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Abstract
The Glaucophyta is by far the least species-rich phylum of the Archaeplastida
comprising only four described genera, Glaucocystis, Cyanophora, Gloeochaete,
and Cyanoptyche, and 15 species. However, recent molecular and morphological
analyses reveal that glaucophytes are not as species poor as hitherto assumed with
many novel lineages existing in natural environments. Glaucophytes are fresh-
water phototrophs of moderate to low abundance and retain many ancestral
plastid traits derived from the cyanobacterial donor of this organelle, including
the remnant peptidoglycan wall in their envelope. These plastids were originally
named “cyanelles,” which was later changed to “muroplasts” when their shared
ancestry with other Archaeplastida was recognized. The model glaucophyte,
Cyanophora paradoxa, is well studied with respect to biochemistry, proteomics,
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and the gene content of the nuclear and organelle genomes. Investigation of the
biosynthesis of cytosolic starch led to a model for the transition from glycogen to
starch storage during plastid endosymbiosis. The photosynthetic apparatus,
including phycobilisome antennae, resembles that of cyanobacteria. However,
the carbon-concentrating mechanism is algal in nature and based on pyrenoids.
Studies on protein import into muroplasts revealed a primordial Toc/Tic trans-
locon. The peptidoglycan wall was elucidated with respect to composition,
biosynthesis, and involvement of nuclear genes. The muroplast genome is dis-
tinct, not due to the number of encoded genes but, rather, because of the presence
of unique genes not present on other plastid genomes. The mosaic nature of the
gene-rich (27,000) nuclear genome came as a surprise, considering the relatively
small genomes of unicellular red algae.

Keywords
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Summary Classification

● Glaucophyta (Skuja 1954) Glaucocystophyta (Kies and Kremer 1986)
●● Glaucophyceae Bohlin
●●● Glaucocystales Bessey
●●●● Glaucocystaceae G.S. West (Gloeochaete, Cyanoptyche, Glaucocystis)
●●● Cyanophorales Kies and Kremer
●●●● Cyanophoraceae Kies and Kremer (Cyanophora)

Introduction

General Characteristics

The phylum Glaucophyta Kies and Kremer 1986 (synonym: Glaucophyta Skuja
1954) contains a single class, the Glaucocystophyceae Schaffner 1922. It comprises
a small group of unicellular mastigotes (monadoid members), unicellular and colo-
nial organisms devoid of flagella with persistent contractile vacuoles (capsalean
members), and unicellular and colonial organisms lacking any characters of
mastigotes in the vegetative stage (coccoid members). Currently, four genera are
known with at least 15 species. Glaucophytes live photoautotrophically with the aid
of their unique plastids that are surrounded by a remnant peptidoglycan wall. These
organelles were named cyanelles by Pascher (1929), a denomination which was later
proven to be incorrect and thus was replaced by the more appropriate term
“muroplast” coined by Schenk (1994) (Fig. 1). Muroplasts owe their origin to
cyanobacteria, providing direct proof for the endosymbiotic theory of plastid evo-
lution. The glaucophytes are thought to be the most ancient phylum of phototrophic
eukaryotes although molecular data provide inconclusive data regarding this hypoth-
esis (Martin et al. 1998; Reyes-Prieto and Bhattacharya 2007a; Price et al. 2012).
Together with rhodophytes and chlorophytes/streptophytes, they constitute the
Archaeplastida (Adl et al. 2005) that contain “primary” plastids surrounded by two
envelope membranes. The major reason that we understand the evolutionary impor-
tance of glaucophytes is the excellent and meticulous ultrastructural studies
conducted by Ludwig Kies as summarized in Kies (1992). The unifying characters
of this phylum are the presence of muroplasts with peptidoglycan layers in their
envelopes (Fig. 1) and a number of shared morphological features (see below). This
grouping was later corroborated by phylogenetic analyses based on 16S (Helmchen
et al. 1995) and 18S rRNA (Bhattacharya et al. 1995a; Marin et al. 1998) and
concatenated protein sequences (Rodríguez-Ezpeleta et al. 2005).

Occurrence

Glaucophytes are relatively rare in nature, occupying niches. All members inhabit
freshwater environments in the plankton or benthos of lakes, ponds, or ditches. Only
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four genera are maintained in culture collections, i.e., Cyanophora, Gloeochaete,
Cyanoptyche, andGlaucocystis (Table 1), and thus are available for research. Almost
all biochemical and molecular data acquired during the past 25 years (after the
review by Kies and Kremer 1990) were obtained from Cyanophora paradoxa,
which is the model organism for this phylum. A relatively fast growth rate, ease of
cell lysis, and stable muroplasts account for its wide usage in research. Species that
once were grouped together with the glaucophytes but were not deposited in an algal
culture collection are not further dealt with here.

Literature and History of Knowledge

Kies and Kremer (1990) review the early literature, until the end of the 1980s, and
explore the morphological criteria characteristic of glaucophytes. The excellent EM
work of Ludwig Kies is presented in this chapter whenever possible. Bhattacharya
and Schmidt (1997) review the phylogenetic analyses supporting the phylum
Glaucophyta. Löffelhardt et al. (1997a) and Löffelhardt and Bohnert (2001) include
the forthcoming molecular (muroplast genome sequence) and biochemical (fine
structure of muroplast peptidoglycan) data until the end of the 1990s. The important
issue of protein targeting to the muroplasts of C. paradoxa is dealt with in two
reviews (Steiner and Löffelhardt 2002, 2005). Genomic data from C. paradoxa and
G. nostochinearum and microarray data revealing CO2-responsive genes and their
involvement in the inorganic carbon-concentrating mechanism (CCM) are presented
in Rodríguez-Ezpeleta et al. (2005) and Burey et al. (2007), respectively. The
landmark paper describing the nuclear genome sequence of C. paradoxa (Price

Fig. 1 Cyanophora paradoxa SAG 29.80. Immuno-EM of a dividing muroplast. Primary anti-
bodies directed against peptidoglycan from E. coli. Gold particles mainly decorate the envelope and
the newly formed septum. The division furrow neatly cleaves the RuBisCo-containing central body
(CB), the genetic material surrounding it, and the concentric thylakoids into two halves destined for
the daughter muroplasts. Insert: Interference contrast micrograph showing the ovoid cell, the
flagella, and two muroplasts
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et al. 2012) provided distinct support for a single plastid primary endosymbiotic
event and gave rise to a number of related reviews (Bhattacharya et al. 2014;
Löffelhardt 2014; Facchinelli and Weber 2015; Jackson et al. 2015).

The recognition of Glaucophyta is intimately connected to the concept of endo-
symbiosis between protists and cyanobacteria and the theory of the evolution of
eukaryotic cells (Mereschkowsky 1905; Margulis 1981; Margulis and Sagan 2003).
After thorough investigations, both Geitler (1959a) and Pascher (1929) concluded
that Cyanophora species (Fig. 1), Gloeochaete wittrockiana (Figs. 2, 3, and 5) and
Glaucocystis nostochinearum (Figs. 4a, b, 6, and 7), were cases of symbioses
between heterotrophic host cells and modified autotrophic cyanobacterial endosym-
bionts functioning like plastids. Such endosymbionts were named “cyanelles” by
Pascher (1929) who created the terms “endocyanome” for the whole consortium and
“endocyanosis” for this particular type of endosymbiosis. Nowadays, the kingdom
“Archaeplastida,” also known as “Plantae,” is thought to have resulted from a single
successful primary endosymbiotic event between a cyanobacterium and a heterotro-
phic protist. Once this immensely complicated and lengthy process was successfully
completed, the “protoplastid” became the ancestor of all plastids known to date,
regardless of differences in traits such as pigmentation and morphology. This does
not rule out much more recent instances of endosymbiotic organellogenesis as in
Paulinella (Nowack et al. 2008) or Rhopalodia (Kneip et al. 2008).

In contrast to all other plastids, with the potential exception of the moss
Physcomitrella patens (Hirano et al. 2016), the muroplasts of Cyanophora paradoxa
(Fig. 1), Gloeochaete wittrockiana (Fig. 5), Glaucocystis nostochinearum (Fig. 6),
and Cyanoptyche gloeocystis (Fig. 4c, d) have thin lysozyme-sensitive cell walls
clearly recognizable with electron microscopy (EM) between the two envelope
membranes (Kies 1992), which in C. paradoxa (Schenk 1970; Aitken and Stanier
1979; Pfanzagl et al. 1996a), G. nostochinearum (Scott et al. 1984; Pfanzagl et al.
1996b), and C. gloeocystis (Pfanzagl et al. 1996b) have been identified as peptido-
glycan layers. Skuja’s taxonomic treatment of the phylum (Skuja 1954) was adopted:

Fig. 2 Two cells of
Gloeochaete wittrockiana,
strain SAG 46.84 (Kies strain
IAB 2323). Each cell contains
two long pseudocilia.
Interference contrast light
micrograph. Scale line=10μm
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Skuja included in his phylum Glaucophyta Gloeochaete, Glaucocystis, and all
endocyanomes described by Korshikov, Pascher, Geitler, and Skuja. Motile endo-
cyanomes such as Cyanophora were not included in this framework. Kies (1979)
suggested reviving the class Glaucocystophyceae (Skuja 1954) to accommodate the
genera Cyanophora, Gloeochaete, Glaucocystis, and Glaucosphaera, which share
ultrastructural characters not encountered together in any other algae (see Table 2).
An emendation including a typification of several taxa of the Glaucophyta is given
by Kies and Kremer (1986). Cyanoptyche was confirmed as a new member in 1989
(Kies 1989), whereas Glaucosphaera was removed in 1995 (Bhattacharya et al.
1995a).

Fig. 3 Gloeochaete wittrockiana, strain SAG 46.84 (Kies strain IABH 2323), in longitudinal
section, with apical depression, numerous muroplasts, and in the center of the cell a conspicuous
nucleus with a nucleolus. Transmission electron micrograph. Scale line = 1 μm (Taken from Kies
and Kremer (1990))

Glaucophyta 9



Practical Importance

The Glaucophyta have not been exploited for economic or medical applications. A
potential use of the eukaryotic peptidoglycan is as a model for the impact of beta-
lactam antibiotics on eukaryotes, because the doses effective on C. paradoxa are
similar to those for E. coli (Berenguer et al. 1987). In addition, a pigment extract of
C. paradoxa containing pheophorbide a, beta-cryptoxanthin, and zeaxanthin as the
main components has been shown to have strong antiproliferative activity against
three cancer cell lines (Baudelet et al. 2013).

Fig. 4 a, b Glaucocystis nostochinearum SAG 45.88; C-D: Cyanoptyche gloeocystis SAG 4.97. A
vegetative cell and autospores are shown for each species. Scale bar = 10 μm

10 D.C. Price et al.



Fig. 5 Muroplasts of
Gloeochaete wittrockiana,
strain SAG 46.84 (Kies strain
IABH 2323) with concentric
thylakoid membranes. The
central part contains a large
polyhedral body confined by
an electron-dense layer.
Transmission electron
micrograph. Scale line= 1 μm
(Taken from Kies and Kremer
(1990))

Fig. 6 A muroplast of Glaucocystis nostochinearum, strain IABH 2344 (Kies strain), in longitu-
dinal section. Note the irregular, rodlike shape (spherical in all other glaucophytes) and the polar
position (central in all other glaucophytes) of the RuBisCo microcompartment (Transmission
electron micrograph. Scale line = 1 μm (Taken from Kies and Kremer (1990))

Glaucophyta 11



Habitats and Ecology

In terms of being reported in the literature, the cosmopolitan G. nostochinearum is
most frequent, followed by C. paradoxa and G. wittrockiana (see also Table 1).
Because the knowledge of their distribution pattern and ecological niches is incom-
plete, and there is only a limited and dispersed literature on their ecology,
glaucophytes are not easy to collect.

Cyanophora paradoxa, originally found in small eutrophic ditches near Kharkov,
Ukraine (Korshikov 1924), was isolated by Pringsheim in England from alkaline
water and from a soil sample taken from a fishpond near Erlangen, Germany, by Kies
(Kies 1979; Pringsheim 1958). Cyanophora tetracyanea has been collected from
river plankton in the Gorki district of Belarus and from the littoral zone of Lake
Fibysjon, Sweden (Skuja 1956). Cyanoptyche gloeocystis and its subspecific taxa
have been found in Sphagnum bogs (Pascher 1929) and in ponds rich in submerged
cormophytes and diatoms (Geitler 1959b). It has been found on the underside of
floating leaves of Potamogeton natans, a monocotyledonous angiosperm (Pascher
1929). In some instances it occurred together with other glaucophytes such as
Gloeochaete andGlaucocystis. Gloeochaete wittrockiana is epibiotic on filamentous
chlorophytes such as Oedogonium, Rhizoclonium, Chara, and Nitella, the
xanthophyte Vaucheria, and the leaves of aquatic mosses and submerged angio-
sperms. It has been found both in acidic Sphagnum bogs, soft water lakes poor in
plant nutrients (Skuja 1956), and ditches with medium levels of inorganic nutrients
(Kies 1979). Skuja frequently found its zoospores in the plankton of some Swedish
lakes. It often occurred together with Glaucocystis nostochinearum. Glaucocystis
nostochinearum has been found in acid and alkaline waters (Geitler 1959a); it was
reported from the plankton of Swedish lakes and ponds where it occurred together
with Gloeochaete wittrockiana (Skuja 1956) and from swamps and bogs. It was
collected from a drainage ditch near Hamburg, Germany, rich in submerged land
plants and also containing Gloeochaete wittrockiana (Kies 1979). The pH was
6.5–8.2.

Fig. 7 Pellicle of Glaucocystis nostochinearum, strain IABH 2344 (Kies strain). Flat vesicles
(lacunae) associated with microtubules form a layer beneath the plasma membrane. Transmission
electron micrograph. Scale line = 0.5 μm (Taken from Kies and Kremer (1990))
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Characterization and Recognition

Glaucophytes are distinguished by ultrastructural and biochemical characters. The
phylum Glaucophyta can be defined as follows (for references see Tables 1 and 2):
Glaucophyta (glaucophytes) are mastigote (Fig. 1) or coccoid algae (Fig. 4a), single
or in colonies (Fig. 2). Typical carotenoids of cyanobacteria such as echinenone and
myxoxanthophyll are absent. They display characters of oxygenic prokaryotic
photosynthesizers (photosystems I and II). The thylakoids are concentrically
arranged (Figs. 1, 5, and 6), and the muroplast pigments are chlorophyll a,
β-carotene, zeaxanthin, β-cryptoxanthin, allophycocyanin, and C-phycocyanin.

Flagellated vegetative cells and asexual reproductive cells (mastigotes), if pre-
sent, have a dorsoventral construction. In motile forms, two flagella (Heimann et al.
1989; Fig. 1) both with mastigonemes arise in an apical groove. One is directed
toward the direction of swimming, the other laterally. In vegetative cells of
Gloeochaete, stiff, hairlike extensions called pseudocilia arise (Fig. 2) in an apical
depression (Fig. 3). In Glaucocystis, reduced flagella are present. The cruciate
kinetid contains four multilayered structures (MLS) (Table 2) in Gloeochaete and
Glaucocystis and two in Cyanophora.

