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Eukaryotic cells are composed of a variety of membrane-bound organelles that are thought to derive from symbiotic
associations involving bacteria, archaea, or other eukaryotes. In addition to acquiring the plastid, all Archaeplastida and
some of their endosymbiotic derivatives can be distinguished from other organisms by the fact that they accumulate starch,
a semicrystalline-storage polysaccharide distantly related to glycogen and never found elsewhere. We now provide the first
evidence for the existence of starch in a particular species of single-cell diazotrophic cyanobacterium. We provide evidence
for the existence in the eukaryotic host cell at the time of primary endosymbiosis of an uridine diphosphoglucose (UDP-
glucose)-based pathway similar to that characterized in amoebas. Because of the monophyletic origin of plants, we can
define the genetic makeup of the Archaeplastida ancestor with respect to storage polysaccharide metabolism. The most
likely enzyme-partitioning scenario between the plastid’s ancestor and its eukaryotic host immediately suggests the precise
nature of the ancient metabolic symbiotic relationship. The latter consisted in the export of adenosine diphosphoglucose
(ADP-glucose) from the cyanobiont in exchange for the import of reduced nitrogen from the host. We further speculate that
the monophyletic origin of plastids may lie in an organism with close relatedness to present-day group V cyanobacteria.

Introduction

Archaeplastida (previously kingdom Plantae according
to Cavalier-Smith 1998) are composed of 3 eukaryotic lines:
the Glaucophyta (freshwater algae harboring cyanelles
[peptidoglycan-containing plastids]), the Rhodophyceae
(red algae), and the Chloroplastida (green algae and land
plants) (Adl et al. 2005). All 3 lines originate from a single
endosymbiotic event involving a cyanobiont related to
present-day cyanobacteria and an unicellular heterotrophic
eukaryotic host. This unique event brought the ability to
perform oxygenic photosynthesis into the eukaryotic world.
Simultaneously, all 3 lines gained the ability to synthesize
starch, a novel form of storage polysaccharide related to gly-
cogen, the otherwise most widespread form of storage poly-
saccharide found in living cells (for a review of starch
structure see Buléon et al. 1998; for reviews of starch me-
tabolism see Ball and Morell 2003; Zeeman et al. 2007).
Importantly, Rhodophyceae and Glaucophytes accumulate
starch in their cytoplasm, whereas the latter is exclusively
found in the plastids of the Chloroplastida.

Glycogen and starch both consist of o-1,4 linked and
a-1,6 branched polymers but differ vastly in their structures
and ensuing physicochemical properties. Typically, glyco-
gen consists of tiny homogeneous hydrosoluble particles
whose diameter is limited to a maximum of 40 nm. Starch
can be defined as a heterogeneous mixture of 2 distinct frac-
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tions: the high mass moderately branched amylopectin and
the lower mass and less branched amylose. These polysac-
charides aggregate in semicrystalline granules of unlimited
size. Unlike glycogen, where the ao-1,6 linkages are uni-
formly distributed, the branches of amylopectin are concen-
trated in certain regions of the molecule. For this reason, the
chains resulting from these branches are organized in clus-
ters. Within each cluster, the chains are so tightly packed
that they intertwine to form double-helical structures. These
double helices align and fall out of solution to aggregate
into huge semicrystalline granules (for a detailed review
of starch structure see Buléon et al. 1998; otherwise, if
needed, a summary of starch structure is provided in sup-
plementary fig. 1 [Supplementary Material online]).
Recent studies have proven that starch synthesis in
Rhodophyceae, Glaucophyta, and Chloroplastida consists
of a mosaic of genes that originated from cyanobacterial
and eukaryotic glycogen metabolisms, suggesting that en-
dosymbiosis involved partners able to synthesize similar
types of storage polysaccharides (Coppin et al. 2005; Patron
and Keeling 2005; Plancke et al. 2008). Glycogen synthesis
is very well conserved among both heterotrophic eukar-
yotes and most bacteria including cyanobacteria. The path-
ways of bacterial and eukaryotic glycogen metabolism and
that of starch in the green algae and land plants have been
intensively studied (for reviews of glycogen metabolism in
bacteria and eukaryotes see Preiss 1984; Roach 2002).
Briefly, all pathways use a glucosyl-nucleotide substrate
to synthesize novel o-1,4 linkages from oligosaccharide
or polysaccharide primers. This elongation reaction is cata-
lyzed through the action of the glycogen (starch) synthases.
Introduction of the a-1,6 branch through the glycogen
(starch)-branching enzymes proceeds in all cases by hydro-
lysis of a preexisting a-1,4 linkage from an oligosaccharide
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or polysaccharide donor chain, followed by transfer and
linkage of a segment of this chain in the a-1,6 position. Poly-
saccharide degradation occurs, in the presence of orthophos-
phate, through release of glucose-1-P from the terminal
glucose of each external chain. However, the glycogen
(starch) phosphorylases that catalyze this release are unable
to digest the a-1,6 branch. Complete degradation of the pol-
ysaccharides thus requires the coordinated action of phos-
phorylase and glycogen (starch)-debranching enzyme. In
addition to this phosphorolytic pathway, a complex hydro-
lytic pathway also operates. It requires a variable combination
of amylases, glucosidases, and a-1,4 glucanotransferases.

Glycogen metabolism in eukaryotes and bacteria
differs essentially by 3 criteria. First, UDP-glucose, a glucosyl-
nucleotide shared by many other pathways, is the only
substrate used by heterotrophic eukaryotes. On the other
hand, ADP-glucose is devoted to glycogen synthesis in
most bacteria and in all cyanobacteria reported. Second,
because of this, ADP-glucose synthesis defines the first
committed step of glycogen synthesis, whereas, in eukar-
yotes, the latter resides in the elongation of the polymers
through the glycogen synthases. As a consequence, bac-
teria control the flux to glycogen through ADP-glucose
production by the regulation of ADP-glucose pyrophos-
phorylase, whereas heterotrophic eukaryotes control their
fluxes through posttranslational modifications of glycogen
synthases and glycogen phosphorylases. A third lesser
emphasized, but important, difference between the bacte-
rial and eukaryotic pathways, can be found in the mech-
anism used by debranching enzymes to hydrolyze the
a-1,6 branch. In eukaryotes a bifunctional enzyme, called
indirect debranching enzyme, with 2 distinct active sites,
releases glucose from the glycogen particle. In bacteria
a more classical direct debranching enzyme directly hy-
drolyzes the a-1,6 branch and therefore releases an oligo-
saccharide from glycogen. Because of this, enzymes of
oligosaccharide metabolism are required to complete poly-
saccharide degradation in bacteria, whereas the latter is
not required, and indeed not found, as part of glycogen
metabolism in heterotrophic eukaryotes (detailed sum-
maries of glycogen metabolism can be found, if needed,
in supplementary figs. 2 and 3 [Supplementary Material
online)).

