to 66
(jakobid Excavata) (Gray 2015). Proteins encoded on mitochondrial genomes are usually
involved in the respiratory chain or its corresponding translation system (Lithgow and
Schneider 2010). Mitochondrial translation alone requires more than 100 proteins and
many other essential housekeeping genes, most of which are encoded in the nucleus and
are imported by mitochondria (Dolezal et al. 2006). Altogether, for some species, it is
reported that up to 1000 genes are encoded in the nucleus, synthesized in the cytosol and
imported to the mitochondria (Lithgow and Schneider 2010). The horizontal transfer of
genes from the mitochondrium to the nucleus is further complicated by the presence of
differences in the genetic code. The genetic code of mitochondria varies among organ-
isms, and at least 16 deviations from the standard code are reported across eukaryotes,
with animals showing the highest diversity (Knight et al. 2001).

2.1.2 Animal Mitochondrial Genomes

Animal mitochondrial genomes usually range in a size between 11 and 20 Kb (Gissi et al.
2008), even though some examples exist with genome sizes of up to 43 Kb as in Placozoa
(Dellaporta et al. 2006). Typically, these densely packed genomes encode for 13 protein-
coding genes, 22 tRNAs and 2 ribosomal RNAs (8 Fig. 2.2), which all can be located on
either strand (Bernt et al. 2013). One protein-coding gene (atp8) has been lost conver-
gently in (among others) many Platyhelminthes, Acoelomorpha and Nematoda. It is not
unusual that genes begin with alternative starting codons and stop codons are often
incomplete. Moreover, tRNAs are often truncated and undergo RNA editing (Borner et al.
1997) or are missing completely (Gissi et al. 2008). Only few examples of the existence of
introns are reported, which are in most cases self-splicing group II introns (Huchon et al.
2015). Animal mitochondria are transmitted maternally, even though some examples of
doubly uniparental inheritance (DUI) exist. Transmission via DUI is known for several
bivalve molluscs and is characterized by the presence of two distinct gender-associated
mitochondrial DNAs, where one is transmitted via eggs (F female) and the other one
transmitted through sperm (M, male) (Passamonti et al. 2011). In this case, females are
homoplasmic as they only receive mitochondria from their mother, whereas males are
heteroplasmic receiving the organelles from both parents. F and M mitochondrial
genomes can differ up to 50% in their nucleotide sequence (Doucet-Beaupré et al. 2010).

Substitution rates of mitochondrial genes are several times faster than those of single-
copy nuclear genes in most bilaterian animals (Brown et al. 1979). This made mitochon-
drial genes ideal markers for population genetic, phylogeographic, phylogenetic and
barcoding studies (Avise 2004). However, in non-bilaterian animals like Cnidaria and
Porifera, mitochondrial substitutions rates are much lower, making these genes less suit-
able for barcoding or population genetics (Shearer et al. 2002; Huang et al. 2008).
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O Fig. 2.2 The circular mitochondrial genome of the annelid Sipunculus nudus is typical for animal
genomes. The densely packed genome encodes for 13 protein-coding genes (atp1-atp8, cox1-cox3, cytb,
nadi-nad6), 2 ribosomal RNAs (small (rrns) and large (rrnl) subunit) and 22 tRNAs (specified in one-letter
code) (Reprinted from Mwinyi et al. (2009))

2.1.3 Mitochondrial Genomes of Plants and Algae

Whereas animal mitochondrial genomes are rather uniformly organized, plant mitochon-
drial genomes exhibit a great diversity in size, structure and gene content (Mower et al.
2012; Liu et al. 2012). Mitochondrial genomes have been sequenced for all major clades of
plants (rhodophytes, chlorophytes, charophytes, hornworts, liverworts, mosses, ferns,
lycophytes, gymnosperms, angiosperms), showing a variety in genome size of a thousand-
fold ranging from 13 Kb in chlorophytes up to 11.3 Mb in angiosperms (Mower et al.
2012; Sloan et al. 2012). Remarkable are the mitochondrial genomes of land plants
(embryophytes) which are prone to recombination, RNA editing, trans-splicing, insertion
of DNA from the chloroplast and nuclear genomes as well as from distant taxa and ongo-
ing gene transfer into the nucleus (Knoop 2012). Land plant mitochondrial genomes are
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typical for land plants, the genome is expanded in size, harbouring large intergenic regions. Genes inside
and outside the circle are transcribed from different strands (The genome has been published by
Richardson et al. (2013) and was redrawn using OGDRAW (Lohse et al. 2013))