Glaucophytes contain mitochondria with flattened cristae. An open spindle
appears during mitosis, but centrioles and phycoplasts are absent. Cytokinesis occurs
by infurrowing of the plasma membrane. Reproduction is by longitudinal binary
fission in the mastigotes, by multiple mastigotes or immotile reproductive cells
(“autospores,” Fig. 4b, d) in capsalean and coccoid members. Sexuality has not
yet been reported; a lacuna pellicular system is present (Heimann et al. 1997; Fig. 7).
The polysaccharide reserve product (starch) accumulates in the cytoplasm of the host
cell in the form of minute granules.

Classification

A classification scheme was first proposed by Skuja (1954). A more recent treatment
of the Glaucophyta (Kies and Kremer 1986; Kies 1992) differs from Skuja’s scheme
in that:

1. The diagnosis of the phylum and class is emended to include ultrastructural and
biochemical characters. Typified names instead of descriptive names are used for
all taxa.

2. Mastigotes, which comply with the emended diagnosis, are included.
3. Separate orders are established for monadoid (Fig. 1), capsalean (Fig. 3), and

coccoid (Fig. 4a) genera.
4. Taxa of uncertain affiliation with the Glaucophyta due to incomplete description

and/or lacking ultrastructural and biochemical evidence are treated here as genera
and species inquirendae.

Glaucophyta 15



Maintenance and Cultivation

Gloeochaete and Glaucocystis, the only common glaucophytes, are isolated by use
of a capillary pipette (Hoshaw and Rosowski 1973). From fresh natural collections,
single cells or colonies are removed and transferred with a sterile capillary pipette in
a Petri dish through at least ten drops of sterile culture medium to dilute out
undesired organisms. Between each step the capillary pipette is newly pulled
through a flame. Gloeochaete living epibiotically on filamentous freshwater algae
should be isolated together with parts of the filaments. In fresh culture medium
multiple mastigotes are formed readily and may be isolated as described.

Axenic cultures have been established from Cyanophora and Glaucocystis spe-
cies (see Table 1). Fluorescence-activated cell sorting (FACS) proved to be the
method of choice. The criteria adopted were maximum chlorophyll autofluorescence
and maximum forward scatter. A total of 20–30% of the sorted single cell cultures
grew successfully, and among these more than 20%were axenic (Sensen et al. 1993).
Isolates from four genera were deposited in culture collections (Table 1), among
them at least five species of Cyanophora, whereas the other genera appeared to be
monospecific: Cyanoptyche gloeocystis, Glaucocystis nostochinearum, and
Gloeochaete wittrockiana. However, recently a more thorough investigation of the
genus Glaucocystis (Chong et al. 2014; Takahashi et al. 2016) led to a splitting into
several species as has also happened for Cyanophora (Takahashi et al. 2014). A
compilation including the latest results is presented in Fig. 8. The best sources are the
SAG (Göttingen, Germany), the NIES (Tsukuba, Japan), and the CCAC (Cologne,
Germany) that keep several Kies strains (Table 1).

Culture media recipes can be found in the SAG catalogue and web site (http://
www.uni-goettingen.de/). Cyanophora paradoxa cultures show a requirement for
vitamin B12 as an essential cofactor for methionine biosynthesis, which in natural
habitats likely is provided by environmental bacteria (Croft et al. 2005).

Biochemistry, Molecular Biology, and Cell Biology

Here, research done during the past 25 years will be reviewed. Almost all data were
obtained with C. paradoxa, and most of them deal with various aspects of muroplast
biology. The clear outcome is that muroplasts are primary plastids sensu stricto.

The Muroplasts of Cyanophora paradoxa: Protein Import,
Biochemical Pathways, and Plastome Organization

Emphasis is given to processes and structures for which biochemical and cell
biological experiments corroborate and extend the information obtained from
plastome and genome sequencing.
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Cyanoptyche gloeocystis  SAG 4.97, Portugal

Glaucocystis oocystiformis KRJ2, Korea

Cyanophora sudae  NIES 764, Japan

Glaucocystis incrassata SAG 229-2, Germany

Cyanoptyche gloeocystis  SAG 34.90, Austria

Glaucocystis oocystiformis NIES 966, Japan

Glaucocystis geitleri UTEX 1929

Glaucocystis oocystiformis  NIES 1369, Japan

Glaucocystis bhattacharyae SAG 27.80, France

Glaucocystis nostochinearum SAG 16.98, Germany

Glaucocystis incrassata UTEX 64 = SAG 229-1
                                        = NIES 2141, England

Glaucocystis nostochinearum SAG 45.88, Germany

Glaucocystis geitleri SAG 28.80

Cyanophora cuspidata  SAG 45.84, Germany

Glaucocystis bhattacharyae HS30, USA

Glaucocystis miyajii KRJ1, Korea

Cyanophora paradoxa  CCAP 981/1 = CCMP 329 
     = SAG 29.80 = UTEX 555 = NIES 547, England

Glaucocystis miyajii NIES 1961, Japan

Cyanophora cuspidata  NIES 3645, JP

Gloeochaete wittrockiana  SAG 46.84, Germany

Glaucocystis bhattacharyae BBH, USA

Cyanophora kugrensii  NIES 763, Japan

Glaucocystis geitleri SAG 229-3

Cyanophora biloba  UTEX 2766, USA

G5

G4

G2

G1

G6

G3

E
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support

Fig. 8 Phylogenetic relationship of the Glaucophyta based on plastidal psbA, psaB, 16S rRNA,
mitochondrial cox1, cob, and nuclear ITS region including ITS 1 and 2, 5.8S, partial SSU, and LSU
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Protein Import into Muroplasts

Considerable progress has been made during the past 20 years with respect to
components and mechanism of the import apparatus of land plant chloroplasts. It
consists of two independent but cooperating translocons, Toc and Tic (Paila et al.
2015), at the outer envelope membrane (OEM) and the inner envelope membrane
(IEM), respectively. Important translocon components are Toc75 (channel), Toc34
and Toc159 (receptors), Tic110 (putative channel), Tic20 (putative channel), Tic21,
Tic22, and Tic40. GTP is the energy source for OEM translocation, and ATP
energizes further translocation across the IEM via chaperone action. There is agree-
ment that the import apparatus constitutes a eukaryotic “invention” which does not
preclude the recruitment of suitable cyanobacterial membrane proteins (Reumann
et al. 2005; Kalanon and McFadden 2008).

Nucleus-encoded muroplast polypeptides are synthesized in the cytosol as pre-
cursors containing cleavable N-terminal transit sequences that are 35–90 aa in length
(Steiner and Löffelhardt 2002). These resemble chloroplast stroma-targeting pep-
tides (Bruce 2000) in domain structure, amino acid c006Fmposition (especially at
the processing site; Köhler et al. 2015), and positive net charge. However, the
N-terminal motif MA(A)FVxxVP is found with slight variation in nearly all
muroplast transit sequences (Steiner and Löffelhardt 2002, 2005) but not in those
for land plant or green algal chloroplasts. Pre-FNR and pre-transketolase from
C. paradoxa were efficiently imported into isolated muroplasts (Ma et al. 2009;
Jakowisch et al. 1996). Other precursors as pre-cytochrome c6 and pre-RuBisCO
activase performed even better during in vitro import and were completely internal-
ized after 3–7 min incubation (Burey et al. 2005; Steiner et al. 2000). The energy
requirements (ATP, temperature) corresponded to those for chloroplast import. The
observed stability of muroplasts due to their peptidoglycan armor is misleading:
even a slight osmotic shock causes damage of the OEM and loss of import compe-
tence (Steiner and Löffelhardt 2002), CO2 fixation (Trench 1982), and in organello
protein synthesis (Löffelhardt and Bohnert 2001).

In addition to pre-FNR (Jakowitsch et al. 1996), all other Cyanophora precursors
tested are readily imported into isolated chloroplasts from spinach or pea (Ma et al.
2009; Steiner and Löffelhardt 2002, 2005). However, the inverse heterologous
import, i.e., of precursors from land plants into isolated muroplasts, did not occur.
Therefore, the N-terminal consensus sequences appear to be the sole recognizable
difference between muroplast and chloroplast stroma- targeting peptides. The phe-
nylalanine residue, usually at position three or four, is conserved and might be

�

Fig. 8 (continued) rDNA (Modified from Chong et al. 2014; Takahashi et al. 2014). Strain number
and its origin were indicated beside the species name. Six clades of Glaucocystis species complex
were marked as G1–G6 (Chong et al. 2014), while three new Cyanophora species from Takahashi
et al. (2014) have been adopted in this phylogeny. Color bars indicate >70% bootstrap support
values for each node from each individual gene. Ink drawings for A–E (Cyanophora species) were
taken from Takahashi et al. 2014
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crucial for successful translocation across the muroplast envelope. Its prevalence
was recently confirmed through proteomic studies on isolated muroplasts (Köhler
et al. 2015). Indeed, deletion or exchange of this amino acid from C. paradoxa
pre-FNR led to impeded or even completely abolished import into muroplasts
(Steiner et al. 2005a). The obvious next step was to engineer a chloroplast precursor,
pre-FNR from Mesembryanthemum crystallinum, with the missing phenylalanine in
the N-terminal region of the transit sequence. This enabled heterologous import with
an efficiency comparable to homologous import (Steiner et al. 2005a).

The high gene content of their plastomes, the PBS light-harvesting antennae, and
results of phylogenetic analyses make it possible to categorize muroplasts and
rhodoplasts as “plastids with ancestral characteristics.” An inspection of putative
transit sequences of nucleus-encoded rhodoplast proteins from various red algae
revealed N-terminal consensus sequences very similar to those for muroplast stroma-
targeting peptides. The crucial phenylalanine residue is always present, even in
precursors targeted to secondary plastids derived from endosymbiotic red algae
where a phenylalanine residue is created as the first amino acid of the transit
sequence after cleavage of the preceding signal sequence (Patron and Waller 2007;
Gould et al. 2006; Kilian and Kroth 2005). On the other hand, this is not found in
precursors to chloroplasts or secondary plastids from the “green lineage.”When this
feature is considered as typical for primordial plastids, it might as well have been
taken over or adapted from the prokaryotic ancestor: phenylalanine has been
reported to occupy a prominent position in the sequence of bacterial proteins targeted
to the outer membrane (Struyvé et al. 1991) as porins (C-terminus) or type IV pilins
(N-terminus, created by prepilin peptidase cleavage). An outer membrane protein,
Omp85, acting as receptor/chaperone for such proteins recognizes their exposed
phenylalanine residue and assists in their correct membrane assembly (Voulhoux and
Tommassen 2004). When such a preexisting cyanobacterial protein was recruited
(after transfer of its gene to the nucleus) for the development of a protein import
apparatus in the endosymbiont envelope, it could have been oriented inversely so
that precursors with a phenylalanine signature coming from outside, i.e., from the
eukaryotic cytosol, would be recognized. Indeed, this reorientation could recently be
demonstrated (Sommer and Schleiff 2014). Thus, an Omp85-like protein (due to its
sequence similarity, chloroplast Toc75 is included in the Omp85 family) could have
been adapted to fulfil dual functions, that of the “Phe-receptor” and that of the
protein import channel (Steiner and Löffelhardt 2005; Steiner et al. 2005a). Blue-
native gels of isolated muroplasts yielded a distinct signal (αToc75) for the Toc
complex at about 550 kDa. (Yusa et al. 2008). The muroplast import apparatus is
considered as a prototype that has not undergone many changes relative to that of the
ancestral protoplastid which might also apply to rhodoplasts and, likely, to second-
ary plastids derived from red algal endosymbionts (with respect to the two innermost
membranes). Omp85 proteins are suitable for the proposed dual role because:
(i) these are the only members of the Omp85 family that can form pores of sufficient
diameter to allow protein translocation and (ii) they display a presequence (Phe)-
binding domain. Phe in the transit sequence of pre-FNR from C. paradoxa was
shown to reduce unspecific binding to liposomes but to enhance binding to
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proteoliposomes containing Omp85 from Anabaena variabilis (Wunder et al. 2007).
There is now evidence for the minimal set of components of the Toc/Tic complexes
(see section on Genome Analysis of Glaucophytes; Bhattacharya et al. 2014;
Löffelhardt 2014). The interaction of both complexes might be more pronounced
than in chloroplasts, resulting in fixed positions of import sites coinciding with
localized lesions in the organelle wall. The latter are necessary to allow translocation
of large proteins that would have problems with the narrow mesh size of the
peptidoglycan network and could be generated through the action of lytic trans-
glycosylases bound to the import complex (Steiner and Löffelhardt 2005).

Conservative Sorting

The “conservative sorting” hypothesis posits that organelles (mitochondria, plastids)
that are derived from prokaryotic endosymbionts not only had to develop a selective
protein import apparatus at their envelope but also retained prokaryotic preprotein
translocases at their inner envelope (mitochondria) and thylakoid membranes (chlo-
roplasts). Conservative sorting in land plant chloroplasts is widely accepted
(Smeekens et al. 1990). Bipartite presequences, i.e., a transit sequence followed by
a signal sequence, are indicative of intraplastidic sorting to the thylakoid lumen or
thylakoid integration. According to the translocons involved and the respective
energy requirements, the Sec pathway transporting unfolded passenger proteins
and the ΔpH-dependent or Tat pathway for folded proteins are defined (Cline and
Dabney-Smith 2008), both being paradigms for conservative sorting of (largely)
lumenal proteins. Cyanobacteria, the ancestors of plastids, are capable of
“exporting” cytosolically synthesized preproteins either to the periplasmic space or
into the thylakoid lumen (Mackle and Zilinskas 1994). Muroplasts also possess a
periplasmic space between IEM and OEM containing the peptidoglycan wall, seven
penicillin-binding proteins, enzymes of peptidoglycan degradation and modification,
cytochrome c6, etc. (Steiner et al. 2000; Löffelhardt and Bohnert 2001). Therefore it
is justified to postulate conservative sorting for both the thylakoid and inner enve-
lope membranes (Fig. 9) as was first shown for cyanobacteria with respect to the Sec
translocase (Nakai et al. 1993).

Sec pathway: Here, muroplasts have played a leading role for some time because
secY is a muroplast gene and was shown to complement the thermosensitive secY24
mutation in E. coli (Flachmann et al. 1993). In subsequent work, an expressed
sequence tag (EST) for nuclear-encoded SecAwas found in C. paradoxa. Muroplast
SecA appeared to be quite susceptible to inhibition by sodium azide during import
experiments with homologous precursors: the amount of mature cytochrome c6 was
reduced and intermediate accumulated in the stroma, whereas thylakoid transloca-
tion of the larger intermediate form of PsbO was completely abolished (Steiner et al.
2005b). Cyanobacterial thylakoids do not form tight vesicles upon isolation and thus
are not suitable to demonstrate protease protection of internalized, processed
lumenal proteins. With improved muroplast fractionation methods, it was possible,
at least for PsbO, to show Sec-dependent translocation in organello and, after
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muroplast lysis and thylakoid isolation, for the first time protease protection of the
mature protein inside of phycobilisome-bearing thylakoids. Nigericin did not inter-
fere; addition of azide to the import assay abolished protease protection of PsbO by
inhibiting thylakoid translocation (Steiner et al. 2005b). However, import experi-
ments into isolated thylakoids are only possible in land plant systems. The
Cyanophora Genome Project revealed contigs for secA and thylakoid processing
proteases (TPP) but no additional, nucleus-encoded SecY (Table 3; Steiner et al.
2012): there is but one secY gene and one secA gene, as in cyanobacteria. The
generation of specific antisera directed against muroplast SecY allowed the demon-
stration of dual localization (Fig. 9) of the Sec translocon in muroplasts (Yusa et al.
2008). SecY-containing bands of distinct size were immuno-decorated on blue-
native gels of thylakoid membranes and IEM, respectively (Koike et al. 2007). In
land plant chloroplasts, a second Sec translocase was recently shown at the IEM, but

Fig. 9 Conservative sorting within the muroplasts of Cyanophora paradoxa. Proteins directed by
a specific transit sequence (muroplast stroma-targeting peptide) across the muroplast envelope into
the stroma can either stay there, or can be integrated into a microcompartment, or can be sorted by a
signal sequence (in case of a bipartite presequence) to the thylakoid lumen or the periplasmic space,
respectively. CB central body, PBS phycobilisome, PG peptidoglycan, Spp stroma processing
peptidase, TPP thylakoid processing peptidase, * conservative sorting
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SecYand SecA are derived from nuclear genes different from those giving rise to the
thylakoid Sec translocon (Skalitzky et al. 2011).

