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Summary

Background: It is commonly accepted that a single primary
endosymbiosis gave rise to the photosynthetic organelles
of plants, the plastids. Recently, we presented evidence that
photosynthetic inclusions, termed ‘‘chromatophores,’’ present
in the filose thecamoeba Paulinella chromatophora originated
from an independent, more recent primary endosymbiotic
event. To clarify metabolic capabilities of the chromatophore
and its state of integration into the host, we present here the
complete genome sequence of the chromatophore.
Results: Our data reveal a fundamental reduction of the chro-
matophore genome. The single, circular chromosome of 1.02
Mb encodes 867 protein-coding genes and is, therewith, the
smallest cyanobacterial genome reported to date. Compared
to Synechococcus WH5701, a free-living relative of the chro-
matophore, only 26% of the genes were retained. Eleven puta-
tive pseudogenes were identified, indicating that reductive
genome evolution is ongoing. Although the chromatophore
genome contains a complete set of photosynthesis genes, it
lacks not only genes thought to be dispensable for an intracel-
lular lifestyle but also genes of essential pathways for amino
acid and cofactor synthesis.
Conclusions: Our data characterize the chromatophore as a
photosynthetic entity that is absolutely dependent on its
host for growth and survival. Thus, the chromatophores of
P. chromatophora are the only known cyanobacterial descen-
dants besides plastids with a significantly reduced genome
that confer photosynthesis to their eukaryotic host. Their
comparison with plastids and bacterial endosymbionts of in-
vertebrates sheds light on early steps of the integration of a
photosynthetic prokaryote into a eukaryotic cell.

Introduction

The establishment of photosynthesis in eukaryotes undoubt-
edly has been one of the most important events in the evolu-
tion of life on this planet. It is commonly accepted that the pho-
tosynthetic organelles of plants, the plastids, were acquired by
phagocytotic uptake of a cyanobacterium into a unicellular eu-
karyote through a process termed ‘‘primary endosymbiosis’’
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[1]. Analysis of dozens of extant plastid genomes revealed
that plastids had a monophyletic origin within cyanobacteria
and most likely were acquired through a single primary endo-
symbiotic event [2–4]. During this process, the endosymbiont
was transformed to a photosynthetic organelle accompanied
by massive genome reduction, transfer of genes to the host,
and reimport of host-translated proteins through a dedicated
protein-import pathway [5]. Yet the reasons for the apparent
singularity of plastid acquisition through endosymbiosis,
which is thought to have taken place more than a billion years
ago [6], have remained enigmatic. Recently, we presented
evidence for the occurrence of a second, more recent primary
endosymbiotic event leading to a photosynthetically active eu-
karyote [7]: the filose thecamoeba Paulinella chromatophora.
The freshwater thecamoeba of cercozoan affiliation [8, 9]
was first described by Robert Lauterborn in the 19th century
[10]. Its most distinctive characteristic is the presence of one
or two large, sausage-shaped, intracellular photosynthetic
entities termed ‘‘chromatophores’’ by Lauterborn. In contrast
to plastids that evolved from a b-cyanobacterial ancestor,
the Paulinella chromatophore is monophyletic with a-cyano-
bacteria (i.e., the Prochlorococcus/Synechococcus clade of
cyanobacteria) [11]. The chromatophores confer phototrophy
to P. chromatophora, which has dispensed with phagotrophic
nutrition [12], unlike their closest marine relatives that feed
on cyanobacteria [13, 14]. Thus, providing energy in the form
of reduced carbon compounds to the host by using its photo-
synthetic machinery seems to be the main function of the chro-
matophore [15]. Chromatophores released from their host cell
retain their structural integrity due to the possession of a bac-
terial peptidoglycan cell wall but are not capable of further
development [16]. In nature, P. chromatophora has never
been observed without its chromatophores [10, 17], and in ex-
perimental culture the association between host and chro-
matophore has been stable for more than 15 years, suggesting
that this relationship is mutual and obligatory. P. chromato-
phora is the only known case of a primary endosymbiosis lead-
ing to a phototrophic eukaryote independent from the Plantae.
Its more recent emergence places Paulinella in a pivotal posi-
tion for understanding early events in the evolution of a photo-
autotrophic eukaryote. To what extent the chromatophore
is integrated into the host’s metabolism (e.g., whether signifi-
cant reduction of the chromatophore genome, gene transfer
to the nucleus, and re-import of proteins into the chromato-
phore evolved in P. chromatophora) is unknown but neverthe-
less has recently been hotly debated, based on limited infor-
mation [18–21]. To clarify the chromatophore’s metabolic
role and its state of integration into the host, we present here
the complete genome sequence of the chromatophore.