highly variable in their size, content and structure. The genome size of most land plants
exceeds 200 Kb, even though usually less than 20% are encoding for proteins or RNAs
(B Fig. 2.3). The remaining genome content is dominated by the presence of group I and
IT introns and large intergenic regions. The number of introns in land plants ranges from
19 to 37, and their position is relatively conserved within clades (Mower et al. 2012).
Intergenic regions include repetitive elements, as well as integrations from the nucleus and
chloroplast of their own and foreign genomes (Chaw et al. 2008; Rice et al. 2013). However,

the origin of most of the excessive intergenic regions of the hugely expanded land plant
genomes remains unclear (Sloan et al. 2012).
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Plants have a much larger number of genes encoded in their mitochondrial genomes
than animals. The number of identified genes in most plants ranges from 42 to 69; how-
ever, some chlorophyte green algae only have around 10 genes (Mower et al. 2012; Fan and
Lee 2002). As such genes for ribosomal RNAs, tRNAs, ribosomal proteins, a twin-arginine
translocase subunit (tatC) and nad (NADH dehydrogenase), sdh (succinate dehydroge-
nase), cob (cytochrome b), cox (cytochrome ¢ oxidase), ccm (cytochrome ¢ maturation)
and atp (ATP synthase) subunits are found (Knoop 2012). Interestingly, even though plant
mitochondrial genomes show high structural variability, the substitution rates of their
encoded genes are rather low in most species (Christensen 2013), making them less suit-
able as molecular markers in population level or barcoding studies (> see Sect. 2.4).

2.1.4 Mitochondrial Genomes of «Other» Eukaryotes

Of outstanding interest from an evolutionary point of view are the mitochondrial genomes
of jakobid flagellates, a group of unicellular eukaryotes which are part of the Excavata
(Katz and Grant 2014). Jakobid mitochondrial genomes range in their size from 65 to 100
Kb, while showing also a compact organization with a high coding density ranging from
80% to 93% (Burger et al. 2013). These mitochondrial genomes are the most gene rich
among eukaryotes, with nearly 100 genes. Unique among eukaryotes is the presence of
genes involved in transcription and quality control of translation. Moreover, some highly
conserved gene clusters are found which are interpreted as remnants of an operon struc-
ture inherited from the bacterial ancestor of mitochondria. In summary, the genome orga-
nization of jakobid mitochondria is suggested to most closely resemble the ancestral
pattern of all eukaryotes (Lang et al. 1997). In contrast, the most reduced mitochondrial
genomes are found among apicomplexans and dinoflagellates (B Fig. 2.4), which are sister
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O Fig. 2.4 Mitochondrial genome evolution in alveolates. Dinoflagellata and Apicomplexa represent
sister taxa, whose current ancestor already possessed a strongly reduced mitochondrial genome, harbour-
ing only three protein-coding genes and fragments of the ribosomal RNAs. Further modifications of the
mitochondrial genomes evolved in these lineages (Reprinted by permission from John Wiley and Sons
(Waller and Jackson 2009), Copyright 2009)



29
2.2 - Plastids

groups within the taxon Alveolata (SAR clade) (Katz and Grant 2014). The mitochondrial
genome of the apicomplexan malaria parasite Plasmodium falciparum is encoded on tan-
demly repeated linear copies of 6 Kb which include only three protein-coding genes (cox1,
cox3, cob) and fragments of the small and large subunit of the ribosomal RNA (Feagin
et al. 1997). Similarly organized mitochondrial genomes have been revealed for other
Apicomplexa, even though the number of ribosomal fragments, the order of genes and the
number of copies of tandem repeats (monomeric vs. multiple copies) can vary (Hikosaka
et al. 2013). The genome content of dinoflagellates is similar to Apicomplexa (Waller and
Jackson 2009). However, some substantial modifications can be found in these genomes,
including massive amplification and recombination of the genome. Moreover, trans-
splicing is required for generating cox3 transcripts, and RNA editing of most genes is
ubiquitous (Jackson et al. 2012). Dinoflagellates can have surprisingly large genomes given
the reduced genome content. The genome of Symbiodinium minutum is around 326 Kb, of
which 99% are non-coding, even though transcribed (Shoguchi et al. 2015).