Starch metabolism results from the merging of the cy-
anobacterial and eukaryote host pathways of storage poly-
saccharide metabolism (for a review see Ball and Morell
2003). Functional studies carried out in green algae and
land plants suggest that the major differences between gly-
cogen and starch metabolism consist of a novel function as-
sumed by a subset of direct debranching enzymes during
amylopectin synthesis. Isoamylase, a form of direct de-
branching enzyme unable to digest tightly spaced branches,
is thought to be responsible for removing loosely spaced
misplaced branches that are randomly formed during syn-
thesis by the branching enzymes (Ball et al. 2006; Myers
et al. 2000). These o-1,6 linkages prevent formation of
the asymmetric distribution of tightly spaced branches that
are required for the aggregation and packaging of amylo-
pectin into insoluble semicrystalline granules. Indeed, mu-
tants defective for isoamylase in green algae and plants
revert to the synthesis of glycogen (James et al. 1995;
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Mouille et al. 1996; Nakamura et al. 1997; Zeeman et al.
1998; Wattebled et al. 2005). A second difference between
starch and glycogen metabolisms consists of the presence of
a starch synthase that selectively binds to the semicrystal-
line granules and catalyzes within the insoluble polysaccha-
ride matrix, the processive elongation of an unbranched
glucan that defines amylose. The product of this reaction
catalyzed by the granule-bound starch synthase (GBSS),
the sole enzyme required for amylose synthesis, escapes
the action of branching enzymes which are chiefly present
in the soluble phase, as is the case for all other starch me-
tabolism enzymes (for review of amylose synthesis see Ball
et al. 1998). The third difference consists in the presence of
a very different pathway of polysaccharide degradation (re-
viewed in Zeeman et al. 2007). The latter is initiated
through phosphorylation of the starch granule through
the action of glucan water dikinases (GWDs) and phospho-
glucan water dikinases (PWDs). This phosphorylation loos-
ens the semicrystalline structure that otherwise resists
enzymatic attack (Edner et al. 2007). The phosphorylated
starch particle is then digested through the coordinated action
of B-amylase (Scheidig et al. 2002) and another form of direct
debranching enzyme (Edner et al. 2007). 3-amylase produces
-maltose disaccharides by recessing outer chains directly
within starch. B-maltose is selectively digested through a form
of a-1,4 glucanotransferase called transglucosidase. Trans-
glucosidase releases 1 glucose from B-maltose and transfers
the other in a-1,4 position to soluble glycogen-like acceptors
(reviewed in Zeeman et al. 2007, a summary of starch
metabolism in the green lineage can be found, if needed,
in supplementary fig. 4 [Supplementary Material online]).

Whereas both GBSS and isoamylase display phylog-
enies that group these enzymes with cyanobacterial glycogen
synthases and debranching enzymes, the bacterial enzymes
do not play similar functions in glycogen synthesis and dis-
play very different biochemical properties and substrate
preferences (Dauvillée et al. 2005; Suzuki et al. 2007).
In addition, the phylogenetic origin of B-amylases, GWDs,
PWDs, and transglucosidases are unclear and no compara-
ble enzymes have been reported in bacteria and eukaryotes.
They were therefore thought to define plant-specific
enzymes.

In this study, we report the presence in cyanobacteria
of true starch including amylopectin, amylose packaged
with a “bona fide” GBSS in large semicrystalline granules.
This enables us to propose the status of polysaccharide me-
tabolism for the cyanobiont before endosymbiosis. Because
our present knowledge of eukaryotic glycogen metabolism
is confined to opistokonts (fungi, animals, and choanofla-
gellates), we then studied the pathway of glycogen metab-
olism in previously uninvestigated eukaryotic genomes.
This approach enabled us to define transglucosidases,
B-amylases, and the form of starch synthase found in both
Rhodophyceae and glaucophytes, as enzymes that were ac-
tive for glycogen metabolism within the host cell, well be-
fore endosymbiosis. With this knowledge, we are in the
position to propose the status of polysaccharide metabolism
in the host cell before endosymbiosis. By looking at the dis-
tribution of the genes in the 3 Archaeplastida lineages,
we were able to reconstruct the minimal set of genes con-
tained in their common ancestor after endosymbiosis.
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Unexpectedly, the most plausible enzyme-partitioning sce-
nario for this minimal ancestral set reveals a precise mech-
anism by which metabolic symbiosis was achieved
between the cyanobacterial ancestor of plastids and its
host.

Materials and Methods
Strains and Culture Conditions

The axenic nitrogen—fixing cyanobacteria, Cyano-
thece ATCC51142 was kindly given by Louis A. Sherman
of Purdue University. Strain Clgl was recently isolated by
one of us from the North Atlantic (Falcon et al. 2004) and
axenized through repeated cloning on solid ASNIII medium
(0.9% agar). Both strains were cultured in ASNIII medium
(Rippkaetal. 1979) at 20 °C at a day/night cycle (12H/12H)
under 30-pmol photons.m '.s™!

Starch Purification and Quantification

Cells were harvested after 5-6 days of culture by cen-
trifugation 10 min at 3,000 x g at 4 °C. The pellets were
resuspended in water, and cells disrupted using a French
press (10,000 Psi). Starch and cell debris were collected
by centrifugation (10,000 x g, 15 min) and resuspended
in 90% Percoll (GE Healthcare, formerly Amersham Bio-
science, Little Chalfont, UK). Due to density differences,
starch can be pelleted by centrifugation (10,000 x g, 30
min) away from the bulk of cell debris. The gradient step
was repeated once to insure a complete removal of cell de-
bris from the starch pellet. Starch was then washed twice in
sterile water. Clean white starch pellets were stored at 4 °C.
Starch or ao-1,4 glucans amounts were assayed using the
Diffchamb Enzyplus Starch kit (Diffchamb, Lyon, France).

In Vitro Synthesis of Amylose

The enzyme activity of GBSS can be assayed as fol-
lows: 2 mg of native starch granules were incubated for 12 h
at 30 °C in 100 pl of 50 mM Tris/HCI pH 7.5, 0.47% mer-
captoethanol, 5.5 mM MgCl,, 3.2 mM ADP-Glc, and 2.2
uM '“C radiolabelled ADP-glucose (GE Healthcare, for-
merly Amersham Bioscience) at 304 mCi/mmol. Tubes
were vigorously shaken during incubation, and the reaction
was stopped by adding 900 pl 70% ethanol. Granules were
washed twice with 1 ml 70% ethanol and dried. Incubated
starch granules were boiled in 50 pl of 30% dimethyl sulf-
oxide (DMSO) at 98 °C during 10 min. The dispersed starch
samples were debranched by Pseudomonas amylodermosa
isoamylase as described above. Linear glucan chains were
subjected to TSK HWS50 chromatography running at 10 ml/
min in 10% DMSO (D = 1cMH = 47 cM). A total of 30 pl
of each fraction (200 pl) was used to determine the equiv-
alent of glucose following miniaturized procedures (Fox
and Robyt 1991). The radioactivity was measured by liquid
scintillation counting as described previously (van de Wal
et al. 1998).