Results and Discussion

Genome Sequence and Annotation
DNA from purified chromatophores was sequenced by a
whole-genome, random-sequencing approach, resulting in a
single chromosome of 1,021,616 bp with a low G + C content
of 38% (Table 1). Thus, the chromatophore genome is more
than one-third smaller than the smallest known genome of
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a free-living oxygenic phototroph, Prochlorococcus marinus
MED4 [22]. Reductive genome evolution in intracellular bacte-
ria is usually accompanied by the rapid acquisition of a nucle-
otide bias, presumably due to loss of repair genes [23]. The
chromatophore genome is no exception to this rule. The chro-
matophore genome encodes 867 protein-coding genes. In
agreement with its reduced genome size, multicopy genes
are rare. Only two protein-coding genes are present as identi-
cal duplicates or triplicates (three photosystem II D1 genes
[psbA] and two photosystem II D2 genes [psbD]). Furthermore,
we identified two rRNA gene clusters and 42 tRNA genes for

Table 1. Overview of Genome Properties of the Paulinella Chromatophore

Compared to Synechococcus Strain WH5701 Draft Assembly

Chromatophore WH5701

Genome size (bp) 1,021,616 3,043,834

GC content (%) 38 65

tRNAs 42 55

rRNA cluster 2 3?

Protein coding genes 867 3346

Hypothetical proteins

(% of total)

223 (25.7) 1553 (46.4)
a full set of amino acids. Interestingly, the two rRNA gene clus-
ters are located nearly mirror symmetrical in equal distance to
the putative origin of replication (Figure 1). This organization
mimics partition of almost all plastid genomes into small and
large single-copy regions but also is present in some cyano-
bacteria (e.g., [24]). No transposable or insertion elements
have been found in the chromatophore genome.

Reduction of genome size is the main feature linked to an
intracellular lifestyle in obligate endosymbiotic bacteria and
reflects a lack of selection for gene retention rather than selec-
tion for a small genome size [25]. All endosymbionts retain
syntenic regions with their free-living relatives to some extent.

Structural Genome Comparison

with Synechococcus WH5701
Currently, 39 cyanobacterial genomes have been annotated or
are available as draft assemblies (http://www.ncbi.nlm.nih.
gov/ as of Dec. 27, 2007). BLAST searches using chromato-
phore-encoded proteins usually gave best matches to
Synechococcus WH5701 (hereafter referred to as WH5701).
WH5701 is a free-living member of the a-cyanobacteria and
the only completely sequenced strain of the Cyanobium clade
Figure 1. Graphical Representation of the Paulinella Chromatophore Genome

From inner to outer circle are depicted: G + C content in a window of 1000 bases, purine excess in a window of 1000 bases, minus-strand protein-coding

sequences, tRNAs (red) and rRNA clusters (green), plus-strand coding sequences, and synteny breakpoints compared to Synechococcus WH5701. Color

coding for the coding sequences is according to COG functional categories: replication, recombination, and repair (L); unclassified (2); cell cycle control,

mitosis, and meiosis (D); transcription (K); cell wall/membrane biogenesis (M); inorganic ion transport and metabolism (P); general function prediction only

(R); translation (J); carbohydrate transport and metabolism (G); amino acid transport and metabolism (E) posttranslational modification, protein turnover,

and chaperones (O); signal transduction mechanisms (T); nucleotide transport and metabolism (F); coenzyme transport and metabolism (H); secondary me-

tabolites biosynthesis, transport, and catabolism (Q); cell motility (N); function unknown (S); lipid transport and metabolism (I); and energy production and

conversion (C).