Tat pathway: In C. paradoxa EST databases, nucleus-encoded candidate passen-
gers were found, as pre-PsbU and pre-PsbQ’, with bipartite presequences containing
the typical “twin-arginine” motif in the signal sequence (Cline and Dabney-Smith
2008) that did not respond to azide. The problem is that the effect of nigericin on
muroplasts obviously is weaker than on land plant chloroplasts. In the non-cleavable
signal-anchor sequence immediately after the transit sequence, a KR motif is found
in both cases (RR only in cyanobacterial pre-PetC). In the presence of azide, but not
of nigericin, it was possible to detect low amounts of protease-protected (i.e.,
internalized) mature protein trimmed by removal of five N-terminal amino acids
(preceding the single transmembrane domain) protruding into the stroma. This was
interpreted as evidence for operation of the Tat pathway in the muroplast thylakoid
membrane (Steiner et al. 2005b). With the availability of the genomic sequence,
genes for TatA and TatC could be identified (Table 3; Steiner et al. 2012). There is
now also evidence for dual localization of the Tat translocase in cyanobacteria
(Aldridge et al. 2008). In the absence of any experimental data, this is also a likely
scenario for muroplasts resulting in fully conservative sorting, whereas for chloro-
plasts an IEM-resident Tat translocase is rather not envisaged (Skalitzky et al. 2011).
The muroplast signal recognition particle (SRP) protein and the corresponding
receptor (distinct from the cytosolic counterparts) were also identified and included
in the compilation of Table 3. Since LHCP is missing from glaucophytes and
rhodophytes, a posttranslational SRP pathway should not be operative in the plastids

Table 3 Genes for components of protein sorting pathways within the muroplasts of Cyanophora
paradoxa and for candidate passengers undergoing spontaneous membrane insertion (Steiner et al.
2012)

Protein Function Comments

SecY Sec translocase One copy on the muroplast genome

SecE (n.d.) Sec translocase Should be present. Low sequence conservation

SecA Sec translocase N-terminal fragment with STPa

TatC Tat translocase 5 TM domains, negatively charged N-terminusa

TatA Tat translocase STP, 1 TM domain, highly polar C-terminusb

TPP Signal peptide cleavage LepB1 homologa, 1 TM domain

TPP Signal peptide cleavage Fragment, putative LepB2 homologa

mpSRP54 Signal recognition particle STP, GTP-binding domaina

mpFtsY SRP receptor GTP-binding domainb

Albino3 D1 insertase STP, 5 TM domainsb

Vipp1 Thylakoid stabilization STP, amphipathic α-helix at C-terminusa

PsbW Spontaneous insertion? STP, SP, 1 TM domainb

PsaK Spontaneous insertion? 2 TM domainsa

n.d. not detectable, mp muroplast, STP stroma-targeting peptide, SP signal peptide, TM
transmembrane
aBest hits among cyanobacteria
bBest hits among green algae and plants
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from both phyla. However, the cotranslational SRP pathway with the important
function of thylakoid integration of PSII and PSI reaction centers (Ossenbühl et al.
2006) can be considered as another example of conservative sorting and is expected
to be active in muroplasts and rhodoplasts. Consequently, the genes for Albino3/
Oxa1/YidC and Vipp1 were identified, whereas the SRP-RNAwhich is encoded on
all rhodoplast genomes could not be found on muroplast DNA (M. Rosenblad,
personal communication). Obviously, mpSRP54 alone can fulfill its function with-
out an RNA component. Table 3 is completed by two candidates for spontaneous
(i.e., unassisted) thylakoid insertion (Tissier et al. 2002) which seems to be a special
feature of galactolipid-rich plastid membranes.

Structure and Biosynthesis of the Unique Eukaryotic Peptidoglycan

In contrast to chloroplasts, isolated muroplasts of C. paradoxa are stable in hypo-
tonic medium. This is due to the presence of a lysozyme-sensitive murein sacculus in
the muroplast envelope (Schenk 1970). This “organelle wall” with an estimated
thickness of 7 nm has hitherto only been found in the eubacterial kingdom. Such a
peculiar prokaryotic wall around a eukaryotic organelle, perhaps the most striking
biochemical evidence for the cyanobacterial origin of plastids, was assumed to
mimic early stages of primary endosymbiosis and justified (for some time) consid-
eration of C. paradoxa and glaucophytes in general as “living fossils.” The basic
components of muroplast peptidoglycan were identified as those known for the
A1γ-type found in Gram-negative bacteria: N-acetylmuramic acid, N-acetylglu-
cosamine, L-alanine, D-glutamic acid, m-diaminopimelic acid, and D-alanine (Aitken
and Stanier 1979). Analogous results were reported for the muroplast wall from
G. nostochinearum (Scott et al. 1984). Cleavage of purified muroplast peptidoglycan
from C. paradoxa with Chalaropsis muramidase and separation by HPLC yielded a
muropeptide pattern different from that of E. coli: Only 7 of the 29 major
muropeptides investigated by a combination of amino acid analysis and mass
spectrometry were identical to bacterial counterparts. The remaining 22 appeared
to be derived from known muropeptides of E. coli by a substitution leading to an
increment in MWof 112 or multiples thereof (Pfanzagl et al. 1996a). The modifica-
tion was localized to the C-1 carboxylic group of the D-isoglutamoyl moiety, and N-
acetylputrescine was identified as the substituent (Pittenauer et al. 1993). The
structures of all 29 major muropeptides (4 monomers, 8 dimers, 11 trimers, and
6 tetramers) have been elucidated (Pfanzagl et al. 1996a). In fact, the muroplast wall
is thicker and more cross-linked than the cell wall of E. coli. The substitution (not
detected in cyanobacteria) and the reduced thickness (as compared to the
cyanobacterial wall) could thus both serve the purpose of increasing the permeability
of the peptidoglycan network. This might be especially important for a cell organelle
which requires extensive protein import from the cytoplasm. Indeed, N-acetylpu-
trescine was also found in the muroplast walls from two other glaucophytes,
G. nostochinearum and C. gloeocystis (Pfanzagl et al. 1996b), indicating that it
really constitutes a signature for muroplasts in general, i.e., for the “eukaryotic”
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peptidoglycan of an armored organelle. An alternative, less likely function might be
in connecting the PG layer to the OM in the absence of murein lipoprotein (Pfanzagl
et al. 1996a) as was reported for some rare cases of anaerobic Gram-negative
bacteria that show cadaverine or putrescine linked to C-1 of the isoglutamoyl moiety
(Kojima et al. 2010).

The biosynthetic pathway of C. paradoxa murein appears to be analogous to that
of E. coli with respect to intermediates, the participating enzymes, and their com-
partmentation. Penicillin-binding proteins (PBPs) possess transglycosylase and/or
transpeptidase activity and perform the last steps of bacterial peptidoglycan biosyn-
thesis by introducing new monomeric building blocks into the growing carbohydrate
chain and cross-linking the peptide side chains (Sauvage et al. 2008). Seven PBPs in
the size range from 110 to 35 kDa were identified in the muroplast envelope by
labelling with a radioactive derivative of ampicillin (Berenguer et al. 1987). Accord-
ingly, β-lactam antibiotics are lethal for C. paradoxa in much the same concentra-
tions as for eubacteria. Also, differential sensitivity of individual PBPs toward
different penicillin derivatives was demonstrated (Berenguer et al. 1987). Muroplast
division is arrested whereas cell division continues, finally leading to colorless,
nonviable cells. Dumbbell-shaped muroplasts were also observed upon benzyl
penicillin and vancomycin treatment of C. paradoxa (Iino and Hashimoto 2003).
Indirect evidence was obtained for a periplasmic localization in the muroplasts of
C. paradoxa of DD- and LD-carboxypeptidases and DD-endopeptidase, enzymes
hydrolyzing defined bonds in peptidoglycan (Plaimauer et al. 1991). As in the
cytosol of E. coli (Barreteau et al. 2008), the biosynthesis of the soluble precursor
of peptidoglycan, UDP-N-acetylmuramoyl pentapeptide, was shown to occur in the
muroplast stroma (Plaimauer et al. 1991). The membrane-bound steps, i.e., the
transfer of UDP-N-acetylmuramoyl pentapeptide to undecaprenylphosphate (yield-
ing Lipid I) and disaccharide formation with N-acetyl glucosamine (yielding lipid
II), occur in analogy to E. coli (Bouhss et al. 2008) at the inner envelope membrane
of muroplasts followed by putrescinylation at C-1 of the D-isoglutamyl moiety and
then N-acetylation (Pfanzagl and Löffelhardt 1999). Amidation of Staphylococcus
aureus PG at the same position was recently reported to also occur at the stage of
lipid II (Münch et al. 2012). Surprisingly, the muroplast genome encodes only a
single protein potentially involved in peptidoglycan biosynthesis during septum
formation, FtsW (Löffelhardt et al. 1997). One proven function of E. coli FtsW is
the recruitment of PBP3 (FtsI) to the divisome. More than 30 eukaryotic genes
specifying enzymes responsible for building up the prokaryotic organelle wall must
therefore reside in the nuclear genome of C. paradoxa. Recently, a homolog to the
cyanobacterial division protein SepE, which has a role in assembly and stability of
the FtsZ ring (Hamoen et al. 2006), was also identified on the muroplast genome.
The expression of ftsW and sepE appear to be cell cycle independent (Miyagishima
et al. 2012).

Muroplast division in C. paradoxa shows intermediate features between
cyanobacterial and plastid division (Iino and Hashimoto 2003; Sato et al. 2009).
This was to be expected since it is strictly dependent upon the formation of a
peptidoglycan septum in contrast to all other plastid types which nevertheless rely
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on a number of cell division genes of bacterial origin as ftsZ, ftn2 (arc6), minD,
minE, etc. (Yang et al. 2008). Interestingly, there is but one gene for (muroplast-
targeted) FtsZ on the C. paradoxa genome (as in cyanobacteria) and no mitochon-
drial counterpart, whereas algae and plants possess at least two genes for the
chloroplast proteins and, more recently (e.g., in case of stramenopiles), additional
genes for the mitochondrial FtsZ were described (Leger et al. 2015). Muroplasts and
chloroplasts show in the stroma a distinct inner plastid division (PD) ring,
corresponding to the FtsZ ring superimposed by a thicker, electron-dense ring.
However, muroplasts lack the outer chloroplast division ring and the adjacent ring
formed by the dynamin-related protein ARC5 (DRP5B). These components of the
chloroplast division machinery are considered as host cell contributions after the
endosymbiotic event. Nuclear genes for MinD and MinE, proteins determining the
site of the division septum, and for ARC6 (assumed to tether the FtsZ ring to the
IEM) were identified in C. paradoxa, and their expression was shown to be regulated
by the cell cycle (Miyagishima et al. 2012). In contrast, FtsZ was found to be
constitutively expressed. In (cyano)bacteria, various hydrolases function in PG
splitting during septum formation. Recently, a homolog of the gene for DipM was
detected on the nuclear genome of C. paradoxa, and the protein was shown to
localize to the intermembrane space of dividing muroplasts at the site of septum
formation (Miyagishima et al. 2014a). Again, the expression of DipM followed the
cell cycle with a peak in the S phase.

In the Cyanophora Genome Project, three different approaches were used for
PBP gene identification: (1) domain searches, (2) BLAST searches against the eight
PBP genes of Synechocystis sp. PCC6803 (Marbouty et al. 2009) and the Anabaena
sp. PCC7120 homologs, and (3) BLAST searches against Physcomitrella patens
PBP-like genes. In most cases, the results converged leading to the identification of
at least 11 genes or gene fragments (Bhattacharya et al. 2014); examples of which are
shown in Table 4. In general, sequence similarity was higher to homologs in
cyanobacteria than to those in P. patens. In some cases of periplasmic proteins,
bipartite presequences consisting of a transit peptide and a signal peptide could be
found. This suggests import to the muroplast stroma, followed by export to the
periplasmic space. This special variant of “conservative sorting” would necessitate a
dual location of Sec (already documented) and Tat (seems possible as another
parallel to cyanobacteria) translocases on thylakoid and inner envelope membranes
of muroplasts. In a Gram-negative background, the low molecular weight
(MW) peptidases VanX and VanYare not linked to vancomycin resistance but rather
to D-alanine recycling and to an additional endolysin, respectively. Peptidoglycan
biosynthesis requires cleavage of existing glycan chains to allow for insertion of new
material. This is performed by soluble and membrane-bound lytic transglycosylases:
one gene of this kind could also be identified in C. paradoxa. A lysozyme family
protein with significant similarity to protist lysozymes displays a signal peptide
indicating a vacuolar (lysosomal) location that is likely involved in the auto-
phagosomal digestion of damaged muroplasts. Genes for stromal proteins that are
involved in the synthesis of the soluble precursor are also listed in Table 4. The
N-terminal transit peptide identifies one such gene in C. paradoxa (glmS, specifying

Glaucophyta 25



D-glucosamine-1-phosphate synthase) as a member of the muroplast-resident PG
biosynthesis pathway, whereas the cytosolic counterpart would be expected to
participate in protein glycosylation. The complete set of enzymes that are involved
in UDP-N-acetylmuramate biosynthesis as well as the peptide side-chain adding
enzymes and the alanine (Alr) and glutamate (MurI) racemases are encoded on the
nuclear genome of the alga. The IEM-bound or associated MraYand MurG proteins
complete this compilation.