Extraction and Visualization of Granule-Bound Proteins

A complete procedure for starch granule—bound pro-
tein extraction by sodium dodecyl sulfate (SDS) boiling and
their separation by SDS page is described in Deschamps
et al. (2006). Major proteins were subjected to trypsic di-
gestion and analyzed by QSTAR-QqTOF tandem hybrid
system to build a peptide map and sequence the major
peptides.

Transmission Electron Microscopy Observation

Starch granules were treated by 2.2 N hydrochloric
acid during 48 h, at 37 °C. After washing to neutrality
by repeated centrifugation in distilled water, drops of sus-
pensions were deposited onto glow-discharged carbon-
coated transmission electron microscopy (TEM) grids
and negatively stained with 2% uranyl acetate. The speci-
mens were observed using a Philips CM200 microscope op-
erating at 80 kV. The images were recorded on Kodak
SO163 films.

Protein Sequence Alignments and Phylogenetic
Trees Construction

Amino acid sequences were aligned using ClustalW
(Thompson et al. 1994), and alignment gaps were manually
removed. Unrooted Maximum likelihood trees were in-
ferred for 500 bootstrap replicates using ProML (PHYLIP
package, http://evolution.genetics.washington.edu/phylip.
html) with the Jones- Taylor- Thornton amino acid change
model and a constant rate of site variation. Trees were edi-
ted using Retree (PHYLIP package) and Treeview (Page
1996).

Results
True Starch Can Be Found in Cyanobacteria

Isoamylase, the enzyme explaining the basic differ-
ence between starch and glycogen metabolisms displays
a distinctive bacterial phylogeny (Patron and Keeling
2005; Suzuki et al. 2007). In addition, no eukaryotic species
not suspected to derive directly or indirectly by secondary
endosymbiosis from Archaeplastida were ever documented
to contain starch-like polymers. Because of this, we sus-
pected that starch might have originated in cyanobacteria.

In cyanobacteria, anomalous glycogen was first de-
scribed in Cyanothece sp. strain ATCC 51142, a group
V single—cell diazotrophic cyanobacterium (Reddy et al.
1993). However, the initial reports focused on the granule
morphology of this material and concluded to the presence
of glycogen organized in unusually large granules (Schneegurt
et al. 1994). Recently, several diazotrophic single—cell cy-
anobacteria were reported to contain a storage polysaccha-
ride that differed from glycogen by a lower branching
ratio, a significantly higher polysaccharide mass and a
chain-length distribution that closely resembles amylopec-
tin and was therefore called semiamylopectin (Nakamura
et al. 2005). All these bacteria belonged to the same
taxonomic subgroup and in addition share the same
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Fic. 1.—Starch structure analysis through size exclusion chromatography and chain-length distribution of amylopectin. Constituent fractions of
starch granules were separated using gel permeation chromatography (left column) (see experimental procedures). Amylopectin is a massive molecule
that is excluded from the gel, linear amylose, or glycogen molecules are eluted later. Glucans eluted in each fraction were detected by their interaction
with iodine. The elution volume and the maximum absorbance (Optical Density) of the iodine—polysaccharide complex (A max) of each fraction are
indicated by the x axis and the y axis, respectively. Branched glucans of the purified amylopectin fraction are then analyzed by isoamylase-mediated
debranching and determination of the chain-length distribution (right column) (see supplementary figures, Supplementary Material online). Chain
lengths (Degree of Polymerization) are indicated by the x axis. The percentage of each class of glucans is presented by the y axis. The amylopectin
molecule shows a multimodal chain—length distribution with longer chains compared with glycogen. Results of size exclusion chromatography and
chain-length distributions are presented, respectively, for Cyanothece semiamylopectin (A and B), Clgl starch (C and D), Chlamydomonas reinhardtii
starch (E and F), and bovine liver glycogen (G and H), respectively. The chromatography methods are detailed in the methods section.

physiology with respect to nitrogen fixation (see Discus-
sion for further details). This subgroup is called subgroup
V, according to the classification of cyanobacteria based
on 16S rRNA phylogeny proposed by Honda et al. (1999).

In addition granules significantly larger than those re-
ported for Cyanothece were reported in another subgroup
V diazotrophic cyanobacterium (Clgl) that was recently
isolated by one of us (Falcén et al. 2004). However, the
detailed structure of the polysaccharide was not investi-
gated. This strain behaves like Cyanothece with respect
to nitrogen fixation and also selectively induced nitrogenase
during the night (supplementary fig. 5, Supplementary Ma-
terial online). We investigated in greater detail, the struc-
tures of these polysaccharides and ascertained their
relationship to starch and glycogen. In a first series of
experiments, we separated amylopectin amylose and glyco-
gen through gel permeation chromatography (fig. 14, C, E,

and G). We then purified the high mass amylopectin—like
from figure 1A, C and E and the glycogen from figure 1G
and subjected these polysaccharides to enzymatic de-
branching followed by separation of the debranched chains
by capillary electrophoresis, thereby yielding their chain-
length distributions (figs 1B, D, F, and H). Results show
that Cyanothece and strain Clgl synthesize a large mass
storage polysaccharide (fig. 1A and C) related to those re-
cently described for other group V cyanobacteria (Nakamura
et al. 2005). However, strain Clgl contained in addition
a small but significant amount of another polysaccharide
fraction (fig. 1C) eluting later on the gel permeation
column with an iodine—polysaccharide interaction similar
to that of the amylose from Chlamydomonas reinhardtii
(fig. 1E). Plant starch is defined not only by the presence
of both amylose and amylopectin but also by the typical
semicrystalline organization of its amylopectin fraction
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(supplementary fig. 6, Supplementary Material online).
Wide-angle X-ray diffraction and small-angle X-ray scat-
tering analysis (supplementary fig. 6, Supplementary Ma-
terial online) demonstrate the presence of patterns and
structures within the cyanobacterial polysaccharides that
are identical to those of plant starch. Finally, we were able
to directly visualize the shape and organization of the crys-
tallites within the granules by TEM (fig. 2). The crystallites
were revealed after partial acid hydrolysis that selectively
digests the amorphous material. Crystalline platelets can be
seen in all samples to aggregate in concentric layers of sim-
ilar organization. No such platelets are ever seen when gly-
cogen is subjected to similar treatments.