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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[11] that contains mostly freshwater organisms. Therefore,
WH5701 was chosen for a detailed genome comparison. The
genome of WH5701 is available only as a draft assembly with
preliminary annotation. Despite the largely differing G + C con-
tent between the two genomes (Table 1), an orthologous coun-
terpart for 855 of the chromatophore protein-coding genes
was found in the WH5701 genome (Table S2 available online).
The ortholog pairs differ with respect to their synonymous ver-
sus nonsynonymous substitutions, presumably reflecting dif-
fering constraints on the genes (Supplemental Results and Ta-
ble S2). Among the remaining 12 genes with no obvious
ortholog in WH5701 (Table S1) were identical copies of genes
(duplicates or triplicates: PCC0033, PCC0547, and PCC0686),

Figure 2. Example of a Synteny Group

Shown is a typical synteny group (group 531) between the

Paulinella chromatophore genome and Synechococcus

WH5701.

and a single gene split (PCC0136 and PCC0137
are derived from WH5701_14511). For an addi-
tional eight genes, putative orthologs could only
be identified based on synteny analysis because
their sequence identity was below the threshold
used. The nearly one-to-one orthology indicated
that neither horizontal gene transfer nor invention
of new genes took place in the chromatophore ge-
nome after the two genomes diverged from their
last common ancestor. Synteny analysis revealed
that in 77 segments, gene order and orientation
is conserved between the two genomes (Figure 1
and Table S3). In 23 of these segments, more than
five consecutive genes were lost during evolution
of the chromatophore. Within synteny regions
no gene rearrangements occurred irrespective
of the number of genes missing within segments
(Figure 2).

Twenty-one genes on the chromatophore
genome were found to have undergone severe
changes during evolution compared to WH5701
(Table 2); 11 of those genes, which either formed
no product due to several in-frame stop codons
or a product of less than half the original length,
were classified as potential pseudogenes. The
other ten severely altered genes yield N- or C
terminally truncated amino acid sequences upon
translation. In all of these cases, no traces of
the missing sequences could be detected up- or
downstream of the respective genes, excluding
the possibility that simple frame shifts or non-
sense mutations caused the truncations. Some
of these severely altered genes also could be
pseudogenes.

Average intergenic distances in the chromato-
phore genome are considerably longer than in
two free-living relatives analyzed (223 bp in the
chromatophore versus 106 bp and 136 bp in Syn-
echococcus elongatus PCC7942 and Prochloro-
coccus marinus NATL2A, respectively; compari-
son to WH5701 is not possible due to the status
of its genome project as draft assembly), suggest-
ing the presence of DNA sequences that lost func-
tion but are too derived to be recognized as

pseudogenes. The comparison of the chromatophore genome
with the genome of WH5701 reveals that evolution of the chro-
matophore took mainly place through gene loss. The presence
of several putative pseudogenes indicates that genome
reduction in the chromatophore is ongoing.

Loss of Genes
Obligatory endosymbionts tend to lack whole metabolic path-
ways essential for free-living organisms; plastids have addi-
tionally distributed genes essential for their function between
host and organelle genomes. To address the question whether
the significant reduction of the genome size of the chromato-
phore was accompanied by loss of essential genes and/or
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Table 2. Genes Structurally Severely Altered and Genes Classified as Potential Pseudogenes on the Chromatophore Genome Compared to

Synechococcus WH5701

Locus Tag Gene Product Characteristic

Putative Pseudogenes

PCC0002 putative CaCA family, sodium/calcium exchanger stop codons

PCC0079 similar to WH5701_07331 stop codons

PCC0493 rubredoxin stop codons

PCC0503 tRNA pseudogene defined as pseudogene by tRNAscan-SE

PCC0533 similar to WH5701_01280 C-terminal half truncation

PCC0538 aspartate carbamoyltransferase catalytic subunit degraded

PCC0622 possible rare lipoprotein A stop codons

PCC0676 chromosome segregation protein no start, 600 aa missing

PCC0694 cell wall hydrolase/autolysin N-terminal half missing

PCC0716 multidrug eflux transporter stop codons

PCC0877 similar to WH5701_12643 stop codons

Severely Altered Genes

PCC0572 tRNA pseudouridine synthase A 55 aa truncation C-terminal (80%)*

PCC0348 metal dependent phosphohydrolase 180 aa truncation C-terminal (74%)*

PCC0410 signal recognition particle-docking protein FtsY several N-terminal deletions (82%)*

PCC0432 TPR repeat protein 36 aa truncation C-terminal (83%)*

PCC0486 DNA mismatch repair protein 100 aa N-terminal differing + 7 aa insertion (90%)*

PCC0888 transaldolase 67 aa truncation C-terminal (82%)*

PCC0040 probable ribonuclease II 193 aa truncation N-terminal (71%)*

PCC0070 putative penicillin binding protein 132 aa truncation C-terminal (82%)*

PCC0116 similar to WH5701_09570 161 aa truncation N-terminal (72%)*

PCC0126 cell division protein Ftn2 124 aa truncation N-terminal, fusion with ORF similar to WH5701_14471

Abbreviations: aa, amino acid; ORF, open reading frame.