Genes for enzymes of PG biosynthesis were transferred twice into Archaeplastida
during the course of evolution – from the more ancient donor of the mitochondrion
and from the subsequent cyanobacterial ancestor of plastids. These genes retain a
high sequence similarity in Arabidopsis thaliana (few genes) and the moss

Table 4 Nuclear genes involved in biosynthesis and degradation of muroplast peptidoglycan in
Cyanophora paradoxa

Gene/protein Functiona Localization

PBP1, PBP2 PG transglycosylase/transpeptidase PS, IEM

PBP1, PBP2 PG transglycosylase/transpeptidase PS, IEM

ftsI/PBP3 PG transglycosylase/transpeptidase PS, IEM (septal ring)

PBP4 PG transglycosylase/transpeptidase PS

dacB/PBP 5 D-Ala-D-Ala-carboxypeptidase, PS

D-Ala-D-Ala-endopeptidase

PBP 8 D-Ala-D-Ala-carboxypeptidase C PS

vanX D-Ala-D-Ala-dipeptidase PS

vanY/endolysin D-Ala-D-Ala-carboxypeptidase PS

Lysozyme-like Muramidase PS

mlt Lytic transglycosylase PS

dipM PG splitting enzyme PS (septum site)

glmS Glucosamine-6-P synthase Stroma

murA UDP-N-acetylglucosamine- Stroma

1-carboxyvinyl transferase

murB UDP-N-acetylenolpyruvoyl- Stroma

glucosamine reductase

murC UDP-N-acetylmuramate: Stroma

L-Ala ligase

murI Glutamate racemase Stroma

murD D-Glu-adding enzyme Stroma

murE DAP-adding enzyme Stroma

alr Alanine racemase Stroma

ddl D-Ala:D-Ala ligase Stroma

murF UDP-N-acetylmuramoyl Stroma

tripeptide/D-Ala-D-Ala ligase

mraY Lipid I synthesis IEM

murG Lipid II synthesis IEM

PS periplasmic space, IEM inner envelope membrane
aThe high MW (1–4) and the mediumMW (5–8) PBPs are redundant in Synechocystis sp. PCC6803
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Physcomitrella patens (almost complete set), but their functions are likely to have
changed. As long as chemical and structural proof is lacking, (pleiotropic) effects of
antibiotics or gene knockouts on plastid division do not provide sufficient evidence
to claim the presence and biosynthesis of PG in the plastids of bryophytes (Takano
and Takechi 2010). FtsZ in (cyano)bacteria and muroplasts (derived from a single
gene) is assumed to recruit the divisome proteins forming the peptidoglycan septum.
In rhodoplasts and chloroplasts, the FtsZ ring is thought to instead recruit the outer
PD ring and the dynamin ring to perform the constriction of the OEM. The
C. paradoxa genome does not encode any of the host cell-derived plastid division
proteins, whereas P. patens encodes three DRP5B dynamins (Miyagishima et al.
2014b).

With the present state of knowledge, glaucophyte PG – in the sense of a
contiguous, stress-bearing layer between the envelope membranes – appears unique
among Archaeplastida. In the rhizarian testate amoeba Paulinella chromatophora,
the situation is different: there is also PG in this eukaryote, but all genes necessary
for its biosynthesis are encoded on the endosymbiont (i.e., “chromatophore,” pho-
tosynthetic organelle) genome which exceeds the size of plastid genomes by a factor
of five to ten (Nowack et al. 2008). Unlike their counterparts in C. paradoxa, these
genes retain their prokaryotic character; i.e., they were not transferred to the nuclear
genome, and thus no import of precursor proteins is required for biosynthesis of the
sacculus in photosynthetic Paulinella species.

The finding of more than one gene to a given function is not uncommon among
cyanobacteria. For example, one of two genes with high sequence similarity tomurG
is more closely related to MGDG synthases, the likely function of “MurG” in plants.
In an analogous fashion, murD-like genes might instead play a role in folate
biosynthesis. Thus, one should expect modified functions for “mur-like” genes, e.g.,
“MurE” of Arabidopsis is involved in chloroplast development but not in chloroplast
division (Garcia et al. 2008). However, should it become possible to demonstrate PG
in bryophyte chloroplasts through novel, highly sensitive detection methods, as in
the case of the cell wall-less bacterium Chlamydia trachomatis (Liechti et al. 2014),
the chloroplast division apparatus of P. patens will have to be reevaluated. A first
step in that direction was reported very recently (Hirano et al. 2016).

The Photosynthetic Apparatus of Cyanophora paradoxa Muroplasts

The first comprehensive investigation of the components of photosynthesis in
C. paradoxa was performed by Burnap and Trench (1989). These authors purified
ferredoxin, cytochrome b6, and cytochrome c6 and verified the absence of plastocy-
anin from muroplasts. They also isolated photochemically active PSI complexes and
could resolve five subunits ranging from 66 kDa to 11 kDa. Further data included the
preparation of PSII core particles and of phycobilisomes. More than 10 years later
another round of research papers on this topic emerged after the muroplast genome
sequence was published. This certainly was very helpful since more than 50% of the
thylakoid proteins are contained therein. Shibata et al. (2001) prepared oxygen-
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evolving thylakoid membranes and solubilized PSII particles. These contained PsbO
and PsbV (cytochrome c550; muroplast encoded), but PsbU was lost from the
preparation. Enami et al. (2005) described PsbO, PsbV, and PsbU as the extrinsic
proteins of the oxygen-evolving complex (OEC) of cyanobacteria and C. paradoxa
muroplasts. PsbO, PsbV (rhodoplast encoded), PsbU, and PsbQ’ were assigned to
C. merolae rhodoplasts (Enami et al. 2005), whereas the chloroplasts of green algae
and land plants were long known to harbor the OEC components PsbO, PsbP, and
PsbQ, all of them as the products of nuclear genes. PSI preparations now allowed the
identification of ten subunits, whereby N-terminal protein sequencing was adopted.
Sequence alignments in some cases yielded higher similarity to cyanobacterial
homologs, in other cases to the counterparts from plants and green algae (Koike
et al. 2000). In a comparison of supercomplex organization (where unicellular
cyanobacteria possess a PSI trimer), the filamentous N2-fixing Anabaena sp. PCC
7120 and C. paradoxa had a PSI tetramer and dimer instead, and the lack of LHCI,
likely in all glaucophytes (in contrast to all other phototrophic eukaryotes), was
corroborated. On the other hand, PSI monomers only were reported for the
extremophilic rhodophyte C. merolae. Thus, with respect to PSI, glaucophytes are
closer to cyanobacteria than to rhodophytes which also are distinct from the former
through their LHCI antennae (Watanabe et al. 2011).

The next quantum leap to come was the Cyanophora Genome Project that
stimulated a number of related investigations, e.g., on the muroplast proteome of
C. paradoxa (Facchinelli et al. 2013). A total of 510 polypeptides were identified,
among them the proteins of the photosynthesis apparatus with few exceptions, e.g.,
AtpA. Meanwhile, the state of the art with respect to cyanobacterial OEC compo-
nents has changed to PsbO, PsbV, PsbU, PsbQ’, and PsbP’ (the latter two with
sequence similarity to chloroplast PsbQ and PsbP), PsbP’ being present in sub-
stoichiometric amounts with a presumed function in assembly/stability of PSII
(Bricker et al. 2012). Muroplast proteomics confirmed PsbO and PsbVand identified
PsbP’ as an additional component (Facchinelli et al. 2013). PsbU is known to be
encoded on the Cyanophora genome. The precursor contains the twin-arginine motif
in the signal sequence and is one of the candidate passengers for the Tat translocase
(Steiner et al. 2005a). Muroplast prePsbP’ (also equipped with the RR signature) was
proven to be imported into the thylakoid lumen via the Tat pathway in heterologous
and homologous import experiments (Kleiner 2014), in analogy to PsbP from land
plants. Very recently, a contig representing a PsbQ’ homolog (J.M. Steiner,
unpublished) completed the list for C. paradoxa resulting in a very similar OEC
subunit structure for cyanobacteria, glaucophytes, and red algae. Thus, the “primi-
tive” muroplasts and rhodoplasts differ from chloroplasts not only with respect to
their extrinsic PBS antennae on the stromal side but also with respect to the extrinsic
OEC proteins on the lumenal side of the thylakoid membranes. Chloroplasts have
lost PsbV and PsbU in the course of evolution, whereas the gene for PsbP expanded
to a small multigene family in land plants (Bricker et al. 2012).

Cyanophora RuBisCO belongs to form IB (as in cyanobacteria and chloroplasts)
whereas rhodoplasts contain form ID. Common to muroplasts and rhodoplasts is the
rbcL-rbcS transcription unit on the respective plastomes and the concentration and
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compaction of RuBisCO into a microcompartment, the pyrenoid (see below). Calvin
cycle enzymes corresponded to major transcripts (frequent in EST collections) and
grouped among abundant stromal proteins with respect to spectral counts
(Facchinelli et al. 2013). Again, canonical STPs were found throughout.
Ferredoxin-NADP+ oxidoreductase (FNR) of Cyanophora paradoxa was charac-
terized at the protein and cDNA level (Gebhart et al. 1992; Jakowitsch et al. 1993).
The 34 kDa protein showed high amino acid sequence similarity to land plant
counterparts and lacked the C-terminal extension of the cyanobacterial homologs
responsible for binding to phycobilisomes. The availability of the 35S-labeled
precursor was important for the establishment of an efficient muroplast in vitro
import system (see section on Protein Import into Muroplasts). A NAD(P)-
dependent glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was purified
from a muroplast extract of C. paradoxa as a 142 kDa homotetramer with features
similar to the cyanobacterial counterpart (Serrano and Löffelhardt 1994). This is in
agreement with the postulated duplication of the GapA gene early in streptophyte
evolution (Petersen et al. 2006).

The gene for the CP12 protein involved in the formation of inactive complexes of
Calvin cycle enzymes during night was also characterized (Petersen et al. 2006). A
muroplast-localized fructose-1,6-bisphosphate aldolase of class II was fractionated
from C. paradoxa extracts as a 85 kDa protein and was shown to be bifunctional for
fructose-1,6-bisphosphate and sedoheptulose-1,7-bisphosphate cleavage (Flechner
et al. 1999). The cDNA of pre-transketolase was sequenced. In a neighbor-net graph,
the Cyanophora enzyme occupied a position intermediate to the plastid and
cyanobacterial homologs (Ma et al. 2009). The single copy gene was downregulated
upon shift to low CO2 conditions, typical for Calvin cycle enzymes (Burey et al.
2007).

Photorespiration: The oxygenase activity of RuBisCO inevitably leads to pho-
torespiration (in different variations) in cyanobacteria and in all oxygenic photo-
trophs (where peroxisomes and mitochondria are involved in addition to plastids).
The Cyanophora Genome Project inspired a study about evolution and phylogeny of
this pathway in the earliest branching phototrophic eukaryote (Kern et al. 2013). The
outcome was that some cyanobacterial genes (originally obtained through endosym-
biotic gene transfer [EGT]) were lost, as for glycerate-3-kinase, or later replaced by
α-proteobacterial homologs, as for glycine decarboxylase. Only phosphoglycolate
phosphatase appears to be derived from Archaea. Glycolate oxidase was described to
be of cyanobacterial origin in Cyanophora and all other algae/plants. A
cyanobacterial origin was also postulated for serine:glyoxylate aminotransferase of
C. paradoxa, whereas the counterparts from red algae and green algae/plants were
found to be derived from proteobacteria through HGT. A similar situation is assumed
for hydroxypyruvate reductase. Taken together, Cyanophora seems to have retained
more cyanobacterial genes of the C2 pathway than other algae and land plants in
accordance with the predicted basal position of glaucophytes among Archaeplastida
(Kern et al. 2013). Certainly, more biochemical research in this field is needed, as the
lack of glycerate-3-kinase points toward some changes in the C2 pathway of
glaucophytes. Proteomics confirmed the muroplast localization of phosphoglycolate
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phosphatase that showed the canonical transit sequence at the gene level (Facchinelli
et al. 2013). There is but one experimental paper investigating glycolate metabolism
in C. paradoxa that revealed glycolate oxidase and glycolate dehydrogenase activity.
Furthermore, multiple forms of hydroxypyruvate reductase were shown, whereas
serine:glyoxylate aminotransferase could not be detected. This was also taken at that
time to indicate some deviations from the glycolate metabolism observed in leaves of
land plants (Betsche et al. 1992).

The potential C4 pathway of CO2 fixation in algae including C. paradoxa was
assessed in the light of emerging genome data: most of the respective enzymes, if
present at all, appear to be derived from archaea/proteobacteria rather than from
cyanobacteria, which are assumed to lack a complete C4 pathway. Nevertheless,
some algae, e.g., diatoms, seem to contain the enzymes necessary for the C4

pathway, whereas C. paradoxa, lacking pyruvate:phosphate dikinase, malic enzyme,
and alanine amino transferase, is not likely to perform C4 photosynthesis (Chi et al.
2014). After all, a pyrenoidal CCM is operative in glaucophytes to cope with low
CO2 conditions (see below).

The Phycobilisomes of Cyanophora paradoxa

Phycobilisomes (PBS) are the primary light-harvesting pigment complexes of
cyanobacteria, red algae, and glaucophytes and are attached to the stromal surface
of the thylakoids (for review see, e.g., Adir 2008). These high molecular weight
protein complexes with multiple functions consist of 400–700 subunits originating
from more than 20 individual polypeptides with 600–2,000 covalently linked chro-
mophores. Sequential assembly, conformational flexibility, and interaction between
the chromophore and protein components are the main features of this complex
network. Linker polypeptides play a central role in all of these processes, modulate
the spectral characteristics of the phycobiliprotein chromophores, and mediate the
attachment of the PBS to the photosynthetic membrane. Two structural domains, the
central core complex and the peripheral rods, form this superstructure. For PBS
without phycoerythrin, the core is composed of three cylinders, each formed by four
allophycocyanin (APC) trimers (αβAP)3 with additional minor phycobiliprotein
components and core-specific linker proteins. The rods radiate from the core and
consist of three to four hexameric phycocyanin (PC)-rod linker (LR) complexes
(αβPC)6LR. The rods are connected to specific domains of the core via rod-core
linker polypeptides. In rhodophytes and the model glaucophyte Cyanophora para-
doxa, the phycobiliprotein genes reside on the plastid genome, while the colorless
linker proteins are encoded by the nucleus (Egelhoff and Grossman 1983). In
cyanobacteria, the PBS most likely undergo a self-assembly process mediated by
the amount of PBS assembly interaction partners and assisted by chaperones and
processing enzymes (Anderson and Toole 1998). In muroplasts, where the PBS
components are genetically separated, transcription events in the nucleus followed
by translation in the cytosol and subsequent protein import must be coordinated with
transcription events of muroplast-encoded subunits and in organello biosynthesis. In

30 D.C. Price et al.



vitro PBS assembly could be shown after import of the radiolabeled small core linker
precursor protein preApcC1 from Cyanophora paradoxa into isolated muroplasts
and subsequent isolation of the PBS (Steiner et al. 2003).

Phycobilisome components: Cyanophora PBS are of dual genetic origin, as are
plastid microcompartments in general. The gene distribution is clear-cut: The seven
phycobiliproteins including the “core-membrane linker” ApcE are muroplast
encoded, whereas the non-chromophorylated linker polypeptides are nuclear
encoded (Table 5; Steiner and Löffelhardt 2011; Watanabe et al. 2012). All these
precursors show the canonical transit sequence containing a phenylalanine residue in
the N-terminal domain. The functional assignments are based on MS measurements,
on 2D gel electrophoresis of purified intact PBS, and on PBS dissociation studies
followed by sucrose density gradient fractionation and SDS-PAGE (Steiner et al.,
manuscript in preparation). The genes encoding all non-chromophorylated PBS
subunits in C. paradoxa could be identified from abundant ESTs (and later in the
Genome Project; Price et al. 2012) and by research conducted in parallel by others
(Watanabe et al. 2012).

The two large rod linkers, CpcK1 and CpcK2 (Watanabe et al. 2012), were shown
to result from tandem duplications of the cpcG (rod-core linker) gene and are – in
that respect – not related to the large linker polypeptides from red algae. There is but
one similar special case among cyanobacterial PBS: a 59 kDa chromophorylated
phycoerythrin linker originating from a fusion of two smaller linkers (Six et al.
2005). Further, two additional truncated cpcG genes were found adding up to a third
version (cpcG3) – up to four genes were reported for filamentous cyanobacteria.