The presence of amylose in plants is correlated to the
presence of an enzyme that was thought as a plant specific:
GBSS. In all cases documented so far, GBSS defines the
major protein found associated to starch granules and the
sole enzyme responsible for the processive synthesis of
the long glucans found in amylose. We investigated the
identity of the starch-bound proteins in the amylose-
containing strain Clgl and compared these with those
associated with the amylose-less polysaccharide from Cy-
anothece sp. strain ATCC 51142. Results displayed in figure
3A demonstrate that strain Clg1 contains a 57 kDa GBSS—
like protein. We investigated the amylose-synthesizing
ability of polysaccharide granules purified from the 2 cya-
nobacteria by studying in vitro the incorporation of radio-
active ADP-glucose within the granules (fig. 3B). Results
shown in figure 3 prove that Clgl granules only synthesize
long glucan chains in vitro and therefore contain a bona fide
GBSS.

From all these results, we conclude that strain Clgl
accumulates true starch whereas an amylose-less form of
the polysaccharide is synthesized by Cyanothece sp. strain
ATCC 51142.

Phylogenetic Analysis and Distribution of Storage
Polysaccharide Metabolism Genes Enables to Define
the Minimal Set of Enzymes Present in the Ancestor
of All Plants

Despite the finding of starch in group V cyanobacteria
and despite the previously published detailed phylogenies
for ADP-glucose pyrophosphorylases, starch (glycogen)
synthases, branching enzymes, GWD, and isoamylases
(Coppin et al. 2005; Patron et al. 2005; Suzuki et al.
2007), a number of very important enzymes of starch me-
tabolism (GWD, PWD, rhodophycean starch synthase, -
amylase, and transglucosidase) have not yet been assigned
a clear host or endosymbiont origin. We argue that this is
chiefly because the heterotrophic eukaryotic genomes
probed in these studies were restricted to fungi and animals.

We have thus readdressed the trees built for starch
(glycogen) synthases (fig. 4) and branching enzymes
(fig. 5) to include the sequences obtained for cryptophytes
(Deschamps et al. 2006), glaucophytes, thodophytes, group
V diazotrophic cyanobacteria, and most importantly from
the recently reported heterotrophic eukaryote genome se-
quences of Dictyostelium discoideum (Eichinger et al.
2005), Entamaeba histolytica (Loftus et al. 2005), Parame-

FiG. 2—TEM of partially acid-hydrolyzed starch granules. Native
starch granules were partially hydrolyzed in HCI and observed by TEM.
Under such circumstances, amorphous polysaccharides (such as glyco-
gen) or sections of amorphous materials in otherwise crystalline zones
would be completely hydrolyzed. The images thus reveal the lamellar
radial organization of amylopectin crystallites: (A) a typical amylose free
Chlamydomonas starch granule, (B) a Cyanothece semiamylopectin
granule, (C) and a starch granule from strain Clgl.

cium tetraurelia (Aury et al. 20006), Tetrahymena thermo-
phila (Eisen et al. 2006), and Trichomonas vaginalis
(Carlton et al. 2007). Amoebas such as D. discoideum
are indeed thought to have diverged earlier than the
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Fic. 3.—Observation and assay of enzymes bound to cyanobacteria
polysaccharide granules. (3A) Proteins specifically bound to polysaccharide
granules from Cyanothece (CY) and Clg1 (AY) were extracted and observed
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (see experi-
mental procedures). Major proteins were identified by trypsic digestion
followed by Matrix Assisted Laser Desorption Ionisation—Time Of Flight and
Tandem Mass Spectrometry peptide sequencing. Three enzymes were
identified in Cyanothece semiamylopectin: an amylase (Amy), a branching
enzyme (Be), and a glycogen synthases (Ss). Four enzymes were identified in
Clgl starch granules: a glucan-phosphorylase (Pho), a branching enzyme
(Be), and 2 glycogen synthase (Ss) with one more related to the GBSS-like
family (Gbss). (see supplementary fig. 9 [Supplementary Material online] for
peptide sequences and homologies). (3B and 3C) Granule-bound starch/
glycogen synthases are still active inside the purified starch granules. By
incubation with radiolabeled ADP-glucose, these enzymes will elongate
glucans from the polysaccharide matrix. The nature of the glucans produced
by granule-bound glycogen/starch synthases was assayed for strain Clg1 (B)
and for Cyanothece (C). After in vitro synthesis, granules were fractionated by
CIl-2B gel permeation chromatography, purified amylopectin was debranched
by isoamylase, and linear glucans were separated by TSK-HWS50 gel
permeation chromatography (see experimental procedures). Longer chains
are eluted first. Glucans in fractions were detected by iodine interaction, assay
of total glucose and by scintillation counting. The elution volume is indicated
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opistokonts (animals and fungi) and are observed to contain
a larger set of eukaryotic genes (Loftus et al. 2005; Song
et al. 2005). In addition to the aforementioned genes, we also
report phylogenies for ao-1,4 glucanotransferases (including
D-enzyme and transglucosidase) (fig. 6), starch phosphor-
ylases (supplementary fig. 7, Supplementary Material
online), and for B-amylase (supplementary fig. 8, Supple-
mentary Material online) despite the rather low number of
sequences available for the latter enzymes. These phyloge-
netic trees enabled us to propose the endosymbiotic or host
origin for all genes but one (table 1). Indeed, figure 4 con-
firms that the ADP-glucose—specific starch synthase from
the Chloroplastida group with cyanobacterial enzymes.
However, the tree equally shows that the UDP-glucose—
specific starch synthases present in Rhodophyceae and Glau-
cophyta (Plancke et al 2008) do not group with the latter but
rather with enzymes of the same family found in various
heterotrophic eukaryotes such as amoebas, parabasalids,
and ciliates. It is worth stressing that amoebas and paraba-
salids are not suspected to result from secondary endosym-
biosis of an Archaeplastida symbiont. The status of ciliates
is unclear in this respect but nevertheless and in stark con-
trast with apicomplexan parasites, the sequencing of both
Tetrahymena and Paramecium genomes failed to recover
genes displaying phylogenies grouping these organisms
with Rhodophyceae. Figure 5 confirms the eukaryotic (host)
origin for all the starch-branching enzymes found in Arch-
aeplastida. Figure 6 clearly shows that the dpel (also called
D-enzyme) type of ao-1,4 glucanotransferase groups with
cyanobacterial enzymes, whereas the dpe2 (also called
transglucosidase) groups with enzyme sequences found
in amoebas and parabasalids.

Finally, both phosphorylase and -amylase sequences
found in Archaeplastida group with heterotrophic eukary-
ote sequences in trees that therefore support a host origin for
the corresponding genes. (supplementarty figs. 7 and 8,
Supplementary Material online).