* Percentage of length of the gene compared to the respective ortholog in WH5701.
pathways, the set of proteins encoded on the chromatophore
genome was compared with the genomes of WH5701 and
13 other free-living cyanobacteria by BLAST searches and by
pathway analyses using the KEGG database [26] (Table S4A).

Compared to WH5701, far more genes without assigned
functions were lost than genes with known functions (Table
1), suggesting that the former constitute a gene reservoir for
functional responses to environmental changes and, thus,
may no longer be needed in the homogeneous intracellular
environment. However, many genes with known and essential
functions also were not detected on the chromatophore ge-
nome, characterizing the chromatophore as a photosynthetic
entity that is absolutely dependent on its host for growth and
survival (Figure 3). We suggest that lost essential functions
need to be compensated for by the host.

Completely missing are pathways for the biosynthesis of
several amino acids (Glu, Arg, His, Try, and Met) and cofactors
(nicotinamide adenine dinucleotides, riboflavine, thiamine, bio-
tin, cobalamine, pantothenate, and coenzyme A). Moreover, all
genes coding for enzymes of the TCA cycle, which provides
primary building blocks (oxaloacetate, a-ketoglutarate) for the
synthesis of important cellular compounds, are absent from
the chromatophore genome. For other amino acids such as
Gln, Asp, Asn, Lys, Cys, Thr, Tyr, and Phe, precursors cannot
be formed, although the biosynthetic pathways are apparently
retained. In addition, the biosynthetic pathway leading to
AICAR (50-phospho-ribosyl-5-amino-4-imidazole carboxya-
mide), the precursor of purine nucleotides, is absent.

Interestingly, in some other biosynthetic pathways only sin-
gle genes are missing. For example, hemD, which encodes the
uroporphyrinogen III synthase of the chlorophyll-heme-phyco-
cyanobilin pathway and is present in all free-living cyanobac-
teria analyzed in this study, is absent from the chromatophore
genome. The lack of hemD leads to the spontaneous formation
of uroporphyrinogen I [27] that cannot be further metabolized.
If the function of such enzymes cannot be taken over by other,
not-yet-characterized proteins, two possibilities remain: (1)
either the enzyme required for the single enzymatic step is
provided by the host, which requires a protein import system,
or (2) a swift exchange of metabolites needs to be postulated
with export of substrate from the chromatophore and re-im-
port of product from the host. In both scenarios, the gene en-
coding the respective enzyme could have been either derived
from the host (if an equivalent metabolic pathway exists) or
acquired by intracellular gene transfer from the cyanobacterial
endosymbiont.

Similar levels of gene losses in metabolic pathways that are
essential for a free-living existence occur in bacterial endosym-
bionts of invertebrates (e.g., [28–31]). For Wolbachia pipientis
wMel, an obligate intracellular bacterium of Drosophila mela-
nogaster, it was shown that reductive genome evolution was
not accompanied by intracellular gene transfer, but missing
metabolic functions seem to be compensated at the metabolite
level [32]. Conversely, the genomes of four insect and four
nematode species recently were found to contain genome frag-
ments of their Wolbachia endosymbionts that have access to
thehost’s germline due to their presence indeveloping gametes
[33]. However, the majority of horizontal gene transfers into eu-
karyotes have been described in phagotrophic, unicellular eu-
karyotes [34]. Because unicellular organisms have no seques-
tered germ line, integration of DNA from their food organisms
appears to be rather frequent [35]. Preceding endosymbiosis,
the unicellular thecamoeba presumably fed on cyanobacteria
and other prokaryotes, as do other thecamoebae. Thus, genetic
integration ofa cyanobacterium asa chromatophoremight have
been accompanied by intracellular gene transfer.