2.2 Plastids

2.2.1 Origin and Evolution of Plastids

It is well accepted that plastids originated later than mitochondria in eukaryote evolu-
tion, and some eukaryotes bear plastids whereas others not. The first plastids stem from
the uptake of a cyanobacterium by the ancestor of Archaeplastida, a clade uniting glau-
cocystophytes, Rhodophyta and Viridiplantae (green algae and land plants) (Gray
1999). Oxygenic photosynthesis, the conversion of H,0O and CO, into energy-rich sug-
ars and O,, evolved in the lineage of Cyanobacteria more than 3.5 billion years ago,
which enduringly transformed life on earth due to oxygen enrichment in the atmo-
sphere (Gould et al. 2008; Hohmann-Marriott and Blankenship 2011). Eukaryotes were
able to co-opt photosynthesis by integrating their cyanobacterial endosymbiont.
Interestingly, whereas it seems that plastids are all closely related, the organisms that
contain them are from diverse eukaryotic clades. Besides Archaeplastida, plastids are
further found in euglenids, apicomplexans, haptophytes, cryptomonads, heterokonts
and dinoflagellates (Keeling 2010). This can be explained by multiple layers of endo-
symbiotic events, so-called secondary endosymbiosis (B Fig. 2.5). In this case a

O Fig.2.5 Evolution of secondary endosymbiosis. a A red or green alga with a chloroplast surrounded by
a double membrane is engulfed by a eukaryotic host. b Eukaryotic host carries a chloroplast with four
membranes and the vestigial endosymbiont nucleus (nucleomorph). ¢ Eukaryotic host with chloroplast
surrounded by four membranes, and the algal nucleus has been completely reduced. Abbreviations: cp
chloroplast, mt mitochondrium, Na nucleus of the alga, Nh nucleus of the host, Nm nucleomorph
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eukaryote carrying a chloroplast has been phagocytized by another eukaryote leading
to a subsequent integration of the new endosymbiont. Such events can be distinguished
from primary endosymbiosis by the morphology of the plastids, as they still carry addi-
tional cell membranes stemming from the phagocytosis. Whereas primary endosymbi-
onts bear two plastid membranes, secondary endosymbionts have four such membranes,
which are sometimes reduced to three, as in euglenids and dinoflagellates (Keeling
2013). Moreover, a few cases of tertiary endosymbiosis events have been documented
for some dinoflagellate lineages. Species of the genera Karenia and Karlodinium lost
their plastids and gained new ones from a haptophyte species (Tengs et al. 2000). In the
case of secondary endosymbiosis, the algal nucleus is usually completely reduced, while
only the chloroplast remains (8 Fig. 2.5¢). However, in some cases a vestigial nucleus of
the algal symbiont is retained (B Fig. 2.5b). These relicts are called nucleomorphs and
can be found in cryptomonads and chlorarachniophytes (Keeling 2010). The actual
number of events of secondary and tertiary symbiosis remains still debated, but at
least eight distinct evolutionary events are suggested (Cavalier-Smith 2003; Keeling
2013, 2010).