Because of the finding of true starch in cyanobacteria
and because of the finding of additional genes involved in
glycogen metabolism absent from opistokonts, we chose
the completed genomes of the group V diazotrophic cyano-
bacterium Crocosphaera watsonii and E. histolytica as our
paradigms of cyanobacterial starch and heterotrophic eu-
karyote glycogen synthesis, respectively, and the Ostreo-
coccus tauri genome as a paradigm for starch synthesis
occurring in the green plastids. Indeed, the number and
function of the starch metabolism genes are conserved with
very little variation from the prasinophycean O. tauri to the
chlorophycean C. reinhardtii and angiosperms such as Ara-
bidopsis thaliana (Ral et al. 2004; Derelle et al. 2006).
As a paradigm for the red lineage, we compiled results
obtained with the apicomplexan parasite genome of Toxo-
plasma gondii (Coppin et al. 2005) or with the cryptophyte

«—

by the x axis, the left y axis corresponds to the relative percentage of glucose
present in each fraction (), and the right y axis presents the radioactivity
(Dots per minute) incorporated into the corresponding glucans (—). Whereas
short chains produced by a regular starch/glycogen synthase were found in
both species, long-radiolabeled glucans were only observed for Clgl. Such
chain lengths are characteristic of GBSS-like enzyme products.
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F1G6. 4—Maximum of likelihood unrooted tree inferred for starch and glycogen synthases. The scalebar represents the branch length corresponding
to 0.5 substitution per site. Bootstrap values calculated for 500 replicates are indicated at corresponding nodes. Colored underlines define the nature of
the substrate used by these enzymes as follow: red for UDP-glucose, blue for ADP-glucose, and gray for a mixed use of both. Three groups can be
clearly distinguished: « yeast-like » UDP-glucose—specific glycogen synthases, UDP-glucose using glycogen/starch synthase found in amoebae and the
red algae lineage, and a last group containing bacterial, cyanobacterial, archeal glycogen synthases together with plants starch synthases. All GBSS
proteins, whatever the nature of their substrate (ADP-glucose or UDP-glucose), group together, and denote a common origin.

Guillardia theta (Deschamps et al. 2006) or the cyanidiales
Cyanidioschizon merolae and Galdieria sulphuraria
(Coppin et al. 2005). Indeed, we have previously shown
that most Toxoplasma genes listed in table 1 (with the ex-
ception of branching enzymes) are phylogenetically related
to those of cyanidiales such as C. merolae and G. sulphura-
ria (Coppin et al. 2005). In addition, Guillardia theta was
reported to contain an UDP-glucose—utilizing GBSSI
responsible for amylose synthesis (Deschamps et al. 2006).
Although cyanidiale or apicomplexan polysaccharides clearly
do not contain amylose, other unicellular red algae such as
Porphyridium or Rhodella were reported to contain a substan-
tial amount of this polysaccharide fraction, and the complete
sequence for a Porphyridium GBSSI gene was obtained by
one of us (GenBank accession number AB274917).

From table 1 and all our detailed phylogenomics stud-
ies, we found that 3 enzymes correlated perfectly with the
presence of starch in eukaryotes: direct debranching en-
zyme, D-enzyme, and GWD.

Direct debranching enzymes (see fig. 1 for a definition)
of bacterial origin were present in all starch-storing organ-

isms and were never found in glycogen-accumulating
eukaryotes. Indeed, mutants of plants and green algae de-
fective for a specific form of direct debranching enzyme
known as isoamylase substitute starch by glycogen synthe-
sis. Because of this, we had initially proposed that iso-
amylase was responsible for generating the aggregated
semicrystalline form of amylopectin (Ball et al. 1996;
Mouille et al. 1996). This proposal seems largely confirmed
by the distribution of the isoamylase-related gene within
eukaryotes (Coppin et al. 2005). The clear cyanobacterial
origin of isoamylase suggests that starch may have ap-
peared first in these organisms. This conclusion is now sup-
ported by our finding of starch in group V diazotrophic
single—cell cyanobacteria.

GWDs are enzymes known to phosphorylate amylo-
pectin at the C3 and C6 position (reviewed in Zeeman
et al. 2007). Functional analysis in Arabidopsis and potato
proves that the reaction catalyzed by GWD is required to
initiate starch breakdown that then proceeds through the
combined action of [-amylases and transglucosidase.
The origin of GWD is unclear, the protein being absent
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Fic. 5.—Maximum likelihood unrooted tree inferred for alpha
glucan—branching enzymes. The scalebar represents the branch length
corresponding to 1 substitution per site. Bootstrap values calculated for
500 replicates are indicated at corresponding nodes. The tree strongly
supports that all plants branching enzymes are related to nonphotosyn-
thetic eukaryotes branching enzymes.

from all cyanobacteria and from all heterotrophic eukaryote
genomes presently available.

Interestingly, the red algae and glaucophytes contain a
GTS5 UDP-glucose—specific soluble starch synthase. These
sequences markedly differ from the glycogen synthase of
fungi and animals that belong to another family (GT3) of gly-
cosyltransferases according to the Carbohydrate Active En-
zymes classification (Coutinho and Henrissat 1999). For this
reason, it was assumed that this synthase evolved through
mutation from a cyanobacterial GTS ADP-glucose—specific
soluble starch synthase after endosymbiosis (Patron et al.
2005). However, the GT5 sequences are now shown to be
present in both Archamoebas and Mycetozoa and also in
other very distant heterotrophic eukaryotes such as T'. vagina-
lis (fig. 4). This strongly suggests that the gene encoding this
enzyme is of ancient eukaryote origin. Indeed, D. discoi-
deum contains both the GT3 and the GT5 glycogen syn-
thases, whereas the latter was clearly lost in opistokonts.

From table 1, starch synthesis in the red lineage can be
seen as very similar to glycogen metabolism in amoebas. It
contains all enzyme types present in E. histolytica in addi-
tion to GWD and to direct debranching enzyme and GBSSI,
the latter 2 being clearly of cyanobacterial origin. Table 1
clearly suggests that a complete (for Rhodophycea and pos-
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Fic. 6.—Maximum likelihood unrooted tree inferred for o-1,4
glucanotransferases. The scalebar represents the branch length corre-
sponding to 1 substitution per site. Bootstrap values calculated for 500
replicates are indicated at corresponding nodes. Two groups can be
clearly observed. The first one contains amylomaltase-like proteins from
amoeba and plants. The second on shows that plants disproportionating
enzymes are related to cyanobaterial enzymes.

sibly glaucophytes) or near to complete pathway (for
Chloroplastida, who are only missing the GT5 UDP-
glucose—utilizing glycogen [starch] synthase) of heterotro-
phic eukaryotic glycogen metabolism (as exemplified by
E. histolytica) was maintained in all lines derived from pri-
mary endosymbiosis. Interestingly, both amoebas and the
parabasalids not only contain an additional GTS UDP-
glucose—utilizing glycogen (starch) synthase not found in
opistokonts but they also contain B-amylase and dpe2,
enzymes that have been demonstrated to be responsible
for the degradation of starch in green plants into -maltose
and for the degradation of this disaccharide into glucose in
the presence of a soluble glycogen type of acceptor. The
fact that the distantly related Archamoebas, Mycetozoa,
and parabasalids all contain dpe2 and GTS UDP-glucose—
utilizing glycogen (starch) synthase argues that these genes
have not been acquired through recent lateral transfers from
plants where they have been first found and characterized.
Indeed, the Archamoeba and Mycetozoa split is ancient
whereas that of the amoebas and parabasalids is expected
to be far older, possibly before endosymbiosis of the plastid.