Photosynthesis and Carbon Fixation

The main function of the chromatophore is undoubtedly photo-
synthesis [15]. In contrast to the situation in plastids, all genes
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Figure 3. Metabolism of the Paulinella Chromatophore

Schematic representation of the main a-cyanobacterial metabolic pathways and transport systems present (black) or missing (red) in the Paulinella chro-

matophore as deduced from the genes identified in the chromatophore genome. Pathways that involve multiple reactions are represented by triple arrows. A

single, red arrow in a triple arrow indicates the lack of a single enzyme in this metabolic pathway. A red triple arrow indicates that all or the majority of genes

for the pathway are missing. Question marks denote uncertainties in function or identity of a protein. Amino acids are in bold. AICAR, 50-phosphoribosyl-5-

amino-4-imidazole carboxamide; AIR, 50-phosphoribosyl-5-aminoimidazole; COX, cytochrome-c oxidase; DHAP, dihydroxyacetone phosphate; FNR,

ferredoxin:NADP+ reductase; NDH, NADH dehydrogenase; PEP, phosphoenolpyruvate; PQ, plastoquinone; PRFI-AICAR-P, phosphoribosyl-formimino-

AICAR-phosphate; and PRPP, 5-phosphoribosyl 1-pyrophosphate.
essential for the function of photosystems I and II, the cyto-
chrome b6/f complex, the F-type ATPase, and photosynthetic
electron transport are present on the chromatophore genome,
as is a complete set of genes for antenna proteins (only phyco-
erythrin is lacking). However, the genes psaK, petJ, and psaE,
whose products are clearly involved in cyanobacterial photosyn-
thesis, are not present on the chromatophore genome. PsaK, a
small protein ofunknownfunction,also is absent in the free-living
Gloeobacter violaceus, and cyanobacterial psaK knockout mu-
tants showed no severe effects on growth and photosynthetic
performance [36]. PetJ encodes the electron transfer protein
cytochrome c6 that can be functionally replaced by plastocyanin
[37] and is also absent in Prochlorococcus marinus CCMP1986.
In contrast, psaE is conserved in all cyanobacterial genomes
analyzed in this study. Deletion of psaE was reported to have
only minor effects on photoautotrophic growth of cyanobacterial
strains [38], but in psaE mutants high-affinity HCO3

2 uptake
could not be induced nor could the mutants be grown under
low-CO2 conditions [39]. In accordance with this observation,
only the low-affinity Ci-transport systems (BicA and the NDH-14

complex), but not the high-affinity Ci transporters (SbtA), are
encoded on the chromatophore genome. We conclude that the
Paulinella chromatophore, which is exposed to an intracellular,
high-CO2 environment, is under no selection pressure to retain
genes functional in a low-CO2 environment.

Ci taken up into the chromatophore can be fixed via the
Calvin cycle. All Calvin cycle enzymes are encoded on the
chromatophore genome. However, the ability to store photo-
synthetic products in the form of glycogen and to synthesize
sucrose, which are both well conserved in free-living cyano-
bacteria, were lost. This is in agreement with the notion that
the chromatophores provide reduced carbon in the form of
low-molecular-weight assimilates to the host [15].

Other Biosynthetic Capabilities Encoded
on the Chromatophore Genome

Besides its photosynthetic machinery, the chromatophore re-
tained other biosynthetic capabilities that could be beneficial
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to the host. Amino acids such as the pyruvate-derived Ala, Val,
Ile, and Leu can be synthesized and, if appropriate precursors
are provided, additional amino acids (see above). The chro-
matophore genome also encodes a set of enzymes for assim-
ilatory sulfate reduction for type II fatty acid biosynthesis, and
for biosynthesis of the essential cofactors lipoic acid and fo-
late (Figure 3). It is tempting to hypothesize that only those bio-
synthetic capabilities were retained by the chromatophore that
complemented requirements of the host previously met by
phagotrophic nutrition. Similar mechanisms are found in other
endosymbiotic systems: In the symbiosis between Buchnera
and its aphid host, the host depends on its endosymbionts
for the delivery of essential amino acids (lacking in phloem
sap, the exclusive diet of the host), whereas the host supplies
nonessential amino acids to the endosymbiont [29]. In the
tsetse fly-Wigglesworthia symbiosis, the host depends on
the endosymbionts for the synthesis of vitamins of the B group
that are lacking in the meals of the blood-sucking fly, whereas
the fly supplies the endosymbionts with the majority of amino
acids [31].