The primary role of the plastid is to conduct photosynthesis, in which case they are
called chloroplasts. However, some plastids seem to have lost their photosynthetic abil-
ity, e.g. in Apicomplexa (Kohler et al. 1997). As typical for obligate endosymbionts,
many unnecessary genes got lost, whereas several other genes were transferred to the
host nucleus. Nevertheless, plastids retain a small part of their ancestral genome, which
might be due to the fact that hydrophobic proteins are difficult to transport to the
organelle or that organelles are need to be in control of expression for genes which are
part of the electron transport chain as a redox regulation (Allen 2015; Timmis et al.
2004). Additionally, some cases of transfer of nuclear genes into the plastid genomes are
documented (Keeling 2009). Whereas primary plastids are located in the cytoplasm,
secondary plastids are found within the endomembrane system. All genes necessary for
plastid function which are encoded in the nucleus have a targeting system to arrive at
the plastid and to cross its inner and outer envelopes (Strittmatter et al. 2010). Around
40% of the plastid proteome consists of proteins which seem to be derived from the host
nuclear genome or various bacterial lineages outside Cyanobacteria (Suzuki and
Miyagishima 2010).

Similar to mitochondria, plastid genomes are usually organized as circular mole-
cules, with one genome per circle. Additionally, long, polyploid linear molecules and
branched molecules undergoing replication seem to be also abundant (Bendich 2004).
Plastid genomes of Archaeplastida are usually around 100-200 Kb in size, and the mol-
ecule shows a quadripartite structure due to the presence of two large inverted repeats,
which divide the molecule into a large and a small single-copy region (@ Fig. 2.6).
Usually around 60-250 genes are encoded on chloroplasts, and they are normally orga-
nized as operons. The inverted repeats include the ribosomal RNA genes (168, 23S and
5S rRNA), as well as some other genes. The number of tRNAs varies between 27 and 31,
and a variable number of ribosomal protein genes is usually present. Protein-coding
genes are part of photosystems I and II, the cytochrome b6f complex as well as ATP
synthase (Green 2011).
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2.2.2 Plastid Genomes

The composition and size of plastids can vary dramatically across taxa. The largest chloro-
plast genomes are found in green algae, with the ~500 Kb genome of Floydiella terrestris
as the actual record holder (Brouard et al. 2010). The large size in these taxa is mainly due
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to repetitive regions and not due to the number of retained genes, which is with ~100
similar to that of most land plants. In contrast, the chloroplast genomes of red algae
(Rhodophyta) bear with 220-250, the largest number of genes of any sequenced chloro-
plasts (Janouskovec et al. 2013). It seems that red algae show a much slower rate of plastid-
to-nucleus gene transfer. Moreover, red algae plastid genomes also lack inverted repeats.
The other extreme in terms of gene number comes from dinoflagellates. The chloroplasts
of most photosynthetic dinoflagellates contain the light-harvesting pigment peridinin and
are surrounded by three membranes, suggesting a secondary symbiosis, putatively stem-
ming from a red algal host. The organization of these chloroplasts is highly unusual, and
only a small number of genes (17) is retained, which are located on different minicircles.
Moreover, other chloroplasts types stemming from different symbiosis events are also
described in this taxon, which accordingly differ in size and organization (Dorrell and
Howe 2015). Half of the described dinoflagellate lineages lost their plastids (Green 2011).
Apicomplexa, the sister taxon of dinoflagellates, are parasitic eukaryotes (including
important pathogens of humans or livestock as Plasmodium, Toxoplasma, Eimeria) which
bear a name-giving organelle called apicoplast, which is also derived from a secondary
uptake of a chloroplast of putatively red algal origin. However, unlike chloroplasts these
organelles do not show photosynthetic activity. Nevertheless, apicoplasts retain their own
genome and expression machinery and are involved in the synthesis of fatty acids,
isoprenoids, iron sulphur clusters and haem (Lim and McFadden 2010).

Transcription in chloroplasts can be mediated by two different types of RNA polymerase
or by a combination of both. According to the location where the corresponding polymerase
is encoded, these types are abbreviated as PEP (plastid-encoded plastid RNA polymerase) or
NEP (nuclear-encoded plastid RNA polymerase) (Yagi and Shiina 2014). Chloroplast genes
are categorized into three classes according the promoter they bear for their transcription.
Class I genes are photosynthesis-related genes and are mainly transcribed by PEP, class II
genes comprise mainly of housekeeping genes transcribed by both PEP and NEP, and class
III genes (e.g. the gene accD and the rpoB operon) are transcribed by NEP (Hajdukiewicz
et al. 1997). Chloroplasts represent a highly oxidative environment leading to an increased
mutation rate. Post-transcriptional repair by RNA editing is widely used to restore affected
genes by insertion, deletion or modification of specific nucleotides. Using this mechanism,
mainly C to U, but also some U to C, conversions are conducted (Kotera et al. 2005).