Because of the established monophyly of Archaeplas-
tida (Rodriguez-Ezpeleta et al. 2005), we are in the position
to define the minimal gene content of their common ances-
tor (table 1). This was deduced by restricting the number of
genes encoding enzymes of the green lineage to the number
of their putative ancestral genes nowadays still contained in
group V cyanobacteria or in amoebas. Indeed, we suspect
that duplications of all the green algae genes occurred early
after their divergence from the red algae. The mechanisms
underlying the selective duplications of the Chloroplastidal
sequences will be detailed elsewhere. The minimal set num-
bers listed in table I were derived as follows:
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Table 1
Storage Polysaccharides Metabolism Enzyme Sets

Cyanobacteria ~ Eukaryotes

Minimal Set

Green lineage Red Lineage

(Crocosphaera  (Entamoeba  for the Common  (Ostreococcus Compiled Glaucophytes Literature
watsonir) histolytica) Ancestor tauri) Minimum set  Minimal Set Cited
ADP-glucose Patron and
pyrophosphorylase 1 — 1 2 — ? keeling (2005)
Soluble starch synthase
(ADPG) 2 — 2 5 — ? This work
Soluble starch synthase
(UDPG) — 1 1 — 1 1 This work
GBSS 1 1 — 1 1 1 1 This work
Branching enzyme 3 1 1 2 1 1 Coppin et al. (2005);
Patron and
keeling (2005),
This work
Isoamylase 1 — 1 3 1 1 Patron and
keeling (2005)
Indirect debranching
enzyme — 1 1 — 1 ? This work
Phosphorylase 2 2 1 2 1 1 This work
Glucanotransferase 1 — 1 1 1 ? This work
Transglucosidase — 2 1 1 1 ? This work
Beta-amylase — 4 1 2 1 ? This work
GWD — — (1) 4) (1) ? —

Note.—The number of isoforms found for each class of glycogen/starch metabolism enzymes was listed. Using phylogenetics, we could determine the origin of each
isoform in the red and green lineages except for GWDs. Enzymes of cyanobacterial phylogeny are highlighted in blue. Enzymes of eukaryotic origin are highlighted in beige.
Enzymes of uncertain origin are listed between brackets. The cyanobacterial eukaryotes and green plants display highly conserved sets of enzymes. We chose Crocosphaera
watsonii, Entamoeba histolytica, and Ostreococcus as paradigm genomes for, respectively, cyanobacteria, heterotrophic eukaryotes, and green plants. The information
concerning rhodophytes was compiled from several genomes as explained in the text. The information concerning glaucophytes was provided from Plancke et al. 2008. The
absence of sequenced genomes in glaucophytes prevented us to give clear negative answers for the presence of some enzymes. This was symbolized by a question mark.

Briefly, the enzymes of ADP-glucose metabolism are
unquestionably of cyanobacterial origin. The minimal set
comprises 2 soluble starch synthase genes, 1 GBSS and
1 ADP-glucose pyrophosphorylase subunit. Figure 4 shows
that one of the cyanobacterial soluble starch synthase family
of sequences clearly groups with the SSIII, SSIV, and SSV
Chloroplastida sequences. In the case of SSI and SSII, the
phylogenetic tree does not show more or less relatedness
between these enzymes and other specific subgroups of
GTS5 bacterial glycogen synthase. They are, however, much
more related to these enzymes than to the other UDP-
glucose—utilizing enzymes. This result is thus perfectly con-
sistent with a unique cyanobacterial origin for both the SSI
and SSII sequences that was followed by more sequence
divergence than in the case of SSIII, SSIV, and SSV. Be-
cause many cyanobacterial genomes and certainly all avail-
able group V cyanobacterial genomes contain 2 distinct
soluble glycogen (starch) soluble types, the results
displayed in figure 4 are in good agreement with the transfer
to the ancestor of Archaeplastida of the 2 genes encoding
each of the cyanobacterial soluble starch synthase.
Figure 4 also convincingly shows that the cyanobacterial
GBSS sequence groups with those of Archaeplastida
and shows more relatedness to the Glaucophyta UDP-
glucose—preferring enzyme and to Chloroplastida ADP-
glucose—preferring GBSS sequences than to those of
UDP-glucose—preferring Rhodophyceae or cryptophytes.
One such GBSS sequence has thus to be added to the min-
imal gene list. In addition to the ADP-glucose—specific
soluble starch synthase, figure 4 also clearly supports the
existence in the ancestor of all Archaeplastida of one
host-derived GTS UDP-glucose—specific soluble starch

synthase found in the genomes of glaucophytes and Rhodo-
phyceae. The obvious relatedness between the cyanobacte-
rial and Archaeplastidal ADP—glucose pyrophosphorylase
subunits has been documented elsewhere (Patron and
Keeling 2005). The complexity of the multiple ADP—
glucose pyrophosphorylase subunits seen in plants and green
algae was probably generated after separation of the Chlor-
oplastida from the Rhodophyceae by mechanisms similar to
those yielding the multiple forms of soluble starch synthase.
Only one gene-encoding ADP—glucose pyrophosphorylase
subunit was thus added to the list.

Both figure 5 and supplementary figure 7 (Supplemen-
tary Material online) show trees that support the grouping
of, respectively, starch-branching enzyme and starch phos-
phorylase with their heterotrophic eukaryote—corresponding
sequence. As mentioned above, we can safely conclude that
these genes are of host origin. In addition, once again, the
BEI and BEII families have apparently been generated after
separation of the green algae from Rhodophyceae. There-
fore, a minimum of 1 branching enzyme and 1 phosphorylase
of host origin only must be added to our minimum gene set in
table 1.