Table 5 Components of purified, intact muroplast phycobilisomes

Apparent
MW (kDa) Abundance Phycobiliprotein

Correlated
cyanobacterial gene Function

98 Medium Yes apcE Core-membrane
linker

55 Medium No n. m. (cpcK1) Rod linker

53 Medium No n. m. (cpcK2) Rod linker

38 Low No cpcG2 Rod-core linker

31 Low No cpcG1 Rod-core linker

18–20 High Yes cpcAa,Ba Phycocyanin
subunits

17–18 High Yes apcAa,Ba,Da,Fa Allophycocyanin
subunits

10 Low No apcC2 Core linker (ApcD
associated)

9 Low No cpcD Terminal rod linker

8 Low No apcC1 Core linker

n. m. No orthologous match to rod linkers from phycocyanin-PBS, size comparable to red algal
linkers and to an unusual chromophorylated phycoerythrin linker from Synechococcus sp. WH
8102, see Six et al. (2005)
aMuroplast encoded
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CpcG3 might be part of a rudimentary PSI antenna (consisting of a rod only) as was
reported for cyanobacteria (Kondo et al. 2007) and red algae (Busch et al. 2010). The
three small linkers are interpreted as follows: The two core linkers, ApcC1 and
ApcC2, form complexes with ApcA,B and ApcA,B,D, respectively. In
cyanobacteria, just one core linker is common, whereas in red algae also two core
linkers are reported. The third small linker is the terminal rod linker CpcD that
determines rod length.

A typical cyanobacterial rod linker protein CpcC consists of two domains, an
N-terminal pfam00427 (PBS linker domain) and a C-terminal pfam01383 (CpcD/
APC linker domain). The two CpcK linker proteins from Cyanophora consist of two
pfam00427 domains in tandem, while the pfam01383 domain is missing. Two
competing models exist for the location of linker proteins in the PBS rod. Novel
“skeleton-like” structures have been described in the phycobilisomes of C. paradoxa
(Watanabe et al. 2012). The authors showed, via native polyacrylamide gel electro-
phoresis (PAGE), two subcomplexes (ApcE/CpcK1/CpcG2/ApcA/ApcB/CpcD and
ApcE/CpcK2/CpcG1/ApcA/ApcB) that may serve as a scaffold for the whole PBS
assembly. CpcK1 and CpcK2 correspond to the large pfam00427 (PBS linker
domain) tandem-duplicated rod linkers. However, data obtained by different types
of native PAGE combined with limited proteolysis (Steiner et al., manuscript in
preparation) suggest that these “skeleton-like” structures are most likely protein
aggregates originating from phycobilisome degradation. When appropriate protease
inhibitors are used, isolated subcomplexes showed a more “classical” pattern in
native PAGE where the main APC core particle was complexed to ApcC1, the
smaller of the two tandem-duplicated rod linkers (CpcK2) migrated in a complex
together with phycocyanin and the terminal rod linker (CpcD), whereas the larger
tandem-duplicated rod linker (CpcK1) migrated in a complex with phycocyanin only
(Fig. 10; Weisser 2012). Since both complexes show a molecular weight of about
460 kDa, an association of cpcK1 and cpcK2 with three PC trimers (one trimer about
120 kDa without linkers) seems reasonable. Moreover, CpcG2 could be shown to
form a separate complex with PC, APC, and ApcC2 (Maluck 2012). Limited
proteolysis followed by native and SDS-PAGE allowed to estimate the amount of
protected linker protein fragments and therefore the size of the different
phycobilisome subparticles. Altogether a model is favored where the two tandem-
duplicated rod linkers are part of the same rod with CpcK1 being the core-proximal
hexamer rod linker and CpcK2 being the core-distal hexamer rod linker (Fig. 11,
right; Steiner et al., manuscript in preparation) as opposed to the model with only one
of the large linkers per rod, in more stretched conformation (Fig. 11, left; Watanabe
et al. 2012). A schematic view of the Cyanophora PBS as a whole is given in Fig. 12.

The Nature of the RuBisCO-Containing Microcompartment
of Muroplasts

The conspicuous, electron-dense central body of C. paradoxamuroplasts was shown
to contain the bulk of RuBisCO (Mangeney and Gibbs 1987) and has been denoted
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the “carboxysome” in most publications. Despite the fact that eukaryotes contain
pyrenoids (Meyer and Griffiths 2013) functioning in the carbon-concentrating
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Fig. 10 Colorless native (CN)-PAGE of isolated Cyanophora phycobilisomes followed by
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Fig. 11 Comparison of Cyanophora phycobilisome substructure models: left, skeleton-like struc-
ture (Watanabe et al. 2012); right, model proposed by Steiner et al., manuscript in preparation
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mechanism (CCM), this coinage emphasized the often-postulated transitional posi-
tion of glaucophytes between plastids and cyanobacteria. Further, the hypothesis of
Raven (2003) that muroplasts had retained the peptidoglycan wall for osmotic
protection since these were the only plastids that had also retained carboxysomes
was quite appealing: A carboxysomal CCM (Badger and Price 2003) would lead to a
much higher accumulation of bicarbonate in the stroma than a pyrenoidal CCM.
However, all attempts to identify genes for carboxysomal shell proteins
corresponding to cyanobacterial ccmKLMNO in the C. paradoxa genome have
failed (Price et al. 2012) as did proteomic studies on isolated muroplast central
bodies (Fathinejad et al. 2008). Indeed, it might be problematic to harbor shell
protein genes in the nucleus, because they have high affinities to each other and
likely self-assemble as carboxysomal prestructures (Kinney et al. 2011), thereby
interfering with protein import into muroplasts. On the other hand, evidence was
obtained (Table 6; Bhattacharya et al. 2014) for a number of genes (e.g., LCIB and
LCIC) with functions in the pyrenoidal CCM of Chlamydomonas reinhardtii
(Yamano et al. 2010). LCIB and LCIC were shown to form a hexameric complex
(ca. 360 kDa) close to the pyrenoid under light and low [CO2]. A role for this
complex is assumed in trapping of CO2 that has escaped from the pyrenoid via
interaction with the carbonic anhydrase CAH6. Alternatively, Yamano et al. (2010)
envisage physical blockage of CO2 from escaping the pyrenoid (somehow analogous
to the function of the carboxysomal shell). Some putative cyanobacterial plastid
ancestors – given their filamentous nature (Lyngbya) or capability of producing a
starch-like reserve carbohydrate (Cyanothece) – contain LCIB and LCIC. These
cyanobacteria might use mechanisms of the type discussed above that are super-
imposed on their carboxysomal CCM. At present, the more recent Paulinella
chromatophora “plastid” origin (ca. 100 Ma) constitutes the only proven example
of “eukaryotic carboxysomes.” Here, the necessary genes remain on the genome of

CpcG

CpcK2

CpcD

CpcK1

Fig. 12 Complete model of the Cyanophora phycobilisome according to Steiner et al. Blue,
phycocyanin rods; cyan, allophycocyanin core; green, yellow, orange, and red, linker proteins
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the cyanelle (photosynthetic organelle; Nowack et al. 2008), interestingly originat-
ing from HGT (Marin et al. 2007). If carboxysomes were transferred to early plastids
via endosymbiosis, the separation between carboxysomal and pyrenoidal CCM
could have occurred within the phylum Glaucophyta, i.e., C. paradoxa and
Glaucocystis nostochinearum already progressed toward a pyrenoidal CCM,
whereas Gloeochaete wittrockiana (Fig. 5; Kies 1976) and Cyanoptyche gloeocystis
(Kies 1989), with their polyhedral microcompartments confined by an electron-
dense, shell-like layer (both features missing in the two former species), might
have retained the carboxysomal CCM (Fathinejad et al. 2008). Under such a
scenario, the ccmKLMNO genes would be expected to reside on the muroplast
genomes of G. wittrockiana and C. gloeocystis. The PG wall, though no longer
necessary, was retained for unknown reasons in the plastids of C. paradoxa and
G. nostochinearum. Table 6 includes two genes encoding the putative bicarbonate
transporter LCIA (Yamano et al. 2015) and several genes with strong sequence
similarity to genes for LCIB, LCIC, and LCID from C. reinhardtii. Because these are
closely related, an exact assignment is difficult. However, whenever the N-termini
are intact, unequivocal muroplast presequences were found for these proteins.

A key enzyme of the CCM is carbonic anhydrase (CA), either co-packaged with
RuBisCO in cyanobacterial carboxysomes or located in the lumen of thylakoids
traversing the pyrenoid of C. reinhardtii (Karlsson et al. 1998). The number of CAs
can vary among algae, e.g., from 9 in C. reinhardtii to 13 in some diatoms
(Tachibana et al. 2011). Five CAs from C. paradoxa are shown in Table 6. Two of
these belong to the gamma-CA family with high sequence similarity to homologs in
plants. The other three contain the conserved Zn-binding site (VCGHSHCGAMKG)
of (cyano)bacterial beta-CAs. In the case of the putative mitochondrial CAs, high
sequence similarities to C. reinhardtii CAH4 and CAH5 are observed. The third
beta-CA resembles the periplasmic CAH8. A bona fide muroplast CA (e.g., the

Table 6 Genes for proteins potentially involved in the CCM of Cyanophora paradoxa

Genea Function Comments

LCIAb Bicarbonate transport TP, complete

LCIA Bicarbonate transport TP, complete

LCIBb CCM TP, complete

LCIB CCM TP, complete

LCIB, LCID? CCM TP, 30-truncated
LCIB, LCIC? CCM fragment

Rcab RuBisCO activase TP, complete

CAH8 b Carbonic anhydrase Beta-CA superfamily, periplasmic

CAH4 b Carbonic anhydrase Beta -CA superfamily, mitochondrial

CAH5b Carbonic anhydrase Beta -CA superfamily, mitochondrial

? Carbonic anhydrase Gamma-CA family, cytosolic?

? Carbonic anhydrase Gamma-CA family, cytosolic
aNomenclature corresponding to the homologs from C. reinhardtii
bCO2-responsive gene; TP muroplast transit peptide, containing phenylalanine in the N-terminal
region
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stromal CAH6 or the lumenal CAH3 of C. reinhardtii) is missing from this compi-
lation. In a recent data mining effort among 15 microalgae, Meyer and Griffiths
(2013) revealed two additional bicarbonate transporters in the Cyanophora database
via sequence similarity to Chlamydomonas homologs: the plasma-membrane-local-
ized ABC transporter HLA3 (Yamano et al. 2015) and CCP1 in the plastid envelope.
As a consequence, if we assume a pyrenoidal CCM in C. paradoxa, the organism
must utilize a mechanism different from that in C. reinhardtii (Meyer and Griffiths
2013). There is no evidence in C. paradoxa of a muroplast microcompartment
traversed by thylakoid membranes. A recent high-resolution ultrastructural study
of the C. reinhardtii cell (Engel et al. 2015) posits that the thylakoid-derived
pyrenoid tubules contain several minitubules thought to transport ATP, RubP, etc.
across the starch sheath to the RuBisCO in the pyrenoid interior. Because starch is
stored in the cytosol of glaucophytes, such a function may not be necessary here. In
the diatom Phaeodactylum tricornutum, the carbonic anhydrase CA-1 (CO2 respon-
sive) is co-packaged with pyrenoidal RuBisCO and does not reside in the lumen of
the traversing thylakoid (Tachibana et al. 2011). Mass spectrometric analysis of
central body proteins from C. paradoxa did not reveal a CA-like protein either. The
only outcome of these studies (in addition to RuBisCO LSU and SSU) was
RuBisCO activase that was also corroborated by Western blotting and assembly
studies after in vitro import into isolated muroplasts (Fathinejad et al. 2008).
C. paradoxa activase, whereas showing high sequence similarity to both
cyanobacterial and plant homologs, lacks the C-terminal extension typical for
filamentous cyanobacteria but shows the N-terminal extension present in plant
homologs only. Taken together, the domain structure of RuBisCO activase from
C. paradoxa does not support the carboxysome concept either. Several genes listed
in Table 6 were shown to be CO2 responsive in the closely related C. cuspitata SAG
45.84 (Kies strain) underlining their postulated role in the CCM (Burey et al. 2007).

Other Metabolic Pathways in Muroplasts

The C. paradoxa genome project, in combination with the muroplast proteome
(Facchinelli et al. 2013) and some biochemical investigations, allows interesting
insights into the metabolism of a primitive plastid in comparison to the abundant data
on chloroplast metabolism.

Glycolysis: With respect to glycolysis, significant deviations from the known
chloroplast pathways were found: Phosphoglyceromutase and enolase are present in
the muroplast stroma in contrast to the situation in chloroplasts, allowing direct
production of PEP from photosynthetically generated 3-phosphoglycerate. On the
other hand, hexokinase and phosphofructokinase are missing from muroplasts.
Fructose-1,6-bisphosphatase and phosphoglucomutase are sufficient to generate
glucose-6-phosphate, the metabolite to be exported to the cytosol (see below).

Glucose-6-phosphate dehydrogenase was purified from a C. paradoxa muroplast
extract (Fester et al. 1996). The 59 kDa protein forms enzymatically active dimers
and tetramers. 6-Phosphogluconate dehydrogenase was identified in the stroma
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through proteomics. The corresponding gene showed a canonical muroplast STP
(Facchinelli et al. 2013). This points toward a muroplast-localized oxidative pentose
phosphate pathway.

Isoprenoid lipid biosynthesis: Proteomics yielded very conclusive results
concerning isoprenoid metabolism. With one exception, all enzymes of the
1-deoxy-xylulose-5-phosphate/2-C-methylerythritol-4-phosphate (MEP) pathway
of isopentenyl diphosphate synthesis were demonstrated in the muroplast stroma
(Facchinelli et al. 2013) but none of the mevalonate pathway. Proteomics also
corroborated the muroplast localization of other enzymes of the prenyl lipid pathway
(Facchinelli et al. 2013) as geranyl-geranyl diphosphate reductase (phytol biosyn-
thesis), geranyl-geranyl diphosphate synthase (CrtE, muroplast encoded), solanesyl
diphosphate synthase (PreA, muroplast encoded), and homogentisate solanesyl
transferase (plastoquinone biosynthesis). In most of these cases, nucleus-encoded
muroplast proteins possess canonical transit sequences (with F replaced by Yor W in
a few instances).

Amino acid biosynthesis: As plastids, muroplasts are the main contributors to
amino acid biosynthesis. This became apparent from the genome data where
muroplast STPs preceded the respective genes and also from the analysis of the
muroplast proteome (Facchinelli et al. 2013).

Photooxidative stress management: Cyanophora paradoxa is known to prefer
low light intensities for growth (Löffelhardt and Bohnert 2001). A recent survey
showed that C. paradoxa does not use the ascorbate/ascorbate peroxidase system
that plays an important role in coping with reactive oxygen species (ROS), which is
unparalleled among phototrophs (Wheeler et al. 2015). Furthermore, C. paradoxa is
devoid of glutathione reductase (Serrano and Löffelhardt 1994). However,
C. paradoxa contains catalase, glutathione peroxidase, and peroxiredoxins, and its
muroplasts harbor the unusual peroxidase symerythrin (Cooley et al. 2011). In
glaucophytes, the low levels of ascorbate synthesized by the unusual enzyme
gulonolactone oxidase (land plants and green algae use a gulonolactone dehydroge-
nase) might have a role as enzyme cofactor but neither in the ascorbate/glutathione
antioxidative pathway nor in the xanthophyll cycle (Wheeler et al. 2015).