Chloroplast genes have been extensively used for phylogenetic and phylogeographic
questions. A combination of the genes rbcL and matK has been proposed as barcode for
the identification of plant species (Hollingsworth et al. 2009). Conserved primers for easy
amplification of the rbcL gene are available, and it is by far the most widely used gene in
plant systematics, with over 50,000 published sequences in NCBI GenBank (Li et al. 2015).
Several other plastid genome regions or fragments such as atpF-H, matK, psbK-I, rbcL,
ropC1, rpoB, trnH-psbA and trnL-F have been also widely used in plant molecular system-
atic studies. Especially the advent of next-generation sequencing techniques enabled an
increase in sequencing of complete chloroplast genomes for phylogenomic studies of land
plants and green algae (Ruhfel et al. 2014; Lemieux et al. 2014).

2.2.3 Plastids in the Amoeba Paulinella chromatophora

The amoeba Paulinella chromatophora (8 Fig. 2.7) also contains two plastids with photo-
synthetic activities which have been demonstrated to likely originate from an
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B Fig.2.7 The amoeba Paulin-
ella chromatophora contains
plastids with photosynthetic
activity originating from an
independent endosymbiotic
uptake (Picture provided by Eva
C.M. Nowack)

independent endosymbiotic uptake from a cyanobacterium (Marin et al. 2005; Nowack
2014). Interestingly, the endosymbiotic origin of these organelles is with an assumed age
of 60-200 mya much younger than the primary endosymbiotic uptake of plastids by
Archaeplastida. Morphological studies and sequencing of rRNA genes suggested that
these plastids stem from a member of the cyanobacterial Synechococcus clade. The plas-
tids bear two envelope membranes surrounding a thick peptidoglycan wall. It could be
shown that the endosymbiont lost 75% of its ancestral genome (Bodyt et al. 2012; Nowack
et al. 2008). Reduction of the chromatophore genome led to the loss of many important
biosynthetic pathways. For compensation, numerous (229) nuclear genes were acquired
by horizontal gene transfer of which around 25% came from the endosymbiont (Nowack
et al. 2016). The evolution and establishment of such a protein import mechanism qualify
the chromatophores of Paulinella as cell organelles in a strict sense (Bodyt et al. 2012;
Keeling and Archibald 2008; Nowack and Grossman 2012). Conversely, some genes seem
also to be imported from the host genome into the plastid genome (Mackiewicz and
Bodyt 2010).

2.3 Heritable Bacterial Endosymbionts

2.3.1 Primary Endosymbionts

Mitochondrial and chloroplast organelles evolved from an ancient symbiosis of bacteria
with its archaeal or eukaryote host. Heritable bacterial endosymbionts are widespread
across eukaryotic taxa, and complex relationships between host and symbionts have been
described. Whereas most described endosymbionts belong to Bacteria, some examples
from Archaea are also known (van Hoek et al. 2000). The best investigated examples stem
from insects, where bacterial endosymbionts are often inherited maternally, as also typical
for mitochondria (Ferrari and Vavre 2011). Endosymbionts can be loosely classified into
either primary symbionts (P-symbionts) or secondary symbionts (S-symbionts) (Moran
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O Fig. 2.8 Tsetse flies (Glossina spp.) always carry the P-symbiont Wigglesworthia, which resides in a
specialized organ called bacteriome. Furthermore, often the presence of two S-symbionts can be
observed: Sodalis and Wolbachia (Reprinted by permission from Elsevier Ltd: Trends in Parasitology (Weiss
and Aksoy 2011), Copyright 2011)