As to the debranching enzymes, the presence of iso-
amylase was revealed in all Archaeplastida lineages either
by bioinformatics study (Coppin et al. 2005) or by activity
detection (Plancke et al. 2008). We suspect that the diver-
sification of isoamylase into distinct subunits also came af-
ter separation of Chloroplastida from the Rhodophyceae.
Indirect debranching enzyme-related sequences were
found in apicomplexans (Coppin et al. 2005) and may also
have been present in the common ancestor. However, cau-
tion is needed here because there is no evidence for the
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FiG. 7.—Ancient symbiotic fluxes in the ancestor of all plants. Within
the cyanobiont, ADP-glucose pyrophosphorylase (AGPase) responds to
photosynthate availability by synthesizing ADP-glucose (ADPG) that is
normally committed to storage. The glycosyl-nucleotide is transported
through a nucleotide—sugar/triose phosphate translocator that originated
from the host endomembrane system as was recently proposed (Weber et al.
2006). ADP-glucose is polymerized into starch with no interference with
the host pathways. Synthesis involves an ADP-glucose-requiring soluble
starch synthase (SSADPG) that is branched by branching enzyme (BE) and
further matured into packaged starch through the action of isoamylase (iso)
and D-enzyme (D-enz) (see fig. 3 for details). Independently from
photosynthesis and the cyanobiont, the host is still able to feed glucose
into storage through the use of a glg-primed (glycogenin) UDP-glucose—
requiring soluble starch synthase. Glucose mobilization from starch will
depend entirely from the host needs through host enzymes that include
phosphorylases (Pho), o-amylases (¢-Amy), and a maltose-specific o-1,4
glucanotransferase (DPE2). The efflux of ADPG from the cyanobiont will
render the latter unable to fix nitrogen during the night. This in turn will
require the host to feed the cyanobiont with reduced nitrogen. The
phylogenetic origin of each enzyme is displayed either by a blue
(cyanobacterial origin) or by a red (host origin) color. The cyanobiont is
represented in blue and is thought to display a morphology and pigment
composition similar to the cyanelles (plastids) from glaucophytes. The red-
labeled a-1,4 glucan represents a small size pool of maltooligosaccharides
generated during starch biosynthesis and degradation. The circled P
represents starch phosphorylated by GWD, an enzyme of unknown origin
required for degradation. The starch granule is represented in white with
GBSS. GBSS defines the only enzyme active within the polysaccharide
semicrystalline matrix and is responsible for amylose synthesis.

presence of such sequences in cyanidiales. They could thus
have originated from the eukaryotic host that established sec-
ondary endosymbiosis with a red alga to generate, among
others, the apicomplexan parasites. Anyhow, we have in-
cluded one copy of each type of debranching enzyme in our
minimal gene setderived for the ancestor of all Archaeplastida.

Because the host-derived transglucosidase and the
cyanobiont-derived D-enzyme are unique in all Archae-
plastida studied (fig. 6), only one copy of each must be
added to the minimal gene set of the common ancestor. Fi-
nally, because GWD and [B-amylase are distributed in all
Archaeplastida, one gene copy of each must also be added
to the minimal gene set.

Discussion

In this discussion after commenting our discovery of
true starch in cyanobacteria, we will propose and explain
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what we feel is the most plausible enzyme-partitioning sce-
nario between the host cytoplasm and the cyanobiont in the
common ancestor of Archaeplastida. We will show that
such a scenario immediately brings to the light the nature
of the ancient metabolic symbiosis that existed between the
eukaryotic host and the plastid’s ancestor. We will then dis-
cuss the benefits of establishing metabolic symbiosis
through the use of storage components.

The Origin of Starch in Group V Single—Cell
Diazotrophic Bacteria

All bacteria reported in this work to accumulate semi-
crystalline starch—like polymers belong to the same subgroup
of cyanobacteria (subgroup V using 16S rRNA-based
classifications). These cyanobacteria are single-cell diazo-
trophic cyanobacteria that lack the specialized structures
developed by filamentous cyanobacteria to shelter their sen-
sitive nitrogenase from oxygen damage. Subgroup V cyano-
bacteria resort to temporal separation of nitrogen fixation
and oxygenic photosynthesis through circadian clock regu-
lation (Reddy et al. 1993; Schneegurt et al. 1994, 1997). How-
ever, separating in time energy production from its
consumption for the fueling of diazotrophy required the
development of more efficient energy stores. We suggest
that this was the selection pressure that led to the appearance
of starch in these organisms. Indeed, unlike glycogen, semi-
crystalline starch granules contain outer chains less acces-
sible to degradation by hydrosoluble enzymes, thereby
reducing turnover of glucose stores during photosynthesis.
In addition, unlike glycogen, starch granules are also osmot-
ically inert and not subjected to size limitations, thereby
facilitating the storage of the huge amounts required to fuel
both diazotrophy and bacterial division. Because starch is
not found in other bacteria or in eukaryotic cells other than
those derived directly or indirectly from primary endosym-
biosis of the plastid, we hypothesize that the ancestor of plas-
tids displayed the same type of storage polysaccharide and
cellular physiology than present-day group V cyanobacte-
ria. The latter could therefore display more relatedness to
these organelles than any other cyanobacterial subgroup.
Anyhow, our finding of GBSS in all Archaeplastida lineages
and the concomitant present finding of a fully functional
starch—bound GBSS in cyanobacteria argues that the endo-
symbiont must have had a semicrystalline polysaccharide to
and within which this enzyme is known to bind and function.

The Most Plausible Scenario for Enzyme Partitioning in
the Ancestor of All Archaeplastida

Taken the demonstrated monophyly of plants (Rodriguez-
Ezpeleta et al. 2005), the minimal gene content of the plant
ancestor listed in table 1 corresponds to the minimal num-
ber of genes that must have been contained by the ancestor
of all plants to explain the diversity of sequences and
functions that we observe today in red algae, glauco-
phytes, and green algae.

However, neither the gene list nor their phylogenetic
origin exactly tell us in what cellular compartment, the
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proteins were actually located shortly after endosymbiosis
and if additional genes of cyanobacterial origin were actu-
ally maintained in the ancestor. We now propose and
strongly support that the most likely of all possible com-
partmentalization scenarios consist of storage polysaccha-
ride metabolism loss by the cyanobiont at a very early stage,
possibly right at the beginning, well before sophisticated
machineries allowing for the targeting of proteins from
the cytoplasm to the cyanobiont had evolved.

This assumption is based on several distinct observa-
tions. First, Henrissat et al. (2002) established a clear cor-
relation between loss of glycogen metabolism in bacteria
and the degree of parasitism displayed by pathogens.
Becoming an obligatory endosymbiont would, according
to this view, automatically lead to the loss of storage poly-
saccharide synthesis by the symbiont.

Second, loss of storage polysaccharide can indeed be
evidenced in all available genomes of obligatory endosym-
bionts with no known extracellular stage such as those re-
cently sequenced occurring in insect cells (Gil et al. 2004).

Third, the concomitant loss of the multiple forms of
cyanobacterial-branching enzyme (3 forms in all 3 genomes
available for group V cyanobacteria) and phosphorylase
genes in the green and red algae as well as in glaucophytes
(all these enzymes display eukaryotic phylogenies in all
plant lines) argues that these losses occurred at a very early
stage. This observation is certainly in line with storage
polysaccharide metabolism loss in the cyanobiont.

Finally, the sole presence of the eukaryotic phosphor-
ylases and f-amylase-DPE2 pathways of glycogen degra-
dation is surprising when faced with the problems inherent
to degradation of crystalline structures. This is also in line
with a very early loss of the cyanobacterial pathway of
starch mobilization. Indeed, these cyanobacterial pathways
were certainly better adapted than the host glycogen deg-
radation machinery for this purpose.