Miscellaneous: The NADP-dependent malate dehydrogenase of C. paradoxa was
shown not to be responsive to reductive activation (Ocheretina et al. 2000) as red
algal enzymes, in contrast to enzymes of the “green” lineage. Accordingly, attempts
to demonstrate thioredoxin m in C. paradoxa were unsuccessful (Dai et al. 1992). A
muroplast pyrophosphatase (sPPase I) was isolated from C. paradoxa and charac-
terized by N-terminal sequencing and MW determination via MALDI-TOF mass
spectrometry (Gómez-García et al. 2006). The monomeric 30 kDa protein is more
related to PPases from heterotrophic eukaryotes than to the smaller cyanobacterial
enzymes. This also applies to the plastid enzymes from other algae, e.g.,
C. reinhardtii, and from plants. Taken together, this means that early in plastid
evolution, the endosymbiont gene was lost and the product of a host cell gene was
relocalized to the organelle.
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Genome Analysis of Glaucophytes

Glaucophyte genome-wide analyses are relatively scarce when compared to plants
and green algae. This is explained by the limited expressed sequence tag (EST) and
complete genome data available from these taxa. For many years, the only sources of
EST data were from the Pringsheim (Reyes-Prieto et al. 2006) and Kies strains of
Cyanophora paradoxa and from Glaucocystis nostochinearum (http://tbestdb.bcm.
umontreal.ca/searches/login.php). The complete plastid genome sequence of
C. paradoxa (Pringsheim strain; Stirewalt et al. 1995; Loeffelhardt et al. 1997)
was also available (see section on the Muroplast Genome; Table 7). Uses of the
EST data from C. paradoxa included assessment of the divergence position of
glaucophytes within Plantae/Archaeplastida (Reyes-Prieto and Bhattacharya
2007a; Deschamps and Moreira 2009) and estimation of the contribution of
cyanobacterial genes to the nuclear genome of glaucophytes via EGT (e.g., Timmis
et al. 2004; Reyes-Prieto et al. 2006). Bioinformatic analyses suggested that 6–11%
of C. paradoxa nuclear genes owed their origin to EGT from the endosymbiont
(Reyes-Prieto et al. 2006; Qiu et al. 2013a). The C. paradoxa plastid genome has
been invaluable to many researchers who have used it to infer the phylogenetic
history of this organelle, its gene content, and gene order (e.g., Stirewalt et al. 1995;
Rodriguez-Ezpeleta et al. 2005; Sato et al. 2005; Janouškovec et al. 2010; Qiu et al.
2013a). A recent biochemical characterization of the C. paradoxa plastid proteome
that identified a partial list of 586 non-redundant proteins (Facchinelli et al. 2013)
demonstrated their complex evolutionary histories. Maximum likelihood analysis of
these proteins by Qiu et al. (2013a) showed that 25% were plastid encoded, 12%
were derived from EGT candidates encoded in the nucleus, 7% were of
non-cyanobacterial (HGT) origin, and the remaining (56%) were derived from the
host or were of ambiguous provenance based on analysis of current data. The
phylogenetic origins of non-redundant plastid proteins in C. paradoxa,
Chlamydomonas reinhardtii (1,057 proteins), and Arabidopsis thaliana (1,660 pro-
teins) are shown in Fig. 13 (Qiu et al. 2013a). More recently, mitochondrial genomic
data have been analyzed from seven different glaucophytes and used to test (and
validate) Archaeplastida monophyly (Jackson and Reyes-Prieto 2014). These organ-
elle genomes have a highly conserved gene content but show significant variation in
gene order across taxa (Jackson and Reyes-Prieto 2014).

Genome data: A significant step forward for the field of glaucophyte genomics
came in 2012 with the publication of the draft genome assembly from the
C. paradoxa Pringsheim strain CCMP329 (SAG 29.80; Price et al. 2012). This
work was supported by the United States National Science Foundation and resulted
in the generation of 8.3 billion base pairs (Gbp) of Roche 454 and Illumina GAIIx
sequence data that were co-assembled with 279 Mbp of random-shear Sanger
sequence from this taxon. The resulting assembly comprised 60,119 contigs, totaling
70.2 Mbp. More recent sequencing of this strain using the long-read PacBio platform
suggests that the genome size is closer to 120 Mbp based on the initial assembly
output. Pulsed-field gel electrophoresis suggests the existence of at least seven
chromosomes in C. paradoxa with the smallest being less than 3 Mbp in size
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(Price et al. 2012). Given the initial Sanger/Roche/Illumina and the later PacBio
genome data, we posit that the Price et al. (2012) assembly likely captured most of
the gene inventory in the gene-rich regions (see below), whereas assembly of the
complex (e.g., repeated or with strong nucleotide bias, such as homopolymers) DNA
regions was only possible with the PacBio long-read technology. Generation and
analysis of a hybrid Illumina/PacBio genome assembly are underway in the
Bhattacharya and Andreas P.M. Weber labs. Interestingly, the PacBio results are
more in line with previous fluorescence-activated cell sorting (FACS) work that
suggested the haploid genome size in C. paradoxa to be ca. 140 Mbp (Löffelhardt
et al. 1997).

Consistent with these observations, genome analysis done by Price et al. (2012)
demonstrated an unusually high G + C content in C. paradoxa (83.8% at third codon
positions) that likely explains the highly fragmented, initial assembly. Nonetheless,
BLASTN analysis using 3,900 Sanger-derived EST unigenes from the glaucophyte
against the draft assembly showed that 99% of the ESTs had hits (at e-value�1E-10),
suggesting that the vast majority of expressed genes were present in these genome
data. Given this promising result, 15 Gbp of Illumina mRNA-seq data were used to
train ab initio gene predictors to generate 27,921 gene models for downstream
analysis (Price et al. 2012). Below we will discuss some of the insights that were
gained through analysis of the C. paradoxa genome data generated by Price et al.
(2012), recognizing that the PacBio results will likely lead to additional novel
insights.

Phylogenomic analysis test Archaeplastida monophyly: Given that many multi-
gene (i.e., concatenated protein dataset) phylogenies have provided conflicting
topologies regarding the monophyly of Archaeplastida in the eukaryote tree of life
(e.g., Burki et al. 2007; Baurain et al. 2010; Parfrey et al. 2010; Yabuki et al. 2014;
Jackson et al. 2015) and have failed to reach any consensus on this important
question, Price et al. (2012) took another approach. Rather than joining proteins,
often with uncertain histories into a single dataset, they analyzed each protein
separately using maximum likelihood (ML) phylogeny reconstruction and tabulated
the overall signal for Archaeplastida monophyly. In their analysis, a total of 4,628
proteins had significant BLASTP hits (e-value �1E-10) to sequences in a compre-
hensive local database that were used for comparative analysis (e.g., Moustafa et al.
2009; Chan et al. 2011). Using an automated approach (Chan et al. 2011), they
generated 4445 ML trees for C. paradoxa proteins that had significant database hits.
Only trees containing�3 phyla were considered and a minimum number of terminal
taxa (N ) that ranged progressively from 4 to 40 (Fig. 14a). Using this approach they
found that >60% of all trees supported (at bootstrap value �90%) a sister-group
relationship between glaucophytes and red and/or green algae. The glaucophytes
were most often positioned as sister to Viridiplantae in trees that excluded
non-Archaeplastida algae, a result that was found even though a large number of
trees favored glaucophyte-red-green (Archaeplastida) monophyly (44, 40, 32, 18,
and 16 trees at N = 4, 10, 20, 30, and 40, respectively), and they had substantial red
algal genome data in the database. Most of the trees showed C. paradoxa to be
monophyletic with other Archaeplastida in a clade (“shared”) that also included
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non-Archaeplastida phyla (GlR/GlVi/GlRVi in Fig. 14). When they sorted the
phylogenomic output using the red or green algae as the query to test Archaeplastida
monophyly, these results also identified Archaeplastida as the most frequently
recovered clade. Expectedly, red and green algae showed far more gene sharing
than glaucophytes because they, unlike glaucophytes, are involved in secondary
endosymbioses (Harper and Keeling 2003; Moustafa et al. 2009; Baurain et al. 2010;
Chan et al. 2011; Bhattacharya et al. 2013). These results demonstrate a highly
complex phylogenetic history for glaucophyte and algal genome data in general,
showing that EGT and HGT have moved genes between disparate lineages leaving a
highly reticulate signal within their genomes. Regardless, the single protein trees
overall strongly support a single origin of Archaeplastida and likely a single primary
plastid endosymbiosis in their common ancestor (Fig. 14; Price et al. 2012). Future
genome projects that add more glaucophytes and other poorly sampled
Archaeplastida lineages (e.g., prasinophytes) to the analysis are needed to validate
the hypothesis of Archaeplastida monophyly.

Given the extent of gene sharing among algae, Price et al. (2012) investigated the
“footprint” of non-cyanobacterial, prokaryotic HGT in the nuclear genomes of
Archaeplastida. For this analysis, they constructed a database that included
sequences from NCBI Refseq, C. paradoxa and the red algae Calliarthron
tuberculosum and Porphyridium purpureum (Bhattacharya et al. 2013). These data
were then queried using each C. paradoxa, C. tuberculosum, and P. purpureum
protein, as well as those derived from two Viridiplantae (i.e., Chlamydomonas
reinhardtii and Arabidopsis thaliana). The top five bacterial hits (BLASTP e-value
�1E-10) were retained for each Archaeplastida query sequence and used as input for
an automated phylogenetic tree-building pipeline (for details of procedure, see Price
et al. 2012, supplement). Inspection of the maximum likelihood-generated trees
turned up 444 non-cyanobacterial gene families shared by prokaryotes and
Archaeplastida. Of these, 15 were present in all three Archaeplastida phyla. One

Fig. 13 Results of phylogenetic analysis of single proteins represented as pie charts that show the
relative contribution of cyanobacterial and non-cyanobacterial sources to Archaeplastida plastid
proteomes (for details, see Qiu et al. 2013a)
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such ancient HGT resulted in the transfer of a thiamine pyrophosphate-dependent
pyruvate decarboxylase family protein involved in alcohol fermentation. This anal-
ysis turned up 60 other genes that are present in only two of the three phyla (i.e.,
24, 10, and 26 genes in Glaucophyta-Viridiplantae, Glaucophyta-Rhodophyta, and
Rhodophyta-Viridiplantae, respectively). More recent work has shown that HGT
plays a key role in adaptation of algae to their environment and the impacts of this
process will likely become more widely appreciated as additional complete algal
genomes are analyzed (Qiu et al. 2013b; Schönknecht et al. 2013; Foflonker et al.
2015).

Evolution of the plastid translocon and metabolite transport: Important innova-
tions that have been the subject of much study in algae and plants are the evolution of
the protein import system for the plastid and the emergence of metabolic connections
between the captured cyanobacterial endosymbiont and the host cell. A fundamental
outcome of the cyanobacterium-to-plastid evolutionary transition in the
Archaeplastida primary endosymbiosis was the establishment of protein translocons
for protein targeting into the organelle (e.g., Gross and Bhattacharya 2008, 2009;
Reumann et al. 2005; Sommer and Schleiff 2014). Components of the translocons at
the outer and inner envelope membranes of chloroplasts (Toc and Tic, respectively)
were known in other Archaeplastida and in chromalveolates (McFadden and van
Dooren, 2004). The existence of an equivalent protein import system in C. paradoxa
was suggested by immunological detection of epitopes in this alga using plant Toc75
and Tic110 antibodies and heterologous protein import assays (see section on
Protein Import into Muroplasts; Steiner et al. 2005a; Yusa et al. 2008). Analysis of
the genome of C. paradoxa turned up homologs of Toc75 and Tic110 that are OEM
(outer envelope membrane) and IEM (inner envelope membrane) protein conducting
channels, respectively, two Toc34-like receptors, as well as homologs of the plastid
Hsp70 and Hsp93 chaperones and stromal processing peptidase (Price et al. 2012).
These are likely to have formed the primordial protein translocation system in the
Archaeplastida ancestor (Gross and Bhattacharya 2008, 2009). In summary, analysis
of C. paradoxa genome data revealed the presence of the conserved core of
translocon subunits derived from the cyanobacterial endosymbiont (i.e., Toc75,
Tic20, Tic22), suggesting that the Toc/Tic system was likely to have been in place
in the Archaeplastida common ancestor. Toc75 of glaucophytes and likely also of
rhodophytes is closer than the homolog of Viridiplantae to the ancestral Omp85 of
cyanobacteria in recognizing phenylalanine in the N-terminal part of the transit
peptides (see also section on Protein Import into Muroplasts; Wunder et al. 2007).
A dual function as receptor and pore is assumed (Steiner and Löffelhardt 2005). This
phenylalanine requirement is no longer found in chloroplast import: Toc75 in
Chlorophyta and Streptophyta has only retained the pore function, whereas the
receptor function is taken over by a small family of proteins, e.g., Toc159. Likely,
this went along with the need for import of certain abundant proteins (RuBisCO
SSU, LHCPII). In addition, the Tic translocon appears to be more elaborate in land
plants: a 1 Mda complex contains Tic20 (pore?), Tic56, Tic100, and Tic214 (Nakai
2015).
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Fig. 14 Maximum likelihood analysis of single proteins derived from the C. paradoxa genome
assembly (for details, see Price et al. 2012). a Percentage of single protein maximum likelihood
trees (raw numbers shown in the bars) at bootstrap cutoff >90% that support the monophyly of
glaucophytes solely with other Archaeplastida or in combination with non-Archaeplastida taxa that
interrupt this clade. These latter groups of trees are explained by red/green algal EGT into the
nuclear genome of chromalveolates (e.g., diatoms, haptophytes) and euglenids, respectively. For
each of these algal lineages, the set of trees with different numbers of taxa (N) �4, �10,�20,�30,
and �40 and distinct phyla �3 in a tree are shown. The Archaeplastida-only groups are
Glaucophyta-Rhodophyta (GlR), Glaucophyta-Viridiplantae (GlVi), and Glaucophyta-
Rhodophyta-Viridiplantae (GlRVi). Trees with evidence of EGT are shown as the single group,
GlR/GlVi/GlRVi. b The same analysis done with red algae as the query to search for support for
Archaeplastida monophyly. c The same analysis done with green algae as the query to search for
support for Archaeplastida monophyly

42 D.C. Price et al.



Another landmark trait linked to plastid establishment is the coordination of
carbon metabolism between the host and plastid that relies on sugar-phosphate
transporters. Previous work had shown that plastid-targeted sugar transporters
evolved from existing host endomembrane nucleotide sugar transporters (NSTs)
through gene duplication, divergence, and retargeting to the photosynthetic organ-
elle (Weber et al. 2006; Colleoni et al. 2010). Analysis of the C. paradoxa genome
turned up a surprising result in this respect. Price et al. (2012) found that although six
endomembrane-type NST genes existed in C. paradoxa, there were no genes for
plastid-targeted phosphate translocator (PT) proteins. The search for the missing
genes turned up two candidates that encode homologs of bacterial UhpC-type
hexose-phosphate transporters. These genes were also found in other algal members
of the Archaeplastida, but lost in plants. Both C. paradoxa UhpC homologs encode
an N-terminal extension that could serve as a plastid targeting sequence. Surpris-
ingly, both of these UhpC genes were derived via HGT in the Archaeplastida
ancestor from parasites related to Chlamydiae and Legionella (Price et al. 2012).
Support for the absence of typical NST-derived sugar transporters in the plastid of
C. paradoxa was found in the analysis of the plastid permeome from this species.
Using YFP-fusion constructs in Nicotiana benthamiana, Facchinelli et al. (2013)
validated the capacity of the UhpC transit peptide to target to the chloroplast inner
membrane in N. benthamiana, as well as the localization of the complete protein to
this site for both Chlamydiae-derived transporters in C. paradoxa, as predicted by
Price et al. (2012). Subsequent work done by Karkar et al. (2015), using the same
approach, showed that the UhpC homologs in the red algae Galdieria sulphuraria
and C. merolae are also targeted to the chloroplast inner membrane in
N. benthamiana. These results demonstrate that the diversification of the PT gene
family occurred in the red-green algal ancestor, with the glaucophytes relying on
UhpC, a gene that is also retained by algal members of the Rhodophyta and
Viridiplantae. Whether these data prove an early divergence of glaucophytes within
Archaeplastida is unclear because PT gene loss in this lineage could also explain the
current distribution. Regardless, these results bring to a close an intriguing, open
question in Archaeplastida evolution and suggest that UhpC could have been the
primordial sugar transporter in this supergroup (for details, see Karkar et al. 2015).