Transport
The metabolic interdependence, deduced from the gene com-
plement encoded on the chromatophore genome, shows how
intimate the association between host and chromatophore is,
requiring efficient transport systems in both directions. How-
ever, the active transport capabilities of the chromatophore
are strongly reduced, as our analyses revealed (Figure 3). Only
phosphate and cobalt appear to be taken up actively over the
chromatophore membrane via an ABC-transporter system,
whereas ABC transporters for polar amino acids, urea, phos-
phonates, oligopeptide/nickel, zinc/manganese, and iron that
are present in nearly all a-cyanobacteria are not encoded on
the chromatophore genome. Most strikingly, we found no
uptake system for nitrogen compounds encoded on the chro-
matophore genome. There are several secondary transport
systems for small inorganic ions. Larger molecules may be
exported by an ABC transporter annotated as a multidrug efflux
system of unknown specificity. Proteins can be exported via the
Sec system, although the proteins SecD and SecF, which facil-
itate protein exportand are associated with theSec system in all
free-living cyanobacteria, are missing. The Tat system, which
catalyzes the transport of folded proteins in all cyanobacteria
analyzed as well as in plant thylakoids [40], however, lacks
essential components.

The paucity of chromatophore-encoded membrane trans-
port systems parallels the situation in genomes of bacterial en-
dosymbionts [41]. It has been suggested that the host digests
some of its endosymbionts to acquire specific metabolites
[30]. This can be excluded for P. chromatophora because
unlike invertebrate hosts, each Paulinella cell contains only
one or two chromatophores. This raises the question whether
host-derived transport systems could instead be involved in
metabolite or even protein exchange between host and chro-
matophore. In agreement with this idea, it has recently been
reported that the majority of plastid solute transporters in
Plantae were derived from the host and hypothesized that
the insertion of host-derived transporters provided a mecha-
nism to rapidly establish metabolic control over the endosym-
biont [42].

Cell Wall and Outer Membrane

Peptidoglycan synthesis by the chromatophore allows the for-
mation of a rigid cell wall, which confers osmotic stability to the
chromatophore. However, the pathway analysis revealed that
two genes involved in the biosynthesis of the building blocks
of peptidoglycan are missing on the chromatophore genome;
namely, the bifunctional protein GlmU, with UDP-N-acetylglu-
cosamine pyrophosphorylase and glucosamine-1-phosphate
N-acetyltransferase activity, and MurF, the ligase catalyzing
ligation of D-ala-D-ala to the growing peptide chain linked
to UDP-N-acetylmuramic acid. GlmU seems to be missing on
the genome of Prochlorococcus marinus NATL1A as well,
and its function may be taken over by another not-yet-charac-
terized protein. In contrast, MurF is encoded in all free-living
cyanobacteria analyzed. For the assembly of the peptidogly-
can polymer, there is a minimal set of four penicillin-binding
proteins (PBPs), as described for other a-cyanobacteria [43].
The class A high-molecular-weight PBP (MrcB) is C terminally
truncated compared to WH5701 (Table 2); however, the length
of MrcB is not well conserved across cyanobacteria. The over-
all number of genes involved in cell wall and membrane bio-
genesis is strongly reduced on the chromatophore genome
compared to WH5701, as revealed by the analysis of clusters
of orthologous groups [44] (see Table S4B). Particularly, the
ability to synthesize lipopolysaccharides (LPS) was lost com-
pletely. Interestingly, in the aphid endosymbiont Buchnera
aphidicola, which resides in host cell vacuoles, LPS synthesis
also is impaired, whereas in other endosymbiotic bacteria,
which lie free in the host’s cytoplasm, LPS biosynthesis has
been retained [41]. Because no genes encoding porins, typical
outer-membrane channel proteins, could also be identified on
the chromatophore genome, it is possible that the original
outer (LPS) membrane was lost and that chromatophores are
enclosed in a host-derived vacuole, as had been proposed
earlier based on ultrastructural observations [12]. In contrast,
the outer membrane of primary plastids is thought to have
been derived from the cyanobacterial outer membrane [45].

Cell Division
In the Paulinella symbiosis, division of chromatophore and
host cell are strictly coupled: During cell division one of the
two chromatophores is transferred to the daughter cell, then
the original state is restored by division of the chromatophore
in mother and daughter cells [46]. Additionally, the size and
shape of the chromatophores differ profoundly from those of
all other members of the Synechococcus/Prochlorococcus
clade in that the chromatophores are about 20 times longer
and sausage shaped. This begs the questions regarding how
division of the chromatophore is regulated and how the host
exerts control over it.

In plants, several of the plastid division proteins are of
cyanobacterial origin: FtsZ1 and FtsZ2, ARC6 (a homolog of
the cyanobacterial Ftn2), ARC3 (a chimeric protein with N-ter-
minal homology to prokaryotic FtsZ), MinD, E, and GC-1 (a pro-
tein with low homology to cyanobacterial SulA). All of these
proteins are encoded on the nuclear genome and targeted to
the plastid by N-terminal transit peptides; thus division of the
organelle is controlled by the nucleus [47].