et al. 2008). P-symbionts are obligate mutualists which are required for the survival or
reproduction of the host. Typically, such endosymbionts reside in specialized organs
called bacteriomes. Well-studied examples are endosymbionts of insects with a special-
ized diet. E.g. tsetse flies (Glossina sp.) feed exclusively on blood and rely on microbial
symbionts to supply amino acids and vitamins the host is not able to synthesize (Aksoy
2000). These flies harbour the gammaproteobacterium Wigglesworthia glossinidia as
P-symbiont, which resides in specific epithelial cells (bacteriocytes) forming the bacteri-
ome (Balmand et al. 2013) (8 Fig. 2.8). Wigglesworthia provides its host with vitamins and
supports the digestion of the blood meal. Moreover, female tsetse flies cured from its
endosymbiont are infertile (Pais et al. 2008). As typical for P-symbionts, Wigglesworthia
has a streamlined and highly reduced genome of only 700 Kb (Akman et al. 2002).

The smallest reported genomes are found in P-symbionts of sap-feeding insects, often
retaining only a minimal gene set (McCutcheon and Moran 2012). With 139 Kb, the
smallest genome is reported for the mealybug P-symbiont Candidatus Tremblaya princeps
(Lopez-Madrigal et al. 2011). The genome of this betaproteobacterium contains only 120
protein-coding genes and misses several essential genes. Interestingly, in the cytoplasm of
Tremblaya is another endosymbiont resident, the gammaproteobacterium Candidatus
Moranella endobia, which supports essential functions of its bacterial host (von Dohlen
et al. 2001; Husnik et al. 2013). This highly degenerated endosymbiont genomes led to a
complete dependency of their hosts, often blurring the distinction between organelles and
endosymbionts (McCutcheon and Keeling 2014). For example, a protein of a gene, which
has been horizontally transferred to its host nucleus, has been demonstrated to be trans-
ported back to its obligate endosymbiont in aphids (Nakabachi et al. 2014). The evolution
of protein targeting systems to redirect the products of horizontally transferred genes back
to the symbiont is regarded as one of the major transitions in organelle evolution (Cavalier-
Smith and Lee 1985). Aphids usually possess intracellular gammaproteobacteria of the
genus Buchnera, which are transmitted vertically (to the offspring) via the ovary. This
symbiotic relationship is obligate for both partners, as aphids without symbionts have a
low fitness or are infertile, and Buchnera are unknown outside their aphid hosts (Douglas
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1998). The symbiosis between aphids and Buchnera is very old, suggested to be estab-
lished ~200 mya. Consequently, co-diversification between aphid hosts and their Buchnera
symbionts can be found (Baumann 2005), and phylogenetic analyses of symbiont genes
were even helpful to resolve aphid relationships (Novakova et al. 2013).

2.3.2 Secondary Endosymbionts

S-symbionts are bacterial symbionts which can be facultative mutualists and reproductive
manipulators or have completely unknown effects on their host (Moran et al. 2008).
Usually these symbionts reside in different cell types of their hosts and often invade repro-
ductive organs, but can also be found in fluids of the body cavity. Unlike P-symbionts,
there is usually no co-diversification found between S-symbionts and their hosts.
Prevalence of S-symbionts in host populations can range from infecting some few up to all
individuals, e.g. tsetse flies often carry two S-symbionts: the facultative mutualist Sodalis
glossinidius (Enterobacteriaceae) and the alphaproteobacterium Wolbachia pipientis
(B Fig. 2.8). Whereas the P-symbiont is found in all tsetse flies, the infection prevalence of
the S-symbionts can strongly vary across species and populations ranging from 1.4% up to
93.7% in the case of Sodalis (Dennis et al. 2014). Wolbachia is found in arthropods and
filarial nematodes, and it is estimated that infections occur in ~40% of all terrestrial
arthropod species (Zug and Hammerstein 2012). This ubiquity explains why Wolbachia is
one of the best investigated endosymbionts and relationships with their hosts are investi-
gated in many cases. Within Wolbachia, many different supergroups are described, which
differ in their host range and their symbiotic relationships (Gerth et al. 2014). By far the
most of the known Wolbachia strains belong to either supergroups A or B, mostly infect-
ing insects, but also other arthropod species. Interestingly, it has been shown that the
origin of these supergroups coincides with the diversification of hyperdiverse insect lin-
eages ~200 mya (Gerth and Bleidorn 2016). Wolbachia are well known as reproductive
manipulators of their hosts. As vertical transmission is exclusively maternal, several
mechanisms to enhance the spread across the host population are described. These include
distortion of the host population sex ratio via parthenogenesis, male killing or feminiza-
tion, as well as induction of cytoplasmic incompatibility (CI). In the case of CI, eggs of
uninfected females are incompatible with the sperm of infected males, thereby preventing
successful mating (Werren et al. 2008). As typical for S-symbionts, there is usually no co-
diversification pattern between Wolbachia and their arthropod hosts, suggesting repeated
instances of horizontal transmission between unrelated species (Werren et al. 1995).