Small RNAs in Cyanophora paradoxa: RNAi (RNA interference) is a strategy
found among eukaryotes to protect their genomes from the spread of self-replicating
genetic entities such as transposable elements and viruses (e.g., Mallory and
Vaucheret 2010). This pathway relies on the production of small RNAs (sRNAs)
from double-stranded RNA (dsRNA). The initial RNAi signal may be amplified by
the generation of multiple secondary sRNAs from a targeted mRNA. This reaction is
catalyzed by RNA-dependent RNA polymerases (RdRPs), a phenomenon known as
transitivity (Calo et al. 2012) that is particularly important in plants to limit the
spread of viruses (Chen et al. 2010). The RNAi process in which sRNAs formed
from perfect dsRNAs acting in cis by pairing to their cognate producing transcripts is
referred to as the small interfering RNA (siRNA) pathway (Obbard et al. 2009). ,
microRNAs (miRNAs) also represent a class of sRNAs widespread in eukaryote
genomes that probably evolved from the ancestral siRNA pathway (Piriyapongsa
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and Jordan 2008). Gross et al. (2013) generated extensive sRNA data from
C. paradoxa to characterize their genome-wide distribution and to gain insights
into their potential functions. Given the monophyly of glaucophytes and
Viridiplantae within the Archaeplastida, it was postulated that C. paradoxa could
represent an ancestral form of the highly developed RNAi system found in plants
such as Arabidopsis thaliana.

To establish the presence of a putative RNAi pathway in C. paradoxa, BLASTP
analysis of the glaucophyte genome was done using, as queries, homologs of the
A. thaliana Dicer and Argonaut proteins. These sequences were found as were
several putative homologs of A. thaliana RdRP. Bioinformatic analysis of
4,739,151 sRNA reads derived from four C. paradoxa cDNA libraries showed
that sequences had a predominant size of 21 nt (Fig. 15a) with overrepresentation
of adenine and uracil in the first nucleotide (Fig. 15b) (Gross et al. 2013). Because
C. paradoxa sRNAs mapped to over 70% of the EST contigs and to 75% of the
predicted CDSs (Fig. 15c), Gross et al. (2013) concluded that sRNA production in
this species was primarily associated with mRNA (exonic) sequences. A possible
explanation for the significant levels that were found of transcript-derived sRNAs is
through the production of secondary siRNA by RdRPs (present in the glaucophyte)
during amplificatory cascades of the RNAi signal (for details, see Gross et al. 2013).
This intriguing finding has however not been validated due to the lack of genetic
tools in C. paradoxa. Given the postulated transitivity in C. paradoxa and its known
presence in the fungus Mucor circinelloides (Calo et al. 2012), it is likely that a
complex RNAi system was present in the ancestor of all eukaryotes.

In summary, nuclear genome data from glaucophytes have provided a myriad of
important insights into the evolution of Archaeplastida. However, much of what has
been learned is gleaned from a single draft assembly and several EST databases. As
the C. paradoxa genome assembly improves, it will provide a valuable reference
source for other glaucophyte complete genome projects. These are underway in
different labs and become increasingly more tenable as sequencing costs continue to
fall and better, long-read technologies are developed. Although we have touched
upon some key aspects of glaucophyte genome evolution, we did not address several
others that are rapidly advancing. One of these is the work led by the lab of J. Clark
Lagarias on phytochrome function and evolution in algae. Analysis of glaucophyte
phytochromes demonstrates that C. paradoxa (CparGPS1) has an unusual blue/far-
red photocycle, whereas Gloeochaete wittrockiana (GwitGPS1) has a red/blue
photocycle (Rockwell et al. 2014). This is in stark contrast to classical plant
phytochromes that are associated with red/far-red photoreception that regulates
gene expression for developmental pathways and the shade avoidance response
(Rockwell et al. 2006). The surprising diversity of phytochromes in algae (Duanmu
et al. 2014; Anders and Essen 2015), and in particular in glaucophytes, indicates that
much still needs to be learned about how algae tune their light response to ambient
conditions. In this regard, the sequence of a genomic clone of cyanophoropsin, a
highly conserved homolog of fungal and bacterial rhodopsins, was described by
Frassanito et al. (2010). This trait seems to be unrelated to the known photophobic
response of C. paradoxa (Häder 1985) because uniform immuno-decoration of the
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muroplast envelope was achieved using specific antisera directed against an
N-terminal recombinant peptide. Therefore, Frassanito et al. (2010) suggest the
role of a light-driven proton pump, possibly in conjunction with bicarbonate import
into the muroplasts (see section on CCM). Several, but not all, amino acid positions
thought to be essential for this function are conserved. Interestingly, corresponding
ESTs were overrepresented in low [CO2] cDNA libraries, indicating that the
cyanophoropsin gene is CO2 responsive (Burey et al. 2007). In addition, a second
form of cyanophoropsin was purified as a recombinant protein (Frassanito et al.
2013). Opsins localize to the muroplast envelope; the corresponding genes lack both
N-terminal phenylalanine and a canonical stroma-targeting peptide as revealed by
terminal amine labeling of substrates (TAILS; Köhler et al. 2015). It is therefore clear
that glaucophyte genomes will provide exciting and novel insights into the broader
story of algal evolution and help us understand how these taxa thrive in highly
variable environments.

a

b

c

Fig. 15 Analysis of sRNAs from C. paradoxa. (a) Size distribution of redundant sRNAs in
C. paradoxa showing the predominance of the 21 nt length class. (b) Composition of the 50

nucleotide of unique sRNAs in C. paradoxa. (c) The results of mapping redundant (above the
x-axis) and unique (below the x-axis) sRNAs to genomic contigs, EST contigs, and CDSs from
C. paradoxa. The numbers on the top of the colored bars correspond to the number of genomic
contigs (blue), EST contigs (magenta), and CDSs (green) that are associated with the sRNA counts
shown at the top of the panel
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The 135.6 kb Muroplast Genome of Cyanophora paradoxa SAG 29.80

The list of genes of the completely sequenced muroplast genome of C. paradoxa
(Stirewalt et al. 1995; Löffelhardt et al. 1997), given in Table 7, contains more than
60 genes that are nuclear encoded or missing in land plants. This gene content is
typical for primordial plastids, i.e., those from algae devoid of chlorophyll b. The
192 muroplast genes rank between the 174 genes present on the 120 kb plastome
from the diatom, Odontella sinensis, and the 251 genes found on the 191 kb
plastome from the red alga Porphyra purpurea (Reith 1995). With some exceptions,
e.g., the ndh genes and infA (missing from all algal plastomes investigated thus far),
atpI, or accD, the muroplast genome contains the standard set of chloroplast-
encoded genes. In addition, the muroplast genome encodes many more ribosomal
proteins, several enzymes involved in anabolic pathways other than photosynthesis,
chaperones, (putative) transcription factors, and components of ABC transporters
and the Sec preprotein translocase (Table 7). The most conspicuous feature of the
gross organization of the muroplast genome is the 11.3 kb inverted repeat (IR),
which corresponds to about half the size of land plant chloroplast IRs. Another
obvious feature is the small intergenic spacer regions between muroplast genes. In a
few cases (orf299/orf244, ycf16/ycf24, atpD/atpF, psbD/psbC) adjacent genes have
been found to overlap by 3–16 bp. Moreover, only few noncoding regions that
extend over several hundred bp are observed. Just one single intron has been
identified: the 232 bp group I intron in the anticodon loop of trnLUAA. These three
features explain why muroplasts encodes around 50 genes more than land plant
chloroplasts most of which even have slightly larger genomes. A restriction map of
muroplast DNA from C. cuspitata (Kies-isolate; SAG 46.84) showed significant
differences in size (about 10 kbp) and restriction pattern. However, the overall
sequence identity to the Pringsheim isolate (SAG 29.80) was above 85% and
18 protein gene loci and the rDNA regions appeared to be conserved (Löffelhardt
et al. 1997).

RNA genes: About half of the IR regions are occupied by the two rDNA units.
The rDNA spacer is small, as is typical for chlorophyll b-less algae, and harbors trnI
and trnA as in most plastids and prokaryotes (Löffelhardt et al. 1997). The rnpB
gene, also present on the P. purpurea plastome, specifies the essential RNA compo-
nent of RNaseP, a ribonucleoprotein responsible for 50-processing of plastid tRNAs.
This marks another distinction between primitive plastids and chloroplasts. In land
plant chloroplasts, the enzyme activity is protein based only, whereas in C. paradoxa
muroplasts an RNA component with strong similarity to bacterial counterparts is
present – the protein component, if any, has not been found yet. In contrast to red
algal RnpB, an RNA-only activity (as shown for bacteria) has been demonstrated for
the muroplast RNA (Li et al. 2007). Addition of RnpA protein from E. coli consid-
erably enhanced the activity, indicating a certain conformational instability of
muroplast RnpB. A tmRNA combining properties of tRNAs and mRNAs that
ameliorates problems arising from stalled ribosomes was also found to be encoded
by a muroplast gene and shown to be processed by RNaseP (Gimple and Schön
2001). This is again typical for primitive organelles whose tmRNAs are examples of
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reductive evolution compared to their bacterial counterparts (de Novoa andWilliams
2004). An RNA component of the algal plastid SRP, encoded on all sequenced
rhodoplast genomes, could not be detected on muroplast DNA.

Muroplast gene expression: The codon bias of muroplast genes, likely a selection
for translation efficiency, is more pronounced than that of other algae or land plants
(Morton 1998). Putative promoter motifs can often be observed that are similar in
both sequence and spacing to the canonical sequences from E. coli and other

Table 7 Muroplast genes from Cyanophora paradoxa. Gene nomenclature follows the guidelines
for chloroplast genes (Stoebe et al. 1998). Genes marked with an asterisk are not found on any other
plastid genome. Genes underlined are absent from the chloroplast genomes of land plants

Ribosomal RNAs (3): rrsA, rrlA, rrfA

Transfer RNAs (36)

Other RNAs (2): rnpB, tmRNA

Ribosomal proteins (37): rpl1, rpl2, rpl3, rpl5, rpl6, rpl7, rpl11, rpl14, rpl16, rpl18, rpl19, rpl20,
rpl21, rpl22, rpl28, rpl33, rpl34, rpl35, rpl36, rps2, rps3, rps4, rps5, rps6, rps7, rps8, rps9,
rps10, rps11, rps12, rps13, rps14, rps16, rps17, rps18, rps19, rps20

RNA polymerase subunits (4): rpoA, rpoB, rpoC1, rpoC2

Phycobiliproteins (7): apcA, apcB, apcD, apcE, apcF, cpcA, cpcB

Photosystem I and II proteins (27): psaA, psaB, psaC, psaE, psaF, psaI, psaJ, psaM, psbA, psbB,
psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN, psbT, psbV, psbX, psbY, psbZ,
psb30

ATP synthase subunits (7): atpA, atpB, atpD, atpE, atpF, atpG, atpH

Cytochrome b6/f subunits and ferredoxin (8): petA, petB, petD, petG, petL, petN, petX, petF

Anabolic enzymes (13): rbcL, rbcS, chlB, chlI, chlL, chlN, acpP, nadA*, preA, crtE*, hemA*,
hisH, trpG

Peptidoglycan biosynthesis/muroplast division (2): ftsW, sepF

Proteases (2): clpP1, clpP2

Chaperones (3): dnaK, groEL, groES*

Translation factor: tufA

Preprotein translocase: secY

ORFs with unknown or putative function (37): ycf3a, ycf4a, ycf5b, ycf16c, ycf17d, ycf21, ycf23,
ycf24e, ycf27f, ycf29f, ycf30g, ycf33h, ycf34, ycf35, ycf36, ycf37i, ycf38j, ycf39k, orf27, orf48,
orf77, orf91, orf102, orf108, orf163, orf179, orf180*l, orf182, orf188, orf206, orf244*, orf299*,
orf333m

aRole in PS I assembly
bRole in PS I function
cABC transporter subunit, ortholog to bacterial sufC, involved in [Fe-S] cluster biogenesis
dCAB/ELIP/HLIP superfamily protein
eABC transporter subunit, ortholog to bacterial sufB, involved in [Fe-S] cluster biogenesis
fResponse regulator of PS I genes (rpaB)
gTranscription factor (RuBisCo operon)
hRole in cyclic electron transport
iPSI stability or assembly
jABC transporter
kPhotosystem II assembly factor
lSymerythrin
mRole in assembly/stability of PSII
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eubacteria. Three muroplast ORFs (ycf27, ycf29, and ycf30), that are conserved
among primitive plastid genomes, show significant sequence similarity to prokary-
otic transcription regulatory factors of the OmpR and LysP classes. The occurrence
of these putative regulators suggests that some transcriptional regulation occurs in
muroplasts. Ycf27 homologous response regulator genes (rpaB) appear to be con-
fined to phycobiliprotein-containing organisms. Many genes show short poly-purine
stretches complementary to the 30 end of the cyanelle 16S rRNA (�CCUCCUUU-
30OH) at a distance of 7–12 bases upstream of the initiation codon. Typical ribosome
binding sites (Shine-Dalgarno sequences) are AAGG, AGGA, GGAG, and GAGG.
The gene arrangements observed suggest a predominance of polycistronic tran-
scripts as reported for chloroplasts (e.g., the large ribosomal protein gene cluster)
and cyanobacteria (e.g., phycobiliprotein gene clusters) which could be proven in
several cases. Processing of the primary transcripts to smaller mRNAs seems to be
rather common (Löffelhardt et al. 1997). The widespread distribution of a specific
gene cluster (50-rpoB-rpoC1-rpoC2-rps2-atpH-atpG-atpF-atpD-atpA-30) strongly
supports the hypothesis of a common origin of all plastid types. Three transcription
units (rpoBC1C2, rps2-tsf, and atpIHFGDAC) that are widely separated on
cyanobacterial genomes seem to have been fused together after the endosymbiotic
event. This cluster is found with some variation in gene content, but never in gene
order, in muroplasts and rhodoplasts as well as in land plant chloroplasts. The
existence of this “diagnostic” cluster in plastids of different evolutionary levels
can only be explained when a single primary endosymbiotic event is assumed
(Kowallik 1994; Reith 1995; Löffelhardt 2014). In O. sinensis, this cluster is
bipartite, and it is completely disintegrated in Chlamydomonas reinhardtii, which
shows that there is no particular selection pressure to maintain or to reach this kind of
gene arrangement.