On the chromatophore genome we identified most of the
cell-division genes commonly found in a-cyanobacteria (ftsZ,
ftn2, minC, D and E, cdv1, and cdv2) [48]. However, no sulA
homolog was identified. In E. coli, SulA functions as a cell-
division inhibitor blocking polymerization of FtsZ [49]. Although
SulA is functionally not well characterized in cyanobacteria,
SulA was determined to be essential for cytokinesis in Syne-
chocystis [50] and is encoded on all cyanobacterial genomes
analyzed. Therewith, sulA represents a candidate gene that if
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transferred to the nucleus could enable the host to exert control
over chromatophore division. Furthermore, ftn2 is altered se-
verely with respect to its homolog in free-living Synechococcus
spp. by fusion to the neighboring ORF (PCC0126) (Table 2) and
may be under positive selection (see Table S2). Most
remarkably, ftn2 is the only gene fusion that we observed on
the chromatophore genome compared to WH5701. Ftn2 is
involved in cytokinesis of cyanobacteria and has a conserved
N-terminal DnaJ domain [51] that interacts with specific
Hsp70 chaperones. Ftn2 has been proposed to be part of
a chaperone system that promotes the formation of FtsZ poly-
mers during cell division [52]. Truncation at both ends of ftn2 in
Anabaena sp. PCC 7120 yielded mutants with strongly elon-
gated vegetative cells [51]. Because in the chromatophore
Ftn2 is heavily truncated at the N-terminal end, lacking the oth-
erwise highly conserved DnaJ domain, the distinctive pheno-
type of the chromatophores could be caused by the expression
of an altered Ftn2.

DNA Replication and Repair
The Paulinella chromatophore has retained the main functions
of DNA replication, encoding DNA helicase (dnaB), the single-
strand binding protein SSB, DNA primase (dnaG), gyrase (gyrA
and gyrB), topoisomerase (topA), the replication initiation
protein DnaA, and an a-cyanobactrial set of DNA polymerase
III subunits. Unexpectedly, the NAD-dependent DNA ligase
(ligA) is missing.

In contrast, capabilities for regulation of transcription as well
as DNA repair are limited as in many intracellular bacterial sym-
bionts [28–31]. Only6 of35genesencoding transcription factors
identified in WH5701 survived reductive genome evolution in
the chromatophore. DNA polymerase I (polA), with a main func-
tion in repair DNA synthesis, is missing on the chromatophore
genome as well as the genes for UV-excision uvrABCD, the
repair ATPase recN, and the base excision repair gene mutY.
Only the recombinational repair pathway seems to be functional
in the Paulinella chromatophores: RecA, RecFOR as well as
RuvABC are encoded; however, RecBCD as well as the alterna-
tive initiator proteins RecQ, RecJ or UvrD are missing.

Time Scale of the Symbiosis

Due to the lack of a fossil record for Paulinella chromatophora,
it is difficult to estimate the evolutionary age of the endosym-
biosis. The mode and tempo of genome reduction has been
studied in Buchnera aphidicola in a recent evolutionary time
scale [53]. A typical pattern starts with the inactivation of a
gene producing a pseudogene, followed by progressive loss
of its DNA. Comparison with the fossil record revealed that
an inactivated gene required 40–60 Myr to disintegrate almost
completely. The gene losses encountered in the chromato-
phore genome, compared to a free-living relative, suggest
similar modes of genome reduction during evolution. Presum-
ably, genetic material between synteny groups was lost at an
early stage of endosymbiosis followed by excision of dispens-
able genes from syntenic regions. The pseudogenes found on
the chromatophore genome indicate that gene loss is an ongo-
ing process. If the conclusions drawn from B. aphidicola
can be transferred to P. chromatophora, the minimum age of
this second primary endosymbiosis between a cyanobacterial
symbiont and a eukaryotic host is 60 Myr.