2.4 DNA Barcoding

DNA-based species identification by a universal DNA barcode of few standard DNA
regions became firstly established for animals (Hebert et al. 2003a) and later also standard
in plants, fungi and other eukaryotes (Hollingsworth et al. 2009; Schoch et al. 2012;
Saunders and McDevit 2012). The idea to use molecular markers for species identification
and delimitation was already in use for decades in prokaryotes (Tindall et al. 2010), most
commonly utilizing the 16S rRNA gene. For eukaryotes, DNA barcoding has been most
successfully developed for animals, where a 658 bp region of the mitochondrial cyto-
chrome oxidase 1 gene (cox1) is used as standard marker. The choice of this mitochondrial
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O Fig.2.9 Schematic represen-
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marker has several advantages: (I) nearly universal primer pairs for the coxI fragment are
available (Folmer et al. 1994); (II) mitochondrial DNA is available in a much higher copy
number per cell than nuclear DNA, thereby alleviating DNA extraction and amplification;
and (III) the existence of a «barcoding gap» is proposed (B Fig. 2.9), where interspecific
genetic variation clearly exceedsintraspecific variation (Hebert et al. 2003b). Mitochondrial
DNA of plants evolves much slower than its animal counterpart, and consequently with
the genes rbcl and matk, two chloroplast markers are currently in use for DNA barcoding
of plants (Hollingsworth et al. 2009). In fungi, barcoding relies on the nuclear ITS regions,
so-called internal transcribed spacers separating the tandemly repeated ribosomal RNA
genes (Schoch et al. 2012). As reference for this approach serves the Barcode of Life Data
Systems (BOLD) (Ratnasingham and Hebert 2007), which links specimen information,
metadata and genetic sequence data. The Consortium for the Barcode of Life (CBOL)
coordinates and promotes the standardization of DNA barcoding. Many country- and
taxon-specific initiatives contribute to the growth of the database. In February 2016,
around 2.5 million coxI sequences from more than 175,000 animal species were accessible
in BOLD. DNA barcoding offers several practical applications including protection of
endangered species, product authentication, control of invasive and pest species, biodiver-
sity monitoring, diet analyses, linking larval of developmental with adult stages and the
discovery of new species.

The reliance on one or few markers also promoted several critiques of the barcoding
approach. Especially, focussing solely on organelle markers may be misleading due to
reduced effective population size, introgression, maternal inheritance, inconsistent
mutation rate, pseudogenization or heteroplasmy (Galtier et al. 2009). The presence of
endosymbionts manipulating the host reproduction and thereby altering inheritance
patterns of maternally transmitted genes may imply further complications (Gerth et al.
2011). Moreover, the existence of a «barcoding gap» might be an artefact generated
through an insufficient sampling across taxa and populations (Wiemers and Fiedler
2007). Nevertheless, DNA barcoding became popular, and especially the advent of
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next-generation sequencing techniques allowed metabarcoding studies estimating the
diversity of communities previously difficult to handle as, e.g. from soil, permafrost or
the deep sea (Valentini et al. 2009). Metabarcoding describes the simultaneous amplifica-
tion of DNA barcodes from mass collections of organisms or environmental DNA (Yu
et al. 2012). Such studies usually discover a huge amount of DNA sequences which do
not match with any entry for BOLD, and species-delimitation methods are needed for
classification. The most popular methods are based on the generalized mixed Yule
coalescent (GMYC) model (Pons et al. 2006) or Poisson tree processes (PTP) (Zhang
etal. 2013).
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