A signature of primitive plastids devoid of chlorophyll b is that both subunits of
RuBisCO are plastome encoded as first shown for C. paradoxa (Heinhorst and
Shively 1983) and cotranscribed (Starnes et al. 1985). Interestingly, the rbcLS and
atpBE genes are adjacent and divergently transcribed in muroplasts and land plant
chloroplasts.

There are a few cases where the muroplast genome contains cyanobacterial genes
and transcription units that are absent from the P. purpurea rhodoplast genome in
spite of the 30% surplus in size and gene content of the latter. One of them is groES-
groEL: the chaperonin-10 homolog is nucleus encoded in the red alga. Other
examples are crtE (specifying geranyl-geranyl pyrophosphate synthase), hemA
(glutamyl-tRNA reductase), and orf244-orf299 encoding two components of an
ABC transporter, likely for manganese, based on the significant sequence similarity
to the cyanobacterial mntA and mntB genes (Bartsevich and Pakrasi 1995). The
orf333 upstream from muroplast psbE is found in this position in cyanobacteria, too,
but is absent from all other plastid genomes. ORF333 is the product of a nuclear gene
(hcf136) in Arabidopsis thaliana and is absolutely required for assembly/stability of
functional PSII units (Meurer et al. 1998). A special case is orf180 found only on
muroplast DNA (in the petA-psaM intergenic region) and on the genome of the
peculiar cyanobacterium, Gloeobacter violaceus. The gene product, symerythrin,
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belongs to the ferritin-like superfamily (FLSF, Cooley et al. 2011). While its in vivo
functions are still unknown, the recombinant protein displays oxidase and peroxi-
dase activity. Other members of the FLSF (e.g., the rubrerythrins) have six or seven
ligands to the diiron metallocenter, whereas symerythrin has eight ligands. Other
unique features comprise the high internal symmetry of the crystal structure and the
spontaneously formed carbon-carbon cross-link between a valine and a phenylala-
nine side chain. This led the authors to assume an ancestral role for this fold in the
evolution of FLSF (Cooley et al. 2011). Recently, the muroplast DNA of
G. nostochinearum was sequenced (B.F. Lang and G. Burger, unpublished) and
was found to resemble that of C. paradoxa both in size and gene outfit. Interestingly,
orf180 was also detected, almost identical in sequence to the Cyanophora counter-
part. In summary, such features of the plastome lend support to the often claimed
“living fossil” status of glaucophytes, whereas the mosaic structure of the gene-rich
nuclear genome of Cyanophora rather seems to contradict this view (Price et al.
2012).

Glaucophyte Mitochondrial Genomes

The complete mitochondrial DNAs (mtDNAs) of C. paradoxa (51.6 kbp) and
G. nostochinearum (34.1 kbp) have been sequenced (Price et al. 2012). Glaucophyte
mtDNAs do not stand out as particularly large or gene rich. Repetitive regions and
larger intergenic distances in the Cyanophora metagenome account for the size
difference. They encode the basic set of genes typical for animals and fungi, plus
those characteristic of many protists and plants (i.e., close to a dozen coding for
ribosomal proteins, a few extra subunits of the NDH and SDH complexes, and 5S
rRNA). Recently, the mtDNA sequences of Gloeochaete wittrockiana (36 kbp) and
Cyanoptyche gloeocystis (33.2 kbp) were published (Jackson and Reyes-Prieto
2014) with coding capacities strongly resembling those of the other two
glaucophytes. Red and green algae share mtDNA-encoded TatC, a protein trans-
locase component (see section on “Conservative Sorting”), and ccm genes specify-
ing ABC transporters involved in cytochrome c biogenesis (Verissimo and Daldal
2014). Both these gene classes are absent from glaucophyte mtDNAs. In turn, green
and glaucophyte algae share rpl2, nad7, and nad9, which are not present in red algal
mtDNAs. Finally, glaucophytes possess a mitochondrion-encoded nad11 that was
lost by the two other groups. In conclusion, there is nothing at the level of mito-
chondrial gene complement that would specifically unite two of the three lineages.

Despite earlier claims likely caused by bacterial contaminants (Kiefel et al. 2004),
no genes for mitochondrial division proteins of prokaryotic origin were found on the
C. paradoxa genome. This is paralleled in green algae and plants, whereas mtMinD,
mtMinE, and mtFtsZ were reported for rhodophytes and chromophytes (Leger et al.
2015). There is a single gene specifying (muroplast-targeted) TatC in the genome of
C. paradoxa indicating the absence of the mitochondrial Tat pathway as, e.g., in land
plants, where the AAA-ATPase Bcs1 assists mtRieske Fe-S protein in IM translo-
cation and assembly into the cytochrome bc1 complex (Wagener et al. 2011).
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Interestingly, a contig for a Bcs1 homolog with a predicted mitochondrial localiza-
tion was detected in the Cyanophora genome database (J.M. Steiner, unpublished).
This would mean an advanced aspect of Cyanophora mitochondria, as primordial
mitochondria (e.g., of jakobids) retained the proteobacteria-derived Tat pathway
(Wagener et al. 2011).

Metabolic Pathways in the Cytosol of Cyanophora paradoxa

Starch metabolism: Early diverging phototrophic eukaryotes seem to play an impor-
tant role in the conversion of cyanobacterial glycogen into the starch of green algae
and land plants during evolution (Deschamps et al. 2008). Reserve carbohydrate
granules have long been known to reside in the cytosol of glaucophytes (Kies 1992)
and also of rhodophytes and algae derived through red algal secondary endosymbi-
osis. C. paradoxa starch showed a (high) amylose and amylopectin content with
chain length distributions and crystalline organization similar to green algae and land
plants that use ADP-glucose as the activated monomer for starch synthesis and
temporary storage in the chloroplasts (Plancke et al. 2008). However, several starch
synthase activities were found in C. paradoxa utilizing UDP-glucose, this time in
analogy to rhodophytes that also synthesize their (more amylopectin-related)
floridean starch in the cytosol. In addition, a multimeric isoamylase complex and
multiple starch phosphorylases were demonstrated and of isoamylase: There is a
correlation between the presence of starch and the debranching activity of iso-
amylase; those alpha-1,6-branches that impede the attainment of a crystalline struc-
ture are removed (Cenci et al. 2014). These results were obtained at the zymogram
level and in some cases also at the gene level (Plancke et al. 2008). Transcription of a
granule-bound starch synthase (responsible for amylose formation) was shown to be
upregulated upon shift to low [CO2] (Burey et al. 2007). Furthermore, the cytosolic
transglucosidase DPE2 (disproportionating enzyme 2), transferring one glucose
moiety from maltose (resulting from starch degradation by beta-amylase) to a
cytosolic heteroglucan, could be demonstrated on C. paradoxa zymograms (Fettke
et al. 2009). The Cyanophora Genome Project (http://dblab.rutgers.edu/cyanophora/
home.php) (Price et al. 2012) allowed the identification of numerous putative
carbohydrate metabolism enzymes using the Carbohydrate-Active enZymes
(CAZy) database (Cantarel et al. 2009): about 84 glycoside hydrolases (GHs) and
128 glycosyl transferases (GTs), significantly more than in the green microalga
Ostreococcus lucimarinus or the extremophilic red alga Cyanidioschyzon merolae,
but less than in land plants. Many C. paradoxa CAZymes are involved in starch
metabolism. Synthesis of the polysaccharide within Viridiplantae plastids relies on
ADP-glucose-dependent enzymes of the GT5 family associated with glycogen
synthesis in bacteria. The major C. paradoxa enzyme is phylogenetically related to
the UDP-glucose-specific enzyme of heterotrophic eukaryotes (Cantarel et al. 2009)
and has been partially purified from this alga (Plancke et al. 2008). This suggests the
absence of ADP-glucose pyrophosphorylase in C. paradoxa. Surprisingly, another
gene was found in the glaucophyte genome whose product is related to the SSIII-
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SSIV (GT5) type of starch synthases in Viridiplantae. This gene is phylogenetically
related to glucan synthases in chlamydiae, cyanobacteria, and some proteobacteria
and is hypothesized to have played a key role in linking the biochemistry of the host
and the endosymbiont. The SSIII-SSIV enzyme uses ADP-glucose in bacteria and
land plants, suggesting that C. paradoxa or, rather, the common ancestor of
Viridiplantae and glaucophytes may have used both types of nucleotide sugars for
starch synthesis at the onset of the endosymbiosis. Cytosolic ADP-glucose is
thought to arise from the cyanobacterial endosymbiont at that time via a sugar
nucleotide transporter of host origin (Weber et al. 2006). A third player is thought
to have contributed to this merging of the reserve carbohydrate synthesis pathways
of host cell and endosymbiont: Chlamydiae, known for their intracellular lifestyle,
might have supplied crucial enzymes and transporters to the cytosol and the endo-
symbiont/phagosome membranes during an earlier long-term, but transitory, infec-
tion. This “ménage a trois” could have been instrumental for the transition from
glycogen of the heterotrophic host to starch of the eukaryotic phototroph (Ball et al.
2013): SSIII-SSIV (GlgA), isoamylase (presumably after gene duplication and some
change in function of the bacterial direct debranching enzyme GlgX), and (at a later
stage) the glucose-6-phosphate transporter UhpC likely represent the contributions
(via HGT) from chlamydiae. Granule-bound starch synthase is of cyanobacterial
origin (EGT), whereas the other enzymes stem from the metabolic repertoire of the
host cell. New developments necessitated due to the glycogen-starch transition are
glucan, water dikinase (GWD) and phosphoglucan, water dikinase (PWD), genes for
which are also found on the Cyanophora genome. Degradation of the quasicrystal-
line starch granules by beta-amylases and phosphorylases is only possible after
previous action of GWD and PWD (Cenci et al. 2014). Readers should note that
the impact of Chlamydiales on Archaeplastida evolution and the validity of the
ménage a trois hypothesis are considered controversial by some parties (e.g., Dagan
et al. 2013; Deschamps 2014; Domman et al. 2015). More recent biochemical,
phylogenetic, and genomic data however provide strong support for this model of
Archaeplastida primary plastid establishment (see Ball et al. 2016a, b; Cenci et al.
2017; Gehre et al. 2016).

Biosynthesis of long-chain fatty acids and isoprenoids: De novo biosynthesis of
fatty acids is compartmentalized in muroplasts as in plant chloroplasts. Elongation
beyond C16 occurs in the cytosol with acetyl coenzyme A provided by the action of
ATP citrate lyase (ACL). The long-assumed plastid localization of ACL was falsified
for C. paradoxa, and, for the first time, a heterodimeric structure as in fungi and the
prokaryote Chlorobium tepidumwas proposed (Ma et al. 2001). This now applies for
all plants as opposed to the large monomer observed in metazoa. cDNA and genomic
sequencing of the gene for the catalytic subunit provided information about intron
structure of nuclear genes: introns are numerous, in the size range of 53–65bp, with
conserved border and (putative) branch point nucleotides (Ma et al. 2001;
Bhattacharya and Weber 1997). The regulatory subunit is also present as evidenced
by ESTs (http://tbestdb.bcm.umontreal.ca/searches/login.php).

The mevalonate pathway (missing in green algae), also dependent on acetyl
coenzyme A provided by ACL, seems to be restricted to the cytosol of
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C. paradoxa as shown by amplification of four selected genes (Grauvogel and
Petersen 2007) and was confirmed later through the genome project.

Anaerobic Energy Metabolism

C. paradoxa was long considered an obligatory phototroph, and attempts to grow it
on carbon sources as glucose or acetate were unsuccessful (Trench 1982). Therefore,
it came as a surprise that the genome project revealed the potential for various
fermentative metabolic pathways (Price et al. 2012). The respective gene repertoire
is almost as extensive as that of C. reinhardtii, the best known model for this trait
among green algae, and even exceeds that of picochlorophyta, whereas such genes
are rare in red algae (Atteia et al. 2013). It remains to be seen if the corresponding
enzyme activities, e.g., acetate:succinate CoA-transferase, hydrogenase (and matu-
ration factors), pyruvate:formate lyase (and activating enzyme), and pyruvate:
NADP+ oxidoreductase, can be demonstrated in the appropriate compartments of
the Cyanophora cell. Cytosol, plastids, and mitochondria are known to be involved
in the anaerobic energy metabolism of algae (Atteia et al. 2013). The complex
fermentative capabilities conserved between the distant relatives C. paradoxa and
C. reinhardtii likely represent an evolutionarily advantageous combination of anoxic
enzymes from the eukaryotic host and the cyanobacterial endosymbiont (Price et al.
2012).

Evolutionary History

No fossil remnants of glaucophytes are known, but their origin among the
Archaeplastida is thought to date back to the Mesoproterozoic/Neoproterozoic
boundary as that of rhodophytes (Butterfield 2000). Apart from the common pos-
session of multilayered structures in members of the three algal groups mentioned,
glaucophytes differ from prasinophycean green algae (flagella with scales, pellicular
lacunae absent, intraplastidial starch), green algae (different kinetids and flagella
movement, pellicular lacunae absent, intraplastidial starch), and euglenids (different
pellicular structure, different type of mitosis, paramylon instead of starch as reserve
polyglycan).

Phylogenetic Relationships

The phylum Glaucophyta as one of the three groups containing primary plastids
contains all genera described by Kies (1992) based on morphological criteria
(Table 2) and the presence of muroplasts. A concatenated phylogenetic analysis of
plastid-encoded genes placed C. paradoxa and thus the glaucophytes on the first
branch after the single primary endosymbiotic event (Martin et al. 1998; Rodríguez-
Ezpeleta et al. 2005). This was corroborated by concatenated nuclear genes
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(Rodríguez-Ezpeleta et al. 2005; Reyes-Prieto and Bhattacharya 2007a, b).
Phylogenomics, made possible through the Cyanophora Genome Project, gave
additional support (see above). Thus glaucophytes can be considered as direct
descendants of the most ancient phototrophic eukaryotes, at least among the species
known at present.

Phylogenetic relationships within the Glaucophyta have been investigated thor-
oughly in two independent studies (Chong et al. 2014; Takahashi et al. 2014). Based
on concatenated and single genes of plastid (psbA) and mitochondrial (cob and cox1)
origin, and the nuclear internal transcribed spacer (ITS) region, Chong et al. (2014)
revealed that strains of Glaucocystis nostochinearum (or Glaucocystis species com-
plex) were divided into six clades that possibly correspond to individual species
(Fig. 8). The monophyletic group of Glaucocystis sp. complex was clustered
together with the monophyletic Gloeochaete wittrockiana and Cyanoptyche
gloeocystis clade. Five Cyanophora species were separated from the rest of the
glaucocystophycean clade (see Fig. 8). Within the Cyanophora clade, C. sudae and
C. biloba were clustered strongly and separated from the remaining C. paradoxa +
C. kugrensii + C. cuspidata clades based on the psaB and ITS phylogenies
(Takahashi et al. 2014). Although three new Cyanophora species were suggested
based on morphological and molecular data (Takahashi et al. 2014), it still is a
challenge to delimitate species in glaucophytes, because of the lack of authentic
(Type) strain(s) and the simple morphology prevailing. However, using a combina-
tion of molecular and morphological data, the latter made possible through advanced
EM methodology, Takahashi et al. (2016) confirmed the Glaucocystis clades pro-
posed by Chong et al. (2014) and delineate six individual species (Fig. 8). Subtle, but
significant differences in the peripheral ultrastructure of the cells, i.e., in the vesicle
system underlying the plasma membrane (lacunae, cf. Fig. 7), were the key to this
problem.
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