Conclusions

Like plastids chromatophores are photosynthetic entities that
are continuously inherited by progeny cells and depend on
their host for growth and survival. However, chromatophores
differ from plastids not only in their phylogenetic origin but
also in the extent of genome reduction and the lack of parti-
tioning of photosynthesis genes between plastid and host ge-
nomes. Due to the unicellularity of the host, genetic integration
of the chromatophore into the host’s metabolism by endosym-
biotic gene transfer is plausible. If indeed and to what extent
gene transfer occurred remains to be determined and requires
sequence analysis of the Paulinella nuclear genome and its
expressed genes. Until this information becomes available,
we prefer to use the term ‘‘chromatophore’’ over ‘‘organelle’’
or ‘‘endosymbiont’’ for the photosynthetic inclusion of Pauli-
nella chromatophora, as originally proposed by its discoverer,
Robert Lauterborn [10].

Our results provide insight into possible early steps in the
evolution of a photosynthetic organelle. Integration of a cyano-
bacterial symbiont into a eukaryotic host is apparently facili-
tated by the loss of coding capacity for essential biosynthetic
functions unrelated to photosynthesis; i.e., synthesis of amino
acids and cofactors. It is likely that provision of such functions
by the host rendered genes on the chromatophore genome
coding for these functions superfluous. If future evolution of
the chromatophore will result in a canonical organelle and to
what extent this organelle will resemble extant plastids is a
matter of speculation. However, also finding differences to
plastid evolution should be of value for understanding why
the origin of a photosynthetic eukaryote has been such a
rare event.

Experimental Procedures

Culture of Paulinella chromatophora

Paulinella chromatophora is difficult to cultivate. To our knowledge there

exists only one isolate in culture (strain M0880, Culture collection Melko-

nian, University of Cologne, Germany), which contains at least 18 different

bacterial contaminants [21]. Therefore, Paulinella cells from strain M0880

were washed by serial transfer of single cells through drops of sterile culture

medium. In this way a new clonal culture was established (strain CCAC

0185, available through the Culture Collection of Algae at the University of

Cologne; http://www.ccac.uni-koeln.de). Examination of this culture (see

Supplemental Experimental Procedures) revealed some remaining bacterial

contaminants that were identified as members of the Caulobactales

(Asticcacaulis sp. and Caulobacter sp.) and Sphingomondales.

The newly prepared Paulinella culture was grown at 14 6 2�C in Fernbach

flasks containing 0.75 l WARIS-H [54] modified by addition of 0.75 mM

Na2SiO3. Light intensity was adjusted to 1.5–3 mE m22 s21 by using a

light/dark cycle of 14/10 hr.

Genome Sequencing and Annotation

DNA from isolated chromatophores (procedure as described in the Supple-

mental Experimental Procedures) was used for traditional Sanger sequenc-

ing on a small insert library to a depth of 33 (methods essentially as de-

scribed in [55]). Material extracted in the same way was sequenced by

using a GS20 machine (454, Roche), which yielded 15 contigs from 30 Mb

raw reads.

Both assemblies were merged and assembled. This yielded one large

contig (average G + C content, 38%) representing the chromatophore ge-

nome and a number of small contigs (average G + C content, 47.4%), which

were considered as derived from the host nuclear genome or bacterial con-

taminants (Table S5). The remaining gap in the chromatophore sequence

was closed by generating a PCR product connecting both ends of the large

contig by using custom primers. Three results indicate that the whole chro-

matophore genome was assembled: (1) the assembly yielded only one large

contig, (2) this contig could be circularized, and (3) the sequences not in-

cluded in the assembly differed significantly in their G + C content from

that of the chromatophore genome. The bacterial contaminants were

identified by BLAST searches as species similar to Caulobacter or E. coli.

A marked change in the fraction of purine residues at the origin of replica-

tion (Figure 1) indicated correct assembly [56]. Bacterial chromosomal

http://www.ccac.uni-koeln.de
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origins are commonly found in the vicinity of the dnaA gene. Thus, we anno-

tated the genome starting from the dnaA gene. An initial gene prediction

was performed by using GeneMarkS [57]. Of the 892 potential protein-cod-

ing genes defined, 25 were either removed as potential false positives or

tagged as potential pseudogenes after manual inspection. Genes encoding

tRNAs were identified by using tRNAscan-SE [58]. Procedures for deter-

mination of gene orthology as well as potential positive selection are

presented in the Supplemental Experimental Procedures.

Accession Numbers

The complete chromatophore genome sequence has been deposited in

GenBank under the accession number CP000815.

Supplemental Data

Supplemental Results, Experimental Procedures, and five tables are avail-

able at http://www.current-biology.com/cgi/content/full/18/6/410/DC1/.
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