The Proposed Pathway of Storage Polysaccharide
Synthesis in the Ancestor of All Archaeplastida Defines
the Nature of the Ancient Symbiotic Fluxes

Successful organelle evolution is a 2-step process. In
a first step, some kind of metabolic symbiosis must be im-
mediately established after internalization. However, this
metabolic symbiosis must function effectively in the ab-
sence of an organelle protein targeting machinery that will
take time to evolve. Nevertheless, this step turns the cya-
nobacterium into an obligatory symbiont. It involves for
the future plastid, a first wave of both gene losses and gene
transfers from the organelle to the host nucleus and their
expression in host compartments under the control of host
promoters. However, targeting of proteins back to the sym-
biont is not possible and no significant transfer of host genes
to the organelle DNA has been evidenced. Therefore, gene
transfers would very quickly establish novel functions out-
side the future plastid.

The second step of organelle evolution consists of the
appearance of a sophisticated and effective plastid targeting
machinery allowing for the import of proteins into the fu-
ture organelle. This will allow for a complete reshuffling of
host and symbiont functions probably accompanied by the

diversification of the 3 major lines of Archaeplastida. At
this stage, the symbiont can be considered as an organelle,
although some authors do not consider this a requirement to
distinguish endosymbionts from organelles (Bodyl et al.
2007). This second step leads to a second wave of gene
transfers and gene losses from the endosymbiont, thereby
generating the plastid genomes that we observe today.

In accordance with Henrissat et al. (2002), we propose
that storage polysaccharide synthesis was lost from stage I
endosymbionts. In this view, to be maintained by natural
selection, the cyanobacterial enzymes of storage polysac-
charide synthesis must have been expressed after transfer
to the host nucleus and used immediately in the cytoplasm
for starch synthesis. This suggests that ADP-glucose must
have been present in the cytosol. Indeed, ADP-glucose py-
rophophorylase is present in the green lineage plastids and
must have been maintained in the ancestor of all plants.
That ADP-glucose must have been present in the cytosol
is further suggested by the presence of GBSSI in the cyto-
plasm of both Rhodophyceae and glaucophytes. Indeed in
these cases, the successful transfer of this cyanobacterial
enzyme to the cytoplasm suggests that the corresponding
gene must have been maintained in the nuclear genome
by natural selection for expression in the cytosol. This must
have been long enough to allow for the successive muta-
tions turning GBSSI from an ADP-glucose—specific activ-
ity to an enzyme able to use UDP-glucose more efficiently
as is the case for Rhodophyceae and glaucophytes. We ar-
gue therefore that ADP-glucose must have been immedi-
ately present in the cytosol for natural selection to allow
the maintenance of cytosolic GBSSI. We infer that among
the functions listed in table 1, ADP-glucose pyrophosphor-
ylase was the only enzyme that was not transferred at this
stage. Keeping this enzyme expressed within the endosym-
biont would have allowed to produce a carbon committed to
storage, whereas keeping the enzyme tuned to photosyn-
thate availability through its original cyanobacterial alloste-
ric effectors, a regulation that was indeed conserved
throughout the green lineage.

The maintenance of ADP-glucose synthesis in the
endosymbiont requires the presence of a nucleotide sugar
translocator on the symbiont envelopes that would export
ADP-glucose in the cytosol in exchange for ADP. Interest-
ingly, a recent report tracks the monophyletic origin of a di-
versity of plastid translocators from red and green algae to
a nucleotide—sugar/triose phosphate translocator gene family
that originates from the host endomembrane system (Weber
et al. 2006). In effect, with this compartmentalization sce-
nario, the ancient symbiosis metabolic fluxes immediately
come to the light (fig. 7). The latter consisted in the export
of ADP-glucose from the cyanobiont for cytoplasmic starch
synthesis in exchange for the import of reduced nitrogen.

Cytosolic Starch Synthesis through ADP-Glucose Export
from the Symbiont Defines an Efficient Mean to
Establish Endosymbiosis

In effect, export of ADP-glucose for storage polysac-
charide synthesis in the host cytosol would have been a very
efficient means to establish metabolic symbiosis. We sug-
gest that export of carbon by the cyanobacterium in
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exchange for the import of reduced nitrogen formed the ba-
sis of plastid endosymbiosis. Such a symbiotic relation is
astonishingly easy to set up through storage polysaccharide
metabolism. Indeed, both the host and the cyanobacterium
had an UDP-glucose-based glycogen and ADP-glucose—
based starch synthesis pathway. We now know that the
transfer of only a few genes of the ADP-glucose (a mini-
mum of 1 isoamylase, 1 ADP-glucose—utilizing starch syn-
thase, and 1 dpel-like o-1,4 glucanotransferase)-based
pathway to the nucleus of the host and their expression
under control of eukaryotic promoters would have been suf-
ficient to turn cytosolic host glycogen into cytoplasmic
starch (Mouille et al. 1996; Colleoni et al. 1999). The pres-
ence of starch in the cytoplasm and the concomitant loss
of storage polysaccharide synthesis in the endosymbiont
would have created a very strong and permanent sink for
carbon in the former compartment. Fueling photosynthate
into storage material is a very convenient way to establish
endosymbiosis because the host and future organelle
metabolic networks are not connected to start with. Storage
of carbon into starch in the cytoplasm would thus occur
whenever the endosymbiont metabolism allows it indepen-
dently of the cytoplasmic concentration of UDP-glucose
and hexoses regulated by metabolism of the host. This
would leave time for the later development of adapted
and optimized metabolic networks. If ADP-glucose that
is only used for storage polysaccharide synthesis by bacte-
ria and that is not recognized or degraded at high rates by
the host leaks out the symbiont, then the latter would be-
come unable of synthesizing starch and therefore fueling
nitrogen fixation. The host would therefore need to supply
the symbiont with reduced nitrogen. This would not be
a problem because the bacterium probably already con-
tained suitable transporters to start with. In addition, the
presence of the symbiont in a nitrogen-rich environment de-
fined by the host cell cytoplasm would also have favored
the loss of diazotrophy.

Lowering the ADP-glucose pools even to the point of
their disappearance is known in present-day bacteria, cya-
nobacteria, or green algae to have either no or minimal im-
pact on survival or growth (Preiss 1984; Zabawinski et al.
2001; Miao et al. 2003). Another advantage of the loss of
diazotrophy would be to synchronize the future plastid di-
visions with the supply of nitrogen by the host. Increased
storage polysaccharide synthesis defines a universal re-
sponse to nitrogen limitation or starvation in microorgan-
isms. By controlling and limiting this supply to the
cyanobiont, the host had a powerful handle on cell cycle
control of its endosymbiont. In addition, it further enslaved
it to perform increased ADP-glucose synthesis to feed the
host’s own metabolic pathways through transient storage
into cytoplasmic starch. We suggest that storage materials
in general (lipids or carbohydrates) may be the ideal sub-
strates for establishing symbiotic links between unrelated
metabolic networks.

Supplementary Material

Supplementary figures 1-9 are available at Molecular
Biology and  Evolution online (http://www.mbe.
oxfordjournals.org/).
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